
n 

 
 
 
 
 
 
Heinemeyer, S. et al. (2013) Handbook of LHC Higgs Cross Sections: 3. 
Higgs Properties. Working Paper. CERN, Geneva. 
 
 
Copyright © 2013 CERN 
  
 
 
http://eprints.gla.ac.uk/96893/  
 
 
 
 
 
Deposited on:  10 September 2014 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Enlighten – Research publications by members of the University of Glasgow 

http://eprints.gla.ac.uk 



CERN–2013–004

29 July 2013

ORGANISATION EUROPÉENNE POUR LA RECHERCHE NUCLÉAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Handbook of LHC Higgs cross sections:

3. Higgs Properties

Report of the LHC Higgs Cross Section Working Group

Editors: S. Heinemeyer

C. Mariotti

G. Passarino

R. Tanaka

GENEVA

2013



Conveners

Gluon-fusion process: Y. Gao, D. de Florian, B. di Micco, K. Melnikov, F. Petriello

Vector-boson-fusion process: A. Denner, P. Govoni, C. Oleari, D. Rebuzzi

WH/ZH production mode: S. Dittmaier, G. Ferrera, J. Olsen, G. Piacquadio, A. Rizzi

ttH process: C. Neu, C. Potter, L. Reina, A. Rizzi, M. Spira

Light Mass Higgs A. David, A. Denner, M. Dührssen, C. Grojean, M. Grazzini, K. Prokofiev,

M. Schumacher, G. Weiglein, M. Zanetti

MSSM Higgs: M. Flechl, M. Krämer, S. Lehti, R. Harlander, P. Slavich, M. Spira, M. Vazquez Acosta,

T. Vickey

Heavy Higgs and BSM S. Bolognesi, S. Diglio, C. Grojean, M. Kadastik, H. E. Logan, M. Mühlleit-

ner, K. Peters

Branching ratios: S. Heinemeyer, A. Mück, I. Puljak, D. Rebuzzi

Jets: B. Mellado, D. Del Re, G. P. Salam, F. Tackmann

NLO MC: F. Krauss, F. Maltoni, P. Nason

PDF: S. Forte, J. Huston, R. Thorne

ISBN 978–92–9083–389–5

ISSN 0007–8328

DOI 10.5170/CERN–2013–004

Copyright © CERN, 2013

Creative Commons Attribution 3.0

Knowledge transfer is an integral part of CERN’s mission.

CERN publishes this report Open Access under the Creative Commons Attribution 3.0 license

(http://reativeommons.org/lienses/by/3.0/) in order to permit its wide dissemination and

use.

This Report should be cited as:

LHC Higgs Cross Section Working Group, S. Heinemeier, C. Mariotti, G. Passarino, R. Tanaka (Eds.),

Handbook of LHC Higgs Cross Sections: 3. Higgs Properties,

CERN–2013–004 (CERN, Geneva, 2013), DOI: 10.5170/CERN–2013–004

ii



Abstract

This Report summarizes the results of the activities in 2012 and the first half of 2013 of the LHC Higgs

Cross Section Working Group. The main goal of the working group was to present the state of the

art of Higgs Physics at the LHC, integrating all new results that have appeared in the last few years.

This report follows the first working group report Handbook of LHC Higgs Cross Sections: 1. Inclusive

Observables (CERN-2011-002) and the second working group report Handbook of LHC Higgs Cross

Sections: 2. Differential Distributions (CERN-2012-002). After the discovery of a Higgs boson at the

LHC in mid-2012 this report focuses on refined prediction of Standard Model (SM) Higgs phenomenol-

ogy around the experimentally observed value of 125− 126 GeV, refined predictions for heavy SM-like

Higgs bosons as well as predictions in the Minimal Supersymmetric Standard Model and first steps to

go beyond these models. The other main focus is on the extraction of the characteristics and properties

of the newly discovered particle such as couplings to SM particles, spin and CP-quantum numbers etc.
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1 Introduction1

The 4th of July 2012 ATLAS and CMS announced that they had discovered a new particle with a mass

around 125 GeV [1, 2]. This came after only a bit more than one year of data taken at center of mass

energies of 7 and 8 TeV. The discovery has been made while searching for the Higgs boson, the particle

linked to the Brout-Englert-Higgs mechanism [3–8]. The outstanding performance of the LHC in 2012

delivered in total four times as much 8 TeV data as was used in the discovery analyses. The experiments

were able thus to present new preliminary results confirming the existence of the particles and measuring

the properties. The new particle is a boson, since it decays into two photons, 2Z and 2W bosons, and it

could possibly be the Standard Model (SM) Higgs boson. More data and new theoretical approaches will

help us in the future to establish the nature of this particle and, more important, if there is new physics

around the corner.

At the Moriond conference this year, 2013, ATLAS and CMS presented the results on five main

decay modes: H → 2γ , H → ZZ → 4ℓ, H → WW → ℓνℓν, H → ττ, and H → bb channels, with

an integrated luminosities of up to 5 fb−1 at
√
s = 7 TeV and up to 21 fb−1 at

√
s = 8 TeV. The

H → 2γ and H → ZZ → 4ℓ channels allow to measure the mass of the boson with very high precision.

ATLAS measures 125.5±0.2(stat.)+0.5
−0.6(syst.) GeV [9], CMS measures a mass of 125.7±0.3(stat.)±

0.3(syst.) GeV [10]. Figure 1 shows the signal strength for the various decay channels for ATLAS and

CMS. For ATLAS the combined signal strength is determined to be µ = 1.30±0.13(stat.)±0.14(syst.)
at the measured mass value [11]. For CMS the combined signal strength is determined to be µ =
0.80 ± 0.14 at the measured mass value [10].

Whether or not the new particle is a Higgs boson is demonstrated by how it interacts with other

particles and its own quantum properties. For example, a Higgs boson is postulated to have no spin and

in the SM its parity, a measure of how its mirror image behaves, should be positive. ATLAS and CMS

have compared a number of alternative spin-parity (JP) assignments for this particle and, in pairwise

hypothesis tests, the hypothesis of no spin and positive parity (0+) is consistently favored against the

alternative hypotheses [10, 12].

This report presents improved inclusive cross section calculation at 7 and 8 TeV in the SM and

its minimal supersymmetric extension, together with the calculation of the relevant decay channels, in

particular around the measured mass value of 125 − 126 GeV. Results and extensive discussions are

also presented for a heavy (SM-like) Higgs boson, including the correct treatment via the Complex Pole

Scheme (CPS) as well as interference effects in particular in the WW and ZZ channels.

In view of the newly discovered particle the property determination becomes paramount. This

report presents the interim recommendation to extract couplings as well as the spin and the parity of

the new particle. For the determination of the coupling strength factors the correlated uncertainties for

the decay calculations have to be taken into account and corresponding descriptions and results for the

uncertainties at the level of partial widths are included in this report.

The report furthermore includes the state-of-the-art description of the relevant Monte Carlo gen-

erators, in particular for the difficult task of simulating the Higgs production together with (two) jets in

gluon gluon fusion as compared to vector boson fusion. The treatment of jet bin uncertainties is also

discussed.

This report tries to lay the path towards a further exploration of the Higgs sector of the (yet to

be determined) underlying model. First, this includes the (re)quest for even more refined calculations

of inclusive and differential cross sections in the SM, for heavy (SM-like) Higgs bosons, as well as in

as many BSM models as possible. Dedicated efforts are needed to match the required accuracy in the

SM, the MSSM and other BSM models. Methods for a reliable estimate of remaining uncertainties

are needed. Second, this includes prescriptions for the correct extraction of the properties of the newly

1S. Heinemeyer, C. Mariotti, G. Passarino and R. Tanaka.
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Fig. 1: The signal strength for the individual channel and their combination. The values of µ are given for

MH = 125.5 GeV for ATLAS and for MH = 125.7 GeV for CMS.

discovered particle. While we report on substantial progress on these topics, it also becomes clear that a

lot of dedicated effort will be needed to match the challenges electroweak symmetry breaking holds for

us.
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2 Branching Ratios 2

For a correct interpretation of experimental data, precise calculations not only of the various production

cross sections, but also for the relevant decay widths are essential, including their respective uncertainties.

Concerning the SM Higgs boson, in Ref. [13] a first precise prediction of the branching ratios (BR) was

presented. In Ref. [14,15] the BR predictions were supplemented with an uncertainty estimate including

parametric uncertainties as well as the effects of unknown higher-order corrections. In Section 2.1, we

update these predictions with a fine step size around the mass of the newly discovered Higgs-like particle

at ATLAS [1] and CMS [2]. We also present the error estimates in a form which is suitable for taking

error correlations into account. In Section 2.2, we discuss differential distributions for four-fermion final

states. We show that interference effects (already at LO) and higher-order corrections distort the shapes

of distributions at the level of 10%. For the lightest Higgs boson in the MSSM in Ref. [14] first results for

BR(H → τ+τ−) (φ = h,H,A) were given in the mmax
h scenario [16]. In Section 2.3 we present a first

prediction for all relevant decay channels of the charged Higgs bosons in the mmax
h scenario. We also

provide first results for the BRs of all MSSM Higgs bosons in the newly presented benchmark scenarios.

2.1 SM Branching Ratios

In this section we update the SM BR calculations presented in Refs. [13–15]. The strategy and the

calculational tools are unchanged with respect to Ref. [14]. Here, we focus on more detailed results

for the BRs and the corresponding uncertainties for a SM Higgs boson around the mass of the newly

discovered Higgs-like particle, i.e. around MH = 126 GeV, and correct small inconsistencies in the

tabulated error estimates in Ref. [14]. The BRs as well as the corresponding uncertainties are a crucial

ingredient entering the phase of precision measurements in order to compare the properties of the new

resonance to a SM Higgs boson in a reliable way. Moreover, for a Higgs mass around 126 GeV, we

give detailed results on the different parametric uncertainties (PU) and theoretical uncertainties (THU),

as introduced in Refs. [14,15], of the relevant partial Higgs decay widths. The given results facilitate the

combination of Higgs measurements including error correlations in the BRs. First, in Section 2.1.1, we

briefly review the evaluation of the decay widths, the BRs, and the relevant uncertainties. More details

can be found in Refs. [13–15]. Results are presented for the total width, ΓH, and the BRs for the decay

modes H → bb, H → cc, H → τ+τ−, H → µ+µ−, H → gg, H → γγ , H → Zγ , H → WW, and

H → ZZ (including detailed results also for the various four-fermion final states) in Section 2.1.2. For

large Higgs masses also the decay mode H → tt has been analyzed. The various PUs and THUs on the

level of the partial widths are presented in Section 2.1.3 for selected Higgs masses.

2.1.1 Strategy and input for Branching Ratio Calculations

In this section we briefly summarize the strategy for the BR calculations for the updates in this report.

The calculations are performed in exactly the same setup as the BR predictions in Ref. [14]. A detailed

description can be found there.

We use HDECAY [17–19] and PROPHECY4F [20–22] to calculate all the partial widths with the

highest accuracy available. The included higher-order corrections and the remaining THUs have been

discussed in detail in Section 2.1.3.2 of Ref. [14]. For the detailed results in the low-mass region, the

total uncertainties in Table 2 of Ref. [14] are used as THUs for the different Higgs-boson decay modes.

The uncertainty for the total width is derived by adding the uncertainties for the partial widths linearly.

Concerning the BRs, the variations of all branching ratios are calculated for each individual partial width

being varied within the corresponding relative error keeping all other partial widths fixed at their central

value (since each branching ratio depends on all partial widths, scaling a single partial width modifies

all branching ratios). Hence, there is an individual THU of each branching ratio due to the THU of

each partial width. We assume only all H → WW/ZZ → 4f decays to be correlated and, hence, only

2S. Heinemeyer, A. Mück, I. Puljak, D. Rebuzzi (eds.); A. Denner, S. Dittmaier, M. Spira, M. Mühlleitner.
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consider the simultaneous scaling of all 4-fermion partial widths. The derived individual THUs for each

branching ratios are added linearly to obtain the corresponding total THU.

For our calculations, the input parameter set as defined in Appendix A of Ref. [13] has been used

(for quark masses see comments below). From the given PDG values of the gauge-boson masses, we

derive the pole masses MZ = 91.15349 GeV and MW = 80.36951 GeV which are used as input. The

gauge-boson widths have been calculated at NLO from the other input parameters resulting in ΓZ =
2.49581 GeV and ΓW = 2.08856 GeV. It should be noted again that for our numerical analysis we

have used the one-loop pole masses for the charm and bottom quarks and their uncertainties, since these

values do not exhibit a significant dependence on the value of the strong coupling constant αs in contrast

to the MS masses [23]. To be precise, we use Mb = 4.49 GeV, Mc = 1.42 GeV, and Ms = 0.10 GeV.

The small shifts with respect to the charm- and strange-quark masses used in Ref. [14] do not affect the

BRs significantly at all.

Concerning the parametric uncertainties, we take only into account the uncertainties of the input

parameters αs,mc,mb, andmt as given in Table 1 of Ref. [14], where also the detailed reasoning leading

to this specific choice is given. Using these uncertainties, for each parameter p = αs,mc,mb,mt we

have calculated the Higgs branching ratios for p, p + ∆p and p −∆p keeping all the other parameters

fixed at their central values. The resulting error on each BR is then given by

∆p
+BR = max{BR(p+ ∆p),BR(p),BR(p−∆p)} − BR(p),

∆p
−BR = BR(p)−min{BR(p+ ∆p),BR(p),BR(p−∆p)}, (1)

which may lead to asymmetric errors. The total PUs have been obtained by adding the calculated errors

due to the four parameters in quadrature. In analogy, the uncertainties of the partial and total decay

widths are given by

∆p
+Γ = max{Γ(p+ ∆p),Γ(p),Γ(p −∆p)} − Γ(p),

∆p
−Γ = Γ(p)−min{Γ(p + ∆p),Γ(p),Γ(p −∆p)}, (2)

where Γ denotes the partial decay width for each considered decay channel or the total width, respec-

tively. The total PUs have been calculated again by adding the individual PUs in quadrature.

The total uncertainties on the BRs, i.e. combining PUs and THUs, are derived by adding linearly

the total parametric uncertainties and the total theoretical uncertainties. To allow for taking into account

correlations in the errors of the different BRs, we provide also the uncertainties for the different partial

widths in Section 2.1.3 for selected Higgs masses.

For completeness, we repeat that the Higgs total width resulting from HDECAY has been modi-

fied according to the prescription

ΓH = ΓHD − ΓHD
ZZ − ΓHD

WW + ΓProph.
4f , (3)

where ΓH is the total Higgs width, ΓHD the Higgs width obtained from HDECAY, ΓHD
ZZ and ΓHD

WW stand

for the partial widths to ZZ and WW calculated with HDECAY, while ΓProph.
4f represents the partial

width of H → 4f calculated with PROPHECY4F. The latter can be split into the decays into ZZ, WW,

and the interference,

ΓProph.
4f = ΓH→W∗W∗→4f + ΓH→Z∗Z∗→4f + ΓWW/ZZ−int. , (4)

where the individual contributions are defined in terms of partial widths with specific final states accord-

ing to

ΓH→W∗W∗→4f = 9 · ΓH→νee
+µν̄µ

+ 12 · ΓH→νee
+du + 4 · ΓH→udsc ,
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ΓH→Z∗Z∗→4f = 3 · ΓH→νeνeνµνµ + 3 · ΓH→ee+µµ+ + 9 · ΓH→νeνeµµ+

+ 3 · ΓH→νeνeνeνe + 3 · ΓH→ee+ee+

+ 6 · ΓH→νeνeuu + 9 · ΓH→νeνedd + 6 · ΓH→uuee+ + 9 · ΓH→ddee+

+ 1 · ΓH→uucc + 3 · ΓH→ddss + 6 · ΓH→uuss + 2 · ΓH→uuuu

+ 3 · ΓH→dddd ,

ΓWW/ZZ−int. = 3 · ΓH→νee
+eνe − 3 · ΓH→νeνeµµ+ − 3 · ΓH→νee

+µν̄µ

+ 2 · ΓH→uddu − 2 · ΓH→uuss − 2 · ΓH→udsc .

2.1.2 BR Results for Higgs masses

In this section we provide results for the BRs of the SM Higgs boson, using a particularly fine grid of

mass points close to MH = 126 GeV. The results are generated and presented in complete analogy to

the predictions in Refs. [14], including the error estimates for each BR. In the error estimates, we have

identified and removed inconsistencies in the calculation of the numbers presented in Refs. [14]. The

corresponding changes in the error estimate are at the level of one percent for mH > 135 GeV. For

mH > 500 GeV the changes increase for some decay modes, in particular for H → tt. The central

values of the BRs are not affected.

The fermionic decay modes are shown in Table A.1 to Table A.7. The bosonic decay modes

together with the total width are given in Table A.8 to Table A.14. The same information (including the

full uncertainty) is also presented graphically in Figure 2 for the low-mass region (left) and for the full

mass range (right).
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range

(right).

2.1.3 BR Correlations for Higgs masses close to 126 GeV

In this section, we focus on the error correlations for the different BRs. The reason for the correlations is

two-fold: Varying the input parameters within their error bands will induce shifts of the different partial

widths and the resulting BRs in a correlated way. Moreover, there is trivial correlation between the BRs

5



because all the BRs have to add up to one. The shift in a single partial width will shift all BRs in a

correlated way.

In Table 3 of Ref. [14], focusing on the errors of the BRs, we showed how the PUs for each

input parameter and the THUs affect the final BR predictions. To take correlations into account, it is

beneficial to present the same information directly on the level of the partial widths. For the partial

widths, the THUs can be assumed to be uncorrelated. Moreover, the correlated effect on each partial

width from varying a parameter within its errors is disentangled from the additional trivial correlation

when calculating the BRs. We show the results for the partial widths in Table 1 for MH = 122 GeV,

126 GeV, and 130 GeV. For each relevant partial width, we show the THU and the different PUs

evaluated as before according to (2).

To be even more precise, as in Table 3 of Refs. [14], for each input parameter we show the induced

shift on each partial width for the maximal and minimal choice of the input parameter as upper and

lower entry in the table, respectively. Hence, the table allows to read off the correlation in the variation

of the different partial widths. The associated error bands are slightly asymmetric. However, it is a

good approximation to symmetrize the error band and assume a Gaussian probability distribution for the

corresponding prediction.

The THUs on the partial widths of all the four-fermion final-states can be considered to be fully

correlated. All other THUs are considered to be uncorrelated. Hence, for the BRs only the trivial

correlation is present. However, it should be stressed again that in contrast to the PUs theory errors cannot

be assumed to be Gaussian errors. Assuming a Gaussian distribution and, hence, effectively adding THUs

to the PUs in quadrature will in general lead to underestimated errors. According to the recommendations

in Section 12 of Ref. [13], the THUs should be considered to have a flat probability distribution within

the given range. Alternatively, the envelope of extreme choices for the theory prediction on the partial

widths should be used as an error estimate. (For all the presented errors on the BRs, we have added PUs

and THUs of the resulting BRs linearly, as discussed in Section 2.1.1 before. Thereby we provide the

envelope for each resulting BR, however, correlation is lost on the level of BRs.)

In total, there are four input parameters to be varied corresponding to the PUs and one has to

include eight uncorrelated THUs for the various partial widths. Analyzing in detail the most interesting

region around MH = 126 GeV, the different uncertainties are of different importance. Aiming for a

given accuracy, some uncertainties may be safely neglected, as can be inferred from Table 1. Even

sizeable uncertainties for a given partial width can be unimportant if the decay mode has a small BR and

does not contribute significantly to combined measurements.

Concerning the PUs, the variation of αs and the bottom quark mass impact the BR predictions

at the few percent level each. The charm quark mass is only relevant for H → cc and affects other

BRs only at the few per mille level. The dominant THU for most relevant channels is the one for

H → bb. The THU for H → γγ amounts to 1% and is needed at this level of precision. The THU for

H → WW/ZZ → 4f is estimated at 0.5% and thus also quite small. The THU for H → cc, H → gg,

H → Zγ , H → µ+µ−, and H → τ+τ− only has sizeable effects if a measurement of the corresponding

channel is included or errors of a few per mille are important.

2.2 Differential prediction for the final state H → WW/ZZ → 4f

In this section, we discuss differential distributions for H → WW/ZZ → 4f as calculated with

PROPHECY4F for a SM Higgs boson with mass MH = 126 GeV. It is not our goal to provide an

analysis of the role of differential distributions in the measurement of Higgs-boson properties as done

in other chapters of this report. Here, we merely want to emphasize the impact of NLO corrections and

in particular the impact of interference effects on distributions. These interference effects have already

been discussed for the branching rations in Ref. [14]. They arise when the final-state fermions can pair

up in more than one way to form intermediate vector bosons. Therefore, they are not included in any ap-
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Table 1: SM Higgs partial widths and their relative parametric (PU) and theoretical (THU) uncertainties for a

selection of Higgs masses. For PU, all the single contributions are shown. For these four columns, the upper

percentage value (with its sign) refers to the positive variation of the parameter, while the lower one refers to the

negative variation of the parameter.

Channel MH [GeV] Γ [MeV] ∆αs ∆mb ∆mc ∆mt THU

122 2.30 −2.3%
+2.3%

+3.2%
−3.2%

+0.0%
−0.0%

+0.0%
−0.0%

+2.0%
−2.0%

H → bb 126 2.36 −2.3%
+2.3%

+3.3%
−3.2%

+0.0%
−0.0%

+0.0%
−0.0%

+2.0%
−2.0%

130 2.42 −2.4%
+2.3%

+3.2%
−3.2%

+0.0%
−0.0%

+0.0%
−0.0%

+2.0%
−2.0%

122 2.51·10−1 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.1%

+2.0%
−2.0%

H → τ+τ− 126 2.59·10−1 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.1%

+2.0%
−2.0%

130 2.67·10−1 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.1%

+2.0%
−2.0%

122 8.71·10−4 +0.0%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.1%

+2.0%
−2.0%

H → µ+µ− 126 8.99·10−4 +0.0%
+0.0%

+0.0%
−0.0%

−0.1%
−0.0%

+0.0%
−0.1%

+2.0%
−2.0%

130 9.27·10−4 +0.1%
+0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.1%
−0.0%

+2.0%
−2.0%

122 1.16·10−1 −7.1%
+7.0%

−0.1%
−0.1%

+6.2%
−6.0%

+0.0%
−0.1%

+2.0%
−2.0%

H → cc 126 1.19·10−1 −7.1%
+7.0%

−0.1%
−0.1%

+6.2%
−6.1%

+0.0%
−0.1%

+2.0%
−2.0%

130 1.22·10−1 −7.1%
+7.0%

−0.1%
−0.1%

+6.3%
−6.0%

+0.1%
−0.1%

+2.0%
−2.0%

122 3.25·10−1 +4.2%
−4.1%

−0.1%
−0.1%

+0.0%
−0.0%

−0.2%
+0.2%

+3.0%
−3.0%

H → gg 126 3.57·10−1 +4.2%
−4.1%

−0.1%
−0.1%

+0.0%
−0.0%

−0.2%
+0.2%

+3.0%
−3.0%

130 3.91·10−1 +4.2%
−4.1%

−0.1%
−0.2%

+0.0%
−0.0%

−0.2%
+0.2%

+3.0%
−3.0%

122 8.37·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

H → γγ 126 9.59·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

130 1.10·10−2 +0.1%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

122 4.74·10−3 +0.0%
−0.1%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.1%

+5.0%
−5.0%

H → Zγ 126 6.84·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.1%

+0.0%
−0.1%

+5.0%
−5.0%

130 9.55·10−3 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+5.0%
−5.0%

122 6.25·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H → WW 126 9.73·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

130 1.49 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

122 7.30·10−2 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H → ZZ 126 1.22·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

130 1.95·10−1 +0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

proximation which relies on factorizing the Higgs decays into a decay to vector bosons H →WW/ZZ,

where the vector bosons have definite momenta, and successive vector-boson decays W/Z → 2f . In

contrast, they are included in PROPHECY4F which is based on the full H → 4f matrix elements includ-

ing all interferences between different Feynman diagrams. To anticipate the results of this section, NLO

corrections become important at the level of 5% accuracy, while the (LO) interference effects can distort

distributions by more than 10%.

To be specific, we exemplarily analyze the following differential distributions for a Higgs decay

with four charged leptons in the final state, for which the Higgs-boson rest frame is assumed to be

reconstructed:

– In the Higgs-boson rest frame, we investigate cos θf−f− , where θf−f− is the angle between the two

negatively charged leptons. This angle is unambiguously defined in any of the final states H→ 4e,

H→ 4µ, and H→ 2µ2e so that interference effects can be easily studied.

7



– In the Higgs-boson rest frame, we investigate the angle φ′ between the two decay planes of the

vector bosons, where

cos φ′ = (k12 × k1) · (k12 × k3)

|k12 × k1||k12 × k3|
, sgn(sin φ′) = sgn(k12 · [(k12 × k1)× (k12 × k3)]) ,

and k12 = k1 + k2. In turn, k1,2 are the three-momenta of the fermions forming the fermion

pair which is closest in invariant mass to an on-shell Z-boson. Moreover, k1 and k3 correspond

to the momenta of the negatively charged fermions. For H → 2µ2e, the fermion momenta could,

of course, be associated to intermediate Z bosons unambiguously without kinematic information

simply according to their flavour. However, only the kinematic selection is possible for H → 4e
and H → 4µ. Since we want to compare the different channels to investigate interference effects,

we use the kinematic identification for all channels.

– For the fermion pair that is closest in invariant mass to an on-shell Z boson, we investigate

cos ΘVf− , where ΘVf− is the angle between the vector boson momentum (the sum of the mo-

menta of the fermion pair) in the Higgs rest frame and the momentum of the negatively charged

fermion associated to the vector boson in the vector-boson rest frame.

For a Higgs decay with 2 charged leptons and two neutrinos in the final state the Higgs rest frame is not

reconstructable. However, we assume that the transverse momentum of the Higgs boson is known so that

one can boost into the frame with vanishing transverse momentum. In this frame, we investigate

– the angle between the two charged leptons φf−f+,T in the transverse plane, i.e.

cos φf−f+,T =
kf+,T · kf−,T
|kf+,T||kf−,T|

and sgn(sinφf−f+,T) = sgn(ez · (kf+,T × kf−,T)) ,

where kf±,T denote the transverse momentum vectors of the charged fermions and ez is the unit

vector along one of the beams in the lab frame.

Similar differential distributions have been analyzed with PROPHECY4F already in Ref. [20] where

additional discussions can be found. In Figure 3 (left column), we show the distributions, normalized

to the corresponding partial width, with four charged leptons in the final state for a Higgs-boson mass

MH = 126 GeV at NLO accuracy for H → 4e and H → 2µ2e. The electrons and positrons in H → 4e
can form intermediate Z bosons in two different ways and the corresponding amplitudes interfere. The

interference contributions are absent for fermion pairs of different flavour. Concerning final states with

neutrinos, we show the results for the decay channels H → νee
+νee− (with interference contributions)

and H→ νee
+νµµ (without interference contributions).

Also in Figure 3 (middle column), we show the relative NLO corrections δ to the different distri-

butions (not to the normalized distributions to also show the overall effects on the partial width). To be

precise, in the presence of bremsstrahlung photons, the fermion momenta are defined after recombina-

tion with the photon if the invariant mass of the lepton–photon pair is smaller than 5 GeV. We use the

invariant mass as a criterion for recombination because it is independent of the lab frame which depends

on the Higgs-production process. The results are similar to the NLO corrections shown in Ref. [20] for

different Higgs-boson masses. It is also evident that the NLO corrections for channels with and without

interference are similar.

Finally, in the right column of Figure 3, the relative difference

∆ =

(
1

ΓLO
w int.

dΓLO
w. int.

dO − 1

ΓLO
wo int.

dΓLO
wo int.

dO

)
/

(
1

ΓLO
wo int.

dΓLO
wo int.

dO

)

between the channels with interference ΓLO
w int. and without interference ΓLO

wo int. is shown for the various

observables O introduced above. To stress, that the interference is already present at LO, we show the

8
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Fig. 3: The normalized distributions for different observables (left column) is shown together with the relative NLO

corrections to the unnormalized distributions (middle column) and the relative difference of the two investigated

channels ∆ due to interference effects (right column) for MH = 126 GeV (calculated with PROPHECY4F).
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relative difference between the channels at LO. However, the difference at NLO would hardly differ as

can be seen from the similarity of the NLO corrections in the middle column.

When aiming at an accuracy at the 10% level, the interference effects cannot be neglected any

more. In particular, any approximation to the full process based on intermediate vector-bosons which

neglects interference effects, must fail at this level of accuracy for final states like H → 4e and H →
νee

+νee. Note that the interference effects as well as the NLO corrections distort the distributions and

could be mistaken for anomalous couplings in precision measurements if they are not taken into account

in the predictions.

2.3 MSSM Branching Ratios

In the MSSM the evaluation of cross sections and of branching ratios have several common issues as

outlined in Section 14.1 (see also Sect. 12.1 in Ref. [14]). It was discussed that before any branching

ratio calculation can be performed in a first step the Higgs-boson masses, couplings and mixings have to

be evaluated from the underlying set of (soft SUSY-breaking) parameters. For the case of real parameters

in the MSSM the code (FEYNHIGGS [24–28] was selected for the evaluations in this report. (The case

with complex parameters has not been investigated so far.) The results for Higgs-boson masses and

couplings can be provided to other codes (especially HDECAY [17–19]) via the SUSY Les Houches

Accord [29, 30].

In the following subsections we describe how the relevant codes for the calculation of partial decay

widths, FEYNHIGGS and HDECAY, are combined to give the most precise result for the Higgs-boson

branching ratios in the MSSM. Numerical results are shown for all MSSM Higgs bosons (including the

charged Higgs) within the updated benchmark scenarios [31], see Section 14.2. It should be stressed

that it would be desirable to interpret the model-independent results of various Higgs-boson searches

at the LHC also in other benchmark models, see for instance Ref. [32]. While we show exemplary

plots for the branching ratios of A and H± for tan β = 10, 50, detailed results for all Higgs BRs for

tanβ = 0.5 . . . 60 and MA = 90 GeV . . . 1000 GeV can be found in the working group web page [33].

2.3.1 Combination of calculations

After the calculation of Higgs-boson masses and mixings from the original SUSY input the branching

ratio calculation has to be performed. Here we concentrate on the MSSM with real parameters. We

combine the results from HDECAY and FEYNHIGGS on various decay channels to obtain the most

accurate result for the branching ratios currently available. In a first step, all partial widths have been

calculated as accurately as possible. Then the branching ratios have been derived from this full set of

partial widths. Concretely, we used FEYNHIGGS for the evaluation of the Higgs-boson masses and

couplings from the original input parameters, including corrections up to the two-loop level. The status

of the various evaluations in FEYNHIGGS and HDECAY are detailed in Ref. [14]. The total decay width

of the neutral Higgs bosons is calculated as,

Γφ = ΓFH
H→τ+τ− + ΓFH

H→µ+µ− + Γ
FH/P4f

H→W(∗)W(∗) + Γ
FH/P4f

H→Z(∗)Z(∗)

+ ΓHD
H→bb

+ ΓHD
H→tt + ΓHD

H→cc + ΓHD
H→gg + ΓHD

H→γγ + ΓHD
H→Zγ , (5)

followed by a corresponding evaluation of the respective branching ratio. Decays to strange quarks or

other lighter fermions have been neglected. Due to the somewhat different calculation compared to the

SM case in Section 2.1.1 no full decoupling of the decay widths and branching ratios of the light MSSM

Higgs to the respective SM values can be expected.

The total decay width of the charged Higgs boson is calculated as,

ΓH± = ΓFH
H±→τντ

+ ΓFH
H±→µνµ

+ ΓFH
H±→hW + ΓFH

H±→HW + ΓFH
H±→AW
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+ ΓHD
H±→tb + ΓHD

H±→ts + ΓHD
H±→td + ΓHD

H±→cb + ΓHD
H±→cs + ΓHD

H±→cd

+ ΓHD
H±→ub

+ ΓHD
H±→us

+ ΓHD
H±→ud

, (6)

followed by a corresponding evaluation of the respective branching ratio.

2.3.2 Results in the new benchmark scenarios

The procedure outlined in the previous subsection can be applied to arbitrary points in the MSSM pa-

rameter space. Here we show representative results for the decay of the neutral MSSM Higgs bosons

in the (updated) mmax
h , mmod+

h , mmod−
h , light stop, light stau, and τ-phobic scenario in Figure 4 - 9,

respectively. Shown are the branching ratios for the h in the upper row, for the H in the middle row and

for the A in the lower row with tanβ = 10(50) in the left (right) column. The results for the charged

Higgs boson are given in Figure 10, (11). The first plot shows the mmax
h (upper row), mmod+

h (middle

row) and mmod−
h (lower row) scenario, while the second plot contains the light stop (upper row), light

stau (middle row) and τ-phobic Higgs (lower row) scenario.

The branching ratios of the light Higgs boson, h, exhibit a strong variation at low MA, while for

large MA the SM limit is reached. The corresponding values of the light Higgs boson mass, Mh, are

indicated in the corresponding plots in Section 14.2. In particular in the τ-phobic scenario a reduction in

the h→ bb and h→ τ+τ− channel can be observed, as analyzed in Ref. [31].

The branching ratios of the H and A boson follow the same pattern in all scenarios. For very

low values of MA the H → WW channel contributes, but overall the H → bb channel is dominant,

about 10 times larger than the H → τ+τ− channel, which in turn is about 200 times larger than the

H → µ+µ− channel. The size of the H → tt channel, above the tt threshold is somewhat above the

H → τ+τ− channel for tan β = 10, but stays below even the A → µ+µ− channel for tanβ = 50 due

to the suppression of the Higgs top coupling. The same pattern, except the decay to W+W− can be

observed for the A boson. It should be noted that the decays of the heavy Higgs bosons to charginos

and neutralinos, while taken into account in the BR evaluation, are not shown. However, their effects are

visible at the kinks in the lines of the other channels, in particular for tan β = 10 (see also Ref. [31]).

The branching ratios of the H±, shown as a function of MH± , are also very similar in the various

scenarios. At low values only the channels H± → τντ, H
± → cs and H± → µνµ are open. At∼ 180 GeV

the channel H± → tb opens up and becomes dominant, while BR(H± → cs) and BR(H± → µνµ) are

very similar in size and more than two orders of magnitude smaller than BR(H± → τντ). The decays

of the charged Higgs boson to charginos and neutralinos, again while taken into account in the BR

evaluation, are not shown. However, their effects are visible as for the neutral Higgs bosons at the kinks

in the lines of the other channels, in particular for tan β = 10.
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Fig. 4: Branching ratios of the MSSM Higgs bosons h (upper row), H (middle row) and A (lower row) in the

mmax
h scenario as a function of MA. The left (right) column shows the results for tanβ = 10(50).
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Fig. 5: Branching ratios of the MSSM Higgs bosons h (upper row), H (middle row) and A (lower row) in the

mmod+
h scenario as a function of MA. The left (right) column shows the results for tanβ = 10(50).
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Fig. 6: Branching ratios of the MSSM Higgs bosons h (upper row), H (middle row) and A (lower row) in the

mmod−
h scenario as a function of MA. The left (right) column shows the results for tanβ = 10(50).
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Fig. 7: Branching ratios of the MSSM Higgs bosons h (upper row), H (middle row) and A (lower row) in the light

stop scenario as a function of MA. The left (right) column shows the results for tanβ = 10(50).
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Fig. 8: Branching ratios of the MSSM Higgs bosons h (upper row), H (middle row) and A (lower row) in the light

stau scenario as a function of MA. The left (right) column shows the results for tanβ = 10(50).
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Fig. 9: Branching ratios of the MSSM Higgs bosons h (upper row), H (middle row) and A± (lower row)in the

τ-phobic scenario as a function of MA. The left (right) column shows the results for tanβ = 10(50).
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Fig. 10: Branching ratios of the charged MSSM Higgs boson in the mmax
h (upper row), mmod+

h (middle row) and

the mmod−
h (lower row) scenario as a function of MH± . The left (right) column shows the results for tanβ =

10(50).
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Fig. 11: Branching ratios of the charged MSSM Higgs boson in the light stop (upper row), light stau (middle

row) and the τ-phobic (lower row) scenario as a function of MH± . The left (right) column shows the results for

tanβ = 10(50).
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3 Gluon-gluon fusion production mode3

The first two volumes of this Handbook [13, 14] summarized the status of the inclusive and differential

cross section for Higgs production in gluon fusion, respectively. Our goal in this volume is two-folded:

we present an update on some of the relevant cross sections described in the previous volumes and

continue the research on a number of issues relevant for Higgs boson production at the LHC.

The section is organised as follows. In Section 3.1 we present the state of the art in the inclusive

cross section for Higgs production. Section 3.2 presents the first calculation for H+jet production at

second order in perturbation theory with phenomenological results arising from the gluon fusion channel.

In Sections 3.3-3.4 we compare the Higgs transverse momentum distribution outcome from different

generators. Section 3.5 summarizes recent findings on the interference effects in light Higgs VV modes.

Finally, Section 3.6 discusses theoretical uncertainties on the pp→WW estimation in the Higgs search.

3.1 Update on the inclusive Higgs boson production by gluon-gluon fusion4

The dominant mechanism for SM Higgs boson production at hadron colliders is gluon-gluon fusion [34],

through a heavy-quark loop. The QCD radiative corrections to the total cross section have been computed

at the next-to-leading order (NLO) in Refs. [35–37] and at the next-to-next-to-leading order (NNLO

accuracy) in [38–40]. NNLO results at the exclusive level can be found in Refs. [41–44].

The main features of the different calculations for the inclusive cross section were discussed in

Ref. [13]. For the 7 TeV run, both LHC experiments based their analysis on the combination [13] of the

predictions of Anastasiou, Boughezal, Petriello and Stoeckli (ABPS) [45] and de Florian and Grazzini

(dFG) [46]. Since the presentation of the First Yellow Report [13] a number of advancements, including

a better treatment of the effect of heavy quark masses and the Higgs boson line-shape were discussed.

Considering that the ABPS and dFG agree within 1 − 2%, and that the improvements reported below

were applied only to the calculation of dFG, here we focus on the improvements presented in [47], which

represented the theoretical prediction being used nowadays by the LHC collaborations.

The calculation of dFG is based on the resummation of soft-gluon contributions to next-to-next-to-

leading logarithmic accuracy (NNLL) [48], as a way to improve state of the art fixed-order predictions

with the dominant effect from higher-order corrections. The implementation requieres the knowledge

of the Sudakov radiative factor, which depends only on the dynamics of soft gluon emission from the

initial state partons and the hard coefficient (Cgg) which includes terms arising from both soft and hard

gluon emission. The hard coefficient depends on the details of the coupling to the Higgs boson and,

therefore, on the masses of the heavy quarks in the loop. Ref. [47] presented the exact expression for this

coefficient up to next-to-leading logarithmic accuracy (NLL) with the explicit dependence on the heavy-

quark masses in the loop, matching the precision reached in the fixed order calculation. Furthermore,

the usually neglected contribution form the charm quark is also taken into account up to that order.

Corrections beyond NL accuracy are treated in the infinite quark mass limit, accounting only for the top

quark contribution. The inclusion of the exact dependence on the top- and bottom-quark masses up to

NLL accuracy results in a decrease of the cross section ranging from about 1.5% at MH = 125 GeV,

to about 6% at MH = 800 GeV. The usually neglected charm-quark contribution further decreases the

cross section by about 1% for a light Higgs, being very small in the high-mass region.

The second improvement with respect to the work of Ref. [46] regards the treatment of the Higgs

boson width. While the Zero Width Approximation (ZWA) can be considered sufficiently accurate for

the evaluation of the inclusive cross section for a light Higgs boson, the increase of the Higgs boson

width at large masses requires a proper implementation of the corresponding line-shape. We rely on the

3D. de Florian, B. Di Micco (eds.); R. Boughezal, F. Caola, N. Chanon, R. Di Nardo, G. Ferrera, N. Fidanza, M. Grazzini,

D.C. Hall, C. Hays, J. Griffiths, R. Hernandez-Pinto, N. Kauer, H. Kim, S. Martin, J. Mazzitelli, K. Melnikov, F. Petriello,

Y. Rotstein-Habarnau, G. Sborlini, M. Schulze, D. Tommasini and J. Yu
4D. de Florian, M. Grazzini
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OFFP scheme described in Ref. [49] as an effective implementation of the complex-pole scheme. The

calculation in Ref. [49] provides a realistic estimate of the complex-pole width γH above the ZZ threshold

but might introduce an artificial effect at low masses. In order to recover the ZWA for light Higgs we

use an extrapolation of the value of γH towards the on-shell decay width Γ(MH) below MH = 200 GeV

. The inclusion of finite-width effects results in an increase of the cross section with respect to the ZWA

of about O(10%) at MH = 800 GeV. The use of a naive Breit Wigner would give a smaller cross

section with respect to the result in the complex-pole scheme, the difference ranging from −3.5% for

MH = 300 GeV to −18% at MH = 600 GeV, to −27% at MH = 800 GeV.

As discussed in Ref. [13], the ensuing result is finally corrected for two-loop electro-weak (EW)

contributions [50–52] as evaluated in [49] in the complete factorization scheme.

Uncertainties are estimated as in Ref. [13]. The updated numbers for the cross section at 7 TeV

and 8 TeV are presented in Tables B.1-B.7 and Tables B.8-B.14, respectively.

These results can be compared to those presented in Ref. [53], where the impact of finite-width

effects is also included. For a light Higgs boson, the main difference with the computation of dFG arises

from the evaluation of higher-order QCD corrections, which are computed up to NNLO but choosing the

factorization and renormalization scales µF = µR = MH/2, as an attempt to reproduce effects beyond

NNLO, that, in the dFG calculation, are instead estimated through soft-gluon resummation. For example,

at MH = 125 GeV the result of Ref. [53] is about 7% higher that the one of dFG, but still well within

the corresponding uncertainty bands. Larger differences are observed in the high mass region, due to the

different implementation of finite-width effects. In Ref. [53] a Breit-Wigner with running width is used

as the default implementation of the line-shape. At MH = 400 GeV, the result of Ref. [53] turns out to

be about 16% smaller than the one of dFG.

3.2 Higgs+jet at NNLO 5

We describe in this section a first calculation of Higgs-boson production in association with a jet at next-

to-next-to-leading order in perturbative QCD [54]. This result is urgently needed in order to reduce the

theoretical uncertainties hindering a precise extraction of the Higgs properties at the LHC. Currently, the

theoretical errors in the one-jet bin comprise one of the largest systematic errors in Higgs analyses, par-

ticularly in the WW final state. There are two theoretical methods one can pursue to try to reduce these

uncertainties. The first is to resum sources of large logarithmic corrections to all orders in QCD pertur-

bation theory. An especially pernicious source of large logarithmic corrections comes from dividing the

final state into bins of exclusive jet multiplicities. An improved theoretical treatment of these terms has

been pursued in both the zero-jet [55–59] and one-jet [60, 61] bins (see Section 8). The second, which

we discuss here, is to compute the higher-order corrections to the next-to-next-to-leading order (NNLO)

in perturbative QCD. Both are essential to produce the reliable results necessary in experimental analy-

ses. In this contribution we give a brief overview of the calculational framework that was used to obtain

the NNLO calculation for Higgs plus jet production, and present initial numerical results arising from

gluon-fusion.

3.2.1 Notation and setup

We begin by presenting the basic notation needed to describe our calculation. We use the QCD La-

grangian, supplemented with a dimension-five non-renormalizable operator that describes the interaction

of the Higgs boson with gluons in the limit of very large top quark mass:

L = −1

4
G(a)
µνG

(a)µν − λHggHG
(a)
µνG

(a)µν . (7)

5R. Boughezal, F. Caola, K. Melnikov, F. Petriello, M. Schulze
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Here, G
(a)
µν is the field-strength tensor of the gluon field and H is the Higgs-boson field. Matrix elements

computed with the Lagrangian of Eq. (7) need to be renormalized. Two renormalization constants are

required to do so: one which relates the bare and renormalized strong coupling constants, and another

which ensures that matrix elements of the Hgg dimension-five operator are finite. The expressions for

these quantities are given in Ref. [54]. We note that the Lagrangian of Eq. (7) neglects light fermions,

as will the initial numerical results presented. We comment on the phenomenological impact of this

approximation later in this section.

Renormalization of the strong coupling constant and of the effective Higgs-gluon coupling re-

moves ultraviolet divergences from the matrix elements. The remaining divergences are of infrared

origin. To remove them, we must both define and compute infrared-safe observables, and absorb the

remaining collinear singularities by renormalizing parton distribution functions. Generic infrared safe

observables are defined using jet algorithms. For the calculation described here we employ the kT-

algorithm.

Collinear singularities associated with gluon radiation by incoming partons must be removed by

additional renormalization of parton distribution functions. We describe how to perform this renormal-

ization in what follows. We denote the ultraviolet-renormalized partonic cross section by σ̄(x1, x2), and

the collinear-renormalized partonic cross section by σ(x1, x2). Once we know σ(x1, x2), we can com-

pute the hadronic cross sections by integrating the product of σ and the gluon distribution functions over

x1 and x2:

σ(p + p→ H + j) =

∫
dx1dx2 g(x1)g(x2) σ(x1, x2). (8)

The relation between σ and σ̄ is given by the following formula:

σ = Γ−1 ⊗ σ̄ ⊗ Γ−1, (9)

where the convolution sign stands for

[f ⊗ g] (x) =

1∫

0

dz dyδ(x− yz)f(y)g(z). (10)

The collinear counterterm can be expanded in the strong coupling constant as

Γ = δ(1 − x)−
(αs

2π

)
Γ1 +

(αs

2π

)2
Γ2. (11)

We write the ultraviolet-renormalized partonic cross section through NNLO as

σ̄ = σ̄(0) +

(
Γ(1 + ǫ)αs

2π

)
σ̄(1) +

(
Γ(1 + ǫ)αs

2π

)2

σ̄(2), (12)

and the collinear-renormalized partonic cross section as

σ = σ(0) +
(αs

2π

)
σ(1) +

(αs

2π

)2
σ(2). (13)

Using these results, we can solve to find the following results for the finite cross section expanded in αs:

σ(0) = σ̄(0), σ(1) = σ̄(1) +
Γ1 ⊗ σ(0)

Γ(1 + ǫ)
+
σ(0) ⊗ Γ1

Γ(1 + ǫ)
,

σ(2) = σ̄(2) − Γ2 ⊗ σ(0)

Γ(1 + ǫ)2
− σ(0) ⊗ Γ2

Γ(1 + ǫ)2
− Γ1 ⊗ σ(0) ⊗ Γ1

Γ(1 + ǫ)2
+

Γ1 ⊗ σ(1)

Γ(1 + ǫ)
+
σ(1) ⊗ Γ1

Γ(1 + ǫ)
.

(14)

We note that although finite, the σ(i) still depend on unphysical renormalization and factorization scales

because of the truncation of the perturbative expansion. In the following, we will consider for simplicity

the case of equal renormalization and factorization scales , µR = µF = µ. The residual µ dependence is

easily determined by solving the renormalization-group equation order-by-order in αs.
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3.2.2 Calculational framework

It follows from the previous section that in order to obtain σ(2) at a generic scale, apart from lower-order

results we need to know the NNLO renormalized cross section σ̄(2) and convolutions of NLO and LO

cross sections with the various splitting functions which appear in the collinear counterterms. Up to

terms induced by the renormalization, there are three contributions to σ̄(2) that are required:

– the two-loop virtual corrections to gg → Hg;

– the one-loop virtual corrections to gg → Hgg;

– the double-real contribution gg → Hggg.

We note that helicity amplitudes for all of these processes are available in the literature. The two-loop

amplitudes for gg → Hg were recently computed in Ref. [62]. The one-loop corrections to gg → Hgg
and the tree amplitudes for gg → Hggg are also known, and are available in the form of a Fortran code

in the program MCFM [63].

Since all ingredients for the NNLO computation of gg → H + jet have been available for some

time, it is interesting to understand what has prevented this calculation from being performed. The main

difficulties with NNLO calculations appear when one attempts to combine the different contributions,

since integration over phase space introduces additional singularities if the required number of jets is

lower than the parton multiplicity. To perform the phase-space integration, we must first isolate singu-

larities in tree- and loop amplitudes.

The computational method that we will explain shortly is based on the idea that relevant sin-

gularities can be isolated using appropriate parameterizations of phase space and expansions in plus-

distributions. To use this approach for computing NNLO QCD corrections, we need to map the relevant

phase space to a unit hypercube in such a way that extraction of singularities is straightforward. The

correct variables to use are the re-scaled energies of unresolved partons and the relative angles between

two unresolved collinear partons. However, the problem is that different partons become unresolved in

different parts of the phase space. It is not immediately clear how to switch between different sets of

coordinates and cover the full phase space.

We note that for NLO QCD computations, this problem was solved in Ref. [64], where it was

explained that the full phase space can be partitioned into sectors in such a way that in each sector only

one parton (i) can produce a soft singularity and only one pair of partons (ij) can produce a collinear

singularity. In each sector, the proper variables are the energy of the parton i and the relative angle

between partons i and j. Once the partitioning of the phase space is established and proper variables are

chosen for each sector, we can use an expansion in plus-distributions to construct relevant subtraction

terms for each sector. With the subtraction terms in place, the Laurent expansion of cross sections in ǫ can

be constructed, and each term in such an expansion can be integrated over the phase space independently.

Therefore, partitioning of the phase space into suitable sectors and proper parameterization of the phase

space in each of these sectors are the two crucial elements needed to extend this method to NNLO. It was

first suggested in Ref. [65] how to construct this extension for double real-radiation processes at NNLO.

We give a brief overview of this technique in the next section.

3.2.3 An example: double-real emission corrections

We briefly present the flavor of our calculational methods by outlining how the double-real emission

corrections are handled. To start, we follow the logic used at NLO in Ref. [64] and partition the phase

space for the g(p1)g(p2)→ Hg(p3)g(p4)g(p5) process into separate structures that we call ‘pre-sectors’

where only a given set of singularities can occur:

1

3!
dLips12→H345 =

∑

α

dLips
(α)
12→H345, (15)
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Here, α is a label which denotes which singularities can occur, and dLIPS denotes the standard Lorentz-

invariant phase space. At NNLO we can have at most two soft singularities and two collinear singularities

in each pre-sector, so as an example there will be an α labeling where p4 and p5 can be soft, and where

both can be collinear to p1. Within this particular pre-sector, which we label as a ‘triple-collinear’ pre-

sector, it is clear that the appropriate variables to describe the phase space are the energies of gluons p4

and p5, and the angles between these gluons and the direction of p1.

Our goal in introducing a parameterization is to have all singularities appear in the following form:

I(ǫ) =

1∫

0

dxx−1−aǫF (x), (16)

where the function F (x) has a well-defined limit lim
x→0

F (x) = F (0). Here, the F (x)/x structure comes

from the matrix elements, while the x−aǫ comes from the phase space. When such a structure is obtained,

we can extract singularities using the plus-distribution expansion

1

x1+aǫ
= − 1

aǫ
δ(x) +

∞∑

n=0

(−ǫa)n
n!

[
lnn(x)

x

]

+

, (17)

so that

I(ǫ) =

1∫

0

dx

(
−F (0)

aǫ
+
F (x)− F (0)

x
− aǫF (x)− F (0)

x
ln(x) + ...

)
. (18)

The above equation provides the required Laurent expansion of the integral I(ǫ). We note that each term

in such an expansion can be calculated numerically, and independently from the other terms.

Unfortunately, no phase-space parameterization for double-real emission processes can immedi-

ately achieve the structure of Eq. (16). Each pre-sector must be further divided into a number of sectors

using variable changes designed to produce the structure of Eq. (16) in each sector. Following Ref. [65],

we further split the triple-collinear pre-sector mentioned above into five sectors so that all singularities in

the matrix elements appear in the form of Eq. (16). Explicit details for these variables changes, and those

for all other pre-sectors needed for the NNLO calculation of Higgs plus jet, are presented in Ref. [54].

Once we have performed the relevant variables changes, we are left with a set of integrals of the

form shown in Eq. (18). We now discuss how we evaluate the analogs of the F (x) and F (0) terms that

appear in the full calculation. When all xi variables that describe the final-state phase space are non-zero,

we are then evaluating the gg → Hggg matrix elements with all gluons resolved. The helicity amplitudes

for this process are readily available, as discussed above, and can be efficiently evaluated numerically.

When one or more of the xi vanish, we are then in a singular limit of QCD. The factorization of the

matrix elements in possible singular limits appearing in double-real emission corrections in QCD has

been studied in detail [66], and we can appeal to this factorization to evaluate the analogs of the F (0).
For example, one singular limit that appears in all pre-sectors is the so-called ‘double-soft’ limit, in which

both gluons p4 and p5 have vanishingly small energies. The matrix elements squared factorize in this

limit in the following way in terms of single Sij(p) and double Sij(p, q) universal eikonal factors [66]:

|Mg1g2→Hg3g4g5
|2 ≈ C2

Ag
4
s

[
∑

ij∈Sp

Sij(p4)




 ∑

kn∈Sp

Skn(p5)




+
∑

ij∈Sp

Sij(p4, p5)−
3∑

i=1

Sii(p4, p5)

]
|Mg1g2→Hg3|2.

(19)
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The advantage of using this factorization is that all structures on the right-hand side of Eq. (19) are

readily available in the literature and can be efficiently evaluated numerically; as discussed the helicity

amplitudes for gg → Hg are known, and the Sij eikonal factors which appear are also well-known

functions. Using this and other such relations, the analogs of the integrals in Eq. (18) appearing in

the full theory can be calculated using known results. Similar techniques can be used to obtain the

other structures needed for the NNLO computation of Higgs plus jet production. For a discussion of all

relevant details, we refer the reader to Ref. [54].

3.2.4 Numerical results

We present here initial numerical results for Higgs production in association with one or more jets at

NNLO, arising from the dominant gluon-fusion subprocess. A detailed series of checks on the presented

calculation were performed in Ref. [54], and we do not repeat this discussion here. We compute the

hadronic cross section for the production of the Higgs boson in association with one or more jets at

the 8 TeV LHC through NNLO in perturbative QCD. We reconstruct jets using the kT-algorithm with

∆R = 0.5 and pjT = 30 GeV. The Higgs mass is taken to be MH = 125 GeV and the top-quark mass

mt = 172 GeV. We use the latest NNPDF parton distributions [67,68] with the number of active fermion

flavors set to five, and numerical values of the strong coupling constant αs at various orders in QCD per-

turbation theory as provided by the NNPDF fit. We note that in this case αs(MZ) = [0.130, 0.118, 0.118]
at leading, next-to-leading and next-to-next-to-leading order, respectively. We choose the central renor-

malization and factorization scales to be µ = µR = µF = MH.

In Fig. 12 we show the partonic cross section for gg → H + j multiplied by the gluon luminosity

through NNLO in perturbative QCD:

β
dσhad

d
√
s

= β
dσ(s, αs, µR, µF)

d
√
s

× L(
s

shad
, µF), (20)

where β measures the distance from the partonic threshold,

β =

√

1− E2
th

s
, Eth =

√
M2

H + p2
⊥,j + p⊥,j ≈ 158.55 GeV. (21)

The partonic luminosity L is given by the integral of the product of two gluon distribution functions

L(z, µF) =

∫ 1

z

dx

x
g(x, µF)g

( z
x
, µF

)
. (22)

It follows from Fig. 12 that NNLO QCD corrections are significant in the region
√
s < 500 GeV.

In particular, close to partonic threshold
√
s ∼ Eth, radiative corrections are enhanced by threshold

logarithms lnβ that originate from the incomplete cancellation of virtual and real corrections. There

seems to be no significant enhancement of these corrections at higher energies, where the NNLO QCD

prediction for the partonic cross section becomes almost indistinguishable from the NLO QCD one.

We now show the integrated hadronic cross sections in the all-gluon channel. We choose to vary

the renormalization and factorization scale in the range µ = µR = µF = MH/2, MH, 2MH. After

convolution with the parton luminosities, we obtain

σLO(pp→ Hj) = 2713+1216
−776 fb,

σNLO(pp→ Hj) = 4377+760
−738 fb,

σNNLO(pp→ Hj) = 6177+204
−242 fb.

(23)

We note that NNLO corrections are sizable, as expected from the large NLOK−factor, but the perturba-

tive expansion shows marginal convergence. We also evaluated PDF errors using the full set of NNPDF
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Fig. 12: Results for the product of partonic cross sections gg → H + jet and parton luminosity in consecutive

orders in perturbative QCD at µ = µR = µF = MH = 125 GeV. See the text for explanation.

replicas, and found it to be of order 5% at LO, and of order 1− 2% at both NLO and NNLO, similarly to

the inclusive Higgs case [68]. The cross section increases by about sixty percent when we move from LO

to NLO and by thirty percent when we move from NLO to NNLO. It is also clear that by accounting for

the NNLO QCD corrections we reduce the dependence on the renormalization and factorization scales

in a significant way. The scale variation of the result decreases from almost 50% at LO, to 20% at NLO,

to less than 5% at NNLO. We also note that a perturbatively-stable result is obtained for the scale choice

µ ≈ MH/2. In this case the ratio of the NNLO over the LO cross section is just 1.5, to be compared

with 2.3 for µ = MH and 3.06 for µ = 2MH, and the ratio of NNLO to NLO is 1.2. A similar trend was

observed in the calculation of higher-order QCD corrections to the Higgs boson production cross section

in gluon fusion. The reduced scale dependence is also apparent from Fig. 13, where we plot total cross

section as a function of the renormalization and factorization scale µ in the region pjT < µ < 2MH .

Finally, we comment on the phenomenological relevance of the results for the cross sections and

K-factors reported here that refer only to the Higgs production through gluon-gluon collisions. We note

that at leading and next-to-leading order, quark-gluon collisions increase the H + j production cross

section by about 30 percent, for the input parameters that we use in this paper. At the same time, the

NLO K-factors for the full H + j cross section are smaller by about 10−15% than the ‘gluons-only’ K-

factors, presumably because quark color charges are smaller than the gluon ones. Therefore, we conclude

that the gluon-only results can be used for reliable phenomenological estimates of perturbative K-factors

but adding quark channels will be essential for achieving precise results for the H + j cross section.

3.3 Higgs boson production by the gluon-gluon fusion and decay in the electroweak channels in
the HRES code 6

3.3.1 Introduction

In the section we introduce the HRES [69] Monte Carlo program implementing the Higgs boson produc-

tion by gluon-gluon fusion channel (at the NNLL+NNLO accuracy) and the electroweak decay modes

H → γγ, H → WW → lνllνl and H → ZZ → 4l. In the latter case the user can choose between

H → ZZ → µ+µe+e and H → ZZ → e+ee+e, which includes the appropriate interference contribu-

tion. This HRES numerical program embodies the features of both the HNNLO [43, 44] and HQT [70]

6D. de Florian, G. Ferrera, M. Grazzini, D. Tommasini
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Fig. 13: Scale dependence of the hadronic cross section in consecutive orders in perturbative QCD. See the text

for details.

numerical codes. Here we compare some selected results with the fixed order ones, up to the NNLO

accuracy, obtained with the HNNLO. The program can be downloaded from [71], together with some

accompanying notes.

3.3.2 HRES example with the γγ decay channel

We present selected numerical results for the signal cross section at the LHC (
√
s = 8 TeV), by using

explicative cuts that can be applied in current Higgs boson searches by the ATLAS and CMS collabo-

rations. We consider the production of a SM Higgs boson with mass MH = 125 GeV and the decay

channel into γγ , but analogous studies can be performed by the other decay channels (see Ref. [69]).

For each event, we classify the photon transverse momenta according to their minimum and max-

imum value, pTmin and pmathrmTmax . We apply the following cuts on the photons: they are required

to be in the central rapidity region, |η| < 2.5, with pTmin,γ > 25 GeV and pTmax,γ > 40 GeV. The

corresponding inclusive cross sections are reported in Table 2, where we show the resummed results ob-

tained through the HRES code, and we compare them with the fixed order predictions obtained with the

HNNLO code. We see that the NLL+NLO (NNLL+NNLO) inclusive cross section agrees with the NLO

(NNLO) result to better than 1%. We recall that the resummation does not affect the total cross section

for the Higgs boson production, but when geometrical cuts are applied, their effect can act in a differ-

ent way on fixed order and resummed calculations. In Table 2 we compare the accepted cross sections,

obtained by the fixed order and resummed calculations, and the corresponding efficiencies. The numeri-

Table 2: Fixed order and resummed cross sections for pp → H + X → γγ + X at the LHC, before and after

geometrical acceptance cuts.

Cross section NLO NLL+NLO NNLO NNLL+NNLO

Total [fb] 30.65 ± 0.01 30.79 ± 0.03 38.47 ± 0.15 38.41 ± 0.06

With cuts [fb] 21.53 ± 0.02 21.55 ± 0.01 27.08 ± 0.08 26.96 ± 0.04

Efficiency [%] 70.2 70.0 70.4 70.2

cal errors estimate the statistical uncertainty of the Monte Carlo integration. Comparing resummed and
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fixed order predictions, we see that there are no substantial differences on the accepted cross section, due

to the fact that the integration is performed over a wide kinematical range. It is also possible to study

the accepted cross section for different choices of the scales. After selection cuts, by varying the scales

2Q = µF = µR in the range MH/2 ≤ 2Q ≤ 2MH, the scale uncertainty is about ±15% (±18%) at

NLL+NLO (NLO) and ±9% (±10%) at NNLL+NNLO (NNLO).

In Fig. 14-left we plot the photon p
min,γ
T distribution ( the p

max,γ
T distribution has similar features).

These distribution are enhanced when going from LO to NLO to NNLO according to the increase of the

total cross section. We note that, as pointed out in Ref. [43], the shape of these distributions sizeable

differs when going from LO to NLO and to NNLO. In particular, at the LO the two photons are emitted

with the same p
γ
T because the Higgs boson is produced with zero transverse momentum, hence the LO

p
min,γ
T and p

max,γ
T are exactly identical. Furthermore the LO distribution has a kinematical boundary at

p
γ
T = MH/2 (Jacobian peak), which is due to the use of the narrow width approximation. Such condi-

tion is released once extra radiation is accounted for. Thus higher order predictions suffer of perturbative

instabilities, i.e. each higher-order perturbative contribution produces (integrable) logarithmic singulari-

ties in the vicinity of that boundary, as explained in Ref. [72]. The same p
min,γ
T predictions are shown in

Fig. 14: Distribution p
max,γ
T for the H→ γγ signal at the LHC, obtained by resummed (right plot) calculations and

fixed order (left plot) for comparison.

Fig. 14(right); in this case the NNLO result is compared with the resummed result at the NLL+NLO and

NNLL+NNLO accuracy. As expected [72], resummed results do not suffer of such instabilities in the

vicinity of the LO kinematical boundary; the resummed distributions are smooth and the shape is rather

stable when going from NLL+NLO to NNLL+NNLO.

The HRES code provides all the momenta of final state particles and studies on other variables

can be performed. For example a variable that is often studied is cos(θ∗), where θ∗ is the polar angle

of one of the photons with respect to the beam axis in the Higgs boson rest frame. A cut on the photon

transverse momentum p
γ
T implies a maximum value for cos(θ∗) at LO. For example for MH = 125 GeV

and p
γ
T ≥ 40 GeV we obtain | cos(θ∗)| ≤ | cos(θ∗cut)| ≃ 0.768. At the NLO and NNLO the Higgs trans-

verse momentum is non vanishing and events with | cos(θ∗)| > | cos(θ∗cut)| are kinematically allowed.

In the region of the kinematical boundary higher-order perturbative distributions suffer of logarithmic

singularities. As expected [72], resummed results do not suffer of such instabilities in the vicinity of the

LO kinematical boundary; the resummed distributions are smooth and the shape is rather stable when

going from NLL+NLO to NNLL+NNLO. In Fig. 2 we report both the distributions (normalized to unity)

obtained by fixed order and the resummed calculations. We see that the resummed results are smooth in

the region around the kinematical boundary. Away from such region, fixed order and resummed results

show perfect agreement.

28



Fig. 15: Normalized cos θ∗ distribution at the LHC. On the left: LO, NLO and NNLO results. On the right:

resummed predictions at NLL+NLO and NNLL+NNLO accuracy are compared with the NNLO result.

3.4 Higgs pT distribution using different generators

3.4.1 Comparison among HRES, POWHEG, MADGRAPH, AMC@NLO, SHERPA without Heavy

Quark mass effect 7

Results of Higgs boson searches performed at 7 TeV were using POWHEG as main generator for the

gluon fusion process. In both CMS and ATLAS collaborations the Higgs boson pT was reweighted event

by event to match the NNLO+NNLL pT spectrum predicted by HqT. Higgs boson searches performed

at 8 TeV are using POWHEG where the dampening factor hfact was tuned to reproduce HqT spectrum,

therefore no reweighting was needed. In this section we perform a comparison of different generators

able to generate the gluon fusion process, with the following setup.

We consider a Higgs boson mass of 125 GeV. HRES predictions are computed with a factorization

and renormalization scales set to 125 GeV, and resummation scale set to 62.5 GeV, using the PDF set

MSTW2008. The theory uncertainty bands are computed by multiplying/dividing by 2 the renormaliza-

tion and factorization scales independently. HRES spectrum was cross-checked against HqT and found

to be identical. POWHEG predictions are computed at NLO with hfact= MH/1.2 [14, 73] and the

showering is performed with PYTHIA 6. MADGRAPH 5 predictions are computed with up to 3 extra jets

using PYTHIA 6 shower, the PDF set CTEQ6L1 is used and the matching scale, obtained by looking at

the differential jet rate which needs to be smoothed, was found to be Qcut = 26 GeV. We also compare

two generators with matching/merging of extra-jets at NLO. aMC@NLO predictions are performed on

sample of matched and merged 0/1/2 jets at NLO and the third jet at LO with herwig6 shower, the PDF

used is MSTW2008 and the matching scale is set to 50 GeV. Sherpa predictions are performed with a

matched/merged sample of 0/1 jets at NLO, the second jet a LO, with hadronization and MPI, the PDF set

used is CT10 and the matching scale is set to 30 GeV. Generated samples are compared inclusively (no

further selection is applied). All are normalized to the cross-section computed with HRES with central

renormalization and factorization scales.

The Higgs boson pT distribution zoomed in the range [0,50] GeV is shown Fig. 16. As previously

noted and shown on Fig. 16, the pT spectrum of POWHEG with hfact tuned is slightly harder than

the one predicted with HRES. It can also be observed that Madgraph has a somehow softer pT than

POWHEG. On the other hand, aMC@NLO seems to predict a mildly harder pT. A larger range of pT is

shown on Fig. 17 along with the Higgs boson rapidity. Decay to photons was included in all generators

but Sherpa. We show on Fig. 18 the distributions of ∆φ(γ, γ) and pT γ .

7N. Chanon
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Fig. 16: Distribution of Higgs pT for different generators for Higgs boson of MH = 125 GeV at 8 TeV.
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Fig. 17: Distribution of Higgs pT (left) and rapidity (right) for different generators for Higgs boson of MH =

125 GeV at 8 TeV.
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Fig. 18: Distribution of diphoton ∆φ(γ , γ) and pT,γ for different generators for Higgs boson of MH = 125 GeV

at 8 TeV.
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underlying event simulation. The no q mass distribution corresponds to a configuration where both hfact and

the Heavy Quark mass effect are switched off.

3.4.2 Higgs pT distribution, MC@NLO-Powheg comparison using finite HQ mass effect 8

In the search of the Higgs boson and the measurement of the Higgs boson production yield in the H→ γγ
and H → ZZ∗ → 4l channel, the Higgs transverse momentum is of particular interest because it affects

the signal acceptance due to the cuts applied on the photon and lepton momenta. Moreover the signal

purity can be increased by cutting on the transverse momentum of the di-boson system that is on average

larger in the Higgs decay than the non resonant background due to the higher jet activity in the Higgs

gluon fusion production process than the di-photon and ZZ non resonant backgrounds. Such techniques

are applied in the H → γγ search [74] and under study in the H → ZZ → 4l and H → ττ searches. It

is therefore important to understand the impact of several contributions to the Higgs pT and how they

affect the pT spectrum predicted by the MC generators.

In the present section we show a comparison of the Higgs pT distribution between MC@NLO

4.09 [75], using HERWIG 6.5 [76] for the showering, and POWHEG [77–80] that has been showered

with both PYTHIA8 [81, 82] and HERWIG 6.5. The signal process is pp → H → ZZ∗ at the mass

MH = 125.5 GeV. This value has been chosen being the last ATLAS best fit value [9]. HERWIG 6.5

has been interfaced to JIMMY [83] for the underlying event simulation. The ATLAS AUET2 [84] tune

using the CTEQ 10 NLO pdfs in the showering algorithm has been used. Both MC@NLO 4.09 and

POWHEG include the heavy quark mass effect in the gluon gluon loop for the Higgs pT determination.

The contribution is available for t,b and c quarks in POWHEG and for the t and b quarks in MC@NLO.

In the present section the contribution from the c quark has been switched off in POWHEG so that the

quark mass effects refer to the contribution from the top and bottom quarks. The pT dampening factor

hfact has been set to mH/1.2 in the POWHEG case. A configuration without the hfact has also been

studied. The top mass has been set at mt = 172.5 GeV and the bottom quark mass at mb = 4.75 GeV.

The generation has been performed using the CT10 pdf set.

In Fig. 19 the Higgs pT distribution is shown with different configurations. In the range, 0−400 GeV,

we observe that the MC@NLO spectrum is softer than the POWHEG + PYTHIA8 one. Comparing

POWHEG+HERWIG with POWHEG + PYTHIA8 is possible to see that the parton shower doesn’t

8B. Di Micco, R. Di Nardo
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affect the high Higgs pT tail as expected. The use of the hfact dampening factor makes the POWHEG

spectrum closer to the MC@NLO one at high pT but still significantly harder. The heavy quark mass

effect has been switched off in the POWHEG + HERWIG sample in order to estimate the size of the

effect. The contribution is visible in the very high pT tail (pT > 250 GeV) but doesn’t seem responsible

for the main high pT behaviour. In order to compare the generators at low pT the same figure has been

zoomed in the range 0-40 GeV. For pT < 15 GeV differences between the HERWIG and PYTHIA8

showering are visible and in the very low pT region (pT < 10 GeV), MC@NLO + HERWIG and

POWHEG + HERWIG with the hfact are compatible while both the PYTHIA8 showering and the

no hfact configuration are different from the MC@NLO prediction. This shows that at low pT the

parton shower has a relevant role but the dampening factor correction is still important and brings the

POWHEG + HERWIG spectrum in agreement with MC@NLO 4.09.

3.5 Interference in light Higgs VV modes

Interferences between signal and background amplitudes are known to be relevant for heavy Higgs pro-

duction. However, they can play a significant role also for a light Higgs, by considerably modifying

the cross section and eventually contributing to a shift in the signal peak. In this section we analyse the

interference effects for the WW, ZZ and γγ channels.

In Section 3.5.1, the findings of Ref. [85] about the inadequacy of zero-with approximation and

importance of signal-background interference are summarised. In Sections 3.5.2 and 3.5.3, results for

gg (→ H)→ 4 leptons including Higgs-continuum interference effects calculated with GG2VV [86] are

presented. The complex-pole scheme [87] with MH = 125 GeV and ΓH = 4.434 MeV is used.

Sections 3.5.4 and 3.5.5 summarize the recent findings of [88,89] about the effect on the diphoton

invariant mass shift due to the inclusion of the contribution from the gq and qq channels in the signal-

background interference. Section 3.5.4 considers the case of inclusive γγ production while Section 3.5.5

discusses the effect on γγ + jet production.

3.5.1 Inadequacy of zero-with approximation and importance of signal-background interference 9

For the SM Higgs boson with MH ≈ 125 GeV, one has ΓH/MH < 10−4, which suggests an excellent

accuracy of the zero-width approximation (ZWA). However, as shown in Ref. [85] for inclusive cross

sections and cross sections with experimental selection cuts, the ZWA is in general not adequate and the

error estimateO(ΓH/MH) is not reliable for a light Higgs boson. The inclusion of off-shell contributions

is essential to obtain an accurate Higgs signal normalisation at the 1% precision level as well as correct

kinematic distributions. ZWA deviations are particularly large for H → VV∗ processes (V = W,Z).

To be more specific, without optimised selection cuts they are of O(5 – 10%). The ZWA caveat also

applies to Monte Carlos that approximate off-shell effects with an ad hoc Breit-Wigner reweighting of

the on-shell propagator, as can be seen by comparing the HZWA and Hoffshell distributions in Figure 20.

The ZWA limitations are also relevant for the extraction of Higgs couplings, which is initially being

performed using the ZWA. The findings of Ref. [85] make clear that off-shell effects have to be included

in future Higgs couplings analyses.

The unexpected off-shell effect can be traced back to the dependence of the decay matrix element

on the Higgs invariant mass
√
q2. For H → VV∗ decay modes one finds that the q4 dependence of the

decay matrix element for q2 > (2MV)2 compensates the q2-dependence of the Higgs propagator, which

causes a strongly enhanced off-shell cross section in comparison to the ZWA up to invariant masses of

about 600 GeV (see Figure 20). The total gg → H → VV∗ cross section thus receives an O(10%)
off-shell correction. Furthermore, in the region above 2MV the Higgs signal is affected by O(10%)
signal-background interference effects, which, due to the enhanced off-shell tail, can have a significant

impact also for MH ≪ 2MV . On the other hand, in the vicinity of the Higgs resonance finite-width

9N. Kauer
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and Higgs-continuum interference effects are negligible if MH ≪ 2MV . For weak boson decays that

permit the reconstruction of the Higgs invariant mass, the experimental procedure focuses on the Higgs

resonance region and for MH ≪ 2MV the enhanced off-shell region is thus typically excluded. For

H → VV∗ channels that do not allow to reconstruct the Higgs invariant mass, the tail can nevertheless

be effectively excluded by applying aMT < MH cut on a suitable transverse mass observable MT which

approximates the Higgs invariant mass. Finally, in addition to gluon fusion the H→ VV∗ modes in other

Higgs production channels also exhibit an enhanced off-shell tail, since the effect is caused by the decay

matrix element.

3.5.2 WW∗/ZZ∗ interference in gg (→ H) → lνllν
l

In this section, ZZ∗ corrections (including γ∗ contributions) to gg (→ H) → WW∗ → lνllνl with

same-flavour final state in pp collisions at 8 TeV are studied for MH = 125 GeV including WW∗/ZZ∗

interference. To quantify the signal-background interference effect the S+B-inspired measure R1 and

S/
√
B-inspired measure R2 are used:

R1 =
σ(|MH +Mcont|2)

σ(|MH|2) + σ(|Mcont|2)
, R2 =

σ(|MH|2 + 2 Re(MHM∗
cont))

σ(|MH|2)
, (24)

whereMH andMcont are the gg → H → lνllνl and gg → lνllνl amplitudes, respectively. Off-shell

Higgs contributions are included. The selection cuts choice (see Table 3) follows Ref. [85]. A cut on the

transverse mass

MT =
√

(MT,ll + p/T)2 − (pT,ll + p/T)2 with MT,ll =
√
p2
T,ll +M2

ll (25)

is applied.

Results with ZZ∗ contribution including WW∗/ZZ∗ interference are given in Table 3. To assess

the importance of including the ZZ∗ contribution for the same-flavour final state, for the observables in

Table 3 the ratio with/without ZZ∗ correction (including interference) is displayed in Table 4. It shows

that the cross sections are affected by the ZZ∗ correction at the few percent level, but the interference

measures R1,2 are essentially unchanged.
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Table 3: Cross sections in fb for gg (→ H) → WW∗/ZZ∗ → lνllνl (same flavour) in pp collisions at

8 TeV for MH = 125 GeV. Results are given for signal (|H|2), gg continuum background (|cont|2) and sig-

nal+background+interference (|H+cont|2). Off-shell Higgs contributions are included. R1,2 as defined in Eq.(24)

are also displayed. Standard cuts as in Figure 20. Higgs search cuts: standard cuts andMll < 50 GeV , ∆φll < 1.8.

MT is defined in Eq.(25). No flavour summation is carried out for charged leptons or neutrinos. The integration

error is given in brackets.

selection cuts |H|2 |cont|2 |H+cont|2 R1 R2

standard cuts 3.225(4) 11.42(5) 12.95(8) 0.884(6) 0.47(3)

Higgs search cuts 1.919(3) 2.711(7) 4.438(8) 0.958(3) 0.900(6)

+(0.75MH < MT < MH) 1.736(2) 0.645(2) 2.335(4) 0.981(2) 0.974(3)

Table 4: As Table 3, but the ratio with/without ZZ∗ correction (including interference) is shown for cross sections

and R1,2. The results without ZZ∗ correction are taken from Table 4 in Ref. [85].

selection cuts |H|2 |cont|2 |H+cont|2 R1 R2

standard cuts 1.000(2) 1.088(5) 1.058(7) 0.991(7) 0.88(6)

Higgs search cuts 0.969(2) 1.002(3) 0.987(2) 0.998(3) 0.994(6)

+(0.75MH < MT < MH) 0.976(2) 1.001(3) 0.980(2) 0.997(3) 0.996(3)

3.5.3 H → ZZ∗ invariant mass peak shift due to signal-background interference

The prediction of aO(−100 MeV) Higgs invariant mass peak shift in gg → H→ γγ forMH = 125 GeV

in Ref. [90] raises the question if a similar effect occurs in the gg → H → ZZ∗ mode. That the

deformation of the H→ ZZ∗ Breit-Wigner peak atMH = 125 GeV due to Higgs-continuum interference

is negligible at parton level can, for example, be seen in Figure 17 in Ref. [85], which displays the MZZ

distribution in the range MH ± 3ΓH for the process gg → H → ZZ∗ → llνν in pp collisions at 8 TeV.

No difference is perceptible between the signal and signal+interference+background distributions. At

MH ≈ 125 GeV, the SM Higgs width is several orders of magnitude smaller than the MZZ resolution.

Hence, detector resolution effects need to be taken into account to obtain a realistic prediction. For gg →
H → ZZ∗ → lll′l

′
in pp collisions at 8 TeV with MH = 125 GeV, one obtains the MZZ distributions

shown in Figure 21 when a Gaussian smearing of ∆El/El = 0.02 is applied to the charged lepton

momenta. Figure 21 demonstrates that any shift between the signal and signal+interference distribution

is tiny compared to the histogram bin width of 167 MeV. That the peak shift effect is much smaller

for H → ZZ∗ than for H → γγ can be traced back to the tree-level-enhanced Higgs decay process and

suppressed background process for a ZZ∗ versus γγ final state.

3.5.4 Interference effects in γγ 10

The resonance observed in the reconstruction of the diphoton invariant mass in proton proton collisions

at the LHC turns out to be one of the main discovery channels and, therefore, requests precise theoretical

calculations for the corresponding cross section.

The high precision achieved for the signal in gluon-gluon fusion gg → H, the main production

mechanism, is discussed in detail in Section 3.1. The rare decay H → γγ is also mediated by loops.

10D. de Florian, N. Fidanza, R. Hernandez-Pinto, J. Mazzitelli, Y. Rotstein-Habarnau, G. Sborlini
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Fig. 21: H→ ZZ∗ invariant mass peak shift due to signal-background interference.

Corrections for the corresponding branching ratio are known to NLO accuracy for both QCD [37,91–96]

and electroweak [49] cases. Missing higher orders are estimated to be below 1%.

The corresponding background for diphoton production has been recently computed also up to

NNLO [97], but the interference between signal and background has not been evaluated to such level of

accuracy yet.

The interference of the resonant process ij → X+H→ γγ with the continuum QCD background

ij → X + γγ induced by quark loops can be expressed at the level of the partonic cross section as:

δσ̂ij→X+H→γγ = −2(ŝ −M2
H)

Re
(
Aij→X+HAH→γγA∗

cont

)

(ŝ −M2
H)2 +M2

HΓ2
H

−2MHΓH
Im
(
Aij→X+HAH→γγA∗

cont

)

(ŝ−M2
H)2 +M2

HΓ2
H

, (26)

where ŝ is the partonic invariant mass, MH and ΓH are the Higgs mass and decay width respectively 11.

As pointed out in [98, 99], given that the contribution arising from the real part of the amplitudes

is odd in ŝ around MH, its effect on the total γγ rate is subdominant. For the gluon-gluon partonic

subprocess, Dicus and Willenbrock [99] found that the imaginary part of the corresponding one-loop

amplitude has a quark mass suppression for the relevant helicity combinations. Dixon and Siu [98]

computed the main contribution of the interference to the cross-section, which originates on the two-

loop imaginary part of the continuum amplitud gg → γγ . Recently, Martin [90] showed that even though

the real part hardly contributes at the cross-section level, it has a quantifiable effect on the position of the

diphoton invariant mass peak, producing a shift of about O(100 MeV) towards lower mass region once

the smearing effect of the detector is taken into account.

The gg interference channel considered in [90] is not the only O(α2
s ) contribution that has to be

considered for a full understanding of the interference term, since other partonic subprocesses initiated

by gq and qq can contribute at the same order. At variance with the gg subprocess that necessarily

requests at least a one-loop amplitude for the background, the contribution from the remaining channels

arises from tree-level amplitudes and can therefore only contribute to the real part of the interference in

Eq.26 12.

11The details on the implementation of the lineshape [87] have a very small effect on the light Higgs discussed in this section.

We rely here on a naive Breit-Wigner prescription.
12Apart from a small imaginary part originated on the heavy-quark loops.
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Fig. 22: Diphoton invariant mass distribution for the interference terms. The solid line is the gg channel contribu-

tion, the dotted one the gq channel, and dashed the qq.

In this section we present the results obtained for the remaining gq→ qγγ and qq→ gγγ channels,

finalizing a full (lowest order) O(α2
s ) calculation of the interference between Higgs diphoton decay

amplitude and the corresponding continuum background [88]. We concentrate on the effect of the new

interference channels on the position of the diphoton invariant mass peak.

It is worth noticing that, compared to the gg → γγ subprocess, there is one more parton in the

final state in the new channels. This parton has to be integrated out to evaluate the impact on the cross

section and its appearance might provide the wrong impression that the contribution is next-to-leading

order-like. However, since signal and background amplitudes develop infrared singularities in different

kinematical configurations, the interference is finite after phase space integration and behave as a true

tree-level contribution, with exactly the same power of the coupling constant as the one arising from

gluon-gluon interference channel.

For a phenomenological analysis of the results, we need to perform a convolution of the partonic

cross-section with the parton density functions. We use the MSTW2008 LO set [100] (five massless

flavours are considered), and the one-loop expression of the strong coupling constant, setting the fac-

torization and renormalization scales to the diphoton invariant mass µF = µR = Mγγ . For the sake

of simplicity, the production amplitudes are computed within the effective Lagrangian approach for

the ggH coupling (relying in the infinite top mass limit), approximation known to work at the few

percent level for the process of interest. The decay into two photons is treated exactly and we set

α = 1/137. For the Higgs boson we use MH = 125 GeV and ΓH = 4.2 MeV. For all the histograms

we present in this section, an asymmetric cut is applied to the transverse momentum of the photons:

p
hard(soft)
T,γ ≥ 40(30) GeV. Their pseudorapidity is constrained to |ηγ| ≤ 2.5. We also implement the

standard isolation prescription for the photons, requesting that the transverse hadronic energy deposited

within a cone of size R =
√

∆φ2 + ∆η2 < 0.4 around the photon should satisfy pT,had ≤ 3 GeV.

Furthermore, we reject all the events with Rγγ < 0.4.

In Figure 22 we show the three contributions to the full signal-background interference as a func-

tion of the diphoton invariant mass Mγγ after having implemented all the cuts mentioned above. The gg
term (solid line) represents the dominant gg channel, while the gq contribution (dashed) is about 3 times
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Fig. 23: Diphoton invariant mass distribution including the smearing effects of the detector (Gaussian function of

width 1.7 GeV). The solid line corresponds to the signal-only contribution. The dotted line corresponds to the

distribution after adding the gg interference term, and the dashed line represents the complete Higgs signal plus all

three interference contributions (gg, gq and qq).

smaller in absolute magnitude, but as we can observe, has the same shape but opposite sign to the gg
channel. The qq contribution (dotted) is a couple of orders of magnitude smaller than the gg one. The

position of the maximum and minimum of the distribution are located near Mγγ = H ± ΓH/2, with a

shift at this level that remains at O(1 MeV).

To simulate the smearing effects introduced by the detector, we convolute the cross-section with a

Gaussian function of mass resolution width σMR = 1.7 GeV following the procedure Ref. [90].

In order to quantify the physical effect of the interferences in the diphoton invariant mass spec-

trum, we present in Figure 23 the corresponding results after adding the Higgs signal. The solid curve

corresponds to the signal cross-section, without the interference terms, but including the detector smear-

ing effects. As expected, the (signal) Higgs peak remains at Mγγ = 125 GeV. When adding the gg
interference term, we observe a shift on the position of the peak of about 90 MeV towards a lower mass

(dotted), as found in Ref. [90]. If we also add the gq and qq contributions (dashed), the peak is shifted

around 30 MeV back towards a higher mass region because of the opposite sign of the amplitudes.

Given the fact that qq and gq channels involve one extra particle in the final state, one might

expect their contribution to be even more relevant for the corresponding interference in the process

pp → H(→ γγ) + jet, since the usually dominant gg channel [101] starts to contribute at the next order

in the strong coupling constant for this observable.

It is worth noticing that the results presented here are plain LO in QCD. Given the fact that very

large K-factors are observed in both the signal and the background, one might expect a considerable

increase in the interference as well. While reaching NNLO accuracy for the interference looks impossible

at the present time, a prescription to estimate the uncertainty on the evaluation of the interference and a

way to combine it with more precise higher order computations for signal and background for gg → ZZ
was recently presented in [102]. The procedure can be easily extended to the case presented here by

including all possible initial state channels.

Finally, we would like to emphasize that a more realistic simulation of the detector effects should
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be performed in order to obtain reliable predictions and allow for a direct comparison with the experi-

mental data.

3.5.5 Interference effects in γγ + jet 13

The Higgs diphoton signal at the LHC is in principle affected by interference between the Higgs resonant

amplitudes and the continuum background amplitudes with the same initial and final states. Because the

continuum amplitude gg → γγ is of one-loop order while the resonant amplitude gg → H → γγ is

effectively of two-loop order, the interference need not be negligible. It was shown in [98, 99] that

the effect on the cross-section is very small at leading order, but the imaginary part of the two-loop

amplitude leads to a suppression of the diphoton rate of order a few per cent for H near 126 GeV [98].

The interference also produces a shift in the position of the diphoton mass peak. The diphoton lineshape

can be written in the form

dσpp→γγ+X

d(
√
h)

= C(h) +
1

D(h)

[
P (h) + (h−H2)I(h)

]
. (27)

Here, h = M2
γγ , and C(h), P (h), and I(h) are smooth functions of h near the resonance, and the Breit-

Wigner function D(h) ≡ (h − H2)2 + H2Γ2
H defines the Higgs mass H. The function C(h) comes

from the pure continuum amplitudes not containing the Higgs, and P (h) comes mainly from the pure

Higgs-mediated contribution, while I(h) comes from the interference. The integral of the I(h) term over

the whole lineshape nearly vanishes. However, at leading order it produces an excess of events below the

Higgs mass H, and a corresponding deficit above, that is potentially observable Ref. [90].

The magnitude of the mass shift is potentially larger than the eventual experimental uncertainty in

the mass. It is important to note that this shift will be different for different final states. For example,

the interference should be much smaller for the ZZ → 4ℓ final state; this makes the shift observable.

For the diphoton case, it is reasonable to expect that the shift will be greatly affected by higher order

effects, and a full NLO calculation (at least) should be done. As a precursor to this, in [88] and [89]

the interference has been evaluated for the case of a final state including an extra jet, pp → jγγ. This

follows from the parton-level subprocesses gg → gγγ and Qg → Qγγ (together with Qg → Qγγ) and

a numerically very small contribution from QQ → gγγ . As was pointed out in [88], the shift for the

processes involving quarks has the opposite sign from the leading order, while in [89] it was shown that

the gg-initiated process shift has the same sign, but smaller relative magnitude, than the leading order.

The combined effects of this are shown in Figure 24, for cuts p
γ
T(leading, sub-leading) > (40, 30) GeV,

|ηγ | < 2.5, |ηj | < 3.0, and ∆Rγγ ,∆Rjγ > 0.4. The cut on the transverse momentum of the jet is varied,

and used as the horizontal axis of the plot. For an experimentally reasonable cut pjT,cut > 25 GeV, the

magnitude of the mass shift is much less than at leading order and is positive. This is in contrast to the

negative shift of about (−95,−125,−155) MeV for σMR = (1.3, 1.7, 2.4) GeV from the leading order

pp → γγ case with no jet. The plot also shows the calculated shift for very low values of pjT,cut, where

the process gg → gγγ dominates due to logarithmically enhanced soft gluons attached to the leading

order diagrams. The shift in the limit of extremely small pjT,cut therefore approaches the leading order

case.

The fact that ∆Mγγ depends on the transverse momentum of the diphoton system is potentially

useful, because it allows a measurement of the effect entirely within the sample of diphoton events,

which have different systematics from the ZZ → 4ℓ. So far, the interference effects of genuine virtual

corrections has not been done, and a full NLO analysis would be interesting.

13S. Martin
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Fig. 24: The solid lines show the shifts in the diphoton mass peak, ∆Mγγ ≡ Mpeak
γγ − H, for pp → jγγ , as a

function of the cut on the transverse momentum of the jet, pj
T,cut, for σMR = 1.3, 1.7 GeV, and 2.1 GeV (from top

to bottom on the left). The dashed lines shows the results for pp → γγ at leading order without a jet requirement,

again for σMR = 1.3, 1.7 GeV, and 2.1 GeV (from top to bottom). The left (right) panel is for
√
s = 8(13) TeV.

From Ref. [89].

3.6 Theoretical uncertainties on the pp → WW estimation in the Higgs search 14

The most relevant background to the H → W+W− → lνllνl channel is the non resonant pp →
W+W−→ lνllνl process.

In the decay of the Higgs boson to W pairs, W bosons have opposite spin orientation, since the

Higgs has spin zero. In the weak decay of the W boson, due to the V-A nature of the interaction,

the positive lepton is preferably emitted in the direction of the W+ spin and the negative lepton in the

opposite direction of the W− spin. Therefore the two leptons are emitted close to each other and their

invariant mass mll is small. This feature is used in the ATLAS [103] analysis to define a low-signal

control region (CR) through a cut on mll of 50−100 GeV. The event yield of the WW background is

computed in the control region and extrapolated to the signal regions. The signal region is divided in

two mll bins when the outcoming leptons belong to different families (different flavour in the following),

each one defining one signal region (SR1,2 in the following), while if the outcoming leptons belong to

the same family only one signal region (SR) is defined.

The WW yield in the signal regions is therefore:

NWW0j
SR(1,2) = α1,2

0j N
WW0j
CR ,

NWW1j
SR(1,2) = α1jN

WW1j
CR

where alpha is the ratio (evaluated with the MC simulation) of expected events in the signal region

and the WW control region. The uncertainty on α is dominated by theoretical uncertainties, since it

is defined using only well-measured charged-lepton quantities. There are two separate WW produc-

tion processes to consider: qq → WW and gg → WW. Since the qq → WW process contributes

95%(93%) of the total WW background in the 0-jet (1-jet) channel, uncertainties on this process are the

most important and are evaluated in Sec. 3.6.1.

14B. Di Micco, R.Di Nardo, H. Kim, J. Griffiths, D. C. Hall, C. Hays and J. Yu
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Table 5: Definition of the preselection cuts for the WW studies.

Different flavour Same flavour

Exactly 2 leptons lepton: pT > 15 GeV, |η| < 2.47
Leading lepton pT > 25 GeV

mll > 10 GeV > 12 GeV

Emiss
T > 25 GeV > 45 GeV

Jet binning jet: pT > 25 GeV, |η| < 4.5

p
ll
T (0 jet only) > 30 GeV

Table 6: Definitions of the signal regions (SR), control regions (CR), and validation region (VR). The cuts are in

addition to the preselection cuts described in Table 5. Note that, for both the different-flavour and same-flavour

analyses, the CR is always defined in the different flavour channel.

mll ∆φll

SR1 (DF) 12− 30 GeV < 1.8
SR2 (DF) 30− 50 GeV < 1.8
SR (SF) 12− 50 GeV < 1.8
CR (DF 0j) 50− 100 GeV –

CR (DF 1j) > 80 GeV –

VR (DF 0j) > 100 GeV –

3.6.1 Uncertainties for the 0-jet and 1-jet analyses

The WW background is estimated using event counts in a control region (CR) defined using cuts on the

mll variable. In Table 5 we describe the preselection cuts, and in Table 6 we show the cuts used to define

the signal regions (SR) and the WW CR. Note that for both the different flavour (DF) and same flavour

(SF) analyses, a DF CR is used to normalise to data.

The parameter α defined by:

αWW =
N

SR/V R
WW

NCR
WW

(28)

is used to predict the amount of WW background in each signal or validation region (VR) from

the data counts in the control region. The Validation Region is a signal free region non overlapping

with the WW CR, this region is used to test the validity of the extrapolation procedure on data. The α
parameters are evaluated independently for the 0-jet and 1-jet bins, the same-flavor and different-flavor

analyses, and in the two signal regions in the different-flavor analysis.

The non resonant pp→WW(∗) process is simulated with the POWHEG Monte Carlo program interfaced

to PYTHIA8 for parton showering. POWHEG computes the process pp → WW(∗) → lνllνl at NLO in-

cluding off-shell contributions. The calculation includes the “single-resonant” process where the process

l → Wνl,W → lνl happens from a lepton of a “single resonant” Z boson decay. Uncertainties on the

α parameters arise from PDF modelling, missing orders in the perturbative calculation, parton shower

modelling, and the merging of the fixed-order calculation with the parton-shower model.

3.6.2 PDF uncertainties

In order to evaluate the PDF uncertainties, we used 90% C.L. CT10 PDF eigenvectors and the PDF

parametrizations from MSTW2008 and NNPDF2.3. The last two are significantly smaller than the CT10
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Table 7: The α parameters for the standard analysis computed using different PDF sets and the spread obtained

using the CT10 error set. The signs indicate the difference with respect to the CT10 central value and show the

correlated differences in the different regions.

CT10 error set MSTW2008 NNPDF2.3

αDF
0j (SR1) 1.4% 0.01% -0.5%

αDF
0j (SR2) 1.0% -0.02% -0.4%

αSF
0j 1.1% -0.01% -0.4%

αDF
1j (SR1) 1.8% 0.6% -0.5%

αDF
1j (SR2) 1.6% 0.5% -0.4%

αSF
1j 1.6 % 0.5% -0.4%

Table 8: The α parameters for the low pT analysis computed using different PDF sets and the spread obtained

using the CT10 error set.

CT10 error set MSTW2008 NNPDF2.3

αDF
0j (SR1) 1.7% 0.00% -0.6%

αDF
0j (SR2) 1.2% 0.04% -0.4%

αSF
0j 1.4% 0.01% -0.6%

αDF
1j (SR1) 1.9% 0.4% -0.5%

αDF
1j (SR2) 1.7% 0.6% -0.4%

αSF
1j 1.7% 0.4% -0.6%

uncertainty. We take the quadrature sum of the CT10 uncertainties and the differences with respect to

other parametrizations as the PDF uncertainty. A summary of α values and uncertainties are shown

in Table 7. This methods gives uncertainty bands close enough to the envelope method but allows to

compute the spread respect to the central PDF set that is used in the full MC simulation. The envelope

method cannot be applied because it is not possible to generate a sample with a PDF set that exactly

matches the central value.

3.6.3 Renormalization and factorization scales

The uncertainty from the missing higher-order terms in the calculation of the production process can

affect the pT distribution of the WW∗ pair and the α values. The MCFM generator was used to estimate

their effect producing samples with renormalisation (µR) and factorisation (µF) scale variations. The

renormalisation scales are defined as µR = ξRµ0 and µF = ξFµ0, where µ0 is a dynamic scale defined

as µ0 = mWW.

The scale variations were calculated using 20 million ‘virtual’ integrations and ≈ 100 million

‘real’ integrations. In order to obtain an estimate of the statistical uncertainty on the α value produced

by each scale variation, each sample was used individually to give an estimate of α and the central limit

theorem was used to evaluate the uncertainty on the mean value. This gives a statistical uncertainty of

around 0.4% for the 0-jet case (the 1 jet case has negligible statistical uncertainty).

The nominal scale is obtained with ξR = ξF = 1 and the scale uncertainties are obtained by vary-

ing ξR and ξF in the range 1/2 − 2 while keeping ξR/ξF between 1/2 and 2; the maximum deviation

from the nominal value is then taken as the scale uncertainty. The scale uncertainties on α are shown in

Table 19, where we summarize also the PDF, parton-shower, and modelling uncertainties. The correla-

tion between the α parameters of the 0-jet and 1-jet analyses is also evaluated in the calculation and their

values are found to be fully correlated.
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Table 9: Values of αDF
0j (SR1) as the renormalisation scale (columns) and factorisation scale (rows) were varied.

Statistical uncertainties in these vales are also shown.

µ0/2 3µ0/2 µ0 3µ0/2 2µ0

µ0/2 0.2261 ± 0.21% 0.2250 ± 0.26% 0.2248 ± 0.17% – –

3µ0/2 0.2274 ± 0.67% 0.2250 ± 0.42% 0.2244 ± 0.22% 0.2242 ± 0.36% –

µ0 0.2264 ± 0.32% 0.2254 ± 0.26% 0.2247 ± 0.22% 0.2243 ± 0.26% 0.2232 ± 0.23%
3µ0/2 – 0.2248 ± 0.24% 0.2255 ± 0.48% 0.2237 ± 0.19% 0.2233 ± 0.19%
2µ0 – – 0.2249 ± 0.21% 0.2240 ± 0.43% 0.2239 ± 0.24%

Table 10: Values of αDF
0j (SR2) as the renormalisation scale (columns) and factorisation scale (rows) were varied.

Statistical uncertainties in these vales are also shown.

µ0/2 3µ0/4 µ0 3µ0/2 2µ0

µ0/2 0.3846 ± 0.22% 0.3816 ± 0.19% 0.3828 ± 0.23% – –

3µ0/4 0.3856 ± 0.64% 0.3839 ± 0.40% 0.3821 ± 0.29% 0.3801 ± 0.37% –

µ0 0.3849 ± 0.24% 0.3819 ± 0.42% 0.3833 ± 0.24% 0.3805 ± 0.30% 0.3810 ± 0.24%
3µ0/2 – 0.3810 ± 0.28% 0.3823 ± 0.41% 0.3805 ± 0.32% 0.3794 ± 0.24%
2µ0 – – 0.3848 ± 0.43% 0.3808 ± 0.45% 0.3826 ± 0.24%

Table 11: Values of αSF
0j as the renormalisation scale (columns) and factorisation scale (rows) were varied. Statis-

tical uncertainties in these vales are also shown.

µ0/2 3µ0/4 µ0 3µ0/2 2µ0

µ0/2 0.4694 ± 0.45% 0.4665 ± 0.43% 0.4675 ± 0.39% – –

3µ0/4 0.4713 ± 0.63% 0.4667 ± 0.43% 0.4650 ± 0.42% 0.4640 ± 0.42% –

µ0 0.4698 ± 0.40% 0.4675 ± 0.47% 0.4689 ± 0.52% 0.4645 ± 0.39% 0.4657 ± 0.48%
3µ0/2 – 0.4663 ± 0.39% 0.4659 ± 0.44% 0.4647 ± 0.37% 0.4639 ± 0.40%
2µ0 – – 0.4674 ± 0.41% 0.4655 ± 0.59% 0.4659 ± 0.40%

In order to ensure that we are not missing a localised large deviation in α on the µR − µF plane

and hence underestimating the scale uncertainty, we used the MCFM to simulate cases where ξR and

ξF were equal to 3/4 and 3/2, but still fulfilling the same requirements as mentioned previously. This

corresponded to 12 more points in the µR − µF plane, and for each point we generated 5 files with the

same number of events as before. Although this resulted in maximum deviations that were slightly larger

than in the nominal variations, these deviations are within the statistical uncertainty evaluated using the

central limit theorem. Table 9, 10 and 11 summarise the results.

Scale uncertainties were alternatively evaluated with the AMC@NLO generator varying ξR and

ξF in the range 1/2 − 2 while keeping ξR/ξF between 1/2. These uncertainties are summarized in

Table 12 and are statistically consistent with those of MCFM.

3.6.4 Generator modelling

The α predictions using various generators was studied to get a range encompassing different orders

of perturbative calculation and different models of parton showering and the associated merging with

the fixed-order calculation. We conservatively assign a modelling uncertainty on the difference in α
predicted between the best available pair of generators in terms of the fixed-order calculation. POWHEG

+ PYTHIA8 and MCFM have been compared for this study. MCMF is a pure parton level MC that is

not matched to a parton showering algorithm. However, other effects included in this uncertainty might
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Table 12: The uncertainty on the WW extrapolation parameters, α, calculated by varying the renormalisation and

factorisation scales with the aMC@NLO generator. The statistical uncertainty is included as an uncertainty on the

uncertainty.

Maximum Deviation

αDF
0j (SR1) 1.7 ± 0.7%

αDF
0j (SR2) 0.6 ± 0.6%

αSF
0j 1.0 ± 0.5%

αDF
1j (SR1) 3.4 ± 1.1%

αDF
1j (SR2) 1.4 ± 0.9%

αSF
1j 2.3 ± 0.8%

Table 13: The WW extrapolation parameters, α, calculated using POWHEG + PYTHIA 8 and MCFM. The 0-jet

and 1-jet, different-flavour (DF) and same-flavour (SF) values are each calculated.

POWHEG + Pythia 8 MCFM δα

αDF
0j (SR1) 0.2277 0.225 -1.2%

αDF
0j (SR2) 0.3883 0.383 -1.4%

αSF
0j 0.4609 0.469 +1.7%

αDF
1j (SR1) 0.1107 0.105 -5.1%

αDF
1j (SR2) 0.1895 0.180 -5.0%

αSF
1j 0.2235 0.217 -3.1%

Table 14: The WW extrapolation parameters, α, calculated using POWHEG + HERWIG and AMC@NLO. The

0-jet and 1-jet, different-flavour (DF) and same-flavour (SF) values are each calculated.

POWHEG + Herwig aMC@NLO δα

αDF
0j (SR1) 0.2277 0.2274 -0.4%

αDF
0j (SR2) 0.3914 0.3845 -1.7%

αSF
0j 0.4623 0.4581 -0.9%

αDF
1j (SR1) 0.1113 0.1064 -4.3%

αDF
1j (SR2) 0.1904 0.1840 -3.4%

αSF
1j 0.2247 0.2122 -5.6%

involve e.g. different renormalisation and factorisation scales, or different electroweak schemes. The

differences in α between the generators and the assigned uncertainties are shown in Table 13.

The modelling uncertainties were computed also for the extrapolation from the signal region to an

higher mll region (validation region) used to test the uncertainty prescription. The validation region is

defined by mll > 100 GeV after preselection. The results are shown in Table 15.

The uncertainty in the shape of the mT distribution in the signal region arising from higher order

corrections was estimated by varying the renormalisation and factorisation scales in MCFM, in a similar

fashion to that used when calculating the uncertainty in α. In addition, the uncertainty in the shape of

the mT distribution due to the underlying event and parton showering is evaluated by comparing events

generated with POWHEG and showered with PYTHIA8 to those same events showered with HERWIG.

These shape systematics are shown in Figures 25, 26, and 27. The largest systematics are at low mT

and at high mT, on the tails of the distribution, while the core part and in particular the region around the

Higgs mass m = 125 GeV is not affected by large systematics.
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Table 15: The WW extrapolation parameters, α, calculated for the validation region using POWHEG + PYTHIA8

and MCFM. The 0 jet and 1 jet, different flavour (DF) values are each calculated.

POWHEG + PYTHIA 8 MCFM δα

αDF
0j (VR) 0.9420 0.961 2.0%

Table 16: The WW extrapolation parameters, α, calculated with respect to the validation region using POWHEG

+ HERWIG and AMC@NLO. The 0 jet and 1 jet, different flavour (DF) values are each calculated.

POWHEG + Herwig aMC@NLO δα

αDF
0j (VR) 0.9177 0.9738 6.1%

Various additional generators have been used to investigate the modelling of the WW background,

Events generated with POWHEG are compared to those generated with Sherpa, MC@NLO + HERWIG,

and MCFM. Between those generators, some differences are existing. The generators have the following

features:

– POWHEG: NLO calculation matched to Sudakov factor for first emission

– MCFM: NLO calculation with no parton shower

– MC@NLO + HERWIG: NLO calculation with parton shower but no “singly resonant” diagrams

– Sherpa: LO calculation with parton shower

These studies offer insight into the effect of including NLO contributions, single-resonant diagrams, or

the parton shower in the model.

The events are generated at a center of mass energy of 7 TeV using CTEQ 6.6 parton distribution func-

tions (CTEQ 6.1 for Sherpa). Figure 28 shows the mT distribution in the signal region.

The ratio of the MC@NLO to MCFM mT distributions is taken as an uncertainty in the final mT

shape fit (the uncertainty is symmetrized).
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Fig. 25: Scale uncertainties in the mT distribution in (top left) SR1 in DF 0j analysis, (top right) SR2 in DF 0j

analysis, (middle left) SR1 in DF 1j analysis, (middle right) SR2 in DF 1j analysis, (bottom left) SR in SF 0j

analysis, and (bottom right) SR in SF 1j analysis.
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Fig. 26: Parton showering/modelling uncertainties in the mT distribution in (top left) SR1 in DF 0j analysis, (top

right) SR2 in DF 0j analysis, (middle left) SR1 in DF 1j analysis, (middle right) SR2 in DF 1j analysis, (bottom

left) SR in SF 0j analysis, and (bottom right) SR in SF 1j analysis. POWHEG + PYTHIA8/HERWIG is shown along

with MCFM. All ratios are with respect to POWHEG + PYTHIA8.
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Fig. 27: Parton showering/modelling uncertainties in the mll distribution in (top left) SR1/2 in DF 0j analysis,

(top right) SR1/2 in DF 1j analysis, (bottom left) SR in SF 0j analysis, and (bottom right) SR in SF 1j analysis.

POWHEG + PYTHIA8/HERWIG is shown along with MCFM. All ratios are with respect to POWHEG + PYTHIA8.
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Fig. 28: Distributions of mT in the signal region for the four generators considered.
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3.6.5 Parton shower modelling

Parton showering effect is studied by comparing the measured α values (eqn. 28) when using the nominal

matrix element event generator, POWHEG, interfaced with either PYTHIA8, PYTHIA6, or HERWIG. One

million events were generated with POWHEG in each of the WW → ee/µµ/eµ/µe final states, yielding a

total of 4 million events. The α values are computed in both the same flavor and different flavor analyses

separately for 0, 1, and≥ 2 jet events. The jet multiplicity distributions after preselection for the different

generators are shown in Fig. 29.
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Fig. 29: The jet multiplicity distributions for the four generators considered.

Table 17 shows the measured alpha values for each showering program split into the two jet bins

for both the same flavor and opposite flavor analyses. Table 18 shows the relative difference between

each showering program and the nominal, PYTHIA8. In general, PYTHIA8 and PYTHIA6 are consistent

with each other. The measured systematic uncertainties for choice of parton showering is determined

from the difference between PYTHIA8 and HERWIG. For both analyses, the observed shift is about 4.5%

for the 0-jet bin, while for the other jet bins, the observed shift is consistent with zero (except for the

≥ 2-jet bin in the opposite flavor analysis). We conservatively take 4.5% as a correlated uncertainty for

both 0-jet and 1-jet bins, since further study is required to appropriately assess the uncertainty in the 1-jet

bin.

3.6.6 Summary

The theoretical uncertainties on the normalization in the signal and validation regions are summarized

in Tables 19 and 20. The modelling uncertainty has been checked with aMC@NLO; the differences

between POWHEG and aMC@NLO are generally smaller than, or the same within uncertainties, those

between POWHEG and MCFM.
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Table 17: The αWW values for POWHEG generated events showered with PYTHIA6, PYTHIA8, or HERWIG are

shown. The values are shown both for same flavor and opposite flavor analyses in either the 0, 1, or ≥ 2 jet-bins.

For reference, the α value is also shown in events generated with MC@NLO and showered with HERWIG.

SR vs CR UEPS DF SF

SR1 SR2

0-jet

POWHEG+PYTHIA6 0.2275 ± 0.0006 0.3877 ± 0.0008 0.4602 ± 0.0009
POWHEG+PYTHIA8 0.2277 ± 0.0003 0.3883 ± 0.0004 0.4609 ± 0.0004
POWHEG+HERWIG 0.2277 ± 0.0003 0.3914 ± 0.0004 0.4623 ± 0.0004
MC@NLO+HERWIG 0.229 ± 0.003 0.385 ± 0.004 0.4597 ± 0.0043

1-jet

POWHEG+PYTHIA6 0.1098 ± 0.0004 0.1895 ± 0.0006 0.2232 ± 0.0007
POWHEG+PYTHIA8 0.1107 ± 0.0002 0.1895 ± 0.0003 0.2235 ± 0.0003
POWHEG+HERWIG 0.1113 ± 0.0002 0.1904 ± 0.0003 0.2247 ± 0.0003
MC@NLO+HERWIG 0.1071 ± 0.0021 0.179 ± 0.003 0.211 ± 0.003

Table 18: Systematic uncertainty between nominal (POWHEG + PYTHIA8) vs. the other PDF showering tools and

MC@NLO+HERWIG. The systematic uncertainty is computed by subtracting PYTHIA6 or HERWIG from PYTHIA8

and then dividing the difference by PYTHIA8.

SR vs CR UEPS DF SF

SR1 SR2

0-jet

POWHEG+PYTHIA6 0.1 ± 0.3% 0.2± 0.2% 0.14 ± 0.2%
POWHEG+HERWIG −0.02 ± 0.2% −0.8± 0.1% −0.3± 0.1%
MC@NLO+HERWIG −0.3± 1.2% 0.8± 1.0% 0.3 ± 0.9%

1-jet
POWHEG+PYTHIA6 0.8 ± 0.4% −0.1± 0.4% 0.1 ± 0.3%
POWHEG+HERWIG −0.5± 0.3% −0.5± 0.2% −0.6± 0.2%
MC@NLO+HERWIG 3.2 ± 2.0% 5.8± 1.6% 5.6 ± 1.5%

Table 19: Scale, PDF, parton-shower/underlying event, and modelling uncertainties on the WW extrapolation

parameters α for the NLO qq, qg → WW processes; the errors are taken to be fully correlated between the 0-jet

and 1-jet bins. The correlations in the parton-shower and modelling variations are shown explicitly by including

the signed difference in the comparison.

Scale Parton-shower PDFs Modelling

αDF
0j (SR1) 0.9% +0.2 % 1.5% -1.2%

αDF
0j (SR2) 0.9% +0.8% 1.1% -1.4%

αSF
0j 1.0% +0.3% 1.1% 1.7%

αDF
1j (SR1) 1.6% +0.5% 2.0% -5.1%

αDF
1j (SR2) 1.5% +0.5% 1.8% -5.0%

αSF
1j 1.4% +0.6% 1.7% -3.1%

α0j
WW, α1j

WW correlation 1

Table 20: Scale, PDF, parton-shower/underlying event, and modelling uncertainties on the WW extrapolation

parameters α calculated relative to the validation region for the NLO qq, qg →WW processes.

scale parton-shower PDFs modelling

αDF
0j (VR) 1.0% 2.6% 2.2% 2.0%
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4 VBF production mode15

4.1 Programs and Tools

4.1.1 HAWK

HAWK is a parton-level event generator for Higgs production in vector-boson fusion [104–106], pp →
Hjj, and Higgs-strahlung [107], pp → WH → νl l H and pp → ZH → l−l+H/νlνlH. Here we

summarize its most important features for the VBF channel. HAWK includes the complete NLO QCD

and EW corrections and all weak-boson fusion and quark–antiquark annihilation diagrams, i.e. t-channel

and u-channel diagrams with VBF-like vector-boson exchange and s-channel Higgs-strahlung diagrams

with hadronic weak-boson decay, as well as all interferences. External fermion masses are neglected

and the renormalization and factorization scales are set to MW by default. Recently also anomalous

Higgs-boson–vector-boson couplings have been implemented.

For the results presented below, s-channel contributions have been switched off. These contri-

butions are at the level of a few per mille once VBF cuts are applied [105]. Interferences between t-
and u-channel diagrams are included at LO and NLO, while contributions of b-quark parton distribution

functions (PDFs) and final-state b quarks, which can amount to about 2%, are taken into account at LO.

Contributions from photon-induced processes, which are part of the real EW corrections and at the level

of 1−2%, can be calculated by HAWK as well, but have not been included, since photon PDFs are not

supported by the PDF sets used. HAWK allows for an on-shell Higgs boson or for an off-shell Higgs

boson (with optional decay into a pair of gauge singlets). For an off-shell Higgs boson, besides the fixed-

width scheme [see Eq. (31)] the complex-pole scheme (CPS) [87, 108, 109] is supported with a Higgs

propagator of the form
1

π

M ΓH(M)
(
M2 −M2

H

)2
+ (MHΓH)2

, (29)

where MH and ΓH are the Higgs mass and width in the complex-mass scheme and ΓH(M) is the Higgs

width for the off-shell mass M as taken from the tables in Ref. [13].

4.1.2 VBFNLO

VBFNLO [110–112] is a parton-level Monte Carlo event generator which can simulate vector-boson

fusion, double and triple vector-boson production in hadronic collisions at next-to-leading order in the

strong coupling constant, as well as Higgs-boson plus two jets and double vector-boson production via

gluon fusion at the one-loop level. For Higgs-boson production via VBF, both the NLO QCD and EW

corrections to the t-channel can be included in the SM (and also in the (complex) MSSM), and the NLO

QCD corrections are included for anomalous couplings between the Higgs and a pair of vector bosons.

VBFNLO can also simulate the Higgs decays H → γγ, µ+µ−, τ+τ−,bb in the narrow-width

approximation, either calculating the appropriate branching ratios internally at LO (or, in the case of the

MSSM not considered in this section, taking them from an input SLHA file). The Higgs-boson decays

H → W+W− → l+νll
−νl and H → ZZ → l+l−l+l−, l+l−νlνl are calculated using a Breit–Wigner

distribution for the Higgs boson and the full LO matrix element for the H → 4f decay. Initial- and

final-state b quarks can be included at NLO QCD for the neutral-current diagrams, where no external top

quarks appear. For PDF sets which support photon PDFs, their effects are automatically included as well.

As the used PDF sets do not include photon PDFs, this does however not play any role here. Interference

effects between VBF-Higgs and continuum production in leptonic or semi-leptonic W+W− or ZZ VBF

processes are contained in VBFNLO as part of the di-boson VBF processes.

For the results presented here, a modified version of VBFNLO was used, that simulates off-shell

Higgs boson using the complex-pole scheme (see Eq. 29).

15A. Denner, P. Govoni, C. Oleari, D. Rebuzzi (eds.); P. Bolzoni, S. Dittmaier, S. Frixione, F. Maltoni, C. Mariotti,

S.-O. Moch, A. Mück, P. Nason, M. Rauch, P. Torrielli, M. Zaro.
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4.1.3 POWHEG

The POWHEG method is a prescription for interfacing NLO calculations with parton-shower genera-

tors, like HERWIG and PYTHIA. It was first presented in Ref. [78] and was described in great detail

in Ref. [79]. In Ref. [113], Higgs-boson production in VBF has been implemented in the framework of

the POWHEG BOX [80], a computer framework that implements in practice the theoretical construction

of Ref. [79].

All the details of the implementation can be found in Ref. [113]. Here we briefly recall that, in the

calculation of the partonic matrix elements, all partons have been treated as massless. This gives rise to

a different treatment of quark flavors for diagrams where a Z boson or a W boson is exchanged in the

t-channel. In fact, for all Z-exchange contributions, the b quark is included as an initial and/or final-state

massless parton. For the (dominant) W-exchange contributions, no initial b quark has been considered,

since it would have produced mostly a t quark in the final state, which would have been misleadingly

treated as massless. The Cabibbo–Kobayashi–Maskawa (CKM) matrix VCKM elements can be assigned

by the user. The default setting used to compute the results in this section is

VCKM =

d s b
u
c
t




0.9748 0.2225 0.0036

0.2225 0.9740 0.041

0.009 0.0405 0.9992


 .

(30)

We point out that, as long as no final-state hadronic flavor is tagged, this is practically equivalent to the

result obtained using the identity matrix, due to unitarity.

The Higgs-boson virtuality M2 can be generated according to three different schemes:

1. the fixed-width scheme
1

π

MHΓH(
M2 −M2

H

)2
+M2

HΓ2
H

, (31)

with fixed decay width ΓH,

2. the running-width scheme

1

π

M2 ΓH/MH(
M2 −M2

H

)2
+ (M2 ΓH/MH)2

, (32)

3. the complex-pole scheme, as given in Eq. (29).

As a final remark, we recall that the renormalization µR and factorization µF scales used in the calculation

of the POWHEG B̄ function (i.e. the function that is used to generate the underlying Born variables to

which the POWHEG BOX attaches the radiation ones) are arbitrary and can be set by the user. For the

results in this section, they have been taken equal toMW . The renormalization scale for the evaluation of

the strong coupling associated to the radiated parton is set to its transverse momentum, as the POWHEG

method requires. The transverse momentum of the radiated parton is taken, in the case of initial-state

radiation, as exactly equal to the transverse momentum of the parton with respect to the beam axis. For

final-state radiation one takes instead

p2
T = 2E2(1− cos θ), (33)

where E is the energy of the radiated parton and θ the angle it forms with respect to the final-state parton

that has emitted it, both taken in the partonic centre-of-mass frame.
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4.1.4 VBF@NNLO

VBF@NNLO [114,115] computes VBF total Higgs cross sections at LO, NLO, and NNLO in QCD via

the structure-function approach. This approach [116] consists in considering VBF process as a double

deep-inelastic scattering (DIS) attached to the colorless pure electroweak vector-boson fusion into a

Higgs boson. According to this approach one can include NLO QCD corrections to the VBF process

employing the standard DIS structure functions Fi(x,Q
2); i = 1, 2, 3 at NLO [117] or similarly the

corresponding structure functions at NNLO [118–121].

The effective factorization underlying the structure-function approach does not include all types

of contributions. At LO an additional contribution arises from the interferences between identical final-

state quarks (e.g., uu → Huu) or between processes where either a W or a Z can be exchanged (e.g.,

ud → Hud). These LO contributions have been added to the NNLO results presented here, even if they

are very small. Apart from such contributions, the structure-function approach is exact also at NLO. At

NNLO, however, several types of diagrams violate the underlying factorization. Their impact on the total

rate has been computed or estimated in Ref. [115] and found to be negligible. Some of them are color

suppressed and kinematically suppressed [122–124], others have been shown in Ref. [125] to be small

enough not to produce a significant deterioration of the VBF signal.

At NNLO QCD, the theoretical QCD uncertainty is reduced to less than 2%. Electroweak correc-

tions, which are at the level of 5%, are not included in VBF@NNLO. The Higgs boson can either be

produced on its mass-shell, or off-shell effects can be included in the complex-pole scheme.

4.1.5 AMC@NLO

The AMC@NLO generator [126, 127] is a program that implements the matching of a generic NLO

QCD computation to parton-shower simulations according to the MC@NLO formalism [128]; its defin-

ing feature is that all ingredients of such matching and computation are fully automated. The program is

developed within the MADGRAPH5 [129] framework and, as such, it does not necessitate of any coding

by the user, the specification of the process and of its basic physics features (such as particle masses or

phase-space cuts) being the only external informations required: the relevant computer codes are then

generated on-the-fly, and the only practical limitation is represented by CPU availability.

AMC@NLO is based on different building blocks, each devoted to the generation and evaluation

of a specific contribution to an NLO-matched computation. MADFKS [130] deals with the Born and real-

emission terms, and in particular it performs in a general way the analytical subtraction of the infrared

singularities that appear in the latter matrix elements according to the FKS prescription [64, 131]; more-

over, it is also responsible for the process-independent generation of the so-called Monte Carlo subtrac-

tion terms, namely the contributions ensuring the avoidance of double-counting in the MC@NLO cross

sections; MADLOOP [132] computes the finite part of the virtual contributions, based on the OPP [133]

one-loop integrand-reduction method and on its implementation in CUTTOOLS [134].

The first applications of AMC@NLO16 have been presented in Refs. [136–141], and a novel tech-

nique for merging different multiplicities of NLO-matched samples has been developed in the AMC@NLO

environment and documented in Ref. [142].

As the MC@NLO method is Monte-Carlo dependent (through the Monte Carlo subtraction terms),

a different subtraction has to be performed for each parton shower one wants to interface a computation

to. So far this has been achieved in AMC@NLO for the HERWIG6 and HERWIG++ event generators

(which amounts to the automation of the implementations detailed in Refs. [128,143], respectively), and

for the virtuality-ordered version of PYTHIA6 (the proof of concept of which was given in Ref. [144]).

The present publication is the first in which AMC@NLO results are presented for PYTHIA6 in a

process involving final-state radiation, and for HERWIG++.

16These results were still based on version 4 of MADGRAPH [135].
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In the AMC@NLO framework, t-channel VBF can be generated with NLO accuracy in QCD. A

VCKM = 1 is employed, as there is no flavor tagging in our analysis. This computation includes all in-

terferences between t- and u-channel diagrams, such as those occurring for same-flavor quark scattering

and for partonic channels that can be obtained by the exchange of either a Z or a W boson (e.g. u d > hu d). Only vertex loop-corrections are included (the omitted loops are however totally negligible [105]).

The Les-Houches parton-level event file thus generated also contains the necessary information for the

computation of scale and PDF uncertainties without the need of extra runs [138]. The Higgs boson is

considered as stable.

4.2 VBF Parameters and Cuts

The numerical results presented in Section 4.3 have been computed using the values of the EW param-

eters given in Appendix A of Ref. [13]. The electromagnetic coupling is fixed in the GF scheme, to

be

αGF
=
√

2GFM
2
W(1−M2

W/M2
Z)/π = 1/132.4528 . . . . (34)

The weak mixing angle is defined in the on-shell scheme,

sin2 θw = 1−M2
W/M

2
Z = 0.222645 . . . . (35)

The renormalization and factorization scales are set equal to the W-boson mass,

µR = µF = MW, (36)

and both scales are varied independently in the range MW/2 < µ < 2MW .

In the calculation of the inclusive cross sections, we have used the MSTW2008 [100], CT10

[145], and NNPDF2.1 [146] PDFs, for the calculation of the differential distributions we employed

MSTW2008nlo PDFs [100].

Contributions from s-channel diagrams and corresponding interferences have been neglected through-

out.

For the differential distributions presented in Section 4.3.2 the following reconstruction scheme

and cuts have been applied. Jets are constructed according to the anti-kT algorithm, with the rapidity–

azimuthal angle separation ∆R = 0.5, using the default recombination scheme (E scheme). Jets are

subject to the cuts

pTj > 20 GeV, |yj| < 4.5 , (37)

where yj denotes the rapidity of the (massive) jet. Jets are ordered according to their pT in decreasing

progression. The jet with highest pT is called leading jet, the one with next highest pT subleading jet,

and both are the tagging jets. Only events with at least two jets are kept. They must satisfy the additional

constraints

|yj1 − yj2| > 4 , mjj > 600 GeV. (38)

4.3 Results

4.3.1 Inclusive Cross Sections with CPS

In the following we present results for VBF inclusive cross sections at 7 TeV (for Higgs-boson masses

below 300 GeV) and 8 TeV (over the full Higgs-boson mass range) calculated in the CPS, as described

above.

Tables B.15–B.21 list the VBF inclusive cross sections at 7 TeV as a function of the Higgs-boson

mass, while Tables B.22–B.28 display results at 8 TeV. The pure NNLO QCD results (second column),

obtained with VBF@NNLO, the relative NLO EW corrections (fourth column), obtained with HAWK,

and the combination of NNLO QCD and NLO EW corrections (third column) are given, together with
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Fig. 30: VBF inclusive cross sections at the LHC at 8 TeV for the full (left) and low (right) Higgs-boson mass

range. The uncertainty band represents the PDF +O(αs) envelope estimated according to the PDF4LHC prescrip-

tion [147].

uncertainties from PDF + O(αs) and from QCD scale variations. The combination has been performed

under the assumption that QCD and EW corrections factorize completely, i.e.

σNNLO+EW = σNNLO
VBF@NNLO × (1 + δEW

HAWK) , (39)

where σNNLO
VBF@NNLO is the NNLO QCD result and δEW

HAWK the relative EW correction determined in the

limit αs = 0.

Figure 30 summarizes the VBF results at 8 TeV for the full and for the low mass range. The

inclusive cross section including the combined NNLO QCD and NLO EW corrections are shown as a

function of the Higgs-boson mass. The band represents the PDF + O(αs) uncertainties, calculated from

the envelope of the three PDF sets, CT10, MSTW2008, and NNPDF2.1, according to the PDF4LHC

prescription.

In Table 22 we compare the predictions for the Higgs cross section in VBF from different calcula-

tions at NLO QCD and including EW corrections at 8 and 13 TeV. Using MSTW2008 PDFs, results are

presented at NLO from VBF@NNLO, HAWK, and VBFNLO. The NLO QCD corrections agree within

0.6% between HAWK and VBF@NLO. The NLO EW corrections amount to −5% while the NNLO

QCD corrections are below 0.3%.

All results are obtained in the CPS. Note that for Higgs-boson masses in the range 120−130 GeV

the cross section calculated in the complex-pole scheme is larger than the one for an on-shell Higgs boson

by ∼ 1.4% at 8 TeV and ∼ 2.2% at 13 TeV. The presented results in the CPS assume that the Higgs

distribution is integrated over all kinematically allowed invariant Higgs masses. If cuts on the invariant

mass are applied, the cross section decreases down to the on-shell value.

4.3.2 Differential Distributions

In this section we present results relevant to the production of a 125 GeV Standard Model Higgs boson

through a VBF mechanism at the 8 TeV LHC. These have been obtained with AMC@NLO [148] and

POWHEG [80,113]. As AMC@NLO and POWHEG perform the NLO matching with parton showers

by means of two different prescriptions (see Refs. [128] and [78,79], respectively), the comparison of the

two allows one to assess the matching systematic that affects VBF Higgs production; it also constitutes

a non-trivial validation of the public, fully-automated code AMC@NLO. Our predictions are obtained

with the MSTW2008nlo68cl PDF set [100], and by setting the renormalization and factorization scales

equal to the W-boson mass MW. Matching with HERWIG6 [76], virtuality-ordered PYTHIA6 [81],
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Fig. 31: Higgs-boson transverse-momentum (left) and rapidity (right) distributions. Main frame and upper in-

set: AMC@NLO results; middle inset: ratio of POWHEG results over AMC@NLO+HERWIG6; lower inset:

AMC@NLO+HERWIG6 scale and PDF variations.

and HERWIG++ [149] has been considered in both schemes with default settings for such event gen-

erators; the only exception is for AMC@NLO+PYTHIA6, where PARP(67) and PARP(71) have been

set to 1D0. No simulation of the underlying event has been performed.

Plots for the most relevant distributions are shown using the following pattern. The curves in the

main frame represent AMC@NLO matched with HERWIG6 (solid, black), PYTHIA6 (dashed, red),

and HERWIG++ (dot-dashed, blue). The upper inset carries the same information as the main frame,

displayed as ratio of the three AMC@NLO curves (with the same colors and patterns as described above)

over AMC@NLO+HERWIG6. The middle inset contains the ratio of the POWHEG events showered

with the three Monte Carlos (again, using the same colors and patterns) over AMC@NLO +HERWIG6.

Finally, the lower inset displays the PDF (dot-dashed, black) and scale (dashed, red) uncertainties ob-

tained automatically [138] after the AMC@NLO+HERWIG6 run. The scale band is the envelope of

the nine curves corresponding to (µR, µF) = (κR, κF )MW , with κR and κF varied independently in

the range {1/2, 1, 2}. The parton-distribution band is obtained by following the asymmetric Hessian

prescription given by the PDF set in Ref. [100]. We remind the reader that all results presented in this

section are obtained by imposing the cuts introduced in Section 4.2.

In Figure 31 the transverse-momentum and rapidity distributions of the Higgs boson are shown.

These observables are mildly affected by extra QCD radiation, essentially because they are genuinely

NLO (in the sense that they are non-trivial in their full kinematical ranges already at the Born level

O(α0
s )). This explains why there is a general good agreement (in terms of shape) among the results

obtained with different parton showers (main frame and upper inset), and between those obtained with

AMC@NLO and POWHEG (middle inset). The discrepancy in the normalization of the various curves

is due to the impact of the VBF cuts on the radiation generated by the different showers, as can be

deduced by looking at the numbers reported in Table 21. The scale and PDF bands are fairly constant

and both of the order of ±3%, with a marginal increase of the former at large rapidities and transverse

momentum.

Figures 32, 33, and the left panel of Fig. 34 display quantities related to the two hardest (tagging)

jets, namely their transverse momenta, the pair invariant mass and azimuthal distance, and the absolute

value of their rapidity difference, respectively. In spite of their being directly related to QCD radiation,

these observables are described at the NLO, which translates in the overall agreement, up to the normal-
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Table 21: Cross section after VBF cuts normalized to AMC@NLO+HERWIG6.

HERWIG6 PYTHIA6 HERWIG++

AMC@NLO 1.00 0.96 0.90

POWHEG 0.99 0.93 0.90
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Fig. 32: Transverse-momentum distributions for the hardest (left) and next-to-hardest (right) jets. Main frame and

upper inset: AMC@NLO results; middle inset: ratio of POWHEG results over AMC@NLO+HERWIG6; lower

inset: AMC@NLO+HERWIG6 scale and PDF variations.

ization effect discussed above, of the results. Predictions obtained with PYTHIA6 tend to be marginally

harder with respect to the two HERWIG curves for the first-jet transverse momentum both in POWHEG

and in AMC@NLO, while the second-jet transverse momentum is slightly softer in AMC@NLO. The

theoretical-uncertainty bands are constant with a magnitude of about ±3% for all observables, with the

exceptions of a slight increase at large pair invariant mass (±5%), and of a more visible growth, up to

±10−15%, towards the upper edge of the rapidity-difference range. For the parton distributions, this is

due to the larger uncertainties in the high-x region, while the growth in the scale error may be related to

MW not being a representative scale choice for such extreme kinematical configurations.

The right panel Fig. 34 shows the exclusive jet-multiplicity. This observable is described with

NLO accuracy in the 2-jet bin, and at the LO in the 3-jet bin. For the 2-jet bin, the pattern displayed

in the upper and middle inset closely follows that of Table 21, while in the 3-jet bin discrepancies are

of the order of 10−20%, with POWHEG predicting less events than AMC@NLO. Consistently with

this picture, and with the formal accuracy of the two bins, scale uncertainties are ±3% and ±10%,

respectively. The differences between POWHEG and AMC@NLO, of the same order of (or slightly

larger than) the scale variations, can be considered as an independent way of estimating the theoretical

uncertainty associated with higher-order corrections.

From the 4-jet bin onwards, the description is completely driven by the leading-logarithmic (LL)

accuracy of the showers, and by the tunes employed, which is reflected in the large differences that

can be observed in the predictions given by the different event generators (for both AMC@NLO and

POWHEG). For such jet multiplicities, theoretical-uncertainty bands are completely unrepresentative.

The left panel of Fig. 35 shows the transverse-momentum distribution of the third-hardest jet,

which is a LO variable that can be affected by the different radiation patterns produced by the Monte

Carlos. This is indeed what can be observed in the plot. In particular the AMC@NLO results display

a 10−15% dependence on the parton shower adopted. The POWHEG curves are slightly closer to
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Fig. 33: Invariant mass (left) and azimuthal separation (right) of the two tagging jets. Main frame and upper

inset: AMC@NLO results; middle inset: ratio of POWHEG results over AMC@NLO+HERWIG6; lower inset:

AMC@NLO+HERWIG6 scale and PDF variations.
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Fig. 34: Rapidity separation of the two tagging jets (left) and exclusive jet-multiplicity (right). Main frame and

upper inset: AMC@NLO results; middle inset: ratio of POWHEG results over AMC@NLO+HERWIG6; lower

inset: AMC@NLO+HERWIG6 scale and PDF variations.

each other, since in this case the hardest extra emission (the most relevant for quantities related to the

overall third-hardest jet) is performed independently of the actual Monte Carlo employed. Furthermore,

the two matching schemes differ quite sizably for this observable, up to ±20−25% at large transverse

momentum, with POWHEG predicting a softer spectrum with respect to AMC@NLO. This discrepancy

is consistent with the normalizations of the 3-jet bin in the right panel of Fig. 34. Different settings

in PYTHIA6 have been checked to induce a variation in the curves within the previously mentioned

discrepancy range, which is thus to be considered as a measure of the matching systematics affecting

the prediction of this quantity. Scale uncertainties are quite large, compatibly with the LO nature of

this observable, and growing from ±10% to ±25% with increasing transverse momentum. The rapidity

distribution of the third-hardest jet, shown in the right panel of Fig. 35 has similar features, with the

POWHEG samples more central than the AMC@NLO ones.
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Fig. 35: Third-hardest jet transverse momentum (left) and rapidity (right) distributions. Main frame and upper

inset: AMC@NLO results; middle inset: ratio of POWHEG results over AMC@NLO+HERWIG6; lower inset:

AMC@NLO+HERWIG6 scale and PDF variations.
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Fig. 36: Veto-jet transverse momentum (left) and rapidity (right) distributions. Main frame and upper inset:

AMC@NLO results; middle inset: ratio of POWHEG results over AMC@NLO+HERWIG6; lower inset:

AMC@NLO+HERWIG6 scale and PDF variations.

Fig. 36 displays features of the veto jet, defined as the hardest jet with rapidity (yjveto) lying between

those (yj1 and yj2) of the two tagging jets:

min (yj1, yj2) < yjveto < max (yj1, yj2) . (40)

This definition implies that the more central the third jet, the larger the probability that it be the veto jet.

Since POWHEG predicts a more central third jet with respect to AMC@NLO, the veto condition has

the effect that the two predictions for the veto jet are closer to each other than for the third jet; this is

interesting in view of the fact that the differences between the two approaches can to a large extent be

interpreted as matching systematics.
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Fig. 37: Veto probability. Main frame and upper inset: AMC@NLO results; middle inset: ratio of POWHEG

results over AMC@NLO+HERWIG6; lower inset: AMC@NLO+HERWIG6 scale and PDF variations.

To further investigate this point, Fig. 37 shows the veto probability Pveto(pT,veto), defined as

Pveto(pT,veto) =
1

σNLO

∫ ∞

pT,veto

dpT

dσ

dpT

, (41)

where σNLO = (0.388 ± 0.002) pb is the (fixed-order) NLO cross section within VBF cuts 17.

The excess of events between pT ∼ 20 GeV and pT ∼ 40 GeV in AMC@NLO matched to PYTHIA6

and HERWIG++ translates in a slightly larger cumulative probability of passing the veto cut. The

POWHEG curves are lower, with up to 20−25% discrepancy with respect to AMC@NLO at medium-

high transverse momentum. Scale variation are compatible with a LO prediction, with a fairly constant

magnitude of ±15%.

17The AMC@NLO+HERWIG6 cross section within VBF cuts is 0.361 pb. The cross sections relevant to the other parton

showers and to POWHEG can be deduced using the ratios in Table 21.
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Table 22: VBF inclusive cross sections at 8 and 13 TeV calculated using MSTW2008NLO PDF set. Compari-

son among different calculations at NLO QCD for a selected number of Higgs-boson masses. The t–u-channel

interferences and the b-quark contributions are included in the computation.

MH σNLOQCD
VBF@NNLO σNLOQCD

HAWK σNLOQCD+NLOEW
HAWK σNLOQCD

VBFNLO

[GeV] [fb] [fb] [fb] [fb]

8 TeV

120 1737 ± 0.6 1732 ± 0.8 1651 ± 0.9 1743 ± 0.5

122 1706 ± 0.6 1701 ± 0.7 1623 ± 0.8 1711 ± 0.5

124 1675 ± 0.5 1671 ± 0.7 1594 ± 0.8 1681 ± 0.5

126 1646 ± 0.5 1641 ± 0.7 1566 ± 0.8 1651 ± 0.5

128 1617 ± 0.5 1613 ± 0.7 1539 ± 0.8 1622 ± 0.5

130 1588 ± 0.5 1585 ± 0.7 1513 ± 0.8 1593 ± 0.5

13 TeV

120 4164 ± 2.5 4162 ± 2.2 3938 ± 2.5 4168 ± 2.1

122 4096 ± 2.1 4098 ± 2.2 3878 ± 2.5 4103 ± 2.0

124 4034 ± 1.8 4035 ± 2.2 3820 ± 2.4 4040 ± 1.8

126 3975 ± 2.0 3974 ± 2.2 3762 ± 2.4 3979 ± 1.8

128 3914 ± 2.3 3913 ± 2.3 3705 ± 2.4 3919 ± 1.7

130 3854 ± 1.6 3857 ± 2.0 3651 ± 2.2 3860 ± 1.6
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5 WH/ZH production mode18

5.1 Theoretical developments

In the previous two working group reports [13] and [14] the state-of-the-art predictions for pp →
WH/ZH were summarized and numerically discussed for the total and differential cross sections, re-

spectively, taking into account all available higher-order corrections of the strong and electroweak inter-

actions. The remaining uncertainties in the cross-section predictions, originating from missing higher

orders and parametric errors in αs and PDFs, were estimated to be smaller than 5% for integrated quan-

tities, with somewhat larger uncertainties for differential distributions. In the meantime the predictions

have been refined and supplemented upon including further higher-order corrections that are relevant at

this level of accuracy as well. In the following we, thus, update the cross-section predictions accordingly.

Current state-of-the-art predictions are based on the following ingredients:

– QCD corrections are characterized by the similarity of WH/ZH production to the Drell–Yan pro-

cess. While the NLO QCD corrections to these two process classes are analytically identical, the

NNLO QCD corrections to WH/ZH production also receive contributions that have no counter-

parts in Drell–Yan production. The Drell–Yan-like contributions comprise the bulk of the QCD

corrections of ∼ 30% and are completely known to NNLO both for integrated [150] and fully

differential [151, 152] observables for the WH and ZH channels, where the NNLO corrections to

the differential ZH cross section were not yet available in Ref. [14].

QCD corrections beyond NLO that are not of Drell–Yan type are widely known only for total cross

sections. The most prominent contribution of this kind comprises ZH production via gluon fusion

which is mediated via quark loops. This part shows up first at the NNLO level [150] where it adds

∼ 3%(5%) to the total cross section at 7 TeV(14 TeV) for MH = 126 GeV with a significant scale

uncertainty of∼ 30−60%. This uncertainty has been reduced recently [153] upon adding the NLO

corrections to the gg channel in the heavy-top-quark limit (which is the dominant contribution of

NNNLO to the pp cross section). This contribution, which roughly doubles the impact of the gg
channel19 and mildly reduces its scale uncertainty to ∼ 20−30%, was not yet taken into account

in the predictions documented in Ref. [13], but is included in the results on total cross sections

below.

Both WH and ZH production receive non-Drell–Yan-like corrections in the quark/antiquark-

initiated channels at the NNLO level where the Higgs boson is radiated off a top-quark loop.

After the completion of report [13], they were calculated in Ref. [154] and amount to 1−2% for

a Higgs-boson mass of MH
<∼ 150 GeV. These effects are taken into account in the total-cross-

section predictions below.

– Electroweak corrections, in contrast to QCD corrections, are quite different from the ones to Drell–

Yan processes already at NLO and, in particular, distinguish between the various leptonic decay

modes of the W± and Z bosons. The NLO corrections to total cross sections already revealed EW

effects of the size of −7%(−5%) for WH (ZH) production [155], almost independent from the

collider energy for MH = 126 GeV. The NLO EW corrections to differential cross sections [107],

which were calculated with the HAWK Monte Carlo program [104–106] for the full processes

pp→WH→ νllH and pp→ ZH→ l−l+H/νlνlH, i.e. including the W/Z decays, get even more

pronounced in comparison to the ones for the total cross sections. Requiring a minimal transverse

momentum of the Higgs boson of 200 GeV in the so-called “boosted-Higgs regime” leads to EW

corrections of about −(10−15)% with a trend of further increasing in size at larger transverse

momenta.

18S. Dittmaier, G. Ferrera, A. Rizzi, G. Piacquadio (eds.); A. Denner, M. Grazzini, R.V. Harlander, S. Kallweit, A. Mück,

F. Tramontano and T.J.E. Zirke.
19The fact that this 100% correction exceeds the above-mentioned scale uncertainty of ∼ 60% is similar to the related

well-known situation observed for gg → H, where the LO scale uncertainty underestimates the size of missing higher-order

corrections as well.
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The EW corrections depend only very weakly on the hadronic environment, i.e. on the PDF choice

and factorization scale, which suggests to include them in the form of relative corrections factors

to QCD-based predictions as detailed below.

The following numerical results are based on the same input parameters as used for the total and

differential cross sections in Refs. [13] and [14], respectively, if not stated otherwise. The same applies

to the theoretical setup of the calculations, such as the EW input parameter scheme, scale choices, etc.

5.2 Predictions for total cross sections

The following numerical results for the total cross sections are obtained with the program

VH@NNLO [156], which includes the full QCD corrections up to NNLO, the NLO corrections to

the gg channel, and the NLO EW corrections (with the latter taken from Ref. [155] in parametrized

form). In detail the QCD and EW corrections are combined as follows,

σVH = σNNLO QCD(DY)
VH × (1 + δVH,EW) + σNNLO QCD(NON-DY)

VH , (42)

i.e. the EW corrections are incorporated as relative correction factor to the NNLO QCD cross section

based on Drell–Yan-like corrections, σNNLO QCD(DY)
VH . Electroweak corrections induced by initial-state

photons, which are at the level of 1% (see below), are not included here.

Tables B.29–B.34 and B.35–B.40 display numerical values for the WH production cross section as

evaluated according to (42). Note that the cross sections for W+H and W−H production are added here.

The scale uncertainty is obtained by varying the renormalization and the factorization scale indepen-

dently within the interval [Q/3, 3Q], where Q ≡
√
Q2 is the invariant mass of the VH system. The PDF

uncertainties are calculated by following the PDF4LHC recipe, using MSTW2008 [100], CT10 [145],

and NNPDF2.3 [68]; the total uncertainties are just the linear sum of the PDF and the scale uncertainties.

Similarly, Tables B.41–B.46 and B.47–B.52 show up-to-date results for ZH production. The

gluon-fusion channel σgg→ZH is listed separately in the last column. It is obtained by calculating the

radiative correction factor of this channel through order α3
s in the heavy-top limit, and multiplying it

with the exact LO result, as described in Ref. [153]. The scale uncertainty of σgg→ZH is obtained by

varying the renormalization and the factorization scales of the NLO term simultaneously by a factor of

three around
√
Q2. The PDF uncertainty of σgg→ZH is evaluated only at LO, and its total uncertainty

is simply the sum of the scale and the PDF uncertainty. The uncertainties arising from all terms except

for gluon fusion are obtained in analogy to the WH process, see above. The sum of all scale and PDF

uncertainties are listed in columns “Scale” and “PDF”. Adding them linearly results in column “Total”.

The second columns in Tables B.41–B.46 and B.47–B.52 contain the cross section including all available

radiative corrections.

Note that the uncertainties are symmetrized around the central values which in turn are obtained

with the MSTW2008 PDF set and by setting the central renormalization and the factorization scales

equal to Q, the invariant mass of the VH system.

5.3 Predictions for differential cross sections

We first briefly recall the salient features in the definition of the cross sections with leptonic W/Z decays.

A detailed description can be found in Section 7.2 of Ref. [14]. All results are given for a specific

leptonic decay mode without summation over lepton generations. For charged leptons l in the final

state we distinguish two different treatments of photons that are collinear to those leptons. While the

“bare” setup assumes perfect isolation of photons and leptons, which is reasonable only for muons, in

the “rec” setup we mimic electromagnetic showers in the detector upon recombining photons and leptons

to “quasi-leptons” for Rlγ < 0.1, where Rlγ is the usual distance in the plane spanned by rapidity and the
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azimuthal angle in the transverse plane. After the eventual recombination procedure the following cuts

are applied if not stated otherwise,

pT,l > 20 GeV, |yl| < 2.5, pT,miss > 25 GeV, (43)

pT,H > 200 GeV, pT,W/Z > 190 GeV, (44)

where pT is the transverse momentum of the respective particle and pT,miss the total transverse momen-

tum of the involved neutrinos.

Similar to the procedure for the total cross section, QCD-based predictions are dressed with rela-

tive EW correction factors,

σ = σNNLO QCD(DY) ×
(
1 + δ

bare/rec
EW

)
+ σγ , (45)

where σNNLO QCD(DY) is the NNLO QCD cross-section prediction of Refs. [151, 152] and δ
bare/rec
EW

the EW correction factor obtained with HAWK [104–107]. Note that the relative EW correction is not

included on an event-by-event basis during the phase-space integration, but used as reweighting factor in

the histograms bin by bin. The contribution σγ , which is induced by processes with photons in the initial

state, also delivered by HAWK, is found to be at the level of 1% (see Refs. [14, 107]). All cross-section

predictions of this section are based on the MSTW2008 NNLO PDF set [100], but the EW correction

factor hardly depends on the PDF choice. We recall that the non-Drell–Yan-like corrections, which

are included in the predictions for total cross sections (see previous section), are not (yet) available for

differential quantities.

Figure 38 shows the distributions for the various VH production channels at the LHC with a CM

energy of 8 TeV for a Higgs-boson mass of MH = 126 GeV in the boosted-Higgs scenario, where

the cuts (44) on the Higgs and W/Z transverse momenta are applied. The only differences to the results

shown in Fig. 56 of Ref. [14] concerns the new value ofMH and the transition from NLO QCD to NNLO

QCD for ZH production. Qualitatively the results look very similar, so that the discussion presented in

Ref. [14] still holds. This applies, in particular, to the respective EW corrections which are depicted

in Figure 39 for the “bare” and “rec” treatments of radiated photons. The smallness of the difference

between the two variants, which is about 1−3%, shows that the bulk of the EW corrections, which are

typically −(10−15)%, is of pure weak origin. While the EW corrections to rapidity distributions are flat

and resemble the ones to the respective integrated cross sections, the corrections to pT distributions show

the typical tendency to larger negative values with increasing pT (weak Sudakov logarithms). Finally, for

comparison we show the EW corrections in the boosted-Higgs regime, where the transverse momenta of

the Higgs and W/Z bosons are >∼ 200 GeV, to the scenario of Figure 40 where only basic isolation cuts

are kept, i.e. the cuts (44) on pT,H and pT,W/Z are dropped. As already noted in Ref. [14], switching

from the basic cuts to the boosted-Higgs scenario increases the size of the EW corrections by about 5%
in the negative direction.

In spite of the theoretical improvement by the transition from NLO QCD to NNLO QCD in the ZH
channel, the estimate of the relative uncertainties shown in Table 19 of Ref. [14] remains valid, because

in the predictions for the differential cross sections the contribution of the gg → ZH channel are not (yet)

included. The change from MH = 120 GeV to MH = 126 GeV leaves the error estimate untouched as

well.
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Fig. 38: Predictions for the pT,H, pT,V , pT,l , and yH distributions (top to bottom) for Higgs strahlung off W

bosons (left) and Z bosons (right) for boosted Higgs bosons at the 8 TeV LHC for MH = 126 GeV.
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Fig. 39: Relative EW corrections for the pT,H, pT,V , pT,l , and yH distributions (top to bottom) for Higgs strahlung

off W bosons (left) and Z bosons (right) for boosted Higgs bosons at the 8 TeV LHC for MH = 126 GeV.
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Fig. 40: Relative EW corrections for the pT,H, pT,V , pT,l , and yH distributions (top to bottom) for Higgs strahlung

off W bosons (left) and Z bosons (right) for the basic cuts at the 8 TeV LHC for MH = 126 GeV.
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6 ttH process 20

The experimental discovery of a Higgs boson with mass around 125 − 126 GeV casts new light on the

role played by the associated production of a Higgs boson with a pair of top quarks, i.e. qq/gg → Htt.

Detailed studies of the properties of the discovered Higgs boson will be used to confirm or exclude

the Higgs mechanism of electroweak symmetry breaking as minimally implemented in the SM. In this

context, the measurement of the ttH production rate can provide direct information on the top-Higgs

Yukawa coupling, probably the most crucial coupling to fermions.

Using the NLO codes developed Refs. [157–160], in a previous report [13] we studied the inclusive

ttH production at both
√
s = 7 and 14 TeV and we provided a breakdown of the estimated theoretical

error from renormalization- and factorization-scale dependence, from αs, and from the choice of Parton

Distribution Functions (PDFs). The total theoretical errors were also estimated combining the uncertain-

ties from scale dependence, αs dependence, and PDF dependence according to the recommendation of

the LHC Higgs Cross Section Working Group [13]. For low Higgs-boson masses, the theoretical errors

typically amount to 10 − 15% of the corresponding cross sections. In Sect. 6.1 we will repeat the same

exercise for
√
s = 8 TeV using finer Higgs-mass steps, in particular around 125 − 126 GeV and adding

some steps above 300 GeV.

In the context of this workshop, we continued the study of the ttH signal and provided in a second

report [14] a thorough study of the interface of the NLO QCD calculation of ttH with parton shower

Monte Carlo programs (PYTHIA and HERWIG). We compared results obtained using the MC@NLO

method via AMC@NLO [136] and results obtained using the POWHEG method via POWHEL [161].

The two implementations were found to be in very good agreement and should be considered as the

state-of-the-art tools to obtain theoretical predictions and theoretical uncertainties on total and differential

cross sections for ttH production that also include experimental cuts and vetos on the final-state particles

and their decay products.

In this report we expand on the studies presented in [14] by presenting in Section 6.2 a new

study of parton-shower uncertainty obtained by interfacing the NLO calculation of Ref. [159, 160] with

the SHERPA Monte-Carlo program [162], and in Section 6.3 a novel implementation of the decay of

heavy resonances in NLO Monte-Carlo events as implemented in AMC@NLO via the MADSPIN [163]

framework.

Finally, we focus on one of the main backgrounds for ttH production, namely ttbb production

and we present two dedicated studies. In Section 6.4 we present new parton-level NLO predictions for

ttbb production at 8 TeV, obtained within OPENLOOPS [164] and SHERPA [162, 165, 166]. On the

other hand, in Section 6.5 the NLO calculation of ttbb is for the first time consistently interfaced with

the PYTHIA parton-shower Monte Carlo using the POWHEL framework [167] and compared with the

ttH signal at 14 TeV.

6.1 Theoretical uncertainty on the parton level ttH total cross section at 7 and 8 TeV

In this section we provide results for the inclusive NLO signal cross section at
√
s = 7 and 8 TeV

for different values of Higgs masses. The mass steps have been chosen following the recommendation

of the Higgs Cross Section Working Group, up to MH = 400 GeV. For consistency, we have kept

the same setup used in Ref. [13] where analogous results for
√
s = 7 and 14 TeV were presented.

In summary, we used the on-shell top-quark mass fixed at mt = 172.5 GeV and did not include the

parametric uncertainties due to the experimental error on the top-quark mass. Loop diagrams with a

bottom-quark loop were calculated using the b-quark pole mass. The top-quark Yukawa coupling was

set to yt = mt(
√

2GF )1/2. The central scale has been chosen as µR = µF = µ0 = mt + MH/2.

20C. Neu, C. Potter, L. Reina, A. Rizzi, M. Spira, (eds.); P. Artoisenet, F. Cascioli, R. Frederix, M. V. Garzelli, S. Hoeche,

A. Kardos, F. Krauss, P. Maierhöfer, O. Mattelaer, N. Moretti, S. Pozzorini, R. Rietkerk, J. Thompson, Z. Trócsányi,

D. Wackeroth
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We have used the MSTW2008 [100, 168], CTEQ6.6 [169] and NNPDF2.0 [170] sets of parton density

functions. The central values of the strong coupling constant have been implemented according to the

corresponding PDFs for the sake of consistency.

The uncertainties due to scale variations of a factor of two around the central scale µ0 as well as

the 68% CL uncertainties due to the PDFs and the strong coupling αs have been calculated and are given

explicitly in Table B.53 to Table B.58 for
√
s = 7 TeV and in Table B.59 to Table B.64 for

√
s = 8 TeV.

We exhibit the central values and the PDF+αs uncertainties according to the envelope method of the

PDF4LHC recommendation and the relative scale variations using MSTW2008 PDFs.

6.2 Theory uncertainties in the simulation of ttH

In this section we discuss the estimate of the theoretical uncertainties on ttH production at the 8 TeV

LHC, using the example of a few key distributions. We consider the case in which the top quarks decay

semi-leptonically and the Higgs boson decays into a bb pair. For the simulation of the process at the

hadron level we use the SHERPA event generator [162], and NLO matrix elements from [159,160], which

we also cross-checked with those from OPENLOOPS [164]. The latter uses loop integrals provided by

the COLLIER library which implements the numerically stable reduction methods of Refs. [171, 172]

and the scalar integrals of Ref. [173]. They are connected with the SHERPA parton shower [174], based

on Catani-Seymour splitting kernels [175, 176], through an MC@NLO-type matching [128] in the fully

color-correct version of [177]. Spin correlations have been included in the full chain of production and

decays, where the former is treated at NLO accuracy and the latter is treated at LO accuracy. In addition,

we employ the following conventions and settings for the simulation.

– We use mt = 172 GeV, mH = 125 GeV, and mW = 80.4 GeV. The b quark is treated as massive

with an on-shell mass of mb = 4.79 GeV. The 4-flavor MSTW2008 set of PDF [100] is being

used.

– We use a dynamical renormalization and factorization scale of

µR = µF =
mT,t +mT,t +mH

2
, (46)

which also fixes the parton-shower starting scale µQ.

– In order to estimate the theoretical uncertainty we vary µR and µF in parallel by a factor of 2
up and down. A full estimate of the theoretical uncertainty from parton showering should also

consider the independent variation of µQ, but we do not include it in the present study.

– PDF uncertainties and those related to other perturbative parameters such as αs(MZ) or particle

masses are ignored.

– Similarly, uncertainties related to hadronization and the underlying events are not taken into ac-

count.

For the simulation, cuts similar to the ones typically used in ongoing analyses have been implemented in

a RIVET [178] analysis, namely:

– one isolated lepton with pT ≥ 25 GeV and |η| ≤ 2.5. The isolation criterion requires the summed

pT of tracks within ∆R = 0.3 not to exceed 0.1 of the lepton pT. In addition, all further visible

particles within ∆R = 0.2 of the lepton deposit less transverse momentum than 0.1 of the lepton

pT.

– For events with electrons, E/T ≥ 35 GeV, while for event with muons, E/T ≥ 20 GeV.

– Anti-kT jets with R = 0.4 are reconstructed using FastJet [179] with a minimum pT of 20 GeV in

|η| ≤ 2.5.

– Jets containing at least one b-hadron are considered b-jets.
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Fig. 41: The number of light (left panel) and b jets (right panel) in the acceptance region for ttH events at the

8 TeV LHC. Uncertainties due to renormalization and factorization scale variations (yellow band) as given in an

MC@NLO simulation are also indicated.

Typically at least two light and two b jets are required in addition to an isolated lepton and missing

transverse momentum in order to reconstruct the tt system, plus further jets related to the Higgs boson.

The tops are reconstructed by first finding the hadronic W from the light jets, and combining it with

the b-tagged jet giving the best mass for the resulting top quark. Then the leptonic W is reconstructed

from the lepton and the missing transverse momentum, the degeneracy is resolved through combination

with the remaining b jets and picking the best mass of the resulting top quark. It is only then that the

Higgs-boson candidate is reconstructed from the remaining jets. The distribution of light and b jets and

their uncertainties are displayed in Fig. 41. In all further plots shown here we will concentrate on events

with 4 b jets and at least two light jets. In Fig. 42 we display inclusive observables such as HT, the scalar

sum of the transverse momenta of all hard objects – isolated lepton, E/T, and jets – and the transverse

momentum of the overall ttH system as reconstructed from its decay products. In Fig. 43 we focus on

the tt system and depict the distance of the two reconstructed top quarks in rapidity, azimuthal angle,

and in R (distance in the rapidity-azimuthal angle plane). Finally, in Fig. 44 we show observables related

to the two b jets not associated with top-quark decays, namely the invariant mass of the pair of jets and

their joint transverse momentum. The emerging picture of the uncertainties is consistent:

– the traditional scale variation of a factor of 2 applied in parallel to both renormalization and fac-

torization scale to the NLO matrix element impact distributions at the level of 10% − 20%. It is

interesting to note that also observables like the transverse momentum of the produced (and re-

constructed) ttH system or the number of light jets, which are sensitive to further QCD radiation,

are fairly stable under these variations, which may indicate that a parallel shift in the scales could

underestimate the actual scale uncertainty.

– The picture will certainly change somewhat when considering variations in the parton shower

starting scale, which also defines the hard regime of radiation where no K factor is applied to the

configurations. In addition, uncertainties due to the underlying event will impact the tagging of b
jets and, through varying QCD activity have an effect on, for instance, the overall acceptance.
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Fig. 42: HT(left panel) and p
ttH

T (right panel) distribution in the acceptance region for ttH events at the

8 TeV LHC. Uncertainties due to renormalization and factorization scale variations (yellow band) as given in

an MC@NLO simulation are also indicated.

Fig. 43: Distance of the two reconstructed top quarks in rapidity (left panel), azimuthal angle (central panel), and

R (right panel) for ttH events at the 8 TeV LHC. Uncertainties due to renormalization and factorization scale

variations (yellow band) as given in an MC@NLO simulation are also indicated.

6.3 Spin correlation effects in ttH using MADSPIN

Monte Carlo generators have now entered the era of fully automated NLO event generators [80,136,177],

which open several perspectives in hadron collider phenomenology by allowing the simulation of a new

class of processes at next-to-leading-order accuracy. Even though these automated NLO Monte Carlo

generators feature, in principle, no restrictions on complexity of the process and particle multiplicity,

in practice the CPU cost becomes enormous for high-multiplicity final states. Most of the current tools

cannot simulate the full production and decay at NLO accuracy in a reasonable amount of time; only the

generation of undecayed events at next-to-leading order is feasible.

In this context a generic framework dubbed MADSPIN [163] has recently been proposed to decay

heavy resonances in next-to-leading-order Monte Carlo events. The method includes not only decay

spin correlation effects (which induce angular correlations among the final-state particles inside a given

decay branch) but also production spin correlation effects (which induce angular correlations among

the particles from distinct decay branches) by unweighting decay configurations with tree-level matrix

elements associated with the decayed process. Generating the decay of a specific event typically requires
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Fig. 44: Invariant mass (left panel) and transverse momentum (right panel) distribution of the pair of b jets not

associated with top decays in the acceptance region for ttH events at the 8 TeV LHC. Uncertainties due to renor-

malization and factorization scale variations (yellow band) as given in an MC@NLO simulation are also indicated.

only a few evaluations of matrix elements, so that the algorithm is in general very fast. Although only

tree-level matrix elements are used to unweight the decay configurations, for specific processes this

procedure was shown to capture essentially all spin correlation effects as predicted by a full next-to-

leading-order calculation.

The approach in MADSPIN is based on the narrow-width approximation, as the production of

events is factorized from the decay. However, off-shell effects are partly recovered by smearing the

mass of each resonance in undecayed events according to a Breit-Wigner distribution, and by applying

the unweighting procedure also with respect to the generated virtualities of the resonances. The other

momenta in undecayed events are reshuffled in an optimal way with the use of diagram-based information

of the tree-level scattering amplitude associated with the undecayed events.

In order to illustrate the capabilities of the tool, we apply it to the case of top-quark pair production

in association with a light Higgs boson at the LHC (running at 8 TeV), considering both the scalar and

pseudo-scalar hypotheses for the Higgs boson. Due to the large irreducible QCD background, any search

strategy for this Higgs production process relies strongly on the accuracy of the Monte-Carlo predictions.

QCD correction to these processes has been analysed by two groups [136,161] and a comparison between

these independent calculations has appeared in Ref. [14]. In these works it was shown that the NLO

corrections are very mild, in particular on shapes of distributions.

To the best of our knowledge, the problem of retaining spin-correlation effects in events generated

at NLO accuracy has not been addressed yet for these processes. This problem is trivially solved us-

ing the scheme proposed in this section: NLO parton-level events are generated with AMC@NLO,

(LHC at 8 TeV, PDF set = MSTW2008(n)lo68cl [100], MH = MA = 125 GeV, µR = µF =

(mT(H/A)mT(t)mT(t̄))(1/3), no cuts) and then decayed with MADSPIN before they are passed to

HERWIG for showering and hadronization. In this illustration, top and anti-top quarks are decayed

semi-leptonically, whereas the Higgs is decayed into a pair of b quarks.

Figure 45 shows the normalized distribution of events with respect to cos(φ) (where φ is the angle

between the direction of flight of l+ in the t rest frame and l− in the t rest frame), and with respect

to the transverse momentum of the hardest positively-charged lepton. Although spin-correlation effects

significantly distort the distribution of events with respect to cos(φ), their impact on the pT spectrum of

the leptons is milder, except at large transverse momentum. The relatively larger effect in the tail of this
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Fig. 45: Next-to-leading-order cross sections differential in pT(l+) (left panel) and in and cosφ (right panel) for

ttH events with or without spin correlation effects. For comparison, also the leading-order results without spin-

correlation effects are shown. Events were generated with AMC@NLO, then decayed with MADSPIN, and finally

passed to HERWIG for parton showering and hadronization.

distribution can easily be understood from the fact that the inclusion of the spin correlations is a unitary

procedure: a small change at low pT, where the cross section is large, needs to be compensated by a

larger (relative) effect at high pT.

It is interesting that spin correlations have a much more dramatic influence on the shape of these

distributions than NLO corrections: the leading order results fall directly on top of the NLO results for

these normalized distributions (both without spin correlations), as can be seen by comparing the dotted

blue and dash-dotted red curves. We can therefore conclude that preserving spin correlations is more

important than including NLO corrections for these observables. Naturally, the inclusion of both, as is

done here, is preferred: it retains the good features of a NLO calculation, i.e., reduced uncertainties due

to scale dependence (not shown), while keeping the correlations between the top-quark decay products.
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Fig. 46: Next-to-leading-order cross sections differential in pT(l+) (left panel) and in and cos(φ) (right panel) for

ttA events with or without spin-correlation effects. Events were generated with AMC@NLO, then decayed with

MADSPIN, and finally passed to HERWIG for parton showering and hadronization.

The results for the pseudoscalar Higgs boson are shown in Figure 46. The effects of the spin

correlations on the transverse momentum of the charged lepton are similar as in the case of a scalar

Higgs boson: about 10% at small pT, increasing to about 40% at pT = 200 GeV. On the other hand,

the cos(φ) does not show any significant effect from the spin-correlations. Therefore this observable

could possibly help in determining the CP nature of the Higgs boson, underlining the importance of the
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inclusion of the spin correlation effects.

6.4 NLO parton-level predictions for ttbb production at 8 TeV

The experimental observation of ttH(bb) production is notoriously very challenging due to large QCD

backgrounds and the non-trivial signature, involving at least four b-jets. The selection of H → bb can-

didates is contaminated by more than 70% combinatorial background, where one of the selected b-jets

is a top-quark decay product or a misidentified light jet. As a consequence, the Higgs-boson mass peak

is strongly diluted and contaminated by QCD backgrounds. The dominant background contributions are

given by ttbb and ttjj production. The reducible ttjj component constitutes more than 95% of the back-

ground cross section and can be estimated using a data-driven approach. Moreover, ttjj can be strongly

suppressed by means of b-tagging. In contrast, the lack of sufficiently distinctive kinematic features

and the much smaller cross section do not permit to determine the normalization of the irreducible ttbb
background in a signal-free control region. Thus theory predictions play a key role in the modeling of

ttbb production.

The ttH(bb) searches by ATLAS [180] and CMS [181, 182] are based on a simultaneous fit of

signal and backgrounds in tt+jets sub-samples with different light-jet and b-jet multiplicities. The ttbb
background enters only the sub-samples with high ttH sensitivity, where it can not be separated from

the signal, and experimental data are fitted using LO ttbb predictions assuming an ad hoc theory error

of 50% [180, 182]. This uncertainty, which lies between the typical scale dependence of LO and NLO

ttbb predictions, constitutes the dominant systematic error of ttH(bb) searches. The use of state-of-the

art theory predictions and error estimates for ttbb (and ttjj) production is thus a key prerequisite to

improve the sensitivity to ttH(bb).

Parton-level NLO studies of ttbb [183–186] and ttjj [187,188] production at 14 TeV indicate that

NLO corrections reduce scale uncertainties in a drastic way. In the case of ttbb production at 14 TeV,

the scale dependence goes down from roughly 80% at LO to 20-30% at NLO, depending on the central-

scale choice. In order to further increase the accuracy of theory predictions and render them applicable

to the experimental analyses, various major improvements are needed. Apart from updating existing

calculations to 7 and 8 TeV, it will be crucial to include top-quark decays, match NLO predictions to

parton showers, and merge tt+jets final states with different jet multiplicities at NLO. Also finite b-quark

mass effects and the relevance of b-quark induced contributions at NLO should be considered.

Thanks to recent developments in NLO automation, these goals are now within reach. To illustrate

progress in this direction, in the following new NLO predictions for pp→ ttbb at 8 TeV, obtained with

OPENLOOPS [164] and SHERPA [162, 165, 166], are presented. The OPENLOOPS program is a fully

automated generator of one-loop QCD corrections to SM processes. Loop amplitudes are evaluated with

a numerical recursion that guarantees high CPU efficiency for many-particle processes. Tensor integrals

are computed with the COLLIER library, which implements the numerically stable reduction methods

of Refs. [171, 172] and the scalar integrals of Ref. [173]. OPENLOOPS and SHERPA are interfaced in a

fully automated way, which allows to steer NLO simulations via standard SHERPA run cards. Matching

to parton shower within the MC@NLO framework [128, 177] and multi-jet merging at NLO [189] are

also fully supported within SHERPA.2.0.

6.4.1 Input parameters and selection cuts

Parton-level NLO results for pp → ttbb at
√
s = 8 TeV are presented for stable top quarks with mass

mt = 173.2 GeV. Top-quark decays will be addressed in a forthcoming study. In NLO (LO) QCD the

LHAPDF implementation of the MSTW2008NLO (LO) parton distributions [100] and the corresponding

running αs are employed. Contributions from initial-state b quarks are discarded, otherwise the five-

flavor scheme with massless b quarks is consistently used. Top-quark loops are included in the virtual

corrections but decoupled from the running of αs via zero-momentum subtraction. All massless QCD
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Table 23: Cross sections for pp→ ttbb at
√
s = 8 TeV with loose (S1) or signal (S2) selection cuts. Predictions

with fixed (µ0 = mt) and dynamical (µ0 = µdyn) scales are compared. The upper and lower uncertainties

correspond to scale variations µ/µ0 = 0.5 and 2, respectively. Statistical errors are given in parenthesis. The K

factor, K = σNLO/σLO, is evaluated at µ = µ0. While σLO is computed with LO αs and PDFs, σ̃LO is obtained

with NLO inputs, and the correspondingK factor is denoted as K̃ = σNLO/σ̃LO.

cuts µ0 σLO[ fb] σ̃LO[ fb] σNLO[ fb] K K̃

S1 mt 503(1)+84%
−42% 342(1)+74%

−39% 671(3)+33%
−28% 1.34 1.96

S1 µdyn 861(1)+95%
−45% 556(1)+83%

−42% 900(2)+23%
−27% 1.04 1.62

S2 mt 37.35(2)+86%
−43% 25.33(2)+76%

−40% 45.5(1)+29%
−26% 1.22 1.79

S2 µdyn 54.9(1)+94%
−45% 36.0(1)+82%

−42% 54.3(2)+17%
−24% 0.99 1.50

partons (including b quarks) are recombined into IR-safe jets using the anti-kT algorithm [190] with

jet-resolution parameter R = 0.5. The jet algorithm is not applied to top quarks.

Similarly as in the ATLAS and CMS ttH(bb) analyses, ttbb events are selected that contain

(S1) 2 b jets with pT,b > 20 GeV and |ηb| < 2.5.

In addition to these rather inclusive cuts, to investigate NLO effects in the Higgs-signal region an

invariant-mass window around the Higgs resonance is considered,

(S2) |mbb −MH| < ∆M , with MH = 126 GeV and ∆M = 15 GeV.

The width ∆M is taken of the order of the the experimental mbb resolution, and mbb is identified with

the invariant mass of the bb Higgs candidate, i.e., of the two b jets that do not arise from top decays.

From the experimental viewpoint this selection is unrealistic, since the large combinatorial background

resulting from incorrect b-jet assignments is not taken into account. Nevertheless, it is instructive to

quantify the background contamination of the signal region in the ideal limit of exact b-jet combinatorics.

On the one hand, this permits to assess the potential sensitivity improvement that might be achieved with

a strong reduction of the combinatorial background. On the other hand, it is interesting to investigate if

NLO corrections feature significance differences in the S1 and S2 regions.

6.4.2 Cross section results at
√

s = 8 TeV

Cross section predictions for pp → ttbb at 8 TeV with loose cuts (S1) and in the signal region (S2)

are shown in Table 23. Perturbative uncertainties are estimated by uniform factor-two variations of the

renormalization and factorization scales, µR = µF = ξµ0 with ξ = 0.5, 1, 2.21 For the central scale µ0

two different options are compared:

(i) a fixed scale choice µ2
0 = m2

t ;

(ii) the dynamical scale µ2
0 = µ2

dyn = mt
√
pT,bpT,b , introduced in Ref. [185].

Here pT,b and pT,b are the transverse momenta of the two b jets that do not originate from top decays.

Absolute LO and NLO cross sections are complemented by respective K factors, K = σNLO/σLO,

21Antipodal rescalings with µF = µ0/ξ are not considered, since at 14 TeV it was shown that they induce smaller variations

than uniform rescalings [185].
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Fig. 47: Distributions in the transverse momenta of the harder (left) and softer (right) top quark in pp → ttbb

at
√
s = 8 TeV. Predictions at LO (blue) and NLO (red) are evaluated at the dynamical scale µ0 = µdyn. The

respective bands correspond to variations of the renormalization and factorization scales by a factor of 2 around

the central value µ0. In the lower frame, LO and NLO bands are normalized to LO results at the central scale. The

S1 selection is applied.

which might be employed to correct the normalization of LO event samples used in experimental stud-

ies. In this respect it is important to keep in mind that K factors can be applied to LO cross sections

only if both are computed at the same scale. This is crucial since K factors feature a similarly large

scale dependence as LO quantities. Another issue, relevant for the consistent rescaling of LO quantities

by K factors, is that LO cross sections can be computed using PDFs and αs either in LO or NLO ap-

proximation, depending on the convention. Obviously, combining LO predictions and K factors based

on different conventions leads to inconsistent results. To point out the quantitative importance of a con-

sistent combination, in Table 23 we show results corresponding to both conventions: LO cross sections

based on NLO inputs and related K factors are denoted as σ̃LO and K̃ = σNLO/σ̃LO, while the standard

notation is used when LO quantities are computed with LO inputs as usual.

LO results in Table 23 feature a huge scale dependence, which results from the α4
s -scaling of

the ttbb cross section and can reach 95%. The LO cross sections corresponding to different scale

choices (mt, µdyn) and conventions (σLO, σ̃LO) can differ by even more than 100%. These sizable effects

are clearly visible also in the differences between the respective K and K̃ factors. An inconsistent

combination of K factors and LO predictions, as discussed above, can induce errors of tens of percent.

The impact of NLO corrections turns out to be rather mild as compared to 14 TeV [184–186].

Using µ0 = µdyn results in a K factor very close to one and a residual scale dependence of about 25%.

This applies to both kinematic regions and is consistent with the good perturbative convergence observed

at 14 TeV with dynamical scale choice. As already pointed out in Ref. [185], a hard fixed scale µ0 = mt

is less adequate to the multi-scale nature of ttbb production and results in a slower convergence. In fact

corrections and scale uncertainties turn out to be larger with µ0 = mt. Results based on the dynamical

scale and respective uncertainties can thus be regarded as better predictions. The goodness of this scale

choice is also supported by the fairly little K-factor differences in the S1 and S2 regions.

6.4.3 Differential distributions

Various top-quark and b-jet distributions relevant for the tt̄H analyses at 8 TeV are shown in Figures 47–

51. Predictions at LO and NLO are based on PDFs and αs at the respective perturbative order, and the
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Fig. 48: Distributions in the transverse momenta of the harder (left) and softer (right) b jet in pp → ttbb at√
s = 8 TeV. Same setup and conventions as in Figure 47.

dynamical scale µ0 = µdyn is used. The S1 selection is applied. Variations of the renormalization and

factorization scales by a factor of 2 around the central value µ0 are displayed as uncertainty bands. In

the lower frames, LO and NLO bands are normalized to LO results at the central scale.

In general the size of the corrections as well as the NLO scale dependence turn out to be fairly

stable with respect to all considered kinematical variables. The most noticeable exception is given by

the top-quark transverse-momentum distributions. In particular, shape distortions in the tail of the pT

distribution of the softer top quark (Figure 47b) reach up to 40%. These corrections might be reduced

by using the top-quark transverse mass instead of mt in µdyn. Non-negligible 10%-level distortions are

visible also in the pT,bb and in thembb distributions (Figure 49), while the ∆φbb and ∆Rbb distributions

receive somewhat larger shape corrections, up to 15− 20% (Figure 51).

In summary, we have presented new NLO results for ttbb production at 8 TeV, which confirm

that the dynamical scale introduced in Ref. [185] guarantees a stable perturbative description of this

irreducible background to ttH(bb). The K factor turns out to be surprisingly close to one, both for

loose cuts and in the ttH(bb) signal region, while, similarly to what originally seen at
√
s = 14 TeV,

NLO corrections reduce the factorization and renormalization scale uncertainty to about 25%. Typical

transverse-momentum, invariant-mass, and angular distributions receive moderate but non-negligible

shape corrections, which do not exceed 15−20% in general. More pronounced kinematic distortions are

found only at large top-quark transverse momenta.

6.5 ttH vs. ttbb: predictions by POWHEL plus Shower Monte Carlo

The ttbb and ttjj hadroproduction processes represent important backgrounds to ttH production at the

LHC, when the Higgs particle decays hadronically.

In order to allow for realistic phenomenological studies we have started the effort of studying both

signal (ttH) and background (ttbb and ttjj) at the hadron level, interfacing the corresponding NLO

QCD calculations with Parton Shower generators in the POWHEL framework. In a previous Working

Group report [14], predictions at the hadron level for ttH hadroproduction at the NLO QCD + Parton

Shower accuracy were presented by considering both a SM scalar Higgs boson and a pseudoscalar one

at
√
s = 7 TeV. While predictions at the parton level for ttbb and ttjj production at the NLO QCD

accuracy have been presented in the literature [183, 184, 186–188] and in Section 6.4 of this report , yet
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Fig. 49: Distributions in the total transverse momentum (left) and the invariant mass (right) of the b-jet pair in

pp→ ttbb at
√
s = 8 TeV. Same setup and conventions as in Figure 47.
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Fig. 50: Distributions in pseudo-rapidity of the harder (left) and softer (right) b jet in pp→ ttbb at
√
s = 8 TeV.

Same setup and conventions as in Figure 47.

the extension of these computations to the hadron level, by a proper NLO matching to a Parton Shower

approach, is a highly non-trivial task. This section presents the status of our efforts in this direction,

based on developments in the POWHEL event generator.

POWHEL is an event generator resulting from the interface of the HELAC-NLO set of codes [191,

192], that are publicly available to compute various SM processes at the NLO QCD accuracy, and

POWHEG-BOX [80], a publicly available computer framework to match NLO QCD calculations to

shower Monte-Carlo (SMC) programs using the POWHEG method [78, 79]. In POWHEL, we use the

HELAC-NLO set of codes to produce all matrix elements required as input in POWHEG-BOX. The

SMC codes are used to compute all shower emissions except the hardest one, already generated accord-

ing to the POWHEG matching formalism, and to simulate hadronization and hadron-decay effects. Thus

POWHEL can be used to produce both predictions at the parton level, retaining NLO accuracy, and at

the hadron level. In particular, one of the possible outputs of POWHEL are Les Houches event (LHE)
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Fig. 51: Distributions in azimuthal-angle (left) and R separation (right) of the b-jet pair in pp → ttbb at
√
s =

8 TeV. Same setup and conventions as in Figure 47.

files [193], at the first radiation emission level, ready to be further showered by SMC. So far, POWHEL

(+ SMC) has been used to produce predictions for several processes involving the production of a tt pair

in association with a third hard object (tt+ jet [194], ttH [161], ttZ [195], ttW [196]), accompanied

by the corresponding sets of LHE files publicly available on our web-site [197].

As for ttH, a very recent update consisted in the production of POWHEL events at both
√
s = 8

and 14 TeV, for different values of MH. At present, our LHE files at both 7 and 8 TeV are used by

the ATLAS collaboration. Here we present predictions for 14 TeV collider energy including a prelim-

inary comparison to the ttbb background, simulated using massless b-quarks. More complete phe-

nomenological analysis will be published elsewhere. At 14 TeV, predictions for ttbb at the NLO QCD

accuracy are known [184, 186]. For the sake of comparison, we consider the same configuration as in

Ref. [184] and we verify that POWHEL predictions at NLO accuracy agree with those published in [184].

This is a non-trivial check, also taking into account that POWHEL, like HELAC-NLO, uses the OPP

method [133, 134] complemented by rational terms of kind R2 [198] to compute one-loop amplitudes,

whereas the authors of [184] rely on tensor-reduction techniques.

As a further step, we used POWHEL to produce ttbb events and predictions at the first-radiation

emission and at the SMC level. The delicate issues in this respect are the following:

1. the choice of a set of technical cuts, that we have to implement for the generation of LHE events

in POWHEG-BOX, given that the ttbb process with massless b-quarks is already singular at LO;

in particular, for b quarks, we impose a cut on the minimum transverse momenta of the b-quarks

and on the minimum invariant mass of the b-quark pair, pT,b, pT,b , mbb > 2 GeV;

2. the choice of suitable suppression factors to suppress the phase-space regions less interesting from

the physical point of view (i.e. the regions that will be cut by the selection cuts);

3. the correct estimate of the contribution of the remnants, taking into account that in POWHEG-

BOX the phase space of the real emission is split in two parts (singular and remnant regions);

4. the stability of the computation, that requires the use of higher than double precision in a non-

negligible fraction of the phase space points;

5. the computing time: on the one hand, the high number of final-state particles at the parton level,

and, as a consequence, the complexity of the virtual and real correction diagrams, and on the other,

the use of higher than double-precision arithmetic, requires intensive CPU resources.
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We discuss these points in detail in Ref. [167].

For the predictions shown in this section, we adopted the parameters of Ref. [184], in the gener-

ation of both the signal and background events: the CTEQ6M PDF set [169] available in the LHAPDF

interface [199], with 5 active flavors and a 2-loop running αs, mt = 172.6 GeV, MW = 80.385 GeV,

MZ = 91.1876 GeV, mb = 0. We use MH = 125 GeV, close to the measured mass of the newly

discovered boson at the LHC [200, 201]. The factorization and renormalization scales were set equal,

µF = µR ≡ µ0 and chosen to be µ0 = mt +MH/2 for the signal and µ0 = mt for the background.

As for SMC, we used PYTHIA-6.4.26. The masses of heavy bosons in PYTHIA were set to be

the same as in POWHEL. For simplicity the contribution of photon emission from leptons was switched

off and B-hadron stability was enforced, whereas all other particles and hadrons were assumed to be

stable or to decay according to the PYTHIA default implementation. This implies that both top quarks

and the Higgs boson were allowed to decay in all possible channels available in the SMC. The effect of

multiple interactions was neglected.

We produced predictions for both ttH and ttbb, by applying the following selection cuts at the

hadron level:

1. All hadronic tracks with |η| < 5 were used to build jets, by means of the anti-k⊥ algorithm [190],

with a recombination parameter R = 0.4, as implemented in FASTJET-3.0.3 [179].

2. We required at least six jets with pT,j > 20 GeV and |ηj | < 5. Jets not satisfying these constraints

were not considered.

3. Among the jets we identify b-jets by tagging them according to the MCTRUTH information and

we required at least four b-jets (two tagged with b and two with b) with |ηb| < 2.7. Jets not

satisfying the |ηb| constraint were classified as non-b jets.

4. We required at least one isolated lepton with pT,ℓ > 20 GeV and |ηℓ| < 2.5. The lepton was

isolated from all jets by requiring a minimum separation in the pseudorapidity-azimuthal angle

plane ∆R = 0.4.

5. We required an event missing energy pmiss
⊥ > 15 GeV.

The aim of these cuts is selecting ttH and ttbb events with H decaying in bb and with a tt pair decaying

semileptonically.

The total cross-section of the signal after cuts is 34 fb and that for the background is about 18 times

larger than that of the signal. The differential distributions for ttH always lie below those for ttbb. It

is thus important to look for differences in their shapes, to understand if it is possible to disentangle

effects of the signal in the cumulative contribution of the signal and background. Here we concentrate

on the distributions where a difference of shape between signal and background turned out to be more

evident. In Figure 52 we show the invariant masses of all possible pairings of the four b-jets with one

b- and one b-tagged jet in the pair: (a) the hardest b- and b-tagged jets, (b) the hardest b- and second

hardest b-tagged jets, (c) the second hardest b- and hardest b-tagged jets, and (d) the second hardest b-

and b-tagged jets. On each plot, the solid histogram is the signal and the shaded one is the background

(both based on about 200 k events). The signal is also shown added to the background cumulatively. In

all cases, a peak in vicinity of mH is clearly visible in the distributions from ttH, whereas it is absent in

case of ttbb. We emphasize that this is true not only for the pair of the hardest b-jets, but also for the

other combinations. It is interesting to see how the effects of shower and hadronization do not eliminate

the presence of the ttH → ttbb peak, at least when our selection cuts are applied. Seeing this peak in

the experimental analysis requires good reconstruction of the b-jets, with a low mistagging probability.

Other interesting distributions are the ∆R-distributions of the b-jet pairs with one b- and one b-

tagged jet in the pair. In particular, when looking at the shape of the ∆R-distribution between the two

second-hardest b-jets, shown in Figure 53.b, we see an almost flat distribution in the region ∆R ∈ [0.4, 3]
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Fig. 52: Invariant mass of the four possible b-jet pairs with one b- and one b-tagged jet in the pairs. The ttH and

the ttbb distributions after POWHEL+PYTHIA are shown by pink and shaded black histograms, respectively.

Peaks around the Higgs mass are visible in the ttH distributions.

in the case of the background, as opposed to a growing behavior in the case of the signal. However,

when observing this same plot in non-log scale, it is not easy to disentangle the ttH contribution from

the ttbb one due to the large difference in the cross-sections. The ∆R-distribution between the two

hardest b-jets, shown in Figure 53.a, has a different shape, and previous conclusions do not apply. The

differences between Figure 53.a and Figure 53.b show that the ∆R-distributions can be quite sensitive

to the experimental b-jet reconstruction procedures and to the precision of the b-tagging algorithms.

As for the pT- and η-distributions of single b-jets and single leptons, our simulations do not bring

evidence of big changes of shape when comparing ttH and ttbb. Analyses under different systems of

cuts are also under way.

Besides looking for systems of cuts that allow to increase the signal/background ratio, further

developments of this work will consist in providing estimates of the theoretical uncertainties on our

predictions at the hadron level. In this respect, it is important to assess the role of renormalization

and factorization scale and pdf variation, as well as to provide an estimate of the uncertainties intrinsic

to the NLO+PS matching. A first step in this direction, when dealing with the POWHEG matching

scheme, as implemented in the POWHEG-Box (and also in PowHel), is quantifying the impact of the

variation of the starting scale for SMC emissions. In the POWHEG-Box, this information is encoded in a

prescription for the choice of the SCALUP value of each event. The original POWHEG-Box, prescription,

also applied in this section, fixes the SCALUP value to the relative transverse momentum of the first

radiation emission, with respect to the emitting particle. Recently, a modification of this prescription has
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Fig. 53: ∆R distance in the pseudorapidity–azimuthal angle plane between the two hardest b-jet pairs, and between

the two second-hardest b-jet pairs with one b- and one b-tagged jet in the pairs. The ttH and the ttbb distributions

after POWHEL+PYTHIA are shown by pink and shaded black histograms, respectively. When comparing the two

panels a difference in the shape of the distributions is clearly visible. The error bars represent the statistical

uncertainty of the events.

been proposed in Ref. [202]. This can be optionally applied during the analysis of the LHE files created

by POWHEG-BOX and PowHel. The application of the new prescription has no effect on predictions

for t̄tH, whereas our preliminary studies show an uncertainty of about 20 % of the t̄tbb̄ differential cross-

sections presented in this contribution (decrease of the cross-sections after SMC for hadroproduction of

t̄tbb̄ events), whose exact amount depends on the system of cuts. A complete quantitative study of the

uncertainties will be presented elsewhere.
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7 PDF 22

Several of the PDF sets (at both NLO and NNLO) discussed in the previous Yellow Reports [13,14], and

specifically some of those recommended for inclusion in the PDF4LHC prescription [147, 203] for the

computation of central value and uncertainty of a process have been updated. Furthermore, a number of

relevant studies and results from PDF groups have become available in the last year.

The NNLO CT10 PDFs have become available [204]. These PDFs use essentially the same data

sets as in the already existing CT10 NLO PDFs [145]. In this new analysis, the effects of finite quark

masses have been implemented in the S-ACOT-χ scheme (see e.g. Ref. [205], Sect. 22 for a review)

at NNLO accuracy. A similar quality of agreement with the fitted experimental data sets is obtained at

NNLO as at NLO. At low x (<10−2), the NNLO gluon distribution is found to be suppressed, while the

quark distributions increase, compared to the same distributions at NLO. The GM-VFN scheme used in

the NNLO fit yields in changes to both the charm and bottom quark distributions.

Two of the MSTW group [206] have investigated the generation of their PDFs as a Monte Carlo

set obtained from fits to data replicas (as done by NNPDF, see e.g. Ref. [13], Sect. 8.2.2), rather than

the Hessian eigenvector approach used by default. For given ∆χ2 the results are compatible with the

eigenvector approach. Furthermore, it was shown that Monte Carlo PDF sets could also be generated

starting from PDF determined using the Hessian approach. This has the advantage that it is then possible

to determine combined uncertainties from different PDF sets by merging Monte Carlo sets. Also, it is

then possible to use for all sets the reweighting approach for estimating the effect of new data on PDFs

introduced by NNPDF [207,208]. In Ref. [209], the MSTW group also presented in new PDF sets based

on a modification and extension of their standard parameterization to one using Chebyshev polynomials

(MSTW2008CP) (and also including modified deuteron corrections - MSTW08CPdeut), and studied the

effect of LHC data on the MSTW2008 PDFs [100] and the new PDFs using the reweighting procedure.

The modifications to the PDFs result in a change to the low-x valence quark distributions, and improves

the comparison to data for central rapidity lepton asymmetry from W decays. Little else of significance

is changed, including αs(MZ), and for the overwhelming majority of processes a new PDF release would

be redundant.

NNPDF have presented a new set, NNPDF2.3 [68] at NLO and NNLO, which, besides introducing

some small methodological improvements, is the first set to fully include available LHC data. It turns

out, however, that the impact of LHC data is only moderate for the time being, and thus differences in

comparison to the previous NNPDF2.1 set [67, 210] are small (consequently, the LO NNPDF2.1 set has

not been updated and its usage together with NNPDF2.3 NLO and NNLO is recommended by NNPDF).

The only significant impact is that of the CMS W asymmetry data on the up-down separation, which

leads to a slightly more accurate prediction of the W+/W− cross section ratio, besides of course more

precise predictions for the W asymmetry itself. This is in agreement with the findings of Ref. [100], and

indeed the prediction for the up-down valence ratio in the x ∼ 0.001 region obtained using reweighted

MSTW08 PDFs is in much better agreement with NNPDF2.3 (and also NNPDF2.1) [211]. NNPDF has

also presented a first PDF determination using only collider data (hence avoiding both nuclear target and

lower-energy data): whereas these PDFs are less subject to theoretical uncertainties related to nuclear

an higher twist corrections, their statistical uncertainties are still not competitive. A similar conclusion,

though based on studies without the recent LHC data appeared in [206].

The updated PDF sets to be used with the NLO PDF4LHC prescriptions are thus currently CT10,

MSTW08, and NNPDF2.3.

A new NLO and NNLO set, ABM11, has been made available by the ABM group [212], and a

benchmarking exercise performed. As well as updating for the combined HERA data [213] this fit uses

the MS renormalization scheme for heavy quark masses. In all important respects these PDFs remain

similar to those of ABKM09 [214], though the gluon distribution is a little larger at small x. As before

22S. Forte, J. Huston, R. Thorne
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Tevatron jet data is not included directly in the fit, though a comparison to this data is presented by the

same authors in [215]. The authors make the PDFs available for a wide variety of αs(MZ) values, though

the extracted value, which is recommended by the authors, is αs(MZ) = 0.1134 ± 0.0011 at NNLO.

The HERAPDF collaboration have released the HERAPDF1.5 NLO and NNLO PDF set [216,

217], which in addition to the combined HERA-I dataset uses the inclusive HERA-II data from H1 [218]

and ZEUS [219] (though the PDF set is partially based on a yet-unpublished combined data set).

Furthermore, within the HERAPDF-HERAFITTER framework [213], the ATLAS collaboration

performed [220] a study of the impact on the strange quark PDF of the inclusion of their data on differen-

tial W and Z production [221]. This implied a significant increase of the strange quark contribution to the

sea. However, NNPDF2.3 instead finds that whereas the ATLAS do tend to pull the strange distribution

upwards, the effect is negligible withing current uncertainties; MSTW find similar results. There is also

a study of the sensitivity W and Z production to the strange quark distribution in [222], but no explicit

examination of the effect of the published data.

A variety of studies of theoretical uncertainties on PDFs have recently appeared. As mentioned

above, the study of extended parameterizations in Ref. [209] has been generalized to include variation

and optimization of the nuclear corrections to deuteron structure functions. Hence, a further modified

version of the MSTW08 set, MSTW2008CPdeut was obtained. A study of nuclear corrections using

CTEQ PDFs has also been presented [223], with broadly similar conclusions, i.e. a slight increase (and

increased uncertainty) on the high-x down quark. An increase of the d/u ratio at the one-sigma level

for 0.1 <∼ x <∼ 0.5 as a consequence of the inclusion of deuterium corrections was similarly found in

Ref. [224], where it was also shown that their impact is however otherwise negligible (and in particular

negligible for larger x) in the scale of current PDF uncertainties.

In [225] it was shown that there can be sensitivity to input scale for PDFs, though this will always

depend on the flexibility of the input parameterization. In [226] the uncertainty associated with choices

of general mass variable flavour number scheme (GM-VFNS) was studied. At NLO this can be a couple

of percent, but as with other scheme choices it diminishes at increasing order and becomes < 1% at

NNLO. These changes were less than those obtained in using either the zero mass approximation or

using fixed flavour number scheme (FFNS). There were implications that the differences in PDFs and

the value of αs(MZ) obtaining using either (GM-VFNS) and FFNS can be significant, and this requires

further (ongoing) study. Similar conclusions were reached in Ref. [224], where it was shown that use

of a FFN scheme affects significantly the total quark and gluon PDFs, and leads to significant loss in fit

quality, especially to difficulties in reproducing the high Q2, low x HERA data. In the same Ref. it was

also shown that higher twist corrections to the DIS data included in the NNPDF PDF determination have

a negligible impact on all PDFs, similar to previous conclusions by MRST [227] and more recent studies

involving MSTW PDFs.

Largely as a part of the work on CT10 NNLO, a number of theoretical uncertainties related to

the treatment of jet cross sections has been examined, notably those that may have impact on processes

involving gluon scattering. A benchmark comparison of NLO computations for inclusive jet production

constraining the gluon PDF has been performed [228,229]. A new version of the program EKS for NLO

jet cross sections was developed [228, 230] that is entirely independent from NLOJET++ [231] as well

as APPLGRID [232] and FASTNLO [233] programs that interpolate the NLOJET++ input. Specific

input settings that produce agreement of all these codes were identified, and uncertainties in the gluon

PDFs associated with fitting the jet data were examined. It was pointed out, for example, that correlated

systematic errors published by the jet experiments are interpreted differently by the various PDF fitting

groups, which leads to non-negligible differences between the PDF sets. This issue is not widely known

and will be considered in the future to avoid biases in PDF fits.

Hence, overall, although there have been a significant number of important and interesting updates,

there has been no dramatic change in PDFs in the past year, mainly because it is clear that LHC data so

far published do not add add a great deal of extra constraint. A comparison of results using NLO PDFs
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would be little different to a year ago. However, especially in the quark sector, there is some gradual

improvement in agreement between the sets included in the PDF4LHC prescription, which follows prior

improvement at the time of the previous report [14] since the original prescription [147].

Also, a more complete comparison of results using NNLO PDFs is now possible. Therefore, in

this section, we compare NNLO PDF luminosities (and their uncertainties) from five PDF fitting groups,

i.e. those that are made available for a variety of αs(MZ) values including those similar to the world

average, and the resulting predictions for both standard model and Higgs boson cross sections at 8 TeV

at the LHC. We follow the recent benchmarking exercise in [229].

Following Ref. [234], we define the parton luminosity for production of a final state with mass

MX as

Φij

(
M2
X

)
=

1

s

∫ 1

τ

dx1

x1
fi
(
x1,M

2
X

)
fj
(
τ/x1,M

2
X

)
, (47)

where fi(x,M
2) is a PDF at a scale M2, and τ ≡M2

X/s.

In Fig. 54, the gluon-gluon (top) and gluon-quark (bottom) parton luminosities from five PDF

groups are plotted for the production of a state of mass MX (GeV), as a ratio to the PDF luminosity of

NNPDF2.3. For these comparisons, a common value of αs(MZ) of 0.118 has been used. In the region of

the Higgs mass (125 GeV), the gg luminosities (and uncertainties) of NNPDF2.3, CT10 and MSTW2008

are reasonably close, with the error bands overlapping, but the total uncertainty range, defined from the

bottom of the CT10 error band to the top of the NNPDF2.3 error band, is of the order of 8%. This is

approximately twice the size of the error bands of either CT10 or MSTW2008 (and a bit more than twice

that of NNPDF2.3). The gg luminosities of HERAPDF1.5 and ABM11 are similar to the three PDFs

sets discussed above in the Higgs mass range, although the gg PDF luminosity for ABM11 falls faster

with mass than any of the other PDFs. The HERAPDF PDF uncertainty is larger, due to the more limited

data sets included in the fit.

The gq PDF luminosity error bands overlap very well for CT10, MSTW2008 and NNPDF2.3 in

the Higgs mass range, and indeed at all masses except, to some extent, well above 1 TeV. Again the

HERAPDF1.5 uncertainty band is larger. The qq (top) and qq (bottom) PDF luminosity comparisons

are shown in Fig. 55. For both qq and qq, there is a very good overlap of the CT10, MSTW2008 and

NNPDF2.3 error bands. The central predictions of HERAPDF1.5 also agree well, with the uncertainty

band again being somewhat larger. The ABM11 luminosities are somewhat higher in the low to medium

mass range and fall more quickly at high mass.

In the PDF4LHC report [147], published at a time when NNLO PDFs were not available from

either CT or NNPDF, the recommendation at NNLO was to use the MSTW2008 central prediction,

and to multiply the MSTW2008 PDF uncertainty by a factor of 2. This factor of 2 appears to be an

overestimate in this new comparison of the three global PDFs, for qq, qq and gq initial states, but is

still needed for gg initial states. A direct comparison of the parton luminosity uncertainties is shown in

Fig. 56 for qq (top) and gg (bottom), where the points made previously about the relative size of the

uncertainties can be more easily observed.

In Fig. 57, we show predictions for Higgs production at 8 TeV in various channels, for αs(MZ)
values of 0.117 (left) and 0.119 (right) for the 5 different PDFs being considered. As expected, the cross

section predictions follow the trends discussed for the PDF luminosities. The strongest disagreements,

perhaps, are from the ABM11 predictions for VBF and associated (VH) Higgs production, though if

the ABM11 PDFs with αs(MZ) = 0.1134 are used the disagreement in these channels is reduced, but

increases for the gluon fusion channel.

Cross section predictions for Higgs production (in the gg channel at 8 TeV, for values of αs(MZ)
of 0.117 and 0.119) are shown in Fig. 58 and Fig. 59 for CTEQ, MSTW and NNPDF PDFs. In Fig. 58,

the predictions are at NLO, but using the PDFs available in 2010 (left) and in 2012 (right). In Fig. 59, the
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Fig. 54: The gluon-gluon (upper plots) and quark-gluon (lower plots) luminosities, Eq. (47), for the production

of a final state of invariant mass MX (in GeV) at LHC 8 TeV. The left plots show the comparison between

NNPDF2.3, CT10 and MSTW08, while in the right plots we compare NNPDF2.3, HERAPDF1.5 and MSTW08.

All luminosities are computed at a common value of αs(MZ) = 0.118.

cross sections are plotted using the 2012 NNLO PDFs. Here, we estimate the PDF+αs(MZ) uncertainty

using a small variation of the original PDF4LHC rubric; we take the envelope of the predictions from

CT/CTEQ, MSTW and NNPDF including their PDF uncertainties, and using values of αs(MZ) of 0.117
and 0.119. The uncertainty bands are given by the dashed lines. There is little change at NLO with the

evolution from CTEQ6.6 and NNPDF2.0 to CT10 and NNPDF2.3, and the uncertainty at NNLO is very

similar to the uncertainty estimated for NLO.

As a contrast, we show in Fig. 60 predictions for W+ production based on the 2010 NLO and

2012 NNLO PDFs from CT/CTEQ, MSTW and NNPDF. The relative PDF+αs(MZ) uncertainty esti-

mated with the same prescription used for Higgs production has a sizable decrease from the 2010 NLO

predictions to the 2012 NNLO predictions. Similar improvements should be expected for all quark-

initiated processes, including those involved in Higgs production.

Finally, we demonstrate that although the previous proposal in the PDF4LHC recommendation to

use the envelope of the predictions using three PDF sets does not strictly have a solid statistical basis,

it certainly produces sensible results. Using the techniques for generating random PDFs sets in [206]

it was shown in section 4.1.3 of [211] that similar results are obtained from combining the results from

100 random sets from MSTW2008, NNPDF2.3 and CT10 as from taking the envelopes. The results

are shown in Fig. 61. The envelope procedure can be seen to be a little more conservative, and becomes

more-so in comparison to the combination of random sets as any discrepancy between sets becomes more

evident. However, for predictions using these three PDF sets there is generally not much differences

between the two methods of calculation. In order to maintain a conservative uncertainty the continuation
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Fig. 55: The same as Fig. 54 for the quark-antiquark (upper plots) and quark-quark (lower plots) luminosities.

of the envelope method is probably preferred.
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Fig. 56: The relative PDF uncertainties in the quark-antiquark luminosity (upper plots) and in the gluon-gluon

luminosity (lower plots), for the production of a final state of invariant mass MX (in GeV) at the LHC 8 TeV. All

luminosities are computed at a common value of αs = 0.118.
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Fig. 57: Comparison of the predictions for the LHC Standard Model Higgs boson cross sections at 8 TeV obtained

using various NNLO PDF sets. From top to bottom we show gluon fusion, vector boson fusion, associated pro-

duction (with W), and associated production with a tt pair. The left hand plots show results for αs(MZ) = 0.117,

while on the right we have αs(MZ) = 0.119.
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Fig. 58: The Higgs boson production cross section in the gluon fusion channel using the NLO PDF sets included

in the PDF4LHC prescription for αs(MZ) = 0.117 and 0.119. The left plot has been computed with 2010 PDFs

and the right plot with 2012 PDF sets. The envelope (dashed violet horizontal lines) is defined by the upper and

lower values of the predictions from all the three PDF sets and the two values of αs. The solid violet horizontal

line is the midpoint of the envelope.

(H
) 

[p
b
]

σ

17.5

18

18.5

19

19.5

20

20.5
=0.117,  0.119sα =0.117,  0.119sα =0.117,  0.119sα

 uncertainties
S

αLHC 8 TeV  iHixs 1.3 NNLO  PDF+

NNPDF2.3

MSTW08

CT10

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
3

Fig. 59: The same as Fig. 58, but using 2012 NNLO PDFs.
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Fig. 60: The W+ production cross sections determined using the same PDFs and envelope as in Figs. 58fig:h8nnlo.

The left plot shows 2010 NLO PDFs, the right plot 2012 NNLO PDFs. The recent 8 TeV CMS measurement is

also shown.
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Fig. 61: NNLO (a) Z, (b) W+/W, (c) tt and (d) gg → H cross sections from MSTW08, CT10 and NNPDF2.3,

combined either by taking the envelope of the three predictions, or from the statistical combination of 100 random

predictions from each group (from Ref. [211]).
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8 Jets in Higgs physics23

Jets are relevant in multiple contexts in Higgs studies. The separation of the data into “jet bins”, each

with a specific number of jets in the final state, can be useful to help discriminate Higgs production

from backgrounds. Cuts on the kinematics of jets can also help to separate different Higgs production

mechanisms. This is of particular importance for discriminating between vector-boson fusion, which

tends to be accompanied by two forward jets, from gluon fusion. Finally, jets may be produced from the

fragmentation of Higgs decay products, as in the search for H → bb̄, or in analyses of H → V V when

one of the vector bosons decays hadronically.

The main type of question that we address in this section is how we can reliably estimate cross

sections for a given jet bin and the kinematic distributions used to discriminate between different signal

production mechanisms. We consider uncertainties in fixed-order predictions, their potential reduction

with the help of resummations, and non-perturbative uncertainties from the underlying event.

8.1 Resummation for Higgs production with a jet veto 24

In the study of H → WW, with leptonic W decays, it is customary to distinguish events according to

their number of jets. In particular, selecting events with zero jets, i.e. imposing a jet veto, significantly

reduces the background from tt production. To relate experimental observations with the jet veto to the

total Higgs production cross section, one must then be able to evaluate the expected number of signal

events that pass the jet veto requirement.

In practice the transverse-momentum threshold for identifying jets, pT,min ≃ 25–30 GeV, is sub-

stantially smaller than the Higgs mass,MH. As a result, perturbative calculations of the cross section with

the jet veto [41, 44, 235] involve terms enhanced by up to two powers of lnMH/pT,min for each power

of αs beyond the leading-order cross section. A large value for the logarithm degrades the convergence

of the perturbative series. Currently the experiments account for the resulting additional perturbative

uncertainty in the fixed-order, NNLO, calculations via the Stewart–Tackmann procedure [236]. In the

results with the full 2012 dataset [103], the theoretical uncertainty in H→W+W− results is comparable

to the statistical error from a single experiment, and significantly larger than the experimental systematic

uncertainty.

The use of fixed-order predictions in the presence of large logarithms is known not to be optimal,

and one can usually obtain significantly improved predictions by resumming the large logarithms to all

orders. Previous work in this context [237–239] considered resummations for related cases, such as the

Higgs boson pT spectrum (the pT resummations themselves can be found in Ref. [70, 240–245]) or a

global jet veto using beam thrust [55, 246], and using Monte Carlo generators to establish the relation

with the experimental jet veto.

In the past year substantial progress has been made in carrying out a resummation directly for a

veto based explicitly on a jet algorithm. Ref. [56] presented a calculation at next-to-leading logarithmic

(NLL) accuracy,25 where it was observed that the resummation structure at this order is simple and

reduces to a Sudakov form factor. It also derived the subset of NNLL terms associated with the jet

radius (R) dependence, for the generalized-kT family of jet algorithms [190, 247–250], which includes

the anti-kT algorithm used experimentally. Subsequently, in Ref. [57] a calculation at next-to-next-to-

leading logarithmic (NNLL) order was presented, incorporating the R-dependent NNLL corrections of

Ref. [56], but relying on an extrapolation of these results to large R. In addition, it proposed an all-order

factorization theorem for the cross section in Soft Collinear Effective Theory (SCET) Refs. [251–256].

23D. Del Re, B. Mellado, G. P. Salam, F. J. Tackmann (eds.); A. Banfi, T. Becher, F.U. Bernlochner, S. Gangal, D. Gillberg,

X. Liu, M. Malberti, P. Meridiani, P. Monni, P. Musella, M. Neubert, F. Petriello, I. W. Stewart, J. R. Walsh, G. Zanderighi,

S. Zuberi
24A. Banfi, T. Becher, P. Monni, M. Neubert, G. P. Salam, I. W. Stewart, F. J. Tackmann, J. R. Walsh, G. Zanderighi, S. Zuberi
25Terminology for resummation accuracies differs according to the context. Here, NpLL accuracy is defined to mean that in

the logarithm of the jet veto efficiency, one accounts for terms αn
s lnn+1−p MH/pT,min for all n.
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Ref. [58] discussed questions related to the all-order factorization theorem. In addition, it pointed out that

logarithms of the jet radius R can lead to sizable corrections for the moderately small values, R = 0.4–

0.5, used experimentally. If these lnR terms are included in the logarithmic counting, then they would

constitute an NLL contribution, which is not resummed at present. Ref. [59] took a complementary

approach to the derivation of the full NNLL resummation, accompanied by cross checks of the NNLL

terms at orders α2
s and α3

s (relative to the total cross section), obtained with MCFM [257–259]. While

the results of Ref. [57] and Ref. [59] are identical in structure at NNLL accuracy, initially one of the

coefficients differed by a numerically relevant term. The difference was traced in Ref. [59] to an extra

term which spoils the extrapolation used in Ref. [57]. Subsequent discussions between the groups have

led to a consensus that the NNLL terms are as given in Ref. [59].

Numerically, Ref. [59] found that the resummation, matched with the NNLO calculation, had only

a small (percent-level) impact on the predicted jet-veto efficiency relative to the pure NNLO prediction,

but with a reduction in the perturbative uncertainty from about 15% to 9%. The remaining uncertainty is

partially associated with the choice of prescription for matching the resummed and NNLO results. The

code to reproduce these results is available in the form of the JETVHETO program Ref. [260]. A further

reduction appears to be possible if one uses a jet radius R of order 1, rather than the smaller values

currently in use experimentally, an observation that is consistent with the discussion in Ref. [58].

Numerical results from the authors of Ref. [57] and [58] are currently available in preliminary

form and are expected to be published soon. We look forward to comparisons between all three sets

of results in the near future and also to the experiments taking advantage of the corresponding reduced

uncertainties.

8.2 Resummation for exclusive Higgs plus 1-jet production26

In this section we study the resummation of a class of large Sudakov logarithms affecting Higgs boson

production in the exclusive one-jet bin at the LHC. These large logarithms occur when the Higgs signal

cross section is divided into bins of exclusive jet multiplicity. This division is an experimental necessity;

for example, in the zero-jet bin of the WW final state the background is dominated by continuum WW
production, while in the one-jet and two-jet bins, top-pair production becomes increasingly important.

The optimization of this search requires cuts dependent on the number of jets observed, and therefore

also on theoretical predictions for exclusive jet multiplicities.

The theoretical community has invested significant recent effort in resumming jet-veto logarithms

to all orders in perturbation theory in order to more accurately model the LHC Higgs signal. As sum-

marized in Section 8.1, a significant reduction of the residual theoretical uncertainties is obtained in the

zero-jet bin by resumming the jet-veto logarithms. Given that the theoretical uncertainties are currently

one of the largest systematic errors affecting the one-jet bin analyses of the Higgs-like particle properties,

it is desirable to formulate the resummation when final-state jets are also present. (Inclusion of the NNLO

Higgs+1-jet prediction, calculated recently for the purely gluonic contributions to the process [54] and

described in Section 3.2 can also be expected to bring an improvement.)

The specific logarithms that we address in this section occur when the transverse momenta of the

hard jet in the exclusive one-jet bin is larger than the veto scale. We calculate contributions through

next-to-leading order in the exponent of the Sudakov form factor and include the full one-loop func-

tions describing hard, soft, and collinear emissions. This implies that we correctly obtain the first three

logarithmic corrections at each order in the QCD coupling constant: αsL
2, αsL and αs; α

2
sL

4, α2
sL

3,

and α2
sL

2; α3
sL

6, α3
sL

5, α3
sL

4; and so on. We have set L = ln(Q/pveto
T ), where Q ∼ MH denotes

any hard scale in the problem. We match the results to fixed-order to obtain a NLL′ + NLO prediction

(using the order counting of Ref. [55]), and present numerical results for use in LHC analyses. We first

demonstrate that the region of phase space where the leading-jet transverse momentum is of order the

26X. Liu, F. Petriello
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Higgs mass accounts for nearly half of the error in the fixed-order NLO prediction for Higgs plus one

jet, and is therefore a prime candidate for an improved theoretical treatment. We then perform a detailed

study of the residual theoretical uncertainties using our prediction that accounts for the variation of all

unphysical scales remaining in the prediction. Even with a very conservative treatment of the errors,

a significant reduction of the residual uncertainty as compared to the fixed-order estimate is found; the

estimated uncertainties decrease by up to a quarter of their initial values. The results, and the improve-

ments in the zero-jet bin obtained previously, should form the basis for future theoretical error estimates

in experimental analyses of Higgs properties. In this section we briefly review the salient features of

our formalism, and present numerical results for use in LHC searches. Further details can be found in

Ref. [60, 61].

8.2.1 Review of the formalism

We use effective-field theory techniques to derive a factorization theorem for exclusive Higgs plus jet

production. The factorization of the cross section into separate hard, soft, and collinear sectors is com-

plicated by the presence of the jet algorithm needed to obtain an infrared-safe observable. Following

the experimental analyses, we use the anti-kT algorithm [190] to define jets. We demand that the final

state contain only a single jet with pJ
T > pveto

T ∼ 25 − 30 GeV. Other jets with a transverse momentum

above this threshold are vetoed. Since pveto
T is usually substantially lower than the partonic center-of-

mass energy ŝ, such that λ ≡ pveto
T /
√
ŝ ≪ 1, the vetoed observables are usually very sensitive to soft

and collinear emissions. We will make the following assumptions in order to proceed in our analysis:

pJ
T ∼MH ∼

√
ŝ , 1≫ R2 ≫ λ2 ,

αs

2π
ln2R≪ 1 . (48)

Given that pveto
T ≈ 25 − 30 GeV and R ≈ 0.4 − 0.5, when the leading jet pJ

T ∼ MH, the second two

assumptions are justified. The first assumption restricts us to specific region of phase space, which we

later show contributes roughly half of the uncertainty in the full one-jet bin.

We are able to utilize an effective-theory framework because of how the anti-kT algorithm clusters

soft and collinear emissions. The initial clustering combines the final-state hard emissions into a jet, so

that the soft radiation sees only the jet direction and does not probe its internal structure. The mixing

between the soft and beam sectors is power-suppressed, as is the mixing between the beam and jet sectors.

Denoting the measurement function that imposes the jet clustering and vetoing as M̂, these facts imply

that we can factor the full M̂ into the product of individual measurement functions acting separately on

the soft (M̂S), jet (M̂J), and the two beam sectors (M̂a and M̂b),

M̂ = M̂JM̂SM̂aM̂b, (49)

up to power-suppressed corrections in pveto
T and R [57, 58]. For more details we refer the reader to

Ref. [60, 61].

The remaining steps in the derivation of the factorization theorem are presented in detail in Ref. [60].

The final result for the cross section for exclusive Higgs plus one-jet production takes the following form:

dσNLL′ = dΦHdΦJ F(ΦH ,ΦJ)
∑

a,b

∫
dxadxb

1

2ŝ
(2π)4δ4 (qa + qb − qJ − qH)

×
∑̄

spin

∑̄

color

Tr(H · S) (Ia,iaja ⊗ fja)(xa) (Ib,ibjb ⊗ fjb)(xb)JJ (R) . (50)

Here, H , S, and JJ denote hard, soft, and final-state jet functions. The convolutions (Iij ⊗ fj)(x) give

the initial-state beam functions for beams a and b in terms of the usual PDFs, fj , with i, j labeling

the incoming parton types. We have denoted explicitly by the subscript that we will evaluate this cross

section to the NLL′ level, in the language of Ref. [55]. We again remind the reader that this implies

94



that we correctly obtain the leading three logarithmic corrections in the cross section at each order in the

strong coupling constant. dΦH and dΦji are the phase space measures for the Higgs and the massless

jet J , respectively. F(ΦHc ,ΦJ) includes all additional phase-space cuts other than the pT veto acting

on the Higgs boson and the hard jet. H is the hard function that comes from matching full QCD onto

the effective theory, and S describes soft final-state emissions. The trace is over the color indices. The

functions I and J describe collinear emissions along the beam axes and along the final-state jet direction,

respectively. The measured jet pJ
T should be much larger than pveto

T . For more details on this formula

and the objects contained within, we refer the reader to Ref. [60, 61].

We briefly comment here on non-global logarithms [261] that first occur at the NLL′ level. Al-

though they are not included in our current factorization theorem, to estimate their numerical effect we

use the large-Nc resummation of these terms derived in Ref. [261]. We include them as a multiplicative

correction to our factorization formula. Their numerical effect is small, at or below one percent of the

total exclusive Higgs plus one-jet production rate for the relevant values of MH and pveto
T . To check the

robustness of this result we vary the hard scale appearing in these corrections by a factor of two around

their nominal value of MH, and find similarly small corrections. We therefore believe that it is numer-

ically safe to neglect these terms in our NLL′ result, although they should be further investigated in the

future.

8.2.2 Matching NLL′ with NLO

We begin our presentation of the numerical results by matching our resummed expression with the fixed-

order NLO result to obtain a NLL′+NLO prediction. We use the NLO predictions for Higgs plus one-jet

contained in MCFM [63]. We obtain our prediction by setting

σNLL′+NLO = σNLL′ + σNLO − σexp
NLL′ . (51)

In this equation, σNLO is the fixed-order NLO cross section obtained from MCFM, and σ′NLL is the

resummed cross section up to NLL′ accuracy presented in Eq. (50). σexp
NLL′ captures the singular features

of σNLO, and is obtained by expanding σNLL′ with all scales set to a common value µ. Schematically,

we have

σNLL′ = σLO (1 + αsg0) e
−LgLL(αsL)−gNLL(αsL)

σexp
NLL′ = σLO

(
1 + αs

[
−g2L2 − g1L + g0

])
, (52)

where LgLL and gNLL resum the leading and next-to-leading logarithms, respectively. The difference

between σNLO and the expanded NLL′ result σexp
NLL′ only contains power-suppressed contributions for

large values of Q:

σnon−singular ≡ σNLO − σexp
NLL′ ∼ O

(
R2L,

pveto
T

Q
L ,

pveto
T

Q
lnR , · · ·

)
, (53)

with L = ln
(
Q/pveto

T

)
, and Q stands for any kinematic quantity of order MH. Since the scale QR is

used to define the jet mode, the R2L terms are regarded as power suppressed. We have demonstrated

explicitly in Ref. [61] that our formalism correctly captures the singular terms at NLO as L→ 0.

8.2.3 Validity of the effective theory

We comment here briefly on the expected range of validity of our effective theory approach. In our

derivation of the factorization theorem, we assumed that the signal jet pJ
T is of order MH. This config-

uration contributes a non-negligible fraction, roughly 30%, of the experimentally-interesting total cross

section for pveto
T ∼ 30 GeV and pJ

T > pveto
T . Our factorization theorem holds for pveto

T ≪ pJ
T ∼ Q,

but breaks down when pJ
T ∼ pveto

T ≪ MH. Additional large logarithms of the form ln2MH/p
J
T and
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L× pveto
T /pJ

T are not resummed in our formalism. We describe these terms only as well as a fixed NLO

calculation. A different effective theory is needed for this regime to correctly sum the large logarithms.

We do not consider this theory in this contribution; our goal here is to consistently apply the currently

available formalism at NLL′ + NLO to see to what extent we can reduce the theoretical uncertainty.

Interestingly, the pJ
T ∼ MH region contributes roughly 50% of the uncertainty in the one-jet

bin, larger than might be expected. We show this by computing the NLO cross section for an example

parameter choice. We set MH = 126 GeV and pveto
T = 25 GeV, and divide the Higgs plus one-jet

cross section, whose inclusive value is σ1j
NLO = 5.75+2.03

−2.66 pb, into two bins: the first with pJ
T < MH/2,

and the second with pJ
T > MH/2. As explained in detail later in Section 8.2.4, we use the fixed-order

cross section in the first bin since our effective-theory analysis does not hold, and turn on resummation

in the second bin. Computing the cross section at NLO in each bin, and estimating the uncertainties as

described in detail in Section 8.2.4, we find

σ1j
NLO(pJ

T < MH/2) = 4.74+1.31
−1.29 pb ,

σ1j
NLO(pJ

T > MH/2) = 1.01+0.85
−1.51 pb . (54)

The central values have been obtained using the scale choice for µ = MH/2.27 Although it accounts

for less than 25% of the cross section, the region where our effective-theory analysis can improve the

uncertainties contributes roughly half of the error in the full one-jet bin.

8.2.4 Scale choices and uncertainty estimation

Since the resummation holds only for pT ∼MH, we wish to turn it off and recover the fixed-order NLO

result as pJ
T becomes small. To do so, we note that the fixed order cross section σNLO and the expanded

NLL′ cross section σexp
NLL′ depend only on the scale µR = µF = µ, while σNLL′ also depends on the

various scales µH, µJ, µB, µS, νB and νS at which the hard, jet, beam, and soft functions are evaluated.

The optimal choice for each scale can be determined by minimizing the higher order corrections to each

separate component. These functions are then RG-evolved from their respective starting scales µi and νi
to the common scales µ and ν. Consequently, the resummation can be turned off by setting all scales to

µ, so that the full NLL′ + NLO result reduces to the NLO one. We adopt a conservative scheme to turn

off the resummation as soon as possible, as suggested in Ref. [55]. In the region where pJ
T ≫ pveto

T , we

keep the resummation on. When pJ
T ∼ pveto

T , we switch off the resummation by setting all scales to µ,

which leads to the fixed-order prediction. We interpolate between these two regions smoothly using

µint.
i = µ+ (µi − µ)

[
1 + tanh

(
κ
(
pJ
T − poff

)) ]
/2 , (55)

where the index i = {H, J,B,S} runs over all appearing scales. We use similar expressions for the ν’s.

Our numerical predictions are obtained using the µint.i expressions in our code. When pJ
T < poff , the

resummation starts to vanish. We set poff = max(2pveto
T ,

MH

2 ) to be the default value.28 When making

uncertainty estimations, we vary each scale separately. In the resummation region, the cross section is

relatively insensitive to the variation of µ. In the fixed-order range, it is insensitive to µi and νi. The

slope κ controls how smoothly we turn off the resummation. We find that the interpolated cross section

is insensitive to the choice of κ. Varying κ in a reasonable range from 0.04 to 0.2, the effect on the cross

section is much smaller than our estimated uncertainties.

To derive the uncertainties in both the fixed-order and RG-improved results, we vary all scales

appearing in the cross section around their central values by factors of two in both directions in order to

estimate the theoretical error. To avoid an underestimate of the uncertainty of the fixed-order calculation,

27We note that using a larger central scale choice leads to the same conclusions regarding the relative uncertainties of the two

bins.
28The reason for this choice is that our EFT is valid when pJ

T is located in the hard domain whose lower boundary is estimated

to be MH/2, and it entirely breaks down when pJ
T falls into the “soft" regime whose upper boundary is roughly 2pveto

T .
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we follow the procedure suggested by Stewart and Tackmann [236]. We split the exclusive one-jet cross

section into the difference of one-jet inclusive and two-jet inclusive results:

σ1j = σ≥1j − σ≥2j . (56)

We estimate the scale uncertainty for each piece separately and add them in quadrature to obtain the scale

uncertainty for the exclusive cross section:

δ21j,NLO = δ2≥1j,NLO + δ2≥2j,NLO . (57)

For the NLL′ + NLO result, the uncertainty is derived by adding in quadrature the separate variations of

all scales which enter [236]:

δ21j = δ2non−singular,µ + δ2NLL′,µ + δ2NLL′,µH
+ δ2NLL′,µJ

+ δ2NLL′,µB,νB
+ δ2NLL′,µS,νS

. (58)

Before continuing we comment briefly on the structure of Eq. (58). In order to perform the matching to

fixed order in Eq. (51), we RG-evolve the NLL′ result so that all scales are set to the common scale µ.

We then add on the non-singular NLO terms via the difference between the full NLO cross section and

the expanded NLL′ results. This explains the first two contributions to the above equations. As the hard

and jet functions live at the scales
√
MHpJ

T and pJ
TR respectively [60], these scale variations are treated

as uncorrelated in Eq. (58). Finally, the variations of beam and soft functions, which live at the scale

pveto
T , are added to this.

When we apply this formalism and assume actual LHC kinematic cuts, a large fraction of the cross

section comes from the low-pJ
T regime where pJ

T < poff , and the fixed-order calculation dominates. In

this situation, we split the cross section into two regions, one with pveto
T < pJ

T < poff and the other with

pJ
T > poff . For the former region, we use Eq. (57) to estimate the uncertainty and for the latter one, we

utilize Eq. (58). We combine these two linearly to estimate the scale dependence for the RG-improved

cross section:

δ1j(p
J
T > pveto

T ) = δ1j,NLO(pJ
T < poff) + δ1j(p

J
T > poff) . (59)

Since the resummation in the result used for pJ
T > poff is turned off quickly by using the interpolation

in Eq. (55), and the uncertainty of the fixed-order cross section used for pJ
T < poff is obtained using

the Stewart-Tackmann prescription, we believe that this leads to a very conservative estimate of the

theoretical error after performing our RG-improvement.

8.2.5 Numerics for the LHC

We now present predictions and uncertainty estimates for use in LHC analyses. For the following nu-

merical results, and those shown above, we use the MSTW 2008 parton distribution functions [168] at

NLO. We assume an 8 TeV LHC, and MH = 126 GeV unless stated otherwise. We demand that the

leading jet be produced with rapidity |yJ| < 4.5, and veto all other jets with pT > pveto
T over the entire

rapidity range. The following central values are used for the scales which appear:

µ =
√

(mT
H)min(pJ

T )min, µH =
√
mT

Hp
J
T ,

µJ = pJ
TR , µB = µS = pveto

T ,

νBa,b
= xa,b

√
s , νS = pveto

T . (60)

where mT
H =

√
M2

H + pJ,2
T . We note that these central scale values, as well as the variations up and

down by a factor of two, are used as the µi on the right-hand side of Eq. (55). The actual numerical scale
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Table 24: Shown are the central values and uncertainties for the NLO cross section, the resummed cross section,

and the event fractions in the one-jet bin using both the fixed-order and the resummed results. Numbers are given

for several Higgs masses and for pveto
T = 25, 30 GeV.

MH (GeV) pveto
T (GeV) σNLO (pb) σNLL′+NLO (pb) f1j

NLO f1j
NLL′+NLO

124 25 5.92+35%
−46% 5.62+29%

−30% 0.299+38%
−49% 0.283+33%

−34%

125 25 5.85+34%
−46% 5.55+29%

−30% 0.300+37%
−49% 0.284+33%

−33%

126 25 5.75+35%
−46% 5.47+30%

−30% 0.300+38%
−49% 0.284+34%

−33%

124 30 5.25+31%
−41% 4.83+29%

−29% 0.265+35%
−43% 0.244+33%

−33%

125 30 5.19+32%
−41% 4.77+30%

−29% 0.266+35%
−43% 0.244+33%

−33%

126 30 5.12+32%
−41% 4.72+30%

−29% 0.266+35%
−43% 0.246+33%

−32%

choices used in the code are the µint.i appearing on the left-hand side of Eq. (55). We use κ = 0.2 to

produce all numerical results, although we have checked that their dependence on κ is negligible.

We show in Fig. 62 the cross section as a function of the lower cut on pJ
T for a fixed pveto

T =
30 GeV. The solid line and blue band show the NLL′ + NLO result together with its perturbative

uncertainty, which can be compared with the dashed line and yellow band showing the fixed NLO result

with its uncertainty. Even for values of the lower pJ
T cut near pveto

T , a sizeable reduction of the uncertainty

occurs when the NLL′ + NLO result is used. The reason for this is discussed in Section 8.2.3; roughly

half of the uncertainty comes from the high-pJ
T region, which is exactly the parameter space improved

by our effective-theory description.

Fig. 62: Shown are the NLL′ +NLO (blue band) and NLO (yellow band) cross sections for fixed pveto
T = 30 GeV

as a function of the lower cut on pJ
T.

We present in Table 24 numerical results for both the cross sections and the fraction of events in

the one-jet bin, f1j . We define the event fraction as

f1j
x =

σx
σinc

, (61)

where x denotes either the NLO or the NLL′ + NLO cross section in the one-jet bin. We note that

our values for f1j
NLO are consistent with those obtained by the ATLAS collaboration, which provides

a cross-check of our results.The total cross section σinc, as well as its estimated uncertainty, is taken

from the LHC Higgs cross section working group. The uncertainties shown are calculated as discussed
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in Section 8.2.4. Results are given for MH = 124 − 126 GeV, and for pveto
T = 25 and 30 GeV. The

reductions of the uncertainties are significant for both values of pveto
T . Symmetrizing the error for this

discussion, the estimated uncertainty on the cross section improves from ±40% at NLO to ±30% at

NLL′ + NLO, a reduction of one quarter of the initial value. The one-jet fraction uncertainty decreases

from ±44% to ±34%. For pveto
T = 30 GeV, the error on the cross section decreases from ±36% to

±29% when resummation is included, while the error on f1j decreases from ±39% to ±33%. We

note that these are extremely conservative error estimates, as discussed in Section 8.2.4. We default to

the Stewart-Tackmann prescription over a large region of the relevant parameter space, and turn off the

resummation at a relatively high value of pJ
T. Enough of the error comes from the high pJ

T region that

our RG-improvement is effective in taming the uncertainty.

8.3 Perturbative uncertainties in the Higgs plus 2-jet VBF selection29

With the typical kinematic cuts used by the ATLAS and CMS collaborations to select events from vector-

boson fusion (VBF), the VBF sample is contaminated by a∼ 25% fraction from Higgs + 2 jet production

via gluon fusion (ggF). In this section we discuss the perturbative uncertainties in this contribution, which

tend to be sizable and therefore require a reliable estimate. Typical VBF selections include indirect re-

strictions or explicit vetoes on additional jet activity, primarily to reduce non-Higgs backgrounds but also

to reduce the amount of contamination from ggF. Such exclusive restrictions constitute a nontrivial jet

binning, where the inclusive Higgs plus 2-jet cross section is effectively divided into an exclusive 2-jet

bin and a remaining inclusive 3-jet bin. With such a jet binning one has to account for two sources of

perturbative uncertainties: In addition to the absolute yield uncertainty which is correlated between the

jet bins, there is also a migration uncertainty which is anticorrelated and drops out in the sum of the bins.

This migration uncertainty is associated with the additional perturbative uncertainty induced by the ex-

clusive binning cut. In practice, the experimentally relevant region typically lies inside a transition region

between the fully inclusive region (no binning) and the extreme exclusive region (very tight binning). In

this region, fixed-order perturbation theory can still be applied however since the logarithms in the per-

turbative series induced by the binning are already sizeable their effect on the migration uncertainty must

be taken into account. This can be achieved using the Stewart-Tackmann (ST) method [236].

We discuss in detail the application of the ST method to estimate the perturbative uncertainties

in the fixed NLO predictions for pp → H + 2 jets via ggF from MCFM [258, 259]30. To be specific

we will concentrate on the VBF selection of the current H → γγ analyses. Qualitatively, our results

apply equally to other decay channels with similar VBF selection cuts. After reviewing the general

setup in Section 8.3.1 and the jet-binning uncertainties in Section 8.3.2, we first discuss the fixed-order

perturbative uncertainties in a cut-based setup closely following Ref. [262]. In Section 8.3.6 we then

discuss a simple method to propagate the theory uncertainties into a multivariate selection.

8.3.1 Setup and inclusive 2-jet cross section

We use MCFM [258,259] to compute the NLO cross section, with the ggH effective vertex in the infinite

top mass limit, and then rescale the cross section with the exact mt dependence of the total LO cross

section, σLO(mt)/σLO(∞) = 1.0668 for MH = 125 GeV. We take
√
s = 8 TeV, MH = 125 GeV,

and use the MSTW2008 [168] NLO PDFs with their corresponding value of αs(mZ) = 0.12018. In

our analysis we implement the 2-jet selection and VBF selection cuts from the current ATLAS and CMS

H→ γγ analyses (summarized in Table 25 below). However, note that we consider the cross section for

the production of an on-shell Higgs boson, without including any branching ratios or cuts on the Higgs

decay products.

29F. U. Bernlochner, S. Gangal, D. Gillberg, F. J. Tackmann
30For simplicity we denote the process as gg → H + 2j below, where a sum over all possible partonic channels with a ggF

vertex is implied.
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Fig. 63: Inclusive 2-jet cross section over a range of µR/MH for ATLAS VBF selection (left panel) and CMS

tight selection (right panel). The three curves show different values of µF. The blue solid, green dotted, and green

dashed curves correspond to µF = MH, µF = 2MH, and µF = MH/2, respectively. The uncertainty bars show

the inclusive 2-jet scale variation uncertainty.

For all our central value predictions we use µR = µF = MH, which was also used in Ref. [258,

259]. In Figure 63, we show the scale dependence of the inclusive 2-jet cross section, σ≥2, where we plot

it over a range of 1/4 < µR/MH < 4 for three different values of µF. To estimate the scale uncertainty

we consider the range 0.5 ≤ µR/MH ≤ 2. The maximum deviation from the central value is given by

the green dotted curve for µF = µR = 2MH . We use this maximum variation to construct a symmetric

scale uncertainty for the inclusive 2-jet cross section, denoted as ∆σµ≥2, and shown by the uncertainty bar

in Figure 63. It corresponds to a relative uncertainty at NLO of 21%, which is similar to what was found

in earlier studies [258, 259] where a somewhat looser VBF selection was used. We also require scale

uncertainties for the inclusive 3-jet cross section, ∆σµ≥3, for which we symmetrize the scale variation by

taking half of the difference between the µ = MH/2 and µ = 2MH variations, as discussed in Ref. [262].

8.3.2 Review of jet binning uncertainties

We consider the inclusive N -jet cross section, σ≥N , for some process containing at least N jets, and

assume that σ≥N is a sufficiently inclusive quantity such that it can be computed in fixed-order perturba-

tion theory. We are interested in the case where σ≥N is divided up into a corresponding exclusive N -jet

cross section, σN , and a remainder σ≥N+1,

σ≥N = σN (excl. cut) + σ≥N+1(inverse excl. cut) . (62)

All three cross sections here have the same selection cuts applied that identify the leading N signal jets.

What defines σN to be “exclusive” is that the additional exclusive cut applied to it restricts the phase

space of additional emissions in such a way that σN is dominated by configurations close to the N -

parton Born kinematics. In particular, at leading order (LO) in perturbation theory σLO
≥N = σLO

N , while

relative to these σ≥N+1 is suppressed by O(αs). In other words, σ≥N+1 requires at least one additional

emission to be non-vanishing. Hence, we can consider it an inclusive (N + 1)-jet cross section with at

least N + 1 jets.31

In the simplest case, σ≥N is divided into the two jet bins σN and σ≥N+1 by using a fixed cut on

some kinematic variable, pN+1, which characterizes additional emissions, with pN+1 = 0 for a tree-level

N -parton state. (Two examples we will consider are pTHjj and ∆φH−jj , defined below.) The two jet

31Note that that σ≥N+1 is defined by inverting the exclusive cut that defines σN and so (as in the examples we consider)

does not necessarily require the explicit identification of another well-separated jet via a jet algorithm.
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bins then correspond to the integrals of the differential spectrum dσ/dpN+1 above and below some cut,

σ≥N =

∫ pcut

0
dpN+1

dσ≥N
dpN+1

+

∫

pcut

dpN+1
dσ≥N
dpN+1

≡ σN (pcut) + σ≥N+1(p
cut) . (63)

In general, the jet bin boundary can be a much more complicated function of phase space, as in the

multivariate analysis considered in Section 8.3.6.

We are interested in the uncertainties involved in the binning. The covariance matrix for {σN , σ≥N+1}
is a symmetric 2× 2 matrix with three independent parameters. A convenient and general parameteriza-

tion is to write it in terms of two components,

C =

(
(∆y

N )2 ∆y
N ∆y

≥N+1

∆y
N ∆y

≥N+1 (∆y
≥N+1)

2

)
+

(
∆2

cut −∆2
cut

−∆2
cut ∆2

cut

)
. (64)

Here, the first term is an absolute “yield” uncertainty, denoted with a superscript “y”, which (by def-

inition) is 100% correlated between the two bins σN and σ≥N+1. The second term is a “migration”

uncertainty between the bins and corresponds to the uncertainty introduced by the binning cut. It has the

same absolute size, ∆cut, for both bins and is 100% anticorrelated between them, such that it drops out

when the two bins are added. Hence, the total uncertainty for each bin is given by

∆2
N = (∆y

N )2 + ∆2
cut , ∆2

≥N+1 = (∆y
≥N+1)

2 + ∆2
cut , (65)

while the total uncertainty on their sum, i.e. on σ≥N , is given by the total yield uncertainty,

∆≥N = ∆y
≥N = ∆y

N + ∆y
≥N+1 . (66)

Considering the perturbative uncertainties, the basic question is how each of the uncertainties

in Eq.(64) can be evaluated. The fixed-order prediction provides us with two independent pieces of

information, namely the variations obtained by the standard scale variations, which we denote as ∆µ
≥N ,

∆µ
N , ∆µ

≥N+1, and which satisfy ∆µ
≥N = ∆µ

N + ∆µ
≥N+1. The usual assumption that the standard fixed-

order scale variations can be used to obtain a reliable estimate of the total uncertainties in the inclusive

cross sections imposes the two conditions

∆≥N = ∆µ
≥N , ∆≥N+1 = ∆µ

≥N+1 . (67)

Together with Eqs.(65) and (66) these lead to

i) ∆µ
≥N = ∆y

N + ∆y
≥N+1 ,

ii) (∆µ
≥N+1)

2 = (∆y
≥N+1)

2 + ∆2
cut . (68)

Thus, the basic question is how to divide up ∆µ
≥N+1 between ∆y

≥N+1 and ∆cut in order to satisfy

condition ii). Condition i) then determines ∆y
N . The nontrivial effect ∆cut can have is on the size of

∆N as well as on the off-diagonal entries in Eq.(64), which determine the correlation between ∆N and

∆≥N+1.

Clearly, the simplest is to neglect the effect of ∆cut altogether and to directly use the scale varia-

tions to estimate the uncertainties, i.e., to take

∆y
N = ∆µ

≥N −∆µ
≥N+1 ≡ ∆µ

N , ∆y
≥N+1 = ∆µ

≥N+1 , ∆cut = 0 . (69)

which leads to

direct: C =

(
(∆µ

N )2 ∆µ
N ∆µ

≥N+1

∆µ
N ∆µ

≥N+1 (∆µ
≥N+1)

2

)
. (70)
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Note that since σ≥N+1 starts at higher order in perturbation theory than σ≥N , its relative uncertainty

∆µ
≥N+1/σ≥N+1 will typically be (much) larger than σ≥N ’s relative uncertainty ∆µ

≥N/σ≥N . This means

one cannot simply apply the latter as the relative yield uncertainty in each bin, which means one cannot

take ∆y
i = (∆µ

≥N/σ≥N )σi, as this would violate the condition ∆≥N+1 = ∆µ
≥N+1. This point has

already been emphasized in earlier studies [238].

The direct scale variation choice is reasonable as long as the effect of ∆cut is indeed negligible. It

is certainly justified if numerically ∆µ
≥N ≫ ∆µ

≥N+1, since any uncertainty due to migration effects can

be at most as large as ∆µ
≥N+1 (by virtue of condition ii) above). This can happen, for example, when

∆µ
≥N is sizable due to large perturbative corrections in σ≥N and/or the binning cut is very loose (i.e., is

cutting out only a small fraction of phase space) such that σ≥N+1 is numerically small to begin with.

In perturbation theory, the effect of the binning cut is to introduce Sudakov double logarithms in

the perturbative series of σN and σ≥N+1, which have opposite sign and cancel in the sum of the two

bins, schematically

σ≥N ≃ σB[1 + αs + α2
s +O(α3

s )
]
,

σ≥N+1 ≃ σB

[
αs(L

2 + L+ 1) + α2
s (L

4 + L3 + L2 + L+ 1) +O(α3
sL

6)
]
,

σN = σ≥N − σ≥N+1 , (71)

where σB denotes the Born cross section and L is a Sudakov logarithm, e.g. for Eq.(63) L = ln(pcut/Q)
where Q ∼ MH is a typical hard scale. The perturbative migration uncertainty ∆cut can be directly

associated with the perturbative uncertainty in the logarithmic series induced by the binning, and so

should not be neglected once the logarithms have a noticeable effect. In particular, as demonstrated in

Ref. [236], the simple choice in Eqs.(69) and (70) can easily lead to an underestimate of ∆N in the

region where there are sizable numerical cancellations between the two series in σ≥N and σ≥N+1. Since

in this region the dominant contribution to σ≥N+1 comes from the logarithmic series, varying the scales

in σ≥N+1 directly tracks the size of the logarithms, which means we can use ∆cut = ∆µ
≥N+1 as an

estimate for the binning uncertainty, as proposed in Ref. [236]. From Eq.(68), we then find

∆y
N = ∆µ

≥N , ∆y
≥N+1 = 0 , ∆cut = ∆µ

≥N+1 , (72)

such that

ST: C =

(
(∆µ

≥N )2 + (∆µ
≥N+1)

2 −(∆µ
≥N+1)

2

−(∆µ
≥N+1)

2 (∆µ
≥N+1)

2

)
. (73)

Since ∆µ
≥N+1 is now used as ∆cut, the effective outcome is that one treats ∆µ

≥N and ∆µ
≥N+1 as uncor-

related. More generally, we can introduce a parameter 0 ≤ ρ ≤ 1, which controls the fraction of ∆µ
≥N+1

assigned to ∆y
≥N+1, such that

∆y
N = ∆µ

≥N − ρ∆µ
≥N+1 , ∆y

≥N+1 = ρ∆µ
≥N+1 , ∆cut =

√
1− ρ2 ∆µ

≥N+1 , (74)

which leads to

ST (ρ): C =

(
(∆µ

≥N )2 + (∆µ
≥N+1)

2 − 2ρ∆µ
≥N∆µ

≥N+1 (ρ∆µ
≥N −∆µ

≥N+1)∆
µ
≥N+1

(ρ∆µ
≥N −∆µ

≥N+1)∆
µ
≥N+1 (∆µ

≥N+1)
2

)
. (75)

From this one can easily see that ρ corresponds the correlation between ∆µ
≥N and ∆µ

≥N+1. The choice

ρ = 1 would be equivalent to the case in Eq.(70), while ρ = 0 reproduces Eqs.(72) and (73). Hence,

from the above arguments one should take ρ to be small. The dependence on ρwas explored in Ref. [262]

where it was found that for ρ . 0.4 the results are not very sensitive to the precise value of ρ, so we take

ρ = 0 as our default choice.

Another prescription to obtain fixed-order uncertainty estimates for exclusive jet cross section,

which is based on using veto efficiencies, was applied in Ref. [56] to the 0-jet case at NNLO. We will
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Fig. 64: Comparison of the ST method with the efficiency method for pcut
THjj (left panel) and π −∆φcut

H−jj (right

panel) using the ATLAS VBF selection. The exclusive scale uncertainties from both methods are consistent with

each other. The uncertainties from the efficiency method are very close to those from the ST method with ρ = 0.4.

refer to it as “efficiency method”. In Ref. [239] it was shown that for the case of H + 0 jets at NNLO

the ST and efficiency methods yield very similar uncertainties, providing a good cross check on both

methods. The starting point in the efficiency method is to write the exclusive jet cross section in terms of

the corresponding inclusive jet cross section times the corresponding exclusive efficiency, i.e., applied to

the N = 2 case, one has

σ2 = σ≥2

(
1− σ≥3

σ≥2

)
≡ σ≥2 × ǫ2 , σ≥3 = σ≥2 (1− ǫ2) . (76)

The basic assumption made in Ref. [56] is to treat the perturbative uncertainties in σ≥2 and ǫ2 as uncor-

related. Since the 2-jet efficiency ǫ2 = 1 − σ≥3/σ≥2 is still an exclusive quantity, similar cancellations

between the two perturbative series for σ≥2 and σ≥3 can happen in their ratio rather than in their differ-

ence, so the direct scale variation for ǫ2 might not provide a reliable uncertainty estimate. To circumvent

this, the perturbative uncertainty in ǫ2 is instead estimated by using three different schemes for how to

write the perturbative result for ǫ2, which differ by uncontrolled higher-order terms in αs, as follows:32

Scheme (a): ǫ
(a)
2 = 1− σ≥3

σ≥2
= 1−

αsσ
(0)
≥3

σ
(0)
≥2 + αsσ

(1)
≥2

+O(α2
s ) ,

Scheme (b): ǫ
(b)
2 = 1− αs

σ
(0)
≥3

σ
(0)
≥2

+O(α2
s ) ,

Scheme (c): ǫ
(c)
2 = 1− αs

σ
(0)
≥3

σ
(0)
≥2

(
1− αs

σ
(1)
≥2

σ
(0)
≥2

)
+O(α2

s ) , (77)

where we expanded the inclusive 2-jet and 3-jet cross sections as

σ≥2 = α2
s

[
σ

(0)
≥2 + αs σ

(1)
≥2 + α2

s σ
(2)
≥2 +O(α3

s )
]
,

σ≥3 = α2
s

[
αsσ

(0)
≥3 + α2

s σ
(1)
≥3 +O(α3

s )
]
. (78)

In Figure 64 we compare the results of the ST and efficiency methods for the exclusive 2-jet cross

section σ2 using cuts on pTHjj and ∆φH−jj for the ATLAS VBF selection (see Section 8.3.3 below).

32As originally motivated in Ref. [56] in scheme (c) one strictly re-expands the ratio of cross section to a given order in αs,

which at NLO yields the same result as scheme (b). To produce another expression with differing higher order terms, the analog

to scheme (c) we use here is to keep the O(α2
s ) cross term that comes from expanding the denominator.
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The blue solid curve shows the default NLO central value (equivalent to the scheme (a) central value).

The light orange solid curves are the uncertainties obtained in the efficiency method. They are obtained

by combining in quadrature the inclusive scale uncertainties ∆µ
≥2 with the direct scale variations in ǫ

(a)
2

treating both as uncorrelated. (Here, the values for ǫ2 in schemes (b) and (c) lie within the scheme (a)

scale variations, so we use the latter as uncertainty estimate.) The dark orange solid curves show the

ST uncertainties for ρ = 0, which are slightly larger. The dashed lines show the ST uncertainties for

ρ = 0.4, which are in close agreement with the efficiency method. This can be understood by noting

that by varying the scales in ǫ2 one effectively varies the scales correlated in σ≥2 and σ≥3, which has

the effect of reintroducing a certain amount of correlation between ∆µ
≥2 and ∆µ

≥3 when computing σ2,

which is also what a nonzero value of ρ does. Overall, the good consistency between the various methods

gives us confidence in the reliability of our uncertainty estimates.

8.3.3 Cut-based analyses

We now study the uncertainties in the exclusive H + 2 jet cross section as a function of two kinematic

variables, pTHjj and ∆φH−jj . Here, pTHjj is the magnitude of the total transverse momentum of the

Higgs-dijet system,

pTHjj = |~pTj1 + ~pTj2 + ~pTH | . (79)

At Born level, pTHjj = 0 and so applying a cut pTHjj < pcut
THjj restricts the phase space to the exclusive

2-jet region, and induces Sudakov logarithms of the form L = ln(pcut
THjj/MH) in the perturbative series

of σ2 and σ≥3. At NLO pTHjj is equivalent to the pT of the third jet, so it is a useful reference variable

for a pT-veto on additional emissions, such as the central jet vetoes applied in the H → WW and

H → ττ VBF analyses. The VBF category in the H → γγ analyses by ATLAS and CMS includes a cut

∆φH−jj > ∆φcut
H−jj . Taking the beam direction along the z-axes, ∆φH−jj is defined as

cos ∆φH−jj =
(~pTj1 + ~pTj2) · ~pTH
|~pTj1 + ~pTj2||~pTH |

, (80)

with the Higgs momentum given by the total momentum of the diphoton system. Events with only

two jets always have ∆φH−jj ≈ π, so the constraint ∆φH−jj > ∆φcut
H−jj forces the kinematics into the

exclusive 2-jet region and restricts additional emissions. Hence, it behaves similar to pcut
THjj and for

π −∆φcut
H−jj→ 0 induces large logarithms in the perturbative series. The exclusive 2-jet bins defined in

terms of these variables are written as

σ2(pTHjj < pcut
THjj) = σ≥2 − σ≥3(pTHjj > pcut

THjj)

σ2(∆φH−jj > ∆φcut
H−jj) = σ≥2 − σ≥3(∆φH−jj < ∆φcut

H−jj) , (81)

where in all cross sections the remaining VBF selection cuts in Table 25 are applied (excluding the cut

on ∆φH−jj in case of pTHjj).

In Figure 65 we plot the result for the exclusive 2-jet cross section as a function of pcut
THjj and

∆φcut
H−jj for the ATLAS and CMS tight VBF selections. In these plots, the blue central line shows

the central-value prediction obtained from µ = MH, while the orange solid lines show our uncertainty

estimate. For reference, the green dashed and dotted curves show the direct scale variation for µ = MH/2
and µ = 2MH , respectively. For large values of pcut

THjj or π −∆φcut
H−jj , the cross section σ≥3 that is cut

away becomes small and so the effect of ∆cut is negligible. In this limit the uncertainties reproduce

those in the inclusive 2-jet cross section. On the other hand, in the transition region, once the exclusive

cut starts to impact the cross section, the direct scale variations cannot be used any longer to estimate

uncertainties, which is exhibited by the crossing of the lines. The ST method takes into account the

migration uncertainty which becomes important in this region as the exclusive cut gets tighter, thus

providing robust uncertainties for all values of pcut
THjj or ∆φcut

H−jj .
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Table 25: VBF selection cuts we use, corresponding to the H→ γγ analyses by ATLAS [74,263] and CMS [264]

(as of last year). The cut on ∆φH−jj in the last row is treated special as an exclusive binning cut.

ATLAS CMS tight

anti-kT R = 0.4 anti-kT R = 0.5
2-jet selection pTj>25 GeV for |ηj |<2.5 pTj>30 GeV, |ηj |<4.7

pTj>30 GeV for 2.5< |ηj |<4.5

∆ηjj = |ηj1 − ηj2| > 2.8 > 3.0
mjj > 400 GeV > 500 GeV

|ηH − (ηj1 + ηj2)/2| - < 2.5
∆φH−jj > 2.6 > 2.6
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Fig. 65: Exclusive pp → H + 2 jet cross section via ggF at NLO for as function of pcut
THjj (left panels) and

π −∆φcut
H−jj (right panels) for both ATLAS and CMS VBF selections.

In Table 26 we quote the results for the cross sections and their percentage uncertainties for a

few specific cuts. For ∆φH−jj we use the experimental value ∆φH−jj > 2.6. Compared to the 21%
in the inclusive 2-jet cross section with VBF cuts (σ≥2), we see a moderate increase in the uncertainty

in σ2(∆φH−jj > 2.6) to 26% for ATLAS and CMS tight. For pTHjj we use a representative value of

pTHjj < 30 GeV, for which the uncertainties increase substantially to 44% and 49% for ATLAS and

CMS tight respectively. Note that for a fixed exclusive cut the uncertainties increase somewhat with a

tighter VBF selection, which is expected.
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Table 26: Perturbative uncertainties at NLO in the exclusive pp → H + 2 jet cross section via gluon fusion for

cuts on pTHjj and ∆φH−jj for the ATLAS and CMS tight VBF selections given in Table 25.

Selection σ [ pb] Direct scale variation Combined incl. uncertainties

µ = MH µ = 2MH µ = MH/2 ST (ρ = 0)

ATLAS
σ≥2 0.21 ±21%
σ2(pTHjj < 30 GeV) 0.15 −8% −29% ±44%
σ2(∆φH−jj > 2.6) 0.19 −17% −4% ±26%

CMS tight
σ≥2 0.12 ±21%
σ2(pTHjj < 30 GeV) 0.08 −8% −35% ±49%
σ2(∆φH−jj > 2.6) 0.10 −19% −1% ±26%

An important source of theoretical uncertainty in the extraction of the VBF signal is the large per-

turbative uncertainty in the ggF contribution. After subtracting the non-Higgs backgrounds (which are

of course another source of uncertainty), the measured cross section for Higgs production after imple-

menting the VBF selection is given by

σmeasured
2 (∆φcut

H−jj) = σVBF
2 (∆φcut

H−jj) + σggF
2 (∆φcut

H−jj) . (82)

For the purpose of extracting the VBF cross section one effectively subtracts the theory prediction for

σggF
2 (∆φcut

H−jj) from σmeasured
2 (∆φcut

H−jj), and therefore, the relevant figure of merit is

∆σggF
2 (∆φcut

H−jj)/σ
VBF
2 (∆φcut

H−jj), i.e., the theory uncertainty in σggF
2 measured relative to the expected

VBF cross section, σVBF
2 . In Figure 66 we show this quantity over a range of pcut

THjj and ∆φcut
H−jj for

the ATLAS VBF selection. The results for the CMS selection are very similar. Here, the solid orange

curve shows our results for the NLO perturbative uncertainties (corresponding to the orange lines in

Figure 65). For comparison, the green dotted curve shows a fixed 20% uncertainty in the ggF cross

section, i.e., taking ∆σggF
2 = 0.2σggF

2 , which for example could be due to PDF and αs parametric

uncertainties. In the dashed blue lines, both uncertainty contributions are added in quadrature. In the

region of low pcut
THjj or π −∆φcut

H−jj , the relative uncertainty coming from the ggF contribution quickly

increases below pTHjj . 30 GeV and π−∆φH−jj . 0.4. Hence, care must be taken when implementing

and optimizing either indirect restrictions on additional radiation, like ∆φH−jj , or explicit pT-vetoes like

pTHjj or a central jet veto, and also in applying more general cuts which restrict to the exclusive 2-jet

region as in the case of MVAs.

8.3.4 Generalization to arbitrary number of cuts

The formalism of Eq.(63) can be extended to further divide σ≥N+1 into an arbitrary number of bins,

σ≥N =

∫ pcut 1

0
dpN+1

dσ≥N
dpN+1

+

∫ pcut 2

pcut 1

dpN+1
dσ≥N
dpN+1

+ · · · +
∫ pcut n

pcut n−1

dpN+1
dσ≥N
dpN+1

≡ σN (pcut 1) + σ≥N+1(p
cut 1, pcut 2) + · · ·+ σ≥N+1(p

cutn−1, pcutn) . (83)

This splitting divides the inclusiveN -jet cross section, σ≥N , into n bins, whose uncertainties and correla-

tions can be described by a symmetric n×n covariance matrix with n(n+1)/2 independent parameters.

To construct this covariance matrix we use the boundary conditions that the inclusive cross sections σ≥N
and σ≥N+1(p

cut,∞) are uncorrelated, which implements the ST procedure for a given pcut. This is not

sufficient to determine the complete matrix. For the remaining entries, a simple linear correlation model
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Fig. 66: Theoretical uncertainties of the ggF contribution relative to the VBF cross section as function of pcut
THjj

(left) and ∆φcut
H−jj (right) for the ATLAS VBF selection.

is used, where the correlation κij between σ≥N+1(p
cut i,∞) and σ≥N+1(p

cut j,∞) is given by

κij = 1− (1− κ) |p
cut i − pcut j |
pcut n − pcut 1

. (84)

The parameter κ determines the strength of the correlations between the inclusive N+1-jet cross sections

for different pcut. The dependence on this underlying correlation model is tested below by using the

three different values κ = {50%, 90%, 99%}. As we will see, the obtained uncertainty estimates are

very insensitive to the precise choice of κ.

In the following, the above procedure is demonstrated using ∆φH−jj as the underlying IR sensitive

binning variable. Here, the first bin, which encloses the IR sensitive region, must be chosen large enough

to ensure that MCFM can still be used to estimate its uncertainties using the ST procedure. Based on

Figure 65(b) and Figure 65(d) we choose the first bin as
(
π −∆φH−jj

)
∈ [0, 0.2].

For their most recent results, ATLAS and CMS use POWHEG gg → H + 0 jets at NLO [78–

80] to model the hard scattering process, interfaced with PYTHIA8 [82] for modeling of underlying

event, parton showering, and hadronization. In the left panel of Figure 67 we compare the normalized

cumulative cross section for different values of ∆φcut
H−jj between POWHEG+PYTHIA8 and MCFM. For

both generators, the anti-kT algorithm with R = 0.4 is used to reconstruct the jets, excluding the Higgs

decay products, and a typical VBF phase space selection is applied. The cumulant shapes are in good

agreement, also when the POWHEG+PYTHIA8 VBF selection is varied. When applying an exclusive

2-jet selection based on ∆φH−jj , the uncertainty of the event yield N2 from POWHEG+PYTHIA8 can be

estimated from

(∆N2)
2 =

∑

i,j

Ĉij ni nj , Ĉij =
1

σiσj
Cij , N2 =

∑

i

ni , (85)

where Cij denotes the covariance matrix, σi the predicted cross section in the interval of the ith bin,

ni denotes the event yield of the Monte Carlo prediction in the ith bin, and the sum runs over all bins

that define the exclusive 2-jet phase space one is interested in. To construct Cij , we use the MCFM

uncertainties of Figure 65(b) as inputs to the procedure described above. The right panel of Figure 67

compares the relative uncertainties calculated from Eq.(85) for POWHEG+PYTHIA8 for different corre-

lation models, showing a good agreement with the input MCFM uncertainties. Note in particular that the

2-jet inclusive cross section uncertainty is recovered when calculating the cumulant over the full range
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Fig. 67: Comparison of the exclusive pp→ H+2 jet cross section via ggF from MCFM and POWHEG+PYTHIA8

H + 0 jets as a function of π − ∆φcut
H−jj (where the cut value is given by the upper bin edges). Left: The nor-

malized cumulant σ2/σ≥2. The histograms show the fixed-order results from MCFM, corresponding to Fig-

ure 65(b). The data points show POWHEG+PYTHIA8 results for different VBF selections, which only depend

weakly on the precise VBF selection and agree well with MCFM. Right: The relative ST uncertainties from

MCFM (black solid histogram) are compared to the resulting uncertainties (dotted histograms) after propagation

to the POWHEG+PYTHIA8 prediction using Eq.(85). The resulting uncertainties closely agree with the MCFM

input uncertainties and do not depend on the correlation model assumed in the propagation.
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Fig. 68: Illustration of the effect of finite reconstruction resolution on ∆φH−jj . The solid blue histogram shows

the generator level ∆φH−jj distribution after a cut on the reconstructed ∆φreco
H−jj show in red. The resolution results

in a nonlinear selection cut for the generator level ∆φH−jj .

of ∆φH−jj . Eq.(85) is used in the following two sections to derive uncertainties for nonlinear cuts on

∆φH−jj due to resolution effects and for selections based on a multivariate classifier.

8.3.5 Detector smearing

The photon and jet four momenta used in an actual physics measurement are degraded due to the energy

and angular resolution smearing and reconstruction inefficiency of the detector. As a consequence, a

cut applied on a reconstructed quantity in a physics analysis causes migration above and below the

cut value when looking at the same variable calculated at the generator level. This is illustrated for

a selection on ∆φH−jj in Figure 68, where the energy resolution is modeled using a simple normal
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Table 27: Relative perturbative uncertainties at NLO for gg → H + 2 jets after applying a VBF selection defined

by mjj > 400 GeV, ∆ηjj > 2.8, and various different cuts on ∆φH−jj . This selection is applied separately at the

generator (truth) level (for jets reconstructed from stable particles from the MC event record) and after applying a

simple detector smearing. The uncertainty is calculated using generator level ∆φH−jj and detector level ∆φH−jj

using the linear correlation model with κ = 90%.

π −∆φcut
H−jj 0.25 0.3 0.4 0.5 no cuts

Generator level 57.1% 46.2% 35.3% 29.4% 21.0%

Detector level 54.2% 45.2% 34.8% 29.3% 21.0%

distributed resolution.33 For photons, the angular resolution and the reconstruction efficiency is also

roughly modeled (depending on pT and η with a typical value of 80%). The cut on ∆φreco
H−jj results in a

nonlinear selection on ∆φH−jj . The impact on the cross section uncertainty from this smearing is studied

using Eq.(85) and is summarized in Table 27. For a loose selection, the results are very similar, but as the

cut is tightened the impact of the detector resolution gets more important and tends to result in slightly

smaller uncertainties.

8.3.6 Multivariate analyses

In the context of a multivariate analysis, the effective cuts on ∆φH−jj and pTHjj introduced by the

nonlinear selection of phase space have to be studied carefully. In particular, if either of the variables

are used directly as learning input for the multivariate classifier, one has to make sure that the final

classification does not cut arbitrarily close into the infrared sensitive regions, i.e. ∆φH−jj → π and

pTHjj → 0. This can be prevented by transforming either variable into an infrared safe form,

∆φ′H−jj =

{
∆φH−jj if ∆φH−jj < ∆φcut

H−jj,
∆φcut

H−jj if ∆φH−jj ≥ ∆φcut
H−jj,

p′THjj =

{
pTHjj if pTHjj > pcut

THjj,

pcut
THjj if pTHjj ≤ pcut

THjj,
(86)

allowing the multivariate algorithm only to exploit the normalization difference in the infrared sensitive

region of phase space.

The procedure of deriving the exclusive 2-jet cross section uncertainties is illustrated in the fol-

lowing using a multivariate selection based on a boosted decision tree trained using the software of

Ref. [265]34. The decision tree was trained to distinguish VBF like events in H → γγ and to reject

prompt diphoton background. As input for background, simulated prompt diphoton decays by SHERPA

are used. The signal was simulated using POWHEG+PYTHIA8 for VBF and ggF decays, both simulated

at NLO. To all samples resolution effects were added using the same simple normal resolution model as

above. Six typical variables often used in VBF analyses were chosen to train the decision tree35.

Figure 69(a) shows the distribution in ∆φH−jj for the simulated background and signal decays.

VBF events produce a topology which causes the Higgs and dijet system to be more back-to-back than

background and ggF events. The multivariate method will make use of this to select a signal enriched

region of phase space, and cut into this distribution. Figure 69(b) depicts the mγγ invariant mass distri-

bution before and after a cut on the multivariate classifier, illustrating the effect of the smearing model.

Figure 69(c) shows the classifier OMVA: VBF signal peaks near the positive values, and background

and ggF accumulates near negative values. Finally, Figure 69(d) depicts the ggF ∆φH−jj spectrum for a

33A scale factor applied to the four momenta is sampled from Gaus(1, σ) where σ is pT and η dependent with a typical

value of 0.02 and 0.1 for photons and jets respectively.
34The specific configuration used is: 1000 trees, a shrinkage factor of 0.1, a gradient bagging fraction of 0.5, and maximally

five nodes, for more details and definitions see Ref. [265].
35The transverse projection of the Higgs pT on the axis orthogonal to the thrust axis defined by the two photons; the invariant

mass of the leading dijet system; the difference in rapidity of the two leading jets, the rapidities of the two leading jets, and the

infrared safe version of ∆φH−jj defined in Eq.(86) using a cutoff of ∆φcut
H−jj = 2.94.
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Table 28: Relative perturbative uncertainties at NLO for gg → H + 2 jets after applying a selection on the

multivariate classifier OMVA. The uncertainty is calculated using generator level ∆φH−jj .

Cut ∆σ2/σ2 (κ = 50%) ∆σ2/σ2 (κ = 90%) ∆σ2/σ2 (κ = 99%)

no cut 21.0% 21.0% 20.9%

OMVA > 0.2 26.6% 26.8% 26.9%

OMVA > 0.6 34.3% 34.6% 34.7%

OMVA > 0.8 40.8% 41.1% 41.1%

progression of cuts on the classifier. The curves were normalized to have the same number of events in

the region of 0− 0.2, which corresponds to the cutoff value used in Eq.(86).

Cutting on the classifier separates the inclusive 2-jet cross section into an exclusive 2-jet and an

inclusive 3-jet part, similar as with a rectangular cut on ∆φH−jj or pTHjj . In Table 28 we list the uncer-

tainties calculated from Eq.(85) for a progression of cuts and different slopes for the linear correlation

model: Harder cuts on the classifier translate into a tighter nonlinear selection in ∆φH−jj phase space. As

expected, this increases the exclusive 2-jet cross section uncertainty. The progressive harder cuts have a

flat efficiency in ∆φH−jj above the threshold of 0.2 (i.e. cut into this region without changing its shape),

which is important to obtain reliable uncertainties from Eq.(85). The dependence on the actual details

on the linear correlation model is small: Changing the bin-by-bin correlations of the inclusive 3-jet cross

section phase space by varying κ from 50% to 99% has a practically negligible effect on the estimated

uncertainty.

The method described here was used in the latest ATLAS H → γγ measurement [266], to de-

termine the uncertainties for the two used VBF MVA selections. The uncertainties found there were

28.3% and 48.4% for the loose and tight MVA category, respectively. The same approach applied to

the CMS MVA analysis [267] at reconstruction level gives an uncertainty for the tight category of about

40%, which is similar to the ATLAS result. The effect for the loose category is larger, about 48%.

This difference can be due to multiple sources: limited statistics (after the full selection, only O(500)
events survive), different tune (Z2* [268]), and looser selection for the di-jet loose category compared

to ATLAS.

8.4 Underlying event uncertainties in the Higgs plus 2-jet VBF selection

The simulation of the underlying event for the most recent experimental results is done by either PYTHIA6

[81] (CMS) or PYTHIA8 [82] (ATLAS). The hard scattering process is simulated separately using a dedi-

cated NLO generator, i.e., POWHEG [78–80] interfaced to PYTHIA for the modeling of underlying event,

hadronization, and showering. In Pythia the underlying event is simulated using a multipartonic inter-

action (MPI) model [269, 270], that is tuned on underlying event or minimal bias data. In the following

the impact of the underlying event on the Higgs plus two-jet VBF selection is studied by comparing sim-

ulated gluon-gluon-fusion and vector-boson-fusion production mechanisms with and without PYTHIA’s

multipartonic interaction.

The following are guidelines for the estimation of UE related uncertainties in ggF and VBF pro-

cesses:

– Turn UE on/off for the nominal default tune

– Cross check on/off effect for alternative tunes

– Cross checks can include the use of tunes performed within a common framework but using dif-

ferent PDFs (eg. NLO v. LO, as is the case with AU2-CT10 and AU2-CTEQ6L1)
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(d) ggF ∆φH−jj for a progression of cuts

Fig. 69: Signal and Background distributions of the multivariate selection: Figure 69(a) shows ∆φH−jj for back-

ground and VBF signal; Figure 69(b) depicts the invariant diphoton mass spectrum for diphoton background

(grey), ggF (red), and VBF (blue) before and after an arbitrary cut on the multivariate classifier. Figure 69(c)

depicts the multivariate classifier constructed from the six input variables for background, ggF, and VBF following

the same color code. Figure 69(d) shows the ∆φH−jj distribution without any cut, and a progression of cuts on the

multivariate classifier, also quoting the uncertainties on the integral obtained using Eq.(85).

8.4.1 Comparative multipartonic interaction study 36

In the following the impact on the Higgs plus two-jet VBF selection with and without PYTHIA’s un-

derlying event model are investigated. In the first study performed, three tunes of the MPI model pa-

rameters for three parton distribution functions (PDF) are studied: CTEQ10 [145], CTEQ6L1 [169],

and MSTW2008 [206], which are NLO, LO, and LO PDFs, respectively. The initial hard scattering

process are ggF + 0 jets and VBF at NLO, simulated by POWHEG with CTEQ10 as the PDF. Jets are

reconstructed from stable particles using the anti-kT algorithm with R = 0.4 and are required to have

pTj>25 GeV for |ηj |<2.5 and pTj>30 GeV for 2.5 < |ηj |<4.5. Additional requirements are applied

to isolate the VBF signal: mjj > 400 GeV, ∆ηjj > 2.8 and ∆φH−jj > 2.6 rad.

Figure 70 shows the distribution of ∆φ between the Higgs and the dijet system for ggF for the

CTEQ10 (AU2-CT10) and CTEQ6L1 (AU2-CTEQ6L1) tunes [271]. Switching off MPI results in overall

less hadronic activity and a reduction in the number of selected events. Figure 71 shows ∆φH−jj for VBF

for the same tunes: the effect here is much smaller, since the dijet system originates most of the time from

36F. U. Bernlochner, D. Gillberg, M. Malberti, P. Meridiani, P. Musella, G. Salam
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Fig. 70: The effect of switching off multi-partonic interaction for gg → H + 0 jets at NLO for ∆φH−jj is shown:

CTEQ10 with the ATLAS AU2-CT10 tune (left) and CTEQ6L1with the ATLAS AU2-CTEQ6L1 tune (right). The

no MPI histogram was scaled to account for the change in the two jet selection efficiency. The hard scatter for both

was simulated using POWHEG using the CTEQ10 NLO PDF.

the hard scatter alone, and little additional hadronic activity in the rapidity gap between the dijet system

is produced in the VBF topology. Table 29 summarizes the relative difference in percent without MPI

for AU2-CT10, AU2-CTEQ6L1, and the MSTW2008 PDF tune AU2-MSTW2008 [271]: the relative

shifts in the yields of the two-jet selection and a typical VBF phase space selection are quoted. The

overall effect of the MPI on selected cross sections is about 10% in ggF and 4% in VBF. In the tails of

distributions it can be sometimes larger.

The comparisons using AU2-CTEQ6L1 and AU2-MSTW2008, although illustrative, might be

considered somewhat inconsistent, since the hard-scatter uses a different PDF from the showering and

MPI. As a cross check, the MPI-induced variations in the selected cross sections have been studied (based

on stable particles) also in the Pythia 6 DW [272], Pythia 6 Perugia 2011 [273] and Pythia 8 4C [274]

tunes. Again, the effects are of the order of 10% for ggF.

In the second study five different PYTHIA6 tunes are used, either based on a MPI model with pT
ordered showers like Z2* (CMS default) [268], Pro-PT0 [275] and P0 [273], or with virtuality ordered

showers, Pro-Q20 [275] and D6T [272]. The main motivation to look at this set of tunes is in the

data/MC comparison that CMS made using 36 pb−1 of 7 TeV data of the forward energy flow and the

central charged multiplicity in hard-scattering W and Z events [276]. It was found that none of the

considered tunes was able to simultaneously describe the central charged multiplicity and the forward

energy flow, and, particularly, their correlations.

This study is based on fully simulated and reconstructed events. The simulation of the CMS

detector is done with GEANT4 and the reconstruction uses the official CMS software. Reconstructed

quantities allow for a better determination of the effect of MPI uncertainty on the final observables,

given that jet resolution and mis-reconstruction are properly taken into account. On the other hand,

because of the small detector efficiency, only a tiny number of selected events (O(500)) for the ggF

samples are available (from an initial sample of about 100k fully simulated events). This implies that

the following numbers are affected by a somewhat large statistical uncertainty. For each tune, the MPI

is switched on and off and the difference in selection efficiency times acceptance for the CMS H → γγ
VBF analyses [267] is estimated. Results are summarized in Table 30. The uncertainty associated to the

MPI is defined as the largest variation in the on/off ratio over the 5 tunes. The uncertainty is split in two

parts: the overall VBF selection efficiency and the migration between the tight and loose categories. The

migration is evaluated as the ratio between the number of events in the tight category and the one in the

tight and loose categories together. The effect is below 10% for both ggF and VBF.
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Fig. 71: The effect of switching off multi-partonic interaction for qq → H + 0 jets at NLO for ∆φH−jj is shown:

CTEQ10 with the ATLAS AU2-CT10 tune (left) and CTEQ6L1with the ATLAS AU2-CTEQ6L1 tune (right).

Table 29: The uncertainties for the underlying event evaluated in % of the nominal yields from switching the

multi-partonic interaction off for the 2-jet selection, and a VBF-type selection (mjj > 400 GeV, ∆ηjj > 2.8,

∆φH−jj > 2.6) are listed.

Tune / ggF 2-jet selection VBF selection

AU2-CT10 9.8% 8.8%

AU2-CTEQ6L1 8.9% 5.3%

AU2-MSTW2008 8.2% 6.0%

Tune / VBF 2-jet selection VBF selection

AU2-CT10 3.0% 3.5%

AU2-CTEQ6L1 2.1% 1.8%

AU2-MSTW2008 2.6% 3.1%

Table 30: The uncertainties for the underlying event evaluated in % of the nominal yields from switching the

multi-partonic interaction off for the CMS VBF-type cut-based selection, as described in [267]. The numbers in

the second column are related to the effect on the tight and loose VBF categories together, while the third column

reports the migration between the two categories.

Tune / ggF tight + loose migration

TuneProQ20 2.4% 0.6%

TuneZ2Star 0.3% 2.1%

TuneProPT0 6.6% 1.2%

TuneP0 0.4% 0.8%

TuneD6T 0.7% 0.4%

Maximum variation 6.6% 2.1%

Tune / VBF tight + loose migration

TuneProQ20 8.7% 2.4%

TuneZ2Star 0.3% 1.5%

TuneProPT0 3.2% 0.3%

TuneP0 2.7% 0.6%

TuneD6T 8.3% 2.2%

Maximum variation 8.7% 2.4%
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9 NLO MC 37

In this section, some recent studies related to the dominant Higgs boson production mode, gluon fusion,

are presented with a focus on the issue of additional jets in this class of processes.

In Sec. 9.1, various fixed order results at next-to leading order in the strong coupling constant for

the production of a Higgs boson in association with two jets are compared to results from Monte Carlo

event generators. They treat jet emission at leading or next-to leading order, but resumming different

types of potentially large logarithms. In this study, some interesting differences when going to the kine-

matically more extreme weak boson fusion region emerge, with clear consequences on the projected

accuracy for the important gluon fusion background to this important production mode.

In Sec. 9.2 a careful analysis of jet multiplicities and the associated errors is presented for the

irreducible background to Higgs boson production in gluon fusion and its subsequent decays into two

leptons and two neutrinos. In this calculation all interferences are taken into account, and the fixed order

parton level includes next-to leading order accuracy for the 0 and 1 jet bins.

Finally, in Sec. 9.3 first steps towards the calculation of next-to leading order QCD corrections to

the production of H + 3 jets in gluon fusion are reported.

9.1 Jet studies in gluon-fusion production

This section reports on an ongoing study concerning the gluon fusion contribution to Higgs boson pro-

duction in association with at least two jets. Both rather inclusive cuts and cuts specific for the weak-

boson fusion (WBF) regime are applied and results compared between various approaches to the descrip-

tion of higher-order corrections. The WBF region covers a notoriously difficult regime of QCD radiation,

where the perturbative stability of the calculations are being put to a new test. It is therefore not surpris-

ing that while the various approach agree well in the inclusive region, some significant differences show

up within the WBF cuts. The study here represents merely a snapshot of the current findings, which def-

initely deserve further studies to better understand similarities and differences between the approaches

and to quantify their intrinsic uncertainties.

The two kinematic regimes are defined as follows:

– Inclusive Selection:

– All jets are defined by the anti-kT algorithm [190] (R = 0.4) and counted if their transverse

momentum is greater than 20 GeV and their absolute rapidity is less than 5.0.

– At least two hard jets above 25 GeV are required.

– WBF Selection:

– Furthermore require |ηj1 − ηj2 | > 2.8, mj1,j2 > 400 GeV.

9.1.1 Monte-Carlo generators

In this section the physics input of the Monte-Carlo generators used is described and their setup, scale

choices, etc. is detailed38 . For this study, which focuses on the multi-jet descriptions, all predictions are

obtained with no restrictions on the the Higgs boson momentum or decay channel.

37F. Krauss, F. Maltoni, P. Nason (eds.); Jeppe R. Andersen, F. Cascioli, H. van Deurzen, N. Greiner, S. Höche, T. Jubb,

G. Luisoni, P. Maierhoefer, P. Mastrolia, E. Mirabella, C. Oleari, G. Ossola, T. Peraro, S. Pozzorini, M. Schönherr, F. Siegert,

J. M. Smillie, J. F. von Soden-Fraunhofen, F. Tramontano
38The beginning stages of this study displayed results also from aMC@NLO [139] using the multijet-merging algorithm at

NLO presented in [142]
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9.1.1.1 HEJ

High Energy Jets (HEJ) gives a description to all orders and all multiplicities of the effects of hard, wide-

angle (high energy-) emissions, by utilizing an approximation to the hard scattering amplitudes [277–

279], which in this limit ensures leading logarithmic accuracy for both real and virtual corrections. These

logarithmic corrections are dominant in the region of large partonic center of mass energy compared to

the typical transverse momentum. The resummation obtained is matched with a merging procedure to

full tree-level accuracy for multiplicities up to and including three jets [280–282].

The predictions of HEJ depend principally on the choice of factorization and renormalization

scale, and on the pdf set (MSTW2008nlo [100]). For this study, we allow different scales for individual

occurrences of the strong coupling. We choose to evaluate two powers of the strong coupling at a scale

given by the Higgs mass, and all remaining scales are identified with the transverse momentum of the

hardest jet. Therefore, for n jets,

αn+2
s (µR) = α2

s (MH) · αns (phardest
⊥ ) . (87)

The merging scale is set to 20 GeV, the minimum transverse momentum of the jets.

9.1.1.2 MCFM

For the purpose of this comparison MCFM [259,283] was used to provide a fixed-order description of the

observables in question. The transverse mass of the Higgs boson m2
T,H = M2

H + p2
T,H has been used as

the factorization and renormalization scale. The CTEQ6.6 parton distribution functions [284] were used

in conjunction with its accompanying value and evolution of the strong coupling constant. The effective

ggH vertex is calculated in the mt →∞ limit.

9.1.1.3 PowhegBox

The POWHEGBOX generators for Higgs (H), Higgs plus one jet (HJ) and Higgs plus two jets (HJJ)

have appeared in Refs. [285] and [73]. For the present work, the HJJ generator has been augmented with

the MiNLO method [286, 287]. As shown in these references, when using the MiNLO method, the HJ

and HJJ generators also maintain some level of validity when used to compute inclusive quantities that

do not require the presence of jets. More specifically, the HJ generator remains valid also for describing

the Higgs inclusive cross section, and the HJJ generator remains valid for describing the Higgs plus one

jet, and the Higgs inclusive cross section. This is achieved without introducing any unphysical matching

scale. The generators become smoothly consistent with the generators of lower multiplicities when the

emitted parton become unresolvable. The level of accuracy that they maintain is discussed in detail in

Ref. [287]. By the arguments given there one can show that the MiNLO procedure can be implemented in

such a way that the HJ generator maintains NLO accuracy when the emitted parton becomes unresolved.

The HJJ generator, at present, maintains only LO accuracy when emitted partons become unresolvable.

In Table 31 we show the inclusive production rates obtained with the different generators according

to the standard cuts described in this report. Furthermore, we show the standard set of distributions

obtained with the HJJ generator interfaced with PYTHIA6 [81], without hadronization.

9.1.1.4 Sherpa

The SHERPA [162] predictions are calculated using the MEPS@NLO method [189, 288]. It combines

multiple NLOPS [78, 79, 128, 177] matched calculations of successive jet multiplicity into an inclusive

sample such that both the fixed order accuracy of every subsample is preserved and the resummation

properties of the parton shower w.r.t. the inclusive sample are restored.

For the purpose of this study the subprocesses pp→ h+ 0, 1 jets are calculated at next-to-leading

order accuracy using a variant of the MC@NLO method [177], while the subprocesses pp → h + 2, 3
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Table 31: Total rates for the H generator (H), the HJ generator with MiNLO (HJ), the HJ generator with MiNLO

improved according to [287] (HJ-N) and the MiNLO improved HJJ generator.

Inclusive 2 jets, pT > 25, |y| < 5 + ηjj < 2.8,mjj > 400GeVH 13.2 1.61 0.177HJ 16.2 2.04 0.202HJ-N 13.3 2.10 0.209HJJ 17.8 2.41 0.239

jets are calculated at leading order accuracy. Further emissions are effected at parton shower accuracy

only. The pp→ H and pp→ H + 1 jet virtual matrix elements are taken from [36,289–291]. While not

included in this study, the subprocess pp → H + 2 jets can also be calculated at next-to-leading order

accuracy by interfacing GOSAM [292] through the Binoth-Les Houches accord [293] interface, see also

the description in the following section, 9.3. The effective ggh vertices are computed in the mt → ∞
limit.

Scales are chosen in the usual way of MEPS merging [294], i.e. they are set to the relative trans-

verse momenta of parton splittings reconstructed through backwards clustering the respective final states

using inverted parton shower kinematics and splitting probabilities. Thus,

αn+k
s (µR) = αks (µ0) ·

n∏

i=1

αs(µi) , (88)

wherein the µi are in the individual splitting scales and µ0 is the scale of the underlying pp → H pro-

duction process, here µ0 = MH, k = 2. This plays an integral part in restoring the overall resummation

properties. The CT10 [295] parton distributions, with the respective value and evolution of the strong

coupling, are used throughout. The merging scale is set to Qcut = 20 GeV.

9.1.2 Comparison

Figures 72–73 exhibit important jet distributions in the inclusive regime. Results of HEJ, MCFM,

POWHEGBOX, and SHERPA agree fairly well for distributions of the individual two hardest jets, like

for instance rapidity distributions (Fig. 72). The notable exception is the fixed-order calculation. How-

ever, this is easily understood by the renormalization scales in the NLO calculation, which tends to pick

higher scales for all strong couplings and therefore leads to a smaller cross section. Interestingly enough,

though, this does not lead to large visible shape differences in the inclusive rapidity distributions of the

two jets, cf. Fig. 72. This picture somewhat changes when considering observables sensitive to the kine-

matics of both leading jets, like their invariant mass or rapidity distance (Fig. 73). Again, the fixed-order

result is below the two DGLAP-type resummations provided by the parton showers and Sudakov form

factors in the POWHEGBOX and SHERPA, with only minor, but now more visible differences in shape.

Again, this can be attributed to different choices for the renormalization and factorization scales. On the

other hand, for the invariant mass and rapidity difference distributions of the two leading jets now the

shape of the results from HEJ start to strongly deviate. This may be understood from the Regge-type

suppression factors systematically resummed in HEJ, but which are not present in the other approaches,

but it definitely deserves further and more detailed studies. These effects disfavor large empty rapidity

gaps, see Fig. 73.

Fig. 73 also illustrates how the HEJ cross section in the WBF regime will deviate from the other

Monte Carlos, since the region of large rapidity separation between the two hardest jets is suppressed.

This is further quantified in Table 32. The relative effect of imposing the WBF cuts is largest for the

predictions from HEJ.

116



L
H
C

H
IG

G
S
X
S
W

G
2
0
1
3

Dijet selection

Mcfm

Hej

PowhegBox

Sherpa

-4 -2 0 2 4
0

0.1

0.2

0.3

0.4

0.5

0.6
Rapidity of leading jet

y(j1)

d
σ
/
d
y
[p
b
]

L
H
C

H
IG

G
S
X
S
W

G
2
0
1
3

Dijet selection

Mcfm

Hej

PowhegBox

Sherpa

-4 -2 0 2 4
0

0.1

0.2

0.3

0.4

0.5

0.6
Rapidity of subleading jet

y(j2)

d
σ
/
d
y
[p
b
]

Fig. 72: Rapidity of the leading (left) and subleading (right) jets in the dijet selection.
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Fig. 73: Invariant mass (left) and rapidity separation (right) of the leading jets in the dijet selection.

An interesting difference, apart from the overall normalization, can be seen in the shape of the

rapidity distribution of the leading jet after WBF cuts: HEJ has a much less developed dip at central

rapidities; the leading jet is typically more central in rapidity than in the other approaches, cf. Figure 74.

Such aspects of the QCD radiation pattern for large rapidity separations are currently investigated also

experimentally, and a better understanding could be used to further discriminate QCD and WBF produc-

tion.

A similar trend is observed in the transverse momentum distributions of the two leading jets exhib-

ited in Fig. 75, where HEJ exhibits differences in normalization and shape, with slightly harder spectrum

for the two hardest jets. Conversely, the rapidity of the third hardest jet displayed in the left panel of

Fig. 76, tends to be a bit wider at tree-level (from MCFM) and in HEJ than in the parton-shower based

approaches. This, however, is an observable which for all approaches is given at leading order only,

potentially supported by some resummation. It is thus not a surprise that here the largest differences

between different approaches show up.

The right panel of Fig. 76 shows the difference in the azimuthal angle of the two leading jets.
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Table 32: Cross sections predicted by the individual generators for the dijet and WBF selections and the predicted

relative reduction in cross section by applying WBF selection.

Dijet selection WBF selection Effect of WBF cut

MCFM 1.73 pb 0.192 pb 0.111

HEJ 2.20 pb 0.127 pb 0.058

POWHEGBOX 2.41 pb 0.237 pb 0.098

SHERPA 2.38 pb 0.225 pb 0.094
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Fig. 74: Rapidity of the leading (left) and subleading (right) jets in the WBF selection.

SHERPA exhibits a visible shape difference for small angles, while the other approaches are more similar.

HEJ shows a slightly reduced correlation of the two hardest jets, possibly caused by a larger jet radiation

activity than in the shower-based approaches [296].

9.1.3 Outlook

The results presented here tend to open more questions than to provide answers, with differences be-

tween approaches being somewhat larger than expected. Further studies are clearly important, since the

gluon fusion background to WBF production of a Higgs boson will mostly be estimated from Monte

Carlo techniques and a Monte Carlo driven extrapolation from control to signal regions. In this respect

the apparent similarity of approaches for the inclusive selection and the visible and sometimes even large

differences in the WBF region necessitates a much better understanding of the QCD radiation pattern in

the extreme phase space region of the WBF selection. In addition to an understanding on the level of cen-

tral values, it will also be of utmost importance to gain a well-defined handle on the theory uncertainties

related to the extrapolation. This will be the subject of ongoing and further studies.

9.2 Irreducible background to H → WW∗ in exclusive 0- and 1-jets bins with MEPS@NLO

Final states involving four leptons played an important role in the discovery of the Higgs-like boson in

2012 and will continue to be crucial in the understanding of its coupling structure. By far and large, there

are two classes of final states of interest, namely those consistent with decays H → ZZ∗ yielding four

charged leptons and those related to H → WW∗ resulting in two charged leptons and two neutrinos.

They have quite different backgrounds, and for the latter, the dominant and large top-pair production and
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Fig. 75: Transverse momenta of the leading (left) and subleading (right) jets in the WBF selection.
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Fig. 76: Rapidity of the third jet (left) and azimuthal separation of the two leading jets (right) in the WBF selection.

decay background necessitates the introduction of jet vetoes to render the signal visible. In addition, in

order to study the weak-boson fusion production channel of the Higgs boson, it is important to understand

jet production in association with the Higgs boson in the gluon-fusion channel as well, a topic discussed

in Section 9.1 of this report. In this section, rather than focusing on the signal, the irreducible background

to H→WW∗ in the exclusive 0-jets and 1-jet bins will be discussed.

9.2.1 Monte Carlo samples

As the tool of choice the SHERPA event generator [162] is employed, using the recently developed mul-

tijet merging at next-to-leading order accuracy [189, 288]. Predictions obtained with this MEPS@NLO

technology will be contrasted with inclusive MC@NLO and parton-level NLO results for the production

of four leptons plus 0 or 1 jets, all taken from the corresponding implementations within SHERPA. While

the latter guarantee NLO accuracy in the 0- and 1-jets bins, but do not resum the potentially large Sudakov

logarithms arising in the presence of jet vetos, inclusive MC@NLO simulations provide a better descrip-

tion of such Sudakov logarithms in the 0-jet bin, but are only LO or leading-log accurate in bins with 1 or
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more jets. This is overcome by the new MEPS@NLO algorithm, which effectively combines MC@NLO-

type simulations [128] in the fully color-correct algorithm of [177, 297] for increasing jet multiplicities,

preserving both the NLO accuracy of the contributions in the individual jet bins and the logarithmic accu-

racy of the parton shower. Result for four-lepton final states obtained with this formalism are presented

for the first time here.

Virtual corrections are computed with OPENLOOPS [164], an automated generator of NLO QCD

amplitudes for SM processes, which uses the COLLIER library for the numerically stable evaluation of

tensor integrals [171, 172] and scalar integrals [173]. Thanks to a fully flexible interface of SHERPA

with OPENLOOPS, the entire generation chain – from process definition to collider observables – is fully

automated and can be steered through SHERPA run cards.

The results presented below refer to pp → µ+νµe
−ν̄e +X at a centre-of-mass energy of 8 TeV

and are based on a SHERPA 2.0 pre-release version39. The multijet merging is performed with a merging

parameter of Qcut = 20 GeV, and also LO matrix elements for pp → µ+νµe
−ν̄e + 2 jets are included

in the merged sample. Gluon-gluon induced contributions resulting from squared loop amplitudes are

discarded. All matrix elements are evaluated in the complex mass scheme and include all interference

and off-shell effects. Masses and widths of the gauge bosons have been adjusted to yield the correct

branching ratios into leptons at NLO accuracy and are given by

MW = 80.399GeV , ΓW = 2.0997GeV ,

MZ = 91.1876GeV , ΓZ = 2.5097GeV ,
(89)

while the electroweak mixing angle is a complex number given by the ratio of the complex W and Z
masses, and

GF = 1.16637 · 10−5 GeV−2 and 1/αQED = 132.348905 , (90)

in the GF -scheme. The five-flavor CT10 NLO [145] parton distributions with the respective running

strong coupling αs has been employed throughout. Contributions with external b-quarks are not included

to trivially avoid any overlap with tt production. As a default renormalization (µR), factorization (µF)

and resummation (µQ) scale we adopt the total invariant mass of the ℓℓ′νν ′ final state, µ0 = mℓℓ′νν′ . In

the NLO parton-level predictions all αs factors are evaluated at the same scale µR = µF = µ0, while

µQ is irrelevant. In MEPS@NLO predictions the scale µ0 is used only in tree and loop contributions to

the pp → µ+νµe
−ν̄e core process, after clustering of hard jet emission. For αs factors associated with

additional jet emissions a CKKW scale choice is applied. In fact, in contrast to the original proposal

for such a choice for NLO merging presented in Ref. [189], the nodal kT-scales for NLO parts of the

simulation are implemented through

αs(kT) = αs(µ0)

[
1− αs(µ0)

2π
β0 log

k2
T

µ2
0

]
, (91)

because preliminary studies suggest that this choice indeed further minimizes the effect of Qcut varia-

tions.

There are various theoretical uncertainties entering the simulation of hadronic observables:

– renormalization and factorization scale uncertainties are assessed by an independent variation of

µR and µF by factors of two excluding in both directions only the two opposite combinations.

Note that the renormalization scale is varied in all αs terms that arise in matrix elements or from

the shower;

– resummation scale uncertainties are evaluated by varying the starting scale of the parton shower

µQ by a factor of
√

2 in both directions;

39This pre-release version corresponds to SVN revision 21340 (25 Mar 2013) and the main difference with respect to the

final SHERPA 2.0 release version is the tuning of parton shower, hadronization and multiple parton interactions to experimental

data.

120



– PDF – and, related to them – αs(MZ) uncertainties, which are both ignored here;

– non-perturbative uncertainties, which broadly fall into two categories: those related to the hadroniza-

tion, which could be treated by retuning the hadronization to LEP data and allowing/enforcing a

deviation of for example 5% or one charged particle in the mean charged particle multiplicity at

the Z-pole, and those related to the underlying event, which could be evaluated by allowing the

respective tunes to typical data to yield a 10% variation in the plateau region of the mean transverse

momentum flow in the transverse regions of jet events. Both have been ignored here and will be

presented in a forthcoming study.

Quantifying the resummation scale uncertainty is crucial for a realistic study of theory uncertain-

ties in jet distributions and other observables sensitive to details of the QCD radiation pattern. As such,

they certainly impact also on the cross sections in different jet bins. They can be assessed through µQ
variations in the MEPS@NLO approach, which provide some sensitivity to subleading – but potentially

large – Sudakov logarithms resulting from jet vetoes. In contrast, the usual µR and µF variations alone

are not sensitive to Sudakov logarithms or the scales entering them and are thus not sufficient for a reli-

able assessment of theory errors in jet bins. The consistent implementation of all these effects in ongoing,

but preliminary studies suggest that the µQ variation is fairly suppressed compared to the standard µR

and µF variation.

9.2.2 Experimental setups and cuts

The results presented here correspond to the cuts of the two relevant analyses by the ATLAS [103]

and CMS [298] collaborations for H → WW∗ → µ+νµe
−ν̄e in the exclusive 0- and 1-jet bins. The

various cuts are listed in Table 3340. Lepton isolation is implemented at the particle level to be close to

the experimental definitions of both ATLAS and CMS. The scalar sum of the transverse momenta of all

visible particles within a R = 0.3 cone around the lepton candidate is not allowed to exceed 15% of the

lepton pT. After a preselection (S1), additional cuts are applied that define a signal (S2s) and a control

(S2c) region. The latter is exploited to normalize background simulations to data in the experimental

analyses in each jet bin. In the ATLAS analysis, different cuts are applied in the 0- and 1-jet bins.

9.2.3 Results

Predictions and theoretical errors41 for exclusive jet cross sections in the signal and control regions, as

well as their ratios, are displayed in Tables 34 and 35 for the ATLAS and CMS analyses, respectively.

Comparing NLO, MC@NLO and MEPS@NLO results at the same central scale we observe that deviations

between NLO and MEPS@NLO predictions amount to only 0.5% and 1−3% in the 0-jets and 1-jet bins,

respectively. The differences between MC@NLO and MEPS@NLO results are larger and reach The siz-

able deficit of the MC@NLO simulation in the 1-jet bin is not surprising given the limited (LO) accuracy

of this approximation for exclusive 1-jet final states.

Differences between the NLO, MC@NLO and MEPS@NLO approximations are fairly similar in

the various analyses and kinematic regions, and the agreement between the various approximations is at

40Definition of some kinematical quantities in Table 33:
†: The quantity E/

(proj)
T is given by

E/
(proj)
T = E/T · sin (min{∆φnear, π/2}) ,

where ∆φnear denotes the angle between the missing transverse momentum E/T and the nearest lepton in the transverse plane.
‡: ATLAS and CMS have different definitions for mT, namely

m2
T =

8

<

:

“q

p2
⊥,ℓℓ′

+ m2
ℓℓ′

+ E/T

”2

−
˛

˛

˛
p⊥,ℓℓ′ + E/T

˛

˛

˛

2

for ATLAS

2|p⊥,ℓℓ′ | |E/T| (1 − cos∆φℓℓ′, E/T
) for CMS.

41Scale variations in MC@NLO predictions are not considered.
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Table 33: Jet definitions and selection cuts in the ATLAS [103] and CMS [298] analyses of H → WW∗ →
µ+νµe−ν̄e at 8 TeV. Partons are recombined into jets using the anti-kT algorithm [190]. The cuts refer to various

levels and regions, namely event preselection (S1 cuts), the signal region (S1 and S2s cuts) and the control region

(S1 and S2c cuts). All cuts have been implemented in form of a RIVET [178] analysis.

anti-kT jets ATLAS CMS

R = 0.4 0.5

p⊥,j(|ηj |) > 25 GeV (|ηj | < 2.4) 30 GeV (|ηj | < 4.7)

30 GeV (2.4 < |ηj| < 4.5)

S1 ATLAS CMS

p⊥,{ℓ1, ℓ2} > 25, 15 GeV 20, 10 GeV

|η{e, µ}| < 2.47, 2.5 2.5, 2.4

|ηe| /∈ [1.37, 1.57]
p⊥,ℓℓ′ > see S2s, S2c 30 GeV

mℓℓ′ > 10 GeV 12 GeV

E/
(proj)
T > 25 GeV 20 GeV †

S2s ATLAS CMS

∆φℓℓ′, E/T > π/2 (0 jets only)

p⊥,ℓℓ′ > 30 GeV (0 jets only)

∆φℓℓ′ < 1.8 rad

mℓℓ′ < 50 GeV 200 GeV

mT ∈ [60 GeV, 280 GeV] ‡

S2c ATLAS CMS

∆φℓℓ′, E/T > π/2 (0 jets only)

p⊥,ℓℓ′ > 30 GeV (0 jets only)

mℓℓ′ ∈ [50, 100] GeV (0 jets only) > 100 GeV

> 80 GeV (1 jet only)

the 0.5−3% level in the σS2s/σS2c ratios. The interpretation of this result as theoretical uncertainty in

the extrapolation from control to signal regions requires a careful analysis of shape uncertainties, where

also the (un)correlation of scale choices in the various predictions should be considered. These subtle

issues are beyond the scope of the present study. We thus refrain from assigning theoretical uncertainties

to the individual signal-to-control ratios. In contrast, scale variations of the absolute MEPS@NLO cross

sections in the various regions and jet bins can be regarded as a realistic estimate of perturbative theory

errors. Adding (µR, µF) and µQ variations in quadrature42 we find a combined MEPS@NLO uncertainty

of 3−4% in both jet bins. The dominant contribution arises from renormalization and factorization scale

variations, which turn out to be fairly consistent but slightly different from the scale variations of the

parton-level NLO calculation. The observed (minor) differences can be attributed to the variation of

extra αs terms originating from the shower, the CKKW scale choice in the MEPS@NLO method, and

the merging of different jet multiplicities, which opens gluon-initiated channels also in the 0-jets bin.

Moreover, MEPS@NLO uncertainties might be slightly overestimated due to statistical fluctuations at 1%

level.

Resummation scale variations of MEPS@NLO cross sections turn out to be rather small. This

42Variations of (µR, µF) and µQ can be regarded as uncorrelated and thus added in quadrature. Another natural way of

combining these two sources of uncertainty is to consider simultaneous variations of (µR, µF, µQ), excluding rescalings in

opposite directions as usual. The variations resulting from this alternative approach are likely to be even smaller than those

obtained by adding QCD and resummation scale uncertainties in quadrature.
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Table 34: Exclusive 0-jet and 1-jet bin cross sections in the signal (S2s) and control (S2c) regions for the ATLAS

analysis at 8 TeV. The production of µ+νµe−ν̄e + 0, 1 jets is described with NLO, MC@NLO (inclusive), and

MEPS@NLO accuracy as described in the text. Results at NLO for the N -jet bin correspond to µ+νµe−ν̄e + N

jets production. Variations of the (µR, µF) and µQ scales are labeled as ∆QCD and ∆res, respectively. Statistical

errors are given in parenthesis.

0-jets bin NLO ±∆QCD MC@NLO MEPS@NLO ±∆QCD ±∆res

σS2s [fb] 35.08(9) +2.0%
−1.9% 33.33(8) 35.21(15) +1.8%

−3.3%
+1.7%
−0.6%

σS2c [fb] 57.05(9) +2.1%
−2.0% 53.76(9) 56.76(17) +2.3%

−3.6%
+1.9%
−0.3%

σS2s/σS2c 0.615 0.620 0.620

1-jet bin NLO ±∆QCD MC@NLO MEPS@NLO ±∆QCD ±∆res

σS2s [fb] 9.43(3) +1.8%
−4.7% 7.43(4) 9.23(9) +3.5%

−1.9%
+0.9%
−0%

σS2c [fb] 29.14(6) +1.6%
−4.7%

22.59(7) 28.80(21) +3.1%
−2.5%

+1.4%
−1.7%

σS2s/σS2c 0.324 0.329 0.320

Table 35: Exclusive 0-jet and 1-jet bin cross sections in the signal (S2s) and control (S2c) regions for the CMS

analysis at 8 TeV, with the same structure and conventions as in Table 34.

0-jets bin NLO ±∆QCD MC@NLO MEPS@NLO ±∆QCD ±∆res

σS2s [fb] 159.34(18) +1.8%
−1.7% 150.6(2) 160.3(3) +2.6%

−3.8%
+1.4%
−0.5%

σS2c [fb] 60.08(15) +1.5%
−1.4% 56.60(11) 60.31(22) +3.6%

−3.5%
+0.7%
−0.2%

σS2s/σS2c 2.65 2.66 2.66

1-jet bin NLO ±∆QCD MC@NLO MEPS@NLO ±∆QCD ±∆res

σS2s [fb] 45.01(7) +1.3%
−2.6% 34.75(9) 44.88(23) +3.0%

−2.7%
+0.1%
−0.3%

σS2c [fb] 22.09(5) +1.2%
−3.2%

17.41(7) 22.30(18) +3.0%
−2.7%

+0.5%
−0.4%

σS2s/σS2c 2.04 2.00 2.01

suggests that higher-order subleading Sudakov logarithms, which are beyond the accuracy of the shower,

are quite suppressed. The rather good agreement between NLO and MEPS@NLO predictions indicates

that also leading-logarithmic resummation effects have a quantitatively small impact on the considered

observables.

In Figures 77–79 distributions for the transverse massmT and the dilepton massmℓℓ′ are displayed

for the ATLAS analysis at 8 TeV. Similar plots for the CMS analysis are shown in Figures 80–82. These

observables provide high sensitivity to the Higgs signal. They are depicted separately in the exclusive 0-

and 1-jet bins in the signal (S1 and S2s cuts) and control (S1 and S2c cuts) regions. In the lower frames,

the various predictions are normalized to MEPS@NLO results at the central scale. Scale variations are

given only for the MEPS@NLO case. Specifically, the individual (µR, µF) and µQ variations and their

combination in quadrature are displayed as three separate color-additive bands.

Comparing NLO, MC@NLO and MEPS@NLO distributions, agreement on the few-percent level in

the 0-jet is found, while in the 1-jet bin discrepancies between MC@NLO and MEPS@NLO on the 20%

level appear. This is consistent with the results in Table 34 and Table 35. In the case of both mT and

mℓℓ′ distributions, also some shape distortions emerge. However, as could be anticipated they are fairly

moderate in the 0-jet bins and reach up to about 20% in the hard region of the 1-jet bins. In the tails

of some distributions scale-variation bands are distorted by statistical fluctuations. These features are
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Fig. 77: Control region of the ATLAS analysis at 8 TeV: transverse-mass distribution in the 0-jets (left) and 1-jet

(right) bins. MEPS@NLO (black solid), inclusive MC@NLO (red dashed), and NLO (blue dashed) predictions at the

central scale µR = µF = µQ = mℓℓ′νν′ . In the lower panel, showing the deviations and uncertainties, results are

normalized to the central MEPS@NLO predictions. The factor-2 variations of µR and µF (red band), and factor-
√

2

variations of µQ (blue band), are combined in quadrature (yellow band). Scale variation bands are color additive,

i.e., yellow+blue=green, yellow+red=orange, and yellow+red+blue=brown.
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Fig. 78: Signal region of the ATLAS analysis at 8 TeV: transverse-mass distribution in the 0-jets (left) and 1-jet

(right) bins. Same approximations and conventions as in Figure 77.

qualitatively similar in the ATLAS and CMS setups.

9.2.4 Conclusion and outlook

The findings of this contribution can be summarized as follows:

– Analyzing the leptonic observables mT and mℓℓ′ only moderate shape distortions emerge between

MC@NLO and MEPS@NLO predictions, which reach up to about 20% only in the hard tails of the

leptonic system.
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Fig. 79: Signal region of the ATLAS analysis at 8 TeV: dilepton invariant-mass distribution in the 0-jets (left) and

1-jet (right) bins. Same approximations and conventions as in Figure 77.
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Fig. 80: Control region of the CMS analysis at 8 TeV: transverse-mass distribution in the 0-jets (left) and 1-jet

(right) bins. Same approximations and conventions as in Figure 77.

– The picture changes when discussing the cross sections in the different jet bins, where sizable

differences of up to about 20% emerge between MC@NLO and MEPS@NLO predictions. They

are well understood and reflect the fact that the 1-jet contribution in MEPS@NLO is evaluated

at logarithmically improved NLO accuracy, while in MC@NLO the fixed order accuracy is LO

only. It can be expected that this trend will also continue, and probably become more pronounced,

when studying the 2-jet bin, relevant for the weak boson fusion channel. This is left for further

investigations.

– Comparing MEPS@NLO and NLO predictions one finds only small deviations at 0.5% and 3% level

in the 0- and 1-jet bin cross sections, respectively.

– The combined theoretical uncertainties, as estimated through renormalization-, factorization- and

resummation-scale variations in the MEPS@NLO approach, amount to 3−4%, both in the 0- and

1-jets bins. Resummation scale variations turn out to be rather small, suggesting that subleading
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Fig. 81: Signal region of the CMS analysis at 8 TeV: transverse-mass distribution in the 0-jets (left) and 1-jet

(right) bins. Same approximations and conventions as in Figure 77.
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Fig. 82: Signal region of the CMS analysis at 8 TeV: dilepton invariant-mass distribution in the 0-jets (left) and

1-jet (right) bins. Same approximations and conventions as in Figure 77.

logarithms beyond the shower accuracy are not important. The few-percent level agreement be-

tween NLO and MEPS@NLO cross sections in both jet bins indicates that also leading-log effects

beyond NLO are rather small.

– Although the effect of hadronization and the underlying event have not been investigated here, it

is clear that the former will not lead to uncertainties that are comparable in size to the ones already

present. This is not quite so clear for the underlying event, which will influence the observable

cross sections in two ways. First of all, a varying hadronic activity will lead to varying acceptance

of isolated leptons. At the same time, variations in the underlying event activity or hardness may

also lead to differences in the jet multiplicity distribution. The quantification of such effects will

be left to further studies.
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9.3 NLO QCD corrections to the production of Higgs boson plus two and three jets in gluon
fusion

In this section, we illustrate the recent computation of the NLO contributions to Higgs plus two jets

production at the LHC in the large top-mass limit [292], and for the first time also provide results for the

one-loop virtual contribution to Higgs plus three jets production.

The results are obtained by using a fully automated framework for fixed order NLO QCD cal-

culations based on the interplay of the packages GOSAM [299] and SHERPA [162]. For the com-

putation of the virtual corrections we use a code generated by the program package GOSAM, which

combines automated diagram generation and algebraic manipulation with integrand-level reduction tech-

niques [133, 300, 301]. More specifically, the virtual corrections are evaluated using the d-dimensional

integrand-level decomposition implemented in the SAMURAI library [302], which allows for the com-

bined determination of both cut-constructible and rational terms at once. Moreover, the presence of

effective couplings in the Lagrangian requires an extended version [303] of the integrand-level reduc-

tion, of which the present calculation is a first application. For the calculation of tree-level contributions

we use SHERPA [162], which computes the LO and the real radiation matrix elements [165], regularizes

the IR and collinear singularities using the Catani-Seymour dipole formalism [166], and carries out the

phase space integrations as well. The code that evaluates the virtual corrections, generated by GOSAM, is

linked to SHERPA via the Binoth-Les-Houches Accord (BLHA) [293] interface, which allows for a direct

communication between the two codes at running time.

9.3.1 Results for pp → Hjj with GOSAM-SHERPA

For Hjj production, GOSAM identifies and generates the following minimal set of processes gg →
Hgg, gg → Hqq, qq → Hqq, qq → Hq′q ′. The other processes are obtained by performing the

appropriate symmetry transformation. The ultraviolet (UV), the infrared, and the collinear singularities

are regularized using dimensional reduction (DRED). UV divergences have been renormalized in the MS

scheme. Our results are in agreement with [304] and MCFM (v6.4) [259].

As an illustration of possible analyses that can be performed with the GOSAM-SHERPA auto-

mated setup, in Fig. 83 we present the distribution of the transverse momentum pT of the Higgs bo-

son and its pseudorapidity η, for proton-proton collisions at the LHC at
√
s = 8 TeV. Both of them

show a K -factor between the LO and the NLO distribution of about 1.5 − 1.6 and a decrease of

the scale uncertainty of about 50%. These results are obtained using the parameters MH = 125Gev,

Fig. 83: Transverse momentum pT and pseudorapidity η of the Higgs boson.
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GF = 1.16639 ·10−5Gev−2, αLO
s (MZ) = 0.129783, and αNLO

s (MZ) = 0.117981 . We use the CTEQ6L1

and CTEQ6mE [169] parton distribution functions (PDF) for the LO and NLO, respectively. The jets

are clustered by using the anti-kT algorithm provided by the FastJet package with the following

setup: pt,j ≥ 20Gev, |ηj | ≤ 4.0, R = 0.5. The Higgs boson is treated as a stable on-shell particle,

without including any decay mode. To fix the factorization and the renormalization scale we define

Ĥt =
√
M2

H + p2
t,H +

∑
j pt,j , where pt,H and pt,j are the transverse momenta of the Higgs boson and

the jets. The nominal value for the two scales is defined as µ = µR = µF = Ĥt, whereas theoretical

uncertainties are assessed by varying simultaneously the factorization and renormalization scales in the

range 1
2Ĥt < µ < 2Ĥt. The error is estimated by taking the envelope of the resulting distributions at the

different scales.

Within our framework, we find the following total cross sections for the process pp → Hjj in

gluon fusion:

σLO = 1.90+0.58
−0.41 pb, σNLO = 2.90+0.05

−0.20 pb.

9.3.2 Virtual corrections to pp → Hjjj

All independent processes contributing to Hjjj can be obtained by adding one extra gluon to the final

state of the processes listed in the case of Hjj. Accordingly, we generate the codes for the virtual cor-

rections to the processes gg → Hggg, gg → Hqqg, qq → Hqqg, qq → Hq′q ′g. Some representative

one-loop diagrams are depicted in Fig. 84.

Fig. 84: Sample hexagon diagrams which enter in the six-parton one-loop amplitudes for qq → Hqqg and

gg → Hggg. The dot represents the effective ggH vertex.

To display our results for the virtual matrix elements of the various subprocesses, we choose an

arbitrary phase space point, with the momenta of the initial partons along the z-axis. Then, we create

new momentum configurations by rotating the final state through an angle θ about the y-axis. For each

subprocess, we plot in Figure 85 the behavior of the finite part a0 of the amplitudes defined as

2Re {Mtree-level∗Mone-loop}
(4παs) |Mtree-level|2

≡ a−2

ǫ2
+
a−1

ǫ
+ a0 ,

when the final external momenta are rotated from θ = 0 to θ = 2π. We verified that the values of

the double and the single poles conform to the universal singular behavior of dimensionally regulated

one-loop amplitudes.
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Fig. 85: Finite-term of the virtual matrix elements for gg → Hqqg (red), qq → Hqqg (green), qq → Hq′q ′g

(red), gg → Hggg (purple).
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10 Higgs properties: couplings43 44

10.1 Introduction

The recent observation of a new massive neutral boson by ATLAS and CMS [1, 2], as well as evidence

from the Tevatron experiments [305], opens a new era where characterization of this new object is of

central importance.

The SM, as any renormalizable theory, makes very accurate predictions for the coupling of the

Higgs boson to all other known particles. These couplings directly influence the rates and kinematic

properties of production and decay of the Higgs boson. Therefore, measurement of the production and

decay rates of the observed state as well as its angular correlations yields information that can be used to

probe whether data are compatible with the SM predictions for the Higgs boson.

While coarse features of the observed state can be inferred from the information that the experi-

ments have made public, only a consistent and combined treatment of the data can yield the most accurate

picture of the coupling structure. Such a treatment must take into account all the systematic and statistical

uncertainties considered in the analyses, as well as the correlations among them.

At the LHC a SM-like Higgs boson is searched for mainly in four exclusive production processes:

the predominant gluon fusion gg → H, the vector boson fusion qq′ → qq′H, the associated production

with a vector boson qq →WH/ZH and the associated production with a top-quark pair qq/gg → ttH.

The main search channels are determined by five decay modes of the Higgs boson, the γγ, ZZ(∗), WW(∗),
bb and τ+τ− channels.

In 2011, the LHC delivered an integrated luminosity of slightly less than 6 fb−1 of proton–proton

(pp) collisions at a centre-of-mass energy of 7 TeV to the ATLAS and CMS experiments. In 2012,

the LHC delivered approximately 23 fb−1 of pp collisions at a centre-of-mass energy of 8 TeV to

both experiments. For this dataset, the instantaneous luminosity reached record levels of approximately

7 · 1033 cm−2 s−1, almost double the peak luminosity of 2011 with the same 50 ns bunch spacing.

The ATLAS and CMS experiments have reported compatible measurements of the mass of the

observed narrow resonance yielding:

125.5 ±0.2(stat.) +0.5
−0.6(syst.) GeV (ATLAS [9]),

125.7 ±0.3(stat.) ±0.3(syst.) GeV (CMS [10]).

In Sections 10.2 and 10.3 we present and extend the interim framework and benchmarks [306]

for the measurements of Higgs couplings. With increasing precision of the measurements, this frame-

work eventually has to be replaced by one that allows for a fully consistent inclusion of higher-order

corrections. Such a framework is provided by an effective Lagrangian formalism. To start with, we

define in Section 10.4 effective Lagrangians for Higgs interactions to be used in future calculations and

experimental determinations of Higgs couplings. Methods for the measurement of the spin and the CP

properties of the Higgs boson are described in Section 11.

10.2 Interim framework for the analysis of Higgs couplings

This subsection outlines an interim framework to explore the coupling structure of the recently observed

state. The framework proposed in this recommendation should be seen as a continuation of the ear-

lier studies of the LHC sensitivity to the Higgs couplings initiated in Refs. [307–310], and has been

influenced by the works of Refs. [109, 311–317]. It follows closely the methodology proposed in the

43A. David, A. Denner, M. Dührssen, M. Grazzini, C. Grojean, K. Prokofiev, G. Weiglein, M. Zanetti (eds.); S. Dittmaier,

G. Passarino, M. Spira.
44G. Cacciapaglia, C. Contino, A. Deandrea, B. Dobrescu, G. Drieu La Rochelle, J.R. Espinosa, A. Falkowski, E. Feng,

J.B. Flament, M. Ghezzi, S. Heinemeyer, M. Mühlleitner, G. Petrucciani, R. Rattazzi, M. Schumacher, R. Sundrum, M. Trott,

A. Vicini, D. Zeppenfeld are thanked for useful discussions and active participations in the working group activities.
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recent phenomenological works of Refs. [318–320] which have been further extended in several direc-

tions [321–408] along the lines that are formalized in the present recommendation. While the interim

framework is not final, it has an accuracy that matches the statistical power of the datasets that the LHC

experiments have collected until the end of the 2012 LHC run and is an explicit attempt to provide a

common ground for the dialogue in the, and between the, experimental and theoretical communities.

Based on that framework, a series of benchmark parameterizations are presented in Section 10.3.

Each benchmark parameterization allows to explore specific aspects of the coupling structure of the

new state. The parameterizations have varying degrees of complexity, with the aim to cover the most

interesting possibilities that can be realistically tested with the LHC 7 and 8 TeV datasets. On the one

hand, the framework and benchmarks were designed to provide a recommendation to experiments on

how to perform coupling fits that are useful for the theory community. On the other hand the theory

community can prepare for results based on the framework discussed in this document.

10.2.1 Idea and underlying assumptions

The idea behind this framework is that all deviations from the SM are computed assuming that there is

only one underlying state at ∼ 125 GeV. It is assumed that this state is a Higgs boson, i.e. the excitation

of a field whose vacuum expectation value (VEV) breaks electroweak symmetry, and that it is SM-like,

in the sense that the experimental results so far are compatible with the interpretation of the state in

terms of the SM Higgs boson. No specific assumptions are made on any additional states of new physics

(and their decoupling properties) that could influence the phenomenology of the 125 GeV state, such

as additional Higgs bosons (which could be heavier but also lighter than 125 GeV), additional scalars

that do not develop a VEV, and new fermions and/or gauge bosons that could interact with the state at

125 GeV, giving rise, for instance, to an invisible decay mode.

The purpose of this framework is to either confirm that the light, narrow, resonance indeed matches

the properties of the SM Higgs, or to establish a deviation from the SM behavior, which would rule out

the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of

EWSB would obviously be to test the compatibility of the observed patterns with alternative frameworks

of EWSB.

In investigating the experimental information that can be obtained on the coupling properties of

the new state near 125 GeV from the LHC data collected so far the following assumptions are made45:

– The signals observed in the different search channels originate from a single narrow resonance

with a mass near 125 GeV. The case of several, possibly overlapping, resonances in this mass

region is not considered.

– The width of the assumed Higgs boson near 125 GeV is neglected, i.e. the zero-width approxima-

tion for this state is used. Hence the signal cross section can be decomposed in the following way

for all channels:

(σ · BR) (ii → H→ ff ) =
σii · Γff

ΓH
(92)

where σii is the production cross section through the initial state ii , Γff the partial decay width

into the final state ff and ΓH the total width of the Higgs boson.

Within the context of these assumptions, in the following a simplified framework for investigating

the experimental information that can be obtained on the coupling properties of the new state is outlined.

In general, the couplings of the assumed Higgs state near 125 GeV are “pseudo-observables”, i.e. they

cannot be directly measured. This means that a certain “unfolding procedure” is necessary to extract

information on the couplings from the measured quantities like cross sections times branching ratios

(for specific experimental cuts and acceptances). This gives rise to a certain model dependence of the

45The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.
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extracted information. Different options can be pursued in this context. One possibility is to confront a

specific model with the experimental data. This has the advantage that all available higher-order correc-

tions within this model can consistently be included and also other experimental constraints (for instance

from direct searches or from electroweak precision data) can be taken into account. However, the results

obtained in this case are restricted to the interpretation within that particular model. Another possibility

is to use a general parameterization of the couplings of the new state without referring to any particular

model. While this approach is clearly less model-dependent, the relation between the extracted coupling

parameters and the couplings of actual models, for instance the SM or its minimal supersymmetric exten-

sion (MSSM), is in general non-trivial, so that the theoretical interpretation of the extracted information

can be difficult. It should be mentioned that the results for the signal strengths of individual search chan-

nels that have been made public by ATLAS and CMS, while referring just to a particular search channel

rather than to the full information available from the Higgs searches, are nevertheless very valuable for

testing the predictions of possible models of physics beyond the SM.

In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs

boson to fermions, bosons and to itself are specified within the model. It is therefore in general not

possible to perform a fit to experimental data within the context of the SM where Higgs couplings are

treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,

it is not possible to extract information about deviations of the measured couplings with respect to their

SM values.

A theoretically well-defined framework, as outlined in Section 10.4, for probing small deviations

from the SM predictions — or the predictions of another reference model — is to use the state-of-the-art

predictions in this model (including all available higher-order corrections) and to supplement them with

the contributions of additional terms in the Lagrangian, which are usually called “anomalous couplings”.

In such an approach and in general, not only the coupling strength, i.e. the absolute value of a given

coupling, will be modified, but also the tensor structure of the coupling. For instance, the HW+W− LO

coupling in the SM is proportional to the metric tensor gµν , while anomalous couplings will generally

also give rise to other tensor structures, however required to be compatible with the SU(2)×U(1) sym-

metry and the corresponding Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions

will in general be modified when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM

is difficult if effects that change kinematic distributions are taken into account and since not all the

necessary tools to perform this kind of analysis are available yet, the following additional assumption is

made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-

count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.

This means in particular that the observed state is assumed to be a CP-even scalar.

As mentioned above, the described framework assumes that the observed state is SM-like. In

case a large discrepancy from SM-like behavior is established, this framework would still be useful for

assessing the level of compatibility of the SM predictions with the data. The interpretation of the physical

origin of such a discrepancy, on the other hand, would most likely require to go beyond this framework.

10.2.2 Definition of coupling scale factors

In order to take into account the currently best available SM predictions for Higgs cross sections, which

include higher-order QCD and EW corrections [13,14,409], while at the same time introducing possible

deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay

widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross

sections σii or the partial decay widths Γii associated with the SM particle i scale with the factor κ2
i
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when compared to the corresponding SM prediction. Table 36 lists all relevant cases. Taking the process

gg → H→ γγ as an example, one would use as cross section:

(σ · BR) (gg → H→ γγ) = σSM(gg → H) · BRSM(H→ γγ) ·
κ2
g · κ2

γ

κ2
H

(93)

where the values and uncertainties for both σSM(gg → H) and BRSM(H→ γγ) are taken from Ref. [409]

for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all

κi = 1. In general, this means that for κi 6= 1 higher-order accuracy is lost. Nonetheless, NLO QCD

corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-

sible. This approach ensures that for a true SM Higgs boson no artificial deviations (caused by ignored

NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions

κ2
VBF(κW, κZ,mH), κ2

g(κb, κt,mH), κ2
γ (κb, κt, κτ, κW,mH), κ2

(Zγ)(κb, κt, κτ, κW,mH) and κ2
H(κi,mH)

are used for cases where there is a non-trivial relationship between scale factors κi and cross sections or

(partial) decay widths, and are calculated to NLO QCD accuracy. The functions are defined in the fol-

lowing sections and all required input parameters as well as example code can be found in Ref. [409]. As

explained in Sec. 10.2.3 below, the notation in terms of the partial widths ΓWW(∗) and ΓZZ(∗) in Table 36

is meant for illustration only. In the experimental analysis the 4-fermion partial decay widths are taken

into account.

10.2.2.1 Scaling of the VBF cross section

κ2
VBF refers to the functional dependence of the VBF46 cross section on the scale factors κ2

W and κ2
Z:

κ2
VBF(κW, κZ,mH) =

κ2
W · σWF (mH) + κ2

Z · σZF (mH)

σWF (mH) + σZF (mH)
(110)

The W- and Z-fusion cross sections, σWF and σZF , are taken from Refs. [112, 410]. The interference

term is < 0.1% in the SM and hence ignored [105].

In Table 37 one can find the approximate values to be inserted in Eq. (110) for mH = 125 GeV.

10.2.2.2 Scaling of the gluon fusion cross section and of the H→ gg decay vertex

κ2
g refers to the scale factor for the loop-induced production cross section σggH. The decay width Γgg is

not observable at the LHC, however its contribution to the total width is also considered.

Gluon fusion cross-section scaling
As NLO QCD corrections factorize with the scaling of the electroweak couplings with κt and κb, the

function κ2
g(κb, κt,mH) can be calculated in NLO QCD:

κ2
g(κb, κt,mH) =

κ2
t · σtt

ggH(mH) + κ2
b · σ

bb
ggH(mH) + κtκb · σtb

ggH(mH)

σ
tt
ggH(mH) + σ

bb
ggH(mH) + σ

tb
ggH(mH)

(111)

Here, σ
tt
ggH, σ

bb
ggH and σ

tb
ggH denote the square of the top-quark contribution, the square of the

bottom-quark contribution and the top-bottom interference, respectively. The interference term (σ
tb
ggH) is

46Vector Boson Fusion is also called Weak Boson Fusion, as only the weak bosons W and Z contribute to the production.
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Table 36: LO coupling scale factor relations for Higgs boson cross sections and partial decay widths relative to the

SM. For a given mH hypothesis, the smallest set of degrees of freedom in this framework comprises κW , κZ , κb ,

κt, and κτ. For partial widths that are not detectable at the LHC, scaling is performed via proxies chosen among

the detectable ones. Additionally, the loop-induced vertices can be treated as a function of other κi or effectively,

through the κg and κγ degrees of freedom which allow probing for BSM contributions in the loops. Finally, to

explore invisible or undetectable decays, the scaling of the total width can also be taken as a separate degree of

freedom, κH, instead of being rescaled as a function, κ2
H(κi,mH), of the other scale factors.

Production modes

σggH

σSM
ggH

=

{
κ2
g(κb, κt,mH)

κ2
g

(94)

σVBF

σSM
VBF

= κ2
VBF(κW, κZ,mH) (95)

σWH

σSM
WH

= κ2
W (96)

σZH

σSM
ZH

= κ2
Z (97)

σttH

σSM
ttH

= κ2
t (98)

Detectable decay modes

ΓWW(∗)

ΓSM
WW(∗)

= κ2
W (99)

ΓZZ(∗)

ΓSM

ZZ(∗)

= κ2
Z (100)

Γbb

ΓSM
bb

= κ2
b (101)

Γτ−τ+

ΓSM
τ−τ+

= κ2
τ (102)

Γγγ

ΓSM
γγ

=

{
κ2

γ (κb, κt, κτ, κW,mH)

κ2
γ

(103)

Currently undetectable decay modes

Γtt

ΓSM
tt

= κ2
t (104)

Γgg

ΓSM
gg

: see Section 10.2.2

Γcc

ΓSM
cc

= κ2
t (105)

Γss

ΓSM
ss

= κ2
b (106)

Γµ−µ+

ΓSM
µ−µ+

= κ2
τ (107)

ΓZγ

ΓSM
Zγ

=

{
κ2
(Zγ)(κb, κt, κτ, κW,mH)

κ2
(Zγ)

(108)

Total width

ΓH

ΓSM
H

=

{
κ2
H(κi,mH)

κ2
H

(109)

134



Table 37: Approximate numerical values for resolving the VBF production cross-section according to Eq. (110)

assuming mH = 125 GeV.

√
s σWF (pb) σZF (pb)

7 TeV 0.938 0.321

8 TeV 1.210 0.417

negative for a light mass Higgs, mH < 200 GeV. Within the LHC Higgs Cross Section Working Group

(for the evaluation of the MSSM cross section) these contributions were evaluated, where for σ
bb
ggH and

σ
tb
ggH the full NLO QCD calculation included in HIGLU [411] was used. For σ

tt
ggH the NLO QCD result

of HIGLU was supplemented with the NNLO corrections in the heavy-top-quark limit as implemented

in GGH@NNLO [38], see Ref. [13, Sec. 6.3] for details.

In Table 38 one can find the approximate values to be inserted in Eq. (111) for mH = 125 GeV.

√
s σ

tt
ggH (pb) σ

bb
ggH (pb) σ

tb
ggH (pb)

7 TeV 4.355 0.09528 −0.8970

8 TeV 18.31 0.1206 −1.125

Table 38: Approximate numerical values for resolving the gluon-fusion production cross-section according to

Eq. (111) assuming mH = 125 GeV.

Partial width scaling
In a similar way, NLO QCD corrections for the H→ gg partial width are implemented in HDECAY [17,

19, 412]. This allows to treat the scale factor for Γgg as a second order polynomial in κb and κt:

Γgg

ΓSM
gg (mH)

=
κ2
t · Γtt

gg(mH) + κ2
b · Γ

bb
gg (mH) + κtκb · Γtb

gg(mH)

Γ
tt
gg(mH) + Γ

bb
gg (mH) + Γ

tb
gg(mH)

(112)

The terms Γ
tt
gg , Γ

bb
gg and Γ

tb
gg are defined like the σggH terms in Eq. (111). The Γiigg correspond to the

partial widths that are obtained for κi = 1 and all other κj = 0, j 6= i. The cross-term Γ
tb
gg can then be

derived by calculating the SM partial width by setting κb = κt = 1 and subtracting Γ
tt
gg and Γ

bb
gg from it.

In Table 39 one can find the approximate values to be used in Eq. (112) for mH = 125, 126 GeV.

Table 39: Approximate numerical values for resolving the gluon-fusion decay partial width according to Eq. (112).

mH Γ
tt
gg ( keV) Γ

bb
gg ( keV) Γ

tb
gg ( keV)

125 GeV 380.8 3.96 −42.1

126 GeV 389.6 3.95 −42.7

Effective treatment
In the general case, without the assumptions above, possible non-zero contributions from additional

particles in the loop have to be taken into account and κ2
g is then treated as an effective coupling scale

factor parameter in the fit: σggH/σ
SM
ggH = κ2

g. The effective scale factor for the partial gluon width

Γgg should behave in a very similar way, so in this case the same effective scale factor κg is used:

Γgg/Γ
SM
gg = κ2

g. As the contribution of Γgg to the total width is <10% in the SM, this assumption is

believed to have no measurable impact.
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10.2.2.3 Scaling of the H→ γγ partial decay width

Like in the previous section, κ2
γ refers to the scale factor for the loop-induced H → γγ decay. Also for

the H → γγ decay NLO QCD corrections exist and are implemented in HDECAY. This allows to treat

the scale factor for the γγ partial width as a second order polynomial in κb, κt, κτ, and κW:

κ2
γ (κb, κt, κτ, κW,mH) =

∑
i,j κiκj · Γijγγ(mH)
∑

i,j Γijγγ(mH)
(113)

where the pairs (i, j) are bb, tt, ττ,WW,bt,bτ,bW, tτ, tW, τW. The Γiiγγ correspond to the partial

widths that are obtained for κi = 1 and all other κj = 0, (j 6= i). The cross-terms Γijγγ , (i 6= j) can then

be derived by calculating the partial width by setting κi = κj = 1 and all other κl = 0, (l 6= i, j), and

subtracting Γiiγγ and Γjjγγ from them.

In Table 40 one can find the approximate values to be used in Eq. (113) for mH = 125, 126 GeV.

Table 40: Approximate numerical values for resolving the di-photon decay partial width according to Eq. (113).

All values are given in eV.

mH Γ
tt
γγ Γ

bb
γγ Γ

WW
γγ Γ

tb
γγ Γ

tW
γγ Γ

bW
γγ Γ

ττ
γγ Γ

tτ
γγ Γ

bτ
γγ Γ

τW
γγ

125 GeV 662.84 0.18 14731.86 −16.39 −6249.93 77.42 0.21 −17.69 0.40 83.59

126 GeV 680.39 0.18 15221.98 −16.62 −6436.35 78.78 0.22 −17.94 0.40 85.05

Effective treatment
In the general case, without the assumption above, possible non-zero contributions from additional par-

ticles in the loop have to be taken into account and κ2
γ is then treated as an effective coupling parameter

in the fit.

10.2.2.4 Scaling of the H→ Zγ decay vertex

Like in the previous sections, κ2
(Zγ) refers to the scale factor for the loop-induced H → Zγ decay. This

allows to treat the scale factor for the Zγ partial width as a second order polynomial in κb, κt, κτ, and

κW:

κ2
(Zγ)(κb, κt, κτ, κW,mH) =

∑
i,j κiκj · ΓijZγ(mH)
∑

i,j ΓijZγ(mH)
(114)

where the pairs (i, j) are bb, tt, ττ,WW,bt,bτ,bW, tτ, tW, τW. The ΓijZγ are calculated in the same

way as for Eq. (113). NLO QCD corrections have been computed and found to be very small [413], and

thus ignored here.

In Table 41 one can find the approximate values to be inserted in Eq. (114) formH = 125, 126 GeV.

Effective treatment
In the general case, without the assumption above, possible non-zero contributions from additional parti-

cles in the loop have to be taken into account and κ2
(Zγ) is then treated as an effective coupling parameter

in the fit.
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Table 41: Approximate numerical values for resolving the H → Zγ decay partial width according to Eq. (114).

All values are given in eV.

mH Γ
tt
(Zγ) Γ

bb
(Zγ) Γ

WW
(Zγ) Γ

tb
(Zγ) Γ

tW
(Zγ) Γ

bW
(Zγ) Γ

ττ
(Zγ) Γ

tτ
(Zγ) Γ

bτ
(Zγ) Γ

τW
(Zγ)

125 GeV 21.74 0.019 7005.6 −1.11 −780.4 19.90 1.5 × 10−5 −0.033 0.0010 0.594

126 GeV 23.51 0.020 7648.4 −1.19 −848.1 21.47 1.6 × 10−5 −0.035 0.0011 0.640

10.2.2.5 Scaling of the total width

The total width ΓH is the sum of all Higgs partial decay widths. Under the assumption that no additional

BSM Higgs decay modes (into either invisible or undetectable final states) contribute to the total width,

ΓH is expressed as the sum of the scaled partial Higgs decay widths to SM particles, which combine to

a total scale factor κ2
H compared to the SM total width ΓSM

H :

κ2
H(κi,mH) =

∑

j = WW(∗),ZZ(∗),bb, τ−τ+,
γγ,Zγ, gg, tt, cc, ss, µ−µ+

Γj(κi,mH)

ΓSM
H (mH)

(115)

Effective treatment
In the general case, additional Higgs decay modes to BSM particles cannot be excluded and the total

width scale factor κ2
H is treated as free parameter.

The total width ΓH for a light Higgs withmH ∼ 125 GeV is not expected to be directly observable

at the LHC, as the SM expectation is ΓH ∼ 4 MeV, several orders of magnitude smaller than the experi-

mental mass resolution [13]. There is no indication from the results observed so far that the natural width

is broadened by new physics effects to such an extent that it could be directly observable. Furthermore, as

all LHC Higgs channels rely on the identification of Higgs decay products, there is no way of measuring

the total Higgs width indirectly within a coupling fit without using assumptions. This can be illustrated

by assuming that all cross sections and partial widths are increased by a common factor κ2
i = r > 1. If

simultaneously the Higgs total width is increased by the square of the same factor κ2
H = r2 (for example

by postulating some BSM decay mode) the experimental visible signatures in all Higgs channels would

be indistinguishable from the SM.

Hence without further assumptions only ratios of scale factors κi can be measured at the LHC,

where at least one of the ratios needs to include the total width scale factor κ2
H. Such a definition of ratios

absorbs two degrees of freedom (e.g. a common scale factor to all couplings and a scale factor to the

total width) into one ratio that can be measured at the LHC.

Assumptions for absolute coupling scale factor measurements
In order to go beyond the measurement of ratios of coupling scale factors to the determination of absolute

coupling scale factors κi additional assumptions are necessary to remove one degree of freedom. Possible

assumptions are:

1. No new physics in Higgs decay modes (Eq. (115)).

2. κW ≤ 1, κZ ≤ 1 [307, 309, 377]. This assumption is theoretically well motivated in the sense that

it holds in a wide class of models. In particular, it is valid in any model with an arbitrary number

of Higgs doublets, with and without additional Higgs singlets. The assumption is also justified in

certain classes of composite Higgs models, while on the other hand it may be violated for instance

in Little Higgs models, in particular in the presence of an isospin-2 scalar multiplet [414].
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If one combines this assumption with the fact that all Higgs partial decay widths are positive

definite and the total width is bigger than the sum of all (known) partial decay widths, this is

sufficient to give a lower and upper bound on all κi and also determine a possible branching ratio

BRinv.,undet. into final states invisible or undetectable at the LHC. This is best illustrated with the

VH(H→ VV) process:

σVH · BR(H→ VV) =
κ2
V · σSM

VH · κ2
V · ΓSM

V

ΓH

and ΓH > κ2
V · ΓSM

V (116)

give combined: σVH · BR(H→ V V ) <
κ2
V · σSM

VH · κ2
V · ΓSM

V

κ2
V · ΓSM

V

=⇒ κ2
V >

σVH · BR(H→ VV)

σSM
VH

(117)

If more final states are included in Eq. (116), the lower bounds become tighter and together with

the upper limit assumptions on κW and κZ, absolute measurements are possible. However, un-

certainties on all κi can be very large depending on the accuracy of the bb decay channels that

dominate the uncertainty of the total width sum for a SM-like Higgs.

3. κj = constant. If at least one coupling scale factor κj is known either from an external measure-

ment or through theory assumptions, the total width and the branching ratio BRinv.,undet. into final

states invisible or undetectable at the LHC can be determined. An example is given in the bench-

mark model in Section 10.3.5, where the assumption κZ = κW = κτ = κb = κt = 1 is used to

determine BRinv.,undet..

In the benchmark parameterizations in Section 10.3 three versions are given, unless otherwise

stated: one without assumptions on the total width (effective treatment of κH), one assuming no beyond

SM Higgs decay modes (Option 1. above) and one assuming bounds on the gauge coupling scale factors

(Option 2. above).

10.2.3 Further assumptions

10.2.3.1 Theoretical uncertainties

The quantitative impact of theory uncertainties in the Higgs production cross sections and decay rates is

discussed in detail in Ref. [13].

Such uncertainties will directly affect the determination of the scale factors. When one or more of

the scaling factors differ from 1, the uncertainty from missing higher-order contributions will in general

be larger than what was estimated in Ref. [13].

In practice, the cross section predictions with their uncertainties as tabulated in Ref. [13] are used

as such so that for κi = 1 the recommended SM treatment is recovered. Without a consistent electroweak

NLO calculation for deviations from the SM, electroweak corrections and their uncertainties for the SM

prediction (∼ 5% in gluon fusion production and ∼ 2% in the di-photon decay) are naively scaled

together. In the absence of explicit calculations this is the currently best available approach in a search

for deviations from the SM Higgs prediction.

10.2.3.2 Limit of the zero-width approximation

Concerning the zero-width approximation (ZWA), it should be noted that in the mass range of the nar-

row resonance the width of the Higgs boson of the Standard Model (SM) is more than four orders of
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magnitude smaller than its mass. Thus, the zero-width approximation is in principle expected to be an

excellent approximation not only for a SM-like Higgs boson below ∼ 150 GeV but also for a wide range

of BSM scenarios which are compatible with the present data. However, it has been shown in Ref. [85]

that this is not always the case even in the SM. The inclusion of off-shell contributions is essential to ob-

tain an accurate Higgs signal normalization at the 1% precision level. For gg (→ H)→ VV, V = W,Z,

O(10%) corrections occur due to an enhanced Higgs signal in the region MVV > 2MV , where also

sizeable Higgs-continuum interference occurs. However, with the accuracy anticipated to be reached in

the 2012 data these effects play a minor role.

10.2.3.3 Signal interference effects

A possible source of uncertainty is related to interference effects in H → 4 fermion decay. For a light

Higgs boson the decay width into 4 fermions should always be calculated from the complete matrix

elements and not from the approximation

BR(H→ VV) · BR2(V → ff ) , (V = Z,W) . (118)

This approximation, based on the ZWA for the gauge boson V, neglects both off-shell effects and inter-

ference between diagrams where the intermediate gauge bosons couple to different pairs of final-state

fermions. As shown in Chapter 2 of Ref. [14], the interference effects not included in Eq. (118) amount

to 10% for the decay H → e+e−e+e− for a 125 GeV Higgs. Similar interference effects of the order of

5% are found for the e+νee
−νe and qqqq final states.

The experimental analyses take into account the full NLO 4-fermion partial decay width [20–22].

The partial width of the 4-lepton final state (usually described as H → ZZ(∗) → 4l) is scaled with κ2
Z.

Similarly, the partial width of the 2-lepton, 2-jet final state (usually described as H → ZZ(∗) → 2l2q) is

scaled with κ2
Z. The partial width of the low mass 2-lepton, 2-neutrino final state (usually described as

H→WW(∗) → lν lν, although a contribution of H→ Z(∗)Z→ ll νν exists and is taken into account) is

scaled with κ2
W .

10.2.3.4 Treatment of Γcc , Γss , Γµ−µ+ and light fermion contributions to loop-induced processes

When calculating κ2
H(κi,mH) in a benchmark parameterization, the final states cc, ss and µ−µ+ (cur-

rently unobservable at the LHC) are tied to κi scale factors which can be determined from the data. Based

on flavor symmetry considerations, the following choices are made:

Γcc

ΓSM
cc (mH)

= κ2
c = κ2

t (119)

Γss

ΓSM
ss (mH)

= κ2
s = κ2

b (120)

Γµ−µ+

ΓSM
µ−µ+(mH)

= κ2
µ = κ2

τ (121)

Following the rationale of Ref. [13, Sec. 9], the widths of e−e+, uu, dd and neutrino final states are

neglected.

Through interference terms, these light fermions also contribute to the loop-induced gg → H and

H→ gg, γγ,Zγ vertices. In these cases, the assumptions κc = κt, κs = κb and κµ = κτ are made.

Once sensitivity to the H → µ−µ+ final state is reached in the experiments, a separate coupling

scale factor κµ should be used where appropriate.
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10.2.3.5 Approximation in associated ZH production

When scaling the associated ZH production mode, the contribution from gg → ZH through a top-

quark loop is neglected. This is estimated to be around 5% of the total associated ZH production cross

section [13, Sec. 4.3].

10.3 Benchmark parameterizations based on the interim framework

In putting forward a set of benchmark parameterizations based on the framework described in the previ-

ous section several considerations were taken into account. One concern is the stability of the fits which

typically involve several hundreds of nuisance parameters. With that in mind, the benchmark parameter-

izations avoid quotients of parameters of interest. Another constraint that heavily shapes the exact choice

of parameterization is consistency among the uncertainties that can be extracted in different parameteri-

zations. Some coupling scale factors enter linearly in loop-induced photon and gluon vertices. For that

reason, all scale factors are defined at the same power, leading to what could appear as an abundance

of squared expressions. Finally, the benchmark parameterizations are chosen such that some potentially

interesting physics scenarios can be probed and the parameters of interest are chosen so that at least some

are expected to be determined.

For every benchmark parameterization, unless otherwise stated, three variations are provided (see

Section 10.2.2 for details):

1. The total width is scaled assuming that there are no invisible or undetected widths. In this case

κ2
H(κi,mH) is a function of the free parameters as defined in Eq. (115).

2. The total width scale factor is treated as a free parameter, but an assumption of κW < 1 and κZ < 1
on the gauge coupling scale factors is applied together with the condition κ2

H > κ2
H(κi).

3. The total width scale factor is treated as a free parameter. In this case no assumption is made and

there will be a parameter of the form κij = κi · κj/κH contributing to all Higgs boson rates.

The benchmark parameterizations are given in tabular form where each cell corresponds to the scale

factor to be applied to a given combination of production and decay mode.

For every benchmark parameterization, a list of the free parameters and their relation to the frame-

work parameters is provided. To reduce the amount of symbols in the tables, mH is omitted throughout.

In practice, mH can either be fixed to a given value or profiled together with other nuisance parameters.

10.3.1 One common scale factor

The simplest way to look for a deviation from the predicted SM Higgs coupling structure is to leave the

overall signal strength µ as a free parameter.

In order to perform the same fit in the context of the coupling scale factor framework, the only

difference is that µ = κ2 · κ2/κ2 = κ2, where the three terms κ2 in the intermediate expression account

for production, decay and total width scaling, respectively (Table 42).

This parameterization, despite providing the highest experimental precision, has several clear

shortcomings, such as ignoring that the role of the Higgs boson in providing the masses of the vector

bosons is very different from the role it has in providing the masses of fermions.

10.3.2 Scaling of vector boson and fermion couplings

In checking whether an observed state is compatible with the SM Higgs boson, one obvious question

is whether it fulfills its expected role in EWSB which is intimately related to the coupling to the vector

bosons (W,Z).
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Table 42: The simplest possible benchmark parameterization where a single scale factor applies to all production

and decay modes.

Common scale factor
Free parameter: κ(= κt = κb = κτ = κW = κZ).

Dependent parameters: κγ = κ, κg = κ, κH = κ.

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH

κ2
ttH
VBF

WH
ZH

Therefore, assuming that the SU(2) custodial symmetry holds, in the simplest case two parameters

can be defined, one scaling the coupling to the vector bosons, κV(= κW = κZ), and one scaling the

coupling common to all fermions, κf (= κt = κb = κτ). Loop-induced processes are assumed to scale as

expected from the SM structure.

In this parameterization, presented in Table 43, the gluon vertex loop is effectively a fermion loop

and only the photon vertex loop requires a non-trivial scaling, given the contributions of the top and

bottom quarks, of the τ lepton, of the W-boson, as well as their (destructive) interference.

This parameterization, though exceptionally succinct, makes a number of assumptions, which are

expected to be object of further scrutiny with the accumulation of data at the LHC. The assumptions

naturally relate to the grouping of different individual couplings or to assuming that the loop amplitudes

are those predicted by the SM.

10.3.3 Probing custodial symmetry

One of the best motivated symmetries in case the new state is responsible for electroweak symmetry

breaking is the one that links its couplings to the W and Z bosons. Since SU(2)V or custodial symmetry

is an approximate symmetry of the SM (e.g. ∆ρ 6= 0), it is important to test whether data are compatible

with the amount of violation allowed by the SM at NLO.

In this parameterization, presented in Table 44, λWZ(= κW/κZ) is of particular interest for probing

custodial symmetry. Though providing interesting information, both κZ and κf can be thought of as

nuisance parameters when performing this fit. In addition to the photon vertex loop not having a trivial

scaling, in this parameterization also the individual W and Z boson fusion contributions to the vector

boson fusion production process need to be resolved.

In Table 44 the explicit parameterization using the assumption κW < 1 and κZ < 1 is omitted for

this benchmark, as an independent test of custodial symmetry under assumptions on the gauge couplings

themselves is difficult. If wanted, this table can be obtained from the first parameterization in Table 44

using the replacement κ2
H(κi)→ κ2

H.

As the photon vertex loop is very sensitive to BSM physics contributions, this benchmark is given

in Table 45 as a second variant where a potential deviation in the H → γγ decay mode is decoupled

from the λWZ measurement by using the effective photon coupling scale factor κγ as additional degree

of freedom.

10.3.4 Probing the fermion sector

In many extensions of the SM the Higgs bosons couple differently to different types of fermions.

Given that the gluon-gluon fusion production process is dominated by the top-quark coupling,

141



Table 43: A benchmark parameterization where custodial symmetry is assumed and vector boson couplings are

scaled together (κV) and fermions are assumed to scale with a single parameter (κf ).

Boson and fermion scaling assuming no invisible or undetectable widths
Free parameters: κV(= κW = κZ), κf (= κt = κb = κτ)

Dependent parameters: κγ = κγ (κf , κf , κf , κV), κg = κf , κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
f ·κ2

γ (κf ,κf ,κf ,κV)

κ2
H(κi)

κ2
f ·κ2

V

κ2
H(κi)

κ2
f ·κ2

f

κ2
H(κi)ttH

VBF
κ2
V ·κ2

γ (κf ,κf ,κf ,κV)

κ2
H(κi)

κ2
V ·κ2

V

κ2
H(κi)

κ2
V ·κ2

f

κ2
H(κi)

WH
ZH

Boson and fermion scaling assuming κV < 1
Free parameters: κV(= κW = κZ), κf (= κt = κb = κτ), κH , with conditions κV < 1 and κ2

H > κ2
H(κi)

Dependent parameters: κγ = κγ (κf , κf , κf , κV), κg = κf .

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
f ·κ2

γ (κf ,κf ,κf ,κV)

κ2
H

κ2
f ·κ2

V

κ2
H

κ2
f ·κ2

f

κ2
HttH

VBF
κ2
V ·κ2

γ (κf ,κf ,κf ,κV)

κ2
H

κ2
V ·κ2

V

κ2
H

κ2
V ·κ2

f

κ2
H

WH
ZH

Boson and fermion scaling without assumptions on the total width
Free parameters: κVV(= κV · κV/κH), λfV(= κf/κV).

Dependent parameters: κγ = κγ (λfV , λfV , λfV , 1), λgV = λfV .

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
VV · λ2

fV · κ2
γ (λfV, λfV, λfV, 1) κ2

VV · λ2
fV κ2

VV · λ2
fV · λ2

fVttH

VBF

κ2
VV · κ2

γ (λfV, λfV, λfV, 1) κ2
VV κ2

VV · λ2
fVWH

ZH
κ2

i = Γii/Γ
SM
ii

and that there are two decay modes involving fermions, one way of splitting fermions that is within

experimental reach is to consider up-type fermions (top quark) and down-type fermions (bottom quark

and tau lepton) separately. In this parameterization, presented in Table 46, the most relevant parameter

of interest is λdu(= κd/κu), the ratio of the scale factors of the couplings to down-type fermions, κd =
κτ(= κµ) = κb(= κs), and up-type fermions, κu = κt(= κc).

Alternatively one can consider quarks and leptons separately. In this parameterization, presented

in Table 47, the most relevant parameter of interest is λlq(= κl/κq), the ratio of the coupling scale factors

to leptons, κl = κτ(= κµ), and quarks, κq = κt(= κc) = κb(= κs).

One further combination of top-quark, bottom-quark and tau-lepton, namely scaling the top-quark

and tau-lepton with a common parameter and the bottom-quark with another parameter, can be envisaged

and readily parametrized based on the interim framework but is not put forward as a benchmark.

10.3.5 Probing the loop structure and invisible or undetectable decays

New particles associated with physics beyond the SM may influence the partial width of the gluon and/or

photon vertices.

In this parameterization, presented in Table 48, each of the loop-induced vertices is represented
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Table 44: A benchmark parameterization where custodial symmetry is probed through the λWZ parameter.

Probing custodial symmetry assuming no invisible or undetectable widths
Free parameters: κZ , λWZ(= κW/κZ), κf (= κt = κb = κτ).

Dependent parameters: κγ = κγ (κf , κf , κf , κZλWZ), κg = κf , κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
f ·κ2

γ (κf ,κf ,κf ,κZλWZ)

κ2
H(κi)

κ2
f ·κ2

Z

κ2
H(κi)

κ2
f ·(κZλWZ)2

κ2
H(κi)

κ2
f ·κ2

f

κ2
H(κi)ttH

VBF
κ2
VBF(κZ ,κZλWZ)·κ2

γ (κf ,κf ,κf ,κZλWZ)

κ2
H(κi)

κ2
VBF(κZ ,κZλWZ)·κ2

Z

κ2
H(κi)

κ2
VBF(κZ ,κZλWZ)·(κZλWZ)2

κ2
H(κi)

κ2
VBF(κZ ,κZλWZ)·κ2

f

κ2
H(κi)

WH
(κZλWZ)2·κ2

γ (κf ,κf ,κf ,κZλWZ)

κ2
H(κi)

(κZλWZ)2·κ2
Z

κ2
H(κi)

(κZλWZ)2·(κZλWZ)2

κ2
H(κi)

(κZλWZ)2·κ2
f

κ2
H(κi)

ZH
κ2
Z ·κ2

γ (κf ,κf ,κf ,κZλWZ)

κ2
H(κi)

κ2
Z ·κ2

Z

κ2
H(κi)

κ2
Z ·(κZλWZ)2

κ2
H(κi)

κ2
Z·κ2

f

κ2
H(κi)

Probing custodial symmetry without assumptions on the total width
Free parameters: κZZ(= κZ · κZ/κH), λWZ(= κW/κZ), λfZ(= κf/κZ).

Dependent parameters: κγ = κγ (λfZ, λfZ , λfZ, λWZ), λgZ = λfZ .

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
ZZλ2

fZ · κ2
γ (λfZ, λfZ, λfZ, λWZ) κ2

ZZλ2
fZ κ2

ZZλ2
fZ · λ2

WZ κ2
ZZλ2

fZ · λ2
fZttH

VBF κ2
ZZκ2

VBF(1, λ2
WZ) · κ2

γ (λfZ, λfZ, λfZ, λWZ) κ2
ZZκ2

VBF(1, λ2
WZ) κ2

ZZκ2
VBF(1, λ2

WZ) · λ2
WZ κ2

ZZκ2
VBF(1, λ2

WZ) · λ2
fZ

WH κ2
ZZλ2

WZ · κ2
γ (λfZ, λfZ, λfZ, λWZ) κ2

ZZ · λ2
WZ κ2

ZZλ2
WZ · λ2

WZ κ2
ZZλ2

WZ · λ2
fZ

ZH κ2
ZZ · κ2

γ (λfZ, λfZ, λfZ, λWZ) κ2
ZZ κ2

ZZ · λ2
WZ κ2

ZZ · λ2
fZ

κ2
i = Γii/Γ

SM
ii

1
4
3



Table 45: A benchmark parameterization where custodial symmetry is probed through the λWZ parameter, but the H→ γγ decay mode is decoupled from the measurement

of κW by using the effective photon scale factor κγ as additional degree of freedom.

Probing custodial symmetry decoupled from H→ γγ , assuming no invisible or undetectable widths
Free parameters: κZ , λWZ(= κW/κZ), κf (= κt = κb = κτ), κγ .

Dependent parameters: κg = κf , κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
f ·κ2

γ

κ2
H(κi)

κ2
f ·κ2

Z

κ2
H(κi)

κ2
f ·(κZλWZ)2

κ2
H(κi)

κ2
f ·κ2

f

κ2
H(κi)ttH

VBF
κ2
VBF(κZ ,κZλWZ)·κ2

γ

κ2
H(κi)

κ2
VBF(κZ ,κZλWZ)·κ2

Z

κ2
H(κi)

κ2
VBF(κZ ,κZλWZ)·(κZλWZ)2

κ2
H(κi)

κ2
VBF(κZ ,κZλWZ)·κ2

f

κ2
H(κi)

WH
(κZλWZ)2·κ2

γ

κ2
H(κi)

(κZλWZ)2·κ2
Z

κ2
H(κi)

(κZλWZ)2·(κZλWZ)2

κ2
H(κi)

(κZλWZ)2·κ2
f

κ2
H(κi)

ZH
κ2
Z ·κ2

γ

κ2
H(κi)

κ2
Z ·κ2

Z

κ2
H(κi)

κ2
Z ·(κZλWZ)2

κ2
H(κi)

κ2
Z ·κ2

f

κ2
H(κi)

Probing custodial symmetry decoupled from H→ γγ and without assumptions on the total width
Free parameters: κZZ(= κZ · κZ/κH), λWZ(= κW/κZ), λfZ(= κf/κZ), λγZ(= κγ /κZ).

Dependent parameters: λgZ = λfZ .

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
ZZλ2

fZ · λ2
γZ κ2

ZZλ2
fZ κ2

ZZλ2
fZ · λ2

WZ κ2
ZZλ2

fZ · λ2
fZttH

VBF κ2
ZZκ2

VBF(1, λ2
WZ) · λ2

γZ κ2
ZZκ2

VBF(1, λ2
WZ) κ2

ZZκ2
VBF(1, λ2

WZ) · λ2
WZ κ2

ZZκ2
VBF(1, λ2

WZ) · λ2
fZ

WH κ2
ZZλ2

WZ · λ2
γZ κ2

ZZ · λ2
WZ κ2

ZZλ2
WZ · λ2

WZ κ2
ZZλ2

WZ · λ2
fZ

ZH κ2
ZZ · λ2

γZ κ2
ZZ κ2

ZZ · λ2
WZ κ2

ZZ · λ2
fZ

κ2
i = Γii/Γ

SM
ii

1
4
4



by an effective scale factor, κg and κγ . On the other hand, the couplings to the known SM particles are

assumed to be as in the SM: κZ = κW = κτ = κb = κt = 1.

Particles not predicted by the SM may also give rise to invisible or undetectable decays. In order

to probe this possibility, instead of absorbing the total width into another parameter or leaving it free, a

different parameter is introduced, BRinv.,undet.. The assumption of the fixed coupling couplings to SM

particles allows to determine BRinv.,undet. from the LHC data. The definition of BRinv.,undet. is relative

to the rescaled total width, κ2
H(κi), and can thus be interpreted as the invisible or undetectable fraction of

the total width.

Invisible decays might show up as a missing transverse energy (MET) signature and can be mea-

sured at the LHC with dedicated analyses. An example of an undetectable final state would be a multi-jet

signature that cannot be separated from QCD backgrounds at the LHC and hence not detected. With

sufficient data it can be envisaged to disentangle the invisible and undetectable components by splitting

into two parameters BRinv. and BRundet., where BRinv. is determined by the direct searches for invisible

Higgs decay signatures.

One particularity of this benchmark parameterization is that it should allow theoretical predictions

involving new particles to be projected into the (κg , κγ) or (κg, κγ ,BRinv.,undet.) spaces.

It can be noted that the benchmark parameterization including BRinv.,undet. can be recast in a form

that allows for an interpretation in terms of a tree-level scale factor and the loop-induced scale factors

with the following substitutions: κj → κ′j/κtree (with j = g, γ) and (1− BRinv.,undet.)→ κ2
tree.

Once the H→ Zγ decay mode reaches sufficient sensitivity, a natural extension for this benchmark

is to fit an extra degree of freedom in the form of the parameter κ(Zγ) for the Zγ final state.

10.3.6 A minimal parameterization without assumptions on new physics contributions

The following parameterization gathers the most important degrees of freedom considered before, namely

κg, κγ , κV, κf . The parameterization, presented in Table 49, is chosen such that some parameters are ex-

pected to be reasonably constrained by the LHC data in the near term, while other parameters are not

expected to be as well constrained in the same time frame.

It should be noted that this is a parameterization which only includes trivial scale factors.

With the presently available analyses and data, κ2
gV = κ2

g · κ2
V/κ2

H seems to be a good choice

for the common κij parameter, but all choices are equivalent when considering the full 4-dimensional

probability distribution.

10.3.7 Most general parameterization for all gauge bosons and third generation fermion couplings

Table 50 presents the relations in a fit only with simple scale factors, making no assumptions on identi-

cal coupling scale factors for different particles beyond these necessary for first and second generation

fermions as discussed in Section 10.2.3.

Several choices are possible for κij . With the currently available channels, κgZ = κg · κZ/κH

seems most appropriate, as shown in table 50. The more appealing choices using vector boson scattering

κWW = κW · κW/κH or κZZ = κZ · κZ/κH will have lower sensitivity until more data is accumu-

lated, but are completely equivalent when looking at the full 7-dimensional probability distribution of all

parameters.

From all benchmarks discussed in this section, the last parameterization in table 50 is the most

general parameterization that needs no assumptions beyond those stated in the definition of the frame-

work.

Once the H → µ−µ+ and H → Zγ decay modes reach sufficient sensitivity, a natural extension

for this benchmark is to fit extra degrees of freedom in the form of the parameters κµ and κ(Zγ) for these

two final states.
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10.3.8 General parameterization assuming no beyond SM particles

Table 51 presents the relations to be used in a fit where the loop-induced ggH and H → γγ processes

and the total width are expressed in terms of the SM gauge- and Yukawa coupling scale factors (κW , κZ,

κb, κt, κτ), assuming no beyond SM particle contributions. This benchmark makes full use of Eqs.(111),

(113), (115) and has the highest sensitivity in an independent fit of the SM gauge- and Yukawa-coupling

scale factors.

Once the H → µ−µ+ and H → Zγ decay modes reach sufficient sensitivity, a natural extension

for this benchmark is to fit an extra degree of freedom in the form of the parameter κµ, while resolving

the H→ Zγ decay mode using Eq.(114).
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Table 46: A benchmark parameterization where the up-type and down-type symmetry of fermions is probed

through the λdu parameter.

Probing up-type and down-type fermion symmetry assuming no invisible or undetectable widths
Free parameters: κV(= κZ = κW), λdu(= κd/κu), κu(= κt).

Dependent parameters: κγ = κγ (κuλdu, κu, κuλdu, κV), κg = κg(κuλdu, κu), κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g(κuλdu,κu)·κ2

γ (κuλdu ,κu,κuλdu ,κV)

κ2
H(κi)

κ2
g(κuλdu ,κu)·κ2

V

κ2
H(κi)

κ2
g(κuλdu ,κu)·(κuλdu)2

κ2
H(κi)

ttH
κ2
u·κ2

γ (κuλdu ,κu ,κuλdu ,κV)

κ2
H(κi)

κ2
u·κ2

V

κ2
H(κi)

κ2
u ·(κuλdu)2

κ2
H(κi)

VBF
κ2
V ·κ2

γ (κuλdu ,κu,κuλdu ,κV)

κ2
H(κi)

κ2
V ·κ2

V

κ2
H(κi)

κ2
V ·(κuλdu)2

κ2
H(κi)

WH
ZH

Probing up-type and down-type fermion symmetry assuming κV < 1
Free parameters: κV(= κZ = κW), λdu(= κd/κu), κu(= κt), κH , with conditions κV < 1 and κ2

H > κ2
H(κi).

Dependent parameters: κγ = κγ (κuλdu, κu, κuλdu, κV), κg = κg(κuλdu, κu).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g(κuλdu,κu)·κ2

γ (κuλdu ,κu,κuλdu ,κV)

κ2
H

κ2
g(κuλdu ,κu)·κ2

V

κ2
H

κ2
g(κuλdu ,κu)·(κuλdu)2

κ2
H

ttH
κ2
u·κ2

γ (κuλdu ,κu ,κuλdu ,κV)

κ2
H

κ2
u·κ2

V

κ2
H

κ2
u ·(κuλdu)2

κ2
H

VBF
κ2
V ·κ2

γ (κuλdu ,κu,κuλdu ,κV)

κ2
H

κ2
V ·κ2

V

κ2
H

κ2
V ·(κuλdu)2

κ2
H

WH
ZH

Probing up-type and down-type fermion symmetry without assumptions on the total width
Free parameters: κuu(= κu · κu/κH), λdu(= κd/κu), λVu(= κV/κu).

Dependent parameters: κγ = κγ (λdu, 1, λdu, λVu), κg = κg(λdu, 1).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
uuκ2

g(λdu, 1) · κ2
γ (λdu, 1, λdu, λVu) κ2

uuκ2
g(λdu, 1) · λ2

Vu κ2
uuκ2

g(λdu, 1) · λ2
du

ttH κ2
uu · κ2

γ (λdu, 1, λdu, λVu) κ2
uu · λ2

Vu κ2
uu · λ2

du

VBF

κ2
uuλ2

Vu · κ2
γ (λdu, 1, λdu, λVu) κ2

uuλ2
Vu · λ2

Vu κ2
uuλ2

Vu · λ2
duWH

ZH
κ2

i = Γii/Γ
SM
ii , κd = κb = κτ
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Table 47: A benchmark parameterization where the quark and lepton symmetry of fermions is probed through the

λlq parameter.

Probing quark and lepton fermion symmetry assuming no invisible or undetectable widths
Free parameters: κV(= κZ = κW), λlq(= κl/κq), κq(= κt = κb).

Dependent parameters: κγ = κγ (κq, κq, κqλlq, κV), κg = κq , κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
q ·κ2

γ (κq ,κq,κqλlq ,κV)

κ2
H(κi)

κ2
q ·κ2

V

κ2
H(κi)

κ2
q ·κ2

q

κ2
H(κi)

κ2
q ·(κqλlq)2

κ2
H(κi)ttH

VBF
κ2
V ·κ2

γ (κq ,κq ,κqλlq ,κV)

κ2
H(κi)

κ2
V ·κ2

V

κ2
H(κi)

κ2
V ·κ2

q

κ2
H(κi)

κ2
V ·(κqλlq)2

κ2
H(κi)

WH
ZH

Probing quark and lepton fermion symmetry assuming κV < 1
Free parameters: κV(= κZ = κW), λlq(= κl/κq), κq(= κt = κb), κH , with conditions κV < 1 and κ2

H > κ2
H(κi).

Dependent parameters: κγ = κγ (κq, κq, κqλlq, κV), κg = κq .

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
q ·κ2

γ (κq ,κq,κqλlq ,κV)

κ2
H

κ2
q ·κ2

V

κ2
H

κ2
q ·κ2

q

κ2
H

κ2
q ·(κqλlq)2

κ2
HttH

VBF
κ2
V ·κ2

γ (κq ,κq ,κqλlq ,κV)

κ2
H

κ2
V ·κ2

V

κ2
H

κ2
V ·κ2

q

κ2
H

κ2
V ·(κqλlq)2

κ2
H

WH
ZH

Probing quark and lepton fermion symmetry without assumptions on the total width
Free parameters: κqq(= κq · κq/κH), λlq(= κl/κq), λVq(= κV/κq).

Dependent parameters: κγ = κγ (1, 1, λlq, λVq), κg = κq .

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
qq · κ2

γ (1, 1, λlq, λVq) κ2
qq · λ2

Vq κ2
qq κ2

qq · λ2
lqttH

VBF

κ2
qqλ2

Vq · κ2
γ (1, 1, λlq, λVq) κ2

qqλ2
Vq · λ2

Vq κ2
qq · λ2

Vq κ2
qqλ2

Vq · λ2
lqWH

ZH
κ2

i = Γii/Γ
SM
ii , κl = κτ
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Table 48: A benchmark parameterization where effective vertex couplings are allowed to float through the κg and

κγ parameters. Instead of absorbing κH, explicit allowance is made for a contribution from invisible or undetectable

widths via the BRinv.,undet. or BRinv. and BRundet. parameters.

Probing loop structure assuming no invisible or undetectable widths
Free parameters: κg , κγ .

Dependent parameters: κH = κH(κi). Fixed parameters κZ = κW = κτ = κb = κt = 1.

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g ·κ2

γ

κ2
H(κi)

κ2
g

κ2
H(κi)

ttH
κ2

γ

κ2
H(κi)

1
κ2
H(κi)

VBF

WH
ZH

Probing loop structure allowing for invisible or undetectable widths
Free parameters: κg , κγ , BRinv.,undet..

Dependent parameters: κH = κH(κi). Fixed parameters κZ = κW = κτ = κb = κt = 1.

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g ·κ2

γ

κ2
H(κi)/(1−BRinv.,undet.)

κ2
g

κ2
H(κi)/(1−BRinv.,undet.)

ttH
κ2

γ

κ2
H(κi)/(1−BRinv.,undet.)

1
κ2
H(κi)/(1−BRinv.,undet.)

VBF

WH
ZH

Probing loop structure allowing for separate invisible and undetectable widths
Free parameters: κg , κγ , BRinv., BRundet., with condition BRinv. + BRundet. ≤ 1.

Dependent parameters: κH = κH(κi). Fixed parameters κZ = κW = κτ = κb = κt = 1.

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g ·κ2

γ

κ2
H(κi)/(1−BRinv.−BRundet.)

κ2
g

κ2
H(κi)/(1−BRinv.−BRundet.)

ttH
κ2

γ

κ2
H(κi)/(1−BRinv.−BRundet.)

1
κ2
H(κi)/(1−BRinv.−BRundet.)

VBF

WH
ZH

κ2
i = Γii/Γ

SM
ii
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Table 49: A benchmark parameterization where effective vertex couplings are allowed to float through the κg and

κγ parameters and the gauge and fermion couplings through the unified parameters κV and κf .

Probing loops while allowing other couplings to float assuming no invisible or undetectable widths
Free parameters: κg , κγ , κV(= κW = κZ), κf (= κt = κb = κτ).

Dependent parameters: κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g ·κ2

γ

κ2
H(κi)

κ2
g ·κ2

V

κ2
H(κi)

κ2
g ·κ2

f

κ2
H(κi)

ttH
κ2
f ·κ2

γ

κ2
H(κi)

κ2
f ·κ2

V

κ2
H(κi)

κ2
f ·κ2

f

κ2
H(κi)

VBF
κ2
V ·κ2

γ

κ2
H(κi)

κ2
V ·κ2

V

κ2
H(κi)

κ2
V ·κ2

f

κ2
H(κi)

WH
ZH

Probing loops while allowing other couplings to float assuming κV < 1
Free parameters: κg , κγ , κV(= κW = κZ), κf (= κt = κb = κτ), κH , with conditions κV < 1 and κ2

H > κ2
H(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g ·κ2

γ

κ2
H

κ2
g ·κ2

V

κ2
H

κ2
g ·κ2

f

κ2
H

ttH
κ2
f ·κ2

γ

κ2
H

κ2
f ·κ2

V

κ2
H

κ2
f ·κ2

f

κ2
H

VBF
κ2
V ·κ2

γ

κ2
H

κ2
V ·κ2

V

κ2
H

κ2
V ·κ2

f

κ2
H

WH
ZH

Probing loops while allowing other couplings to float allowing for invisible or undetectable widths
Free parameters: κgV(= κg · κV/κH), λVg(= κV/κg), λγV(= κγ /κV), λfV(= κf/κV).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH κ2
gV · λ2

γV κ2
gV κ2

gV · λ2
fV

ttH κ2
gVλ2

Vgλ2
fV · λ2

γV κ2
gVλ2

Vgλ2
fV κ2

gVλ2
Vgλ2

fV · λ2
fV

VBF

κ2
gVλ2

Vg · λ2
γV κ2

gVλ2
Vg κ2

gVλ2
Vg · λ2

fVWH
ZH

κ2
i = Γii/Γ

SM
ii , κV = κW = κZ , κf = κt = κb = κτ
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Table 50: A benchmark parameterization without further assumptions and maximum degrees of freedom.

General parameterization allowing all gauge and third generation fermion couplings to float assuming no invisible or undetectable widths
Free parameters: κg , κγ , κW , κZ , κb , κt , κτ.

Dependent parameters: κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g ·κ2

γ

κ2
H(κi)

κ2
g ·κ2

Z

κ2
H(κi)

κ2
g ·κ2

W

κ2
H(κi)

κ2
g ·κ2

b

κ2
H(κi)

κ2
g ·κ2

τ

κ2
H(κi)

ttH
κ2
t ·κ2

γ

κ2
H(κi)

κ2
t ·κ2

Z

κ2
H(κi)

κ2
t ·κ2

W

κ2
H(κi)

κ2
t ·κ2

b

κ2
H(κi)

κ2
t ·κ2

τ

κ2
H(κi)

VBF
κ2
VBF(κZ ,κW)·κ2

γ

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

Z

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

W

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

b

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

τ

κ2
H(κi)

WH
κ2
W ·κ2

γ

κ2
H(κi)

κ2
W ·κ2

Z

κ2
H(κi)

κ2
W ·κ2

W

κ2
H(κi)

κ2
W ·κ2

b

κ2
H(κi)

κ2
W ·κ2

τ

κ2
H(κi)

ZH
κ2
Z ·κ2

γ

κ2
H(κi)

κ2
Z ·κ2

Z

κ2
H(κi)

κ2
Z·κ2

W

κ2
H(κi)

κ2
Z ·κ2

b

κ2
H(κi)

κ2
Z ·κ2

τ

κ2
H(κi)

General parameterization allowing all gauge and third generation fermion couplings to float assuming κV < 1
Free parameters: κg , κγ , κW , κZ , κb , κt , κτ, κH, with conditions κW < 1, κZ < 1 and κ2

H > κ2
H(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g ·κ2

γ

κ2
H

κ2
g ·κ2

Z

κ2
H

κ2
g ·κ2

W

κ2
H

κ2
g ·κ2

b

κ2
H

κ2
g ·κ2

τ

κ2
H

ttH
κ2
t ·κ2

γ

κ2
H

κ2
t ·κ2

Z

κ2
H

κ2
t ·κ2

W

κ2
H

κ2
t ·κ2

b

κ2
H

κ2
t ·κ2

τ

κ2
H

VBF
κ2
VBF(κZ ,κW)·κ2

γ

κ2
H

κ2
VBF(κZ ,κW)·κ2

Z

κ2
H

κ2
VBF(κZ ,κW)·κ2

W

κ2
H

κ2
VBF(κZ ,κW)·κ2

b

κ2
H

κ2
VBF(κZ ,κW)·κ2

τ

κ2
H

WH
κ2
W ·κ2

γ

κ2
H

κ2
W ·κ2

Z

κ2
H

κ2
W ·κ2

W

κ2
H

κ2
W ·κ2

b

κ2
H

κ2
W ·κ2

τ

κ2
H

ZH
κ2
Z ·κ2

γ

κ2
H

κ2
Z ·κ2

Z

κ2
H

κ2
Z·κ2

W

κ2
H

κ2
Z ·κ2

b

κ2
H

κ2
Z ·κ2

τ

κ2
H

General parameterization allowing all gauge and third generation fermion couplings to float allowing for invisible or undetectable widths
Free parameters: κgZ(= κg · κZ/κH), λγZ(= κγ /κZ), λWZ(= κW/κZ), λbZ(= κb/κZ), λτZ(= κτ/κZ), λZg(= κZ/κg), λtg(= κt/κg).

ggH κ2
gZ · λ2

γZ κ2
gZ κ2

gZ · λ2
WZ κ2

gZ · λ2
bZ κ2

gZ · λ2
τZ

ttH κ2
gZλ2

tg · λ2
γZ κ2

gZλ2
tg κ2

gZλ2
tg · λ2

WZ κ2
gZλ2

tg · λ2
bZ κ2

gZλ2
tg · λ2

τZ

VBF κ2
gZλ2

Zgκ2
VBF(1, λWZ) · λ2

γZ κ2
gZλ2

Zgκ2
VBF(1, λWZ) κ2

gZλ2
Zgκ2

VBF(1, λWZ) · λ2
WZ κ2

gZλ2
Zgκ2

VBF(1, λWZ) · λ2
bZ κ2

gZλ2
Zgκ2

VBF(1, λWZ) · λ2
τZ

WH κ2
gZλ2

Zgλ2
WZ · λ2

γZ κ2
gZλ2

Zgλ2
WZ κ2

gZλ2
Zgλ2

WZ · λ2
WZ κ2

gZλ2
Zgλ2

WZ · λ2
bZ κ2

gZλ2
Zgλ2

WZ · λ2
τZ

ZH κ2
gZλ2

Zg · λ2
γZ κ2

gZλ2
Zg κ2

gZλ2
Zg · λ2

WZ κ2
gZλ2

Zg · λ2
bZ κ2

gZλ2
Zg · λ2

τZ

κ2
i = Γii/Γ

SM
ii

1
5
1



Table 51: A benchmark parameterization expressing all processes in terms of the SM gauge- and Yukawa-coupling

scale factors, assuming no beyond SM particle contributions.

General parameterization assuming no beyond SM particles
Free parameters: κW , κZ , κb , κt , κτ .

Dependent parameters: κg = κg(κb, κt), κγ = κγ (κb, κt, κτ, κW), κH = κH(κi).

H→ γγ H→ ZZ(∗) H→WW(∗) H→ bb H→ τ−τ+

ggH
κ2
g(κb ,κt)·κ2

γ (κb ,κt ,κτ,κW)

κ2
H(κi)

κ2
g(κb ,κt)·κ2

Z

κ2
H(κi)

κ2
g(κb ,κt)·κ2

W

κ2
H(κi)

κ2
g(κb ,κt)·κ2

b

κ2
H(κi)

κ2
g(κb ,κt)·κ2

τ

κ2
H(κi)

ttH
κ2
t ·κ2

γ (κb ,κt ,κτ,κW)

κ2
H(κi)

κ2
t ·κ2

Z

κ2
H(κi)

κ2
t ·κ2

W

κ2
H(κi)

κ2
t ·κ2

b

κ2
H(κi)

κ2
t ·κ2

τ

κ2
H(κi)

VBF
κ2
VBF(κZ ,κW)·κ2

γ (κb ,κt ,κτ,κW)

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

Z

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

W

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

b

κ2
H(κi)

κ2
VBF(κZ ,κW)·κ2

τ

κ2
H(κi)

WH
κ2
W ·κ2

γ (κb ,κt ,κτ,κW)

κ2
H(κi)

κ2
W ·κ2

Z

κ2
H(κi)

κ2
W ·κ2

W

κ2
H(κi)

κ2
W ·κ2

b

κ2
H(κi)

κ2
W ·κ2

τ

κ2
H(κi)

ZH
κ2
Z ·κ2

γ (κb ,κt,κτ ,κW)

κ2
H(κi)

κ2
Z ·κ2

Z

κ2
H(κi)

κ2
Z ·κ2

W

κ2
H(κi)

κ2
Z ·κ2

b

κ2
H(κi)

κ2
Z ·κ2

τ

κ2
H(κi)

κ2
i = Γii/Γ

SM
ii
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10.4 Effective Lagrangians for Higgs interactions

The “interim framework” described in Section 10.2 was proposed as a first step for exploring the coupling

structure of the recently observed state, making use of the data taken until the end of 2012. In future,

however, one should aim at a more general analysis where besides possible deviations in the absolute

values of the couplings from their SM values also possible deviations in the tensor structure of the

couplings are taken into account. This implies that the exploration of the couplings and of the spin and

CP properties have to be treated together within a coherent framework.

In the following we use effective Lagrangians as an approach towards such a coherent framework.

An effective Lagrangian can be understood to arise from integrating out heavy degrees of freedom, such

that the different terms in the Lagrangian are obtained from a systematic expansion in inverse power of

a heavy scale. The effective Lagrangian provides in this way a parameterization of possible deviations

from the SM predictions. In the tools providing the theoretical predictions for the relevant observables

that are confronted with the experimental data those parameterizations of possible deviations from the

SM can then be used to supplement the most accurate theoretical predictions within the SM, including

the known higher-order corrections.

It should be noted, however, that such an effective Lagrangian approach does not cover possible

effects of light BSM particles in loops. In order to investigate the latter type of effects it seems preferable

to resort to specific models. Such a model-specific approach for exploring the coupling structure of

the recently observed state is complementary to the model-independent approach based on effective

Lagrangians, on which we will focus below.

The description of BSM physics based on an effective Lagrangian in terms of the SM fields has

been pioneered by Buchmüller and Wyler [415], who provided a list of operators of dimensions 5 and

6 in the linear parameterization of the Higgs sector with a Higgs doublet. In the sequel various authors

considered subsets of this operator basis or introduced different sets of operators adapted to specific

goals. Recently a complete minimal basis of dimension-6 operators has been presented in Ref. [416].

For the analysis of Higgs interactions different authors prefer to use different sets of operator bases [311,

315, 346, 359, 375, 403, 417–422]. The purpose of this section is to propose a suitable set of operators to

be used for the future analysis of the Higgs sector based on the most accurate predictions for the relevant

observables within the SM which are supplemented by a parameterization of possible deviations from

the SM. The effects of the dimension-6 operators on the Higgs decay ratios are implemented in the code

EHDECAY [403], a modified version of HDECAY [17], including some radiative corrections beyond

the leading order. We consider two versions of effective Lagrangians, namely a linear parameterization

involving a Higgs doublet and a parameterization where the EW symmetry is non-linearly realized.

10.4.1 Linear parameterization with a Higgs doublet

In this section we define an effective Lagrangian based on a linear representation of the electroweak

gauge symmetry with a Higgs-doublet field. We follow closely the framework introduced in Ref. [415]

and further developed in Ref. [416]. We restrict ourselves to dimension-6 operators relevant for Higgs

physics. The effective Lagrangian has the general form

Leff = L(4)
SM +

1

Λ2

∑

k

αkOk, (122)

where L(4)
SM is the usual SM Lagrangian, Ok ≡ Od=6

k denotes dimension-6 operators and αk the corre-

sponding Wilson coefficients. Since the effective Lagrangian must be hermitian, in Eq.(122) for each

non-hermitian operator Ok the hermitian conjugate operator O†
k appears with the complex conjugate

Wilson coefficient α∗
k.
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10.4.1.1 Conventions and definition of the effective operator basis

Using α = 1, 2, 3, i = 1, 2, and p = 1, 2, 3 for color, weak isospin, and flavor indices, respectively,

the matter fields of the SM are left-handed lepton doublets lip, right-handed charged leptons ep, left-

handed quark doublets qαip , right-handed quarks uαp ,d
α
p , and the Higgs doublet Φi with hypercharges

Y = −1/2,−1, 1/6, 2/3,−1/3, 1/2, respectively. Right-handed neutrinos are not included. The charge-

conjugate Higgs field is given by Φ̃i = εij(Φj)∗ with εij antisymmetric and ε12 = 1.

The SM Lagrangian reads

L(4)
SM = −1

4
GAµνG

Aµν − 1

4
WI

µνW
Iµν − 1

4
BµνB

µν

+ (DµΦ)†(DµΦ) +m2Φ†Φ− 1

2
λ(Φ†Φ)2

+ īl /Dl + iē /De + iq̄ /Dq + iū /Du + id̄ /Dd

− (̄l ΓeeΦ + q̄ ΓuuΦ̃ + d̄ ΓddΦ + h.c.), (123)

where flavor, color, and weak-isospin indices have been suppressed in the matter parts. The field-strength

tensors are given by

GAµν = ∂µG
A
ν − ∂νGAµ − gsfABCGBµGCν , A = 1, . . . , 8,

WI
µν = ∂µW

I
ν − ∂νWI

µ − gεIJKWJ
µW

K
ν , I = 1, 2, 3, Bµν = ∂µBν − ∂νBµ , (124)

in terms of the gauge fields GAµ , WI
µ, Bµ of the gauge group SU(3) × SU(2) × U(1) and the corre-

sponding gauge couplings gs, g, g′. The covariant derivative acting on SU(2) doublets reads

Dµ = ∂µ + igs
λA

2
GAµ + ig

τ I

2
WI

µ + ig′Y Bµ (125)

with the Gell-Mann matrices λA acting on color indices, the Pauli matrices τ I acting on SU(2) indices

and the hypercharge operator Y . The terms with λA and τ I are absent for color and SU(2) singlets,

respectively. The quantities Γf , f = e,u,d are matrices in flavor space.

Furthermore, we define dual tensors by

X̃µν =
1

2
εµνρσX

ρσ, X = GA,WI ,B and ε0123 = +1, (126)

and introduce hermitian derivatives

Φ†i
↔
DµΦ = i(Φ†DµΦ− (DµΦ)†Φ), Φ†i

↔
DI
µΦ = i(Φ†τ IDµΦ− (DµΦ)†τ IΦ) , (127)

and σµν = i(γµγν − γνγµ)/2.

For the dimension-6 operators we choose the minimal complete basis47 defined in Ref. [416], but

restrict ourselves here to operators that involve Higgs or gauge-boson fields, see Table 52.48 In addition to

the operators in Table 52 for each non-hermitian operator its hermitian conjugate must be included. The

Wilson coefficients of these operators are in general complex, whereas those of the hermitian operators

are real. In order to avoid flavor-changing neutral currents, the flavor matrices appearing in dimension-6

operators involving left-handed doublets and right-handed singlets (ψ2XΦ terms) have been fixed to the

same matrices Γf that are present in the Yukawa couplings, i.e. we assume minimal flavor violation.

47A minimal complete basis can be constructed by writing down all dimension-6 operators that can be built from the SM

fields and using the equations of motion to eliminate all redundant operators.
48In a complete analysis all 59 independent operators of Ref. [416], including 25 four-fermion operators, have to be consid-

ered in addition to the 34 operators of Table 52.
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Table 52: Dimension-6 operators involving Higgs doublet fields or gauge-boson fields. For all ψ2Φ3, ψ2XΦ

operators and for OΦud the hermitian conjugates must be included as well.

Φ6 and Φ4D2 ψ2Φ3 X3

OΦ = (Φ†Φ)3 OeΦ = (Φ†Φ)(̄l ΓeeΦ) OG = fABCGAνµ GBρν GCµρ

OΦ� = (Φ†Φ)�(Φ†Φ) OuΦ = (Φ†Φ)(q̄ ΓuuΦ̃) O eG
= fABCG̃Aνµ GBρν GCµρ

OΦD = (Φ†DµΦ)∗(Φ†DµΦ) OdΦ = (Φ†Φ)(q̄ ΓddΦ) OW = εIJKWIν
µ WJρ

ν WKµ
ρ

OfW
= εIJKW̃

Iν

µ WJρ
ν WKµ

ρ

X2Φ2 ψ2XΦ ψ2Φ2D

OΦG = (Φ†Φ)GAµνG
Aµν OuG = (q̄σµν λ

A

2 ΓuuΦ̃)GAµν O(1)
Φl = (Φ†i

↔
DµΦ)(̄lγµl)

O
Φ eG

= (Φ†Φ)G̃AµνG
Aµν OdG = (q̄σµν λ

A

2 ΓddΦ)GAµν O(3)
Φl = (Φ†i

↔
DI
µΦ)(̄lγµτ I l)

OΦW = (Φ†Φ)WI
µνW

Iµν OeW = (̄lσµνΓeeτ
IΦ)WI

µν OΦe = (Φ†i
↔
DµΦ)(ēγµe)

O
ΦfW

= (Φ†Φ)W̃
I

µνW
Iµν OuW = (q̄σµνΓuuτ IΦ̃)WI

µν O(1)
Φq = (Φ†i

↔
DµΦ)(q̄γµq)

OΦB = (Φ†Φ)BµνB
µν OdW = (q̄σµνΓddτ IΦ)WI

µν O(3)
Φq = (Φ†i

↔
DI
µΦ)(q̄γµτ Iq)

OΦeB = (Φ†Φ)B̃µνB
µν OeB = (̄lσµνΓeeΦ)Bµν OΦu = (Φ†i

↔
DµΦ)(ūγµu)

OΦWB = (Φ†τ IΦ)WI
µνB

µν OuB = (q̄σµνΓuuΦ̃)Bµν OΦd = (Φ†i
↔
DµΦ)(d̄γµd)

O
ΦfWB

= (Φ†τ IΦ)W̃
I

µνB
µν OdB = (q̄σµνΓddΦ)Bµν OΦud = i(Φ̃†DµΦ)(ūγµΓudd)

Moreover, in all dimension-6 operators involving neutral currents (first seven ψ2Φ2D terms) the flavor

matrices have been chosen to be equal to the unit matrix. In the operator OΦud leading to right-handed

flavor-changing charged currents we kept a general flavor matrix Γud. The generalization to more general

flavor schemes is straightforward.

In weakly interacting theories the dimension-6 operators of Table 52 involving field strengths can

only result from loops, while the others also result from tree diagrams [423]. The operators involving

dual field strengths tensors or complex Wilson coefficients violate CP.

10.4.1.2 Alternative basis

In the previous basis, the O(p2) EW oblique corrections, i.e., the S and T parameters, are captured in

terms of ψ2Φ2D operators. An alternative basis, see Table 53, is often used [315, 403] where these

oblique corrections are now described by purely bosonic operators:

Leff = L(4)
SM +

1

Λ2

∑

k

α′
kO′

k, (128)

The two basis representations are related with the following relations obtained by integration by

parts:

g

2
O′

DW −
g′

2
O′

DB + g′O′
DΦB − gO′

DΦW −
g′2

4
O′

ΦB = −g
2

4
OΦW , (129)

g′

2
O′

DB − g′O′
DΦB +

g′2

4
O′

ΦB = −gg
′

4
OΦWB . (130)

Actually, the two linear combinations of the ψ2Φ2D operators that correspond to the S and T oblique

parameters have to be omitted in the counting of the number of independent operators thanks to the two
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Table 53: Alternative basis of dimension-6 operators involving Higgs doublet fields or gauge-boson fields.

Φ6 and Φ4D2 ψ2Φ3 X3

O′
6 = (Φ†Φ)3 O′

eΦ = (Φ†Φ)(̄l ΓeeΦ) O′
G = fABCGAνµ GBρν GCµρ

O′
Φ = ∂µ(Φ

†Φ)∂µ(Φ†Φ) O′
uΦ = (Φ†Φ)(q̄ ΓuuΦ̃) O′

eG
= fABCG̃Aνµ GBρν GCµρ

O′
T = (Φ† ↔

DµΦ)(Φ† ↔
DµΦ) O′

dΦ = (Φ†Φ)(q̄ ΓddΦ) O′
W = εIJKWIν

µ WJρ
ν WKµ

ρ

O′
fW

= εIJKW̃
Iν

µ WJρ
ν WKµ

ρ

X2Φ2 ψ2XΦ ψ2Φ2D

O′
DW =

(
Φ†τ I i

←→
DµΦ

)
(DνWµν)

I O′
uG = (q̄σµν λ

A

2 ΓuuΦ̃)GAµν O′(1)
Φl = (Φ†i

↔
DµΦ)(̄lγµl)

O′
DB =

(
Φ†i
←→
DµΦ

)
(∂νBµν) O′

dG = (q̄σµν λ
A

2 ΓddΦ)GAµν O′(3)
Φl = (Φ†i

↔
DI
µΦ)(̄lγµτ I l)

O′
DΦW = i(DµΦ)†τ I(DνΦ)WI

µν O′
eW = (̄lσµνΓeeτ

IΦ)WI
µν O′

Φe = (Φ†i
↔
DµΦ)(ēγµe)

O′
DΦfW

= i(DµΦ)†τ I(DνΦ)W̃
I

µν O′
uW = (q̄σµνΓuuτ IΦ̃)WI

µν O′(1)
Φq = (Φ†i

↔
DµΦ)(q̄γµq)

O′
DΦB = i(DµΦ)†(DνΦ)Bµν O′

dW = (q̄σµνΓddτ IΦ)WI
µν O′(3)

Φq = (Φ†i
↔
DI
µΦ)(q̄γµτ Iq)

O′
DΦeB

= i(DµΦ)†(DνΦ)B̃µν O′
eB = (l̄σµνΓeeΦ)Bµν O′

Φu = (Φ†i
↔
DµΦ)(ūγµu)

O′
ΦB = (Φ†Φ)BµνB

µν O′
uB = (q̄σµνΓuuΦ̃)Bµν O′

Φd = (Φ†i
↔
DµΦ)(d̄γµd)

O′
ΦeB

= (Φ†Φ)BµνB̃
µν O′

dB = (q̄σµνΓddΦ)Bµν O′
Φud = i(Φ̃†DµΦ)(ūγµΓudd)

O′
ΦG = Φ†ΦGAµνG

Aµν

O′
Φ eG

= Φ†ΦGAµνG̃
Aµν

relations that hold up to total derivative terms:

O′(1)
Φl −

1

3
O′(1)

Φq + 2O′
Φe −

4

3
O′

Φu +
2

3
O′

Φd = −O′
T +

2

g′
O′

DB , (131)

2(O′
uΦ +O′

dΦ +O′
eΦ + h.c.) +O′(3)

Φq +O′(3)
Φl = 3O′

Φ − 4λO′
6 + 4m2(Φ†Φ)2 − 2

g
O′

DW . (132)

A convenient choice of the two redundant operators to drop are O′(1)
Φl and O′(3)

Φl .

Another advantage of the new operator basis is that it offers a simple power-counting to estimate

the size the Wilson coefficients under the assumptions that the New Physics sector is characterized by

a single scale and a single coupling and that the photon does not couple to electrically neutral particles

at tree-level: starting from the SM Lagrangian, any additional power of Φ is suppressed by a factor

g∗/M ≡ 1/f , where g∗ denotes the coupling between the Higgs boson and the New Physics states and

M is the overall mass scale of the New Physics sector; any additional derivative instead costs a factor

1/M . According to the power counting of Ref. [315], one naively estimates (ψ = u,d, l, q, L)

α′
H, α

′
T,
α′

6

λ
, α′

ψΦ ∼ O
(

Λ2

f2

)
,

α′
DW

g
,
α′

DB

g′
∼ O

(
Λ2

M2

)
, (133)

α′
DΦW

g
,
α′
DΦB

g′
,
α′

ΦB

g′2
,
α′

ΦG

g2
s

∼ O
(

Λ2

16π2f2

)
,

α′
ψW

g
,
α′
ψB

g′
,
α′
ψG

gs
∼ O

(
Λ2

16π2f2

)
, (134)
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α′
Φe, α

′
Φu, α

′
Φd, α

′(1)
Φq , α

′(1)
Φl , α

′(3)
Φq , α

′(3)
Φl ∼ O

(
λ2
ψ

g2∗

Λ2

f2

)
, α′

Φud ∼ O
(
λuλd

g2∗

Λ2

f2

)
, (135)

where λψ denotes the coupling of a generic SM fermion ψ to the New Physics sector. Notice the ad-

ditional factors (g2
∗/16π

2) in α′
DΦB, α

′
DΦW , α′

ΦB and α′
ΦG as the corresponding operators contribute to

the coupling of on-shell photons and gluons to neutral particles and correct the W gyromagnetic ratio,

which in most models of New Physics are effects occurring only at the loop-level.

10.4.1.3 Translation to the physical basis

In order to perform calculations it is useful to express the effective Lagrangian introduced above in terms

of properly normalized physical fields and physical parameters. In the SM the Higgs doublet field can

be parametrized as49

Φ =

(
φ+

SM
1√
2
(vSM +HSM + iφ0

SM)

)
, Φ̃ =

(
1√
2
(vSM +HSM − iφ0

SM)

−φ−SM

)
, φ−SM = (φ+

SM)∗,

(136)

where H is the Higgs field and φ± and φ0 the would-be Goldstone-boson fields. In the SM without

dimension-6 operators the vacuum expectation value vSM of the Higgs field is in LO obtained as

vSM =

√
2m√
λ
, (137)

and the Higgs-boson mass reads

MH,SM =
√
λvSM. (138)

The physical gauge-boson fields are given by

W±
SMµ =

1√
2
(W1

µ ∓ iW2
µ),

ZSMµ = cw,SMW3
µ − sw,SMBµ, ASMµ = sw,SMW3

µ + cw,SMBµ (139)

with

cw,SM =
g√

g2 + g′2
, sw,SM =

g′√
g2 + g′2

. (140)

The masses of the gauge bosons are obtained as

MW,SM =
1

2
gvSM, MZ,SM =

1

2

√
g2 + g′2vSM, (141)

and the electromagnetic coupling reads

eSM =
gg′√
g2 + g′2

. (142)

The physical fermion fields fSMp, corresponding to the mass eigenstates, are obtained by diagonalizing

the Yukawa-coupling matrices Γf ,

fSMp = U f
pqfq, f = li, e, qi,u,d. (143)

resulting in diagonal fermion-mass matrices

mf ,SM =
1√
2
U f̂ΓfU

f ,†vSM, (144)

49We use the index “SM” to denote fields and parameters in the SM without dimension-6 operators.
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where f̂ = q1, q2, e1, e2 for f = u,d, e, νl, respectively. The matrices U f give rise to the appearance of

the quark-mixing matrix

Vpq = (U q1U q2†)pq (145)

in charged-current interactions. The electric charges of fermions result from the relation

Q = I3 + Y, (146)

where I3 is the third component of the weak isospin.

The presence of the dimension-6 operators modifies the quadratic part of the Lagrangian. Conse-

quently, the fields have to be redefined such that the free part has the canonical normalization and the SM

parameters get extra contributions. Moreover the vacuum expectation value of the Higgs field is shifted

to

v2 = v2
SM

(
1 +

3

2
αΦ

v2
SM

λΛ2

)
=

2m2

λ

(
1 +

3

2
αΦ

v2
SM

λΛ2

)
. (147)

Canonically normalized kinetic terms for the bosonic fields can be restored in the presence of

dimension-6 operators upon redefining the fields as follows:

HSM = H

[
1− v2

4Λ2
(αΦD − 4αΦ�)

]
+

3

4
vαΦ

v2

λΛ2
,

φ0
SM = φ0

[
1− v2

4Λ2
αΦD

]
, φ±SM = φ±,

W±
SMµ = Wµ

[
1 +

v2

Λ2
αΦW

]
, ZSMµ = Zµ

[
1 +

v2

Λ2
αZZ

]
,

ASMµ = Aµ

[
1 +

v2

Λ2
αAA

]
+ Zµ

[
1 +

v2

Λ2
αAZ

]
, GASMµ = GAµ

[
1 +

v2

Λ2
αΦG

]
, (148)

where

αZZ = c2w,SMαΦW + s2w,SMαΦB + cw,SMsw,SMαΦWB,

αAA = s2w,SMαΦW + c2w,SMαΦB − cw,SMsw,SMαΦWB,

αAZ = 2cw,SMsw,SM(αΦW − αΦB) + (s2w,SM − c2w,SM)αΦWB, (149)

and analogous definitions hold for αZeZ, αAeZ, and αA eA. Since we have chosen the flavor-mixing matrix

in the ψ2Φ3 terms to be identical to the one in the Yukawa couplings, the physical fermionic fields stay

the same as in the SM. We denote them by f in the following (the individual physical fermion fields u,

d, and l should not to be confused with the same symbols used in (123) for the fields in the symmetric

basis).

In terms of the redefined fields the quadratic part of the Lagrangian reads after adding a ’t Hooft–

Feynman gauge-fixing term and dropping total derivatives and a constant

L(4)
SM = −1

2
(∂µG

A
ν )(∂µGAν)− (∂µW

+
ν )(∂µW−ν)− 1

2
(∂µZν)(∂

µZν)− 1

2
(∂µAν)(∂

µAν)

+M2
WW+

µW−µ +
1

2
M2

ZZµZ
µ +

1

2
(∂µH)(∂µH)− 1

2
M2

HH2

+ (∂µφ
+)(∂µφ−)−M2

Wφ+φ− +
1

2
(∂µφ

0)(∂µφ0)− 1

2
M2

Z(φ0)2

+
∑

f=l,u,d

f̄ (i/∂ −mf)f + ν̄ei/∂νe (150)
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with the physical mass parameters

M2
W =

1

4
g2v2

[
1 + 2

v2

Λ2
αΦW

]
,

M2
Z =

1

4
(g2 + g′2)v2

[
1 +

v2

2Λ2

(
4αZZ + αΦD

)]
,

M2
H = λv2

[
1 +

v2

2Λ2

(
4αΦ�−

6

λ
αΦ − αΦD

)]
,

mf =
1√
2
U f̂ΓfU

f ,†v

[
1− 1

2

v2

Λ2
αfφ

]
. (151)

In (150) we have used the usual ’t Hooft–Feynman gauge-fixing term

Lfix = −C+C− −
1

2
(CZ)2 − 1

2
(CA)2 − 1

2
CAGC

A
G (152)

with

CAG = ∂µG
Aµ, CA = ∂µA

µ, CZ = ∂µZ
µ +MZφ

0, C± = ∂µW
±µ ± iMWφ± (153)

in terms of the physical fields and parameters, which gives rise to the same propagators as in the SM.

In the following, the abbreviations cw and sw are defined via the physical masses

cw =
MW

MZ
, sw =

√
1− c2w. (154)

The parameters of the SM Lagrangian g, g′, λ, m2, and Γf keep their meaning in the presence of

dimension-6 operators.

10.4.2 Higgs vertices

Here we list the most important Feynman rules for vertices involving exactly one physical Higgs boson.

These are given in terms of the above-defined physical fields and parameters. In the coefficients of

dimension-6 couplings we replaced v2 by the Fermi constant via v2 = 1/(
√

2GF ).

The triple vertices involving one Higgs boson read:

Hgg coupling:

GAµ , p1

GBν , p2

H = i
2g

MW

1√
2GFΛ2

[
αGG(p2µp1ν − p1p2gµν) + α

G eG
εµνρσp

ρ
1p
σ
2

]
δAB ,

(155)

HAA coupling:

Aµ, p1

Aν , p2

H = i
2g

MW

1√
2GFΛ2

[
αAA(p2µp1ν − p1p2gµν) + αAeAεµνρσp

ρ
1p
σ
2

]
, (156)
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HAZ coupling:

Aµ, p1

Zν , p2

H = i
g

MW

1√
2GFΛ2

[
αAZ(p2µp1ν − p1p2gµν) + α

AeZ
εµνρσp

ρ
1p
σ
2

]
, (157)

HZZ coupling:

Zµ, p1

Zν , p2

H
= ig

MZ

cw
gµν

[
1 +

1√
2GFΛ2

(
αΦW + αΦ� +

1

4
αΦD

)]

+ i
2g

MW

1√
2GFΛ2

[
αZZ(p2µp1ν − p1p2gµν) + α

ZeZ
εµνρσp

ρ
1p
σ
2

]
,

(158)

HWW coupling:

W+
µ , p1

W−
ν , p2

H
= igMWgµν

[
1 +

1√
2GFΛ2

(
αΦW + αΦ�−

1

4
αΦD

)]

+ i
2g

MW

1√
2GFΛ2

[
αΦW(p2µp1ν − p1p2gµν) + α

ΦfW
εµνρσp

ρ
1p
σ
2

]
,

(159)

Hff coupling:

f̄ , p1

f , p2

H = −i
g

2

mf

MW

[
1 +

1√
2GFΛ2

(
αΦW + αΦ�−

1

4
αΦD − αfφ

)]
, (160)

where f = e,u,d.

The quadruple vertices involving one Higgs field, one gauge boson and a fermion–antifermion

pair are given by (q = u,d, f = u,d, νl, e, and f̂ = q for f = u,d and f̂ = l for f = e):

Hgqq coupling:

q

PQq

H

GAµ , pG

= ig
mq

MW
ipGνσ

µν λ
A

2

[
1 + γ5

2
αqG +

1− γ5

2
α∗

qG

]
, (161)

160



HAff̄ coupling:

f̄

f

H

Aµ, pA

= ig
mf

MW
ipAνσ

µν

[
1 + γ5

2
(αfBcw + 2If3 αfWsw)

+
1− γ5

2
(α∗

fBcw + 2If3 α
∗
fWsw)

]
,

(162)

HZff̄ coupling:

f̄

f

H

Zµ, pZ

= ig
mf

MW
ipZνσ

µν

[
1 + γ5

2
(2I

f
3αfWcw − αfBsw)

+
1− γ5

2
(2I

f
3α

∗
fWcw − α∗

fBsw)

]

+ i2MZγ
µ

[
1− γ5

2

(
α

(1)

Φf̂
− 2I

f
3α

(3)

Φf̂

)
+

1 + γ5

2
αΦf

]
,

(163)

HW+du coupling:

ūp

dq

H

W+
µ , pW

= ig

√
2

MW
ipWνσ

µνVpq

[
1 + γ5

2
mdαdW +

1− γ5

2
muα

∗
uW

]

− i
√

2MWγµ
[
1− γ5

2
2α

(3)
ΦqVpq +

1 + γ5

2
(Γud)pqαΦud

]
,

(164)

HW−ud coupling:

d̄p

uq

H

W−
µ , pW

= ig

√
2

MW
ipWνσ

µνV †
pq

[
1 + γ5

2
muαuW +

1− γ5

2
mdα

∗
dW

]

− i
√

2MWγµ
[
1− γ5

2
2α

(3)
ΦqV

†
pq +

1 + γ5

2
(Γ†

ud)pqα
∗
Φud

]
,

(165)

HW+eνe coupling:

ν̄

e

H

W+
µ , pW

= ig

√
2

MW
ipWνσ

µν 1 + γ5

2
meαeW − i

√
2MWγ

µ 1− γ5

2
2α

(3)
Φl , (166)

HW−νee
+ coupling:

ē

ν

H

W−
µ , pW

= ig

√
2

MW
ipWνσ

µν 1− γ5

2
meα

∗
eW − i

√
2MWγ

µ 1− γ5

2
2α

(3)
Φl . (167)
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The flavor matrix Γud appearing in the above Feynman rules has now to be understood in the mass

eigenstate basis for the quarks, and V denotes the usual quark-mixing matrix. For neutrinos the terms

involving αfW, αfB, and αΦf in Eqs. (162) and Eq. (163) are absent.

There are additional vertices involving one Higgs field together with three or four vector-boson

fields resulting from the X2Φ2 operators, and the operators ψ2XΦ give rise to vertices involving a

fermion–antifermion pair and a vector-boson pair along with a single Higgs field. Additional vertices

involve more than one Higgs-boson field.

The Feynman rules above are given in terms of the weak coupling g. Choosing MZ, MW , and GF
as input, g can be written as

g = 2MW

√√
2GF

(
1− 1√

2GFΛ2

(
αΦW + α

(3)
φµ

))
. (168)

Inserting this into the Feynman rules with SM contributions leads to the replacement

g

(
1 +

1√
2GFΛ2

(
αΦW

))
→ 2MW

√√
2GF

(
1− 1√

2GFΛ2

(
α

(3)
φµ

))
. (169)

We note that for Λ ≈ 5 TeV we have 1/(
√

2GFΛ2) ≈ g2/(4π), i.e. the contributions of dimension-

6 operators are generically of the order of loop effects. For higher scales, loop contributions tend to be

more important than dimension-6 operators.

In the basis of Table 52, the scaling of the SM Higgs–vector-boson couplings is parametrized by

αΦ�, the difference between the HZZ and HWW couplings by αΦD, and the Higgs-fermion coupling

by αfφ. Additional overall factors depend on the input-parameter scheme. The new coupling structures

appearing in the Higgs–gauge-boson couplings are parametrized by αΦW , αΦB, and αΦWB for the CP-

conserving part and by α
ΦfW

, α
ΦeB

, and α
ΦWeB

for the CP-violating part. In the HVVBff̄ vertices all

coefficients of the ψ2X2Φ and ψ2Φ2D operators enter. Since these coefficients also enter the gauge-

boson–fermion couplings they are constrained by results from LEP and on anomalous moments (see for

instance Ref. [403]).

10.4.3 Nonlinear parameterization

In the unitary gauge and in the basis of fermion mass eigenstates, the effective Lagrangian relevant for

Higgs physics reads as follows [403, 424]

L =
1

2
∂µH ∂µH − 1

2
M2

HH2 − c3
1

6

(
3M2

H

vSM

)
H3 −

∑

f=u,d,l

mf f̄ f

(
1 + cf

H

vSM
+ . . .

)

+M2
W W+

µW−µ

(
1 + 2cW

H

vSM
+ . . .

)
+

1

2
M2

Z ZµZ
µ

(
1 + 2cZ

H

vSM
+ . . .

)
+ . . .

+
(
cWW W+

µνW
−µν +

cZZ

2
ZµνZ

µν + cZγ ZµνA
µν +

cγγ

2
AµνA

µν +
cgg

2
GAµνG

Aµν
) H

vSM

+
(
cW∂W

(
W−

ν DµW
+µν + h.c.

)
+ cZ∂Z Zν∂µZ

µν + cZ∂γ Zν∂µA
µν
) H

vSM

+

(
c̃WW W+

µνW̃
−µν

+
c̃ZZ

2
Zµν Z̃

µν
+ c̃Zγ ZµνÃ

µν
+
c̃γ γ

2
AµνÃ

µν
+
c̃gg

2
GAµνG̃

Aµν

)
H

vSM
+ . . .

(170)

where vSM = 1/
√√

2GF and where . . . denote operators with more than a Higgs field or with more than

four derivatives. We have shown only terms involving up to three bosonic fields. Table 54 reports the
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relations between the couplings appearing in Eq. (170) and the coefficients of the dimension-6 operators

in Eq. (128). It is worth noting that the same Lagrangian (170) applies identically to the case in which

the electroweak symmetry SU(2)L × U(1)Y is non-linearly realized and H is a generic scalar, singlet

of the custodial symmetry, not necessarily connected with the EW symmetry breaking. Reference [403]

(and references therein) explains how to write the Lagrangian (170) in a manifestly SU(2)L × U(1)Y
gauge invariant form. Assuming that the New Physics sector is invariant under custodial symmetry,

several relations hold among the 22 free parameters ci appearing in the Lagrangian (169), as for instance

cW = cZ , see Ref. [403] for a detailed discussion. Notice that the operators proportional to c̃i are not

invariant under CP (at the p2 level, there are 5 such operators but one linear combination vanishes if the

New Physics sector is invariant under the custodial symmetry).

The advantage of the chiral Lagrangian (170) is that it does not assume that H is part of an EW

doublet and it can thus be used to describe a more generic Higgs-like particle, like for instance a dilaton,

as well as a resonance that would correspond to a mixing of a state belonging to an EW doublet with

an EW singlet state. Furthermore the linear Lagrangian (128) is based on a triple expansion in the SM

couplings, in powers of E/M and also in powers of Φ/Λ, therefore it implicitly assumes that all the

Higgs coupling relative deviations are bounded by v2
SM/Λ

2 while the chiral Lagrangian (170) allows

one to explore larger deviations. However, it is more complicated to calculate higher order corrections

using the chiral parameterization than with the linear Lagrangian (128), see e.g. Ref. [403] for a detailed

discussion.
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Table 54: Relations between the linear and the non-linear parameterization of the Higgs couplings (adapted from

Ref. [403]). The CP-violating couplings, c̃i, are obtained by similar relations with the simple exchange α′
k → α′

k̃

(notice that the Bianchi identities forbid any operator equivalent to OV ∂V in the CP-odd sector).

Higgs couplings Linear realization

cW 1− α′
Φ v

2
SM/Λ

2

cZ 1− (α′
Φ + 4α′

T) v2
SM/Λ

2

cf (f = u,d, l) 1− (α′
Φ + α′

f ) v
2
SM/Λ

2

c3 1 + (2α′
6 − 3α′

Φ) v2
SM/Λ

2

cgg 8 (αs/α2)α
′
g M

2
W/Λ2

cγγ 8 sin2θW α′
γ M

2
W/Λ2

cZγ

(
α′

ΦB − α′
ΦW − 8α′

γ sin2θW

)
tan θW M2

W/Λ2

cWW −2α′
ΦW M2

W/Λ2

cZZ −2
(
α′

ΦW + α′
ΦB tan2θW − 4α′γ tan2θW sin2θW

)
M2

W/Λ2

cW∂W −2(2α′
W + α′

ΦW)M2
W/Λ2

cZ∂Z −2(2α′
W + α′

ΦW)− 2
(
2α′

B + α′
ΦB

)
tan2θW M2

W/Λ
2

cZ∂γ 2
(
2α′

B + α′
ΦB − 2α′

W − α′
ΦW

)
tan θW M2

W/Λ2
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11 Higgs properties: spin/CP50

11.1 Introduction

Since a clear signal for a resonance consistent with the long sought Higgs boson has been established

[1,2], the next step is a detailed study of its properties. In this Section we focus on the spin/CP properties

of the new resonance, and review the strategies to determine whether the Higgs-like boson is consistent

with the spin zero particle predicted in the SM, with JCP = 0+, and the extent to which it could be a

mixture of different CP eigenstates. We recall that, as discussed in Section 10.4, going beyond the interim

framework for coupling studies presented in Section 10.2 will require the analysis of couplings and

spin/CP properties to be treated in a common framework. Nonetheless, to the purpose of presentation,

we discuss here the spin/CP properties in a separate section.

The observation of the new resonance in the decay modes H→ γγ [266,267], H→ ZZ [425,426]

and H → WW [103, 298] allows multiple independent tests of the spin/CP properties. Thanks to the

Landau-Yang theorem [427, 428], the observation in the H → γγ mode already rules out the possibility

that the new resonance has spin 1, and, barring C violating effects in the Higgs sector, fixes C = +1.

Having ruled out the J = 1 possibility51 , the case J = 2 is of course the first one that should

be tested. This possibility turns out to be extremely challenging from a theoretical view point. The

naive coupling of a massive spin-2 field with a U(1) gauge field leads to the Velo-Zwanziger problem

[429, 430], and the model develops modes that travel superluminally and other pathological features.

Detailed studies have shown that such models have an intrinsic cut off of the order of the mass of the

spin-2 resonance [431]. A consistent effective description could be obtained by interpreting the spin

2 particle as a Kaluza Klein (KK) graviton. However, one should then explain why analogous KK

excitations of the SM gauge bosons have never been observed. Moreover, a recent study [432] has

shown that a graviton-like massive spin 2 boson would have too small couplings to WW and ZZ with

respect to γγ, and that in many models with a compactified extra dimension the massive spin 2 boson

would have equal coupling to gg and γγ , thus leading to Γ(H→ gg) ∼ 8Γ(H→ γγ), which seems to be

in contradiction to the observed data.

The strategies to determine the properties of a resonance through its decays to gauge bosons date

back to more than 50 years ago. Photon polarization in π0 → γγ decay can be used to measure the

pion parity [428] but it turns out to be easier to use the orientation of the decay planes in the π0 →
e+e−e+e− [433] decay. Analogously, the H → ZZ → 4l decay mode, allowing full control on the

event kinematics, is an excellent channel to study spin, parity and tensor structure of the coupling of the

Higgs-like resonance. As discussed in detail in Section 11.3, the invariant mass distribution of the off

shell gauge boson in H → VV∗ is proportional to the velocity dΓ/dM∗ ∼ β ∼
√

(mH −mV)2 −M2∗
(whereM∗ denotes the invariant mass of the off-shell gauge boson) and therefore features a characteristic

steep behavior with M∗ just below the kinematical threshold. This behavior is related to the spin-zero

nature of the SM Higgs boson and will rule out other spin assignments with the exception of the 1+

and 2− cases, which can be ruled out through angular correlations. The pseudoscalar case 0− can be

instead discriminated against the SM 0+ by studying the distribution in the azimuthal angle φ between

the two Z decay planes [434, 435]. It should be noted, however, that in many models of physics beyond

the SM there is no lowest-order coupling between a pseudoscalar and a pair of gauge bosons, so that the

decay A → ZZ → 4l can be heavily suppressed compared to the decay H → ZZ → 4l. For a state

that is an admixture between CP-even and CP-odd components the decay into ZZ essentially projects

to the CP-even part in such a case, so that the angular distributions would show a pure CP-even pattern

50A. David, A. Denner, M. Dührssen, M. Grazzini, C. Grojean, K. Prokofiev, G. Weiglein, M. Zanetti (eds.); S. Bolognesi,

S.Y. Choi, P. de Aquino, Y.Y Gao, A.V. Gritsan, K. Mawatari, K. Melnikov, D.J. Miller, M.M. Mühlleitner, M. Schulze,

M. Spira, N.V. Tran, A. Whitbeck, P. Zerwas
51Note that there are two caveats to this argument. The first is that the Landau-Yang theorem strictly applies to an on-shell

resonance. This means that the J = 1 hypothesis can be excluded only by making an additional small-width assumption. The

second is that in principle the decay product could consist of 2 pairs of boosted photons each misinterpreted as a single photon.
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although the state in fact has a sizable CP-odd component. See section Section 11.2 for a more detailed

discussion of this issue.

More generally, instead of relying on specific kinematical variables, one can try to exploit the

full information on the event. The matrix element method uses the tree level amplitude to construct a

likelihood to isolate a signal over a background, or to discriminate between two different signal hypoth-

esis. The construction of the matrix element can be carried out by using two different strategies: the

effective Lagrangian (see Section 10.4 and Section 11.5) and anomalous couplings (see Section 11.4:

’generic parameterizations’) approaches. The former implies to write the most general effective La-

grangian compatible with Lorentz and gauge invariance. The latter implies to write the most general

amplitude compatible with Lorentz and gauge invariance, but does not assume a hierarchy in the scales,

and thus the couplings become momentum dependent form factors. The effective Lagrangian approach

has the advantage that it can be extended beyond LO. The anomalous coupling approach is restricted to

LO but somewhat more general, since it is valid also in the case in which new light degrees of freedom

are present and circulate in the loops. The effective Lagrangian approach is being pursued by the MAD-

GRAPH team (see Section 11.5). The anomalous coupling approach has been used to perform studies on

the spin/CP properties of the Higgs boson [436], and its most widely used implementation is so called

MELA approach52 [437], described in Section 11.4 (see also MEKD [438]).

Here we note that the matrix element method is maximally model dependent, since it allows to

exclude various specific models one by one. An issue which is important to understand is the extent to

which the discrimination of a given spin and CP hypothesis depends on the production model assumed.

The results for the H → γγ channel recently presented by the ATLAS collaboration [439] show that the

spin-2 hypothesis can be discriminated only by assuming a gg fusion production mode. This is somewhat

related to the fact that the H → γγ channel offers essentially only one angular variable, the polar angle

θ∗ of the photons in the Higgs rest frame. The situation is different in the H→WW decay mode, where

a discrimination against the 2+ hypothesis is possible [440], although, thanks to spin correlations, the

discriminating power is maximum if the Higgs is produced in the qq̄ channel. As discussed above, it is

the H → ZZ → 4l channel that offers the maximum amount of information. Here, the dependence on

the production model is present but the experimental results [425] show that the discrimination power is

essentially independent on the production model. This is consistent with what is shown in Section 11.4,

and is due to the fact that, as observed in Ref. [436], the selection cuts sculpt the angular distributions

making the dependence on the production model rather marginal.

Another channel that can be used to test the CP structure of the HVV vertex is the HV associated

production of the Higgs boson with a vector boson (V = W±,Z). In Ref. [441] it has been noted

that the invariant mass distribution of the VH system would be very different in the 0+, 0− and 2+

hypotheses, thus providing a fast track indicator on Higgs spin and CP properties. We point out that these

differences in the invariant mass distribution, together with analogous differences in other kinematical

distributions [442,443], are related to the fact that such spin/CP assignments lead to interactions with the

vector bosons that are mediated by higher dimensional operators.

The Higgs CP properties and the structure of the HVV vertex can also be studied in vector boson

fusion (VBF), by looking at the azimuthal separation of the two tagging jets [444]. Recent studies on the

determination of Higgs Spin/CP properties in VBF are presented in Refs. [443, 445, 446]. When more

data will be available, the VBF channel will nicely complement the information obtained in the inclusive

Higgs production modes.

The experimental analyses of the CP properties have so far mainly focused on discriminating be-

tween the distinct hypotheses of a pure CP-even and a pure CP-odd state. First studies towards dealing

with an admixture of CP-even and CP-odd components have recently been presented by the CMS collab-

oration [426]. As mentioned above, however, angular distributions in H → ZZ and H → WW decays

52ATLAS uses also the BDT method.
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as well as invariant mass distributions and azimuthal distributions in VH and VBF production will have

a limited sensitivity for discriminating between a pure CP-even state and a mixed state if the coupling

of the CP-odd component to VV is suppressed compared to the HVV coupling. The couplings of the

Higgs boson to fermions offer a more democratic test of its CP nature, since in this case the CP even

and odd components can have the same magnitude. In this respect, if the Htt channel can be exploited

sufficiently well this would offer a good opportunity to study Higgs CP properties [447–449].

The remainder of this Section is organized as follows. In Section 11.2 an overview is given about

the coupling of a pseudoscalar to gauge bosons in different models of physics beyond the SM. In Sec-

tion 11.3 the theoretical basis for spin and parity studies at the LHC is reviewed. In Section 11.4 the

matrix element approach based on the JHU generator is briefly reviewed. In Section 11.5 the effective

Lagrangian approach implemented by the MADGRAPH group is presented, together with a comparison

with JHU results.

11.2 Pseudoscalar couplings to gauge bosons

As discussed above, the present analyses of the CP properties of the new state are based in particular

on the investigation of angular distributions of the decays H → ZZ → 4l and H → WW → 4l, of the

azimuthal separation of the two tagging jets in VBF and of the invariant mass distributions of the WH

and ZH production processes. It should be noted that all the above processes involve the coupling of the

new state to two gauge bosons, HVV, where V = W,Z (this coupling also plays an important role for

the processes H→ γγ and H→ Zγ via the W loop contribution).

The angular and kinematic distributions in these processes will only provide sensitivity for a dis-

crimination between CP-even and CP-odd properties if a possible CP-odd component A of the new state

couples with sufficient strength to WW and ZZ. If however the AVV coupling is heavily suppressed

compared to the coupling of the CP-even component, the difference between a pure CP-even state and

a state that is a mixture of CP-even and CP-odd components would merely manifest itself as a modifi-

cation of the total rate (which could at least in principle also be caused by other effects). The angular

distributions in this case, on the other hand, would show no deviations from the expectations for a pure

CP-even state, even if the state had a sizable CP-odd component.

The extent to which the above analyses will be able to reveal effects of a CP-odd component of

the new state therefore crucially depends on the coupling strength AVV in comparison to the coupling of

the CP-even component to gauge bosons. In the following we will briefly discuss this issue for different

kinds of models of physics beyond the SM.

While the coupling of a CP-even scalar to VV is present in lowest order in renormalizable gauge

theories, no such coupling exists for a CP-odd scalar. In general pseudoscalar states A couple to gauge

bosons via dimension 5 operators,

LAVV =
cV
Λ
A V aµν Ṽ a

µν (171)

with Ṽ a
µν = 1

2ǫµνρσV
aρσ denoting the dual field strength tensor (the same structure also holds for cou-

plings to photons and gluons). In the effective operator given in Eq. (171) cV denotes the coupling

strength emerging from the theory at the scale Λ. These couplings can either arise via loop effects in

renormalizable weakly-interacting models as e.g. extensions of the Higgs sector or supersymmetric mod-

els, or they can occur in non-perturbative models as e.g. expanded versions of technicolor [450–452] with

a typical cut-off scale Λ.

11.2.1 Weakly interacting models

In weakly interacting models the pseudoscalar coupling to gauge bosons is mediated by loop effects

(dominantly top loops in many models) such that the coupling cV of Eq. (171) is related to the con-

tributing Yukawa couplings of the underlying model and Λ to the masses of the fermions involved in the
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corresponding contribution to the chiral anomaly.

This loop-induced coupling turns out to be heavily suppressed in several classes of BSM models.

In particular, in the minimal supersymmetric extension of the SM (MSSM) the production times decay

rates for purely pseudoscalar Higgs boson states are typically suppressed by three orders of magnitude or

more (see e.g. the analysis in [453] and the case of a CP-violating scenario discussed in [454]). Within

the MSSM, the detection of any pseudoscalar component of a mixed scalar-pseudoscalar via the above

analyses at the LHC therefore does not look feasible. The same holds for the pseudo-axion states in Little

Higgs models [455–457].

The situation may be somewhat better in other extensions of the SM. In [453] a general type

II 2HDM was investigated. Based on a scan over the relevant parameters it was found that rates for

pseudoscalar production and decay can reach a detectable level at the LHC for small values of tanβ (i.e.

tanβ < 1), where the pseudoscalar rates can get close to or even exceed the rates for a SM Higgs in

some cases. In regions of significant and observable rates at the LHC the pseudoscalar Higgs boson is

predominantly produced via gluon fusion gg → Awhich is enhanced by the larger top quark contribution

than for the SM Higgs boson. The loop-induced decays into gauge bosons also involve the relatively large

coupling of the top quark to the pseudoscalar for small values of tanβ. The main difference to the MSSM

is that small values of tanβ are still allowed within the type II 2HDM, while the MSSM is strongly

constrained by the direct MSSM Higgs searches so that such small values of tanβ are excluded [458].

11.2.2 Strongly interacting models

Turning now to strongly interacting models involving non-perturbative effects, effective couplings of

pseudoscalar states to gauge bosons naturally arise in technicolor models [450–452], where the pseu-

doscalar pseudo-Nambu-Goldstone bosons (PNGB) couple to the respective chiral anomalies and the

associated axial vector currents [459–461]. Moreover, these types of couplings can be generated by in-

stanton effects in the framework of these models. The cut-off scale Λ of the novel underlying strong

interactions is related to the corresponding pseudoscalar decay constant FA defined by the associated

PNGB couplings to the axial vector currents via PCAC,

〈0|jµ5 |A(p)〉 = iFAp
µ (172)

where jµ5 denotes the axial vector current emerging from the novel techni-fermions and pµ the four-

momentum of the pseudoscalar field A. The coupling of the PNGB A to gauge bosons can be derived

from the corresponding coupling to the divergence of the axial vector current,

LA =
A

FA
∂µj

µ
5 (173)

Even for massless techni-fermions the divergence of the axial vector current develops an anomalous

contribution, the Adler–Bell–Jackiw-anomaly (ABJ-anomaly) [462, 463],

∂µj
µ
5 = −SV

g2
V

16π2
V aµν Ṽ a

µν (174)

where SV is the associated anomaly coefficient of the corresponding gauge group and gV its gauge

coupling to the techni-fermions. Finally one obtains the effective PNGB couplings to gauge bosons

[459–461]

LAVV = −SV
g2
V

16π2FA
A V aµν Ṽ a

µν (175)

Depending on the size of the anomaly coefficient SV and the PNGB decay constant FA these effective

couplings can imply production and decay processes of these pseudoscalar states at the LHC which can

reach similar orders of magnitude as for SM Higgs bosons. For CP-non-conserving technicolor models
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in general large admixtures of scalar and pseudoscalar components are possible which could lead to

sizeable deviations of e.g. the angular distributions in final states with 4 charged leptons.

A rigorous analysis of PNGB production and decay at the LHC has been performed in the frame-

work of top-color assisted technicolor models [464]. These models introduce two separate strongly

interacting sectors in order to explain electroweak symmetry breaking (EWSB) and the large top quark

mass at the same time. Techni-fermion condensates generate most of the EWSB but contribute only

little to the top mass. The latter is induced by the condensation of top-antitop pairs which eventually

generates a large Yukawa coupling of the techni-pion to top quarks. The top condensate makes only a

small contribution to EWSB. Within this class of models pseudoscalar rates of the order of the SM Higgs

rates can be reached in a large part of the available parameter space [453]. In contrast to the top quark

case the much smaller Yukawa coupling of the pseudoscalar top-pion state to bottom quarks is induced

by extended technicolor as well as top-color instanton effects. As before the pseudoscalar couplings to

gauge bosons are generated by the ABJ-anomaly. At the LHC a discrimination between scalar and pseu-

doscalar components at the level of O(10%) could help to put constraints on possible mixing between

scalar and pseudoscalar fields within these models.

11.3 Basis of Higgs Spin/Parity measurements at the LHC

11.3.1 Projection

The spin/parity quantum numbers of the Higgs-like resonance can be analyzed systematically in decay

processes and production channels by studying the associated helicity amplitudes53 . Measurements al-

low the determination of necessary and sufficient conditions for assigning the JCP quantum numbers

of pure states but also reveal the nature of mixed CP -even/odd states. Such analyses were comprehen-

sively performed for Z∗Z decays followed by leptonic Z∗ and Z decays in Refs. [435–437, 465, 466], γγ
decays in Refs. [467–470], and CP -violating decays in Refs. [471–475], including appropriate produc-

tion channels of gluon and vector boson fusion [444, 476], and Higgs-strahlung/associated Higgs-vector

production in Refs. [442, 477, 478]. The flow of helicities in a representative amplitude for production

and decay of the general state HJ
m can be written as

gµgµ′ → HJ
m → Z∗

λZλ′ : 〈Z∗
λZλ′ |HJ

m|gµgµ′〉 = Tλλ′ dJm,λ−λ′(Θ) δm,µ−µ′ Gµµ′ (176)

with d(Θ) denoting the Wigner rotation functions [479]. G and T are the reduced helicity amplitudes for

the production and the decay processes, gg(V V ) → HJ and HJ → Z∗Z, respectively. All the relevant

angles are mapped in Figures 86(a) and (b) in the rest frame of the Higgs boson.

Angular distributions in unpolarized particle decays to Z∗Z vector pairs allow the measurement

of four independent helicity amplitudes. Combined with the analysis of threshold excitation in HJ →
Z∗Z, this set is sufficient to determine the spin up to J = 2 and the parity. In addition to strongly

constrained angular correlations, scalar Higgs decays exhibit only phase-space suppression proportional

to the velocity β. In contrast, higher spins can be probed, and eventually excluded, by studying threshold

effects in HJ → Z∗Z, predicted for J > 2 to behave at least as β2J−3 and carrying the power ≥ 3.

Alternatively the angular distribution in the joint process of production plus decay can be exploited. The

final-state axis in gg → HJ → Z∗Z, γγ is distributed isotropically for spin = 0 but non-trivially modified

by terms up to cos2J Θ for any higher spin J .

Some aspects have been studied already in earlier reports [434, 480–485]. A large number of

reports on Higgs properties has been published in particular recently in response to the discovery of the

“125 GeV Higgs boson”; a partial list of references is recorded in Refs. [20, 468, 486–500], including

also analyses like WW decay channels which are theoretically closely related to the channels described

here.

53We point out that the methods we describe here are based on leading-order expressions. Nonetheless, we expect that NLO

corrections will not change the picture dramatically.
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Figure 86: (a) Kinematics of the decay HJ → Z∗Z → (ℓ−1 ℓ
+
1 )(ℓ−2 ℓ

+
2 ) in the rest frame of the Higgs boson. The

angles θ1,2 denote the polar angles of the leptons ℓ−1,2 in the rest frame of the virtual Z∗ and real Z bosons; (b)

Higgs production in gluon collisions and subsequent γγ and Z∗Z decays, also in the Higgs rest frame. If the gluons

are replaced by electroweak gauge bosons, φ = φ1 − φ2 (mod 2π) ∈ [0, 2π) corresponds to the azimuthal angle

between the two initial q V and q′V ′ emission planes [476].

11.3.2 Higgs Decay into Virtual/Real Z Bosons

Denoting the polar angles of the leptons ℓ−1,2 in the rest frame of the virtual Z∗ and real Z bosons by θ1,2
(see Fig. 86(a)), the forward-backward symmetric differential decay distributions of the polar angles for

pure-spin/parity unpolarized boson states HJ decaying into Z∗
λZλ′ final states can be expressed in terms

of four independent helicity amplitudes [435]:

1

Γ

dΓ

d cos θ1d cos θ2
= N−1

[
sin2 θ1 sin2 θ2 |T00|2 +

1

2
(1 + cos2 θ1)(1 + cos2 θ2)[|T11|2 + |T1,−1|2]

+ (1 + cos2 θ1) sin2 θ2 |T10|2 + sin2 θ1(1 + cos2 θ2) |T01|2
]

(177)

for fixedM2
∗ and suppressing the quartic terms involving the P -violating parameters, η1,2, which are very

small ∼ 0.15 for leptonic Z decays, see also Ref. [501]. The distribution is normalized to unity by the

coefficient N . Other helicity amplitudes are related by parity and Bose symmetry of the state: Tλλ′ =
nHT−λ,−λ′ and Tλλ′ [Z,Z∗] = (−1)JTλ′λ[Z∗,Z], respectively, the normality given by nH = P (−1)J .

The amplitude T00 vanishes specifically for negative-parity states. The corresponding azimuthal distri-

bution of the Z-decay planes can be expressed by helicity amplitudes as

1

Γ

dΓ

dφ
=

1

2π

[
1 + nH |ζ1| cos 2φ

]
with |ζ1| = |T11|2/

[
2
∑
|Tλλ′ |2

]
(178)

suppressing the small P -violating η1,2-dependent parts again. (The full expressions of the polar and

azimuthal distributions, (177) and (178), can be found in Ref. [435].) The sign of the φ modulation is

uniquely determined by the normality of the Higgs state. The characteristic behavior of the azimuthal

angle between the two Z decay planes is illustrated in Figure 87(a) for spin-zero of positive (SM) and

negative parity. Distributions of positive and negative parity decays are mutually anti-cyclic. This will

also be observed in jet-jet correlations of electroweak-boson and gluon fusion [441, 443–446, 476, 502].

The spin averaged distribution applies to all configurations in which the orientation of the Z∗Z
event axis in the rest frame is summed over so that the decay state is effectively unpolarized.

The functional form of the angular correlations among the Z decay products is not specific to

the spin of the decaying boson for J ≥ 2. These spins cannot be discriminated anymore by such
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Figure 87: (a) Oscillations of the azimuthal angle between the two Z decay planes for spin = 0 with positive parity

in the SM compared with negative parity; (b) Threshold behavior of the decay width HJ → Z∗Z for the SM and

spin-2 (ci = 0 except c2 = 1/M2
H, ci defined in Table 55) even normality bosons, with a Higgs boson mass of

125 GeV.

generic analyses. However, angular correlations supplemented by threshold suppression can resolve the

ambiguities. After solving for the case J = 2 specifically, the analysis is quite general and transparent for

J > 2 since the tensor structure of these decay amplitudes leads to a characteristic signature of the spin.

The (J + 2)-tensor structure enforces the amplitude T for J > 2 to rise at least ∼ βJ−2 and the decay

width correspondingly with ∼ β2J−3. In the absence of the (1 + cos θ2
1) sin2 θ2 and sin2 θ1(1 + cos2 θ2)

polar-angle correlations, the pronounced difference of the threshold behavior is exemplified for the spin

= 0 SM and spin = 2 even normality bosons with identical 4ℓ angular correlations in Figure 87(b).

Alternatively the measurement of the polar angular distribution of the Z∗Z axis in the production

process gg → HJ → Z∗Z can be exploited to analyze spin states of any value J . This method can also

be applied in γγ decays which, since technically simpler, will be described in detail later.

11.3.3 Standard Model

The SM Higgs boson with JP = 0+ predicts by angular momentum conservation only two non-

vanishing H → Z∗Z decay helicity amplitudes, T00 = (M2
H −M2

∗ −M2
Z)/(2M∗MZ) and T11 = −1.

The angular distributions can therefore be cast into the transparent form [435, 477]:

1

ΓH

dΓH

d cos θ1 cos θ2
=

9

16

1

γ4 + 2

[
γ4 sin2 θ1 sin2 θ2 +

1

2
(1 + cos2 θ1)(1 + cos2 θ2)

]
(179)

1

ΓH

dΓH

dφ
=

1

2π

[
1 +

1

2

1

γ4 + 2
cos 2φ

]
(180)

where γ2 = (M2
H−M2

∗−M2
Z)/(2M∗MZ). These angular distributions will come with the Z∗Z threshold

rise [435, 477]

dΓ[H→ Z∗Z]

dM2∗
⇒ β ∼

√
(MH −MZ)2 −M2∗ /MH for M∗ ⇒MH −MZ (181)

The observation of the angular distributions associated with the helicity amplitudes, T00, T11 and of the

threshold rise ∼ β are necessary conditions for the zero-spin character of the SM Higgs boson. They
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prove also sufficient by noting that any other spin/parity assignment necessarily generates, for any pure

state, a different combination of angular correlations and threshold power.

The analysis applies analogously to Higgs bosons in generalized scenarios, like supersymmet-

ric theories, in which the couplings to vector bosons are non-derivative, in conformity with generating

masses through the Higgs mechanism.

11.3.4 Alternative JP Assignments

To prove the unique 0+ assignment to the SM Higgs boson, it must be demonstrated that the observed

signals discussed above are characteristically different for other assignments so that any spin/parity con-

fusion is avoided. The most general Lorentz bases are summarized in Table 55 for spin J = 0 and 2.

The elements are introduced Bose symmetric to leading order in the momenta, and they exhibit all the

characteristics relevant for the general analyses.

Table 55: The most general tensor couplings of the Bose symmetric HJZ∗Z vertex and the corresponding helicity

amplitudes for Higgs bosons of spin = 0 and 2 satisfying the relation Tλλ′ [M∗,MZ] = (−1)J Tλ′λ[MZ,M∗].

Here p = k1 + k2 and k = k1 − k2, where k1 and k2 are the 4-momenta of the Z∗ and the Z bosons, respectively.

JP HJZ∗Z Coupling Helicity Amplitudes Threshold

T00=[2a1(M2
H−M2

∗−M2
Z)+a2M4

Hβ
2]/(4M∗MZ) 1

0+ a1 gµν+a2 pµpν

T11=−a1 1

T00=
{
−c1 (M4

H−(M2
Z−M2

∗ )2)/M2
H+M2

Hβ
2[c2 (M2

H−M2
Z−M2

∗ )
c1 (gµβ1gνβ2+gµβ2gνβ1 )

+2c3M2
H+ 1

2
c4M4

Hβ
2]
}
/(
√

6MZM∗) 1
+c2 gµν kβ1kβ2

T01=−[c1(M2
H−M2

Z+M2
∗ )−c3M4

Hβ
2]/(

√
2M∗MH) 1

2+ +c3 [(gµβ1 pν−gνβ1 pµ)kβ2

T10=−[c1(M2
H−M2

∗+M2
Z)−c3M4

Hβ
2]/(

√
2MZMH) 1

+(β1↔β2)]
T11=−

√
2/3 (c1+c2M2

Hβ
2) 1

+c4 pµpνkβ1kβ2

T1,−1=−2 c1 1

T00=0
0− a1 ǫµνρσpρkσ

T11=i β M2
H a1 β

T00=0

c1 ǫµνβ1ρpρkβ2 T01=i β c1 (M2
H+M2

∗−M2
Z)MH/(

√
2M∗) β

2− +c2 ǫµνρσpρkσkβ1kβ2 T10=i β c1 (M2
H+M2

Z−M2
∗ )MH/(

√
2MZ) β

+(β1↔β2) T11=i β 2
√

2/3 (c1+c2M2
Hβ

2)M2
H β

T1,−1=0

11.3.4.1 Pseudoscalar

Pure pseudoscalar/CP -odd states HJ = A with JP = 0− may have a significant branching ratio for

decays into Z-boson pairs, though not guaranteed in general [453], as manifest in supersymmetric theo-

ries. The pseudoscalar A is the state of minimal complexity as the helicity amplitude T00 = 0 by parity

invariance and the only non-zero amplitude is T11 = −T−1,−1. As a result, the polar and azimuthal

angular distributions are independent of any free parameter [435, 477]:

1

ΓA

dΓA

d cos θ1 cos θ2
=

9

64
(1 + cos2 θ1)(1 + cos2 θ2) (182)

1

ΓA

dΓA

dφ
=

1

2π

[
1− 1

4
cos 2φ

]
(183)
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The negative-parity decays are distinctly different from decays of the SM Higgs boson. In particular, the

cos 2φ term, proportional to the normality nH, flips sign when the parity is switched, cf. Fig. 87(a). First

experimental analyses [12, 425, 426] exclude the negative-parity assignment at more than the 3σ level.

It may be read off Table 55 that the decay amplitude is suppressed near the threshold so that the

width rises as β3, in contrast to β in the SM.

If the branching ratio for A → Z∗Z decays is small, initial-final state correlations in γγ as well as

jet-jet correlations in gluon fusion build up a set of necessary and sufficient analyses of the spin/parity

quantum numbers:

– The angular distribution of the photons in gg → A → γγ is isotropic for spin = 0 in the A rest frame

while behaving as a polynomial up to cos2J Θ for higher spins.

– The jets in gluon fusion gg → A + gg are anti-correlated in the azimuthal distribution cos 2φ for pseu-

doscalar states [476], opposite to correlated pairs for scalars. Parity signals follow from the correlation

~ǫ1 × ~ǫ2 of the linear gluon polarization vectors for A, and ~ǫ1 · ~ǫ2 for H, with the polarization vectors

concentrated in the gluon-emission planes.

11.3.4.2 Higher Spin States J > 0

Vector/Axialvector JP = 1∓ : Vector states of both parities cannot decay into di-photon final states by

virtue of the Landau-Yang theorem [427,428]. Independently of the theorem it may be noted that vector

decays into Z∗Z pairs can be ruled out experimentally by analyses parallel to those for spin-2 states,

which will be described next.

2-Tensors JP = 2± : Tensor decays into Z∗Z pairs with negative parity are suppressed with the third

power β3 in the velocity near the threshold. Tensor decays with positive parity are also suppressed,

if correlations (1 + cos2 θ1) sin2 θ2 et v.v., absent also in scalar decays, are not observed. This case

is nicely illustrated by the “tensor assignment” as studied in Graviton-related Kaluza-Klein scenarios

[436, 437, 465–469].

Spin J ≥ 3 : Spin states J ≥ 3 generate the same generic angular correlations in decays of unpolarized

particles as J = 2, though with different coefficients. However, the threshold rise, at least ∼ β2J−3, is

characteristically reduced compared to the SM Higgs boson as explained in Section 11.1. (In addition,

characteristic initial-final state correlations would signal the production of a spin ≥ 3 state.)

11.3.5 Di-Photon Final States

A prominent decay mode of Higgs bosons are H → γγ decays [503]. They can be exploited to study

the spin quantum number of the particle [436,437,465–470], supplementing the decays into electroweak

gauge bosons.

The Landau–Yang theorem [427,428], based on Lorentz invariance, electromagnetic gauge invari-

ance and Bose symmetry, forbids spin-1 particles to decay into photon pairs. This theorem can easily

be extended to odd-spin states of negative parity [428, 470]. From the isotropic decay of spinless states

it follows that the parity cannot be measured in on-shell di-photon decays [427, 470]. However, this

problem can be solved by gluon fusion gg → H,A + jj with γγ decays of the Higgs bosons and jets in

the final state [476].

Information on any spin of the Higgs boson can be derived from combining the production with

the decay process. The information is carried in gluon fusion, cf. Fig. 87(b), by the angle Θ of the

decay photons with respect to the axis of the incoming partons in the rest frame of the Higgs boson (see

Figure 86(b)):

gg → HJ → γγ . (184)

Initial and final states carry helicities µ−µ′, λ−λ′ = 0 and±2, added up incoherently in the differential
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cross section

1

σ

dσ[gg → HJ → γγ]

d cos Θ
= (2J + 1)

[
X0Y0DJ00 + X0Y2DJ02 + X2Y0DJ20 + X2Y2DJ22

]
(185)

with the angular-symmetric squared Wigner functions DJmλ = 1
2{[dJmλ(Θ)]2 + [dJm,−λ(Θ)]2}. The prob-

abilities for production X0,2 and decay Y0,2 are built up by the gg → HJ production and HJ → γγ decay

helicity amplitudes. Quite generally they rise up to the non-trivial maximum power of

DJ ∼ cos2J Θ , (186)

independently of the helicity indices 0 or 2. Thus a characteristic signal of the Higgs spin involved is

provided by the angular distribution of the photon axis, singling out the isotropic spin = 0 very clearly

[470].

While scalar/pseudoscalar Higgs production in the SM is isotropic, any other spin assignment

gives rise to non-trivial polar angular distributions as manifest in Fig. 88. In particular, the SM Higgs

angular distribution {0; 00}, coming with D0
00(Θ) = 1 for X0 = Y0 = 1, is compared with the spin-

2 distributions for the ′scalar assignment′ {2; 00} and the ′tensor assignment′ {2; 22}. For example,

the angular distribution for spin-2 graviton-like states is described [467–470] by D2
22(Θ) = (cos4 Θ +

6cos2 Θ + 1)/16 for X2 = Y2 = 1. The spin/parity states, which are probed by observing the squared

Wigner functions DJ in γγ decays, are listed in Table 56.

Whenever a γγ final state is observed as demanded for a Higgs boson, the polar angular distribution

can be exploited to measure the spin of the decaying particle and eventually rule out any non-zero spin

decay.
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Figure 88: Polar-angle distributions of the γγ axes in the rest frame of the subprocesses: the flat Higgs signal

compared with potential spin-2 distributions; (a) the ′scalar assignment ′ {2; 00} and (b) the ′tensor assignment ′

{2; 22} and the ′mixed assignments ′, {2; 02} and {2; 20} (all distributions normalized over the interval | cosΘ| ≤
1/
√

2). The upper indices refer to the allowed parity associated with the distributions in γγ decays.

An analogous experimental analysis can be carried out for Z∗Z final states if the angular distribu-

tion of the Z∗Z axis is measured.

In contrast to the correlation analyses of polarization-averaged Higgs states in the final states,

the measurement of this polar angle Θ is affected by the boost from the laboratory frame to the Higgs
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Table 56: Selection rules for Higgs spin/parity following from observing the polar angular distribution of a spin-J

Higgs state in the process gg → H→ γγ , cf. Ref. [470].

P \ J 0 1 2, 4, · · · 3, 5, · · ·
even 1 forbidden DJ00 DJ02 DJ22

DJ20 DJ22
odd 1 forbidden DJ00 forbidden

rest frame. A simple technique is provided by boosting the reference frame along the 3-momentum

of the Higgs boson in the proton-proton-Higgs production plane, leaving the orthogonal space coordi-

nate unchanged. The corresponding vector is known experimentally since the Higgs decay final states,

γγ,Z∗Z→ 4ℓ allow the explicit reconstruction of this vector.

11.3.6 Vector-boson Fusion

The production of Higgs bosons in electroweak vector-boson fusion V V ′ → H offers another powerful

check of the Higgs parity [444, 476]. Radiating the vector bosons off the quark lines, as depicted in

Fig. 86(b), the azimuthal correlation between the two radiation planes is sensitive to this quantum num-

ber. The two planes are spanned by the proton-proton axis combined with any of the two final quark jets.

The correlations of the planes in gluon fusion to Higgs + two jets can be exploited in parallel.

The differential cross sections can be written as a straightforward generalization of the cross sec-

tions derived above, for the forward-backward symmetric combination with the transversal and longi-

tudinal degrees of freedom of V, V ′ and Z∗,Z (from the decay of the Higgs boson into Z∗Z) summed

up.

Electroweak vector-boson fusion is supplementary in several facets to Higgs-boson decays, and

we will focus on the new elements in gluon fusion [476, 504],

qq → H,A + qq and q → q̄, g . (187)

By producing the Higgs bosons in gluon fusion, followed by di-photon decays, this mechanism allows

the determination of the parity of the pseudoscalar A in scenarios for which A does not decay into Z
pairs with sufficiently large branching ratio.

Radiating gluons off quarks or gluons the daughter gluons are polarized to a high degree P in the

emission plane [476, 505] as opposed to the perpendicular plane,

q→ qg : P (q; z) = 2(1− z)/(2− 2z + z2) (188)

g → gg : P (g; z) = (1− z)2/(1 − z + z2)2 (189)

where z denotes the energy fraction transferred to the daughter gluon in the fragmentation process

q → qg or g → gg in the collinear and massless parton limit. Since parity-even Higgs bosons H
are produced preferentially for parallel gluon polarization ∼ ~ǫ1 · ~ǫ2, while parity-odd Higgs bosons A
demand perpendicular polarization ∼ ~ǫ1 × ~ǫ2, the azimuthal modulation of the parton-level production

cross sections is uniquely predicted [476] as

1

σ

dσ

dφ
=

1

2π

[
1± |ζ| cos 2φ

]
for H,A . (190)

The angle φ is the azimuthal angle between the two emission planes q → q g and/or g → g g, and the

polarization parameters |ζ|

|ζ| = P (u; z1)P (v; z2) with u, v = q, g for qq/qg/gg (191)
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measures the size of the correlation/anti-correlation of the two planes for H/A production [476]. In

the limit of soft gluon radiation the degrees of polarization approach unity. Since the recoil quarks are

emitted at small but non-vanishing transverse momenta, the planes formed each by quark and proton

axis can be determined experimentally. The description of quantitative analyses is deferred to the proper

analysis group.

11.3.7 Addenda

Higgs-strahlung : This process in e+e− collisions has been proposed quite early [477, 478] as a tool for

measuring Higgs spin/parity, and invites investigating q q → Z/W + H at the LHC [441–443, 445,

446,502]. The threshold behavior can be exploited in the same way as described in the Higgs decay into

virtual Z bosons. A linear rise in the invariant mass distribution rules out the states 0−, 1−, 2−, while

to rule out 1+, 2+ one also requires the angular correlations in the leptonic Z boson decay products.

A linear rise in the mass distribution and non-observation of the non-trivial [1 + cos2 θ] sin2 θ∗ and

sin2 θ[1 + cos2 θ∗] correlations rules out 1+, 2+ (θ denoting the polar angle in HJZ production and θ∗
the fermion polar angle in the Z rest frame with respect to the Z flight direction in the laboratory frame).

Any higher spin assignment above spin-2 is ruled out by a rise in the invariant mass distribution with a

power ≥ 3.

Fermion Final States : There are scenarios, in particular in supersymmetric theories [506–508], in which

CP -odd (pseudoscalar) Higgs particles decay, though not forbidden in principle, into pairs of vector

bosons only with perturbatively small branching ratio. This problem can be approached in fermion de-

cays of the Higgs boson [485,509–511], which may be illustrated by two examples, specific for moderate

and large masses:

(i) The angular correlation of the light 0± Higgs decay H,A → τ−τ+ → π−π+... can be written [474,

475, 485] as

1

Γ

dΓ[H,A→ π−π+...]

d cos θ1d cos θ2dφ
=

1

8π
[ 1− cos θ1 cos θ2 ∓ sin θ1 sin θ2 cos φ ] , (192)

modulated characteristically opposite for positive and negative parities.

(ii) The process H,A → t̄ t followed by the 2-particle decay t → Wb for heavy Higgs bosons can

be analyzed in the same way as the τ chain; the b-jet and the W± angular distribution read identically

[474, 475, 485]:

1

Γ

dΓ[H,A→ t̄ t→ b̄b...]

d cos θ1d cos θ2dφ
=

1

8π

[
1− κ2

W (cos θ1 cos θ2 ± sin θ1 sin θ2 cos φ)
]

(193)

with the polarization-resolving factor κW = (m2
t − 2M2

W)/(m2
t + 2M2

W) ∼ 2/5.

11.3.8 CP mixing in the spin-zero Higgs system

CP violation in the Higgs system can arise from two different sources which of course influence each

other at second order in the perturbative expansion. CP violation can be either indirect and implanted

in the Higgs mass matrix [27, 512–515], or direct and effective in the interaction mechanisms with other

particles, or both sources may act in parallel.

Combining the CP -mixed Higgs states H′ with CP -violating interactions, an effective H′ZZ
vertex with complex coefficients can be defined,

V µν
H′ZZ

= igZMZ

[
a gµν + b

pµpν

M2
H′

+ c ǫµνρσ
pρkσ
M2

H′

]
, (194)
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in the same notation for the 4-momenta as in Table 55. Neglecting any small interference effects, the

SM-type parameter a can be taken real. CP is violated if at the same time in addition to c the couplings

a and/or b do not vanish simultaneously [473]. Note that these parameters can in general be momentum-

dependent form factors obtained from integrating out new physics at some large scale Λ. As the momen-

tum dependence involves ratios of typical momenta in the process to Λ, in a first approximation the scale

dependence can be neglected and only the constant part is kept.

The SM is characterized by the set a = 1 and b = c = 0. Of particular interest is the subgroup

a 6= 0, b = 0 and c 6= 0, with c being either real or complex. This subgroup is realized in scenarios in

which CP -violation is rooted in the coherent superposition of CP -even H and CP -odd A components

of the Higgs wave function. It will provide transparent illustrations of CP -violation effects.

The five general parameters of the H ′ZZ vertex, {a, Re(b), Im(b), Re(c), Im(c)}, can be mea-

sured by five independent observables, {O1, · · · ,O5}. CP -violation proper can be observed by isolating

the sin 2φ observable [471, 472],

O4 = sin2 θ1 sin2 θ2 sin 2φ (195)

which can be accessed by a pure measurement of dΓ/dφ ∼ β Re(ac∗).

In a first step CP -violation may solely be associated with the wave function of the Higgs boson,

which is built up by the superposition of CP -even H and CP -odd A spinless components [516, 517]:

H′ = cosχH + sinχ eiξ A . (196)

Apart from the wave function we assume the Z∗Z vertex to be identified with the SM parameters so

that in the notation introduced above a = cosχ, b = 0 and c = ρZ sinχ eiξ , with the real parameter

ρZ denoting the magnitude of the CP -conserving AZZ coupling, potentially suppressed relative to the

HZZ coupling.

The CP -violating H′ → Z∗Z decay helicity amplitudes are built up by the basic HZ∗Z and AZ∗Z
amplitudes and their parity mirrors. Suppressing the very small η1,2-dependent terms for leptonic Z
decays, the width can be cast into the form

1

Γ

dΓ

d cos θ1d cos θ2
=

9

16N

[
γ4c2χ sin2 θ1 sin2 θ2 +

1

2
(c2χ + ρ2

Zβ
2s2χ)(1 + cos2 θ1)(1 + cos2 θ2)

]

1

Γ

dΓ

dφ
=

1

2π

[
1 +

1

2

{
(c2χ − ρ2

Zβ
2s2χ) cos 2φ+ ρZβs2χcξ sin 2φ

}
/N
]

(197)

using the normalization N = (2 + γ4)c2χ + 2ρ2
Zβ

2s2χ with the abbreviations cχ = cosχ, etc., and the

boosts-related factor γ2 = (M2
H′ − M2

∗ −M2
Z)/(2M∗MZ), and β accounting for the standard phase

space suppression in massive decays.

The original H and A contributions, coming with c2χ and s2χ can easily be recognized in the

cos θ1 cos θ2 and cos 2φ distributions. The novel CP -violating H/A interference term is proportional

to sin 2χ cos ξ. It is uniquely isolated from the CP -conserving terms by the angular dependence sin 2φ.

When the angle χ moves from 0 to π/2, the system moves continuously from the pure 0+ SM Higgs

state through CP -mixed states to the pure 0− state. This transition is demonstrated in Fig. 89(a) in which

the modifications of the helicity coefficients compared with the SM are displayed as a function of χ with

ρZ = 1 and ξ = 0. As shown in Fig. 89(b), the azimuthal modulation for a non-trivial CP -violating

phase χ = 2π/5 is distinctly different from that for the SM case with χ = 0. The size of the admixture

ρZ is crucial for observing the mixed state experimentally (where for small ρZ the φ distribution moves

back to the SM oscillation, independent of χ).

For MH′ = 125 GeV a maximum value of the asymmetry A4 = [Γ(O4 > 0) − Γ(O4 < 0)]/Γ of

the observable O4 of 0.10 is obtained for Re(c)/a = 2.7 (reduced only to 0.06 for the ratio set to 1.0).

A rough theoretical estimate based on the numbers for signal and background at 7 and 8 TeV taken from

177



0.0 0.1 0.2 0.3 0.4 0.5

χ/π

0.00

0.20

0.40

0.60

0.80

1.00
C

o
ef

fi
ci

en
ts

sin
2
θ1sin

2
θ2

(1+cos
2
θ1)(1+cos

2
θ2)/4

H’---> Z
*
Z --->  (l

-

1
l
+

1
) (l

-

2
l
+

2
)

M
H’

 = 125 GeV

(a)

SM 0
-

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
3

0.0 0.5 1.0 1.5 2.0

φ/π

0.12

0.14

0.16

0.18

0.20

1
/Γ

 d
Γ

/d
φ

SM (χ=0)
χ = 2π/5

H’---> Z
*
Z --->  (l

-

1
l
+

1
) (l

-

2
l
+

2
)

M
H’

 = 125 GeV

(b)

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

0.0 0.1 0.2 0.3 0.4 0.5

χ/π

-1.00

-0.50

0.00

0.50

1.00

C
o
ef

fi
ci

en
ts

cos2φ
sin2φ

gg ---> H’ 

M
H’

= 125 GeV
(c)

0
+

0
-

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
3

Figure 89: (a) The CP-even and CP-odd coefficients in the correlated polar-angle distribution with respect to the

H/A mixing angle χ and (b) the correlated azimuthal-angle distribution in the process H′ → Z∗Z → 4ℓ for the SM

case (χ = 0) and a CP -violating case with χ = 2π/5; (c) the CP-even and CP-odd coefficients in the correlated

azimuthal-angle distribution of the two initial two-jet emission planes with respect to the CP-mixing angle χ. The

H′ mass MH′ is set to be 125 GeV. In addition, the ratios ρZ = ρg = 1, the phase ξ = 0 and the polarization

parameter |ζ| = 1 are taken for illustration.

Ref. [425] yields for A4 a significance of 0.45, where we have assumed that both the Higgs coupling to

Z and W bosons is CP -violating. We have calculated the significance according to the formula given in

Ref. [473]. With the signal and background numbers from CMS [12] we have a significance of 0.50. At

14 TeV, extrapolating the numbers for signal and background from Ref. [310], the significance increases

to 0.74 for an integrated luminosity of 100 fb−1 and to 1.28 for 300 fb−1.

For small AZZ couplings, gluon fusion gg → H′+gg followed by H′ → γγ decays offers a viable

alternative. The Hgg and Agg vertices are combined to

VH′gg = cosχVHgg + sinχeiξ VAgg (198)

Denoting the ratio of Agg/Hgg couplings by ρg, the superposition of the ± parities modifies the az-

imuthal angular modulation of the two jets to

1

σ

dσ

dφ
=

1

2π

[
1 + |ζ|

{(
c2χ − ρ2

gs
2
χ

)
cos 2φ+ ρg s2χcξ sin 2φ

}
/N ′

]
(199)

with the polarization parameters |ζ| defined in Eq. (191) and the normalizationN ′ = c2χ + ρ2
gs

2
χ. The two

coefficients are illustrated in Fig. 89(c) for ξ = 0, the admixture parameter ρg = 1 and the polarization

parameter |ζ| = 1.

Fermion decays: Other observables for studying the CP -violating mixing effects experimentally

are the polarization of the τ leptons and top quarks, cf. Ref. [518–522]. The correlations are built up by

the dot and cross products of the transverse polarization vectors, C|| and C⊥, respectively, coming with

coefficients cosφ and sinφ in the azimuthal decay distributions.

11.4 Spin, parity and tensor couplings with JHUGEN and MELA

Studies of spin, parity, and couplings of the Higgs-like boson may employ either effective Lagrangians

or generic parameterizations of scattering amplitudes. The two approaches are fully equivalent. Ef-

fective Lagrangians typically lead to smaller number of tensor couplings by restricting dimensions of

contributing operators; this makes the spin-parity analyses more tractable. Generic parameterizations

of scattering amplitudes contain all possible tensor structures consistent with assumed symmetries and

Lorentz invariance without assigning relative significance to different contributions. Therefore, if the
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goal is to maximize the variety of scenarios that can be explored for a given hypothesis, generic parame-

terizations of amplitudes is a reasonable choice.

We split studies of the new boson properties, such as spin, parity, and couplings, into two groups

– tests of discrete spin/parity/coupling hypotheses of the new particle;

– identification and measurement of various types of tensor couplings that are consistent with as-

sumed symmetries and Lorentz invariance, for a given spin assignment.

11.4.1 Parameterization of amplitudes for spin-zero, spin-one, and spin-two bosons

To introduce our notation, we follow Ref. [437], and write the general scattering amplitude that describes

the interaction of the Higgs-like boson with the gauge bosons, such as ZZ, WW, Zγ , γγ , or gg

A(XJ=0 → VV) = v−1

(
g1m

2
V ǫ

∗
1ǫ

∗
2 + g2f

∗(1)
µν f∗(2),µν + g3f

∗(1),µνf∗(2)µα

qνq
α

Λ2
+ g4f

∗(1)
µν f̃∗(2),µν

)
,

(200)

where f (i),µν = ǫµi q
ν
i −ǫνi qµi is the field strength tensor of a gauge boson with momentum qi and polariza-

tion vector ǫi; f̃
(i)
µν is the conjugate field strength tensor. Parity-conserving interaction of a pseudo-scalar

corresponds to g4, of a scalar to g1, g2, and g3. The SM Higgs coupling at tree level (to ZZ and WW) is

described by the g1 term, while the g2 term appears in the loop-induced processes, such as Zγ , γγ , or gg,

and as a small contribution due to radiative corrections in the ZZ and WW couplings. The g3 term can

be absorbed into the g2 term if the constants are allowed to be momentum-dependent [437]. Moreover,

this term is supposed to be small since it corresponds to a dimension-seven operator in an effective La-

grangian. We therefore neglect the g3 term in the following discussion, but we note that it can be easily

included in our framework if necessary.

Next, we write the general scattering amplitude that describes the interaction of the Higgs-like

boson with the fermions, such as τ+τ−, µ+µ−, bb, and tt. We assume that the chiral symmetry is exact

in the limit when fermion masses vanish

A(XJ=0 → f f̄) =
mf

v
ū2 (ρ1 + ρ2γ5) v1 , (201)

where mf is the fermion mass and ū and v are the Dirac spinors. The two constants ρ1 and ρ2 correspond

to the scalar and pseudoscalar couplings.

For more exotic spin assignments of the new boson, a large variety of tensor couplings is possible.

For completeness, we write down the amplitudes that describe the coupling of this particle to the vector

bosons, cf. Ref. [437],

A(XJ=1 → VV) = g
(1)
1

[
(ǫ∗1q)(ǫ

∗
2ǫX) + (ǫ∗2q)(ǫ

∗
1ǫX)

]
+ g

(1)
2 ǫαµνβǫ

α
Xǫ

∗,µ
1 ǫ∗,ν2 q̃β , (202)

A(XJ=2 → VV) = Λ−1
[
2g

(2)
1 tµνf

∗1,µαf∗2,να + 2g
(2)
2 tµν

qαqβ
Λ2

f∗1,µαf∗2,ν,β

+g
(2)
3

q̃β q̃α

Λ2
tβν(f

∗1,µνf∗2µα + f∗2,µνf∗1µα) + g
(2)
4

q̃ν q̃µ

Λ2
tµνf

∗1,αβf∗(2)αβ

+m2
V

(
2g

(2)
5 tµνε

∗µ
1 ε∗ν2 + 2g

(2)
6

q̃µqα
Λ2

tµν (ε∗ν1 ε
∗α
2 − ε∗α1 ε∗ν2 ) + g

(2)
7

q̃µq̃ν

Λ2
tµνε

∗
1ε

∗
2

)

+g
(2)
8

q̃µq̃ν
Λ2

tµνf
∗1,αβf̃∗(2)αβ + g

(2)
9 tµαq̃

αǫµνρσǫ
∗ν
1 ǫ

∗ρ
2 q

σ

+
g
(2)
10 tµαq̃

α

Λ2
ǫµνρσq

ρq̃σ (ǫ∗ν1 (qǫ∗2) + ǫ∗ν2 (qǫ∗1))

]
, (203)
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and to the fermions

A(XJ=1 → f f̄) = ǫµū1

(
γµ

(
ρ
(1)
1 + ρ

(1)
2 γ5

)
+
mq q̃µ
Λ2

(
ρ
(1)
3 + ρ

(1)
4 γ5

))
v2 , (204)

A(XJ=2 → f f̄) =
1

Λ
tµν ū1

(
γµq̃ν

(
ρ
(2)
1 + ρ

(2)
2 γ5

)
+
mq q̃µq̃ν

Λ2

(
ρ
(2)
3 + ρ

(2)
4 γ5

))
v2 . (205)

The g
(1)
1 (g

(1)
2 ) coupling corresponds to parity-conserving interaction of a vector (pseudo-vector). The

g
(2)
1 and g

(2)
5 couplings correspond to parity-conserving interaction of a spin-two tensor with the mini-

mal couplings. We note that both spin-one and spin-two assignments for the Higgs-like boson are rather

exotic and, at the same time, require large number of couplings to fully parametrize the X → VV am-

plitude. Moreover, since existing evidence already disfavors exotic spin assignments [12, 298, 425, 426,

439, 440, 523], the complete measurement of the tensor couplings for both of these cases is not particu-

larly motivated. Nevertheless, further checks of some spin-two scenarios against available data and the

development of robust methods to exclude certain spin-parity assignments in a model-independent way

are important and should be pursued.

11.4.2 Tensor couplings in the spin-zero case

As we already mentioned above, there is a significant evidence that the Higgs-like boson is in fact a

spin-zero particle whose properties are very similar to that of the SM Higgs boson. Taking this as a

starting point, we need to focus on the Higgs-like boson precision phenomenology. One of the important

questions we should address is how to determine and/or put constraints on all the different couplings of

the spin-zero Higgs-like boson that appear in Eqs. (200) and (201).

To set up a framework for couplings determination, we consider the case of three independent

complex couplings g1, g2, and g4 for each type of a vector boson (Z, γ,W, g) and two independent

complex couplings ρ1 and ρ2 for each type of a fermion, under the spin-zero assignment. Therefore,

we require four independent real numbers to describe bosonic process and two real numbers to describe

fermionic process provided that the overall rate is treated separately and one overall complex phase is

not measurable. For a vector boson coupling, we can represent the four independent parameters by two

fractions (fg2 and fg4) and two phases (φg2 and φg4), defined as

fgi =
|gi|2σi

|g1|2σ1 + |g2|2σ2 + |g4|2σ4
; φgi = arg

(
gi
g1

)
.

We note that σi is the effective cross-section of the process corresponding to gi = 1, gj 6=i = 0. The

parameter fg4 is equivalent to the parameter fa3 as introduced by CMS [426] under the assumption

g2 = 0, and is the fraction of a CP -violating contribution.

Based on Eq. (201), we can define two parameters describing mixing in the fermion couplings,

fρ2 and φρ2, equivalent to the boson coupling parameters defined above. We note that the fractions and

phases can be defined independently for each type of boson or fermion couplings or they can be related to

each other by further assumptions about the electroweak quantum numbers of the Higgs-like boson. The

advantage of introducing fractions fgi to parametrize different couplings is that they are uniquely defined

and have a clear experimental interpretation as effective fractions of yields of events corresponding to

each independent scattering amplitude. We note that contributions that originate from the interference of

different amplitudes can be easily described using the parameterization introduced above.

11.4.3 Monte Carlo Simulation

Dedicated simulation programs can be used to describe various di-boson final states in the production

and decay to two vector bosons of the spin-zero, spin-one, and spin-two resonances in hadron-hadron
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collisions. Implementation of the processes gg/qq̄ → X → ZZ and WW → 4f , as well as gg/qq̄ →
X → γγ , into a Monte Carlo program JHU generator, is described in Ref. [524]. The JHU generator

incorporates the general couplings of the X particle to gluons and quarks in production and to vector

bosons in decay and includes all spin correlations and interferences of all contributing amplitudes. The

program can be interfaced to parton shower simulation as well as full detector simulation through the Les

Houches Event file format [193]. The program also allows interfacing the decay of a spin-zero particle

with the production simulated by other Monte Carlo programs. This makes it possible to include NLO

QCD effects in the production through event generators such as POWHEG [78–80].

The JHU generator can be used to develop ideas and tools for the study of the Higgs-like boson

with experimental data. To illustrate this point, we show in Table 57 several scenarios that can be ex-

plored. Of course, any combination of the above scenarios with proper interferences of amplitudes can

be tested as well using the JHU generator. An example of interference study is shown in Figure 91.

Table 57: List of representative scenarios for the analysis of the production and decay of an exotic X particle with

quantum numbers JP . The subscripts m (minimal couplings) and h (couplings with higher-dimension operators)

distinguish different scenarios, as discussed in the last column.

scenario X production X→ VV decay comments

0+
m gg → X g

(0)
1 6= 0 in Eq. (200) SM Higgs boson scalar

0+
h gg → X g

(0)
2 6= 0 in Eq. (200) scalar with higher-dim. operators

0− gg → X g
(0)
4 6= 0 in Eq. (200) pseudo-scalar

1+ qq→ X g
(1)
2 6= 0 in Eq. (202) exotic pseudo-vector

1− qq→ X g
(1)
1 6= 0 in Eq. (202) exotic vector

2+
m g

(2)
1 6= 0 in Eq. (203) g

(2)
1 = g

(2)
5 6= 0 in Eq. (203) graviton-like tensor with min. couplings

2+
h g

(2)
4 6= 0 in Eq. (203) g

(2)
4 6= 0 in Eq. (203) tensor with higher-dimension operators

2−h g
(2)
8 6= 0 in Eq. (203) g

(2)
8 6= 0 in Eq. (203) “pseudo-tensor”

11.4.4 Approaches to mixture and spin measurements

The basic idea behind any spin-parity measurement is that various spin-parity assignments restrict al-

lowed types of interactions between the Higgs-like boson and other particles. This feature manifests

itself in various kinematic distributions of either the decay products of the Higgs-like particle or particles

produced in association with it. Let us first discuss the three processes which would allow the complete

determination of the tensor couplings in Eq. (200) for the HZZ interaction vertex. These are illustrated

in Figure 90 and can be described as follows

– production of a Higgs boson (in any process) and decay H→ ZZ→ 4l, see Figure 90 (left);

– Z∗ production and radiation of a Higgs boson (with decay into any final state), see Figure 90

(middle).

– VBF production of a Higgs boson in Z boson fusion (with decay into any final state), see Figure 90

(right).

In all cases, the spin-zero H assignment leads to an isotropic distribution of cos θ∗ and Φ1 regardless

of the H production or decay mechanism. The weak vector boson fusion process VBF can be used to

determine HWW and HZZ couplings in production on LHC using jet information [446], though this

measurement relies stronger on dynamic distributions and does not allow to separate HWW and HZZ
couplings.

The ultimate goal of the analysis should be the experimental determination of all amplitudes that

involve the new boson and two gauge bosons or fermions. The techniques discussed in Ref. [437]
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Figure 90: Illustration of an H particle production and decay in pp collision gg/qq → H → ZZ → 4ℓ±,

qq̄ → Z∗ → ZH → ℓ+ℓ−bb̄, or qq′ → qq′V∗V∗ → qq′H → qq′bb . Five angles fully characterize orientation

of the decay chain and are defined in the corresponding particle rest frames. Both spin-zero and exotic spin

assignments of H are considered. The e+e− production is shown for comparison with the production modes on

LHC.

are suited for such measurements since parameters in the angular and mass distributions become fit

parameters in analysis of data. However, such multi-parameter fits require large samples of the signal

events. Therefore, there are two steps in understanding the tensor couplings and the spin of the Higgs-like

boson:

– discrete hypothesis testing;

– fit of all coupling parameters.

For the first step, a simplified, but still optimal, analysis approach can be developed that employs just

one observable to differentiate between the two hypotheses, as we explain in the next section (a second

observable can be used for signal-to-background separation). The second step requires a complete multi-

dimensional fit of all coupling parameters using a complete set of kinematic observables which is the

ultimate goal of this research program. In the remainder of this note we concentrate on the H → ZZ →
4l± process in Figure 90 and other processes can be studied by analogy [437, 446].

11.4.5 Discrete hypothesis testing

For discrete hypothesis testing one can create a kinematic discriminant (MELA approach) [2] which is

constructed from the ratio of probabilities for the SM signal and alternative signal JPx hypotheses

DJP
x

=

[
1 +
PJP

x
(m4ℓ;m1,m2, ~Ω)

PSM(m4ℓ;m1,m2, ~Ω)

]−1

. (206)

Here P are the probabilities, as a function of masses mi and angular observables ~Ω, as defined in Fig-

ure 90 and discussed in Ref. [437]. The separation power depends on information contained in kinematic

distributions. All this information is combined in an optimal way in the DJP
x

observable. The ex-

pected [437] and observed separation with LHC data [12,298,425,426,439,440,523] indicates that most

of the hypotheses listed in Table 57 are strongly disfavored, both with gg and qq̄ production mechanisms

of the spin-two particle. The typical distributions for the 0− analysis are shown in Figure 91. Consis-

tency between the data and the two spin-parity models could be judged from the observed and expected

distribution of −2 ln(L1/L2) with the likelihood Lk evaluated for two models based on distributions of

D0− .
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Figure 91: Left: Distributions of −2 ln(L1/L2) with the likelihood Lk evaluated for two models and shown for

a large number of generated experiments in the analysis [437]. Middle: Distributions of D0− in the X → ZZ

analysis for the non-resonant ZZ background (black solid circles), and two signal hypotheses: SM Higgs boson

(red open circles), 0− (magenta squares) [437]. Right: Distribution of D0− for event samples with generated

fg4 = 0.5 with and without interference of the g1 and g4 terms included, and compared to the two pure cases of

0+
m and 0−.

The above approach exploits in the optimal way the maximum available kinematic information

but at the expense of testing very specific models. With increasing data-sample, we can afford loos-

ening some requirements with the advantage of gaining generality. For instance, while the production

mechanism for the spin-one boson is qq̄ annihilation, the production of the spin-two bosons receives

contributions from both gg and qq̄ initial states in a composition that is model-dependent and a priori

unknown. Since a particular type of production mechanism for a non-zero-spin state may influence the

kinematics of the decay products of the Higgs-like boson, any spin-hypothesis test may strongly depend

on the production model.

It is desirable to extend the above hypothesis testing approach in a way that does not depend on

the production model. This feature can be easily achieved by considering the unpolarized X-boson pro-

duction by either averaging over the spin degrees of freedom of the produced X-boson or, equivalently,

integrating over the two production angles cos θ∗ and Φ1, defined in Figure 90, in the JPx probability

expectation PJP
x

[437]. This leads to the spin-averaged matrix element squared for the X-decay as the

probability P in the kinematic discriminant

Ddecay
JP

x
=

[
1 +

∫
dΦ1d cos θ∗ PJP

x
(m4ℓ;m1,m2, ~Ω)

PSM(m4ℓ;m1,m2, ~Ω)

]−1

. (207)

This method applies to any possible hypothesis with non-zero spin. The spin-zero kinematics is already

independent of the production mechanism due to lack of spin correlations for any spin-zero particle; as

the result cos θ∗ and Φ1 distributions are isotropic for any production model.

Below we illustrate this approach with the example of spin-two, where we compare two production

models, 2+
m qq and 2+

m gg. The distribution of the most optimal discriminant (which includes production

and decay variables) is different depending on the mixture of qq̄ annihilation and gluon-gluon fusion

production mechanisms, as shown in Figure 92. As expected, the discriminant built for a specific pro-

duction mechanism has different distributions depending on the production process of the sample (being

sub-optimal if the production mechanism is different from the one for which the discriminant is built).

The new discriminant Ddecay

2+
m

from Eq. (207) does not depend on the production mechanism, as shown in

Figure 92 (right) at the expense of having somewhat less separation power between the SM and the alter-
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native spin hypothesis. The production-dependent information (the two production angles, as well as the

transverse momentum distribution of the boson) can still have a second order effect on the discriminant

distribution through the detector acceptance effects. However, this effect is found to be small in the fully

reconstructed H→ ZZ→ 4l± process.

Finally we would like to point out that while discrete hypothesis testing allows us to quickly

exclude the most plausible models, complete exclusion of all models with exotic spin requires more time.

Such tests may see decreasing level of interest as more and more exotic models are tested. Nonetheless,

it should still be possible to exclude all possibilities eventually, assuming all tests remain consistent

with the spin-zero particle. For example, in the spin-one case, only two couplings are present and it is

relatively easy to span the continuous spectrum of couplings. The situation with spin-two is less trivial,

but it might be possible to come up with the most pessimistic scenario (kinematics closest to the SM

Higgs boson) excluding which could bring us to the situation when the full spectrum of exotic-spin

models can be excluded. Production-model-independent test discussed above is an important step in that

direction.

11.4.6 Continuous hypothesis testing of mixing structure

As discussed above, the ultimate approach requires a complete multi-dimensional fit of all coupling

parameters using a complete set of kinematic observables. However, first we would like to note an

interesting feature in the fit for the fg4 parameter, as introduced by the CMS experiment with the fa3
measurement [426]. The distribution of the D0− observable for a fraction fg4 = 0.5 of 0+

m (g1) and

0− (g4) contributions is independent of the interference effects between the two amplitudes as shown in

Figure 91 (right). Distributions appear nearly identical for any phase of the mixture φg4 and also for the

case when the interference contribution is neglected altogether. The same feature is observed for other

fractions of fg4. This leads to a simplified but still optimal analysis to determine fg4 from measuring

the shape of the D0− observable. The CMS experiment estimates a current expected precision on fg4 of

about 0.40 at 68% CL [12, 298, 425, 426, 439, 440, 523]. This translates to about 0.08 expected precision

with 300 fb−1 at 14 TeV run of LHC. As long as only a limit is set on fg4 and this limit is not much

smaller than the above expectation, such an analysis may be sufficient for setting a limit on the CP -

violating contribution to the HZZ coupling.

For a more complete treatment, for example if a non-zero value of fg4 is measured, we follow the
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different samples: SM Higgs boson, spin-two produced through gluon-gluon fusion and produced through qq
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notation of Ref. [437] for the likelihood function for N candidate events

L = exp

(
−

2∑

J=0

nJ − nbkg

)
N∏

i

(
2∑

J=0

nJ × PJ(~xi; ~ζJ ; ~ξ) + nbkg × Pbkg(~xi; ~ξ)

)
, (208)

where nJ is the number of signal events for each resonance spin J , nbkg is the number of back-

ground events and P(~xi; ~ζ; ~ξ) is the probability density function for signal or background. It is as-

sumed that only one resonance is observed in a given mass window and the three yields, nJ , allow

one to test different hypotheses. Each event candidate i is characterized by a set of eight observables

~xi = {m4ℓ, m1, m2, cos θ∗, Φ1, cos θ1, cos θ2, Φ}i. The number of observables can be extended

or reduced, depending on the desired fit. The signal polarization parameters fgi and φgi are collectively

denoted by ~ζJ , and the remaining parameters by ~ξ.

The advantage of the maximum likelihood fit approach is that the likelihood L in Eq. (208) can

be maximized for a large set of parameters in the most optimal way without losing information. The

disadvantage is the difficulty to describe the detector response in the eight-dimensional space. The latter

can be achieved with certain approximations and may become the future direction of hypothesis testing

in multi-parameter models with increasing samples of signal events.

11.5 Higgs characterization with FEYNRULES and MADGRAPH 5

In this section we introduce a complete framework, based on an effective field theory description, that

allows to perform characterization studies of a new boson in all relevant channels in a consistent, sys-

tematic and accurate way.

In the following we present the implementation of an effective Lagrangian featuring bosonsX(JP )
with various assignments of spin/parity JP = 0+, 0−, 1+, 1−, 2+, 2− that can be used to test the nature

of the recently-discovered new boson with mass around 125 GeV at the LHC [1, 2]. The new states can

couple to Standard Model particles via interactions of the minimal (and next-to-minimal) dimensions.

The implementation of the Lagrangian is done in FEYNRULES [525] and the corresponding model named

Higgs Characterization model. It extends and completes an earlier version used in Ref. [446] and it is

publicly accessible at [526]. It is therefore available to all matrix element generators featuring an UFO

interface [527]. For our study we have employed MADGRAPH 5 [129]. Results at the NLO accuracy in

QCD can be automatically (or semi-automatically) obtained via AMC@NLO [130, 132].

There are several advantages in having a first principle implementation in terms of an effective

Lagrangian which can be automatically interfaced to a matrix element generator (and then to an event

generator). First and most important, all relevant production and decay modes can be studied within

the same model, from gluon-gluon fusion to VBF as well as VH and tt associated productions can

be considered and the corresponding processes automatically generated within minutes. Second, it is

straightforward to modify the model implementation to extend it further in case of need, by adding fur-

ther interactions, for example of higher-dimensions. Finally, higher-order effects can be easily accounted

for, by generating multi-jet merged samples or computing NLO corrections with automatic frameworks.

All the detailed demonstration and analyses are currently in progress [528].

In the following we first write down the effective Lagrangian explicitly and then show comparison

plots with JHU results as presented in Ref. [465] which are currently employed by both ATLAS and

CMS collaborations. We remind here that, even though we list several cases of interest in a simple

conversion table as a dictionary between JHU and our Higgs Characterization model [528], in general

the two approaches will be different. Our implementation is based on an effective theory approach valid

up to the scale Λ, while JHU describes the interaction between the new state and SM particles in terms

of anomalous couplings.
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11.5.1 The effective Lagrangian

Table 58: Model parameters.

parameter default value description

Λ [GeV] 103 cutoff scale

cα(≡ cosα) 1 mixing between 0+ and 0−

κi 1 or 0 dimensionless coupling parameter

11.5.1.1 Spin 0

The spin-0 X interaction Lagrangian with fermions and vector-bosons are given by

Lf
0 = −

[
cακHffgHff ψ̄fψf + sακAffgAff ψ̄f iγ5ψf

]
X0, (209)

and

LV
0 =

[
cακSM

[1
2
gHZZ ZµZ

µ + gHWW W+µW−µ]

− 1

4

[
cακHγγgHγγ AµνA

µν + sακAγγgAγγ AµνÃ
µν]

− 1

2

[
cακHZγgHZγ ZµνA

µν + sακAZγgAZγ ZµνÃ
µν]

− 1

4

[
cακHgggHgg G

a
µνG

a,µν + sακAgggAgg G
a
µνG̃

a,µν
]

− 1

4

1

Λ

[
cακHZZ ZµνZ

µν + sακAZZ Zµν Z̃
µν]

− 1

2

1

Λ

[
cακHWW W+

µνW
−µν + sακAWW W+

µνW̃
−µν]]

X0, (210)

where the (reduced) field strength tensors are

Vµν = ∂µVν − ∂νVµ (V = A,Z,W±), (211)

Gaµν = ∂µG
a
ν − ∂νGaµ + gsf

abcGbµG
c
ν , (212)

and the dual tensor is

Ṽµν =
1

2
ǫµνρσV

ρσ. (213)

The model parameters in the Lagrangian that are possible to be modified are listed in Table 58. This pa-

rameterization allows to describe the mixing between CP -even and CP -odd states and correspondingly

to give an effective description of a reasonably ample range of CP -violating scenarios, such as those

arising in SUSY or in a generic 2HDM.

The dimensionful couplings are set so as to reproduce a SM Higgs in the case cα = 1 and a pseudo

scalar in a 2HDM with tanβ = 1 for the default values of κi, e.g. gHff = mf/v and gHVV = 2m2
V/v as

well as gHgg = −αs/3πv in the heavy top loop limit.

11.5.1.2 Spin 1

The spin-1 X interaction Lagrangian with fermions is

Lf
1 =

∑

f=u,d

ψ̄fγµ(κfaaf − κfb
bfγ5)ψfX

µ
1 , (214)
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where u and d denote the up-type and down-type quarks, respectively. The af and bf are the SM cou-

plings, i.e.

au =
g

2cw

(1

2
− 4

3
s2w

)
, bu =

g

2cw

1

2
, (215)

ad =
g

2cw

(
− 1

2
+

2

3
s2w

)
, bd = − g

2cw

1

2
. (216)

The XWW interaction at the lowest dimension is in general [529]

LW
1 = + iκV1

gWWZ(W+
µνW

−µ −W−
µνW

+µ)Xν
1

+ iκV2
gWWZW+

µW
−
νX

µν
1

− κV3
W+

µW
−
ν(∂

µXν
1 + ∂νXµ

1 )

+ iκV4
W+

µW
−
νX̃

µν

1

− κV5
ǫµνρσ[W

+µ(∂ρW−ν)− (∂ρW+µ)W−ν ]Xσ
1 , (217)

where gWWZ = e cot θw. Similarly, the XZZ interaction is given by [491]

LZ
1 =− κV3

Xµ
1 (∂νZµ)Zν (218)

− κV5
ǫµνρσX

µ
1Zν(∂ρZσ). (219)

For X1 = 1− in parity-conserving scenarios:

κfa,V1,V2,V3
6= 0. (220)

For X1 = 1+ in parity-conserving scenarios:

κfb,V4,V5 6= 0. (221)

11.5.1.3 Spin 2

The spin-2 X interaction Lagrangian starts from the dimension-five terms [446, 468, 530, 531]:

Lf
2 = − 1

Λ

∑

f=q,ℓ

κf T
f
µνX

µν
2 , (222)

and

LV
2 =− 1

Λ
κV T

V
µνX

µν
2

− 1

Λ
κγ T

γ
µνX

µν
2

− 1

Λ
κg T

g
µνX

µν
2 , (223)

where V = Z,W± and T iµν is the energy-momentum tensor of the SM fields; see e.g. [532] for the

explicit forms. The even higher dimensional terms [465], dimension-seven, are also implemented as

LVHD
2 =− 1

4

1

Λ3
κV1

(∂ν(∂µ(ZρσZ
ρσ + 2W+

ρσW
−ρσ)))Xµν

2

− 1

4

1

Λ3
κV2

(∂ν(∂µ(ZρσZ̃
ρσ

+ 2W+
ρσW̃

−ρσ
)))Xµν

2
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− 1

4

1

Λ3
κγ1

(∂ν(∂ muAρσA
ρσ))Xµν

2

− 1

4

1

Λ3
κγ2

(∂ν(∂ muAρσÃ
ρσ))Xµν

2

− 1

4

1

Λ3
κg1

(∂ν(∂µGρσG
ρσ))Xµν

2

− 1

4

1

Λ3
κg2

(∂ν(∂µGρσG̃
ρσ))Xµν

2 , (224)

where Vµν = ∂µVν − ∂νVµ, etc, are the reduced field strength tensor.

For X2 = 2+ in the RS-like graviton scenario:

κf = κV = κγ = κg 6= 0. (225)

For X2 = 2+ with the higher-dimensional operator in parity-conserving scenarios:

κV1
, κγ1

, κg1
6= 0. (226)

For X2 = 2− with the higher-dimensional operator in parity-conserving scenarios:

κV2
, κγ2

, κg2
6= 0. (227)

11.5.2 Comparison plots with JHU

In this section we show comparison plots with JHU results in Ref. [465] for pp→ X→ V V ∗ → 4ℓ.

11.5.2.1 Event generation

50K events with mX = 125 GeV at the 8TeV-LHC were generated for each spin state with the MG5

(v1.5.9). Note that all the kinematical cuts for leptons are removed. We note that we remove photons

for diagram generation for spin-2, while the X0-Z-γ contribution for spin-0 can be removed by setting

κHZγ = κAZγ = 0. We also note that the spin-2 case has seven diagrams, one double-V resonant

diagram and six single-V diagrams including the four point X2-V-ℓ-ℓ diagrams. Those single resonant

contributions can be removed by setting κℓ = 0.

11.5.2.2 Distributions

The translation of the notation for the kinematical variables to JHU is

φ1 → Φ1, φ1 − φ2 → Φ. (228)

Note also that the azimuthal angles are defined from 0 to 2π here, while −π to π in the JHU paper. The

parameter set for the JHU comparison are listed in Table 59.

As shown in Figs. 93 and 94, all the distributions agree with the JHU ones. Moreover, the lowest

dimensional spin-2 is consistent with the RS model in MG5. The comparison for the higher dimensional

terms for spin-2 is in progress and will be reported elsewhere [528].
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Figure 93: Distributions of the X→ ZZ analysis; see also JHU Figs. 11 and 12 [465].
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Table 59: Parameter set for the JHU comparison; see also Table I in the JHU implementation [465].

JHU scenario HC parameter choice

0+
m κHgg 6= 0, κSM 6= 0, cα = 1

0+
h κHgg 6= 0, κHV V 6= 0, cα = 1

0− κAgg 6= 0, κAVV 6= 0, cα = 0

1+ κfua = κfub
= κfda = κfdb

6= 0, κV5 6= 0

1− κfua = κfub
= κfda = κfdb

6= 0, κV3 6= 0

2+
m κg 6= 0, κV 6= 0

2+
h κg1

6= 0, κV1
6= 0

2−h κg2
6= 0, κV2

6= 0
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Figure 94: Distributions of the X→WW analysis; see also JHU Fig. 13 [465].
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12 Heavy Higgs search 54

The search for an heavy Higgs with mass greater than 400 GeV assuming Standard Model (SM) prop-

erties is well motivated by the necessity to directly explore all the available mass range up to 1 TeV

without having any prejudice on the nature of the more recently discovered 125 GeV resonance, and by

the possibility to use these searches as a starting point for specific Beyond the Standard Model (BSM)

extensions which can be studied by simply rescaling SM analysis. This will be extensively discussed in

Section 13.

The main differences between low and high mass regions will be discussed in Section 12.1, the

available Monte Carlo generators will be presented in Section 12.2 and the studies performed by using

these generators and specific tools developed for the high mass region searches will be summarized in

Section 12.3. Finally the Vector Boson Fusion case will be discussed in Section 12.4.

12.1 Lineshape and signal/background interference in gg → V V

The lineshape of an unstable particle is usually described at NLO in Monte Carlo generators with a Breit-

Wigner distribution. This approximation has an accuracy of the order Γ/m, where Γ is the width and m
is the nominal mass of the particle, but it breaks down at high Higgs mass due to the very large Higgs

width: MH & 450 GeV gives ΓH/MH & 10%.

The problem has been discussed in details in Ref. [87] and a more correct approach to describe

the Higgs lineshape has been proposed, known as Complex Pole Scheme (CPS). The corresponding

complete calculation of the lineshape in the gg → H → VV process with assessment of the theoretical

uncertainties is presented in Section 12.1.1.

An alternative general approach to describe the lineshape based on effective Lagrangian is pre-

sented in Section 12.1.3.

Another important effect that becomes very large with the increase of the Higgs mass is the in-

terference between the signal and the gg → VV non resonant background, as recently discussed in

Ref. [102]. In Section 12.1.2, this effect is addressed with a proposal to compute the theoretical uncer-

tainties due to missing higher order perturbation terms in the current available interference estimation.

12.1.1 CPS - scheme

The general formalism for describing unstable particles in QFT was developed long ago, see Refs. [533–

537]. For an implementation of the formalism in gauge theories we refer to the work of Refs. [538–541],

for complex poles in general to Refs. [542–544].

We can summarize by saying that unstable particles are described by irreducible, non-unitary

representations of the Poincare group, corresponding to the complex eigenvalues of the four-momentum

pµ satisfying the condition p2 = −µ2 + i µγ.

A complete implementation of the Higgs-boson complex pole (within the SM) can be found in the

work of Refs. [87, 108, 545].

In this Section we summarize the status of theoretical uncertainties (THU) associated with the

Higgs boson lineshape. The recent observation of a new massive neutral boson by ATLAS and CMS

opens a new era where characterization of this new object is of central importance. The search for the

coupling structure of the light Higgs-like particle, as well as for new heavy states, will continue. The

huge uncertainty used so far for the heavy Higgs searches [13] (1.5 (MH/ TeV)3 uncertainty on the

54S. Bolognesi, S. Diglio, M. Kadastik, H.E. Logan, M. Muhlleitner, K. Peters (eds.); D. Buarque, J. Campbell, R.K. Ellis,

S. Frixione, L. Kashif, N. Kauer, A. Laureys, Q. Li, F. Maltoni, G. Passarino, M. Rauch, F. Schissler, P.T.E. Taylor, J. Wang, C.

Williams, C. Zhang
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cross-section) was supposed to cover both the effect of the incorrect treatment of the lineshape and the

missing interference. However, this uncertainty forced ATLAS and CMS to stop the search at 600 GeV,

where the uncertainty is 30%.

In the following we will review recent improvements on estimating the THU. We do not discuss

uncertainties coming from QCD scale variations55 and from PDF +αs [13].

Until recently, the Higgs boson invariant mass distribution (Higgs-boson-lineshape) has received

little attention. In the work of Refs. [87, 108] we have made an attempt to resolve the problem by

comparing different theoretical inputs to the off-shellness of the Higgs boson. There is no question at

all that the zero-width approximation should be avoided, especially in the high-mass region where the

on-shell width becomes of the same order as the on-shell mass, or higher. We have shown evidence that

only the Dyson-resummed propagator should be used, leading to the introduction of the H complex pole,

a gauge-invariant property of the S -matrix. It is convenient to describe the Complex-Pole scheme (CPS)

as follows: the signal cross-section for the process ij → F can be written as

σij→H→F(s) =
1

π
σij→H

s2∣∣∣s− sH
∣∣∣
2

Γtot
H (
√
s)

√
s

BR
(
H→ F

)
, Γtot

H (
√
s) =

∑

F

ΓH→F(
√
s). (229)

where s is the Higgs virtuality, sH is the Higgs complex pole and we have introduced a sum over all final

states.

Note that the complex pole describing an unstable particle is conventionally parametrized as si =
µ2
i − i µi γi. It would we desirable to include two- and three-loop contributions in γH and for some of

these contributions only on-shell results have been computed so far. Therefore, it is very useful to give

a rough estimate of the missing orders. Following the authors of Ref. [546] (as explained in Sect. 7 of

Ref. [87]) we can estimate that the leading uncertainty in γH is roughly given by

δH = 0.350119
GF µ

2
H

2
√

2π2
. (230)

Uncertainty estimates in γH range from 2.3% at 400 GeVto 9.4% at 750 GeV. In general, we do not

see very large variations up to 1 TeVwith a breakdown of the perturbative expansion around 1.74 TeV.

Therefore, using γH (1 ± δH) we can give a rough but reasonable estimate of the remaining uncertainty

on the lineshape. To summarize our estimate of the theoretical uncertainty associated to the signal: the

remaining uncertainty on the production cross-section is typically well reproduced by (δH +1)[%], σmax

(the peak cross-section) changes approximately with the naive expectation, 2 δH[%].

The factor Γtot
H (
√
s) in Eq.(229) deserves a separate discussion. It represents the “on-shell” decay

of an Higgs boson of mass
√
s and we have to quantify the corresponding uncertainty. The staring point is

Γtot computed by PROPHECY4F [22] which includes two-loop leading corrections in GFM
2
H, where MH

is now the on-shell mass. Next we consider the on-shell width in the Higgs-Goldstone model, discussed

in [546, 547]. We have

ΓH√
s

∣∣∣
HG

=
3∑

n=1

an λ
n = XHG, λ =

GFs

2
√

2π2
. (231)

Let Γp = Xp
√
s the width computed by PROPHECY4F, we redefine the total width as

Γtot(
√
s)√

s
=
(
Xp −XHG

)
+XHG =

3∑

n=0

an λ
n, (232)

55For a recent discussion see https://indico.cern.ch/conferenceDisplay.py?confId=251810
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where now a0 = Xp −XHG. As long as λ is not too large we can define a p% < 80% credible interval

(see the work of Ref. [548] for details) as (following from a2,3 < a1)

Γtot(
√
s) = Γp(

√
s)±∆Γ, ∆Γ =

5

4
max{| a0 |, a1} p%λ4√s. (233)

The CPS has been recently implemented within the POWHEG-BOX Monte Carlo generator [80].

12.1.2 Interference signal - background

In the current experimental analysis there are additional sources of uncertainty, e.g. background and

Higgs interference effects [549–553]. As a matter of fact, this interference is partly available and should

not be included as a theoretical uncertainty; for a discussion and results we refer to Refs. [554–556].

Here we will examine the channel gg → ZZ and discuss the associated THU. The background

(continuum gg → ZZ) and the interference are only known at leading order (LO, one-loop) [557]. Here

we face two problems, a missing NLO calculation of the background (two-loop) and the NLO and NNLO

signal at the amplitude level, without which there is no way to improve upon the present LO calculation56 .

A potential worry, already addressed in Ref. [554], is: should we simply use the full LO calcu-

lation or should we try to effectively include the large (factor two) K -factor to have effective NNLO

observables? There are different opinions since interference effects may be as large or larger than NNLO

corrections to the signal. Therefore, it is important to quantify both effects. Let us consider any distribu-

tion D, i.e.

D =
dσ

dx
x = MZZ or x = p

Z
⊥ etc. (234)

where MZZ is the invariant mass of the ZZ -pair and p
Z
⊥ is the transverse momentum. We introduce the

following options, see Ref. [102] (S,B and I are shorthands for signal, background and interference):

– additive where one computes

dσNNLO
eff

dx
=
dσNNLO

dx
(S) +

dσLO

dx
(I) +

dσLO

dx
(B) (235)

– multiplicative where one computes

dσNNLO
eff

dx
= KD

[dσLO

dx
(S) +

dσLO

dx
(I)
]
+
dσLO

dx
(B), KD =

dσNNLO

dx (S)
dσLO

dx (S)
, (236)

where KD is the differential K -factor for the distribution. Note that KD accounts for both QCD

and EW higher order effects in the production and in the decay.

– intermediate It is convenient to define

KD = K
gg
D +Krest

D , K
gg
D =

dσNNLO

dx

(
gg → H(g)→ ZZ(g)

)

dσLO

dx

(
gg → H→ ZZ

) , (237)

dσNNLO
eff

dx
= KD

dσLO

dx
(S) +

(
K

gg
D

)1/2 dσLO

dx
(I) +

dσLO

dx
(B) . (238)

Our recipe for estimating the theoretical uncertainty in the effective NNLO distribution is as follows:

the intermediate option gives the central value, while the band between the multiplicative and the ad-

ditive options gives the uncertainty. Note that the difference between the intermediate option and the

56There is, however, a recent and promising attempt to go beyond leading-order in Ref. [558].
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median of the band is always small if not far away from the peak where, in any case, all options become

questionable.

For an inclusive quantity the effect of the interference, with or without the NNLO K -factor for

the signal, is almost negligible. For distributions this is radically different; referring to the ZZ invariant

mass distribution we can say that, close to MZZ = µH, the uncertainty is small but becomes large in the

rest of the search window [µH − γH , µH + γH]. The effect of the LO interference, w.r.t. LO S + B,

reaches a maximum before the peak (e.g. +16% at µH = 700 GeV) while our estimate of the scaled

interference (always w.r.t. LO S + B) is 86+7
−3 % in the same region, showing that NNLO signal effects

are not negligible57.

EW corrections to gg → H and H→ VV

The NLO EW corrections to gluon fusion have been computed in Refs. [49, 560]. The original results

have been produced up to a Higgs invariant mass of 1 TeV. If one is interested in the lineshape cor-

responding to a Higgs mass of 600 GeV- 1 TeV there will be some non-negligible fraction of events

with invariant mass up to 2 TeV. In this case extrapolation will give wrong results; for this reason

we have provided additional values for the NLO EW correction factor to the inclusice cross-section:

δW = +19.37%(+34.53%, +53.90%) for µH = 1.5 TeV(2 TeV, 2.5 TeV)58. Also Γtot
H of Eq.(229)

needs some attention. The best results available are from Ref. [13] where, however, tables stop at 1
TeV. If one wants to go above this value extrapolation should be avoided and it is better to include few

additional points in the grid, e.g. we have included Γtot
H = 3.38(15.8) TeV for µH = 1.5(2) TeV. Note

that, at 2 TeV, one has Γ(H → ZZ) = 5.25 TeV and Γ(H → WW) = 10.52 TeV. Finally, mention

should be made of the very recent estimate of the N3LO QCD corrections, see Ref. [563].

57Complete set of results, including results for the THU discussed in Section 12.1.1, and a code for computing the SM Higgs

complex pole can be found at [559].
58A complete grid up to 2.5 TeV (see Refs. [49, 560, 561]) and a program for a cubic interpolating spline incorporating the

grid can be found at [562].
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12.1.3 Effective lineshape

The phenomenology of a new resonance, including searches and exclusion limits at the LHC, depends

significantly on the lineshape. When large, i.e., comparable to the mass, off-shell effects becomes rele-

vant and the very same quantum field theoretic definition of width becomes non trivial. Taking a heavy

Higgs boson as an example, we propose a new formulation of the lineshape obtained via an effective

field theory approach. Our method leads to amplitudes that are gauge invariant, respect unitarity and

it can be thought of as a generalization of the complex mass scheme. We consider applications to the

phenomenology of a heavy SM-like scalar that are relevant for the LHC.

12.1.3.1 Introduction

In this work we tackle the problem from an Effective Field Theory (EFT) point of view. We propose

to systematically include width effects via a set of gauge invariant higher dimensional terms to the SM

Lagrangian, along the lines of what was first proposed in Refs. [564, 565]. Such new operators system-

atically encapsulate higher order terms coming from the self-energy and naturally allow a running and

physical width for the Higgs in a gauge invariant way. As we will show in the following, our scheme is

consistent at higher orders and it can be considered a generalization of the CMS(Complex Mass Scheme)

as it reduces to it in the limit where the dependence on the virtuality of the Higgs self-energy is neglected.

12.1.3.2 Setting up the stage

The two-point Green’s function for the Higgs boson is

∆H(s) = s−M2
H,0 + ΠHH(s) , (239)

where MH,0 is the bare mass, and ΠHH(s) is the Higgs self-energy. In the conventional on-shell defini-

tion, the mass and width are given by

M2
H,OS = M2

H,0 − ReΠ(M2
H,OS) , (240)

MH,OSΓH,OS =
ImΠ(M2

H,OS)

1 + ReΠ′(M2
H,OS)

. (241)

These definitions become gauge-dependent at order O(g4).

In order to avoid the divergence of the tree-level propagator D(s) = i/(s−M2
H,OS), one performs

the Dyson resummation to obtain

D(s) =
i

s−M2
H,OS + iMH,OSΓH,OS

. (242)

To include the running effects of the width, one can further approximate the propagator by

D(s) =
i

s−M2
H,OS + iImΠ(s)

, (243)

where the imaginary part of Π(s) is related to the Higgs-boson width. The consistency of the above

treatments of the Higgs propagator with the equivalence theorem and unitarity has been discussed in

Refs. [566, 567].

Alternatively, as shown in a series of papers [540–542, 568–574] a consistent, convenient and

resilient definition of mass µ and width γ up to two loops, is obtained by setting sH ≡ µ2− iµγ and then

solving the implicit equation

sH −M2
H,0 + ΠHH(sH) = 0 (244)
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in terms of sH. This gives a gauge independent definition to all orders [538, 539, 575] (independent of

the gauge choice present in the computation of ΠHH(sH)) and in addition avoids unphysical threshold

singularities [576].

The above definition is also consistent with the use of the CMS. In this scheme the propagator is

∆−1
H (s) = s− sH. By definition this approach can give a good approximation of the full propagator

∆−1
H (s) =

1

s− sH + ΠR
HH(s)

(245)

only close to the pole or, equivalently, for a small width, γ/µ ≪ 1. Here ΠR
HH(s) is the renormalized

self energy, satisfying the following renormalization conditions:

ΠR
HH(sH) = 0 , Π′R

HH(sH) = 0 . (246)

A natural improvement would consist in including the full resummed propagator in explicit cal-

culations. This, however, leads to gauge violation already at the tree level. The reason being that in

perturbation theory gauge invariance is guaranteed order by order while the presence of a width implies

the resummation of a specific subset of higher order contributions, the self-energy corrections. This re-

sults in a mixing of different orders of perturbation theory. In particular, the following issues need to be

addressed:

1. In general ΠHH(s) explicitly depends on the gauge-fixing parameter (GFP). To resum the self-

energy correction to all orders, ΠHH(s) must be extracted in a physically meaningful way.

2. The resummed propagator spoils the gauge cancellation among different diagrams, and eventually

leads to the violation of Goldstone-boson equivalence theorem and unitarity bound.

Both issues can be tackled by the so-called Pinch Technique (PT) [577–580]. In the PT framework, a

modified one-loop self-energy for the Higgs boson can be constructed by appending to the conventional

self energy additional propagator-like contributions concealed inside vertices and boxes. For the appli-

cation of PT in resonant transition amplitude, and in particular, the extraction of a physical self energy,

we refer to Refs. [581–585].

The modified self-energy correction for the Higgs is GFP-independent, and reflects properties

generally associated with physical observables. At the one loop level, we have the following expressions

[584, 586]

Π
(WW)
HH (s) =

αw

16π

M4
H

M2
W

[
1 + 4

M2
W

M2
H

− 4
M2

W

M4
H

(2s − 3M2
W)

]
B0(s,M

2
W,M2

W) , (247)

Π
(ZZ)
HH (s) =

αw

32π

M4
H

M2
W

[
1 + 4

M2
Z

M2
H

− 4
M2

Z

M4
H

(2s − 3M2
Z)

]
B0(s,M

2
Z,M

2
Z) , (248)

Π
(f f)
HH(s) =

3αw

8π

m2
f

M2
W

(
s− 4m2

f

)
B0(s,m

2
f ,m

2
f ) , (249)

Π
(HH)
HH (s) =

9αw

32π

M4
H

M2
W

B0(s,M
2
H,M

2
H) , (250)

where the superscripts denote the contributions from the W, Z, fermions and Higgs loops, and

B0(p
2,m2

1,m
2
2)

≡ (2πµ)4−d
∫
ddk

iπ2

1(
k2 −m2

1

) [
(k + p)2 −m2

2

] (251)
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is the normal Passarino-Veltman function [587, 588]. These results are independent of the GFP. Note

that the expressions in Eqs. (247–250) coincide with the ξ = 1 result obtained in the background-field

gauge [589–591].

In addition, the gauge cancellation among different amplitudes can be restored, by including cer-

tain vertex corrections obtained via the PT [586, 592]. This is because in this framework the Green’s

functions satisfy the tree-level-like Ward Identities (WI), which are crucial for ensuring the gauge invari-

ance of the resummed amplitude.

f̄±

f±

WL

WL

+
γ, Z

+
h

Figure 95: Diagrams contributing to fermion anti-fermion scattering into longitudinal W’s.

As an example, let us consider the Higgs-mediated part of same helicity fermion scattering into

longitudinal W’s, f±f̄± →W+
LW−

L. There are contributions from s-channel and t-channel diagrams,

as is shown in Fig. 95. The contributions from t-channel and Higgs diagram to the amplitudes coming

from longitudinal components of the W’s and same helicity fermions (in the high energy limit) read 59

ML
h ≡Mµν

s

k1µk2ν

M2
W

=
−igmf

2MW
v̄(p2)u(p1)

i

∆H(s)
ΓHWW,µν(q, k1, k2)

k1µk2ν

M2
W

ML
t ≡Mµν

t,Z

k1µk2ν

M2
W

= − ig
2mf

4M2
W

v̄(p2)u(p1) + · · · (252)

where Γ
HWW
µν (q, k1, k2) is the HW+W− vertex. The ellipsis inML

t denotes terms that are not related

to the Higgs exchange diagram. These terms come from the contribution of opposite helicity fermions,

and are supposed to cancel the bad high-energy behavior of the γ/Z mediated diagrams.

Without the Higgs contributionML grows with energy and eventually violates unitarity. The can-

cellation of the bad high-energy behavior of each amplitude, and the equivalence theorem, are guaranteed

by the following WI:

kµ+k
ν
−ΓHWW

µν (q, k+, k−) =

−M2
WΓHφ+φ−(q, k+, k−) +

igMW

2
∆H(q2) , (253)

where φ± are Nambu-Goldstone bosons. Only the leading terms at high energy are included. The relation

above explicitly shows that the inclusion of higher order terms in the imaginary part of ∆H(q2) has to

be related to the EW corrections of Γ
HWW
µν and three scalar vertex. Only if both ∆H(s) and Γ

HWW
µν are

computed in one-loop via the PT, then the WI remains valid, and the gauge-cancellation, as well as the

equivalence theorem, are not spoiled. Besides, ML
t,Z is not affected by the Higgs width and therefore

the tree-level relations can be used. Thus the resummed propagator can be consistently included with the

one-loop correction to Γ
HWW
µν via the PT.

59Here we assume ǫµ
1,2 ≈ kµ

1,2/MW at high energy region.
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Even though correct, the solution outlined above for f f̄ → W+
LW−

L is not a general one. In

W+
LW−

L → ZLZL, for example, it is not sufficient to include only the HWW and HZZ corrections.

The triple and quartic vector-boson vertices at one-loop are also required to cancel the bad high-energy

behavior of the Higgs-mediated amplitude and the overall procedure of analyzing the full set of WI’s

becomes more and more involved. The goal of this work is to present a simple method to generate

the needed corrections to the vertices and propagators so that the WI’s are automatically satisfied and

unitarity automatically ensured.

12.1.3.3 The EFT approach

As explained above, we aim at finding a systematic approach to improve the Higgs propagator with-

out breaking either gauge invariance or unitarity. In other words we are looking for a mechanism that

guarantees the constraints imposed by the WI to be satisfied at any order in perturbation theory.

At one loop, the full calculation via the PT certainly provides an exact solution valid at NLO. The

challenge is to achieve the same keeping the calculation at leading order, including only the necessary in-

gredients coming from NLO and resumming them into the propagator via a Dyson-Schwinger approach.

The idea is to associate the corrections to an ad hoc constructed gauge-invariant operator and match the

operator to the one-loop two-point function ∆H(s) calculated via the PT. In so doing one aims at obtain-

ing the exact resummed propagator already at the leading order and, at the same time, the interactions

modified to automatically satisfy the WI’s. The latter desired result ensures the gauge-invariance of the

amplitudes, and it can be considered as an approximation to a full one-loop calculation in PT.

To this aim, we consider the Taylor expansion of the function Π(s) = ΠR
HH(s)

Π(s) =

∞∑

i=0

cis
i , (254)

where ci are dimensionful constants and, as first attempt, we add the following infinite set of operators

to the Lagrangian:

OΠ =

∞∑

i=0

ciφ
†(−D2)iφ

≡φ†Π(−D2)φ (255)

where φ is the Higgs doublet, and Dµ is the covariant derivative. It is straightforward to check that

OΠ modifies the Higgs propagator as desired: the two φ’s contribute two Higgs fields, and each −D2

contributes an s leading to

Π(s) = ΠR
HH(s) , (256)

as desired. Note that in principle, OΠ is a non-local operator, yet by expanding it, we re-express it in

terms of an infinite series of local operators.60

We remark that while very similar in spirit , our approach differs from that of Ref. [564]: the

operator chosen there does not contain gauge fields, and it is therefore not sufficient to restore the gauge

cancellation and fix the bad high-energy behavior in vector-vector scattering.

Eq. (255) leads to the correct expression for the propagator. However, the first term Π(0)φ†φ in

the expansion corresponds to a tadpole contribution. This can be avoided if this term is replaced by

Π(0)φ†φ→ Π(0)

2v2

[
(φ†φ)− v2

2

]2

,

60In general, inclusion of higher-order derivatives in the Lagrangian leads to very peculiar quantum field theories, aka Lee-

Wick theories, see [593] for a recent analysis and references. As we are going to see later, in our approach, we only use the

imaginary part of Π(s) and therefore the real part of the propagator is not affected.
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Figure 96: Diagrams contributing to W+
LW−

L → ZLZL

i.e., the Higgs-self interaction is suitably modified. As one can easily check, such a modification leaves

the relation of Eq. (256) unchanged. The final form of the operator, which we dub ÕΠ, is

ÕΠ = φ†[Π(−D2)−Π(0)]φ +
Π(0)

2v2

[
(φ†φ)− v2

2

]2

. (257)

The addition of this operator to the SM leads to several changes, which we now consider in detail. First

of all, by construction, it gives rise to the propagator in Eq. (245), and a resummed propagator with the

full one-loop self energy via the PT at tree level is obtained. Second it leads to modifications of the other

interactions, in such a way that gauge invariance is maintained. For example, the W and Z two-point

functions are modified by the addition of

i∆Πµν
WW (q2) =i

(gv
2

)2 [
Π′(0)gµν + Π′′(q2)qµqν

]
,

i∆Πµν
ZZ(q2) =i

(
gv

2cw

)2 [
Π′(0)gµν + Π′′(q2)qµqν

]
,

where v is the Higgs vev, and

Π′(x) ≡ Π(x)−Π(0)

x
, Π′′(x) ≡ Π′(x)−Π′(0)

x
. (258)

The values for the W and Z masses are shifted

M2
W =

(gv
2

)2
(1 + Π′(0))

M2
Z =

(
gv

2cw

)2

(1 + Π′(0)) , (259)

as well as the propagators

i

q2 −m2
W,Z


−g

µν +

(
1 +

m2
W,ZΠ′′(q2)

1+Π′(0)

)
qµqν

m2
W,Z + q2

m2
W,ZΠ′′(q2)

1+Π′(0)


 . (260)

Let us first consider f f̄ → W+
L W

−
L in the EFT approach. The operator modifies the HW+W−

and the Hf f̄ interactions. The combined effect is a factor of 1 + Π′(s). Therefore in this process the

EFT approach is equivalent to the following substitution of the Higgs propagator:

∆−1
H (s) =

1 + Π′(s)
s− sH + Π(s)

, (261)

which behaves like 1/s at large energy, and therefore exactly cancels the high-energy behavior from

ML
t . It is also interesting to note that, if Π(s) has a linear dependence on s, i.e.,

Π(s) = i(s− µ2)
γ

µ
, (262)
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the above equation becomes

∆−1
H (s) =

1 + iγµ
s− µ2 + is γµ

, (263)

and the EFT approach coincides with the scheme proposed by Seymour [594]. This could be expected

because in the Seymour scheme the vector boson pair self energy also has a linear dependence on s.
In our scheme we see that the numerator of Seymour’s propagator comes from the modified HW+W−

vertex, as required by the WI.

We now turn to vector-vector scattering and in particular to W+
LW−

L → ZLZL. This process

features a pure gauge and a Higgs-mediated s-channel contribution, Fig. 96. Both contributions do

contain terms that grow as s at high energy, whose cancellation is guaranteed by gauge-invariance. To

calculate W+
LW−

L → ZLZL amplitude in the EFT we need to extract the Feynman rules from ÕΠ,

i.e., the contributions that need to be added to the usual SM rules. This is straightforward and gives (all

momenta incoming):

H(q)W+µ(k1)W
−ν(k2) : ig

MW√
1+Π′(0)

Π′(q2)gµν + · · ·

Zµ(k1)W
+ν(k2)W

−ρ(k3) : i gcw
M2

W

1+Π′(0)s
2
w

[
Π′′(k2

3)g
µνkρ3 −Π′′(k2

2)g
µρkν2

]
+ · · ·

Zµ(k1)Z
ν(k2)W

+ρ(k3)W
−σ(k4) : ig2

M2
Z

1+Π′(0)

[
Π′′(s)gµνgρσ + s4w(Π′′(t)gµρgνσ + Π′′(u)gµσgνρ)

]
+ · · ·

Hφ+φ−, Hφ0φ0 : −ig[M
2
H−Π(0)]

2MW

√
1 + Π′(0)

φ+φ−φ0φ0 : −ig
2[M2

H−Π(0)]

4M2
W

[1 + Π′(0)]

(264)

where ellipsis denotes terms vanishing on shell and s = (k1 + k2)
2, t = (k1 + k3)

2, and u = (k1 + k4)
2.

These Feynman rules are sufficient to calculate both W+
LW−

L → ZLZL and φ+φ− → φ0φ0. At the

leading order in
M2

W

s and
M2

W

M2
H

, we find for W+
LW−

L → ZLZL,

MLLLL
H = − ig2

4M2
W

s2[1 + Π′(s)]2

[s−M2
H + Π(s)][1 + Π′(0)]

(265)

MLLLL
gauge =

ig2

4M2
W

s
1 + Π′(s)
1 + Π′(0)

(266)

and for φ+φ− → φ0φ0,

MG = − ig2

4M2
W

s+ Π(s)−Π(0)

s−M2
H + Π(s)

[
M2

H −Π(0)
] [

1 + Π′(0)
]

(267)

so that

MLLLL
H +MLLLL

gauge = − ig2

4M2
W

s+ Π(s)−Π(0)

s−M2
H + Π(s)

M2
H −Π(0)

1 + Π′(0)

=
MG

[1 + Π′(0)]2
. (268)

As expected,MLLLL
H +MLLLL

gauge does not grow with s and the equivalence theorem is recovered, up to a

factor [1 + Π′(0)]2, which exactly amounts to the wave function renormalization of the Goldstone fields.

An interesting feature of our approach is that in the limit where the dependence of Π(s) on s is

neglected, Π(s) ≡ Π is a constant, then Π′(s) = Π′′(s) = 0. The only effect of the operator is a shift
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in λ, the coupling of the Higgs-boson self interaction. If MH is the on-shell mass, this amounts to the

replacement

M2
H →M2

H −Π , (269)

i.e., given that Π can be a complex number, it is equivalent to the CMS.

The advantage of the EFT approach is the possibility of using “arbitrary” functional form of the

self energy. We have shown that with special choices of Π(s), the EFT approach can reduce to the

Seymour scheme and the CMS scheme in certain cases. For example, there is no need for spurious

non-zero width for t-channel propagators as this can be easily imposed by always maintaining gauge

invariance. Finally, we note that despite the restoration of gauge-invariance and equivalence theorem is a

general feature of our approach, one has to be careful in choosing the appropriate operator. For example,

the following operator

O′
Π =

1

2v2

(
φ†φ− v2

)
Π(−∂2)

(
φ†φ− v2

)
(270)

introduced in Ref. [564], gives rise to the correct self energy and the resummed propagator, but it does not

modify the gauge contribution, so in W+
LW−

L → ZLZL the gauge cancellation between the s-channel

Higgs-mediated amplitude and the gauge amplitude is not restored. On the other hand, it modifies the

Goldstone amplitude in a way so that the equivalence theorem is satisfied. As a result, both W+
LW−

L →
ZLZL and φ+φ− → φ0φ0 have bad high-energy behavior, and eventually break unitarity bounds. In

general, adding higher dimensional operators to the Lagrangian leads to unitarity violation at some scale.

We are going to show in the next sections that the operators we use do not have this problem.

Though the above operator O′
Π solely does not treat the HZZ and HW+W− correctly at high

energy, when combined with OΠ, we can adjust them in a certain way to improve this method. We will

discuss this in Section 12.1.3.6.

12.1.3.4 Unitarity

Adding operators of dimension n > 4 to the SM Lagrangian

LEFT = LSM +
∑

i

ci
Oi[n]

Λn−4
, (271)

is equivalent to recast the SM in terms of an effective field theory valid up to scales of order Λ [595],

beyond which the theory is not unitary. It is therefore mandatory to check whether this is the case for

the operator ÕΠ. In fact, as we will see in the following section, a consistent perturbation theory implies

that the same operator needs to also appear as a counterterm at higher orders. Overall we do not modify

the theory and our procedure amounts to a reorganization of the perturbative expansion. However, we

still need to make sure that neither unitarity is violated nor double counting happens at any given order

in the perturbation theory. In this section we consider the first of these issues by showing that in sample

calculations, f f̄ → V V and V V → V V , at tree-level the operator in Eq. (257) does not break unitarity

at large energy.

In f±f̄± → V V the change in HV V vertex cancels the change in H propagator at high s, inde-

pendently of the helicities of V V , so the s-channel Higgs diagram does not lead to any bad high-energy

behavior. The scattering of opposite helicity fermions does not entail the s-channel Higgs diagram and

is the same as in the SM.

As we have already verified, in W+W− → ZZ the longitudinal amplitude does not break uni-

tarity, because the modification to the corresponding Goldstone interaction is finite (vertices involving

Goldstones are modified by factors of 1 − Π(0)/MH2 and 1 + Π′(0)). We now check the transverse

amplitude ++→ −−, 00→ ++, ++→ 00, ++→ ++, in the limit

s ∼ |t| ∼ |u| ≫M2
W, M2

H ≫M2
W . (272)
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(Note that +−, +0, −0 configurations do not feature a Higgs in the s-channel and therefore are left

unchanged.) An explicit calculation for W+
+W−

+ → Z−Z− gives

M++−−
H =MLLLL

H

4M4
W

s2c2w
+O(M4

W) (273)

M++−−
gauge =MLLLL

gauge

4M4
W

s2c2w
+O(M4

W) , (274)

where MLLLL indicates the amplitude with four longitudinal vectors. For W+
LW−

L → Z+Z+ we

obtain

MLL++
H =MLLLL

H

−2M2
W

sc2w
+O(M2

W) (275)

MLL++
gauge =MLLLL

gauge

−2M2
W

sc2w
+O(M2

W) , (276)

and for W+
+W−

+ → ZLZL we obtain

M++LL
H =MLLLL

H

−2M2
W

s
+O(M2

W) (277)

M++LL
gauge =MLLLL

gauge

−2M2
W

s
+O(M2

W) , (278)

These results vanish faster than the longitudinal amplitude at large s. Finally for W+
+W−

+ → Z+Z+,

we obtain

M++++
H = −ig2M2

Z

[1 + Π′(s)]2

[s−M2
H + Π(s)][1 + Π′(0)]

+O(M4
W)

≈
−ig2M2

Z

1 + Π′(0)
Π′′(s) ∼ s−1 at large s, (279)

M++++
gauge = i8g2c2w

s2

4tu
+O(M2

W) . (280)

so at large energy the inclusion of ÕΠ does not lead to any bad high energy behavior.

12.1.3.5 The EFT approach at higher orders

Starting at order αw, the operator ÕΠ is allowed in any leading order computation. At next-to-leading

order in EW interactions, however, this is not necessarily consistent and possibly leads to double count-

ing. In this section we argue that this is not a fundamental problem and can be dealt with by simply

subtracting the same operator in a NLO as a counterterm, in full analogy to the procedure used in the

CMS [596, 597].

In the CMS, an imaginary part is added to the real mass, and then subtracted as counterterm at

NLO. One can prove that this procedure does not spoil the WI’s, despite the fact that only a special class

of higher order terms is resummed. As the EFT approach can be viewed as a generalization to the CMS,

the same approach can be followed. The operator ÕΠ corresponds to the imaginary part of the mass. It

includes some of the higher-order contribution, and provides an improved solution to the WI’s. It enters

the resummed propagator and other Feynman rules, and needs to be subtracted at higher orders. The

main difference is that in the CMS the propagator describes an unstable particle with a fixed width, while

in the EFT approach one can resum an arbitrary part of the self-energy correction. This difference may
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be important when the width of the unstable particle is large, as in the case of a heavy Higgs, and the

actual functional form of Π(s) becomes important.

In the pole-mass renormalization scheme, the two-point function of the Higgs can be written as

∆H(s) = s− sH + ΠR
HH(s) (281)

where sH is the pole and ΠR
HH(s) is the one-loop PT self-energy correction renormalized in the pole-

mass scheme. We can now define the EFT approach by adding the operator in Eq. (257) and subtracting

it as a counterterm:

LSM → LSM + ÕΠ − ÕΠ . (282)

In so doing the theory is exactly the same as before. Now Eq. (281) can be rewritten as

∆H(s) =s− sH + Π(s)

+ [ΠR
HH(s)−Π(s)] (283)

where the first line starts at leading order, while the second line starts at order αw. The EFT approach

then amounts to choose Π(s) in a way to capture the important part of (if not all of) ΠR
HH(s), so that

this part of the self-energy correction is included at the leading order, and will be resummed. In practice,

one does not have to choose the exact PT self energy, and gauge invariance is always guaranteed. In

particular, choosing Π(s) = 0 corresponds to the CMS scheme.

In our scheme, EW NLO calculations are obviously more involved. The resummed propagator

(245) and the modified Feynman rules do require extra work. However, one can also always employ

a standard CMS at NLO and only include the full propagators and vertices in the LO result. In this

way we can consistently have leading order calculated in the EFT approach, and NLO in CMS but with

counterterms from ÕΠ.

12.1.3.6 Applications

The treatment of the propagator of the Higgs is of immediate relevance for the LHC. As simple testing

ground of our proposal and comparisons to the conventional methods, we consider three processes of par-

ticular phenomenological importance at the LHC for a scalar boson (which for brevity, we identify with

an hypothetical heavy Higgs): vector boson scattering, tt production via vector boson fusion and Higgs

production via gluon fusion. We have compared the effective approach described above in Eqs. (259),

(260) and (264), with two other schemes:

1. A naive inclusion of the self energy, i.e., using the following propagator

i

∆H(s)
=

i

s− sH + ΠR(s)
, (284)

without changing anything else. Here sH = µ2 − iµγ.

2. The CMS scheme,
i

∆H(s)
=

i

s− sH
. (285)

As mentioned in Section 12.1.3.3, we improve our operator by combining it with O′
Π given in

Eq. (270). More specifically, we define

ŌΠ = OΠ1 +O′
Π2
, (286)

OΠ1 = φ†Π1(−D2)φ , (287)

O′
Π2

=
1

2v2

(
φ†φ− v2

)
Π2(−∂2)

(
φ†φ− v2

)
. (288)
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where the functions Π1 and Π2 are determined by requiring Π1(s)+Π2(s) = Π(s), and that the operator

ŌΠ gives (the imaginary part of) the exact one-loop PT HZZ vertex. We use the operator ŌΠ in the

following analysis.

A modified version of MADGRAPH [129], with the implementation of the effective Lagrangian

approach and the naive propagator with the PT self energy is used to generate events. As SM input

parameters we take:

MZ = 91.188GeV (289)

GF = 1.16639 × 10−5GeV−2 (290)

α−1 = 132.507 (291)

mt = 173GeV . (292)

The Higgs pole mass is

µ = 800GeV , (293)

and ΠR(s) is the imaginary part of the PT self energy renormalized in the pole scheme. The factorization

scale is set as the default dynamical scale of MADGRAPH and the PDF set is CTEQ6l1 [169].

– Vector Boson Scattering

In PV BV → PV BV scattering processes, the effective description allows one to achieve a complete

description of the Higgs line-shape at the resonance region and at the same time it corrects the bad high-

energy behavior originated from the momenta dependent part of the self energy. In addition, we show that

our definition avoids the need for including spurious t-channel widths which occur in the complex-mass

scheme also affecting the high energy behavior of the scattering amplitudes.

In Fig. 97 we show the energy behavior of the ZZ → ZZ scattering amplitude summed over

helicities,
∑

hel |M(s, t, u)|2, at scattering angle cos θ = 0. The fixed width scheme, Eq. (285), naive

propagator, Eq. (284), the effective description and a case in which the width is set to zero are presented.

The agreement between the effective scheme and the naive propagator at the resonance region is pretty

good. The difference with respect to the fixed width scheme is evident. At high energy, the naive

propagator diverges, while the effective description behaves correctly. Similar comments can be made

about W+W−→W+W− amplitude, shown in Fig. 98.

The fact that in both ZZ → ZZ and W+W− → W+W− the fixed width scheme differs from

the effective approach at the high energy region indicates that the spurious t-channel width gives a non-

negligible contribution. This fact can be verified by comparing the different schemes with the no-width

case. Moreover, in the case of W±W±→W±W±, shown in Fig. 99, the effective description and naive

propagator are equivalent to the no-width case and the excess observed in the amplitudes in the fixed

width scheme comes from the spurious width in the t and u-channels. At the LHC, the differences

shown above may become important for a broad resonance. Despite the fact that a light Higgs has been

observed, there is still room for new heavy and eventually broad resonances, e.g. The V V scattering

are embedded in more complex processes of the form qq → qqVV, where the two final state jets are

emitted with high energy in the forward-backward region of the detectors and the vector bosons decay

into two fermions with high pT through the central region. We study the processes uc → ucZZ and

us→ dcW+W− assuming the nominal energy of LHC, ECM = 14 TeV.

In Figs. 100 and 101, the distribution of the invariant mass of the Z Z-system is shown. In Fig. 100,

the resonant region is shown. A basic set of selection cuts to enhance vector boson scattering contribu-

tion, listed in the left column of Table 60, have been applied. The effective description fits well with the

running behavior of the Higgs propagator. In Fig. 101, the high-energy region is put in evidence. To

better appreciate the differences between schemes at LHC energy, a further set of cuts has been added

(right column of Table 60). As expected, the effective approach gives a well behaved distribution at such
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Figure 97:
∑

hel |M(ZZ → ZZ)|2 with scattering an-

gle, θ = π/2. The curves correspond to: fixed width

scheme, Eq. (285), naive propagator, Eq. (284), the

effective description and the no-width, in which the

width is set to zero.
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Figure 98:
∑

hel |M(W+W− → W+W−)|2 with

scattering angle, θ = π/2. The curves correspond

to: fixed width scheme, Eq. (285), naive propagator,

Eq. (284), the effective description and the no-width,

in which the width is set to zero.
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Figure 99:
∑

hel |M(W+W+ → W+W+)|2 with scattering angle, θ = π/2. The curves correspond to: fixed

width scheme, Eq. (285), naive propagator, Eq. (284) and the effective description. The no-width case is equivalent

to the last two.

energies contrary to the naive propagator and with a rate about 10% lower than the fixed width scheme.

This difference amounts to the t-channel spurious contribution present in the fixed width case. Similar

conclusions can be drawn from Figs. 102 and 103, where the reconstructed WW-system invariant mass

distribution for the us→ dcW+W− process is shown.

– W+W+→ H→ tt production

In tt production, we can observe a similar behavior with respect to ZZ → ZZ vector boson scattering.

We have concentrated on the process us → dctt, in which the Higgs in produced by W+W− fusion

and decayed to a pair of top quarks. The energy in the center of mass is set to 14 TeV. In Fig. 104, the

invariant mass distribution of tt at the resonant region is presented. The cuts shown in the left column
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listed in the left column of Table 60 have been applied.
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cess uc → ucZZ at the high energy region. All cuts

listed in Table 60 have been applied.
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Figure 102: Mass distribution of WW-system in the

process us→ dcWW around the peak. The cuts listed

in the left column of Table 60 have been applied.
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Figure 103: Mass distribution of WW-system in the

process us → dcW+W− at the high energy region.

All cuts listed in Table 60 have been applied.

Table 60: Cuts to enhance vector boson fusion. Basic ones on the left column and the extra ones on the right

column.

Basic Extra

pT(j) > 10 GeV pT(V ) > 400 GeV

2 < η(j) < 10 ∆η(jj) > 4.8

∆R(j, j) > 4 η(V ) < 2

M(jj) > 100 GeV M(jj) > 1000 GeV

∆η(V, j) > 1

of Table 60 have been applied in order to enhance the vector boson fusion contribution. Here again, the

effective description describes the functional form of the propagator, which can go up to 5% of difference
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w.r.t the fixed width scheme. As seen in Fig. 105, in the high mass region, the effective description is

dumped down by the effective WWH vertex and does not grow with energy as is the case in which the

naive propagator is adopted. The extra cuts shown in the right-hand column of Table 60 have been added

in order to highlight the differences better.

/d
M

 [p
b/

G
eV

]
σd

0

0.2

0.4

0.6

0.8

1

1.2

6
10×

Fixed width

Naive prop.

Effective descr.

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

) [GeV]t M(t

400 600 800 1000 1200 1400

0.01

0

0.01

0.02

0.03

0.04

0.05

[OO(fixw)]/O(fixw)

Figure 104: Mass distribution of tt-system in the pro-

cess us → dctt around the resonance peak. The cuts

listed in the left column of Table 60 have been applied.
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Figure 105: Mass distribution of tt-system in the pro-

cess us → dctt at the high energy region. All cuts

listed in Table 60 have been applied.

– Gluon-gluon Fusion

For the study of a heavy Higgs produced via gluon-gluon fusion and decayed to a W-boson pair, gg →
W+W−, it is very important to consider the complete set of diagrams due to delicate gauge cancellations

that control the high energy behavior. For this purpose we have relied on MCFM [283] for evaluation

of the matrix elements, taking into account all diagrams contributing at leading order (yet one loop)

to the process gg → W+W−, with Ws decaying to leptons. Phase space integration and unweighted

event generation have been carried out within the MADGRAPH framework. The selection cuts shown in

Table 61 have been applied. The mass distribution of WW-system in the three schemes considered if

Table 61: Cuts applied for gg →W+W− on the second one.

pT(ℓ) > 2 GeV

6 ET > 2 GeV

η(ℓ) < 3

∆R(ℓℓ) > 0.5

shown in Fig. 106 and Fig. 107. In Fig. 106 we can see that the effective scheme and the naive propagator

description present the same behavior around the resonance region, while the fixed width scheme shows a

typical slightly harder resonance. At high energy, the naive propagator diverges and the effective scheme

and fixed width scheme are well behaved.

12.1.3.7 Conclusions

We have argued that it is possible to consistently and efficiently include running width effects for a

heavy Higgs-like boson employing an EFT method. We can summarize the main points of our approach

as follows:
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Figure 106: Mass distribution of the reconstructed

WW-system in the process gg → W+W− →
e+νeµνµ, around the resonance peak. The cuts listed

in Table 61 have been applied.
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Figure 107: Mass distribution of the reconstructed

WW-system in the process gg →W+W− at the high

energy region. The cuts listed in Table 61 have been

applied.

– Introducing a width for an unstable particle amounts to a rearrangement of the perturbative expan-

sion where the corrections to the two-point function are resummed in the propagator. The addition

of the operator ŌΠ defined in Eq. (286) allows to effectively perform such resummation in a gauge

invariant and unitary way while keeping the full virtuality dependence of the self-energy. We have

shown that in the limit where such dependence can be neglected our scheme is equivalent to the

CMS.

– At leading order, one has the freedom to choose the functional form of Π(s). We propose to

use the exact one-loop PT self-energy correction. The rationale is that such self-energies are

gauge invariant and by exploiting the WI’s, we demand ÕΠ to mimic the most important one-loop

corrections as much as possible. In practice, however, using any other form of Π(s) does not break

either gauge invariance or unitarity. In particular, one could avoid the need for a spurious non-zero

width for t-channel propagators.

– EW higher-order corrections can be still performed in the CMS, without loss of accuracy or double

counting issues. In practice, one can include the running width effects via the EFT at the leading

order and neglect the virtuality dependence at NLO, i.e., employ the usual CMS for the NLO term.

In conclusion, in this work we have considered the case of how to consistently define a running

width in the case of a heavy SM Higgs. The same approach can be used, for example, in the context

of a Two-Higgs-Doublet model and applied to the current searches for new scalar states at the LHC.

Extension to gauge vectors and heavy fermion states, on the other hand, are not straightforward and need

further investigation.
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12.2 Monte Carlo lineshape and interference implementations

An overview of the Monte Carlo tools available to describe the heavy mass gg → H lineshape and the

gg → VV signal-background interference is presented.

12.2.1 Signal-background interference studies for H → ZZ searches with GG2VV

In this section, the impact of Higgs-continuum interference on H→ ZZ searches at the LHC for a heavy

SM Higgs boson is studied with GG2VV [86]. GG2VV is a parton-level integrator and event generator

for all gg (→ H) → VV → 4 leptons processes (V = W,Z/γ∗) [85, 556, 598, 599]. It can be used

to calculate integrated and differential cross sections with scale and PDF uncertainties and to produce

unweighted events in LHEF format. GG2VV takes into account the complete, fully off-shell gg → 4
leptons loop-induced LO matrix element with full spin correlations. Finite top and bottom quark mass

effects are included. Amplitude evaluation is facilitated by FEYNARTS/FORMCALC [600, 601]. MC

integration is facilitated by DVEGAS [602], which was developed in the context of Refs. [603, 604].

The following input parameters and settings have been used to calculate the results presented in

Sections 12.2.1.1 and 12.2.1.2. They also apply to the light Higgs results presented in Sections 3.5.2 and

3.5.3. The input-parameter set of Ref. [13], App. A, is used with NLO ΓW,Z and Gµ scheme. Top and

bottom quark mass effects are taken into account, while lepton masses are neglected. The renormalization

and factorization scales are set toMH/2. In Section 3.5.2 (Section 12.2.1.1) [Sections 3.5.3 and 12.2.1.2],

the PDF set MSTW2008 NNLO (MSTW2008 LO) [CT10 NNLO] with 3(1)[3]-loop running for αs(µ
2)

and αs(M
2
Z) = 0.11707 (0.13939) [0.1180] is used. The complex-pole scheme [87] with ΓH = 29.16

(103.9) [416.1] GeV for MH = 400 (600) [1000] GeV is used for the Higgs resonance. The fixed-width

prescription is used for W and Z propagators. The CKM matrix is set to the unit matrix, which causes

a negligible error [555]. No flavor summation is carried out for charged leptons (l) or neutrinos. A

pTV > 1 GeV cut is applied to prevent that numerical instabilities spoil the amplitude evaluation.

12.2.1.1 Signal-background interference in gg (→ H) → ZZ → lll′l
′

To illustrate signal-background interference effects for a heavy SM Higgs boson, integrated cross sec-

tions and differential distributions for gg (→ H) → ZZ → lll′l
′

in pp collisions at 7 TeV for MH =
400 GeV are presented in Table 62 and Figures 108 and 109, respectively. Results are given for Higgs

signal, gg continuum background and the sum with (without) interference. To quantify the signal-

background interference effect, the S+B-inspired measure R1 and S/
√
B-inspired measure R2 defined

in Eq.(24) are used. When standard cuts (pTl > 20 GeV, |ηl| < 2.5, 76 GeV < Mll ,Ml′l
′ < 106 GeV)

are applied, interference effects of about 2% are obtained at 7 TeV, which increase to 3–5% when the

collision energy is increased to 14 TeV (see Table 63). As shown in Figure 108, the Higgs-continuum

interference is negative (positive) for MZZ larger (smaller) than MH. A compensation between negative

and positive interference will typically occur for integrated cross sections. Applied selection cuts will in

general reduce this cancellation, as seen in Figure 109 for the charged-lepton azimuthal opening angle

∆φll , and should be taken into account to get a reliable estimate for the interference effect. Since the

Higgs invariant mass can be reconstructed, it is suggestive to apply a |MZZ −MH| < ΓH cut in addition

to the standard cuts to reduce the background (Higgs search cuts). Such a cut further improves the can-

cellation of positive and negative interference, due to the change of sign at MH. As seen in Tables 62 and

63, the interference measures R1,2 − 1 are reduced to the 1% level, when Higgs search cuts are applied.

12.2.1.2 ZZ/WW interference in gg (→ H) → llν
l
νl

In Section 12.2.1.1, the key features of signal-background interference in H → ZZ searches were elu-

cidated using the “golden mode.” In this section, WW corrections are studied that occur when the
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Table 62: Cross sections in fb for gg (→ H)→ ZZ→ ll l′l
′

in pp collisions at 7 TeV forMH = 400 GeV. Results

are given for signal (|H|2), gg continuum background (|cont|2) and signal+background+interference (|H+cont|2).

R1,2 as defined in Eq.(24) are also displayed. Standard cuts: pTl > 20 GeV, |ηl| < 2.5, 76 GeV < Mll ,Ml′l
′ <

106 GeV. Higgs search cuts: standard cuts and |MZZ −MH| < ΓH with ΓH = 29.16 GeV. No flavor summation

is carried out. The integration error is given in brackets.

selection cuts |H|2 |cont|2 |H+cont|2 R1 R2

standard cuts 0.3654(4) 0.3450(4) 0.7012(8) 0.987(2) 0.975(3)

Higgs search cuts 0.2729(3) 0.01085(2) 0.2867(3) 1.010(2) 1.011(2)

Table 63: As Table 62, but for
√
s = 14 TeV.

selection cuts |H|2 |cont|2 |H+cont|2 R1 R2

standard cuts 1.893(3) 1.417(2) 3.205(5) 0.969(2) 0.945(3)

Higgs search cuts 1.377(2) 0.0531(1) 1.445(2) 1.011(2) 1.011(3)
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Figure 108: MZZ distributions for gg (→ H) → ZZ → ll l′l
′

in pp collisions at 7 TeV for MH = 400 GeV.

Distributions for signal (|H|2), gg continuum background (|cont|2), signal+background (|H|2+|cont|2), and sig-

nal+background+interference (|H+cont|2) are shown. Standard cuts and other details as in Table 62.

same-flavor final state llνlνl is produced.61 Results obtained with a minimal Mll > 4 GeV cut are shown

in Tables 64 and 65 for MH = 600 GeV and MH = 1 TeV, respectively, at
√
s = 8 TeV. Cross sec-

tions when only either the WW or ZZ intermediate state is included are also given. As above, results

for Higgs signal, gg continuum background and the sum with interference as well as the interference

measures R1,2 are displayed. Without search cuts, S/B decreases significantly with increasing heavy

Higgs mass. Consequently, the interference measure R2 − 1 increases substantially when going from

MH = 600 GeV to MH = 1 TeV, namely from O(20%) to O(2). In addition to signal-background in-

61See also Section 3.5.2.
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Figure 109: Azimuthal opening angle ∆φll distributions for gg (→ H) → ZZ → ll l′l
′

in pp collisions at 7 TeV

for MH = 400 GeV. Other details as in Figure 108.

Table 64: Cross sections in fb for gg (→ H) → WW,ZZ → llνlνl (same flavor) in pp collisions at 8 TeV for

MH = 600 GeV. Cross sections when only either the WW or ZZ intermediate state is included are also given. A

minimal Mll > 4 GeV cut is applied. Other details as in Table 62.

VV |H|2 |cont|2 |H+cont|2 R1 R2

WW 1.44(1) 12.29(3) 14.10(5) 1.027(4) 1.26(4)

ZZ 0.261(2) 1.590(5) 1.896(6) 1.024(4) 1.17(3)

WW,ZZ 1.69(2) 12.98(6) 15.00(8) 1.022(7) 1.19(6)

Table 65: As Table 64, but for MH = 1 TeV.

VV |H|2 |cont|2 |H+cont|2 R1 R2

WW 0.0772(5) 10.50(3) 10.72(3) 1.013(4) 2.8(5)

ZZ 0.01426(9) 1.353(4) 1.387(4) 1.015(4) 2.4(4)

WW,ZZ 0.0914(6) 11.02(6) 11.30(8) 1.017(9) 3(1)

terference, the interference between WW and ZZ contributions is also of interest. For the gg continuum

background, one finds σ(|WW + ZZ|2)/σ(|WW|2 + |ZZ|2) = 0.935(5), while for the signal this ratio

agrees with 1 at the sub-percent level for MH = 600 GeV and 1 TeV. TheO(5%) WW/ZZ interference

for the gg continuum background has to be compared to the negligible WW/ZZ interference found in

Ref. [605] for the quark-induced continuum background.

We now investigate the impact of H → ZZ search cuts on the signal-background interference.

To be specific, we consider the cuts |Mll −MZ| < 15 GeV, E/T > 110 GeV, MT > 325 GeV. The
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Table 66: Cross sections in fb for gg (→ H) → WW,ZZ → llνlνl (same flavor) in pp collisions at 8 TeV for

MH = 600 GeV. H → ZZ search cuts are applied: |Mll −MZ| < 15 GeV, E/T > 110 GeV, MT > 325 GeV.

MT is defined in Eq.(294). Other details as in Table 64.

VV |H|2 |cont|2 |H+cont|2 R1 R2

ZZ 0.2175(8) 0.0834(2) 0.3150(8) 1.047(4) 1.065(6)

ZZ,WW 0.2220(8) 0.1020(2) 0.3406(8) 1.051(4) 1.075(6)

Table 67: As Table 66, but for MH = 1 TeV.

VV |H|2 |cont|2 |H+cont|2 R1 R2

ZZ 0.01265(5) 0.0687(2) 0.0927(2) 1.140(3) 1.90(2)

ZZ,WW 0.01278(5) 0.0846(3) 0.1090(2) 1.119(3) 1.91(3)

transverse mass is defined as

MT =

√(
MT,ll +M/ T

)2
− (pT,ll + p/T)2 with M/ T =

√
p/2
T +M2

ll
. (294)

Results for MH = 600 GeV and 1 TeV are shown in Tables 66 and 67, respectively. Since the Higgs

search cuts suppress the background while retaining the signal, one can expect that with search cuts R2

deviates less from 1 than when only minimal cuts are applied. This is confirmed by the shown results:

For MH = 600 GeV (1 TeV), R2 − 1 decreases from O(20%) (O(2)) to O(7%) (O(1)).

12.2.2 Heavy Higgs implementation in MCFM

This section provides an overview of the implementation of Higgs boson production and background

processes in MCFM. Further details can be found in Refs. [554,606]. MCFM contains NLO predictions

for a variety of processes. For studies of heavy Higgs bosons the most relevant signal processes are

Higgs production through gluon fusion and vector-boson-fusion, with subsequent decays to massive

vector bosons. The SM background production of the direct diboson final state themselves. In addition

to the standard NLO predictions for the diboson processes, MCFM includes the contributions from

gluon induced initial states. Although formally O(α2
s ) (and hence NNLO) the large gluon flux at LHC

operating energies enhances these pieces beyond the naive NNLO power counting. The current status

(as of MCFM v6.4) of these processes is as follows. For the gg → WW process all three families of

quarks are included in the loops, with the exact dependence on the top mass mt kept and all other quarks

considered massless. For the ZZ process only the first five massless flavors are implemented.

One of the most interesting phenomenological features of a heavy Higgs boson is its large width

and the corresponding impact of the interference term with the SM production of VV pairs. Since the

interference pattern is often not accounted for in event generator simulations and higher order corrections,

we focus on its impact on phenomenology in this report.

In order to study the interference between the SM production of W pairs and Higgs decay to WW
we introduce the following definitions,

σB −→ |Abox|2 , Abox = 2Amassless +Amassive ,
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σH −→ |AHiggs|2 ,

σi −→ 2Re (AHiggsA⋆box) ,

σH,i = σH + σi . (295)

Here σB represents the background production of WW pairs, (proceeding through the Abox amplitude

which is made up of massless and massive fermion loops) and σH represents signal squared cross section

associated with the LO production of a Higgs boson through gluon fusion, with a subsequent decay

to WW. Note that this LO processes proceeds through a top quark loop. Finally σi represents the

interference between the signal and background amplitudes.

The interference pattern contains two terms, which are extracted by removing the Higgs propaga-

tor from the amplitude (with the new stripped amplitude referred to as ÃHiggs). The imaginary part of the

Higgs propagator couples to the imaginary part of the product, ÃHiggsA∗
box. Hence this piece is propor-

tional to the Higgs width. The real part of the Higgs propagator couples to the real part of ÃHiggsA∗
box.

The resulting interference cross section is thus of the form,

δσi =
(ŝ−M2

H)

(ŝ−M2
H)2 +M2

HΓ2
H

Re
(
2ÃHiggsA∗

box

)
+

MHΓH

(ŝ−M2
H)2 +M2

HΓ2
H

Im
(
2ÃHiggsA∗

box

)
, (296)

The first piece of this expression is an odd function in ŝ about MH and therefore, for well resolved final

states (such as ZZ∗ and γγ) in which the Higgs signal can be localized in ŝ, the interference effects

from this piece approximately cancel over the integration of the ŝ bin. In these cases the interference

phenomenology is dominated by the width effects (which for a heavy Higgs will be sizeable). For Higgs

decays which are not fully reconstructed (such as WW) both terms contribute. Since the Higgs boson

is a unitarizing particle the interference is destructive at large ŝ. Thus, since the function is odd the

interference in the corresponding region ŝ < MH is constructive. Since the background cross section is

typically larger in this region the net effect of the interference is constructive for most Higgs masses.

Figure 110: Inclusive H → WW → ℓνℓ′ν′ cross section at the LHC8. The standard signal squared σH is shown

in blue, whilst the signal squared plus interference cross sections are shown in red. The lower panel shows the ratio

of these two cross sections.

Fig. 110 presents the net contribution of the interference for the inclusive H → WW → ℓνℓ′ν′

cross section at LHC operating energies (8 TeV), focusing on the heavy Higgs region. The renormal-

ization and factorization scales have been set equal to the Higgs mass. It is clear that the interference

214



becomes the dominant part of the Higgs production cross section as the Higgs mass grows. This is pri-

marily since the Higgs cross section is a rapidly falling function in MH, hence the term linear in the

signal amplitude (the interference) dominates over the quadratic piece (the signal squared).

Figure 111: The transverse mass distribution for a Higgs boson with mass 800 GeV at the 8 TeV LHC. The upper

panel shows the prediction for the differential distribution with and without including the interference terms, the

lower panel provides the ratio of these predictions.

It is also interesting to consider the impact of the interference pieces on more differential quanti-

ties. One such relevant quantity is the transverse mass of the missing transverse energy plus leptons final

state. The MCFM prediction for the transverse mass spectrum for a Higgs mass of 800 GeV is shown

in Fig. 111. The pattern predicted by Eq.(296) is manifest. The interference is large and constructive in

the region (ŝ < MH =⇒ mT < MH), whilst in the large ŝ region the interference is destructive. The

enhancement in the low mT region is significant and can be around an order of magnitude compared to

the naive signal prediction. Therefore inclusion of the interference effects are vital in order to simulate

the phenomenological impact of the heavy Higgs.

Since it is clear that the contributions from the interference effects are important, it is interesting

to look at possible mechanisms for modifying the Higgs propagator in order to simulate the impact of the

interference. If such a modification can mimic the interference terms then use of this propagator in higher

order codes (for example the NNLO code of ref. [109]) can enhance these predictions. MCFM provides

an excellent testing environment for these techniques, since it is possible to modify the Higgs propagator

as desired and compare it to the full signal plus interference prediction at LO. One such modification

is the improved s−channel approximation (ISA) due to Seymour [594]. In this setup one replaces the

fixed-width propagator with the following,

is

s−M2
H + iΓHMH

→
iM2

H

s−M2
H + iΓH(MH) s

MH

. (297)

The dependence on ŝ in the width piece modifies the corresponding Higgs boson lineshape. We illustrate

these differences in Fig. 112. In order to ensure the invariant mass distribution is positive definite we

also include the prediction for gg →WW, σB. It is clear that by modifying the propagator we have sig-

nificantly altered the resulting lineshape of the Higgs. The ISA has captured the form of the interference

prediction, namely enhancing the differential cross section in the region ŝ < MH and decreasing it in the
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high mass tail. Whilst the ISA is an improvement over the fixed width approximation it fails to capture

the true impact of the destructive interference and overestimates the rate at small m4ℓ.

Figure 112: Comparison of the improved s-channel approximation and the full LO signal plus interference pre-

diction for the invariant mass of the four lepton final state. For reference the naive signal squared prediction is also

plotted. The background production of gg →WW is also included.

Summary

MCFM provides a range of predictions relevant for searches for a heavy Higgs boson. The most relevant

being the signal production cross sections and many of the irreducible background processes. Since the

width of a heavy Higgs boson is very large interference effects between signal and background dominate

the lineshape of the Higgs. MCFM includes a full treatment of this interference at LO for the WW
decay modes, allowing the user to test systematic uncertainties in other codes which may not model

these interactions.
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12.2.3 Signal-background interference implementation in aMC@NLO

At LO the cross section for gg → VV can be written as

σLO
S+i+B = |MS|2 + 2Re(MSM∗

B) + |MB|2 , (298)

where the signal S features a triangle loop and the Higgs propagation in the s-channel while the back-

ground B proceeds via gg → VV boxes. At high partonic energy ŝ, there is a cancellation between

the pp → H → VV diagram and the S-wave massive contribution of the non-resonant ones [557],

each growing as m2
q/m

2
V log2 ŝ/m2

q where q is the heavy quark running in the loop. This contribution

is proportional to the axial part of the vector boson coupling to the quarks and it is basically due to the

non-conservation of the axial current for massive quarks. Such a cancellation ensures the unitarity of

the standard model up to arbitrary large scales. Note that the width scheme has also an impact on the

unitarity of the theory.

In absence of a complete NLO computation for the full process pp→ VV a scheme for combining

the signal pp→ H→ VV at NLO (or NNLO), the background at LO and the interference between them

is needed. Different methods have been proposed and discussed, see, .e.g., [102], which make different

approximations and can broadly divided in multiplicative or additive. In essence the main difference

stems from how the signal-background interference is treated: in the additive scheme it is taken at the

LO, i.e., it corresponds exactly to the accuracy to which is presently known, while in the multiplicative

scheme a guess for the NLO (or NNLO) interference is made, which is obtained by multiplying the LO

results by a K-factor, overall or differential based on a pivot distribution. The former scheme is the only

possible one for a MC generator, yet it violates unitarity at NLO in αs, while the latter is better suited for

analytical calculations, does not violate unitarity, yet it is just a guess for an unknown quantity.

In our approach, we therefore employ an additive scheme,

σMC(pp→ VV) = σNLO
S + σLO

i+B = σNLO
S + 2Re(MSM∗

B) + |MB|2 . (299)

Events corresponding to the first term are generated with MC@NLO v.4.09 [128], which features

real (one-loop) and virtual (two-loop) matrix elements with the exactmb andmt dependence (taken from

Ref. [607, 608]). Such calculation is for on-shell Higgs production. Introducing the Higgs propagation

and decay, and therefore the Higgs width, needs special care especially for a heavy Higgs in order

to maintain gauge invariance and unitarity, as discussed at length in the literature and this report. In

MC@NLO given a final state in terms of leptons, this is achieved by the replacement:

δ(ŝ −M2
H)→ 1

π

√
ŝ · Γ(H(ŝ)→ final state)

(ŝ−M2
H)2 +M2

HΓ2
H

, (300)

where the partial width into the final state is calculated at corresponding virtuality and ΓH is the total

Higgs width. Such a replacement exactly corresponds to a complex-pole scheme for the Higgs if ΓH is

calculated accordingly [87].

The second and third terms in Eq. (299) are generated via dedicated implementations, whose

loop matrix elements are automatically obtained via MADLOOP [132] and checked, when possible,

with MCFM [554]. The corresponding codes are publicly available at the AMC@NLO web page

(http://amatnlo.ern.h). In our calculation all six flavor run in the background boxes for gg →
VV and quark mass effects are accounted for exactly.

Samples corresponding to different leptonic final states, ℓ+νℓℓ
′−ν̄ℓ′(W

+W−), ℓ+ℓ−νℓ′ ν̄ℓ′(ZZ)
and ℓ+ℓ−ℓ′+ℓ′−(Z/γ∗Z/γ∗) can be obtained. In Fig. 113 the invariant mass of the four leptons in the

e+eνµν̄µ and e+eµ+µ final states for two different Higgs masses are shown. Only minimal acceptance

cuts have been applied. The blue (low lying) curve show the full LO result. the black (dotted) curve the

NLO signal plus the background, while the red curve is the combined result corresponding to Eq. (299).
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The first important result is that NLO effects for the signal are very important around the Higgs mass,

as expected, and cannot be neglected. The interference gives an enhancement of the cross section before

the peak and a depletion (corresponding to the cancellation of the bad high-energy behavior) at large

invariant masses. Such effects, while certainly visible already for a Higgs of MH = 500−600 GeV, give

a small contributions overall as the high-energy tail is strongly suppressed by the gluon PDF’s.

Figure 113: Invariant mass distributions for pp → 4ℓ in different channels as obtained from MC@NLO for the

signal S and MADLOOP for the background and interferenceB + i. Basic acceptance cuts applied.
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12.3 Reweighting studies

In this section the effect of reweighting distributions to account for the interference effect in several final

states by using different Monte Carlo generators and tools will be presented.

12.3.1 Comparison with MCFM: gg->WW->lνjj

For a light Higgs with mass near 125 GeV, the interference effect is at percent level between the signal

gg → H → WW and the continuum background gg → WW. With increasing Higgs mass, the

interference effect becomes more and more crucial. As shown in Ref. [554], the effect on LO total cross

sections can already be over 30% for MH
>∼ 600GeV . Moreover, it changes much the MWW spectrum,

with constructive behavior at MWW
<∼MH while destructive at MWW

>∼MH.

One usually can include the interference effects by reweighting the signal’s MWW spectrum (S)

with the MWW binned scale factor R2

SReweight ≡ R2 × S. (301)

However, one needs then to validate this method by examining additional distributions other than MWW ,

especially those exploited in the data analysis [609]. Moreover, one should also provide a conservative

yet appropriate estimation on theoretical uncertainties from R2.

In the CMS study of searching Higgs via the WW → lνljj channel [609], we evaluate R2 with

the LO results of signal and interference terms got from the MCFM v6.3 (without any cuts applied). We

then exploit the method proposed in Ref. [102] to estimate the reweighting uncertainty with 3 kinds of

factors (k) applied on top of R2 by 1 + k × (R2 − 1), inspired by higher order QCD corrections:

k = 1,
√
Kgg/KNNLO, and 1/KNNLO, (302)

where the K -factors Kgg and KNNLO are read from the H→ ZZ numbers in Ref. [102], as the ones for

H → WW are not ready yet and meanwhile the K -factors should not depend on final states between

gg → H→WW and ZZ.

In Fig. 114, we show our reweighting results for gg → H→WW → lνljj at the generator level,

for MH = 700 GeV at the 8 TeV LHC, with the factorization and renormalization scales fixed to MH

and CTEQ6L1 PDF exploited, and p
l
T > 30 GeV, pjT > 30 GeV, MET> 30 GeV, |ηl, j | < 2.4. The

effects of the interference on several crucial kinematic variables are studied, listed as following:

– the four body mass mWW ,

– the two body mass of the hadronic decayed W, mW,

– the rapidity of the hadronic decayed W, ηW,

– the transverse momentum of the lepton, p
l
T,

– the minimal azimuthal opening angle between the lepton and jets, φlj ,

– the azimuthal opening angle between the jets, φjj .

The blue curves in Fig. 114 are for signal process, the red ones are for the signal plus continuum

background, while the yellow bands correspond to the reweighted signal uncertainties). As one can see

from Fig. 114, the reweighting scheme mentioned above based on MWW spectrum, turns out to describe

well other distributions: the reweigthed curves differ a lot from the Signal curves while lie mostly inside

the the interference uncertainty bands.

12.3.2 Comparison with MCFM: gg->WW->lνlν

For the WW → lνllνl channel (with l = e, µ), the effect of the interference between gg → H → WW
and continuum gg → WW production becomes increasingly important as the mass of the resonance

increases.

219



 (GeV)WWM
300 400 500 600 700 800 900

 (
p
b
/b

in
)

W
W

/d
M

σ
d

0

0.001

0.002

0.003

0.004

0.005

0.006
(1+R2)*(MCFM S700): Uncertainty

MCFM (S+I)700

MCFM S700

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

(a) MWW

 (GeV)WM
20 40 60 80 100 120 140 160

 (
p
b
/b

in
)

W
/d

M
σ

d

410

3
10

210

110 (1+R2)*(MCFM S700): Uncertainty

MCFM (S+I)700

MCFM S700 L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

(b) MW

W
η

3 2 1 0 1 2 3

 (
p
b
/b

in
)

Wη
/d

σ
d

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

(1+R2)*(MCFM S700): Uncertainty

MCFM (S+I)700

MCFM S700

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

(c) ηW

 (GeV)lPT
50 100 150 200 250 300 350

 (
p
b
/b

in
)

l
/d

P
T

σ
d

0

0.002

0.004

0.006

0.008

0.01
(1+R2)*(MCFM S700): Uncertainty

MCFM (S+I)700

MCFM S700 L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

(d) PTl

 
lj

φ
0 0.5 1 1.5 2 2.5 3

 (
p
b
/b

in
)

ljφ
/d

σ
d

410

310

210

(1+R2)*(MCFM S700): Uncertainty

MCFM (S+I)700

MCFM S700

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

(e) φlj

 
jj

φ
0 0.5 1 1.5 2 2.5 3

 (
p
b
/b

in
)

jjφ
/d

σ
d

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

(1+R2)*(MCFM S700): Uncertainty

MCFM (S+I)700

MCFM S700

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

(f) φjj

Figure 114: Reweighting MCFM gg → H → WW → lνljj results to take into account interference effects at

the generator level, for MH = 700 GeV at the 8 TeV LHC, with p
l
T > 30 GeV, pj

T > 30 GeV, MET> 30 GeV,

and |ηl,j | < 2.4. Blue curves are for signal process, the red ones are for the signal plus continuum background,

while the yellow bands correspond to the reweighted signal uncertainties Eqs.(301) and (302).

Fig. 115 shows the LO Feynman diagrams for the two processes.

In ATLAS, a study of the effect of the interference on key kinematic variables has been performed

using the MCFM [283] Monte Carlo program. The study uses MCFM 6.2, the processes being gener-

ated at a centre-of-mass (CM) energy of 8 TeV, with no cuts on the generation. Events MCFM processes

121 and 122 are respectively used to generate distributions for the pure H → WW → lνllνl process

and the process including the effect of the interference. Both processes are calculated to leading order

accuracy in QCD. This requires a reweighting procedure to account for higher-order corrections. This

procedure has been described in section 12.1.1. Distributions are generated for six different resonance

masses MH : 400, 500, 600, 700, 800 and 900 GeV. The renormalization and factorization scales are set

to the mass of the resonance being generated.

The object selection criteria used in this study are similar to those used in the ATLAS H →
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Figure 115: Diagrams for the gg → H → WW → lνllνl process (left) and the continuum gg → WW → lνllνl

process (right).

WW → lνllνl analysis [610]. The leptons are required to be within |η| < 2.5. The leading lepton must

have pT > 25 GeV, and the sub-leading lepton pT > 15 GeV. The missing transverse momentum is

required to be larger than 45 GeV. No requirement is made on the number of jets in the final state nor on

the types of the two leptons.

The interference effect affects the shape of the distributions used in the analysis. The effects of

such reweighting are studied for four crucial kinematic variables:

– the dilepton invariant mass Mℓℓ

– the transverse momentum of the dilepton system pℓℓT
– the dilepton azimuthal opening angle ∆φℓℓ

– the transverse mass MT

The first three variables are important because the analysis uses them to reject background and

define a signal region. The fourth variable, MT, is the final discriminant [610].

Figures 116 - 119 show distributions of the variables for pure H→WW, for the process including

the interference and for the pure signal process reweighted according to the lineshape distribution (i.e. the

invariant mass of the two Ws). For each variable, distributions are shown for three of the six resonance

masses corresponding to 400, 600 and 900 GeV. The ratio between the signal distributions including

the interference and the reweighted distributions is also plotted. The cross-section σHi
including the

interference effect is not strictly physical, and can be negative (see Eq. 4.1 in [554]), as seen in many of

the distributions. From these plots it is clear that the interference has a large impact on both the cross-

section and the shape of the distributions, particularly for higher Higgs masses. The plots also show that

reweighting by MWW correctly reproduces the effect of interference on the shapes of other distributions.

The same distributions have been obtained before applying any cuts and it has been proven that the

shape of the distributions is not affected by the cuts. The difference between the efficiency calculated on

samples which include the interference at generation level and on signal reweighted samples, has been

used to evaluate the systematic uncertainty associated to the reweighting procedure as reported in table

68.

From this it is clear that the overall effect of the discrepancies between the reweighting and the

process including the effect of the interference distributions is a few %. The exact magnitude of the

uncertainty depends upon which cuts are applied, and which mass point is being examined - here, it

ranges from 1% for the MH = 400 GeV case to 5% for the MH = 900 GeV case.

Having looked at the effect of reweighting at LO, there remains the issue of reweight for higher or-

der effects. This study reweights to NNLO, using the schemes suggested in [102], and the correspondent

K factors [559] as discussed in section 12.1.2:
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Figure 116: Distributions of the dilepton invariant massMℓℓ showing the effect of the interference and the result of

the reweighting procedure after cuts, corresponding to a Higgs mass of MH = 400 GeV (left), 600 GeV (middle),

900 GeV (right).
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Figure 117: Distributions of the transverse momentum of the dilepton system pℓℓ
T showing the effect of the inter-

ference and the result of the reweighting procedure after cuts, corresponding to a Higgs mass of MH = 400 GeV

(left), 600 GeV (middle), 900 GeV (right).
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Figure 118: Distributions of the dilepton azimuthal opening angle ∆φℓℓ showing the effect of the interference

and the result of the reweighting procedure after cuts, corresponding to a Higgs mass of MH = 400 GeV (left),

600 GeV (middle), 900 GeV (right).

– Additive: K S + I

– Multiplicative: K S + K I

– Intermediate: K S + sqrt(Kgg) I
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Figure 119: Distributions of the transverse mass MT showing the effect of the interference and the result of the

reweighting procedure after cuts, corresponding to a Higgs mass of MH = 400 GeV (left), 600 GeV (middle),

900 GeV (right).

Table 68: Efficiency of the cuts (fraction of cross section remaining) for the samples generated with the interfer-

ence effect included and the reweighted samples.

MH = 400 GeV MH = 600 GeV MH = 900 GeV

S+I Reweighted S+I Reweighted S+I Reweighted

After Preselection Cuts 0.844945 0.846989 0.876930 0.879919 0.876166 0.881239

After Kinematic Cuts 0.624508 0.619817 0.640973 0.630267 0.661190 0.634992
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Figure 120: Distributions of the dilepton invariant massmℓℓ showing the three schemes for scaling to NNLO, with

the LO signal distribution for comparison, at Higgs masses of MH = 400 GeV (left), 600 GeV (middle), 900 GeV

(right).

Figures 120 - 123 show these three schemes – together with the LO Signal for comparison –

for each of the 4 distributions shown earlier, after the aforementioned cuts have been applied. The

Additive (in yellow) and the Multiplicative (in magenta) schemes form bounds for the theory uncertainty

in the scaling to NNLO, while the Intermediate scheme (in black) is the nominal NNLO Signal plus

Interference distribution.

From these plots, it is evident that the difference between the Intermediate distributions and the

Additive or Multiplicative ranges from a negligible amount at MH = 400 GeV, to about ± 25% at

MH = 900 GeV. This is a very conservative estimate of the uncertainty in scaling to NNLO, and gives

a very large uncertainty for high MH. The different schemes for scaling to NNLO do not seem to affect
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Figure 121: Distributions of the transverse momentum of the dilepton system pℓℓ
T showing the three schemes for

scaling to NNLO, with the LO signal distribution for comparison, at Higgs masses of MH = 400 GeV (left),

600 GeV (middle), 900 GeV (right).
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Figure 122: Distributions of the dilepton azimuthal opening angle ∆φℓℓ showing the three schemes for scaling

to NNLO, with the LO signal distribution for comparison, at Higgs masses of MH = 400 GeV (left), 600 GeV

(middle), 900 GeV (right).
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Figure 123: Distributions of the transverse mass MT showing the three schemes for scaling to NNLO, with the

LO signal distribution for comparison, at Higgs masses of MH = 400 GeV (left), 600 GeV (middle), 900 GeV

(right).
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the shape of the distributions significantly.

In conclusion, event-by-event reweighting by the MWW distribution reproduces the effect of in-

terference fairly closely, though it does introduce some uncertainty, of order 1% for MH = 400 GeV

and 5% for MH = 900 GeV. A much larger uncertainty is introduced by the process of reweighting to

NNLO, rising to ± 25% for MH = 900 GeV, the highest mass point studied.

12.3.3 Studies with gg2VV: gg->ZZ->2l2ν

The effect of the resonance-continuum interference between the SM Higgs signal process gg → H→ ZZ
and the irreducible background process gg → ZZ has been studied at leading order in pp collision at√
s = 8 TeV, using the program GG2VV-3.1.0 [85]. Results for a heavy Higgs boson (600 GeV or

above) are presented here.

Parton level cross sections for gg(→ H) → ZZ → 2ℓ2ν are presented in Table 69 . Results are

given for a single lepton flavor combination. Please note when charged leptons and neutrinos are in same

flavor, i.e., 2µ2νµ or 2e2νe final states, there also exits interference with gg → WW → 2ℓ2ν. So the

same flavor case is computed separately.

The renormalization and factorization scales are set to MH/2. The PDF set CT10NNLO is used.

The following experimental selection cuts are applied: pℓT > 20 GeV, |ηℓ| < 2.5, |Mℓℓ− 91| < 15 GeV,

pℓℓT > 55 GeV, Emiss
T > 90 GeV, MT > 325 GeV. The MT variable is the transverse mass of the

ZZ→ 2ℓ2ν system, defined as:

M2
T =

[√
p2
T,ℓℓ +M2

ℓℓ +

√
Emiss,2

T +M2
ℓℓ

]2

−
[
~pT,ℓℓ + ~Emiss

T

]2
(303)

As shown in the table, for a 600 GeV Higgs signal, the interference effect can be a few percent,

and for 1 TeV signal, it can be as large as 90%.

Table 69: Parton level cross sections in fb for a single lepton flavor combination. S is Higgs signal; B is continuum

background; Tot is signal and background together, including their interference. R is a ratio of interference effect,

defined as (Tot-B)/S.

MH (GeV)
gg(→ H)→ ZZ→ 2ℓ2ν gg(→ H)→ ZZ/WW → 2ℓ2ν

S B Tot R S B Tot R

600 0.200(1) 0.0633(2) 0.277(1) 1.07 0.202(3) 0.0671(5) 0.283(3) 1.07

700 0.0914(6) 0.0596(2) 0.1681(7) 1.19 0.0920(5) 0.0636(7) 0.171(2) 1.17

800 0.0439(3) 0.0566(2) 0.1159(5) 1.35 0.0441(3) 0.0602(2) 0.1218(7) 1.40

900 0.0224(1) 0.0541(2) 0.0891(3) 1.56 0.0221(3) 0.0567(4) 0.0927(9) 1.63

1000 0.01202(7) 0.05202(2) 0.0741(3) 1.84 0.0121(2) 0.0549(4) 0.0783(3) 1.93

The interference also changes kinematics of signal. A recipe from LHCHXSWG is used [14] to

reweight signal lineshapes to account for this change and its uncertainty. Again, GG2VV-3.1.0 is used to

generate signal sample, background sample and signal+interference+background sample at each signal

mass point. The 2ℓ2ν invariant mass distributions of such three samples for 900 GeV signal hypothesis

are shown as Fig. 124(left). We can see the interference enhances the mass pole and below, but slightly

reduces where above the mass pole. The interference term could be separated by subtracting signal and

background distributions from signal+interference+background distribution. Then a set of NNLO K -

factors as a function of mZZ are read from theorists and applied to signal term S and interference term I
as below
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dSNNLO = K(m) dS

dScorr = dSNNLO + (K(m))n dI, n = 0, 0.5, 1

Here SNNLO is signal lineshape after NNLO K -factors applied, and Scorr is that after including

interference. As for the Scorr, n = 0.5 gives central shape, while n = 0 or 1 gives down or up uncertainty

band. Fig. 124(right) shows SNNLO and Scorr with its uncertainty band, for 900 GeV signal hypothesis.

By dividing Scorr by SNNLO, we get weights to correct our POWHEG signal lineshapes.

M(llvv)
400 500 600 700 800 900 1000 1100 1200 1300

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022
Signal(900GeV)

Bkgd

S+I+B L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
3

M(llvv)
400 500 600 700 800 900 1000 1100 1200 1300

0

0.002

0.004

0.006

0.008

0.01

K*S(900GeV)

K*(S+I)

*IKK*S+

K*S+I

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
3

Figure 124: Invariant mass of the 2ℓ2ν system for gg(→ H) → ZZ → 2ℓ2ν signal, background and sig-

nal+background+interference (left); Signal lineshape before and after including interference (right). A 900 GeV

signal hypothesis is used here

12.3.4 Reweighting CPS PowHeg-BOX samples

At high Higgs mass the interference between the Higgs signal and the gg → ZZ or gg → WW contin-

uum backgrounds becomes very large. It can affect significantly both cross sections and distributions,

depending from the final state. More recently, the interference effect at LO has been included in some

MC programs as discussed in Section 12.2. Nevertheless the current signal samples used by ATLAS

and CMS have been generated with POWHEG BOX [80] which does not include the interference effect.

This brings to the needs of a theoretical prescription to reweight such samples in order to account for this

effect and associate an uncertainty on this reweighting procedure.

Several reweighting tools based on tables and scale factors provided in [559] have been developed

depending from the different final state. They allow to rescale on an event by event basis the CPS PowHeg

BOX MC signal samples to account for the interference effect and to include the theoretical uncertainties

as described in Section 12.1.2.

The effect of such reweighting on ZZ and WW invariant masses, with the associated uncertainties

are shown respectively in Fig. 125 and Fig. 126.
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Figure 125: Distribution at generator level for an Higgs mass of 800 GeV before (blue solid line) and after (green

solid line) the inclusion of the interference. The shapes to describe the uncertainty are also shown (dot-dashed

green lines)
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Figure 126: Distribution at generator level for an Higgs mass of 800 GeV before (blue solid line) and after (red

solid line) the inclusion of the interference. The shapes to describe the uncertainty are also shown (dot-dashed red

lines)

12.4 Interference effects in VBF production

12.4.1 Signal definition

Also in the VBF Higgs production mode, interference effects between the Higgs signal process and the

continuum background become increasingly important when going to higher Higgs masses. NLO QCD

corrections to the full process pp → VVjj have been calculated in Ref. [611, 612] and are available

in VBFNLO [110–112] including decays of the vector bosons. We will concentrate on the pp →
W+W−jj process, which can be calculated with both fully leptonic (l+νll

−νl) as well as semileptonic

(l+νljj, l−νljj) decays of the W bosons.
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Figure 127: Invariant WW mass distribution for the process pp→WWjj for different Higgs boson masses, in-

tended either as signal (600 and 800 GeV) or as background definition with a light Higgs boson (100 and 126 GeV).

Both Higgs and continuum diagrams are necessary to ensure the correct high-energy behavior.

For large invariant masses of the vector-boson pair
√
s, the continuum diagrams MB are proportional

to − s
v2

, where v denotes the Higgs vacuum expectation value, and would lead to unitarity violation

at about 1 TeV. They are canceled by corresponding diagrams with s-, t- and u-channel exchange of a

Higgs boson MH ∝ s
v2 in the leading term. This raises the question of how to best define the signal,

or correspondingly the background contribution which is subsequently subtracted from the full process.

Naive definitions like only taking the signal plus interference contributions into account or, equivalently,

subtracting the contribution coming from background diagrams only will violate unitarity at large center-

of-mass energies of the diboson system.

The invariant mass distribution of the WW diboson system is shown in Fig. 127 for various

choices of the Higgs boson mass. The distributions have been generated with VBFNLO using stan-

dard vector-boson-fusion cuts on the two tagging jets (mjj > 600 GeV, |ηj1 − ηj2| > 4, ηj1 × ηj2 < 0)

in addition to general detector acceptance cuts (pT,j > 20 GeV, ηj < 4.5, pT,ℓ > 10 GeV, ηℓ < 2.5).

We show two examples for heavy Higgs bosons of 600 and 800 GeV mass, as well as for two light Higgs

masses of 126 and 100 GeV. For the latter, the Higgs peak is outside of the shown range. We see that

the two light-mass curves agree very well, with some small remaining mass dependence in the region

around the WW production threshold. Therefore, we can use these to define the background

σB =

∫
dΦ|MB +Mh(mh)|2 , (304)

wheremh denotes the mass of the light Higgs boson used for subtraction and dΦ denotes the phase-space

integration. This then leads to our definition of the signal+interference contribution

σS+I =

∫
dΦ|MB +MH(MH)|2 − σB (305)

with the heavy Higgs mass MH. This approach respects the correct high-energy behavior.

12.4.2 Event reweighting

A full simulation of LHC processes, involving NLO events plus parton shower and detector simulation

with cuts on the final-state particles, is a time-consuming task. If events in a related scenario with similar

kinematic features have already been fully simulated, one can re-use them and apply a reweighting

procedure to the events at parton-level. In VBFNLO this is included as an add-on named REPOLO –

REweighting POwheg events at Leading Order – and is available on request by the VBFNLO authors.
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Figure 128: Invariant WW mass distribution for the process pp → WWjj. The distribution is shown for the

signal-only process generated with POWHEG, as well as reweighted by REPOLO to include signal-background

interference according to Eq. 306. The branching ratio H→WW has been divided out for both curves.

In this subsection we will discuss the reweighting of VBF production of a heavy Higgs boson. The

starting point are unweighted events of the signal process only for a Higgs boson of 800 GeV, generated

with POWHEG [113]. Using the VBFNLO framework, we then create a new event file where each

signal event is reweighted by a factor

|MB +MH(MH)|2 − |MB +Mh(mh)|2
|MH(MH)|2 (306)

according to Eq. 305. Events are reweighted for heavy Higgs bosons without decay. For the result-

ing signal+interference contribution, this corresponds to dividing over the Higgs branching into WW.

Internally, a decay into W+W− → l+νll
−νl is simulated for all matrix elements which appear in the

reweighting.

The result of this procedure is shown in Fig. 128 where 900000 POWHEG events have been

reweighted. For the background subtraction a Higgs boson with mass 100 GeV has been used. One

observes the significant effect of the interference term, which enhances the rate for smaller invariant

masses, while at the same time decreasing the rate for larger ones. This corresponds to the constructive

and destructive interference, respectively, as expected from theory. The reweighting procedure has its

limits in phase-space regions, where the reweighted event weight is significantly larger than the original

one. In the shown example this happens for invariant masses below about 400 GeV. The differential

signal-only cross section gets very small, while the interference term still yields a relevant contribution.

In practice, a possible remedy would be to generate additional events in the region where the process to

be reweighted is known to be small.
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13 BSM Higgs benchmarks in light of the discovery of a 126 GeV boson 62

This document provides a first proposition of a framework in which the continuing LHC Higgs searches

at masses other than 125 GeV can be interpreted.

13.1 Introduction

After the discovery of a new Higgs-like boson with SM-like properties by the LHC experiments ATLAS

and CMS [1,2,613] the next step is to determine whether this Higgs-like particle is fully responsible for

the generation of the masses of the other SM particles. This means in other words, that it fully unitarizes

the high-energy scattering amplitudes for VLVL→ VLVL (V = W or Z) and VLVL→ f f̄ .

If the Higgs-like particle at 125 GeV is not fully responsible for the unitarization of the scatter-

ing amplitudes, then additional new physics must be present to play this role. Here we propose two

benchmarks in which a second scalar particle completes the unitarization of the scattering amplitudes.

The allowed values of the couplings of this second particle are therefore constrained by the observed

production and decay rates of the 125 GeV Higgs-like state.

We try to match these benchmarks to the coupling extraction parameterizations of the Light Mass

Higgs Subgroup [306]. For each benchmark we give a model-independent parameterization as well as a

particular realization in terms of a specific model. In some cases, the specific model fixes the values of

some of the free parameters.

13.2 Relations imposed by unitarity

The couplings to gauge bosons and fermions of the 125 GeV Higgs-like state, denoted by h1 in the

following, and the ones of the second scalar particle, denoted by h2, are subject to constraints imposed

by unitarity. We introduce the scaling factors κi and κ′i (i = f ,W,Z) for the couplings of h1 and h2

to the fermions and gauge bosons. The coupling factors without prime apply for the couplings of the

125 GeV Higgs-like state h1 and the one with prime for the second state h2. The coupling factors

are defined relative to the corresponding couplings of a SM Higgs boson, as in the coupling-extraction

document [306].

The requirement of unitarization of longitudinal gauge boson scattering VLVL → VLVL (V =
W,Z) leads to the following sum rule63:

κ2
V + κ′2V = 1. (307)

The unitarization of longitudinal gauge boson scattering into a fermion pair, VLVL→ f f̄ , requires

that

κVκf + κ′Vκ
′
f = 1. (308)

This equation holds separately for each fermion species. Here κf needs not be the same for different

kinds of fermions.

In the following we propose two benchmark scenarios. For each of them we give a model-

independent parameterization as well as a particular realization in terms of a specific model. In some

cases, the specific model fixes the values of some of the free parameters.

13.3 Benchmark 1: One common scaling factor

In this benchmark scenario a common scaling factor is chosen both for the gauge and the fermion cou-

plings of the field h1 relative to the corresponding SM couplings.

62S. Bolognesi, S. Diglio, C. Grojean, M. Kadastik, H.E. Logan, M. Muhlleitner K. Peters (eds.)
63This expression assumes that κW = κZ as imposed by custodial symmetry.
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Model-independent parameterization: For the 125 GeV state h1 we then have

κ ≡ κV = κf . (309)

This is equivalent to the overall signal strength scaling µ = κ2.

The corresponding coupling of the second state h2 is then

κ′ ≡ κ′V = κ′f =
√

1− κ2. (310)

While κ′ can formally be of either sign, we choose the plus sign with no loss of generality because only

the relative signs of the couplings of h2 are physically meaningful.

The only other parameter affecting the rates for production and decay of h2 is the branching ratio

for possible decays into “new” final states, BRnew. (For example, this new branching ratio can be due to

the decays h2→ h1h1 for Mh2
≥ 2Mh1

≃ 250 GeV).

The relevant observables in the search for h2 are the h2 production cross section σ′, the h2 total

width Γ′
tot, and the branching ratio BR′ for h2 into the observable final state of interest. From the

expression for the total width Γ′ of h2,

Γ′ = κ′2ΓSM + Γnew, (311)

it follows that these observables are given in terms of κ′ and BRnew according to

σ′ = κ′2σSM,

Γ′ =
κ′2

(1−BRnew)
ΓSM,

BR′ = (1−BRnew)BRSM, (312)

where σSM, ΓSM, and BRSM are the cross section, total width, and branching ratio into the final state of

interest as predicted for the SM Higgs when its mass is equal toMh2
. In the narrow width approximation,

the signal strength µ′ for h2 can be obtained using

µ′ =
σ′ × BR′

σSM × BRSM
= κ′2(1− BRnew). (313)

In Figure 129 we show the signal strength µ′ and the total width Γ′ in units of the total width of the SM

Higgs boson in the plane (κ′2,BRnew).

Constraints from existing data: ATLAS and CMS have measured µ ≡ σ/σSM for the 125 GeV

boson. The results are (as of March 2013) [10, 11]

ATLAS : µ = 1.30 ± 0.20

CMS : µ = 0.88 ± 0.21 . (314)

Taking the uncertainty to be Gaussian, these correspond to a 2σ lower bound on µ and hence an upper

bound of κ′2 of

ATLAS : µ > 0.90 → κ′2 < 0.10

CMS : µ > 0.46 → κ′2 < 0.54 . (315)

Here we have assumed that the branching ratio of the 125 GeV Higgs h1 into non-SM final states is zero.

Specific model: This parameterization is realized for the SM Higgs boson mixed with an electroweak

singlet. In this case, BRnew arises from decays of h2 → h1h1 for Mh2
> 2Mh1

≃ 250 GeV. The

Lagrangian and Feynman rules, are given in Section 13.3.1.
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Figure 129: The h2 signal strength µ′ and the h2 total width Γ′ in units of the SM Higgs total width ΓSM for

Benchmark 1 (one common scaling factor) in the (κ′2,BRnew) plane.

13.3.1 Specific benchmark model 1: Standard Model plus a Real Singlet Field

The simplest extension of the SM Higgs sector is given by the addition of a singlet field which is neutral

under the SM gauge groups [614–618]. This singlet field also acquires a non-vanishing vacuum expecta-

tion value. Such models have been discussed in numerous publications [357,619–633] and we shall give

details in the following.

13.3.2 The model

The most general gauge-invariant potential can be written as [617, 619]

V = λ

(
Φ†Φ− v2

2

)2

+
1

2
M2s2 + λ1s

4 + λ2s
2

(
Φ†Φ− v2

2

)
+ µ1s

3 + µ2s

(
Φ†Φ− v2

2

)
, (316)

where s is the real singlet scalar and in the unitary gauge the SM Higgs doublet can be written as

Φ =

(
0

(φ+ v)/
√

2

)
(317)

with v ≃ 246 GeV. We have already used the freedom to shift the value of s so that s does not get a

vacuum expectation value. As a result, M2 must be chosen positive in Eq. (316).

To prevent the potential from being unbounded from below, the quartic couplings must satisfy the

conditions:

λ > 0, λ1 > 0, λ2 > −2
√
λλ1. (318)

The trilinear couplings µ1 and µ2 can have either sign.

13.3.3 Mass eigenstates

After replacing Eq. (317) for Φ in the potential Eq. (316), we obtain

V =
λ

4
φ4 + λv2φ2 + λvφ3 +

1

2
M2s2 + λ1s

4 +
λ2

2
φ2s2 + λ2vφs

2 + µ1s
3 +

µ2

2
φ2s+ µ2vφs . (319)
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The terms quadratic in the fields (that give rise to the mass matrix) are

V2 = λv2φ2 +
1

2
M2s2 + µ2v φs. (320)

In particular, the mixing between φ and the singlet field s is controlled by the coupling µ2. The mass

eigenvalues are then given by

M2
h1,h2

= λv2 +
1

2
M2 ∓

√(
λv2 − 1

2
M2

)2

+ µ2
2v

2 , (321)

where we have defined the mass eigenstates h1,h2 as

h1 = φ cos θ − s sin θ

h2 = φ sin θ + s cos θ, (322)

with the mixing angle θ which can be written as

tan 2θ =
−µ2v

λv2 − 1
2M

2
. (323)

In order to find the domain of θ we can rewrite the masses as follows:

M2
h1,h2

=

(
λv2 +

1

2
M2

)
∓
(

1

2
M2 − λv2

)
sec 2θ (324)

If we require h1 to be the lighter mass eigenstate and choose M2 > 2λv2, then sec 2θ > 0, and hence

θ ∈ (−π
4 ,

π
4 ).

Note that in the notation of Eq. (309) and (310) we have in particular

κ ≡ κV = κf = cos θ (325)

κ′ ≡ κ′V = κ′f = sin θ . (326)

13.3.4 The trilinear and quartic interactions

Here, we give the trilinear and quartic interactions among the mass eigenstates h1 and h2. The related

Feynman rules are necessary for the determination of the Higgs-to-Higgs decays, namely the decay of

the heavier state h2 into two lighter bosons h1h1.

The relevant terms for the cubic interactions are

V3 = λvφ3 + λ2vφs
2 + µ1s

3 +
µ2

2
φ2s . (327)

Using the shorthands sθ ≡ sin θ and cθ ≡ cos θ and rewriting the trilinear terms of the potential in terms

of the mass eigenstates, we find the following couplings.

After replacing φ and s by the mass eigenstates h1 and h2, the triple-h1 coupling comes from the

potential term

V111 = h1
3
[
λvc3θ + λ2vcθs

2
θ − µ1s

3
θ −

µ2

2
c2θsθ

]
, (328)

which yields a Feynman rule

h1h1h1 : −6i
(
λvc3θ + λ2vcθs

2
θ − µ1s

3
θ −

µ2

2
c2θsθ

)
≡ −iL111. (329)
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The h2h1h1 coupling, which controls the h2 → h1h1 decay (if kinematically allowed), comes

from the potential term

V211 = h2h1
2
[
3λvsθcθ − λ2vsθ(3c

2
θ − 1) + 3µ1cθs

2
θ +

µ2

2
cθ(3c

2
θ − 2)

]
, (330)

and yields the Feynman rule

h2h1h1 : −2i
(
3λvsθcθ − λ2vsθ(3c

2
θ − 1) + 3µ1cθs

2
θ +

µ2

2
cθ(3c

2
θ − 2)

)
. ≡ −iL211. (331)

For the other cubic interactions we have the potential terms and related Feynman rules:

V122 = h1h2
2
[
−3λvcθs

2
θ + λ2vcθ(1− 3s2θ)−

µ2

2
(2− 3s2θ)

]
,

h1h2h2 : −2i
(
−3λvcθs

2
θ + λ2vcθ(1− 3s2θ)−

µ2

2
sθ(2− 3s2θ)

)
;

V222 = h2
3
[
λvs3θ + λ2vsθc

2
θ + µ1c

3
θ −

µ2

2
s2θcθ

]
,

h2h2h2 : −6i
(
λvs3θ + λ2vsθc

2
θ + µ1c

3
θ −

µ2

2
s2θcθ

)
. (332)

For the quartic interactions, the relevant terms in the Lagrangian are,

V4 =
λ

4
φ4 + λ1s

4 +
λ2

2
φ2s2 . (333)

After inserting the mass eigenstates in terms of the mixing angle θ, we find for the quartic potential terms

and the corresponding Feynman rules:

V1111 = h1
4

[
λ

4
c4θ + λ1s

4
θ +

λ2

2
c2θs

2
θ

]
,

h1h1h1h1 : −24i

(
λ

4
c4θ + λ1s

4
θ +

λ2

2
c2θs

2
θ

)
;

V2222 = h2
4

[
λ

4
s4θ + λ1c

4
θ +

λ2

2
s2θc

2
θ

]
,

h2h2h2h2 : −24i

(
λ

4
s4θ + λ1c

4
θ +

λ2

2
s2θ

)
;

V1112 = h1
3h2

[
λ1sθc

3
θ − 4λ1cθs

3
θ −

λ2

4
sin 4θ

]
,

h1h1h1h2 : −6i

(
λsθc

3
θ − 4λ1cθs

3
θ −

λ2

4
sin 4θ

)
;

V1122 = h1
2h2

2

[
3

2
λs2θc

2
θ + 6λ1s

2
θc

2
θ +

λ2

2
(c4θ + s4θ − 4c2θs

2
θ)

]
,

h1h1h2h2 : −4i

(
3

2
λs2θc

2
θ + 6λ1s

2
θc

2
θ + λ2(c

4
θ + s4θ − 4c2θs

2
θ)

)
;

V1222 = h1h2
3

[
λcθs

3
θ − 4λ1sθc

3
θ +

λ2

4
sin 4θ

]
,

h1h2h2h2 : −6i

(
λcθs

3
θ − 4λ1sθc

3
θ +

λ2

4
sin 4θ

)
. (334)
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13.3.5 Counting of free parameters

The most general scalar potential in Eq. (316) contains six parameters, λ, M2, λ1, λ2, µ1, and µ2.

The masses of h1 and h2 and the mixing angle θ are determined by the three parameters λ, M2, and

µ2. The physically most interesting trilinear scalar couplings, h1h1h1 (the triple-Higgs coupling) and

h2h1h1 (which controls h2 → h1h1 decays, if kinematically accessible) depend in addition on µ1 and

λ2. There is enough parameter freedom to choose these two trilinear couplings independently. The

remaining parameter λ1 appears only in quartic scalar interactions.

Two useful bases in which the model can be specified are

Mh1
,Mh2

, cos θ, µ1, λ2, λ1 (335)

and [see Eqs. (329) and (331)]

Mh1
,Mh2

, cos θ, L111, L211, λ1. (336)

13.4 Benchmark 2: Scaling of vector boson and fermion couplings

In the second benchmark scenario, the couplings of the 125 GeV Higgs boson to the gauge bosons and

to the fermions are scaled by two different coupling factors.

Model-independent parameterization: For the 125 GeV state h1, the production rates in the various

channels of observation can be fit to two free parameters,

κV ≡ κW = κZ ,

κF ≡ κt = κb = κτ . (337)

We assume that the h1 couplings to light fermions are scaled by the same factor κF. The couplings of

h1 to gg and γγ are also modified by the appropriate scaling factors applied to the fermion and W boson

loops.

We assume that there are no new colored particles that contribute to the loop-induced h1gg or h2gg
couplings. In the specific model that we discuss below, there is a charged scalar that can contribute to the

loop-induced h1γγ,h1γZ and h2γγ,h2γZ couplings; for this benchmark we assume that its contributions

to these loop-induced couplings are negligible.

The corresponding couplings of the second state h2, as enforced by unitarity, are

κ′V =
√

1− κ2
V,

κ′F =
1− κVκF√

1− κ2
V

. (338)

We have chosen the phase of h2 such that κ′V is positive. κ′F can be positive or negative. As in the

previous benchmark, there can be additional decays of h2 with a branching ratio BRnew (for example,

h2→ h1h1 if kinematically allowed).

Constraints from existing data: The allowed ranges of κ′V and κ′F are constrained by fits of κV

and κF from measurements of the 125 GeV Higgs h1, as shown in Fig. 5a of Ref. [11] and Fig. 13a of

Ref. [634] (in these figures κV ≡ κV and κF ≡ κF). A theorist-made translation of ATLAS, CMS, and

Tevatron Higgs data available in July 2012 (see Ref. [350] for the details of the data used in this analysis)

into constraints on κ′V and κ′F is shown in Figure 130.

Specific model: This parameterization is realized for the SM Higgs boson mixed with a second scalar

electroweak doublet that carries a vacuum expectation value but does not couple to fermions; i.e., the

Type-I Two Higgs Doublet Model (2HDM). This model will be specified in the following Section 13.4.1.
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Figure 130: Best-fit points (black dots), 1σ (green) and 2σ (white) allowed regions in the (κ′V , κ′F) plane for

Benchmark 2 (equivalent to the Type-I two-Higgs-doublet model), based on data available in July 2012 (see

Ref. [350]).

13.4.1 Specific benchmark model 2: Type-I Two-Higgs-Doublet-Model

The simplest extensions of the SM Higgs sector are given by adding scalar doublet and singlet fields.

Thus in two-Higgs-doublet models [635–637] the Higgs sector consists of two Higgs doublet fields.

13.4.2 The scalar Higgs potential

In the following we assume CP conservation. Furthermore, we take care to avoid tree-level flavor chang-

ing neutral currents. The latter is achieved by imposing a discrete symmetry Z2 under which one of the

doublet fields changes sign, while all the fermion fields remain unchanged. Denoting by Φ1 and Φ2 two

hypercharge-one weak doublet fields, for the Type-I 2HDM we have in particular:

Type-I 2HDM: Φ1 → −Φ1 and Φ2 → Φ2 . (339)

This ensures that the fermions couple only to Φ2.

The most general scalar Higgs potential is then given by

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 − [m2

12Φ
†
1Φ2 + h.c.] +

1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

+λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1) +

{
1

2
λ5(Φ

†
1Φ2)

2 + h.c.

}
. (340)

This potential softly violates (by dimension-two terms) the imposed discrete Z2 symmetry. The parame-

ters m2
12 and λ5 are taken real to ensure CP conservation. Requiring that the minimum of the potential is
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given by a CP-conserving vacuum which does not break the electromagnetic symmetry U(1)em, we have

for the vacuum expectation values of the neutral components Φ0
i (i = 1, 2) of the two Higgs doublets,

〈Φ0
i 〉 =

vi√
2

with tanβ ≡ v2
v1

and v2 = v2
1 + v2

2 = (246 GeV)2 . (341)

By imposing the minimum conditions of the potential the parameters m2
11 and m2

22 can be eliminated in

favor of v2 and tanβ, so that we are left with six free parameters, m2
12 and λj (j = 1, ..., 5). Rotation of

the interaction states to the mass eigenstates results in four physical Higgs bosons, two neutral CP-even

ones, denoted by h for the lighter and by H for the heavier one, one neutral CP-odd state A and a charged

Higgs boson H±. The masses of these four particles, together with the neutral CP-even Higgs mixing

angle α introduced to diagonalize the neutral CP-even Higgs squared-mass matrix, can be expressed in

terms of these six parameters, so that one free parameter is left over. For further discussion on the scalar

potential, its symmetries and bounds on the parameters we refer to the literature [636, 637]. Here we

content ourselves to give the Higgs couplings to gauge bosons and fermions.

The couplings of the neutral CP-even Higgs bosons h,H to the gauge bosons V (V = W±,Z)

normalized to the corresponding SM coupling are given by

ghVV = sin(β − α) and gHVV = cos(β − α) . (342)

The pseudoscalar A does not couple to gauge bosons. With the notation of Section 13.2 we identify

κV ≡ ghVV and κ′V ≡ gHVV (343)

The couplings Eq. (342) fulfill the constraint Eq. (307) imposed by the requirement of unitarity of the

longitudinal gauge boson scattering. Furthermore, we recover the SM limit for h in case sin(β−α) = 1.

Note, that there can also be scenarios where H corresponds to the 125 GeV SM-like Higgs boson, in

which case cos(β − α) is close to 1.

As stated above, 2HDMs suffer from possible tree-level flavor-changing neutral currents (FCNC).

According to the Paschos–Glashow–Weinberg theorem [638,639], FCNC are absent if all fermions with

the same quantum numbers couple to the same Higgs multiplet. In the 2HDMs this can be achieved by

imposing discrete or continuous symmetries. According to the symmetries imposed there are different

types of 2HDM, where we discuss here the type-I model, defined in Eq. (339). In this case the Yukawa

Lagrangian is given in the mass basis by [640]

LYukawa = −
∑

f=u,d,l

mf

v

(
ξ
f
hf̄ fh + ξ

f
H f̄ fH− iξfA f̄γ5fA

)

−





√
2Vud

v
ū(muξ

u
APL +mdξ

d
APR)dH+ +

√
2mlξ

l
A

v
ν̄LlRH

+ + h.c.



 , (344)

where u,d, l stand generically for up-type quarks, down-type quarks, and charged leptons of all three

generations, respectively, PL,R are the projection operators of the left- and right-handed fermions, and

Vud denotes the appropriate element of the CKM matrix. We have

Type-1 2HDM: ξuh = ξdh = ξlh ≡ ξh =
cosα

sin β
(345)

ξuH = ξdH = ξlH ≡ ξH =
sinα

sin β
. (346)

In our notation of Section 13.2 we have

κf ≡ ξh and κ′f ≡ ξH . (347)
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It is easy to verify that the Yukawa couplings Eq. (345), Eq. (346) and the couplings to gauge bosons

Eq. (342) fulfill the unitarity conditions Eq. (308).

It is instructive to look the decoupling limit, i.e., when mH ≫ mh which is obtained for α →
β − π/2:

κV = 1 +O
(
M4

Z

M4
H

)
, (348)

κf = 1 + 2
M2

Z

M2
H

cos2β cos 2β +O
(
M4

Z

M4
H

)
. (349)

13.5 Tools

Here we give a short collection of tools which can be exploited in the frameworks of the benchmark

models 1 and 2.

Production: As in the proposed benchmark models only the Higgs couplings to the gauge bosons and

fermions are modified, the SM production cross sections can be taken over including higher order QCD

corrections. They only have to be multiplied by the appropriate scaling factor. Since in both models the

fermion modification factors for each of the two Higgs bosons are universal, this is also particularly easy

for gluon fusion, as not distinction between top and bottom loops needs to be made. As for electroweak

(EW) corrections, however, they cannot be taken over from SM calculations.EW corrections in the BSM

models can be substantially different from the SM EW corrections. As long as no dedicated analysis has

been performed, no statements about the possible size of these corrections can be made. Hence, we have

in benchmark model 1 and 2 for the QCD corrected production cross sections of h1, h2 through gluon

fusion (gg), vector boson fusion (VBF), Higgs-strahlung (VH) and associated production with heavy

quarks (QQH),

σhgg = κ̄2
f σ

SM,QCD
gg , σhVBF = κ̄2

V σ
SM,QCD
VBF , σhVH = κ̄2

V σ
SM,QCD
VH , σhQQH = κ̄2

f σ
SM,QCD
QQH , (350)

where

κ̄f = κf (κ′f ) for h = h1 (h2) and κ̄V = κV (κ′V) for h = h1 (h2) . (351)

For the programs which allow for the calculation of the production cross sections at higher order QCD

we refer the reader to YR1.

The program SUSHI [641,642] has implemented the calculation of neutral Higgs bosons h,H,A
within the 2HDM through gluon fusion and bottom quark annihilation. This program can be applied up

to NNLO QCD if the Higgs mass stays below twice the top quark mass (this is because the NNLO QCD

corrections rely upon an approximation which is valid for Mh < 2mt). The NLO QCD corrections are

exact for all Higgs boson masses. Electroweak corrections have to be turned off for consistency reasons,

since the electroweak corrections depend on the details of the BSM model (including couplings between

scalars that are highly model-dependent) and have not been implemented.

The program GG2VV [85,86] is a parton-level integrator and event generator for all gg (→ H)→
VV → 4 leptons processes (V = W,Z/γ∗), which can be used to study Higgs-continuum interference

and off-shell effects. It can be used to calculate predictions for BSM scenarios with a SM-like Higgs

boson with rescaled Hgg, HWW and HZZ couplings. Full BSM implementations in GG2VV are not

public yet. The program has, however, been used already for calculations and checks in models in which

all Higgs couplings are modified by a common scaling factor.

Decays: For the calculation of the decay branching ratios in benchmark model 1 the program HDECAY

[643] can be used. It has implemented the possibility to turn on modification factors for the SM Higgs

couplings to fermions and gauge bosons. This way the branching ratios for h1 and h2 can be calculated
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separately by specifying in the input file the appropriate scaling factors. The program includes both QCD

and EW corrections computed for the SM Higgs, which can only be applied in the vicinity of the SM. The

new program EHDECAY [403, 644] has been adapted from HDECAY to implement the calculation of

Higgs branching ratios in the framework of effective Lagrangians. EHDECAY provides the possibility

to turn off the SM EW corrections, which should be done in the benchmark models described here. By

specifying in the input file the appropriate scaling factors and setting the flag for EW corrections to zero,

the branching ratios for h1, h2 can be separately calculated including the QCD corrections and without

the EW corrections. However, neither program has implemented the decays into new states as e.g. the

decay h2→ h1h1. The authors of these programs plan to add this decay in the future.

For the calculation of the branching ratios in the 2HDM there is a dedicated tool, 2HDMC [645,

646]. This program calculates all two-body decay widths and branching ratios at leading order (includ-

ing FCNC) within different parameterizations which can be specified in the input file. Leading QCD

corrections to the decays are included. The program also includes singly off-shell decays into scalar-

plus-vector-boson and two-vector-boson final states. Furthermore, theoretical constraints on the 2HDM

parameters from perturbativity, unitarity and stability of the scalar potential are included, as are the con-

straints from EW precision data (via the oblique parameters). Model constraints from Higgs searches

and flavor physics can be accessed using external codes. The code provides output in a form similar to

the SUSY Les Houches accord [29, 30, 647], which can also be used for Monte Carlo event generation

with a supplied model file for MADGRAPH/MADEVENT.
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14 Higgs-boson production in the MSSM 64

14.1 Introduction

The Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) consists of two SU(2) dou-

blets, H1 and H2, whose relative contribution to electroweak symmetry breaking is determined by the

ratio of vacuum expectation values of their neutral components, tan β ≡ v2/v1. The spectrum of phys-

ical Higgs bosons is richer than in the SM, consisting of two neutral scalars h and H, one neutral pseu-

doscalar, A, and two charged scalars, H±. At the tree level, the mass matrix for the neutral scalars can be

expressed in terms of the parameters MZ ,MA and tanβ, and the mass of the lightest scalar h is bounded

from above by MZ. However, radiative corrections – especially those involving top and bottom quarks

and their supersymmetric partners, the stop and sbottom squarks – can significantly alter the tree-level

predictions for the Higgs-boson masses, and bring along a dependence on a large number of free pa-

rameters of the MSSM. While the CP symmetry is conserved at tree level in the MSSM Higgs sector,

radiative corrections can also introduce CP-violating phases, and induce mixing among all three neutral

states. In this report, however, we will focus on the CP-conserving case, by considering only real values

for the parameters in the soft SUSY-breaking Lagrangian and for the Higgs mass µ in the superpotential.

In general, the couplings of the MSSM Higgs bosons to gauge bosons and matter fermions dif-

fer from those of the SM Higgs. However, in large regions of the MSSM parameter space one of the

scalars has SM-like couplings, while the other Higgs bosons are decoupled from the gauge bosons, and

their couplings to down-type (up-type) fermions are enhanced (suppressed) by tanβ. As in the SM,

gluon fusion is one of the most important production mechanisms for the neutral Higgs bosons, whose

couplings to the gluons are mediated by the top and bottom quarks and their superpartners. However,

for intermediate to large values of tanβ the associated production with bottom quarks can become the

dominant production mechanism for the neutral Higgs bosons that have enhanced couplings to down-

type fermions. The production of the charged Higgs H±, on the other hand, proceeds mainly through

its coupling to a top-bottom pair. A sufficiently light H± is produced in the decay of a top quark, and it

decays dominantly in a tau-neutrino pair. A heavy H± is produced in association with a top quark and it

decays dominantly in a top-bottom pair.

The discovery by ATLAS and CMS of what appears to be a neutral scalar with mass around

125.5 GeV [1, 2] puts the studies of the Higgs sector of the MSSM in an entirely new perspective. In

order to remain viable, a point in the MSSM parameter space must now not only pass all the (ever

stricter) experimental bounds on superparticle masses, but also lead to the prediction of a scalar with

mass, production cross section and decay rates compatible with those measured at the LHC. In particular,

the relatively large mass of the roughly-SM-like scalar discovered at the LHC implies either very heavy

stops, of the order of 3 TeV, or a large value of the left-right stop mixing term (see, e.g., Refs. [648,649]).

The “benchmark scenarios” routinely considered in MSSM studies had been devised when the Higgs

sector was constrained only by the LEP searches, and many of them, such as the so-called “no-mixing”

scenario, are now ruled out because they predict a too-light SM-like scalar. Others, such as the so-called

mmax
h scenario, are constrained for the opposite reason, i.e. they can predict a too-heavy SM-like scalar.

To address the need for new benchmark scenarios to be used in future studies of the MSSM Higgs sector,

in Section 14.2 we will define scenarios that are compatible both with the properties of the Higgs boson

discovered at the LHC and with the current bounds on superparticle masses.

The fact that information on the Higgs boson mass, production and decays has now become avail-

able also puts new emphasis on the need for accurate theoretical predictions of those quantities. In the

studies presented in this report, the masses and mixing of the MSSM Higgs bosons are computed with

the public code FEYNHIGGS [24–27], which implements the full one-loop radiative corrections together

with the dominant two-loop effects. The theoretical accuracy of the prediction of FEYNHIGGS for the

64M. Flechl, R. Harlander, M. Krämer, S. Lehti, P. Slavich, M. Spira, M. Vazquez Acosta, T. Vickey (eds.); E. Bagnaschi,

M. Carena, G. Degrassi, S. Dittmaier, S. Heinemeyer, R. Klees, S. Laurila, S. Liebler, H. Mantler, O. Stål, M. Ubiali, A. Vicini,

C. Wagner, G. Weiglein
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lightest-scalar mass was estimated to be of the order of 3 GeV [26, 650, 651], i.e., already comparable

to the accuracy of the mass measurement at the LHC. Improving the accuracy of the theoretical predic-

tion for the MSSM Higgs masses will require the inclusion in public computer codes of the remaining

two-loop effects [652–654] and at least the dominant three-loop effects [655–657].

The production and decay rates of a SM-like Higgs boson in the MSSM are sensitive to contri-

butions from virtual SUSY particles, and their measurement at the LHC – combined with the searches

for additional Higgs bosons – can be used to constrain the MSSM parameter space. To this effect, the

theoretical predictions for cross section and decays must include precise computations of the SUSY con-

tributions. In Section 14.3 we use the public code SUSHI [641] and the POWHEG implementation of

Ref. [77] to compute the total and differential cross sections for neutral Higgs-boson production in gluon

fusion, including a NLO-QCD calculation of quark and squark contributions plus higher-order quark

contributions adapted from the SM calculation. We show that the SUSY contributions can be sizeable in

regions of the MSSM parameter space where the third-generation squarks are relatively light, and discuss

the theoretical uncertainty of the predictions for the cross sections.

Finally, we study and update the exclusion limits on light charged MSSM Higgs bosons in the

(MH± , tanβ)-plane in various benchmark scenarios in Section 14.4. Particular emphasis is placed on

the dependence of the limits on the variation of SUSY parameters. We also provide improved NLO-

QCD cross section predictions for heavy charged Higgs production in the so-called four and five-flavor

schemes in Section 14.5. The five-flavor scheme cross section is calculated with a new scheme for setting

the factorization scale and takes into account the theoretical uncertainty from scale variation and the PDF,

αs and bottom-mass error. We observe good agreement between the 4FS and 5FS NLO-calculations and

provide a combined prediction following the Santander matching.

14.2 New MSSM benchmark scenarios

Within the MSSM an obvious possibility is to interpret the new state at about 125.5 GeV as the light

CP-even Higgs boson [334, 338, 648, 649, 658–662]. At the same time, the search for the other Higgs

bosons has continued. The non-observation of any additional state in the other Higgs search channels

puts by now stringent constraints on the MSSM parameter space, in particular on the values of the tree-

level parameters MA (or MH±) and tan β. Similarly, the non-observation of supersymmetric (SUSY)

particles puts relevant constraints on the masses of the first and second generation scalar quarks and the

gluino, and to lesser degree on the stop and sbottom masses (see Refs. [663,664] for a recent summary).

Due to the large number of free parameters, a complete scan of the MSSM parameter space is

impractical in experimental analyses and phenomenological studies. Therefore, the Higgs search results

at LEP were interpreted [458] in several benchmark scenarios [16, 665]. In these scenarios only the two

parameters that enter the Higgs sector tree-level predictions, MA and tan β, are varied (and the results are

usually displayed in the MA− tan β plane), whereas the other SUSY parameters, entering via radiative

corrections, are fixed to particular benchmark values which are chosen to exhibit certain features of the

MSSM Higgs phenomenology. These scenarios were also employed for the MSSM Higgs searches at

the Tevatron and at the LHC.

By now, most of the parameter space of the original benchmark scenarios [16, 665] has been

ruled out by the requirement that one of the CP-even Higgs boson masses should be around 125.5 GeV.

Consequently, new scenarios have been proposed [31], which are defined such that over large parts of

their available parameter space the observed signal at about 125.5 GeV can be interpreted in terms of

one of the (neutral) Higgs bosons, while the scenarios exhibit interesting phenomenology for the MSSM

Higgs sector. The benchmark scenarios are all specified using low-energy MSSM parameters, i.e. no

particular soft SUSY-breaking scenario was assumed. Constraints from direct searches for Higgs bosons

are taken into account, whereas indirect constraints from requiring the correct cold dark matter density,

BR(b→ sγ), BR(Bs → µ+µ−) or (g−2)µ are neglected. However interesting, those constraints depend

to a large extent on other parameters of the theory that are not crucial for Higgs phenomenology.
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14.2.1 Definition of parameters

The mass matrices for the stop and sbottom sectors of the MSSM, in the basis of the current eigenstates

t̃L, t̃R and b̃L, b̃R, are given by

M2
t̃

=

(
M2

t̃L
+m2

t + cos 2β(1
2 − 2

3s
2
w)M2

Z mtX
∗
t

mtXt M2
t̃R

+m2
t + 2

3 cos 2βs2wM
2
Z

)
, (352)

M2
b̃

=

(
M2

b̃L

+m2
b + cos 2β(−1

2 + 1
3s

2
w)M2

Z mbX
∗
b

mbXb M2
b̃R

+m2
b − 1

3 cos 2βs2wM
2
Z

)
, (353)

where

mtXt = mt(At − µ∗ cot β), mb Xb = mb (Ab − µ∗ tanβ). (354)

Here At denotes the trilinear Higgs–stop coupling, Ab denotes the Higgs–sbottom coupling, and µ is the

higgsino mass parameter. We furthermore use the notation sw =
√

1− c2w, with cw = MW/MZ. We

shall concentrate on the case

Mt̃L
= Mb̃L

= Mt̃R
= Mb̃R

=: MSUSY. (355)

Similarly, the corresponding soft SUSY-breaking parameters in the scalar tau/neutrino sector are denoted

as Aτ and Ml̃3
, where we assume the diagonal soft SUSY-breaking entries in the stau/sneutrino mass

matrices to be equal to each other. For the squarks and sleptons of the first and second generations

we also assume equality of the diagonal soft SUSY-breaking parameters, denoted as Mq̃1,2
and Ml̃1,2

,

respectively. The off-diagonal A-terms always appear multiplied with the corresponding fermion mass.

Hence, for the definition of the benchmark scenarios the A-terms associated with the first and second

sfermion generations have a negligible impact and can be set to zero for simplicity.

The Higgs sector depends also on the gaugino masses. For instance, at the two-loop level the

gluino mass, Mg̃, enters the predictions for the Higgs boson masses. The Higgs sector observables

furthermore depend on the SU(2) and U(1) gaugino mass parameters, M2 and M1, respectively, which

are usually assumed to be related via the GUT relation,

M1 =
5

3

s2w
c2w
M2 . (356)

Corrections to the MSSM Higgs boson sector have been evaluated in several approaches, see,

e.g. Ref. [666]. The leading and subleading parts of the existing two-loop calculations have been im-

plemented into public codes. The program FEYNHIGGS [24–27] is based on results obtained in the

Feynman-diagrammatic (FD) approach, while the code CPSUPERH [667–669] is based on results ob-

tained using the renormalization group (RG) improved effective potential approach [666, 670–672].

The FD results have been obtained in the on-shell (OS) renormalization scheme, whereas the RG

results have been calculated using the MS scheme. Therefore, the parameters Xt and MSUSY (which

are most important for the corrections in the Higgs sector) are scheme-dependent and thus differ in the

two approaches, see Ref. [666] for details. The change of scheme induces in general only a minor shift,

of the order of 4%, in the parameter MSUSY, but sizable differences can occur between the numerical

values of Xt in the two schemes, see Refs. [25, 666, 673].

14.2.2 The benchmark scenarios

In the following several updated benchmark scenarios are proposed, in which the observed LHC signal

at ∼ 125.5 GeV can be interpreted as one of the (neutral CP-even) states of the MSSM Higgs sector.

More details about implications and the phenomenology in these scenarios can be found in Ref. [31].
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Concerning the parameters that have only a minor impact on the MSSM Higgs sector predictions,

we propose fixing them to the following values.

Mq̃1,2
= 1500 GeV, (357)

Ml̃1,2
= 500 GeV, (358)

Af = 0 (f = c, s,u,d, µ, e) . (359)

M1 is fixed via the GUT relation, Eq.(356). Motivated by the analysis in Ref. [674] we suggest to

investigate for each scenario given in Eqs.(361)–(364), in addition to the default values given there, the

following values of µ:

µ = ±200,±500,±1000 GeV. (360)

These values of µ allow for both an enhancement and a suppression of the bottom Yukawa coupling.

The illustrative plots shown below have been obtained with FEYNHIGGS 2.9.4 [24–27]. Where relevant,

values for the input parameters are quoted both in the on-shell scheme (suitable for FEYNHIGGS), as well

as in the MS scheme (that can readily be used by CPSUPERH [667–669]). We also show the exclusion

bounds (at 95% C.L.) from direct Higgs searches, evaluated with HIGGSBOUNDS 4.0.0-BETA [675,676]

(linked to FEYNHIGGS) using a combined uncertainty on the SM-like Higgs mass of ∆Mh = 3 GeV

(∆MH = 3 GeV in the last scenario) when evaluating the limits. For each benchmark scenario we

show the region of parameter space where the mass of the (neutral CP-even) MSSM Higgs boson that

is interpreted as the newly discovered state is within the range 125.5 ± 3 GeV and 125.5 ± 2 GeV.

The ±3 GeV uncertainty is meant to represent a combination of the present experimental uncertainty of

the determined mass value and of the theoretical uncertainty in the MSSM Higgs mass prediction from

unknown higher-order corrections. In particular, in the case that the lightest CP-even Higgs is interpreted

as the newly discovered state, the couplings of the h are close to the corresponding SM values (modulo

effects from light SUSY particles, see below). Consequently, those rate measurements from the LHC

that agree well with the SM are then naturally in good agreement also with the MSSM predictions.

The suggested parameters below refer to recommendations in Ref. [31]. It should be kept in mind

that for the evaluations in the LHC Higgs Cross Section Working Group some SM parameters should

be adjusted to conform with the respective evaluations. The benchmark scenarios are recommended as

follows. The top quark mass is set to its current experimental value, mt = 173.2 GeV.

– The mmax
h scenario: This scenario can be used to derive conservative lower bounds on MA, MH±

and tan β [648].

MSUSY = 1000 GeV, µ = 200 GeV,M2 = 200 GeV,

XOS
t = 2MSUSY (FD calculation),XMS

t =
√

6MSUSY (RG calculation),

Ab = Aτ = At,Mg̃ = 1500 GeV,Ml̃3
= 1000 GeV . (361)

– The mmod
h scenario:

Departing from the parameter configuration that maximizes Mh, one naturally finds scenarios

where in the decoupling region the value of Mh is close to the observed mass of the signal over

a wide region of the parameter space. A convenient way of modifying the mmax
h scenario in this

way is to reduce the amount of mixing in the stop sector, i.e. to reduce |Xt/MSUSY| compared to

the value of ≈ 2 (FD calculation) that gives rise to the largest positive contribution to Mh from the

radiative corrections. This can be done for both signs of Xt.

mmod+
h : MSUSY = 1000 GeV, µ = 200 GeV,M2 = 200 GeV,
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XOS
t = 1.5MSUSY (FD calculation),XMS

t = 1.6MSUSY (RG calculation),

Ab = Aτ = At,Mg̃ = 1500 GeV,Ml̃3
= 1000 GeV . (362)

mmod−
h : MSUSY = 1000 GeV, µ = 200 GeV,M2 = 200 GeV,

XOS
t = −1.9MSUSY (FD calculation),XMS

t = −2.2MSUSY (RG calculation),

Ab = Aτ = At,Mg̃ = 1500 GeV,Ml̃3
= 1000 GeV . (363)

– The light stop scenario:

A light stop may lead to a relevant modification of the gluon fusion rate [16, 677], see the evalua-

tions in Section 14.3.

MSUSY = 500 GeV, µ = 350 GeV,M2 = 350 GeV,

XOS
t = 2.0MSUSY (FD calculation),XMS

t = 2.2MSUSY (RG calculation),

Ab = At = Aτ,Mg̃ = 1500 GeV,Ml̃3
= 1000 GeV . (364)

– The light stau scenario:

It has been shown that light staus, in the presence of large mixing, may lead to important modifi-

cations of the di-photon decay width of the lightest CP-even Higgs boson, Γ(h → γγ) [321, 334,

338,365,661,662,678,679]. Here the parameter definitions depend on whether ∆τ corrections are

neglected in the stau mass matrix, or not. The latter case is denoted as “∆τ calculation”.

MSUSY = 1000 GeV, µ = 500(450) GeV, (∆τ calculation),

M2 = 200(400) GeV (∆τ calculation),

XOS
t = 1.6MSUSY (FD calculation),XMS

t = 1.7MSUSY (RG calculation),

Ab = At , Aτ = 0 ,Mg̃ = 1500 GeV,Ml̃3
= 245(250) GeV (∆τ calculation). (365)

– The τ-phobic Higgs scenario:

Propagator-type corrections involving the mixing between the two CP-even Higgs bosons of the

MSSM can have an important impact. In particular, this type of corrections can lead to relevant

modifications of the Higgs couplings to down-type fermions, which can approximately be taken

into account via an effective mixing angle αeff (see Refs. [680, 681]).

MSUSY = 1500 GeV, µ = 2000 GeV,M2 = 200 GeV,

XOS
t = 2.45MSUSY (FD calculation),XMS

t = 2.9MSUSY (RG calculation),

Ab = Aτ = At ,Mg̃ = 1500 GeV,Ml̃3
= 500 GeV . (366)

– The low-MH scenario:

As it was pointed out in Refs. [345,648,682,683], besides the interpretation of the Higgs-like state

at∼ 125.5 GeV in terms of the light CP-even Higgs boson of the MSSM it is also possible, at least

in principle, to identify the observed signal with the heavy CP-even Higgs boson of the MSSM.

In this case instead of MA, which must be given by a relatively small value, µ is suggested to be

modified.

MA = 110 GeV,MSUSY = 1500 GeV,M2 = 200 GeV,

XOS
t = 2.45MSUSY (FD calculation),XMS

t = 2.9MSUSY (RG calculation),

Ab = Aτ = At,Mg̃ = 1500 GeV,Ml̃3
= 1000 GeV . (367)

Instead of MA one can also use MH± as input parameter, as it is done, e.g., in CPSUPERH. In this

case one should choose as input value MH± = 132 GeV, leading to very similar phenomenology.
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Figure 131: The MA–tanβ plane in the (updated)mmax
h (upper left),mmod+

h (upper right),mmod−
h (middle left),

light stop (middle right), light stau (lower left), τ-phobic (lower right) scenario, with excluded regions from direct

Higgs searches at LEP (blue), and the LHC (solid red). The two green shades correspond to the parameters for

which Mh = 125.5± 2 (3) GeV, see text.

The allowed and excluded regions in the MA− tan β planes of the benchmark scenarios in which

the light CP-even Higgs is interpreted as the new state at 125.5 GeV are shown in Figure 131. The

corresponding plot for the low-MH scenario is shown in Figure 132.
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Figure 132: Experimentally favored and excluded regions in the µ–tanβ plane in the low-MH scenario. The

green shades indicate the region where MH = 125.5± 2 (3) GeV. The yellow and black areas also have MH =

125.5±3 GeV, where the yellow area additionally satisfies the requirement that the rates for the gg → H, H→ γγ

and H → ZZ∗ channels, are at least at 90% of their SM value for the same Higgs mass. The black region

indicates where the rates for H decay to gauge bosons become too high, such that these points are excluded by

HIGGSBOUNDS. As before, the blue area is excluded by LEP Higgs searches, whereas the solid red is excluded

from LHC searches for the neutral MSSM Higgs bosons, h, H and A in the τ+τ− decay channel. The purple region

is excluded by charged Higgs boson searches at the LHC. The white area at very large values of µ and low tanβ

is unphysical, i.e. this parameter region is theoretically inaccessible.

14.3 Neutral MSSM Higgs production

The essential features of the theoretical prediction for the production of neutral Higgs bosons within the

MSSM have been summarized in Refs. [13, 14] and shall not be repeated here. Suffice it to say that the

dominant production mechanisms are gluon fusion and bottom quark annihilation. Theoretical progress

concerning the latter process has been marginal, so that the numbers provided in Refs. [13, 14] are still

up-to-date. In this report we will present updated computations of the gluon fusion cross section.

In Refs. [13, 14], the numerical results were mostly presented within the so-called “no mixing”

and mmax
h scenarios [16,665], characterized by stop and sbottom masses of the order of one TeV or even

heavier. In those scenarios the contributions of diagrams involving squarks to the gluon-fusion process

are suppressed, and one can assume that the SUSY effects are well approximated by the non-decoupling

corrections to the Higgs-bottom effective couplings, which become relevant at large tanβ. Therefore, a

sufficiently accurate determination of the cross section for MSSM Higgs production in gluon fusion could

be achieved with the public code HIGLU [411], including only the top- and bottom-quark contributions

rescaled by the appropriate Higgs-quark effective couplings.

However, in scenarios with relatively light squarks such as the light stop scenario introduced in

Section 14.2 (see Ref. [31] for more details), the squark contributions to the gluon-fusion process are

not negligible. Luckily, in the past couple of years significant progress has been made in combining the

existing theoretical results for the quark, squark, and gluino contributions into a consistent numerical

prediction [77, 641]. In this report we will use the public code SUSHI [641] to provide a state-of-

the-art determination of the total inclusive cross section for gluon fusion, as well as for bottom-quark
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annihilation. In addition, we will compare differential distributions obtained with SUSHI at the purely

partonic level with those obtained via a POWHEG implementation of gluon fusion [77].

14.3.1 Contributions to the gluon-fusion cross section

At LO, the partonic cross section for Higgs production via gluon fusion in the MSSM is induced by quark

and squark loops, and we will take into account only the contributions from the top and bottom sectors.

For what concerns the first two generations, the quark contributions are negligible due to the smallness of

the corresponding Yukawa couplings, while the squarks contribute only via terms suppressed by the ratio

M2
Z/M

2
eq , with significant cancellations among the different contributions in each generation (indeed, the

total contribution vanishes for degenerate squark masses). Virtual effects at NLO QCD include gluonic

corrections to the LO quark and squark contributions, as well as mixed quark-squark-gluino contribu-

tions. While the gluonic corrections to the quark contributions [37, 684] are implemented for generic

quark and Higgs-boson masses, for the two-loop contributions involving squarks we use reasonable ap-

proximations, valid as long as the Higgs mass does not exceed the lowest threshold for squark production.

In particular, for the production of the lightest scalar h we compute the contributions involving stops via

a Taylor expansion in M2
h [685–687], and those involving sbottoms via an asymptotic expansion in the

SUSY masses [688, 689]. For H and A production, on the other hand, we use the asymptotic expansion

for both stop and sbottom contributions [690–692]. The validity of these approximations is supported

by explicit NLO calculations with full mass dependences of Refs. [608, 693–695]. For the contributions

of one-loop diagrams with radiation of a real quark or gluon, which are part of the inclusive cross section

at NLO, we include results valid for generic quark and squark masses.

The NNLO-QCD contributions involving top quarks are known on the basis of an effective La-

grangian approach valid for Mφ ≪ 2mt [696–700] where φ ∈ {h,H,A}, and they will be included

in our evaluation of the cross section [38–40, 700–702]. For the NNLO contributions involving stop

squarks, a pragmatic approximation was presented in Ref. [703]. While this approximation will not enter

our prediction for the cross section, we will use it to estimate the uncertainty of the corresponding NLO

contributions. In fact, a robust NNLO calculation of the stop contributions was recently presented in

Refs. [704, 705]. Since we do not take into account the three-loop corrections to the Higgs boson mass,

it is reasonable to neglect these terms in the cross section.

The existence of non-decoupling, tan β-enhanced SUSY corrections to the Higgs-bottom cou-

plings, the so-called ∆b terms, has been known for a long time. These corrections can be taken into

account via an effective-Lagrangian approach that resums them to all orders in the perturbative expan-

sion [706–710]. As mentioned above, the ∆b terms were the only genuine SUSY effects included in

previous compilations of the MSSM neutral Higgs cross section by this working group. Since these

effects can be numerically dominant in regions of the MSSM parameter space characterized by large

tanβ, we follow the effective-Lagrangian approach and absorb them in a redefinition of the Higgs-

bottom Yukawa coupling. As a consequence, we need to shift accordingly the formulae for the two-loop

contributions, in order to avoid double counting.

The NLO electro-weak (EW) corrections to the cross section for gluon fusion in the SM have been

computed in Refs. [49–51, 711, 712]. For a SM Higgs boson sufficiently lighter than the top threshold,

the NLO-EW corrections are well approximated by the contributions coming from two-loop diagrams

in which the Higgs couples to EW gauge bosons, which in turn couple to the gluons via a loop of

light quarks [50,712]. The inclusion of these contributions in the MSSM calculation, via an appropriate

rescaling of the Higgs-gauge boson couplings, allows us to properly account for the NLO-EW corrections

to the production of the lightest scalar h in scenarios where the SUSY particles are heavy. For what

concerns the other neutral Higgs bosons, their couplings to gauge bosons are suppressed in most of the

parameter space (in the case of the heaviest scalar H) or downright absent (in the case of the pseudoscalar

A), therefore the EW light-quark contributions to their production are irrelevant. On the other hand,

the NLO-EW corrections involving the bottom Yukawa coupling, which have not yet been computed

247



because they are negligible for the SM Higgs, could become relevant for the MSSM Higgs bosons whose

couplings to bottom quarks are enhanced by tanβ. In addition, a full computation of the NLO-EW

corrections to Higgs production in the MSSM should include the contributions of diagrams involving

SUSY particles. The non-decoupling SUSY EW effects that dominate at large tan β are indeed included

via the ∆b resummation, but the remaining contributions, so far un-computed, could become relevant if

some of the SUSY particles are relatively light.

14.3.2 Uncertainties

The sources of uncertainty for the gluon fusion cross section in the MSSM include of course the ones

already affecting the SM prediction, which are dominated by PDFs, αs(MZ), and the scale variation.

In addition there are, on the one hand, parametric uncertainties due to the unknown spectrum of SUSY

masses and couplings, and, on the other hand, theoretical uncertainties due to the un-computed higher-

order SUSY contributions.

Another kind of theoretical uncertainty, which is relatively small in the SM but can become dom-

inant in regions of the MSSM parameter space characterized by large tan β, stems from the definition

of the Higgs-bottom coupling (for an earlier discussion see Ref. [713]). Indeed, the Yukawa coupling

Yb must be extracted from the corresponding quark mass, but the numerical value of the latter depends

strongly on the renormalization scheme and scale. For example, a MS mass mb(mb) = 4.16 GeV corre-

sponds to a pole mass mb of about 4.9 GeV at three-loop level. Evolving mb(mb) to a scale of the order

of the Higgs mass, on the other hand, can considerably decrease its value, e.g., mb(Mφ) = 2.8 GeV for

Mφ = 125 GeV. While any change in the definition of the bottom Yukawa coupling entering the LO

part of the calculation is formally compensated for by counterterm contributions in the NLO part, the

numerical impact of such strong variations on the result for the cross section can be significant.

Unlike in many other processes where there are theoretical arguments in favor of one or the other

renormalization scheme for the bottom Yukawa coupling, for Higgs production in gluon fusion we are

not aware of any such arguments that go beyond heuristic.65 While the options of relating Yb to mb or

to mb(mb) might seem preferable to the one of using mb(Mφ) in that they lead to smaller NLO K-

factors, it must be kept in mind that this is due to an accidental cancellation between terms of different

origin in the contributions of two-loop diagrams with bottom quarks and gluons. There is no argument

suggesting that such cancellation persists at higher orders in QCD, or that it is motivated by some physical

property of the bottom contribution to the gluon-fusion process. For example, it was noticed already in

Ref. [37] that the two-loop bottom-gluon contribution to the amplitude for Higgs decay in two photons

is minimized when the bottom mass is defined as mb(Mφ/2), even if the one-loop bottom contribution

has exactly the same structure as the corresponding contribution to gluon fusion. In summary, there is

no obvious reason to favor one renormalization scheme for the bottom Yukawa coupling over the others,

and it would seem reasonable to consider the difference between the results obtained with the various

schemes as a measure of the uncertainty associated with the un-computed higher-order QCD corrections.

14.3.3 Numerical examples

We are now ready to discuss the numerical effect of the contributions that we have included in the

computation of the cross section for Higgs production in gluon fusion. As a representative choice for the

MSSM parameters, we take the light stop scenario discussed in Section 14.2. We use FEYNHIGGS [24–

27] to compute the Higgs boson masses and mixing angle, as well as the tan β-enhanced correction to the

Higgs-bottom coupling, ∆b . To compute the total cross section we use SUSHI [641], and cross-check the

results with a private code. It is useful to remark that the two-loop calculations of the Higgs-boson masses

65In the case of H → γγ the resummation of leading and subleading logs of the ratio MH/mb has solved this problem for

the Abelian case [714, 715].
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Figure 133: Ratio of the cross section for h (left) and H (right) production in gluon fusion as computed by SUSHI,

over the corresponding cross section computed omitting squark contributions and EW corrections. The MSSM

parameters are chosen as in the light stop scenario of Ref. [31].

and production cross section implemented in FEYNHIGGS and SUSHI, respectively, adopt the same on-

shell renormalization scheme for the parameters in the stop and sbottom sectors. As a consequence, the

numerical values of the parameters for the light stop scenario listed in Section 14.2 can be passed to both

codes as they are.

Figure 133 shows the contours in the MA− tan β plane of equal ratio between the cross section

for Higgs-boson production in gluon fusion computed by SUSHI and the corresponding cross section

computed as in the earlier LHCHXSWG reports, Refs. [13, 14]. In particular, the former includes the

NLO-QCD calculation of both quark and squark contributions plus the dominant NNLO-QCD and NLO-

EW effects adapted from the SM calculation, while the latter includes only the NLO-QCD calculation

of quark contributions (supplemented with the tanβ-enhanced SUSY corrections to the Higgs-bottom

couplings) and the dominant NNLO-QCD effects from top-quark loops. The latter have been evaluated

using NNLO PDFs, while all the NLO terms are obtained with NLO PDFs. The plot on the left in Fig-

ure 133 refers to the production of the lightest scalar h, while the plot on the right refers to the production

of the heaviest scalar H. The red lines superimposed to each plot are the contours of equal mass for the

corresponding scalar (for H we only show the contours between 124 GeV and 128 GeV). The standard

LHCHXSWG values for the SM input parameters have been used in these plots (in particular, we set

mt = 172.5 GeV and mb = 4.75 GeV).

From the left plot in Figure 133 it can be seen that, in the light stop scenario, the combined

effect of the squark contributions and the NLO-EW corrections tends to suppress the cross section for h
production, with a maximum effect of 8−10% in the region with MA

>∼ 150 GeV, where h has SM-like

couplings to quarks and gauge bosons. It is useful to remark that this results from a partial compensation

between the contributions of stop loops, which in this scenario can reduce the cross section of the lightest

scalar by up to 14−16%, and the NLO-EW light-quark contributions, which increase by approximately

6% the cross section of a SM-like scalar with mass around 125 GeV [712].

The right plot in Figure 133 shows that in the case of H production the effect of the squark contri-

butions can be somewhat larger than in the case of h production (the NLO-EW light-quark contributions,

on the other hand, become negligible for sufficiently large MA, due to the vanishing couplings of H to

gauge bosons). However, a suppression of the order of 35−40% is reached only in the lower-right corner
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of the plot, where MA is large and tanβ ranges between 5 and 10. In this region, the coupling of H to

top quarks is suppressed while the coupling to bottom quarks is not sufficiently enhanced, resulting in

very small gluon-fusion cross sections, of the order of tenths of a picobarn.

Concerning uncertainties, we study the dependence of the cross section on the renormalization and

factorization scales, µR and µF , by varying them simultaneously within µR = µF = [Mφ/2, 2Mφ]. The

PDF uncertainty is derived using the MSTW2008 PDF prescription, where, somewhat conservatively,

only the NLO set is used for the error estimate, even though the NNLO set enters in the top-quark

induced contributions to the cross section. Since scale and PDF variation are purely driven by QCD [13],

their effect is expected to be similar for all the three neutral Higgs bosons (differences at the percent

level can arise due to the different weight of the bottom- and top-loop contributions, which are included

at different orders in perturbation theory). Indeed, for both the lightest and the heaviest scalar, we find

that the scale variation is of the order of ±10%, while the PDF uncertainty amounts to about ±2.5%.

We estimate the uncertainty associated to the renormalization of the bottom Yukawa coupling by

comparing three different options: the first assumes on-shell renormalization of Yb and employs a value

of 4.9 GeV for the pole bottom mass mb, computed at three-loop accuracy from the MS input value

mb(mb) = 4.16 GeV; the second also assumes on-shell renormalization, but employs mb = 4.75 GeV,

consistent with the value used by the MSTW2008 PDF set (this is our default choice); the third option

assumes the MS scheme and evaluates the bottom Yukawa coupling at the renormalization scale µb =
mb, thus directly employing the input value mb(mb) = 4.16 GeV. For illustration, we obtain an even

more conservative estimate of the uncertainty by relating the bottom Yukawa coupling to the MS mass

computed at the scale µb = Mφ.

Since the bottom Yukawa coupling enters the cross-section predictions for h, H, and A with very

different weights, the uncertainty due to its renormalization prescription depends significantly on the

particle considered and on the SUSY scenario. For example, in the light stop scenario with MA =
130 GeV and tan β = 40, where both scalars have an enhanced coupling to the bottom quark, the

effect of extracting the bottom Yukawa coupling from mb = 4.9 GeV instead of the default mb =
4.75 GeV leads to a 7% increase in the cross section for h production, and a 10% increase in the one for H
production. On the other hand, using MS renormalization withmb(mb) = 4.16 GeV decreases the cross

section for h production by 10%, and the one for H production by 19%. Using mb(Mφ) instead would

decrease the cross section for h production by 27%, and the one for H production by 52%. As a second

example, we consider the light stop scenario with MA = 300 GeV and tanβ = 10, where the lightest

scalar h has SM-like couplings to quarks. In this case the cross section for h production varies by less

than±2% when choosing among the three options for the bottom Yukawa coupling discussed above. For

the heaviest scalar H, on the other hand, the changes relative to the value derived with mb = 4.75 GeV

amount to +8%, −15% and −45% for a Yukawa coupling extracted from mb = 4.9 GeV, mb(mb) and

mb(Mφ), respectively.

Finally, in order to obtain an estimate of the influence of higher order squark effects, we follow

Ref. [703] and find that they typically decrease the cross section by about 2−3%.

Let us now turn to kinematical distributions. In regions of the MSSM parameter space where the

Higgs coupling to bottom quarks is enhanced, the transverse-momentum distribution of a scalar produced

via gluon fusion can be distorted with respect to the corresponding distribution of a SM Higgs boson

[716–718]. In order to investigate this effect, we consider again the point in the light stop scenario with

MA = 130 GeV and tanβ = 40, characterized by the fact that both scalars have non-standard couplings

to quarks and masses in the vicinity of the LHC signal (indeed, FEYNHIGGS predicts Mh = 122.4 GeV

and MH = 129.3 GeV). This point is likely to be already excluded by the ATLAS and CMS searches for

neutral Higgs bosons decaying into τ+τ− pairs, but it can still provide a useful illustration of the expected

size of this kind of effects.

In Figure 134 we show the ratio of the transverse-momentum distribution for a MSSM scalar

produced via gluon fusion over the corresponding distribution for a SM Higgs with the same mass. The
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Figure 134: Ratio of the transverse-momentum distribution for the MSSM scalar h (left) or H (right) over the

distribution for a SM Higgs with the same mass, in the light stop scenario with MA = 130 GeV and tanβ = 40.

The meaning of the different curves is explained in the text.

plot on the left refers to the lightest scalar h, while the plot on the right refers to the heaviest scalar

H. In each plot, the continuous (red) line represents the ratio of distributions computed at NLO by

SUSHI, while the two histograms are computed with the POWHEG implementation of gluon fusion of

Ref. [77], modified by the adoption of the on-shell renormalization scheme for the squark parameters and

the inclusion of the results of Ref. [692] for the squark contributions to H production. In particular, the

solid (black) histogram represents the ratio of distributions computed in a pure (i.e., fixed-order) NLO

calculation, while in the dashed (blue) histogram the distributions are computed with the POWHEG

method [79, 80, 285], in which the potentially large logarithms of the form ln(pφT /M
2
φ) are resummed

via the introduction of a Sudakov form factor and a parton-shower generator to describe multiple gluon

emission (in this case, we use PYTHIA [81]).

The plots in Figure 134 show that, in this point of the MSSM parameter space, the enhancement

of the Higgs-bottom coupling results in both an enhancement of the total cross section and a distortion of

the transverse-momentum distribution, in particular for the heaviest scalar H (note the difference in the

scale between the left and the right plot). The effect of the resummation in POWHEG and the unitarity

constraint implemented in the matching procedure of NLO matrix elements with parton shower make

the transverse-momentum distribution of the Higgs bosons harder. The comparison between the solid

and dashed histograms shows that for h this effect is somewhat stronger than in the SM, while for H it is

somewhat weaker.

It remains to stress that SUSHI also allows for the calculation of the cross section for the pseu-

doscalar Higgs A, where, however, squark effects are much less important because they are absent at

LO. Furthermore, SUSHI includes the production cross section for bottom quark annihilation; we refrain

from quoting any numerical results here, as they would not significantly differ from what has already

been presented in earlier reports of this working group.

14.4 Light charged Higgs limits as a function of SUSY parameters

The exclusion limits in the (MH± , tanβ) plane are studied for different values of the most relevant

SUSY parameters in the Higgs sector: µ, M2, Mg̃, MSUSY , Xt. The model independent limits for the

light charged Higgs boson branching ratio [719] are transformed into limits in the (MH± , tanβ) plane

with BR(t → bH±) and BR(H± → τν) branching ratios calculated with FEYNHIGGS 2.9.4 [24–27].

The studied MH± mass range is 100−160 GeV and the tan β range is 5−100. The exclusion limits
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are shown66 in Figure 135 for the mmax
h scenario [16], mmod+

h , mmod−
h , light stop, light stau and τ-

phobic [31] benchmark scenarios. The effect of varying the SUSY parameters on the exclusion limits

are compared with the limits derived for the mmax
h scenario. Since the importance of one parameter may

depend on the value of another parameter, the effect of varying also the most significant parameter µ is

studied for each parameter variation.

Based on the recent discovery of a Higgs-boson-like particle at the LHC with measured mass of

MΦ = 126.0 ± 0.4 ± 0.4 GeV [1] (ATLAS) and MΦ = 125.8 ± 0.4 ± 0.4 GeV [2] (CMS), an allowed

region is derived in the (MH± , tan β) plane assuming that the discovered particle is the light CP-even

MSSM Higgs boson h. The theoretical uncertainty is of the order of 3 GeV [26,650,651], and a±3 GeV

iso-mass curve around the central value 125.9 GeV is drawn in Figure 135 to indicate the region of the

parameter space allowed for the charged Higgs boson in the given scenario. The allowed region depends

on the values of the SUSY parameters, but the lower limit for the allowed charged Higgs mass seems to

be quite stable against the choice of the SUSY parameter values. The minimum possible value of tanβ
also varies around tan β = 10 for the studied choices of the SUSY parameters up to MH± = 600 GeV.

The maximum possible value of tanβ is more dependent on the choice of the SUSY parameters. For

MSUSY = 2 TeV (changing the values of Mg̃ and Xt to 0.8×MSUSY and 2×MSUSY, accordingly) and

for Xt = −2000 GeV the entire high charged Higgs mass, high tanβ corner is allowed for all tested

values of the µ parameter, shown in Figure 136 (top right). The mass region is extended up to 600 GeV

to see the effect of the SUSY parameter variation on the horizontal tail, which in turn gives a prediction

for the allowed values of tanβ for the heavy charged Higgs boson (MH± > mt).

It is also possible that the discovered Higgs-like particle is the heavy CP-even Higgs boson (or the

heavy CP-even and CP-odd Higgs bosons together). In this case the mmax
h scenario is ruled out as the

mass of the discovered particle is lower than the minimum possible MH (= mmax
h ). Figure 136 (bottom)

shows the allowed region for the heavy CP-even and CP-odd Higgs bosons when the MSUSY parameter

is changed to 2 TeV. The lower edge of the allowed region depends on the choice of the µ parameter, but

extends over the high tan β region for all values of the µ parameter studied here. In Figure 136 (bottom

left) no bound on MA is used. Figure 136 (bottom right) shows the allowed region if H and A are both

assumed to produce the experimental result. With this choice of MSUSY the region with intersecting

allowed areas for H and A vanish for positive values of the µ parameter.

14.4.1 Variation of µ, MSUSY, Mg̃, M2 and Xt

As shown in Ref. [720], the µ parameter has a significant effect on the charged Higgs boson production

and decay. This is illustrated in Figure 137 (top left) which shows the effect of varying the µ parameter

on the observed exclusion region in the (MH± , tan β) parameter space. The same effect is shown as a

function of µ in Figure 137 (top right). The small abs(µ) values are excluded from the plot. The value of

µ in the mmax
h scenario is 200 GeV.

The mass scale MSUSY is varied between 500 and 2000 GeV, the mmax
h scenario value being

1000 GeV. The values of Mg̃ and Xt are changed to 0.8 ×MSUSY and 2 ×MSUSY, accordingly. As

shown in Figure 137 (middle), the effect on the exclusion limits are only a fraction of the effect of the µ
parameter. If this mass scale is heavier than expected, it has only a small effect on the limits. Figure 137

(bottom) show the µ dependence of the limits with MSUSY = 2000 GeV as a function of MH± and as a

function of µ.

Varying Mg̃ has only a small effect on the limits, shown in Figure 138 (top). The variation of M2

has even a smaller effect. The µ dependence is almost unchanged despite the choice of the M2 value.

For Mg̃ = 200 GeV the µ dependence is reduced by about 30% compared to the mmax
h scenario.

The Xt parameter is varied in Figure 138 (middle). An effect on the exclusion limits can clearly

be seen. The change as a function of Xt is close to linear. The µ dependence at Xt = −2000 GeV gives

66Only the region up to tan β = 65 is shown for the sake of readability of the plots.
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Figure 135: The exclusion limit derived from [719] for the light charged Higgs boson in the (MH± , tanβ) plane

in the mmax
h scenario [16] (top left), in the light stop scenario [31] (top right), in the mmod+

h scenario [31] (middle

left) in the mmod−
h scenario [31] (middle right) in the light stau scenario [31] (bottom left) and in the τ-phobic

scenario [31] (bottom right).
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Figure 136: The region allowed by Mh = 125.9± 3.0 GeV in the mmax
h scenario (top left), in the mmax

h scenario

with MSUSY set to 2 TeV (top right) and by MH = 125.9 ± 3.0 GeV (bottom left) and by both H and A,

MH,A = 125.9± 3.0 GeV (bottom right). If µ > 0 the allowed regions for H and A do not intersect.

a wave-like behavior, shown in Figure 138 (bottom), which is the reason why the exclusion limits for

positive and negative values of the µ parameter are in different order depending on the absolute value.

The experimental 95% CL limits transferred to (MH± , tanβ) parameter space seem to be quite

stable against all other parameter variations except the variation of the µ parameter in the mass range

MH± < 140 GeV. There is a significant dependence on the µ. In the interesting region allowed by

Mh = 125.9±3.0 GeV the limits are affected by the choice ofMSUSY and Xt in addition to µ. However,

although the limits themselves are not too sensitive to the values chosen for MSUSY, Mg̃, M2 and Xt,

the choice of the values for these parameters do have a significant effect on the region allowed by the

discovery of a Higgs-like particle, whether it is assumed to be h, H or H and A together, as shown in

Figure 136. Moreover, the experimental limits are excluding large parts of the allowed regions already.

With tighter limits expected from new updated analysis using full integrated luminosity from 2011 and

2012 data taking these allowed regions not experimentally excluded should shrink further, starting to

exclude the possibility that the discovered Higgs-like particle could be the heavy CP-even or CP-odd

Higgs boson in the studied scenarios.
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Figure 137: The effect of varying the µ parameter on the experimentally excluded region in themmax
h scenario (top

plots), the effect of varyingMSUSY (middle plots), and the effect of varying the µ parameter withMSUSY = 2 TeV

(bottom plots).
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Figure 138: The effect of varying Mg̃ on the experimentally excluded region in the mmax
h scenario (top left and

right), the effect of varying Xt (middle plots), and the effect of varying the µ parameter with Xt = −2 TeV

(bottom plots).

256



14.5 Heavy charged Higgs production

Heavy charged Higgs bosons with a mass larger than the top-quark mass would be produced in associa-

tion with a top quark:

pp → tbH± +X.

The cross section for associated tbH± production can be computed in the so-called four- and five-flavor

schemes. In the four-flavor scheme (4FS) there are no b quarks in the initial state, and therefore the

lowest-order QCD production processes are gluon-gluon fusion and quark-antiquark annihilation, gg →
tbH± and qq̄ → tbH±, respectively. Potentially large logarithms of the ratio between the hard scale

of the process and the mass of the bottom quark, which arise from the splitting of incoming gluons into

nearly collinear bb̄ pairs, can be summed to all orders in perturbation theory by introducing bottom

parton densities. This defines the five-flavor scheme (5FS). The use of bottom distribution functions is

based on the approximation that the outgoing b quark is at small transverse momentum and massless,

and the virtual b quark is quasi on shell. In this scheme, the LO process for the inclusive tbH± cross

section is gluon-bottom fusion, gb → tH±. The NLO cross section in the 5FS scheme includes O(αs)
corrections to gb → tH±, including the tree-level processes gg → tbH± and qq̄ → tbH±. To all

orders in perturbation theory the two schemes are identical, but the way of ordering the perturbative

expansion is different, and the results do not match exactly at finite order. For the inclusive production of

neutral Higgs bosons with bottom quarks, pp→ bb̄H+X, the four- and five-flavor scheme calculations

numerically agree within their respective uncertainties, once higher-order QCD corrections are taken into

account, see [13, 14] and references therein.

We provide NLO predictions for heavy charged Higgs boson production in a two Higgs doublet

model (2HDM) with tanβ = 30. SUSY effects can be taken into account by rescaling the bottom

Yukawa coupling to the proper value. We present results for the 4FS and 5FS schemes, including the

theoretical uncertainty, and combine the two schemes according to the Santander matching proposed

in [721]. Throughout this report we present results for the tb̄H− channel.

For the calculation in the 5FS, the program Prospino [722] has been employed, interfaced to the

LHAPDF library [723]. The renormalization scale is set to µR = (MH± +mt)/2, while the factorization

scale µF = µ̃ is chosen according to the method proposed in [724]. The effective factorization scale

entering the initial state logarithms is proportional to the hard scale, but modified by a phase space factor

which tends to reduce the size of the logarithms for processes at hadron colliders. The factorization scale

µ̃ is given in Tab. 70 for several Higgs masses, both for 8 and 14 TeV center-of-mass energy. The values

of the factorization scale match those proposed in [722].

To estimate the theoretical uncertainty due to missing higher-order contributions, we vary the

renormalization and factorization scales by a factor three about their central values. We find scale uncer-

tainties between approximately 10–20%, depending on the Higgs mass and collider energy. In addition

to the scale variation, we have computed the uncertainty associated with the PDF set and the values of αs

and mb used in PDF fits, following the PDF4LHC [147] recommendation. All uncertainties are given at

68% confidence level (CL). The αs uncertainty corresponds to a variation of ±0.0012 about the central

value [147]. As the uncertainty for the bottom mass we take mb = 4.75 ± 0.25 GeV, which is a conser-

vative choice compared to the uncertainty given in [725]. The overall PDF+αs+mb uncertainty amounts

to approximately 10–15% and is thus comparable to the scale uncertainty. Combining the two sources of

uncertainty linearly we obtain an estimate of the overall theoretical uncertainty of approximately 30%.

Our 5FS results for heavy charged Higgs production at the LHC with 8 TeV cms energy are displayed in

Figure 139, upper panel.

The results for heavy charged Higgs production within the four-flavour scheme (4FS) are based on

the calculation presented in Ref. [726]. We adopt the CT10 [145], MRST [727] and NNPDF21 [210]

4FS pdf sets. The renormalization and factorization scales are varied by a factor three about the central

scale choice µ0 = (MH± + mt + mb)/3. The scale variation in the 4FS is approximately 30%, i.e.

somewhat larger than in the 5FS. Note that our estimate of the pdf uncertainty is based on MRST2008
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Table 70: Dynamical factorization scale µ̃ for pp→ tH− +X for the LHC at 8 and 14 TeV.

8 TeV 14 TeV

MH± [GeV] µ̃ [GeV] (mt +MH±)/µ̃ µ̃ [GeV] (mt +MH±)/µ̃

200 67.3 5.5 74.9 5.0

300 80.3 5.9 90.6 5.2

400 92.1 6.2 105.3 5.4

500 103.1 6.5 119.0 5.7

and NNPDF21 only, as CT10 does not provide eigenvector sets in the 4FS. Furthermore, no uncertainties

for αs and mb could be calculated, as no pdf collaboration provides 4FS sets with varying αs and mb.

Our 4FS results for heavy charged Higgs production at the LHC with 8 TeV cms energy are displayed in

Figure 139, middle panel.

To arrive at a final prediction for heavy charged Higgs production we combine the NLO 5FS and

4FS cross sections according to the Santander matching [721], analogous to neutral Higgs-bottom asso-

ciated production. We note that the 4FS and 5FS calculations provide the unique description of the cross

section in the asymptotic limits Mφ/mb → 1 and Mφ/mb →∞, respectively (here and in the following

Mφ denotes a generic Higgs boson mass). The 4FS and 5FS are thus combined in such a way that they

are given variable weight, depending on the value of the Higgs-boson mass. The difference between the

two approaches is formally logarithmic. Therefore, the dependence of their relative importance on the

Higgs-boson mass should be controlled by a logarithmic term, i.e.

σmatched =
σ4FS +w σ5FS

1 + w
with w = ln

Mφ

mb
− 2 . (368)

The theoretical uncertainties are combined according to

∆σmatched
± =

∆σ4FS
± + w∆σ5FS

±
1 + w

(369)

where ∆σ4FS
± and ∆σ5FS

± are the upper/lower uncertainty limits of the 4FS and the 5FS, respectively.

The cross section and uncertainty for the Santander matching, together with the results calculated

in 4F- and 5F-scheme, for LHC at 8 TeV are presented in Fig. 139, lower panel. We observe that the NLO

4FS and 5FS predictions are in good mutual agreement, with differences of at most∼7%. The dynamical

choice for µF in the 5FS used here improves the matching of the predictions in the two schemes. The

overall theoretical uncertainty of the matched NLO prediction is about 30%.
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Figure 139: NLO cross section prediction for pp→ tH−+X at the LHC with 8 TeV for a 2HDM with tanβ = 30:

5FS (upper panel), 4FS (middle panel) and Santander matched predictions (lower panel). Shown is the central

prediction together with an estimate of the theoretical uncertainties as described in the text.
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15 Conclusions 67

The present document is the result of the activities of the LHC Higgs Cross Section Working Group in

the year 2012 till spring 2013. The working group, created in January 2010, is a joint effort between

ATLAS, CMS and the theory community. Previous reports [13, 14] dealt with the presentation of the

main Higgs production cross section and branching ratios of a SM Higgs at the highest available level

of accuracy. Similarly, first result for the Higgs bosons of the MSSM were presented. Beyond the level

of total cross sections also distributions for the corresponding cross sections were investigated. Most

up-to-date results are continuously made public at the TWiki page68.

The spectacular discovery of a Higgs-boson like resonance with a mass around ∼ 125−126 GeV,

which has been announced by ATLAS [1] and CMS [2] on July 4th, 2012, marks a milestone of an effort

that has been ongoing for almost half a century and opens up a new era of particle physics.

Having analysed two and a half times more data than was available for the discovery announce-

ment in July 2012, the experiments are finding that the new particle, within the experimental uncertain-

ties, is perfectly compatible with the SM Higgs boson. It remains an open question, however, whether

it is indeed the SM Higgs boson, or possibly one of several bosons predicted in some theories that go

beyond the SM. It is therefore the highest priority in particle physics research at the moment to examine

whether the emerging picture is complete. This entails, in turn, placing increasingly stringent limits on

potential new physics scenarios.

Possible deviations from the SM prediction are not statistically significant at present, so that within

the uncertainties the results are compatible with the SM. On the other hand, the experimental uncertain-

ties are still rather large and thus also permit non-SM interpretations of the newly discovered Higgs-boson

like resonance. If deviations from SM predictions were confirmed in the future, the observed patterns

could indicate a first clear step beyond the SM.

With the discovery of a Higgs-boson like resonance the focus of the high-energy physics world,

and thus of the LHC Higgs Cross Section Working Group, has shifted. While ever more precise cal-

culation of SM predictions are needed, now corresponding calculations at a similar level of accuracy in

BSM models become important. Rules and definitions for the determination of the characteristics of the

Higgs-boson like resonance, such as couplings to other particles, quantum numbers, spin etc. are now

crucial for the correct interpretation of the experimental data.

Theory uncertainty is becoming more and more relevant than ever before. The experimental ac-

curacy is ∆µ(σ/σSM) = ±15% (roughly ±10% for both statistical and systematic uncertainties) with

LHC 2011/2012 data, while the theoretical uncertainty is ±(10−15)% dominated by missing higher-

order calculations and PDF +αs in gluon-fusion. This calls for improvements in NNNLO prediction;

other important issues are reduction of uncertainty in 1-jet bin and gluon-fusion +2-jets versus vector-

boson fusion, as well as improvements in parton-luminosity functions with LHC data.

With the present document the LHC Higgs Cross Section Working Group tries to lead the way

into the new directions. This volume, correspondingly, provides a wide range of topics: Updated re-

sults for Higgs Cross Sections and Higgs Decay Branching Ratios, Jet-bin and Higgs pT Uncertainties,

Interference Effects in gg-fusion, NLO Monte Carlo, Higgs Coupling and Spin/Parity and BSM Higgs.

Updates of previous results for cross sections and branching ratios of a SM Higgs are refined around the

experimentally determined mass range.

Guidelines for the extraction of the couplings have been worked out that can readily applied to

the 2011/2012 data set. Results for spin and CP-determinations and refined coupling determinations are

outlined. Also in this area more detailed worked out prescriptions will be necessary to cope with the data

the LHC will provide in future, toward precision Higgs physics at the LHC.

67S. Heinemeyer, C. Mariotti, G. Passarino, R. Tanaka
68https:/twiki.ern.h/twiki/bin/view/LHCPhysisCrossSetions
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Within the MSSM improved cross section calculations were performed, taking into account pos-

sible effects of light Supersymmetric particles. Moreover, interpretations in the MSSM (as in any other

BSM model) now always must contain at least one Higgs boson at ∼ 125− 126 GeV, which is reflected

in a new set of MSSM benchmark scenarios. First steps are presented to go to models beyond the SM and

the MSSM, where clearly more work, including the calculations of cross sections and branching ratios,

are needed in the future.

In conclusion, finding BSM’s footsteps should be the primary goal of the Working Group: what

are the implications of the newly discovered resonance for BSM scenarios? We can go on to lay out two

extreme scenarios. The first one would be nothing but the SM at LHC energies, including no detection of

dark matter. In that case it would remain unclear for a long time to come which BSM model is realised in

nature. The second scenario is the picture anticipated pre-LHC: detection of non-SM Higgs and possibly

of other non-SM particles at the next high-energy run of the LHC. Only experimental data can lead the

way.

Finally, no small set of individuals among the hundreds who have worked collaboration to produce

this volume can take enough of the credit to single them out, even less the editors.

Open your mind to what I shall disclose, and hold it fast within you; he who hears, but does

not hold what he has heard, learns nothing.

Beatrice - Canto V 40-42

Chiara, Giampiero, Reisaburo and Sven
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Appendices

A Tables of branching ratios

In this appendix we complete the listing of the branching fractions of the Standard Model Higgs boson

discussed in Section 2.
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Table A.1: SM Higgs branching ratios to two fermions and their total uncertainties (expressed in percentage).

Very-low mass range.

MH [ GeV] H → bb H → τ+τ− H → µ+µ− H → cc

80 8.24 ·10−1+1.4
−1.5 8.27 ·10−2+7.0

−6.9 2.87 ·10−4+7.4
−7.1 4.18 ·10−2+12.1

−12.1

81 8.23 ·10−1+1.5
−1.5 8.27 ·10−2+7.0

−6.8 2.88 ·10−4+7.3
−7.2 4.17 ·10−2+12.1

−12.1

82 8.21 ·10−1+1.5
−1.5 8.28 ·10−2+7.0

−6.8 2.88 ·10−4+7.3
−7.2 4.16 ·10−2+12.1

−12.1

83 8.20 ·10−1+1.5
−1.5 8.29 ·10−2+7.0

−6.8 2.88 ·10−4+7.3
−7.2 4.16 ·10−2+12.1

−12.1

84 8.19 ·10−1+1.5
−1.5 8.30 ·10−2+7.0

−6.8 2.88 ·10−4+7.3
−7.2 4.15 ·10−2+12.1

−12.1

85 8.17 ·10−1+1.5
−1.5 8.30 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.1 4.14 ·10−2+12.1

−12.1

86 8.16 ·10−1+1.5
−1.6 8.31 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.2 4.13 ·10−2+12.2

−12.1

87 8.15 ·10−1+1.5
−1.6 8.31 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.2 4.13 ·10−2+12.1

−12.1

88 8.13 ·10−1+1.6
−1.6 8.32 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.1 4.12 ·10−2+12.2

−12.1

89 8.12 ·10−1+1.6
−1.6 8.32 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.1 4.11 ·10−2+12.1

−12.1

90 8.10 ·10−1+1.6
−1.6 8.33 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.1 4.10 ·10−2+12.1

−12.1

91 8.09 ·10−1+1.6
−1.6 8.33 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.2 4.09 ·10−2+12.2

−12.1

92 8.07 ·10−1+1.6
−1.7 8.33 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.1 4.08 ·10−2+12.2

−12.1

93 8.05 ·10−1+1.6
−1.7 8.33 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.1 4.07 ·10−2+12.2

−12.1

94 8.03 ·10−1+1.7
−1.7 8.33 ·10−2+7.0

−6.8 2.89 ·10−4+7.3
−7.1 4.06 ·10−2+12.2

−12.1

95 8.01 ·10−1+1.7
−1.7 8.32 ·10−2+6.9

−6.8 2.89 ·10−4+7.3
−7.1 4.05 ·10−2+12.2

−12.1

96 7.99 ·10−1+1.7
−1.7 8.32 ·10−2+6.9

−6.8 2.89 ·10−4+7.3
−7.1 4.04 ·10−2+12.2

−12.1

97 7.97 ·10−1+1.7
−1.8 8.31 ·10−2+6.9

−6.8 2.89 ·10−4+7.3
−7.1 4.03 ·10−2+12.2

−12.2

98 7.95 ·10−1+1.7
−1.8 8.31 ·10−2+6.9

−6.7 2.88 ·10−4+7.2
−7.1 4.02 ·10−2+12.2

−12.2

99 7.92 ·10−1+1.8
−1.8 8.29 ·10−2+6.9

−6.7 2.88 ·10−4+7.2
−7.1 4.00 ·10−2+12.2

−12.2

100 7.89 ·10−1+1.8
−1.8 8.28 ·10−2+6.9

−6.7 2.88 ·10−4+7.2
−7.0 3.99 ·10−2+12.2

−12.2

101 7.86 ·10−1+1.8
−1.9 8.27 ·10−2+6.9

−6.7 2.87 ·10−4+7.2
−7.1 3.97 ·10−2+12.2

−12.2

102 7.83 ·10−1+1.8
−1.9 8.25 ·10−2+6.8

−6.7 2.86 ·10−4+7.2
−7.0 3.96 ·10−2+12.2

−12.2

103 7.79 ·10−1+1.9
−1.9 8.22 ·10−2+6.8

−6.7 2.86 ·10−4+7.2
−7.0 3.94 ·10−2+12.2

−12.2

104 7.75 ·10−1+1.9
−1.9 8.20 ·10−2+6.8

−6.7 2.85 ·10−4+7.1
−7.0 3.92 ·10−2+12.2

−12.2

105 7.71 ·10−1+1.9
−2.0 8.17 ·10−2+6.8

−6.6 2.84 ·10−4+7.1
−7.0 3.90 ·10−2+12.2

−12.2

106 7.66 ·10−1+2.0
−2.0 8.13 ·10−2+6.8

−6.6 2.82 ·10−4+7.1
−6.9 3.87 ·10−2+12.2

−12.2

107 7.61 ·10−1+2.0
−2.0 8.10 ·10−2+6.7

−6.6 2.81 ·10−4+7.0
−6.9 3.85 ·10−2+12.2

−12.2

108 7.56 ·10−1+2.0
−2.1 8.05 ·10−2+6.7

−6.6 2.80 ·10−4+7.0
−6.9 3.82 ·10−2+12.2

−12.2

109 7.50 ·10−1+2.1
−2.1 8.00 ·10−2+6.7

−6.5 2.78 ·10−4+7.0
−6.8 3.79 ·10−2+12.2

−12.2

110 7.44 ·10−1+2.1
−2.2 7.95 ·10−2+6.6

−6.5 2.76 ·10−4+6.9
−6.8 3.76 ·10−2+12.2

−12.2

110.5 7.40 ·10−1+2.1
−2.2 7.92 ·10−2+6.6

−6.5 2.75 ·10−4+6.9
−6.8 3.74 ·10−2+12.3

−12.2

111 7.37 ·10−1+2.2
−2.2 7.89 ·10−2+6.6

−6.5 2.74 ·10−4+6.9
−6.8 3.72 ·10−2+12.3

−12.2

111.5 7.33 ·10−1+2.2
−2.3 7.85 ·10−2+6.6

−6.4 2.73 ·10−4+6.9
−6.7 3.70 ·10−2+12.3

−12.2

112 7.29 ·10−1+2.2
−2.3 7.82 ·10−2+6.6

−6.4 2.71 ·10−4+6.9
−6.7 3.68 ·10−2+12.2

−12.2

112.5 7.25 ·10−1+2.3
−2.3 7.78 ·10−2+6.5

−6.4 2.70 ·10−4+6.9
−6.7 3.66 ·10−2+12.2

−12.2

113 7.21 ·10−1+2.3
−2.3 7.75 ·10−2+6.5

−6.4 2.69 ·10−4+6.8
−6.7 3.64 ·10−2+12.2

−12.2

113.5 7.17 ·10−1+2.3
−2.4 7.71 ·10−2+6.5

−6.4 2.68 ·10−4+6.8
−6.7 3.62 ·10−2+12.3

−12.2

114 7.12 ·10−1+2.3
−2.4 7.67 ·10−2+6.5

−6.4 2.66 ·10−4+6.8
−6.7 3.60 ·10−2+12.3

−12.2

114.5 7.08 ·10−1+2.4
−2.4 7.63 ·10−2+6.5

−6.3 2.65 ·10−4+6.7
−6.6 3.57 ·10−2+12.3

−12.2

115 7.03 ·10−1+2.4
−2.5 7.58 ·10−2+6.4

−6.3 2.63 ·10−4+6.7
−6.6 3.55 ·10−2+12.2

−12.2

115.5 6.98 ·10−1+2.4
−2.5 7.53 ·10−2+6.4

−6.3 2.62 ·10−4+6.7
−6.6 3.53 ·10−2+12.2

−12.2

116 6.93 ·10−1+2.5
−2.5 7.49 ·10−2+6.4

−6.3 2.60 ·10−4+6.7
−6.5 3.50 ·10−2+12.2

−12.2

116.5 6.88 ·10−1+2.5
−2.6 7.44 ·10−2+6.3

−6.2 2.58 ·10−4+6.6
−6.5 3.47 ·10−2+12.2

−12.2

117 6.83 ·10−1+2.5
−2.6 7.39 ·10−2+6.3

−6.2 2.56 ·10−4+6.6
−6.5 3.45 ·10−2+12.2

−12.2

117.5 6.77 ·10−1+2.6
−2.6 7.33 ·10−2+6.3

−6.2 2.54 ·10−4+6.6
−6.5 3.42 ·10−2+12.2

−12.2

118 6.72 ·10−1+2.6
−2.7 7.28 ·10−2+6.2

−6.1 2.53 ·10−4+6.6
−6.4 3.39 ·10−2+12.2

−12.2
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Table A.2: SM Higgs branching ratios to two fermions and their total uncertainties (expressed in percentage).

Very-low mass range.

MH [ GeV] H → bb H → τ+τ− H → µ+µ− H → cc

118.5 6.66 ·10−1+2.6
−2.7 7.22 ·10−2+6.2

−6.1 2.51 ·10−4+6.5
−6.4 3.36 ·10−2+12.3

−12.2

119 6.60 ·10−1+2.7
−2.7 7.16 ·10−2+6.2

−6.1 2.49 ·10−4+6.4
−6.4 3.33 ·10−2+12.2

−12.2

119.5 6.54 ·10−1+2.7
−2.8 7.10 ·10−2+6.1

−6.1 2.47 ·10−4+6.4
−6.4 3.30 ·10−2+12.2

−12.2

120 6.48 ·10−1+2.8
−2.8 7.04 ·10−2+6.1

−6.0 2.44 ·10−4+6.4
−6.3 3.27 ·10−2+12.3

−12.2

120.1 6.46 ·10−1+2.8
−2.8 7.03 ·10−2+6.1

−6.0 2.44 ·10−4+6.4
−6.3 3.26 ·10−2+12.2

−12.2

120.2 6.45 ·10−1+2.8
−2.8 7.01 ·10−2+6.1

−6.0 2.43 ·10−4+6.3
−6.3 3.26 ·10−2+12.2

−12.2

120.3 6.44 ·10−1+2.8
−2.8 7.00 ·10−2+6.1

−6.0 2.43 ·10−4+6.4
−6.3 3.25 ·10−2+12.2

−12.2

120.4 6.42 ·10−1+2.8
−2.9 6.99 ·10−2+6.1

−6.0 2.43 ·10−4+6.4
−6.3 3.24 ·10−2+12.2

−12.2

120.5 6.41 ·10−1+2.8
−2.9 6.98 ·10−2+6.1

−6.0 2.42 ·10−4+6.4
−6.2 3.24 ·10−2+12.2

−12.2

120.6 6.40 ·10−1+2.8
−2.9 6.96 ·10−2+6.1

−6.0 2.42 ·10−4+6.3
−6.3 3.23 ·10−2+12.2

−12.2

120.7 6.39 ·10−1+2.8
−2.9 6.95 ·10−2+6.1

−6.0 2.41 ·10−4+6.4
−6.2 3.22 ·10−2+12.2

−12.2

120.8 6.37 ·10−1+2.8
−2.9 6.94 ·10−2+6.1

−6.0 2.41 ·10−4+6.3
−6.3 3.22 ·10−2+12.2

−12.2

120.9 6.36 ·10−1+2.8
−2.9 6.92 ·10−2+6.1

−6.0 2.40 ·10−4+6.3
−6.2 3.21 ·10−2+12.2

−12.2

121 6.35 ·10−1+2.8
−2.9 6.91 ·10−2+6.0

−6.0 2.40 ·10−4+6.3
−6.2 3.20 ·10−2+12.2

−12.2

121.1 6.33 ·10−1+2.9
−2.9 6.90 ·10−2+6.0

−6.0 2.39 ·10−4+6.3
−6.3 3.20 ·10−2+12.2

−12.2

121.2 6.32 ·10−1+2.9
−2.9 6.88 ·10−2+6.0

−5.9 2.39 ·10−4+6.3
−6.2 3.19 ·10−2+12.2

−12.3

121.3 6.31 ·10−1+2.9
−2.9 6.87 ·10−2+6.0

−5.9 2.38 ·10−4+6.3
−6.2 3.18 ·10−2+12.2

−12.2

121.4 6.29 ·10−1+2.9
−2.9 6.86 ·10−2+6.0

−5.9 2.38 ·10−4+6.3
−6.2 3.18 ·10−2+12.2

−12.2

121.5 6.28 ·10−1+2.9
−3.0 6.84 ·10−2+6.0

−5.9 2.37 ·10−4+6.2
−6.2 3.17 ·10−2+12.2

−12.2

121.6 6.27 ·10−1+2.9
−3.0 6.83 ·10−2+6.0

−5.9 2.37 ·10−4+6.2
−6.2 3.16 ·10−2+12.2

−12.2

121.7 6.25 ·10−1+2.9
−3.0 6.81 ·10−2+6.0

−5.9 2.36 ·10−4+6.2
−6.2 3.16 ·10−2+12.2

−12.2

121.8 6.24 ·10−1+2.9
−3.0 6.80 ·10−2+6.0

−5.9 2.36 ·10−4+6.3
−6.1 3.15 ·10−2+12.2

−12.2

121.9 6.22 ·10−1+2.9
−3.0 6.79 ·10−2+6.0

−5.9 2.35 ·10−4+6.3
−6.1 3.14 ·10−2+12.2

−12.2

122 6.21 ·10−1+2.9
−3.0 6.77 ·10−2+6.0

−5.9 2.35 ·10−4+6.3
−6.2 3.13 ·10−2+12.2

−12.2

122.1 6.20 ·10−1+2.9
−3.0 6.76 ·10−2+6.0

−5.9 2.34 ·10−4+6.3
−6.1 3.13 ·10−2+12.2

−12.2

122.2 6.18 ·10−1+2.9
−3.0 6.74 ·10−2+6.0

−5.9 2.34 ·10−4+6.3
−6.1 3.12 ·10−2+12.2

−12.2

122.3 6.17 ·10−1+2.9
−3.0 6.73 ·10−2+6.0

−5.9 2.33 ·10−4+6.3
−6.1 3.11 ·10−2+12.2

−12.2

122.4 6.15 ·10−1+3.0
−3.0 6.72 ·10−2+5.9

−5.9 2.33 ·10−4+6.2
−6.1 3.11 ·10−2+12.2

−12.2

122.5 6.14 ·10−1+3.0
−3.0 6.70 ·10−2+5.9

−5.9 2.32 ·10−4+6.2
−6.1 3.10 ·10−2+12.2

−12.2

122.6 6.13 ·10−1+3.0
−3.0 6.69 ·10−2+5.9

−5.8 2.32 ·10−4+6.2
−6.1 3.09 ·10−2+12.2

−12.2

122.7 6.11 ·10−1+3.0
−3.1 6.67 ·10−2+5.9

−5.8 2.31 ·10−4+6.2
−6.1 3.08 ·10−2+12.2

−12.2

122.8 6.10 ·10−1+3.0
−3.1 6.66 ·10−2+5.9

−5.8 2.31 ·10−4+6.2
−6.1 3.08 ·10−2+12.2

−12.2

122.9 6.08 ·10−1+3.0
−3.1 6.64 ·10−2+5.9

−5.8 2.30 ·10−4+6.2
−6.1 3.07 ·10−2+12.2

−12.2

123 6.07 ·10−1+3.0
−3.1 6.63 ·10−2+5.9

−5.8 2.30 ·10−4+6.1
−6.1 3.06 ·10−2+12.2

−12.2

123.1 6.05 ·10−1+3.0
−3.1 6.61 ·10−2+5.9

−5.8 2.29 ·10−4+6.1
−6.1 3.06 ·10−2+12.2

−12.2

123.2 6.04 ·10−1+3.0
−3.1 6.60 ·10−2+5.9

−5.8 2.29 ·10−4+6.1
−6.1 3.05 ·10−2+12.2

−12.2

123.3 6.02 ·10−1+3.0
−3.1 6.58 ·10−2+5.9

−5.8 2.28 ·10−4+6.2
−6.0 3.04 ·10−2+12.2

−12.2

123.4 6.01 ·10−1+3.1
−3.1 6.57 ·10−2+5.9

−5.8 2.28 ·10−4+6.1
−6.0 3.03 ·10−2+12.2

−12.2

123.5 6.00 ·10−1+3.1
−3.1 6.55 ·10−2+5.9

−5.8 2.27 ·10−4+6.1
−6.0 3.03 ·10−2+12.2

−12.2

123.6 5.98 ·10−1+3.1
−3.1 6.54 ·10−2+5.8

−5.8 2.27 ·10−4+6.1
−6.0 3.02 ·10−2+12.2

−12.2

123.7 5.97 ·10−1+3.1
−3.1 6.52 ·10−2+5.8

−5.8 2.26 ·10−4+6.1
−6.0 3.01 ·10−2+12.2

−12.2

123.8 5.95 ·10−1+3.1
−3.2 6.51 ·10−2+5.8

−5.7 2.26 ·10−4+6.1
−6.0 3.00 ·10−2+12.2

−12.2

123.9 5.94 ·10−1+3.1
−3.2 6.49 ·10−2+5.8

−5.7 2.25 ·10−4+6.1
−6.0 3.00 ·10−2+12.2

−12.2

124 5.92 ·10−1+3.1
−3.2 6.48 ·10−2+5.8

−5.7 2.25 ·10−4+6.1
−6.0 2.99 ·10−2+12.2

−12.2

124.1 5.91 ·10−1+3.1
−3.2 6.46 ·10−2+5.8

−5.7 2.24 ·10−4+6.0
−6.0 2.98 ·10−2+12.2

−12.2

124.2 5.89 ·10−1+3.1
−3.2 6.45 ·10−2+5.8

−5.7 2.24 ·10−4+6.1
−6.0 2.97 ·10−2+12.2

−12.2

124.3 5.88 ·10−1+3.1
−3.2 6.43 ·10−2+5.8

−5.7 2.23 ·10−4+6.1
−6.0 2.96 ·10−2+12.2

−12.2
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Table A.3: SM Higgs branching ratios to two fermions and their total uncertainties (expressed in percentage). Low

mass range.

MH [ GeV] H → bb H → τ+τ− H → µ+µ− H → cc

124.4 5.86 ·10−1+3.1
−3.2 6.41 ·10−2+5.8

−5.7 2.23 ·10−4+6.0
−6.0 2.96 ·10−2+12.2

−12.2

124.5 5.84 ·10−1+3.2
−3.2 6.40 ·10−2+5.8

−5.7 2.22 ·10−4+6.0
−5.9 2.95 ·10−2+12.2

−12.2

124.6 5.83 ·10−1+3.2
−3.2 6.38 ·10−2+5.8

−5.7 2.22 ·10−4+6.0
−6.0 2.94 ·10−2+12.2

−12.2

124.7 5.81 ·10−1+3.2
−3.2 6.37 ·10−2+5.7

−5.7 2.21 ·10−4+6.0
−5.9 2.93 ·10−2+12.2

−12.2

124.8 5.80 ·10−1+3.2
−3.3 6.35 ·10−2+5.7

−5.7 2.20 ·10−4+6.0
−6.0 2.93 ·10−2+12.2

−12.2

124.9 5.78 ·10−1+3.2
−3.3 6.33 ·10−2+5.7

−5.7 2.20 ·10−4+6.0
−5.9 2.92 ·10−2+12.2

−12.2

125 5.77 ·10−1+3.2
−3.3 6.32 ·10−2+5.7

−5.7 2.19 ·10−4+6.0
−5.9 2.91 ·10−2+12.2

−12.2

125.1 5.75 ·10−1+3.2
−3.3 6.30 ·10−2+5.7

−5.6 2.19 ·10−4+5.9
−5.9 2.90 ·10−2+12.2

−12.2

125.2 5.74 ·10−1+3.2
−3.3 6.29 ·10−2+5.7

−5.6 2.18 ·10−4+6.0
−5.9 2.89 ·10−2+12.2

−12.2

125.3 5.72 ·10−1+3.2
−3.3 6.27 ·10−2+5.7

−5.6 2.18 ·10−4+5.9
−5.9 2.89 ·10−2+12.2

−12.2

125.4 5.71 ·10−1+3.2
−3.3 6.25 ·10−2+5.7

−5.6 2.17 ·10−4+6.0
−5.9 2.88 ·10−2+12.2

−12.2

125.5 5.69 ·10−1+3.3
−3.3 6.24 ·10−2+5.7

−5.6 2.16 ·10−4+6.0
−5.8 2.87 ·10−2+12.2

−12.2

125.6 5.67 ·10−1+3.3
−3.3 6.22 ·10−2+5.7

−5.6 2.16 ·10−4+5.9
−5.9 2.86 ·10−2+12.2

−12.2

125.7 5.66 ·10−1+3.3
−3.3 6.21 ·10−2+5.6

−5.6 2.15 ·10−4+5.9
−5.8 2.85 ·10−2+12.2

−12.2

125.8 5.64 ·10−1+3.3
−3.3 6.19 ·10−2+5.7

−5.6 2.15 ·10−4+5.9
−5.8 2.85 ·10−2+12.2

−12.2

125.9 5.63 ·10−1+3.3
−3.4 6.17 ·10−2+5.7

−5.6 2.14 ·10−4+5.9
−5.8 2.84 ·10−2+12.2

−12.2

126 5.61 ·10−1+3.3
−3.4 6.16 ·10−2+5.6

−5.6 2.14 ·10−4+5.9
−5.8 2.83 ·10−2+12.2

−12.2

126.1 5.59 ·10−1+3.3
−3.4 6.14 ·10−2+5.6

−5.6 2.13 ·10−4+5.9
−5.9 2.82 ·10−2+12.2

−12.2

126.2 5.58 ·10−1+3.3
−3.4 6.12 ·10−2+5.6

−5.5 2.12 ·10−4+5.9
−5.8 2.81 ·10−2+12.2

−12.2

126.3 5.56 ·10−1+3.3
−3.4 6.10 ·10−2+5.6

−5.6 2.12 ·10−4+5.9
−5.8 2.81 ·10−2+12.2

−12.2

126.4 5.55 ·10−1+3.3
−3.4 6.09 ·10−2+5.6

−5.5 2.11 ·10−4+5.9
−5.8 2.80 ·10−2+12.2

−12.2

126.5 5.53 ·10−1+3.3
−3.4 6.07 ·10−2+5.6

−5.5 2.11 ·10−4+5.9
−5.7 2.79 ·10−2+12.2

−12.2

126.6 5.51 ·10−1+3.4
−3.4 6.05 ·10−2+5.6

−5.5 2.10 ·10−4+5.8
−5.7 2.78 ·10−2+12.2

−12.2

126.7 5.50 ·10−1+3.4
−3.4 6.04 ·10−2+5.6

−5.5 2.10 ·10−4+5.8
−5.8 2.77 ·10−2+12.2

−12.2

126.8 5.48 ·10−1+3.4
−3.5 6.02 ·10−2+5.6

−5.5 2.09 ·10−4+5.8
−5.8 2.76 ·10−2+12.2

−12.2

126.9 5.46 ·10−1+3.4
−3.5 6.00 ·10−2+5.5

−5.5 2.08 ·10−4+5.8
−5.8 2.76 ·10−2+12.2

−12.2

127 5.45 ·10−1+3.4
−3.5 5.98 ·10−2+5.6

−5.5 2.08 ·10−4+5.8
−5.7 2.75 ·10−2+12.2

−12.2

127.1 5.43 ·10−1+3.4
−3.5 5.97 ·10−2+5.5

−5.5 2.07 ·10−4+5.8
−5.8 2.74 ·10−2+12.2

−12.2

127.2 5.41 ·10−1+3.4
−3.5 5.95 ·10−2+5.5

−5.5 2.07 ·10−4+5.7
−5.7 2.73 ·10−2+12.2

−12.2

127.3 5.40 ·10−1+3.4
−3.5 5.93 ·10−2+5.5

−5.5 2.06 ·10−4+5.7
−5.7 2.72 ·10−2+12.1

−12.2

127.4 5.38 ·10−1+3.4
−3.5 5.92 ·10−2+5.5

−5.4 2.05 ·10−4+5.7
−5.7 2.71 ·10−2+12.2

−12.1

127.5 5.36 ·10−1+3.4
−3.5 5.90 ·10−2+5.5

−5.5 2.05 ·10−4+5.7
−5.7 2.71 ·10−2+12.2

−12.2

127.6 5.35 ·10−1+3.5
−3.5 5.88 ·10−2+5.5

−5.4 2.04 ·10−4+5.7
−5.7 2.70 ·10−2+12.2

−12.2

127.7 5.33 ·10−1+3.5
−3.5 5.86 ·10−2+5.5

−5.4 2.03 ·10−4+5.7
−5.7 2.69 ·10−2+12.2

−12.2

127.8 5.31 ·10−1+3.5
−3.6 5.85 ·10−2+5.5

−5.4 2.03 ·10−4+5.8
−5.7 2.68 ·10−2+12.2

−12.2

127.9 5.30 ·10−1+3.5
−3.6 5.83 ·10−2+5.5

−5.4 2.02 ·10−4+5.7
−5.6 2.67 ·10−2+12.2

−12.2

128 5.28 ·10−1+3.5
−3.6 5.81 ·10−2+5.4

−5.4 2.02 ·10−4+5.7
−5.6 2.66 ·10−2+12.2

−12.2

128.1 5.26 ·10−1+3.5
−3.6 5.79 ·10−2+5.4

−5.4 2.01 ·10−4+5.7
−5.6 2.66 ·10−2+12.1

−12.2

128.2 5.25 ·10−1+3.5
−3.6 5.77 ·10−2+5.4

−5.4 2.00 ·10−4+5.6
−5.6 2.65 ·10−2+12.2

−12.2

128.3 5.23 ·10−1+3.5
−3.6 5.76 ·10−2+5.4

−5.4 2.00 ·10−4+5.6
−5.6 2.64 ·10−2+12.1

−12.2

128.4 5.21 ·10−1+3.6
−3.6 5.74 ·10−2+5.4

−5.4 1.99 ·10−4+5.7
−5.6 2.63 ·10−2+12.2

−12.2

128.5 5.20 ·10−1+3.6
−3.6 5.72 ·10−2+5.4

−5.4 1.99 ·10−4+5.6
−5.6 2.62 ·10−2+12.1

−12.2

128.6 5.18 ·10−1+3.6
−3.6 5.70 ·10−2+5.4

−5.4 1.98 ·10−4+5.6
−5.6 2.61 ·10−2+12.2

−12.2

128.7 5.16 ·10−1+3.6
−3.6 5.69 ·10−2+5.4

−5.3 1.97 ·10−4+5.6
−5.6 2.60 ·10−2+12.2

−12.1

128.8 5.14 ·10−1+3.6
−3.7 5.67 ·10−2+5.4

−5.3 1.97 ·10−4+5.6
−5.5 2.60 ·10−2+12.2

−12.2

128.9 5.13 ·10−1+3.6
−3.7 5.65 ·10−2+5.4

−5.3 1.96 ·10−4+5.6
−5.5 2.59 ·10−2+12.2

−12.2

129 5.11 ·10−1+3.6
−3.7 5.63 ·10−2+5.4

−5.3 1.95 ·10−4+5.6
−5.5 2.58 ·10−2+12.2

−12.1
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Table A.4: SM Higgs branching ratios to two fermions and their total uncertainties (expressed in percentage). Low

mass range.

MH [ GeV] H → bb H → τ+τ− H → µ+µ− H → cc

129.1 5.09 ·10−1+3.6
−3.7 5.61 ·10−2+5.3

−5.3 1.95 ·10−4+5.5
−5.5 2.57 ·10−2+12.2

−12.2

129.2 5.08 ·10−1+3.6
−3.7 5.60 ·10−2+5.3

−5.3 1.94 ·10−4+5.6
−5.5 2.56 ·10−2+12.2

−12.2

129.3 5.06 ·10−1+3.6
−3.7 5.58 ·10−2+5.3

−5.3 1.94 ·10−4+5.5
−5.5 2.55 ·10−2+12.2

−12.2

129.4 5.04 ·10−1+3.7
−3.7 5.56 ·10−2+5.3

−5.3 1.93 ·10−4+5.5
−5.5 2.54 ·10−2+12.2

−12.2

129.5 5.02 ·10−1+3.7
−3.7 5.54 ·10−2+5.3

−5.3 1.92 ·10−4+5.6
−5.4 2.53 ·10−2+12.2

−12.2

129.6 5.01 ·10−1+3.7
−3.7 5.52 ·10−2+5.3

−5.3 1.92 ·10−4+5.5
−5.5 2.53 ·10−2+12.2

−12.2

129.7 4.99 ·10−1+3.7
−3.8 5.50 ·10−2+5.3

−5.2 1.91 ·10−4+5.5
−5.5 2.52 ·10−2+12.2

−12.2

129.8 4.97 ·10−1+3.7
−3.8 5.49 ·10−2+5.3

−5.3 1.90 ·10−4+5.5
−5.5 2.51 ·10−2+12.2

−12.1

129.9 4.95 ·10−1+3.7
−3.8 5.47 ·10−2+5.3

−5.2 1.90 ·10−4+5.5
−5.5 2.50 ·10−2+12.2

−12.1

130 4.94 ·10−1+3.7
−3.8 5.45 ·10−2+5.3

−5.2 1.89 ·10−4+5.5
−5.4 2.49 ·10−2+12.2

−12.1

130.5 4.85 ·10−1+3.8
−3.8 5.36 ·10−2+5.2

−5.2 1.86 ·10−4+5.5
−5.4 2.45 ·10−2+12.1

−12.2

131 4.76 ·10−1+3.8
−3.9 5.26 ·10−2+5.2

−5.1 1.83 ·10−4+5.3
−5.4 2.40 ·10−2+12.2

−12.1

131.5 4.67 ·10−1+3.9
−3.9 5.17 ·10−2+5.1

−5.1 1.79 ·10−4+5.3
−5.3 2.36 ·10−2+12.2

−12.1

132 4.58 ·10−1+3.9
−4.0 5.07 ·10−2+5.1

−5.0 1.76 ·10−4+5.3
−5.2 2.31 ·10−2+12.2

−12.1

132.5 4.49 ·10−1+4.0
−4.0 4.98 ·10−2+5.0

−5.0 1.73 ·10−4+5.2
−5.2 2.27 ·10−2+12.2

−12.1

133 4.40 ·10−1+4.0
−4.1 4.88 ·10−2+5.0

−5.0 1.69 ·10−4+5.2
−5.1 2.22 ·10−2+12.1

−12.2

133.5 4.31 ·10−1+4.1
−4.1 4.78 ·10−2+4.9

−4.9 1.66 ·10−4+5.1
−5.1 2.18 ·10−2+12.1

−12.1

134 4.22 ·10−1+4.2
−4.2 4.69 ·10−2+4.9

−4.8 1.63 ·10−4+5.1
−5.0 2.13 ·10−2+12.1

−12.1

134.5 4.13 ·10−1+4.2
−4.3 4.59 ·10−2+4.8

−4.8 1.59 ·10−4+4.9
−5.0 2.08 ·10−2+12.1

−12.1

135 4.04 ·10−1+4.2
−4.3 4.49 ·10−2+4.8

−4.7 1.56 ·10−4+5.0
−4.9 2.04 ·10−2+12.2

−12.1

135.5 3.95 ·10−1+4.3
−4.4 4.39 ·10−2+4.7

−4.7 1.52 ·10−4+4.9
−4.9 1.99 ·10−2+12.1

−12.1

136 3.86 ·10−1+4.4
−4.4 4.30 ·10−2+4.7

−4.6 1.49 ·10−4+4.9
−4.8 1.95 ·10−2+12.2

−12.1

136.5 3.77 ·10−1+4.4
−4.5 4.20 ·10−2+4.6

−4.6 1.46 ·10−4+4.7
−4.8 1.90 ·10−2+12.1

−12.1

137 3.68 ·10−1+4.5
−4.5 4.10 ·10−2+4.5

−4.5 1.42 ·10−4+4.7
−4.8 1.86 ·10−2+12.1

−12.1

137.5 3.59 ·10−1+4.5
−4.6 4.00 ·10−2+4.5

−4.5 1.39 ·10−4+4.7
−4.7 1.81 ·10−2+12.2

−12.1

138 3.50 ·10−1+4.6
−4.6 3.91 ·10−2+4.4

−4.4 1.36 ·10−4+4.6
−4.6 1.77 ·10−2+12.1

−12.0

138.5 3.41 ·10−1+4.6
−4.7 3.81 ·10−2+4.4

−4.4 1.32 ·10−4+4.6
−4.5 1.72 ·10−2+12.1

−12.1

139 3.32 ·10−1+4.7
−4.7 3.71 ·10−2+4.4

−4.4 1.29 ·10−4+4.5
−4.6 1.68 ·10−2+12.1

−12.1

139.5 3.24 ·10−1+4.7
−4.8 3.62 ·10−2+4.3

−4.3 1.26 ·10−4+4.4
−4.5 1.63 ·10−2+12.1

−12.1

140 3.15 ·10−1+4.8
−4.8 3.52 ·10−2+4.3

−4.3 1.22 ·10−4+4.4
−4.5 1.59 ·10−2+12.1

−12.1

140.5 3.06 ·10−1+4.8
−4.9 3.43 ·10−2+4.2

−4.2 1.19 ·10−4+4.3
−4.4 1.54 ·10−2+12.1

−12.0

141 2.97 ·10−1+4.9
−4.9 3.33 ·10−2+4.2

−4.1 1.16 ·10−4+4.3
−4.3 1.50 ·10−2+12.1

−12.1

141.5 2.89 ·10−1+4.9
−5.0 3.24 ·10−2+4.1

−4.1 1.12 ·10−4+4.2
−4.2 1.46 ·10−2+12.1

−12.0

142 2.80 ·10−1+5.0
−5.0 3.15 ·10−2+4.1

−4.1 1.09 ·10−4+4.1
−4.2 1.41 ·10−2+12.1

−12.0

142.5 2.72 ·10−1+5.1
−5.1 3.05 ·10−2+4.1

−4.0 1.06 ·10−4+4.1
−4.2 1.37 ·10−2+12.1

−12.1

143 2.64 ·10−1+5.0
−5.1 2.96 ·10−2+4.0

−4.0 1.03 ·10−4+4.2
−4.1 1.33 ·10−2+12.1

−12.0

143.5 2.56 ·10−1+5.1
−5.2 2.87 ·10−2+3.9

−3.9 9.97 ·10−5+4.1
−4.1 1.29 ·10−2+12.1

−12.1

144 2.47 ·10−1+5.2
−5.2 2.78 ·10−2+3.9

−3.9 9.65 ·10−5+4.0
−4.0 1.25 ·10−2+12.1

−12.0

144.5 2.39 ·10−1+5.2
−5.3 2.69 ·10−2+3.8

−3.8 9.35 ·10−5+3.9
−4.0 1.21 ·10−2+12.1

−12.1

145 2.31 ·10−1+5.3
−5.3 2.61 ·10−2+3.8

−3.8 9.04 ·10−5+3.9
−3.9 1.17 ·10−2+12.0

−12.1

145.5 2.24 ·10−1+5.3
−5.4 2.52 ·10−2+3.7

−3.8 8.74 ·10−5+3.8
−3.9 1.13 ·10−2+12.0

−12.0

146 2.16 ·10−1+5.4
−5.4 2.43 ·10−2+3.8

−3.7 8.44 ·10−5+3.8
−3.9 1.09 ·10−2+12.1

−12.0

146.5 2.08 ·10−1+5.4
−5.4 2.35 ·10−2+3.7

−3.6 8.15 ·10−5+3.8
−3.7 1.05 ·10−2+12.1

−12.0

147 2.00 ·10−1+5.5
−5.4 2.26 ·10−2+3.6

−3.6 7.85 ·10−5+3.7
−3.7 1.01 ·10−2+12.2

−12.0

147.5 1.93 ·10−1+5.5
−5.5 2.18 ·10−2+3.5

−3.6 7.57 ·10−5+3.7
−3.7 9.73 ·10−3+12.1

−12.0

148 1.86 ·10−1+5.6
−5.5 2.10 ·10−2+3.6

−3.5 7.28 ·10−5+3.7
−3.6 9.36 ·10−3+12.1

−12.0

148.5 1.78 ·10−1+5.5
−5.6 2.02 ·10−2+3.5

−3.5 7.00 ·10−5+3.6
−3.6 8.99 ·10−3+12.1

−12.0

268



Table A.5: SM Higgs branching ratios to two fermions and their total uncertainties (expressed in percentage).

Intermediate mass range.

MH [ GeV] H → bb H → τ+τ− H → µ+µ− H → cc

149 1.71 ·10−1+5.6
−5.7 1.94 ·10−2+3.4

−3.5 6.72 ·10−5+3.5
−3.6 8.63 ·10−3+12.0

−12.0

149.5 1.64 ·10−1+5.7
−5.7 1.86 ·10−2+3.4

−3.4 6.45 ·10−5+3.5
−3.5 8.27 ·10−3+12.1

−12.0

150 1.57 ·10−1+5.7
−5.7 1.78 ·10−2+3.4

−3.4 6.18 ·10−5+3.5
−3.5 7.92 ·10−3+12.0

−12.0

152 1.30 ·10−1+5.8
−5.9 1.48 ·10−2+3.3

−3.3 5.13 ·10−5+3.3
−3.3 6.56 ·10−3+12.1

−12.0

154 1.05 ·10−1+6.0
−6.0 1.19 ·10−2+3.1

−3.1 4.13 ·10−5+3.1
−3.2 5.27 ·10−3+12.0

−12.0

156 8.01 ·10−2+6.1
−6.1 9.15 ·10−3+3.0

−3.0 3.17 ·10−5+3.0
−3.0 4.04 ·10−3+12.0

−12.0

158 5.66 ·10−2+6.3
−6.3 6.47 ·10−3+2.8

−2.8 2.24 ·10−5+2.9
−2.9 2.85 ·10−3+12.0

−11.9

160 3.45 ·10−2+6.4
−6.4 3.96 ·10−3+2.7

−2.8 1.37 ·10−5+2.8
−2.7 1.74 ·10−3+12.0

−11.9

162 1.97 ·10−2+6.5
−6.4 2.27 ·10−3+2.8

−2.6 7.87 ·10−6+2.7
−2.7 9.95 ·10−4+12.0

−11.9

164 1.36 ·10−2+6.5
−6.4 1.57 ·10−3+2.6

−2.7 5.43 ·10−6+2.7
−2.6 6.85 ·10−4+12.0

−11.9

165 1.19 ·10−2+6.5
−6.4 1.38 ·10−3+2.7

−2.6 4.78 ·10−6+2.6
−2.6 6.02 ·10−4+12.0

−11.9

166 1.07 ·10−2+6.6
−6.5 1.24 ·10−3+2.7

−2.6 4.30 ·10−6+2.6
−2.7 5.41 ·10−4+12.0

−11.9

168 9.06 ·10−3+6.5
−6.5 1.05 ·10−3+2.6

−2.6 3.63 ·10−6+2.6
−2.7 4.56 ·10−4+12.0

−11.9

170 7.93 ·10−3+6.5
−6.5 9.20 ·10−4+2.6

−2.6 3.19 ·10−6+2.6
−2.6 4.00 ·10−4+12.0

−11.9

172 7.10 ·10−3+6.5
−6.5 8.25 ·10−4+2.6

−2.6 2.86 ·10−6+2.6
−2.6 3.58 ·10−4+12.0

−11.9

174 6.45 ·10−3+6.5
−6.5 7.51 ·10−4+2.6

−2.6 2.60 ·10−6+2.6
−2.6 3.25 ·10−4+12.0

−11.9

175 6.17 ·10−3+6.6
−6.5 7.19 ·10−4+2.6

−2.6 2.49 ·10−6+2.6
−2.6 3.11 ·10−4+12.0

−11.9

176 5.91 ·10−3+6.5
−6.5 6.89 ·10−4+2.6

−2.6 2.39 ·10−6+2.6
−2.7 2.98 ·10−4+12.0

−11.9

178 5.44 ·10−3+6.6
−6.5 6.36 ·10−4+2.6

−2.6 2.21 ·10−6+2.6
−2.7 2.74 ·10−4+12.0

−11.9

180 5.01 ·10−3+6.6
−6.5 5.87 ·10−4+2.6

−2.6 2.03 ·10−6+2.7
−2.6 2.52 ·10−4+12.0

−11.9

182 4.55 ·10−3+6.6
−6.5 5.34 ·10−4+2.6

−2.6 1.85 ·10−6+2.6
−2.6 2.29 ·10−4+12.0

−11.9

184 4.08 ·10−3+6.6
−6.5 4.80 ·10−4+2.6

−2.6 1.67 ·10−6+2.6
−2.6 2.06 ·10−4+12.0

−11.9

185 3.88 ·10−3+6.6
−6.5 4.57 ·10−4+2.6

−2.6 1.59 ·10−6+2.6
−2.6 1.95 ·10−4+12.0

−11.9

186 3.70 ·10−3+6.6
−6.5 4.37 ·10−4+2.6

−2.6 1.51 ·10−6+2.6
−2.7 1.86 ·10−4+12.0

−11.9

188 3.41 ·10−3+6.6
−6.6 4.03 ·10−4+2.6

−2.6 1.40 ·10−6+2.6
−2.7 1.72 ·10−4+12.0

−11.9

190 3.17 ·10−3+6.6
−6.6 3.75 ·10−4+2.7

−2.6 1.30 ·10−6+2.6
−2.5 1.60 ·10−4+12.0

−11.9

192 2.97 ·10−3+6.6
−6.5 3.53 ·10−4+2.6

−2.6 1.22 ·10−6+2.5
−2.6 1.50 ·10−4+11.9

−12.0

194 2.80 ·10−3+6.6
−6.6 3.33 ·10−4+2.6

−2.6 1.15 ·10−6+2.6
−2.5 1.41 ·10−4+12.0

−12.0

195 2.73 ·10−3+6.6
−6.5 3.24 ·10−4+2.6

−2.6 1.13 ·10−6+2.6
−2.6 1.37 ·10−4+12.0

−11.9

196 2.65 ·10−3+6.6
−6.5 3.16 ·10−4+2.6

−2.6 1.10 ·10−6+2.6
−2.6 1.34 ·10−4+12.1

−11.9

198 2.52 ·10−3+6.6
−6.5 3.01 ·10−4+2.6

−2.6 1.04 ·10−6+2.6
−2.6 1.27 ·10−4+12.1

−11.9

200 2.40 ·10−3+6.6
−6.6 2.87 ·10−4+2.5

−2.6 9.95 ·10−7+2.6
−2.6 1.21 ·10−4+12.0

−12.0

202 2.29 ·10−3+6.6
−6.5 2.75 ·10−4+2.6

−2.6 9.52 ·10−7+2.6
−2.6 1.15 ·10−4+12.1

−11.9

204 2.19 ·10−3+6.6
−6.5 2.63 ·10−4+2.7

−2.6 9.12 ·10−7+2.6
−2.6 1.10 ·10−4+12.0

−11.9

206 2.10 ·10−3+6.6
−6.5 2.53 ·10−4+2.6

−2.6 8.76 ·10−7+2.6
−2.6 1.06 ·10−4+12.0

−12.0

208 2.02 ·10−3+6.6
−6.6 2.43 ·10−4+2.7

−2.6 8.42 ·10−7+2.6
−2.6 1.02 ·10−4+12.0

−12.0

210 1.94 ·10−3+6.6
−6.6 2.34 ·10−4+2.6

−2.6 8.11 ·10−7+2.6
−2.6 9.75 ·10−5+12.0

−11.9

212 1.86 ·10−3+6.6
−6.6 2.25 ·10−4+2.6

−2.6 7.82 ·10−7+2.6
−2.6 9.38 ·10−5+12.0

−11.9

214 1.80 ·10−3+6.6
−6.6 2.18 ·10−4+2.6

−2.7 7.54 ·10−7+2.6
−2.6 9.04 ·10−5+12.0

−11.9

216 1.73 ·10−3+6.6
−6.6 2.10 ·10−4+2.6

−2.6 7.28 ·10−7+2.6
−2.6 8.71 ·10−5+12.0

−12.0

218 1.67 ·10−3+6.7
−6.6 2.03 ·10−4+2.6

−2.6 7.04 ·10−7+2.6
−2.6 8.40 ·10−5+12.0

−12.0

220 1.61 ·10−3+6.7
−6.5 1.96 ·10−4+2.7

−2.6 6.81 ·10−7+2.6
−2.6 8.11 ·10−5+12.1

−11.9

222 1.56 ·10−3+6.6
−6.6 1.90 ·10−4+2.6

−2.5 6.59 ·10−7+2.6
−2.6 7.84 ·10−5+12.1

−11.9

224 1.51 ·10−3+6.6
−6.6 1.84 ·10−4+2.6

−2.6 6.38 ·10−7+2.6
−2.6 7.58 ·10−5+12.1

−12.0

226 1.46 ·10−3+6.7
−6.5 1.78 ·10−4+2.6

−2.6 6.18 ·10−7+2.6
−2.6 7.33 ·10−5+12.1

−12.0

228 1.41 ·10−3+6.6
−6.6 1.73 ·10−4+2.6

−2.6 6.00 ·10−7+2.6
−2.6 7.10 ·10−5+12.1

−12.0

230 1.37 ·10−3+6.7
−6.5 1.68 ·10−4+2.6

−2.6 5.82 ·10−7+2.6
−2.6 6.88 ·10−5+12.1

−12.0

269



Table A.6: SM Higgs branching ratios to two fermions and their total uncertainties (expressed in percentage).

Intermediate mass range.

MH [ GeV] H → bb H → τ+τ− H → µ+µ− H → cc H → tt

232 1.33 ·10−3+6.6
−6.6 1.63 ·10−4+2.6

−2.6 5.65 ·10−7+2.6
−2.6 6.67 ·10−5+12.1

−12.0 0 ·100+0
−0

234 1.29 ·10−3+6.6
−6.6 1.58 ·10−4+2.6

−2.6 5.49 ·10−7+2.6
−2.6 6.47 ·10−5+12.1

−12.0 0 ·100+0
−0

236 1.25 ·10−3+6.7
−6.6 1.54 ·10−4+2.6

−2.6 5.33 ·10−7+2.6
−2.6 6.27 ·10−5+12.1

−12.0 0 ·100+0
−0

238 1.21 ·10−3+6.7
−6.6 1.50 ·10−4+2.6

−2.6 5.19 ·10−7+2.6
−2.6 6.09 ·10−5+12.1

−12.0 0 ·100+0
−0

240 1.18 ·10−3+6.7
−6.5 1.45 ·10−4+2.6

−2.6 5.04 ·10−7+2.6
−2.6 5.91 ·10−5+12.1

−12.0 0 ·100+0
−0

242 1.14 ·10−3+6.6
−6.7 1.42 ·10−4+2.6

−2.6 4.91 ·10−7+2.6
−2.6 5.74 ·10−5+12.1

−12.0 0 ·100+0
−0

244 1.11 ·10−3+6.6
−6.7 1.38 ·10−4+2.6

−2.6 4.78 ·10−7+2.6
−2.6 5.58 ·10−5+12.1

−12.0 0 ·100+0
−0

246 1.08 ·10−3+6.7
−6.6 1.34 ·10−4+2.6

−2.6 4.65 ·10−7+2.6
−2.6 5.43 ·10−5+12.1

−12.0 0 ·100+0
−0

248 1.05 ·10−3+6.7
−6.6 1.31 ·10−4+2.6

−2.6 4.53 ·10−7+2.6
−2.6 5.28 ·10−5+12.1

−12.0 0 ·100+0
−0

250 1.02 ·10−3+6.7
−6.6 1.27 ·10−4+2.6

−2.7 4.42 ·10−7+2.6
−2.6 5.14 ·10−5+12.1

−12.0 0 ·100+0
−0

252 9.95 ·10−4+6.7
−6.6 1.24 ·10−4+2.6

−2.6 4.30 ·10−7+2.6
−2.6 5.00 ·10−5+12.1

−12.0 0 ·100+0
−0

254 9.68 ·10−4+6.7
−6.6 1.21 ·10−4+2.7

−2.6 4.20 ·10−7+2.6
−2.6 4.87 ·10−5+12.1

−12.0 0 ·100+0
−0

256 9.43 ·10−4+6.7
−6.7 1.18 ·10−4+2.6

−2.6 4.10 ·10−7+2.6
−2.6 4.74 ·10−5+12.1

−12.0 0 ·100+0
−0

258 9.19 ·10−4+6.7
−6.6 1.15 ·10−4+2.6

−2.6 4.00 ·10−7+2.6
−2.6 4.62 ·10−5+12.1

−12.0 0 ·100+0
−0

260 8.96 ·10−4+6.7
−6.6 1.12 ·10−4+2.6

−2.6 3.90 ·10−7+2.6
−2.6 4.51 ·10−5+12.1

−12.0 0 ·100+0
−0

262 8.74 ·10−4+6.7
−6.6 1.10 ·10−4+2.6

−2.6 3.81 ·10−7+2.6
−2.6 4.39 ·10−5+12.1

−12.0 0 ·100+0
−0

264 8.52 ·10−4+6.7
−6.6 1.07 ·10−4+2.6

−2.6 3.72 ·10−7+2.6
−2.6 4.28 ·10−5+12.1

−12.0 0 ·100+0
−0

266 8.31 ·10−4+6.7
−6.6 1.05 ·10−4+2.5

−2.6 3.63 ·10−7+2.6
−2.6 4.18 ·10−5+12.1

−12.0 0 ·100+0
−0

268 8.11 ·10−4+6.7
−6.6 1.02 ·10−4+2.6

−2.6 3.55 ·10−7+2.6
−2.6 4.08 ·10−5+12.1

−12.0 0 ·100+0
−0

270 7.92 ·10−4+6.7
−6.6 1.00 ·10−4+2.6

−2.6 3.47 ·10−7+2.6
−2.6 3.98 ·10−5+12.1

−12.0 0 ·100+0
−0

272 7.73 ·10−4+6.7
−6.6 9.79 ·10−5+2.6

−2.6 3.39 ·10−7+2.6
−2.6 3.89 ·10−5+12.1

−12.0 3.37 ·10−6+67.4
−48.0

274 7.56 ·10−4+6.7
−6.6 9.58 ·10−5+2.6

−2.6 3.32 ·10−7+2.6
−2.6 3.80 ·10−5+12.1

−12.0 4.73 ·10−6+60.5
−44.4

276 7.38 ·10−4+6.7
−6.6 9.37 ·10−5+2.6

−2.6 3.25 ·10−7+2.6
−2.6 3.71 ·10−5+12.1

−12.0 6.41 ·10−6+55.2
−41.5

278 7.21 ·10−4+6.7
−6.6 9.17 ·10−5+2.6

−2.6 3.18 ·10−7+2.6
−2.6 3.63 ·10−5+12.1

−12.0 8.45 ·10−6+51.1
−39.2

280 7.05 ·10−4+6.7
−6.7 8.97 ·10−5+2.6

−2.6 3.11 ·10−7+2.6
−2.6 3.55 ·10−5+12.1

−12.0 1.09 ·10−5+47.7
−37.1

282 6.90 ·10−4+6.7
−6.6 8.79 ·10−5+2.6

−2.6 3.05 ·10−7+2.6
−2.6 3.47 ·10−5+12.1

−12.0 1.38 ·10−5+44.9
−35.5

284 6.74 ·10−4+6.7
−6.6 8.60 ·10−5+2.6

−2.6 2.98 ·10−7+2.6
−2.6 3.39 ·10−5+12.1

−12.0 1.71 ·10−5+42.7
−34.0

286 6.60 ·10−4+6.7
−6.7 8.43 ·10−5+2.6

−2.6 2.92 ·10−7+2.6
−2.6 3.32 ·10−5+12.1

−12.0 2.10 ·10−5+40.8
−32.7

288 6.46 ·10−4+6.7
−6.7 8.26 ·10−5+2.6

−2.6 2.86 ·10−7+2.6
−2.6 3.25 ·10−5+12.1

−12.0 2.55 ·10−5+39.2
−31.7

290 6.32 ·10−4+6.7
−6.7 8.09 ·10−5+2.6

−2.6 2.80 ·10−7+2.6
−2.6 3.18 ·10−5+12.2

−12.0 3.06 ·10−5+37.8
−30.7

292 6.19 ·10−4+6.7
−6.7 7.93 ·10−5+2.6

−2.6 2.75 ·10−7+2.6
−2.6 3.11 ·10−5+12.2

−12.0 3.65 ·10−5+36.7
−29.9

294 6.06 ·10−4+6.7
−6.7 7.78 ·10−5+2.6

−2.6 2.70 ·10−7+2.6
−2.6 3.05 ·10−5+12.1

−12.0 4.31 ·10−5+35.8
−29.2

296 5.93 ·10−4+6.7
−6.6 7.62 ·10−5+2.6

−2.6 2.64 ·10−7+2.6
−2.6 2.98 ·10−5+12.2

−12.0 5.06 ·10−5+35.0
−28.6

298 5.81 ·10−4+6.7
−6.7 7.48 ·10−5+2.6

−2.6 2.59 ·10−7+2.6
−2.6 2.92 ·10−5+12.2

−12.0 5.91 ·10−5+34.4
−28.1

300 5.69 ·10−4+6.7
−6.7 7.34 ·10−5+2.6

−2.6 2.54 ·10−7+2.6
−2.6 2.86 ·10−5+12.1

−12.0 6.87 ·10−5+33.8
−27.7

305 5.42 ·10−4+6.7
−6.7 7.00 ·10−5+2.6

−2.6 2.43 ·10−7+2.6
−2.6 2.72 ·10−5+12.2

−12.0 9.82 ·10−5+33.1
−26.9

310 5.16 ·10−4+6.7
−6.7 6.68 ·10−5+2.6

−2.6 2.32 ·10−7+2.6
−2.6 2.59 ·10−5+12.2

−12.0 1.38 ·10−4+33.1
−26.6

315 4.92 ·10−4+6.7
−6.7 6.39 ·10−5+2.6

−2.5 2.22 ·10−7+2.6
−2.6 2.47 ·10−5+12.2

−12.0 1.92 ·10−4+33.8
−26.6

320 4.69 ·10−4+6.8
−6.6 6.12 ·10−5+2.7

−2.5 2.12 ·10−7+2.7
−2.5 2.36 ·10−5+12.2

−12.0 2.65 ·10−4+35.3
−27.0

325 4.49 ·10−4+6.7
−6.7 5.86 ·10−5+2.5

−2.6 2.03 ·10−7+2.5
−2.6 2.26 ·10−5+12.2

−12.1 3.69 ·10−4+38.1
−28.1

330 4.29 ·10−4+6.8
−6.7 5.63 ·10−5+2.6

−2.5 1.95 ·10−7+2.6
−2.5 2.16 ·10−5+12.2

−12.1 5.21 ·10−4+43.6
−29.7

335 4.12 ·10−4+6.8
−6.7 5.41 ·10−5+2.5

−2.5 1.87 ·10−7+2.5
−2.5 2.07 ·10−5+12.2

−12.0 7.61 ·10−4+55.8
−32.7

340 3.95 ·10−4+6.7
−6.7 5.20 ·10−5+2.7

−2.5 1.80 ·10−7+2.7
−2.5 1.99 ·10−5+12.1

−12.1 1.20 ·10−3+174.1
−38.6

345 3.80 ·10−4+6.8
−7.0 5.02 ·10−5+2.5

−4.1 1.74 ·10−7+2.5
−4.1 1.91 ·10−5+12.2

−12.2 3.28 ·10−3+394.5
−67.2

350 3.60 ·10−4+7.1
−7.4 4.76 ·10−5+4.1

−5.0 1.65 ·10−7+4.1
−4.9 1.81 ·10−5+12.4

−12.5 1.56 ·10−2+126.3
−84.1

360 3.18 ·10−4+7.6
−7.5 4.23 ·10−5+5.2

−5.1 1.47 ·10−7+5.2
−5.1 1.60 ·10−5+12.8

−12.6 5.14 ·10−2+40.8
−41.4

370 2.83 ·10−4+7.7
−7.6 3.78 ·10−5+5.1

−5.0 1.31 ·10−7+5.2
−5.0 1.42 ·10−5+12.9

−12.7 8.35 ·10−2+24.1
−25.3

270



Table A.7: SM Higgs branching ratios to two fermions and their total uncertainties (expressed in percentage).

High mass range.

MH [ GeV] H → bb H → τ+τ− H → µ+µ− H → cc H → tt

380 2.54 ·10−4+7.7
−7.6 3.41 ·10−5+5.0

−4.8 1.18 ·10−7+5.0
−4.8 1.27 ·10−5+13.0

−12.8 1.10 ·10−1+17.1
−18.1

390 2.3 ·10−4+7.7
−7.6 3.10 ·10−5+4.9

−4.7 1.07 ·10−7+4.9
−4.7 1.15 ·10−5+13.0

−12.9 1.31 ·10−1+13.2
−14.1

400 2.09 ·10−4+7.7
−7.6 2.84 ·10−5+4.7

−4.4 9.83 ·10−8+4.6
−4.5 1.05 ·10−5+13.1

−12.9 1.48 ·10−1+10.9
−11.5

420 1.78 ·10−4+7.7
−7.6 2.43 ·10−5+4.3

−4.2 8.41 ·10−8+4.3
−4.2 8.93 ·10−6+13.1

−13.0 1.71 ·10−1+8.1
−8.6

440 1.54 ·10−4+7.7
−7.6 2.12 ·10−5+4.0

−3.9 7.35 ·10−8+4.0
−3.9 7.74 ·10−6+13.2

−13.0 1.84 ·10−1+6.5
−6.9

450 1.44 ·10−4+7.7
−7.6 1.99 ·10−5+3.9

−3.8 6.91 ·10−8+3.9
−3.8 7.25 ·10−6+13.1

−13.0 1.88 ·10−1+6.0
−6.4

460 1.36 ·10−4+7.7
−7.7 1.88 ·10−5+3.8

−3.7 6.52 ·10−8+3.8
−3.7 6.81 ·10−6+13.2

−13.0 1.91 ·10−1+5.6
−5.9

480 1.21 ·10−4+7.8
−7.6 1.69 ·10−5+3.6

−3.6 5.85 ·10−8+3.7
−3.5 6.07 ·10−6+13.2

−13.0 1.93 ·10−1+5.0
−5.2

500 1.09 ·10−4+8.3
−8.2 1.53 ·10−5+4.0

−4.1 5.30 ·10−8+4.1
−4.0 5.47 ·10−6+13.8

−13.6 1.92 ·10−1+5.5
−5.8

520 9.88 ·10−5+8.5
−8.4 1.40 ·10−5+4.1

−4.1 4.84 ·10−8+4.1
−4.1 4.96 ·10−6+13.9

−13.8 1.90 ·10−1+5.8
−6.0

540 9.02 ·10−5+8.6
−8.5 1.28 ·10−5+4.5

−4.3 4.45 ·10−8+4.4
−4.3 4.53 ·10−6+14.1

−13.9 1.85 ·10−1+6.4
−6.5

550 8.64 ·10−5+8.7
−8.6 1.23 ·10−5+4.6

−4.4 4.27 ·10−8+4.5
−4.5 4.34 ·10−6+14.2

−14.0 1.83 ·10−1+6.7
−6.8

560 8.28 ·10−5+8.8
−8.7 1.19 ·10−5+4.6

−4.6 4.11 ·10−8+4.6
−4.6 4.15 ·10−6+14.3

−14.1 1.80 ·10−1+7.0
−7.1

580 7.64 ·10−5+9.0
−8.9 1.10 ·10−5+4.9

−4.9 3.81 ·10−8+4.9
−4.9 3.83 ·10−6+14.4

−14.3 1.75 ·10−1+7.5
−7.7

600 7.06 ·10−5+9.3
−9.1 1.02 ·10−5+5.3

−5.0 3.54 ·10−8+5.2
−5.0 3.54 ·10−6+14.8

−14.5 1.69 ·10−1+8.1
−8.2

620 6.56 ·10−5+9.6
−9.4 9.53 ·10−6+5.4

−5.4 3.30 ·10−8+5.4
−5.4 3.29 ·10−6+15.0

−14.8 1.63 ·10−1+8.7
−8.9

640 6.10 ·10−5+9.9
−9.7 8.92 ·10−6+5.8

−5.7 3.09 ·10−8+5.8
−5.7 3.06 ·10−6+15.3

−15.1 1.56 ·10−1+9.4
−9.4

650 5.89 ·10−5+10.1
−9.8 8.63 ·10−6+6.0

−5.8 2.99 ·10−8+6.0
−5.8 2.95 ·10−6+15.5

−15.2 1.53 ·10−1+9.7
−9.7

660 5.69 ·10−5+10.2
−10.0 8.36 ·10−6+6.1

−6.0 2.90 ·10−8+6.2
−6.0 2.85 ·10−6+15.7

−15.4 1.50 ·10−1+10.1
−10.1

680 5.32 ·10−5+10.6
−10.4 7.84 ·10−6+6.6

−6.3 2.72 ·10−8+6.6
−6.3 2.67 ·10−6+16.1

−15.7 1.44 ·10−1+10.9
−10.8

700 4.98 ·10−5+11.1
−10.7 7.38 ·10−6+7.0

−6.7 2.56 ·10−8+7.0
−6.7 2.50 ·10−6+16.5

−16.1 1.38 ·10−1+11.6
−11.5

720 4.67 ·10−5+11.5
−11.1 6.95 ·10−6+7.5

−7.1 2.41 ·10−8+7.5
−7.1 2.34 ·10−6+17.0

−16.5 1.32 ·10−1+12.6
−12.3

740 4.38 ·10−5+12.1
−11.6 6.55 ·10−6+7.9

−7.6 2.27 ·10−8+8.0
−7.5 2.20 ·10−6+17.5

−17.0 1.26 ·10−1+13.4
−13.3

750 4.25 ·10−5+12.4
−11.8 6.36 ·10−6+8.2

−7.8 2.20 ·10−8+8.3
−7.8 2.13 ·10−6+17.8

−17.2 1.23 ·10−1+13.9
−13.7

760 4.12 ·10−5+12.6
−12.1 6.18 ·10−6+8.5

−8.0 2.14 ·10−8+8.5
−8.0 2.06 ·10−6+18.1

−17.5 1.2 ·10−1+14.4
−14.1

780 3.87 ·10−5+13.3
−12.6 5.84 ·10−6+9.2

−8.6 2.02 ·10−8+9.2
−8.5 1.94 ·10−6+18.8

−18.0 1.15 ·10−1+15.5
−15.1

800 3.65 ·10−5+14.0
−13.2 5.52 ·10−6+9.9

−9.1 1.91 ·10−8+9.9
−9.1 1.83 ·10−6+19.5

−18.6 1.10 ·10−1+16.7
−16.1

820 3.43 ·10−5+14.8
−13.7 5.22 ·10−6+10.7

−9.7 1.81 ·10−8+10.7
−9.7 1.72 ·10−6+20.3

−19.1 1.05 ·10−1+17.9
−17.2

840 3.24 ·10−5+15.6
−14.4 4.94 ·10−6+11.5

−10.3 1.71 ·10−8+11.5
−10.4 1.62 ·10−6+21.1

−19.8 9.99 ·10−2+19.3
−18.3

850 3.14 ·10−5+16.1
−14.7 4.80 ·10−6+12.0

−10.6 1.66 ·10−8+12.0
−10.7 1.58 ·10−6+21.6

−20.1 9.75 ·10−2+20.0
−18.9

860 3.05 ·10−5+16.6
−15.1 4.67 ·10−6+12.5

−11.0 1.62 ·10−8+12.4
−11.0 1.53 ·10−6+22.0

−20.5 9.52 ·10−2+20.8
−19.5

880 2.88 ·10−5+17.6
−15.8 4.42 ·10−6+13.5

−11.7 1.53 ·10−8+13.4
−11.7 1.44 ·10−6+23.1

−21.2 9.07 ·10−2+22.4
−20.9

900 2.72 ·10−5+18.8
−16.6 4.19 ·10−6+14.6

−12.5 1.45 ·10−8+14.6
−12.4 1.36 ·10−6+24.3

−22.0 8.64 ·10−2+24.1
−22.2

920 2.57 ·10−5+20.0
−17.4 3.97 ·10−6+15.8

−13.3 1.38 ·10−8+15.8
−13.3 1.29 ·10−6+25.4

−22.8 8.23 ·10−2+26.0
−23.7

940 2.43 ·10−5+21.4
−18.2 3.76 ·10−6+17.1

−14.1 1.30 ·10−8+17.2
−14.1 1.22 ·10−6+26.8

−23.7 7.83 ·10−2+28.0
−25.2

950 2.36 ·10−5+22.1
−18.7 3.66 ·10−6+17.9

−14.5 1.27 ·10−8+17.9
−14.5 1.18 ·10−6+27.6

−24.0 7.64 ·10−2+29.1
−26.0

960 2.29 ·10−5+22.9
−19.1 3.56 ·10−6+18.6

−15.0 1.23 ·10−8+18.7
−14.9 1.15 ·10−6+28.3

−24.5 7.45 ·10−2+30.2
−26.8

980 2.17 ·10−5+24.5
−20.1 3.38 ·10−6+20.2

−15.9 1.17 ·10−8+20.2
−15.9 1.08 ·10−6+29.9

−25.4 7.08 ·10−2+32.6
−28.5

1000 2.05 ·10−5+26.3
−21.1 3.20 ·10−6+22.0

−16.9 1.11 ·10−8+22.0
−16.9 1.02 ·10−6+31.8

−26.4 6.73 ·10−2+35.2
−30.3
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Table A.8: SM Higgs branching ratios to two gauge bosons and Higgs total width together with their total uncer-

tainties (expressed in percentage). Very-low-mass range.

MH [ GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [ GeV]

80 4.94 ·10−2+12.0
−11.6 9.18 ·10−4+6.3

−6.2 0 ·100+0
−0 6.27 ·10−4+5.9

−5.7 1.64 ·10−4+5.8
−5.6 1.99 ·10−3+5.3

−5.2

81 5.05 ·10−2+12.0
−11.6 9.46 ·10−4+6.3

−6.1 0 ·100+0
−0 6.96 ·10−4+5.9

−5.7 1.81 ·10−4+5.8
−5.6 2.01 ·10−3+5.3

−5.2

82 5.17 ·10−2+12.0
−11.6 9.74 ·10−4+6.3

−6.2 0 ·100+0
−0 7.74 ·10−4+5.9

−5.7 1.99 ·10−4+5.8
−5.6 2.04 ·10−3+5.3

−5.2

83 5.28 ·10−2+12.0
−11.5 1.00 ·10−3+6.4

−6.1 0 ·100+0
−0 8.61 ·10−4+5.8

−5.7 2.18 ·10−4+5.8
−5.6 2.06 ·10−3+5.3

−5.2

84 5.40 ·10−2+12.0
−11.5 1.03 ·10−3+6.3

−6.1 0 ·100+0
−0 9.61 ·10−4+5.9

−5.7 2.40 ·10−4+5.8
−5.6 2.08 ·10−3+5.3

−5.2

85 5.51 ·10−2+11.9
−11.5 1.06 ·10−3+6.3

−6.2 0 ·100+0
−0 1.08 ·10−3+5.9

−5.7 2.63 ·10−4+5.8
−5.6 2.11 ·10−3+5.3

−5.2

86 5.63 ·10−2+11.9
−11.5 1.09 ·10−3+6.3

−6.1 0 ·100+0
−0 1.21 ·10−3+5.9

−5.7 2.88 ·10−4+5.8
−5.6 2.13 ·10−3+5.3

−5.2

87 5.75 ·10−2+11.9
−11.5 1.12 ·10−3+6.4

−6.1 0 ·100+0
−0 1.37 ·10−3+5.9

−5.7 3.16 ·10−4+5.8
−5.7 2.15 ·10−3+5.3

−5.2

88 5.87 ·10−2+11.9
−11.4 1.15 ·10−3+6.3

−6.2 0 ·100+0
−0 1.56 ·10−3+5.9

−5.7 3.47 ·10−4+5.8
−5.6 2.18 ·10−3+5.2

−5.2

89 5.99 ·10−2+11.8
−11.4 1.19 ·10−3+6.3

−6.1 0 ·100+0
−0 1.79 ·10−3+5.8

−5.7 3.80 ·10−4+5.7
−5.6 2.20 ·10−3+5.3

−5.2

90 6.12 ·10−2+11.8
−11.4 1.22 ·10−3+6.2

−6.2 0 ·100+0
−0 2.07 ·10−3+5.8

−5.7 4.17 ·10−4+5.8
−5.6 2.22 ·10−3+5.2

−5.2

91 6.24 ·10−2+11.8
−11.4 1.25 ·10−3+6.2

−6.2 0 ·100+0
−0 2.41 ·10−3+5.8

−5.7 4.57 ·10−4+5.7
−5.6 2.25 ·10−3+5.3

−5.2

92 6.36 ·10−2+11.8
−11.4 1.29 ·10−3+6.2

−6.2 5.09 ·10−8+10.3
−10.1 2.83 ·10−3+5.9

−5.6 5.02 ·10−4+5.8
−5.6 2.27 ·10−3+5.2

−5.2

93 6.49 ·10−2+11.8
−11.4 1.32 ·10−3+6.3

−6.1 5.17 ·10−7+10.3
−10.1 3.33 ·10−3+5.8

−5.6 5.50 ·10−4+5.8
−5.6 2.30 ·10−3+5.2

−5.2

94 6.61 ·10−2+11.7
−11.3 1.36 ·10−3+6.3

−6.1 1.85 ·10−6+10.3
−10.1 3.94 ·10−3+5.8

−5.7 6.05 ·10−4+5.8
−5.6 2.32 ·10−3+5.2

−5.2

95 6.74 ·10−2+11.7
−11.3 1.39 ·10−3+6.3

−6.1 4.48 ·10−6+10.3
−10.1 4.68 ·10−3+5.8

−5.6 6.65 ·10−4+5.7
−5.6 2.35 ·10−3+5.2

−5.1

96 6.87 ·10−2+11.7
−11.3 1.43 ·10−3+6.2

−6.1 8.78 ·10−6+10.3
−10.1 5.55 ·10−3+5.8

−5.6 7.33 ·10−4+5.8
−5.6 2.37 ·10−3+5.2

−5.2

97 6.99 ·10−2+11.7
−11.3 1.46 ·10−3+6.3

−6.0 1.51 ·10−5+10.2
−10.1 6.6 ·10−3+5.8

−5.6 8.11 ·10−4+5.7
−5.6 2.40 ·10−3+5.2

−5.2

98 7.12 ·10−2+11.7
−11.3 1.50 ·10−3+6.3

−6.1 2.38 ·10−5+10.2
−10.1 7.83 ·10−3+5.8

−5.6 9.00 ·10−4+5.7
−5.6 2.43 ·10−3+5.2

−5.1

99 7.24 ·10−2+11.6
−11.2 1.54 ·10−3+6.3

−6.0 3.51 ·10−5+10.2
−10.0 9.28 ·10−3+5.8

−5.6 1.00 ·10−3+5.7
−5.5 2.46 ·10−3+5.2

−5.2

100 7.37 ·10−2+11.6
−11.2 1.58 ·10−3+6.2

−6.1 4.93 ·10−5+10.2
−10.1 1.1 ·10−2+5.7

−5.6 1.12 ·10−3+5.7
−5.5 2.48 ·10−3+5.1

−5.1

101 7.49 ·10−2+11.6
−11.2 1.61 ·10−3+6.2

−6.0 6.67 ·10−5+10.2
−10.0 1.29 ·10−2+5.7

−5.6 1.26 ·10−3+5.7
−5.5 2.51 ·10−3+5.1

−5.1

102 7.61 ·10−2+11.5
−11.2 1.65 ·10−3+6.2

−6.0 8.74 ·10−5+10.2
−10.0 1.52 ·10−2+5.7

−5.5 1.43 ·10−3+5.6
−5.5 2.54 ·10−3+5.1

−5.1

103 7.73 ·10−2+11.5
−11.1 1.69 ·10−3+6.2

−6.0 1.12 ·10−4+10.1
−10.1 1.78 ·10−2+5.7

−5.5 1.63 ·10−3+5.6
−5.5 2.58 ·10−3+5.1

−5.1

104 7.84 ·10−2+11.5
−11.1 1.73 ·10−3+6.1

−6.0 1.40 ·10−4+10.1
−10.0 2.07 ·10−2+5.7

−5.5 1.86 ·10−3+5.7
−5.4 2.61 ·10−3+5.1

−5.1

105 7.95 ·10−2+11.4
−11.1 1.77 ·10−3+6.1

−5.9 1.71 ·10−4+10.1
−9.9 2.41 ·10−2+5.6

−5.5 2.13 ·10−3+5.6
−5.5 2.64 ·10−3+5.1

−5.0

106 8.06 ·10−2+11.4
−11.0 1.80 ·10−3+6.1

−5.9 2.07 ·10−4+10.1
−10.0 2.78 ·10−2+5.6

−5.4 2.45 ·10−3+5.6
−5.4 2.68 ·10−3+5.0

−5.0

107 8.16 ·10−2+11.4
−11.0 1.84 ·10−3+6.0

−5.9 2.47 ·10−4+10.0
−9.9 3.20 ·10−2+5.5

−5.4 2.83 ·10−3+5.5
−5.4 2.72 ·10−3+5.0

−5.0

108 8.26 ·10−2+11.3
−10.9 1.88 ·10−3+6.0

−5.9 2.91 ·10−4+10.0
−9.9 3.67 ·10−2+5.5

−5.4 3.26 ·10−3+5.5
−5.4 2.76 ·10−3+5.0

−4.9

109 8.36 ·10−2+11.3
−10.9 1.92 ·10−3+6.0

−5.9 3.39 ·10−4+10.0
−9.9 4.19 ·10−2+5.5

−5.3 3.76 ·10−3+5.5
−5.3 2.80 ·10−3+4.9

−4.9

110 8.44 ·10−2+11.2
−10.9 1.95 ·10−3+5.9

−5.9 3.91 ·10−4+9.9
−9.8 4.77 ·10−2+5.4

−5.3 4.34 ·10−3+5.4
−5.3 2.85 ·10−3+4.9

−4.9

110.5 8.48 ·10−2+11.2
−10.9 1.97 ·10−3+5.9

−5.8 4.19 ·10−4+9.9
−9.8 5.08 ·10−2+5.4

−5.3 4.66 ·10−3+5.4
−5.2 2.87 ·10−3+4.9

−4.9

111 8.52 ·10−2+11.2
−10.8 1.99 ·10−3+5.9

−5.8 4.47 ·10−4+9.9
−9.8 5.41 ·10−2+5.4

−5.3 5.01 ·10−3+5.4
−5.3 2.89 ·10−3+4.9

−4.8

111.5 8.56 ·10−2+11.2
−10.8 2.00 ·10−3+5.9

−5.8 4.77 ·10−4+9.9
−9.8 5.75 ·10−2+5.3

−5.2 5.37 ·10−3+5.3
−5.2 2.92 ·10−3+4.9

−4.8

112 8.60 ·10−2+11.1
−10.8 2.02 ·10−3+5.9

−5.7 5.07 ·10−4+9.9
−9.7 6.10 ·10−2+5.3

−5.2 5.76 ·10−3+5.3
−5.2 2.95 ·10−3+4.8

−4.8

112.5 8.63 ·10−2+11.1
−10.8 2.04 ·10−3+5.9

−5.7 5.39 ·10−4+9.9
−9.7 6.48 ·10−2+5.3

−5.2 6.18 ·10−3+5.3
−5.2 2.97 ·10−3+4.8

−4.8

113 8.66 ·10−2+11.1
−10.7 2.05 ·10−3+5.8

−5.7 5.71 ·10−4+9.8
−9.7 6.86 ·10−2+5.3

−5.2 6.62 ·10−3+5.3
−5.2 3.00 ·10−3+4.8

−4.7

113.5 8.69 ·10−2+11.0
−10.7 2.07 ·10−3+5.8

−5.7 6.04 ·10−4+9.8
−9.7 7.27 ·10−2+5.3

−5.1 7.08 ·10−3+5.3
−5.1 3.03 ·10−3+4.7

−4.8

114 8.72 ·10−2+11.0
−10.7 2.08 ·10−3+5.8

−5.6 6.39 ·10−4+9.8
−9.7 7.69 ·10−2+5.2

−5.1 7.57 ·10−3+5.2
−5.1 3.06 ·10−3+4.7

−4.7

114.5 8.74 ·10−2+11.0
−10.6 2.10 ·10−3+5.7

−5.6 6.74 ·10−4+9.7
−9.6 8.13 ·10−2+5.2

−5.1 8.09 ·10−3+5.2
−5.1 3.09 ·10−3+4.7

−4.7

115 8.76 ·10−2+11.0
−10.6 2.11 ·10−3+5.7

−5.6 7.10 ·10−4+9.7
−9.6 8.59 ·10−2+5.2

−5.0 8.64 ·10−3+5.2
−5.0 3.12 ·10−3+4.7

−4.7

115.5 8.78 ·10−2+10.9
−10.6 2.13 ·10−3+5.7

−5.5 7.46 ·10−4+9.7
−9.6 9.06 ·10−2+5.1

−5.0 9.22 ·10−3+5.1
−5.0 3.15 ·10−3+4.7

−4.6

116 8.80 ·10−2+10.9
−10.6 2.14 ·10−3+5.6

−5.6 7.84 ·10−4+9.7
−9.6 9.55 ·10−2+5.1

−5.0 9.83 ·10−3+5.1
−5.0 3.19 ·10−3+4.6

−4.6

116.5 8.81 ·10−2+10.9
−10.5 2.15 ·10−3+5.6

−5.6 8.22 ·10−4+9.6
−9.5 1.01 ·10−1+5.0

−4.9 1.05 ·10−2+5.0
−4.9 3.22 ·10−3+4.6

−4.6

117 8.82 ·10−2+10.8
−10.5 2.17 ·10−3+5.6

−5.5 8.61 ·10−4+9.6
−9.5 1.06 ·10−1+5.0

−4.9 1.11 ·10−2+5.0
−4.9 3.26 ·10−3+4.5

−4.6

117.5 8.83 ·10−2+10.8
−10.5 2.18 ·10−3+5.6

−5.5 9.00 ·10−4+9.6
−9.5 1.11 ·10−1+5.0

−4.8 1.19 ·10−2+5.0
−4.8 3.30 ·10−3+4.5

−4.5

118 8.83 ·10−2+10.8
−10.5 2.19 ·10−3+5.5

−5.4 9.41 ·10−4+9.5
−9.4 1.17 ·10−1+4.9

−4.8 1.26 ·10−2+4.9
−4.8 3.33 ·10−3+4.5

−4.5
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Table A.9: SM Higgs branching ratios to two gauge bosons and Higgs total width together with their total uncer-

tainties (expressed in percentage). Very-low-mass range.

MH [ GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [ GeV]

118.5 8.84 ·10−2+10.7
−10.4 2.20 ·10−3+5.5

−5.4 9.81 ·10−4+9.5
−9.4 1.23 ·10−1+4.9

−4.8 1.34 ·10−2+4.9
−4.8 3.38 ·10−3+4.5

−4.5

119 8.84 ·10−2+10.7
−10.4 2.21 ·10−3+5.5

−5.4 1.02 ·10−3+9.5
−9.4 1.29 ·10−1+4.8

−4.7 1.42 ·10−2+4.9
−4.7 3.42 ·10−3+4.4

−4.4

119.5 8.83 ·10−2+10.7
−10.4 2.22 ·10−3+5.5

−5.3 1.06 ·10−3+9.4
−9.4 1.35 ·10−1+4.8

−4.7 1.50 ·10−2+4.8
−4.7 3.46 ·10−3+4.4

−4.4

120 8.82 ·10−2+10.6
−10.3 2.23 ·10−3+5.4

−5.3 1.11 ·10−3+9.4
−9.3 1.41 ·10−1+4.8

−4.7 1.59 ·10−2+4.8
−4.7 3.51 ·10−3+4.4

−4.3

120.1 8.82 ·10−2+10.6
−10.3 2.23 ·10−3+5.4

−5.3 1.12 ·10−3+9.4
−9.2 1.43 ·10−1+4.8

−4.7 1.61 ·10−2+4.8
−4.7 3.52 ·10−3+4.4

−4.3

120.2 8.82 ·10−2+10.6
−10.3 2.23 ·10−3+5.4

−5.2 1.12 ·10−3+9.3
−9.3 1.44 ·10−1+4.7

−4.7 1.62 ·10−2+4.7
−4.6 3.52 ·10−3+4.4

−4.3

120.3 8.82 ·10−2+10.6
−10.3 2.23 ·10−3+5.4

−5.3 1.13 ·10−3+9.3
−9.3 1.45 ·10−1+4.7

−4.6 1.64 ·10−2+4.7
−4.6 3.53 ·10−3+4.3

−4.3

120.4 8.82 ·10−2+10.6
−10.3 2.24 ·10−3+5.4

−5.3 1.14 ·10−3+9.3
−9.3 1.47 ·10−1+4.7

−4.6 1.66 ·10−2+4.7
−4.6 3.54 ·10−3+4.3

−4.3

120.5 8.81 ·10−2+10.6
−10.3 2.24 ·10−3+5.4

−5.3 1.15 ·10−3+9.4
−9.2 1.48 ·10−1+4.7

−4.6 1.68 ·10−2+4.7
−4.6 3.55 ·10−3+4.3

−4.3

120.6 8.81 ·10−2+10.6
−10.3 2.24 ·10−3+5.3

−5.3 1.16 ·10−3+9.2
−9.3 1.49 ·10−1+4.7

−4.6 1.70 ·10−2+4.6
−4.7 3.56 ·10−3+4.3

−4.3

120.7 8.81 ·10−2+10.6
−10.3 2.24 ·10−3+5.4

−5.2 1.17 ·10−3+9.3
−9.2 1.51 ·10−1+4.7

−4.6 1.72 ·10−2+4.7
−4.6 3.57 ·10−3+4.3

−4.3

120.8 8.81 ·10−2+10.6
−10.3 2.24 ·10−3+5.3

−5.2 1.18 ·10−3+9.3
−9.3 1.52 ·10−1+4.7

−4.6 1.73 ·10−2+4.7
−4.6 3.58 ·10−3+4.3

−4.3

120.9 8.80 ·10−2+10.6
−10.3 2.24 ·10−3+5.4

−5.2 1.18 ·10−3+9.3
−9.1 1.53 ·10−1+4.7

−4.6 1.75 ·10−2+4.7
−4.6 3.59 ·10−3+4.3

−4.3

121 8.80 ·10−2+10.6
−10.3 2.25 ·10−3+5.3

−5.3 1.19 ·10−3+9.3
−9.3 1.55 ·10−1+4.7

−4.6 1.77 ·10−2+4.7
−4.6 3.60 ·10−3+4.3

−4.3

121.1 8.80 ·10−2+10.5
−10.3 2.25 ·10−3+5.3

−5.2 1.20 ·10−3+9.3
−9.2 1.56 ·10−1+4.7

−4.6 1.79 ·10−2+4.7
−4.6 3.61 ·10−3+4.3

−4.2

121.2 8.79 ·10−2+10.5
−10.3 2.25 ·10−3+5.3

−5.2 1.21 ·10−3+9.2
−9.2 1.57 ·10−1+4.6

−4.6 1.81 ·10−2+4.6
−4.6 3.62 ·10−3+4.3

−4.2

121.3 8.79 ·10−2+10.5
−10.2 2.25 ·10−3+5.3

−5.2 1.22 ·10−3+9.4
−9.1 1.59 ·10−1+4.6

−4.6 1.83 ·10−2+4.6
−4.6 3.63 ·10−3+4.3

−4.2

121.4 8.79 ·10−2+10.5
−10.2 2.25 ·10−3+5.3

−5.2 1.23 ·10−3+9.3
−9.2 1.60 ·10−1+4.7

−4.5 1.85 ·10−2+4.7
−4.5 3.64 ·10−3+4.3

−4.3

121.5 8.78 ·10−2+10.5
−10.2 2.25 ·10−3+5.3

−5.2 1.24 ·10−3+9.3
−9.2 1.61 ·10−1+4.6

−4.5 1.87 ·10−2+4.6
−4.5 3.65 ·10−3+4.2

−4.2

121.6 8.78 ·10−2+10.5
−10.2 2.25 ·10−3+5.3

−5.2 1.24 ·10−3+9.3
−9.1 1.63 ·10−1+4.6

−4.5 1.89 ·10−2+4.6
−4.5 3.66 ·10−3+4.3

−4.2

121.7 8.78 ·10−2+10.5
−10.2 2.25 ·10−3+5.3

−5.2 1.25 ·10−3+9.3
−9.2 1.64 ·10−1+4.6

−4.5 1.91 ·10−2+4.6
−4.5 3.67 ·10−3+4.2

−4.2

121.8 8.77 ·10−2+10.5
−10.2 2.26 ·10−3+5.3

−5.1 1.26 ·10−3+9.2
−9.2 1.66 ·10−1+4.6

−4.5 1.93 ·10−2+4.6
−4.5 3.68 ·10−3+4.2

−4.2

121.9 8.77 ·10−2+10.5
−10.2 2.26 ·10−3+5.3

−5.1 1.27 ·10−3+9.2
−9.1 1.67 ·10−1+4.6

−4.5 1.95 ·10−2+4.6
−4.5 3.69 ·10−3+4.2

−4.2

122 8.76 ·10−2+10.5
−10.2 2.26 ·10−3+5.2

−5.1 1.28 ·10−3+9.2
−9.2 1.69 ·10−1+4.6

−4.5 1.97 ·10−2+4.6
−4.5 3.71 ·10−3+4.2

−4.2

122.1 8.76 ·10−2+10.4
−10.2 2.26 ·10−3+5.2

−5.1 1.29 ·10−3+9.3
−9.0 1.70 ·10−1+4.6

−4.5 1.99 ·10−2+4.6
−4.5 3.72 ·10−3+4.2

−4.2

122.2 8.75 ·10−2+10.4
−10.2 2.26 ·10−3+5.2

−5.1 1.30 ·10−3+9.2
−9.1 1.71 ·10−1+4.6

−4.5 2.01 ·10−2+4.6
−4.5 3.73 ·10−3+4.2

−4.2

122.3 8.75 ·10−2+10.4
−10.2 2.26 ·10−3+5.2

−5.1 1.30 ·10−3+9.2
−9.1 1.73 ·10−1+4.6

−4.4 2.03 ·10−2+4.6
−4.4 3.74 ·10−3+4.2

−4.2

122.4 8.74 ·10−2+10.4
−10.2 2.26 ·10−3+5.2

−5.1 1.31 ·10−3+9.2
−9.1 1.74 ·10−1+4.5

−4.4 2.05 ·10−2+4.5
−4.4 3.75 ·10−3+4.2

−4.1

122.5 8.74 ·10−2+10.4
−10.2 2.26 ·10−3+5.2

−5.1 1.32 ·10−3+9.2
−9.1 1.76 ·10−1+4.5

−4.4 2.07 ·10−2+4.5
−4.4 3.76 ·10−3+4.2

−4.1

122.6 8.73 ·10−2+10.4
−10.2 2.26 ·10−3+5.2

−5.1 1.33 ·10−3+9.2
−9.1 1.77 ·10−1+4.5

−4.5 2.10 ·10−2+4.5
−4.5 3.77 ·10−3+4.2

−4.1

122.7 8.73 ·10−2+10.4
−10.1 2.26 ·10−3+5.2

−5.1 1.34 ·10−3+9.3
−9.0 1.79 ·10−1+4.5

−4.4 2.12 ·10−2+4.5
−4.4 3.78 ·10−3+4.1

−4.1

122.8 8.72 ·10−2+10.4
−10.1 2.27 ·10−3+5.2

−5.1 1.35 ·10−3+9.2
−9.1 1.80 ·10−1+4.5

−4.4 2.14 ·10−2+4.5
−4.4 3.79 ·10−3+4.2

−4.1

122.9 8.72 ·10−2+10.4
−10.1 2.27 ·10−3+5.2

−5.1 1.36 ·10−3+9.1
−9.1 1.82 ·10−1+4.5

−4.4 2.16 ·10−2+4.5
−4.4 3.81 ·10−3+4.1

−4.1

123 8.71 ·10−2+10.4
−10.1 2.27 ·10−3+5.1

−5.1 1.36 ·10−3+9.2
−9.0 1.83 ·10−1+4.5

−4.4 2.18 ·10−2+4.5
−4.4 3.82 ·10−3+4.2

−4.1

123.1 8.71 ·10−2+10.4
−10.1 2.27 ·10−3+5.1

−5.1 1.37 ·10−3+9.2
−9.0 1.85 ·10−1+4.5

−4.4 2.20 ·10−2+4.4
−4.4 3.83 ·10−3+4.1

−4.1

123.2 8.70 ·10−2+10.4
−10.1 2.27 ·10−3+5.2

−5.0 1.38 ·10−3+9.1
−9.0 1.86 ·10−1+4.4

−4.4 2.22 ·10−2+4.5
−4.4 3.84 ·10−3+4.1

−4.1

123.3 8.69 ·10−2+10.4
−10.1 2.27 ·10−3+5.1

−5.0 1.39 ·10−3+9.1
−9.0 1.88 ·10−1+4.5

−4.3 2.25 ·10−2+4.5
−4.3 3.85 ·10−3+4.1

−4.1

123.4 8.69 ·10−2+10.3
−10.1 2.27 ·10−3+5.1

−5.1 1.40 ·10−3+9.1
−9.0 1.89 ·10−1+4.4

−4.4 2.27 ·10−2+4.4
−4.4 3.86 ·10−3+4.1

−4.1

123.5 8.68 ·10−2+10.4
−10.1 2.27 ·10−3+5.1

−5.0 1.41 ·10−3+9.1
−9.1 1.91 ·10−1+4.4

−4.3 2.29 ·10−2+4.4
−4.3 3.88 ·10−3+4.1

−4.1

123.6 8.68 ·10−2+10.3
−10.1 2.27 ·10−3+5.1

−5.0 1.42 ·10−3+9.1
−9.0 1.92 ·10−1+4.4

−4.3 2.31 ·10−2+4.4
−4.3 3.89 ·10−3+4.1

−4.0

123.7 8.67 ·10−2+10.3
−10.1 2.27 ·10−3+5.1

−5.0 1.43 ·10−3+9.1
−8.9 1.94 ·10−1+4.4

−4.3 2.34 ·10−2+4.4
−4.3 3.90 ·10−3+4.1

−4.0

123.8 8.66 ·10−2+10.3
−10.1 2.27 ·10−3+5.1

−5.0 1.44 ·10−3+9.1
−9.0 1.95 ·10−1+4.4

−4.3 2.36 ·10−2+4.4
−4.3 3.91 ·10−3+4.0

−4.1

123.9 8.65 ·10−2+10.3
−10.1 2.27 ·10−3+5.1

−5.0 1.44 ·10−3+9.2
−8.9 1.97 ·10−1+4.4

−4.3 2.38 ·10−2+4.4
−4.3 3.93 ·10−3+4.1

−4.0

124 8.65 ·10−2+10.3
−10.0 2.27 ·10−3+5.1

−5.0 1.45 ·10−3+9.1
−9.0 1.99 ·10−1+4.4

−4.3 2.41 ·10−2+4.4
−4.3 3.94 ·10−3+4.0

−4.0

124.1 8.64 ·10−2+10.3
−10.1 2.28 ·10−3+5.0

−5.0 1.46 ·10−3+9.0
−9.0 2.00 ·10−1+4.4

−4.3 2.43 ·10−2+4.4
−4.3 3.95 ·10−3+4.0

−4.0

124.2 8.63 ·10−2+10.3
−10.0 2.28 ·10−3+5.1

−5.0 1.47 ·10−3+9.1
−8.9 2.02 ·10−1+4.3

−4.3 2.45 ·10−2+4.3
−4.3 3.96 ·10−3+4.0

−4.0

124.3 8.63 ·10−2+10.3
−10.0 2.28 ·10−3+5.0

−5.0 1.48 ·10−3+9.0
−8.9 2.03 ·10−1+4.3

−4.3 2.48 ·10−2+4.3
−4.3 3.98 ·10−3+4.0

−4.0
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Table A.10: SM Higgs branching ratios to two gauge bosons and Higgs total width together with their total

uncertainties (expressed in percentage). Very-low-mass range.

MH [ GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [ GeV]

124.4 8.62 ·10−2+10.3
−10.0 2.28 ·10−3+5.0

−5.0 1.49 ·10−3+9.0
−9.0 2.05 ·10−1+4.3

−4.2 2.5 ·10−2+4.3
−4.3 3.99 ·10−3+4.0

−4.0

124.5 8.61 ·10−2+10.3
−10.0 2.28 ·10−3+5.1

−4.9 1.50 ·10−3+9.0
−8.9 2.06 ·10−1+4.3

−4.3 2.52 ·10−2+4.3
−4.2 4.00 ·10−3+4.0

−4.0

124.6 8.60 ·10−2+10.3
−10.0 2.28 ·10−3+5.0

−5.0 1.5 ·10−3+9.0
−9.0 2.08 ·10−1+4.3

−4.2 2.55 ·10−2+4.3
−4.2 4.02 ·10−3+4.0

−4.0

124.7 8.59 ·10−2+10.3
−10.0 2.28 ·10−3+5.0

−4.9 1.51 ·10−3+9.0
−8.9 2.10 ·10−1+4.3

−4.2 2.57 ·10−2+4.3
−4.2 4.03 ·10−3+4.0

−4.0

124.8 8.59 ·10−2+10.2
−10.0 2.28 ·10−3+5.0

−4.9 1.52 ·10−3+9.0
−8.9 2.11 ·10−1+4.3

−4.2 2.59 ·10−2+4.3
−4.3 4.04 ·10−3+4.0

−3.9

124.9 8.58 ·10−2+10.2
−10.0 2.28 ·10−3+5.0

−4.9 1.53 ·10−3+8.9
−8.9 2.13 ·10−1+4.3

−4.2 2.62 ·10−2+4.3
−4.2 4.06 ·10−3+3.9

−3.9

125 8.57 ·10−2+10.2
−10.0 2.28 ·10−3+5.0

−4.9 1.54 ·10−3+9.0
−8.8 2.15 ·10−1+4.3

−4.2 2.64 ·10−2+4.3
−4.2 4.07 ·10−3+4.0

−3.9

125.1 8.56 ·10−2+10.2
−10.0 2.28 ·10−3+4.9

−4.9 1.55 ·10−3+8.9
−8.9 2.16 ·10−1+4.2

−4.2 2.67 ·10−2+4.2
−4.2 4.08 ·10−3+3.9

−3.9

125.2 8.55 ·10−2+10.2
−10.0 2.28 ·10−3+4.9

−4.9 1.56 ·10−3+9.0
−8.8 2.18 ·10−1+4.2

−4.2 2.69 ·10−2+4.2
−4.2 4.10 ·10−3+3.9

−3.9

125.3 8.54 ·10−2+10.2
−9.9 2.28 ·10−3+4.9

−4.9 1.56 ·10−3+9.0
−8.8 2.19 ·10−1+4.2

−4.2 2.72 ·10−2+4.2
−4.2 4.11 ·10−3+3.9

−3.9

125.4 8.53 ·10−2+10.2
−9.9 2.28 ·10−3+4.9

−4.9 1.57 ·10−3+8.9
−8.9 2.21 ·10−1+4.2

−4.2 2.74 ·10−2+4.2
−4.1 4.12 ·10−3+3.9

−3.9

125.5 8.52 ·10−2+10.2
−9.9 2.28 ·10−3+4.9

−4.9 1.58 ·10−3+8.9
−8.8 2.23 ·10−1+4.2

−4.1 2.76 ·10−2+4.2
−4.1 4.14 ·10−3+3.9

−3.9

125.6 8.52 ·10−2+10.2
−9.9 2.28 ·10−3+4.9

−4.9 1.59 ·10−3+8.9
−8.9 2.24 ·10−1+4.2

−4.1 2.79 ·10−2+4.2
−4.1 4.15 ·10−3+3.9

−3.9

125.7 8.51 ·10−2+10.2
−9.9 2.28 ·10−3+4.9

−4.9 1.6 ·10−3+8.9
−8.8 2.26 ·10−1+4.2

−4.1 2.81 ·10−2+4.2
−4.1 4.17 ·10−3+3.9

−3.9

125.8 8.50 ·10−2+10.1
−9.9 2.28 ·10−3+4.9

−4.9 1.61 ·10−3+8.9
−8.9 2.28 ·10−1+4.2

−4.1 2.84 ·10−2+4.1
−4.1 4.18 ·10−3+3.9

−3.8

125.9 8.49 ·10−2+10.1
−9.9 2.28 ·10−3+4.8

−4.9 1.62 ·10−3+8.9
−8.8 2.29 ·10−1+4.2

−4.1 2.87 ·10−2+4.1
−4.1 4.20 ·10−3+3.9

−3.8

126 8.48 ·10−2+10.1
−9.9 2.28 ·10−3+4.9

−4.8 1.62 ·10−3+8.8
−8.8 2.31 ·10−1+4.1

−4.1 2.89 ·10−2+4.1
−4.1 4.21 ·10−3+3.9

−3.8

126.1 8.47 ·10−2+10.1
−9.9 2.28 ·10−3+4.9

−4.8 1.63 ·10−3+8.8
−8.8 2.33 ·10−1+4.1

−4.1 2.92 ·10−2+4.2
−4.1 4.23 ·10−3+3.9

−3.8

126.2 8.46 ·10−2+10.1
−9.9 2.28 ·10−3+4.8

−4.8 1.64 ·10−3+8.9
−8.7 2.35 ·10−1+4.1

−4.1 2.94 ·10−2+4.1
−4.1 4.24 ·10−3+3.8

−3.8

126.3 8.45 ·10−2+10.1
−9.9 2.28 ·10−3+4.8

−4.8 1.65 ·10−3+8.8
−8.8 2.36 ·10−1+4.1

−4.0 2.97 ·10−2+4.1
−4.0 4.26 ·10−3+3.8

−3.8

126.4 8.44 ·10−2+10.1
−9.9 2.28 ·10−3+4.8

−4.7 1.66 ·10−3+8.9
−8.7 2.38 ·10−1+4.1

−4.0 2.99 ·10−2+4.1
−4.0 4.27 ·10−3+3.8

−3.8

126.5 8.42 ·10−2+10.1
−9.8 2.28 ·10−3+4.8

−4.7 1.67 ·10−3+8.8
−8.8 2.40 ·10−1+4.1

−4.0 3.02 ·10−2+4.1
−4.0 4.29 ·10−3+3.8

−3.8

126.6 8.42 ·10−2+10.1
−9.9 2.28 ·10−3+4.8

−4.8 1.68 ·10−3+8.8
−8.8 2.41 ·10−1+4.1

−4.0 3.04 ·10−2+4.1
−4.0 4.30 ·10−3+3.8

−3.8

126.7 8.40 ·10−2+10.1
−9.8 2.28 ·10−3+4.8

−4.7 1.68 ·10−3+8.8
−8.7 2.43 ·10−1+4.1

−4.0 3.07 ·10−2+4.1
−4.0 4.32 ·10−3+3.8

−3.8

126.8 8.39 ·10−2+10.1
−9.8 2.28 ·10−3+4.8

−4.7 1.69 ·10−3+8.8
−8.7 2.45 ·10−1+4.1

−4.0 3.10 ·10−2+4.1
−4.0 4.33 ·10−3+3.8

−3.8

126.9 8.38 ·10−2+10.1
−9.8 2.27 ·10−3+4.8

−4.7 1.70 ·10−3+8.8
−8.7 2.47 ·10−1+4.0

−4.0 3.12 ·10−2+4.0
−4.0 4.35 ·10−3+3.8

−3.7

127 8.37 ·10−2+10.1
−9.8 2.27 ·10−3+4.8

−4.7 1.71 ·10−3+8.8
−8.7 2.48 ·10−1+4.0

−4.0 3.15 ·10−2+4.0
−4.0 4.36 ·10−3+3.8

−3.7

127.1 8.36 ·10−2+10.0
−9.8 2.27 ·10−3+4.8

−4.7 1.72 ·10−3+8.7
−8.7 2.50 ·10−1+4.0

−3.9 3.18 ·10−2+4.0
−4.0 4.38 ·10−3+3.8

−3.7

127.2 8.35 ·10−2+10.0
−9.8 2.27 ·10−3+4.8

−4.7 1.73 ·10−3+8.8
−8.7 2.52 ·10−1+4.0

−3.9 3.20 ·10−2+4.0
−3.9 4.40 ·10−3+3.8

−3.7

127.3 8.34 ·10−2+10.0
−9.8 2.27 ·10−3+4.7

−4.7 1.73 ·10−3+8.8
−8.7 2.54 ·10−1+4.0

−3.9 3.23 ·10−2+4.0
−3.9 4.41 ·10−3+3.7

−3.7

127.4 8.32 ·10−2+10.0
−9.8 2.27 ·10−3+4.8

−4.7 1.74 ·10−3+8.8
−8.6 2.55 ·10−1+4.0

−3.9 3.26 ·10−2+4.0
−3.9 4.43 ·10−3+3.7

−3.7

127.5 8.31 ·10−2+10.0
−9.8 2.27 ·10−3+4.7

−4.7 1.75 ·10−3+8.7
−8.6 2.57 ·10−1+4.0

−3.9 3.28 ·10−2+4.0
−3.9 4.45 ·10−3+3.7

−3.7

127.6 8.30 ·10−2+10.0
−9.8 2.27 ·10−3+4.7

−4.7 1.76 ·10−3+8.7
−8.7 2.59 ·10−1+4.0

−3.9 3.31 ·10−2+4.0
−3.9 4.46 ·10−3+3.7

−3.7

127.7 8.29 ·10−2+10.0
−9.8 2.27 ·10−3+4.7

−4.7 1.77 ·10−3+8.7
−8.7 2.61 ·10−1+3.9

−3.9 3.34 ·10−2+3.9
−3.9 4.48 ·10−3+3.7

−3.7

127.8 8.28 ·10−2+10.0
−9.7 2.27 ·10−3+4.7

−4.6 1.77 ·10−3+8.7
−8.6 2.62 ·10−1+4.0

−3.9 3.36 ·10−2+4.0
−3.9 4.50 ·10−3+3.7

−3.7

127.9 8.26 ·10−2+10.0
−9.7 2.27 ·10−3+4.7

−4.6 1.78 ·10−3+8.7
−8.6 2.64 ·10−1+3.9

−3.9 3.39 ·10−2+3.9
−3.9 4.51 ·10−3+3.7

−3.7

128 8.25 ·10−2+10.0
−9.7 2.27 ·10−3+4.7

−4.7 1.79 ·10−3+8.7
−8.6 2.66 ·10−1+3.9

−3.8 3.42 ·10−2+3.9
−3.8 4.53 ·10−3+3.7

−3.6

128.1 8.24 ·10−2+10.0
−9.7 2.27 ·10−3+4.7

−4.6 1.8 ·10−3+8.6
−8.6 2.68 ·10−1+3.9

−3.8 3.45 ·10−2+3.9
−3.8 4.55 ·10−3+3.7

−3.6

128.2 8.23 ·10−2+9.9
−9.7 2.27 ·10−3+4.7

−4.6 1.81 ·10−3+8.6
−8.6 2.70 ·10−1+3.9

−3.8 3.47 ·10−2+3.9
−3.8 4.57 ·10−3+3.7

−3.6

128.3 8.21 ·10−2+9.9
−9.7 2.26 ·10−3+4.7

−4.6 1.81 ·10−3+8.6
−8.6 2.71 ·10−1+3.9

−3.8 3.50 ·10−2+3.9
−3.8 4.58 ·10−3+3.6

−3.6

128.4 8.20 ·10−2+9.9
−9.7 2.26 ·10−3+4.6

−4.6 1.82 ·10−3+8.6
−8.6 2.73 ·10−1+3.9

−3.8 3.53 ·10−2+3.9
−3.8 4.60 ·10−3+3.6

−3.6

128.5 8.19 ·10−2+9.9
−9.7 2.26 ·10−3+4.6

−4.6 1.83 ·10−3+8.6
−8.6 2.75 ·10−1+3.8

−3.8 3.56 ·10−2+3.8
−3.8 4.62 ·10−3+3.6

−3.6

128.6 8.17 ·10−2+9.9
−9.7 2.26 ·10−3+4.6

−4.6 1.84 ·10−3+8.6
−8.6 2.77 ·10−1+3.8

−3.8 3.58 ·10−2+3.8
−3.8 4.64 ·10−3+3.6

−3.6

128.7 8.16 ·10−2+9.9
−9.7 2.26 ·10−3+4.6

−4.6 1.85 ·10−3+8.6
−8.5 2.79 ·10−1+3.8

−3.8 3.61 ·10−2+3.8
−3.8 4.65 ·10−3+3.6

−3.5

128.8 8.15 ·10−2+9.9
−9.7 2.26 ·10−3+4.6

−4.6 1.85 ·10−3+8.5
−8.6 2.81 ·10−1+3.8

−3.8 3.64 ·10−2+3.8
−3.8 4.67 ·10−3+3.6

−3.6

128.9 8.13 ·10−2+9.9
−9.7 2.26 ·10−3+4.6

−4.6 1.86 ·10−3+8.5
−8.5 2.82 ·10−1+3.8

−3.7 3.67 ·10−2+3.8
−3.7 4.69 ·10−3+3.6

−3.6

129 8.12 ·10−2+9.9
−9.6 2.26 ·10−3+4.6

−4.5 1.87 ·10−3+8.6
−8.5 2.84 ·10−1+3.8

−3.7 3.70 ·10−2+3.8
−3.7 4.71 ·10−3+3.6

−3.5
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Table A.11: SM Higgs branching ratios to two gauge bosons and Higgs total width together with their total

uncertainties (expressed in percentage). Very-low-mass range.

MH [ GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [ GeV]

129.1 8.10 ·10−2+9.9
−9.6 2.26 ·10−3+4.6

−4.5 1.88 ·10−3+8.5
−8.5 2.86 ·10−1+3.8

−3.7 3.73 ·10−2+3.8
−3.7 4.73 ·10−3+3.6

−3.5

129.2 8.09 ·10−2+9.8
−9.6 2.26 ·10−3+4.5

−4.5 1.89 ·10−3+8.5
−8.5 2.88 ·10−1+3.8

−3.7 3.75 ·10−2+3.8
−3.7 4.75 ·10−3+3.5

−3.5

129.3 8.08 ·10−2+9.8
−9.6 2.25 ·10−3+4.5

−4.5 1.89 ·10−3+8.5
−8.5 2.90 ·10−1+3.7

−3.7 3.78 ·10−2+3.7
−3.7 4.77 ·10−3+3.5

−3.5

129.4 8.06 ·10−2+9.8
−9.6 2.25 ·10−3+4.6

−4.4 1.90 ·10−3+8.6
−8.4 2.92 ·10−1+3.7

−3.7 3.81 ·10−2+3.7
−3.7 4.79 ·10−3+3.5

−3.5

129.5 8.05 ·10−2+9.8
−9.6 2.25 ·10−3+4.5

−4.4 1.91 ·10−3+8.5
−8.5 2.93 ·10−1+3.7

−3.7 3.84 ·10−2+3.7
−3.7 4.81 ·10−3+3.5

−3.5

129.6 8.03 ·10−2+9.8
−9.6 2.25 ·10−3+4.5

−4.5 1.92 ·10−3+8.5
−8.4 2.95 ·10−1+3.7

−3.7 3.87 ·10−2+3.7
−3.7 4.83 ·10−3+3.5

−3.5

129.7 8.02 ·10−2+9.8
−9.6 2.25 ·10−3+4.5

−4.5 1.92 ·10−3+8.5
−8.4 2.97 ·10−1+3.7

−3.6 3.90 ·10−2+3.7
−3.6 4.85 ·10−3+3.5

−3.5

129.8 8.00 ·10−2+9.8
−9.6 2.25 ·10−3+4.5

−4.5 1.93 ·10−3+8.4
−8.5 2.99 ·10−1+3.7

−3.6 3.93 ·10−2+3.7
−3.6 4.87 ·10−3+3.5

−3.5

129.9 7.99 ·10−2+9.8
−9.6 2.25 ·10−3+4.5

−4.4 1.94 ·10−3+8.5
−8.4 3.01 ·10−1+3.7

−3.6 3.95 ·10−2+3.7
−3.6 4.89 ·10−3+3.5

−3.5

130 7.97 ·10−2+9.8
−9.6 2.24 ·10−3+4.5

−4.4 1.95 ·10−3+8.4
−8.5 3.03 ·10−1+3.7

−3.6 3.98 ·10−2+3.7
−3.6 4.91 ·10−3+3.5

−3.4

130.5 7.90 ·10−2+9.7
−9.5 2.24 ·10−3+4.5

−4.4 1.98 ·10−3+8.4
−8.3 3.12 ·10−1+3.6

−3.5 4.13 ·10−2+3.6
−3.5 5.01 ·10−3+3.4

−3.4

131 7.82 ·10−2+9.7
−9.5 2.23 ·10−3+4.4

−4.3 2.02 ·10−3+8.4
−8.3 3.22 ·10−1+3.5

−3.5 4.28 ·10−2+3.5
−3.5 5.12 ·10−3+3.4

−3.3

131.5 7.73 ·10−2+9.7
−9.5 2.22 ·10−3+4.3

−4.2 2.05 ·10−3+8.3
−8.2 3.31 ·10−1+3.5

−3.4 4.42 ·10−2+3.5
−3.4 5.23 ·10−3+3.3

−3.3

132 7.65 ·10−2+9.6
−9.4 2.21 ·10−3+4.3

−4.2 2.09 ·10−3+8.2
−8.2 3.41 ·10−1+3.4

−3.4 4.57 ·10−2+3.4
−3.4 5.35 ·10−3+3.3

−3.2

132.5 7.56 ·10−2+9.6
−9.4 2.19 ·10−3+4.2

−4.2 2.12 ·10−3+8.2
−8.2 3.51 ·10−1+3.3

−3.3 4.72 ·10−2+3.3
−3.4 5.48 ·10−3+3.2

−3.2

133 7.47 ·10−2+9.5
−9.4 2.18 ·10−3+4.2

−4.1 2.15 ·10−3+8.1
−8.1 3.61 ·10−1+3.3

−3.2 4.87 ·10−2+3.3
−3.2 5.60 ·10−3+3.2

−3.1

133.5 7.37 ·10−2+9.5
−9.3 2.17 ·10−3+4.1

−4.1 2.18 ·10−3+8.1
−8.1 3.70 ·10−1+3.2

−3.2 5.02 ·10−2+3.2
−3.2 5.74 ·10−3+3.1

−3.1

134 7.28 ·10−2+9.4
−9.2 2.15 ·10−3+4.1

−4.0 2.21 ·10−3+8.0
−8.0 3.80 ·10−1+3.1

−3.1 5.17 ·10−2+3.1
−3.1 5.88 ·10−3+3.1

−3.0

134.5 7.18 ·10−2+9.4
−9.2 2.14 ·10−3+4.0

−4.0 2.24 ·10−3+8.0
−7.9 3.90 ·10−1+3.1

−3.0 5.32 ·10−2+3.1
−3.0 6.03 ·10−3+3.0

−3.0

135 7.08 ·10−2+9.3
−9.2 2.12 ·10−3+4.0

−3.9 2.27 ·10−3+7.9
−7.9 4.00 ·10−1+3.0

−3.0 5.47 ·10−2+3.0
−3.0 6.18 ·10−3+2.9

−2.9

135.5 6.97 ·10−2+9.3
−9.1 2.11 ·10−3+3.9

−3.9 2.29 ·10−3+7.9
−7.8 4.10 ·10−1+2.9

−2.9 5.62 ·10−2+2.9
−2.9 6.34 ·10−3+2.9

−2.9

136 6.87 ·10−2+9.2
−9.1 2.09 ·10−3+3.8

−3.8 2.32 ·10−3+7.8
−7.8 4.20 ·10−1+2.9

−2.8 5.77 ·10−2+2.9
−2.8 6.51 ·10−3+2.8

−2.8

136.5 6.76 ·10−2+9.2
−9.1 2.07 ·10−3+3.8

−3.8 2.34 ·10−3+7.8
−7.7 4.31 ·10−1+2.8

−2.8 5.91 ·10−2+2.8
−2.8 6.69 ·10−3+2.8

−2.8

137 6.65 ·10−2+9.2
−9.0 2.05 ·10−3+3.7

−3.7 2.36 ·10−3+7.7
−7.7 4.41 ·10−1+2.7

−2.7 6.06 ·10−2+2.7
−2.7 6.87 ·10−3+2.7

−2.7

137.5 6.54 ·10−2+9.1
−9.0 2.03 ·10−3+3.7

−3.7 2.38 ·10−3+7.6
−7.6 4.51 ·10−1+2.7

−2.7 6.20 ·10−2+2.7
−2.7 7.06 ·10−3+2.7

−2.7

138 6.43 ·10−2+9.1
−8.9 2.01 ·10−3+3.6

−3.6 2.40 ·10−3+7.6
−7.6 4.61 ·10−1+2.6

−2.6 6.34 ·10−2+2.6
−2.6 7.26 ·10−3+2.6

−2.6

138.5 6.31 ·10−2+9.1
−8.9 1.99 ·10−3+3.6

−3.5 2.41 ·10−3+7.6
−7.5 4.71 ·10−1+2.5

−2.5 6.48 ·10−2+2.5
−2.5 7.47 ·10−3+2.6

−2.5

139 6.20 ·10−2+9.0
−8.9 1.97 ·10−3+3.5

−3.5 2.43 ·10−3+7.5
−7.5 4.81 ·10−1+2.5

−2.4 6.61 ·10−2+2.5
−2.4 7.70 ·10−3+2.5

−2.5

139.5 6.08 ·10−2+9.0
−8.8 1.95 ·10−3+3.5

−3.4 2.44 ·10−3+7.4
−7.4 4.91 ·10−1+2.4

−2.4 6.75 ·10−2+2.4
−2.4 7.93 ·10−3+2.5

−2.4

140 5.96 ·10−2+8.9
−8.8 1.93 ·10−3+3.4

−3.4 2.45 ·10−3+7.4
−7.4 5.01 ·10−1+2.4

−2.3 6.87 ·10−2+2.4
−2.3 8.17 ·10−3+2.4

−2.4

140.5 5.84 ·10−2+8.9
−8.7 1.90 ·10−3+3.4

−3.3 2.46 ·10−3+7.3
−7.3 5.11 ·10−1+2.3

−2.3 7.00 ·10−2+2.3
−2.3 8.43 ·10−3+2.3

−2.3

141 5.72 ·10−2+8.9
−8.7 1.88 ·10−3+3.3

−3.3 2.47 ·10−3+7.3
−7.3 5.21 ·10−1+2.2

−2.2 7.12 ·10−2+2.2
−2.2 8.70 ·10−3+2.3

−2.3

141.5 5.60 ·10−2+8.8
−8.7 1.85 ·10−3+3.3

−3.2 2.48 ·10−3+7.2
−7.2 5.31 ·10−1+2.2

−2.2 7.24 ·10−2+2.2
−2.2 8.98 ·10−3+2.2

−2.2

142 5.48 ·10−2+8.8
−8.6 1.83 ·10−3+3.3

−3.2 2.48 ·10−3+7.2
−7.2 5.41 ·10−1+2.1

−2.1 7.35 ·10−2+2.1
−2.1 9.28 ·10−3+2.2

−2.2

142.5 5.35 ·10−2+8.7
−8.6 1.80 ·10−3+3.1

−3.1 2.49 ·10−3+7.1
−7.1 5.51 ·10−1+2.0

−2.0 7.46 ·10−2+2.0
−2.0 9.59 ·10−3+2.2

−2.1

143 5.23 ·10−2+8.7
−8.6 1.78 ·10−3+3.1

−3.1 2.49 ·10−3+7.1
−7.0 5.61 ·10−1+2.0

−2.0 7.56 ·10−2+2.0
−2.0 9.92 ·10−3+2.1

−2.1

143.5 5.11 ·10−2+8.7
−8.5 1.75 ·10−3+3.1

−3.1 2.49 ·10−3+7.0
−7.0 5.71 ·10−1+1.9

−1.9 7.66 ·10−2+1.9
−1.9 1.03 ·10−2+2.0

−2.0

144 4.98 ·10−2+8.6
−8.5 1.73 ·10−3+3.0

−3.1 2.49 ·10−3+7.0
−7.0 5.80 ·10−1+1.8

−1.8 7.75 ·10−2+1.9
−1.8 1.06 ·10−2+2.0

−2.0

144.5 4.86 ·10−2+8.6
−8.5 1.70 ·10−3+2.9

−3.0 2.48 ·10−3+6.9
−6.9 5.90 ·10−1+1.8

−1.8 7.84 ·10−2+1.8
−1.8 1.10 ·10−2+1.9

−1.9

145 4.73 ·10−2+8.6
−8.4 1.67 ·10−3+2.9

−2.8 2.48 ·10−3+6.9
−6.9 6.00 ·10−1+1.7

−1.7 7.92 ·10−2+1.7
−1.7 1.14 ·10−2+1.9

−1.9

145.5 4.60 ·10−2+8.5
−8.4 1.64 ·10−3+2.8

−2.9 2.47 ·10−3+6.8
−6.9 6.10 ·10−1+1.7

−1.7 7.99 ·10−2+1.7
−1.7 1.19 ·10−2+1.8

−1.9

146 4.48 ·10−2+8.5
−8.4 1.61 ·10−3+2.8

−2.8 2.46 ·10−3+6.8
−6.8 6.19 ·10−1+1.6

−1.6 8.06 ·10−2+1.6
−1.6 1.23 ·10−2+1.8

−1.8

146.5 4.35 ·10−2+8.5
−8.4 1.58 ·10−3+2.8

−2.7 2.45 ·10−3+6.7
−6.7 6.29 ·10−1+1.6

−1.6 8.11 ·10−2+1.6
−1.6 1.28 ·10−2+1.8

−1.7

147 4.22 ·10−2+8.4
−8.3 1.55 ·10−3+2.7

−2.7 2.43 ·10−3+6.7
−6.7 6.39 ·10−1+1.5

−1.5 8.16 ·10−2+1.5
−1.5 1.33 ·10−2+1.7

−1.7

147.5 4.09 ·10−2+8.4
−8.3 1.52 ·10−3+2.6

−2.6 2.42 ·10−3+6.6
−6.6 6.48 ·10−1+1.5

−1.5 8.20 ·10−2+1.5
−1.5 1.39 ·10−2+1.7

−1.7

148 3.97 ·10−2+8.4
−8.3 1.49 ·10−3+2.7

−2.6 2.40 ·10−3+6.6
−6.6 6.58 ·10−1+1.4

−1.4 8.23 ·10−2+1.4
−1.4 1.45 ·10−2+1.6

−1.6

148.5 3.84 ·10−2+8.4
−8.2 1.46 ·10−3+2.5

−2.6 2.38 ·10−3+6.5
−6.6 6.68 ·10−1+1.3

−1.3 8.25 ·10−2+1.3
−1.3 1.51 ·10−2+1.6

−1.6
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Table A.12: SM Higgs branching ratios to two gauge bosons and Higgs total width together with their total

uncertainties (expressed in percentage). Low-mass range.

MH [ GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [ GeV]

149 3.71 ·10−2+8.3
−8.2 1.43 ·10−3+2.5

−2.5 2.36 ·10−3+6.5
−6.6 6.77 ·10−1+1.3

−1.3 8.26 ·10−2+1.3
−1.3 1.58 ·10−2+1.5

−1.5

149.5 3.58 ·10−2+8.3
−8.1 1.39 ·10−3+2.5

−2.4 2.33 ·10−3+6.5
−6.4 6.87 ·10−1+1.2

−1.2 8.26 ·10−2+1.2
−1.3 1.65 ·10−2+1.5

−1.5

150 3.46 ·10−2+8.3
−8.2 1.36 ·10−3+2.5

−2.4 2.31 ·10−3+6.4
−6.5 6.96 ·10−1+1.2

−1.2 8.25 ·10−2+1.2
−1.2 1.73 ·10−2+1.4

−1.4

152 2.94 ·10−2+8.1
−8.1 1.22 ·10−3+2.3

−2.3 2.18 ·10−3+6.3
−6.3 7.35 ·10−1+1.0

−1.0 8.08 ·10−2+1.0
−1.0 2.11 ·10−2+1.3

−1.3

154 2.43 ·10−2+8.0
−8.0 1.08 ·10−3+2.2

−2.1 2.01 ·10−3+6.1
−6.1 7.74 ·10−1+0.8

−0.8 7.66 ·10−2+0.8
−0.8 2.66 ·10−2+1.1

−1.1

156 1.92 ·10−2+7.9
−7.9 9.14 ·10−4+2.0

−2.0 1.79 ·10−3+6.0
−6.0 8.16 ·10−1+0.6

−0.6 6.92 ·10−2+0.6
−0.6 3.51 ·10−2+1.0

−1.0

158 1.38 ·10−2+7.9
−7.8 7.29 ·10−4+1.8

−1.9 1.50 ·10−3+5.8
−5.9 8.60 ·10−1+0.4

−0.4 5.76 ·10−2+0.4
−0.4 5.02 ·10−2+0.8

−0.8

160 8.64 ·10−3+7.8
−7.7 5.32 ·10−4+1.7

−1.7 1.15 ·10−3+5.7
−5.7 9.08 ·10−1+0.3

−0.3 4.15 ·10−2+0.3
−0.3 8.31 ·10−2+0.7

−0.7

162 5.04 ·10−3+7.9
−7.7 3.69 ·10−4+1.7

−1.6 8.41 ·10−4+5.7
−5.6 9.43 ·10−1+0.2

−0.2 2.82 ·10−2+0.2
−0.2 1.47 ·10−1+0.6

−0.6

164 3.54 ·10−3+7.8
−7.7 2.59 ·10−4+1.6

−1.6 6.06 ·10−4+5.6
−5.6 9.57 ·10−1+0.1

−0.1 2.31 ·10−2+0.1
−0.1 2.15 ·10−1+0.6

−0.6

165 3.14 ·10−3+7.8
−7.6 2.30 ·10−4+1.6

−1.6 5.45 ·10−4+5.6
−5.6 9.60 ·10−1+0.1

−0.1 2.22 ·10−2+0.1
−0.1 2.46 ·10−1+0.6

−0.6

166 2.85 ·10−3+7.8
−7.7 2.08 ·10−4+1.6

−1.6 5.00 ·10−4+5.6
−5.6 9.62 ·10−1+0.1

−0.1 2.18 ·10−2+0.1
−0.1 2.76 ·10−1+0.6

−0.6

168 2.46 ·10−3+7.7
−7.7 1.78 ·10−4+1.6

−1.7 4.39 ·10−4+5.6
−5.6 9.64 ·10−1+0.1

−0.1 2.22 ·10−2+0.1
−0.1 3.30 ·10−1+0.6

−0.6

170 2.20 ·10−3+7.7
−7.7 1.58 ·10−4+1.6

−1.6 4.00 ·10−4+5.6
−5.6 9.64 ·10−1+0.1

−0.1 2.36 ·10−2+0.1
−0.1 3.80 ·10−1+0.6

−0.6

172 2.02 ·10−3+7.7
−7.6 1.43 ·10−4+1.6

−1.6 3.71 ·10−4+5.6
−5.6 9.63 ·10−1+0.1

−0.1 2.61 ·10−2+0.1
−0.1 4.29 ·10−1+0.6

−0.6

174 1.88 ·10−3+7.7
−7.7 1.32 ·10−4+1.5

−1.7 3.48 ·10−4+5.6
−5.6 9.60 ·10−1+0.1

−0.1 2.98 ·10−2+0.1
−0.1 4.77 ·10−1+0.6

−0.6

175 1.81 ·10−3+7.8
−7.6 1.27 ·10−4+1.6

−1.6 3.38 ·10−4+5.6
−5.6 9.58 ·10−1+0.0

−0.0 3.23 ·10−2+0.1
−0.1 5.01 ·10−1+0.6

−0.6

176 1.76 ·10−3+7.7
−7.6 1.22 ·10−4+1.5

−1.7 3.29 ·10−4+5.6
−5.6 9.55 ·10−1+0.0

−0.0 3.54 ·10−2+0.1
−0.1 5.25 ·10−1+0.6

−0.6

178 1.66 ·10−3+7.7
−7.6 1.13 ·10−4+1.6

−1.6 3.12 ·10−4+5.6
−5.6 9.47 ·10−1+0.0

−0.0 4.44 ·10−2+0.1
−0.1 5.75 ·10−1+0.6

−0.6

180 1.56 ·10−3+7.7
−7.6 1.05 ·10−4+1.6

−1.6 2.96 ·10−4+5.6
−5.5 9.32 ·10−1+0.0

−0.0 6.02 ·10−2+0.1
−0.1 6.31 ·10−1+0.6

−0.6

182 1.44 ·10−3+7.7
−7.5 9.68 ·10−5+1.6

−1.6 2.76 ·10−4+5.6
−5.6 9.03 ·10−1+0.0

−0.0 9.00 ·10−2+0.0
−0.1 7.00 ·10−1+0.6

−0.6

184 1.32 ·10−3+7.8
−7.6 8.81 ·10−5+1.6

−1.6 2.54 ·10−4+5.6
−5.6 8.62 ·10−1+0.0

−0.0 1.31 ·10−1+0.0
−0.0 7.88 ·10−1+0.6

−0.6

185 1.27 ·10−3+7.7
−7.6 8.43 ·10−5+1.6

−1.6 2.44 ·10−4+5.6
−5.6 8.44 ·10−1+0.0

−0.0 1.50 ·10−1+0.0
−0.0 8.32 ·10−1+0.6

−0.6

186 1.23 ·10−3+7.7
−7.6 8.09 ·10−5+1.6

−1.6 2.36 ·10−4+5.6
−5.6 8.28 ·10−1+0.0

−0.0 1.66 ·10−1+0.0
−0.0 8.76 ·10−1+0.6

−0.6

188 1.15 ·10−3+7.6
−7.6 7.52 ·10−5+1.6

−1.6 2.22 ·10−4+5.6
−5.6 8.03 ·10−1+0.0

−0.0 1.91 ·10−1+0.0
−0.0 9.60 ·10−1+0.6

−0.6

190 1.09 ·10−3+7.7
−7.6 7.05 ·10−5+1.6

−1.5 2.11 ·10−4+5.6
−5.5 7.86 ·10−1+0.0

−0.0 2.09 ·10−1+0.0
−0.0 1.04 ·100+0.5

−0.5

192 1.05 ·10−3+7.7
−7.6 6.66 ·10−5+1.5

−1.6 2.02 ·10−4+5.5
−5.6 7.72 ·10−1+0.0

−0.0 2.23 ·10−1+0.0
−0.0 1.12 ·100+0.5

−0.5

194 1.01 ·10−3+7.7
−7.5 6.32 ·10−5+1.6

−1.6 1.94 ·10−4+5.6
−5.5 7.61 ·10−1+0.0

−0.0 2.34 ·10−1+0.0
−0.0 1.20 ·100+0.5

−0.5

195 9.94 ·10−4+7.6
−7.6 6.17 ·10−5+1.6

−1.6 1.91 ·10−4+5.6
−5.6 7.57 ·10−1+0.0

−0.0 2.39 ·10−1+0.0
−0.0 1.24 ·100+0.5

−0.5

196 9.78 ·10−4+7.7
−7.6 6.02 ·10−5+1.6

−1.6 1.87 ·10−4+5.5
−5.6 7.53 ·10−1+0.0

−0.0 2.43 ·10−1+0.0
−0.0 1.28 ·100+0.5

−0.5

198 9.50 ·10−4+7.7
−7.6 5.75 ·10−5+1.6

−1.6 1.81 ·10−4+5.5
−5.6 7.46 ·10−1+0.0

−0.0 2.50 ·10−1+0.0
−0.0 1.35 ·100+0.5

−0.5

200 9.26 ·10−4+7.6
−7.6 5.51 ·10−5+1.6

−1.6 1.75 ·10−4+5.5
−5.6 7.41 ·10−1+0.0

−0.0 2.55 ·10−1+0.0
−0.0 1.43 ·100+0.5

−0.5

202 9.04 ·10−4+7.6
−7.6 5.29 ·10−5+1.6

−1.6 1.70 ·10−4+5.5
−5.6 7.36 ·10−1+0.0

−0.0 2.60 ·10−1+0.0
−0.0 1.51 ·100+0.5

−0.5

204 8.84 ·10−4+7.7
−7.5 5.08 ·10−5+1.6

−1.6 1.65 ·10−4+5.6
−5.5 7.32 ·10−1+0.0

−0.0 2.65 ·10−1+0.0
−0.0 1.59 ·100+0.5

−0.5

206 8.66 ·10−4+7.6
−7.5 4.89 ·10−5+1.6

−1.6 1.61 ·10−4+5.5
−5.6 7.28 ·10−1+0.0

−0.0 2.68 ·10−1+0.0
−0.0 1.68 ·100+0.5

−0.5

208 8.50 ·10−4+7.6
−7.5 4.71 ·10−5+1.6

−1.6 1.56 ·10−4+5.7
−5.5 7.25 ·10−1+0.0

−0.0 2.71 ·10−1+0.0
−0.0 1.76 ·100+0.5

−0.5

210 8.36 ·10−4+7.6
−7.5 4.54 ·10−5+1.7

−1.6 1.52 ·10−4+5.6
−5.6 7.23 ·10−1+0.0

−0.0 2.74 ·10−1+0.0
−0.0 1.85 ·100+0.5

−0.5

212 8.22 ·10−4+7.6
−7.5 4.39 ·10−5+1.6

−1.7 1.48 ·10−4+5.5
−5.6 7.20 ·10−1+0.0

−0.0 2.76 ·10−1+0.0
−0.0 1.93 ·100+0.5

−0.5

214 8.10 ·10−4+7.6
−7.5 4.24 ·10−5+1.6

−1.6 1.45 ·10−4+5.6
−5.6 7.18 ·10−1+0.0

−0.0 2.78 ·10−1+0.0
−0.0 2.02 ·100+0.5

−0.5

216 7.98 ·10−4+7.6
−7.5 4.10 ·10−5+1.6

−1.7 1.41 ·10−4+5.6
−5.5 7.17 ·10−1+0.0

−0.0 2.80 ·10−1+0.0
−0.0 2.12 ·100+0.5

−0.5

218 7.87 ·10−4+7.6
−7.5 3.96 ·10−5+1.6

−1.6 1.38 ·10−4+5.6
−5.5 7.15 ·10−1+0.0

−0.0 2.82 ·10−1+0.0
−0.0 2.21 ·100+0.5

−0.5

220 7.77 ·10−4+7.6
−7.5 3.84 ·10−5+1.6

−1.6 1.34 ·10−4+5.6
−5.6 7.14 ·10−1+0.0

−0.0 2.84 ·10−1+0.0
−0.0 2.31 ·100+0.5

−0.5

222 7.68 ·10−4+7.6
−7.5 3.72 ·10−5+1.6

−1.6 1.31 ·10−4+5.6
−5.5 7.12 ·10−1+0.0

−0.0 2.85 ·10−1+0.0
−0.0 2.40 ·100+0.5

−0.5

224 7.59 ·10−4+7.6
−7.5 3.60 ·10−5+1.6

−1.6 1.28 ·10−4+5.6
−5.6 7.11 ·10−1+0.0

−0.0 2.86 ·10−1+0.0
−0.0 2.50 ·100+0.5

−0.5

226 7.50 ·10−4+7.6
−7.5 3.49 ·10−5+1.6

−1.6 1.25 ·10−4+5.6
−5.6 7.10 ·10−1+0.0

−0.0 2.87 ·10−1+0.0
−0.0 2.61 ·100+0.5

−0.5

228 7.43 ·10−4+7.6
−7.5 3.39 ·10−5+1.6

−1.6 1.22 ·10−4+5.5
−5.6 7.09 ·10−1+0.0

−0.0 2.88 ·10−1+0.0
−0.0 2.71 ·100+0.5

−0.5

230 7.35 ·10−4+7.6
−7.5 3.28 ·10−5+1.6

−1.6 1.19 ·10−4+5.6
−5.5 7.08 ·10−1+0.0

−0.0 2.89 ·10−1+0.0
−0.0 2.82 ·100+0.5

−0.5

276



Table A.13: SM Higgs branching ratios to two gauge bosons and Higgs total width together with their total

uncertainties (expressed in percentage). Intermediate-mass range.

MH [ GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [ GeV]

232 7.29 ·10−4+7.6
−7.5 3.19 ·10−5+1.6

−1.6 1.17 ·10−4+5.5
−5.6 7.07 ·10−1+0.0

−0.0 2.90 ·10−1+0.0
−0.0 2.93 ·100+0.5

−0.5

234 7.22 ·10−4+7.6
−7.5 3.09 ·10−5+1.6

−1.6 1.14 ·10−4+5.6
−5.6 7.06 ·10−1+0.0

−0.0 2.91 ·10−1+0.0
−0.0 3.04 ·100+0.5

−0.5

236 7.16 ·10−4+7.6
−7.5 3.01 ·10−5+1.6

−1.6 1.11 ·10−4+5.6
−5.5 7.06 ·10−1+0.0

−0.0 2.92 ·10−1+0.0
−0.0 3.16 ·100+0.5

−0.5

238 7.10 ·10−4+7.6
−7.5 2.92 ·10−5+1.6

−1.7 1.09 ·10−4+5.6
−5.5 7.05 ·10−1+0.0

−0.0 2.93 ·10−1+0.0
−0.0 3.27 ·100+0.5

−0.5

240 7.05 ·10−4+7.6
−7.5 2.84 ·10−5+1.7

−1.6 1.07 ·10−4+5.5
−5.6 7.04 ·10−1+0.0

−0.0 2.94 ·10−1+0.0
−0.0 3.40 ·100+0.5

−0.5

242 7.00 ·10−4+7.6
−7.5 2.76 ·10−5+1.7

−1.7 1.04 ·10−4+5.6
−5.5 7.04 ·10−1+0.0

−0.0 2.94 ·10−1+0.0
−0.0 3.52 ·100+0.5

−0.5

244 6.95 ·10−4+7.6
−7.5 2.68 ·10−5+1.7

−1.7 1.02 ·10−4+5.6
−5.5 7.03 ·10−1+0.0

−0.0 2.95 ·10−1+0.0
−0.0 3.64 ·100+0.5

−0.5

246 6.90 ·10−4+7.6
−7.5 2.61 ·10−5+1.7

−1.7 9.96 ·10−5+5.6
−5.6 7.02 ·10−1+0.0

−0.0 2.96 ·10−1+0.0
−0.0 3.77 ·100+0.5

−0.5

248 6.86 ·10−4+7.6
−7.5 2.54 ·10−5+1.7

−1.7 9.75 ·10−5+5.6
−5.6 7.02 ·10−1+0.0

−0.0 2.96 ·10−1+0.0
−0.0 3.91 ·100+0.5

−0.5

250 6.82 ·10−4+7.6
−7.5 2.47 ·10−5+1.7

−1.7 9.54 ·10−5+5.6
−5.6 7.01 ·10−1+0.0

−0.0 2.97 ·10−1+0.0
−0.0 4.04 ·100+0.5

−0.5

252 6.78 ·10−4+7.6
−7.5 2.41 ·10−5+1.6

−1.7 9.33 ·10−5+5.6
−5.6 7.01 ·10−1+0.0

−0.0 2.97 ·10−1+0.0
−0.0 4.18 ·100+0.5

−0.5

254 6.75 ·10−4+7.6
−7.5 2.34 ·10−5+1.7

−1.7 9.13 ·10−5+5.6
−5.6 7.00 ·10−1+0.0

−0.0 2.98 ·10−1+0.0
−0.0 4.32 ·100+0.5

−0.5

256 6.72 ·10−4+7.6
−7.5 2.28 ·10−5+1.6

−1.7 8.94 ·10−5+5.6
−5.6 7.00 ·10−1+0.0

−0.0 2.98 ·10−1+0.0
−0.0 4.46 ·100+0.5

−0.5

258 6.69 ·10−4+7.6
−7.5 2.22 ·10−5+1.7

−1.7 8.75 ·10−5+5.6
−5.6 6.99 ·10−1+0.0

−0.0 2.99 ·10−1+0.0
−0.0 4.61 ·100+0.5

−0.5

260 6.66 ·10−4+7.6
−7.5 2.16 ·10−5+1.7

−1.7 8.57 ·10−5+5.6
−5.6 6.99 ·10−1+0.0

−0.0 2.99 ·10−1+0.0
−0.0 4.76 ·100+0.5

−0.5

262 6.63 ·10−4+7.7
−7.5 2.11 ·10−5+1.7

−1.7 8.39 ·10−5+5.6
−5.6 6.98 ·10−1+0.0

−0.0 3.00 ·10−1+0.0
−0.0 4.91 ·100+0.5

−0.5

264 6.61 ·10−4+7.7
−7.6 2.06 ·10−5+1.7

−1.7 8.21 ·10−5+5.6
−5.6 6.98 ·10−1+0.0

−0.0 3.00 ·10−1+0.0
−0.0 5.07 ·100+0.5

−0.5

266 6.59 ·10−4+7.7
−7.6 2.01 ·10−5+1.7

−1.7 8.05 ·10−5+5.6
−5.6 6.98 ·10−1+0.0

−0.0 3.01 ·10−1+0.0
−0.0 5.23 ·100+0.5

−0.5

268 6.57 ·10−4+7.7
−7.6 1.96 ·10−5+1.7

−1.7 7.88 ·10−5+5.6
−5.6 6.97 ·10−1+0.0

−0.0 3.01 ·10−1+0.0
−0.0 5.39 ·100+0.5

−0.5

270 6.55 ·10−4+7.7
−7.6 1.91 ·10−5+1.7

−1.7 7.72 ·10−5+5.6
−5.6 6.97 ·10−1+0.0

−0.0 3.02 ·10−1+0.0
−0.0 5.55 ·100+0.5

−0.5

272 6.54 ·10−4+7.7
−7.6 1.86 ·10−5+1.7

−1.7 7.56 ·10−5+5.6
−5.6 6.96 ·10−1+0.0

−0.0 3.02 ·10−1+0.0
−0.0 5.72 ·100+0.5

−0.5

274 6.52 ·10−4+7.7
−7.6 1.82 ·10−5+1.7

−1.7 7.41 ·10−5+5.6
−5.6 6.96 ·10−1+0.0

−0.0 3.02 ·10−1+0.0
−0.0 5.89 ·100+0.5

−0.5

276 6.51 ·10−4+7.7
−7.6 1.77 ·10−5+1.7

−1.7 7.26 ·10−5+5.6
−5.6 6.96 ·10−1+0.0

−0.0 3.03 ·10−1+0.0
−0.0 6.07 ·100+0.5

−0.5

278 6.50 ·10−4+7.7
−7.6 1.73 ·10−5+1.8

−1.7 7.12 ·10−5+5.6
−5.6 6.95 ·10−1+0.0

−0.0 3.03 ·10−1+0.0
−0.0 6.25 ·100+0.5

−0.5

280 6.50 ·10−4+7.7
−7.6 1.69 ·10−5+1.8

−1.8 6.98 ·10−5+5.6
−5.6 6.95 ·10−1+0.0

−0.0 3.04 ·10−1+0.0
−0.0 6.43 ·100+0.5

−0.5

282 6.49 ·10−4+7.8
−7.6 1.65 ·10−5+1.8

−1.8 6.84 ·10−5+5.6
−5.6 6.95 ·10−1+0.0

−0.0 3.04 ·10−1+0.0
−0.0 6.61 ·100+0.5

−0.5

284 6.49 ·10−4+7.8
−7.7 1.61 ·10−5+1.7

−1.8 6.71 ·10−5+5.6
−5.6 6.94 ·10−1+0.0

−0.0 3.04 ·10−1+0.0
−0.0 6.80 ·100+0.5

−0.5

286 6.49 ·10−4+7.8
−7.7 1.57 ·10−5+1.7

−1.8 6.57 ·10−5+5.6
−5.6 6.94 ·10−1+0.0

−0.0 3.05 ·10−1+0.0
−0.0 6.99 ·100+0.5

−0.5

288 6.49 ·10−4+7.8
−7.7 1.54 ·10−5+1.7

−1.8 6.45 ·10−5+5.6
−5.6 6.93 ·10−1+0.0

−0.0 3.05 ·10−1+0.0
−0.0 7.19 ·100+0.5

−0.5

290 6.49 ·10−4+7.9
−7.7 1.50 ·10−5+1.8

−1.8 6.32 ·10−5+5.6
−5.6 6.93 ·10−1+0.0

−0.0 3.05 ·10−1+0.0
−0.0 7.39 ·100+0.5

−0.5

292 6.49 ·10−4+7.9
−7.7 1.47 ·10−5+1.8

−1.8 6.20 ·10−5+5.6
−5.6 6.93 ·10−1+0.0

−0.0 3.06 ·10−1+0.0
−0.0 7.59 ·100+0.5

−0.5

294 6.50 ·10−4+7.9
−7.7 1.44 ·10−5+1.7

−1.8 6.08 ·10−5+5.6
−5.6 6.93 ·10−1+0.0

−0.0 3.06 ·10−1+0.0
−0.0 7.79 ·100+0.5

−0.5

296 6.51 ·10−4+7.9
−7.8 1.41 ·10−5+1.7

−1.8 5.97 ·10−5+5.6
−5.6 6.92 ·10−1+0.0

−0.0 3.06 ·10−1+0.0
−0.0 8.00 ·100+0.5

−0.5

298 6.52 ·10−4+8.0
−7.8 1.37 ·10−5+1.8

−1.8 5.86 ·10−5+5.6
−5.6 6.92 ·10−1+0.0

−0.0 3.07 ·10−1+0.0
−0.0 8.22 ·100+0.5

−0.5

300 6.53 ·10−4+8.0
−7.8 1.34 ·10−5+1.8

−1.8 5.75 ·10−5+5.6
−5.6 6.92 ·10−1+0.0

−0.0 3.07 ·10−1+0.0
−0.0 8.43 ·100+0.5

−0.5

305 6.58 ·10−4+8.1
−7.9 1.27 ·10−5+1.8

−1.8 5.48 ·10−5+5.6
−5.6 6.91 ·10−1+0.0

−0.0 3.08 ·10−1+0.0
−0.0 8.99 ·100+0.5

−0.5

310 6.64 ·10−4+8.2
−8.0 1.21 ·10−5+1.9

−1.9 5.24 ·10−5+5.6
−5.6 6.90 ·10−1+0.0

−0.0 3.08 ·10−1+0.0
−0.0 9.57 ·100+0.5

−0.5

315 6.71 ·10−4+8.4
−8.1 1.14 ·10−5+1.9

−1.8 5.00 ·10−5+5.6
−5.6 6.90 ·10−1+0.0

−0.0 3.09 ·10−1+0.0
−0.0 1.02 ·101+0.5

−0.5

320 6.80 ·10−4+8.6
−8.2 1.09 ·10−5+1.9

−1.9 4.78 ·10−5+5.7
−5.5 6.89 ·10−1+0.0

−0.0 3.09 ·10−1+0.0
−0.0 1.08 ·101+0.5

−0.5

325 6.93 ·10−4+8.8
−8.4 1.03 ·10−5+1.9

−1.9 4.58 ·10−5+5.5
−5.6 6.88 ·10−1+0.0

−0.0 3.10 ·10−1+0.0
−0.1 1.14 ·101+0.5

−0.5

330 7.07 ·10−4+9.1
−8.6 9.83 ·10−6+1.9

−2.0 4.38 ·10−5+5.6
−5.5 6.88 ·10−1+0.0

−0.0 3.10 ·10−1+0.1
−0.1 1.21 ·101+0.5

−0.6

335 7.26 ·10−4+9.6
−9.0 9.37 ·10−6+1.9

−2.0 4.21 ·10−5+5.5
−5.5 6.87 ·10−1+0.0

−0.0 3.11 ·10−1+0.1
−0.1 1.28 ·101+0.6

−0.6

340 7.50 ·10−4+10.8
−9.4 8.91 ·10−6+2.1

−2.5 4.03 ·10−5+5.6
−5.5 6.87 ·10−1+0.0

−0.2 3.11 ·10−1+0.1
−0.3 1.35 ·101+0.7

−0.7

345 7.83 ·10−4+9.5
−10.2 8.44 ·10−6+3.4

−6.1 3.88 ·10−5+5.5
−7.5 6.85 ·10−1+0.2

−1.3 3.11 ·10−1+0.3
−1.4 1.42 ·101+2.0

−0.5

350 8.14 ·10−4+9.4
−10.5 7.73 ·10−6+6.0

−8.0 3.65 ·10−5+7.6
−8.7 6.76 ·10−1+1.3

−2.0 3.07 ·10−1+1.4
−2.1 1.52 ·101+3.0

−2.0

360 8.51 ·10−4+8.2
−8.6 6.25 ·10−6+9.0

−8.9 3.17 ·10−5+9.1
−9.0 6.51 ·10−1+2.2

−2.2 2.97 ·10−1+2.3
−2.2 1.76 ·101+3.1

−3.1

370 8.64 ·10−4+7.8
−8.0 5.03 ·10−6+9.8

−9.3 2.76 ·10−5+9.2
−9.0 6.28 ·10−1+2.3

−2.2 2.87 ·10−1+2.3
−2.2 2.02 ·101+3.0

−3.0

277



Table A.14: SM Higgs branching ratios to two gauge bosons and Higgs total width together with their total

uncertainties (expressed in percentage). High-mass range.

MH [ GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [ GeV]

380 8.61 ·10−4+7.7
−7.7 4.06 ·10−6+10.0

−9.6 2.42 ·10−5+9.1
−8.9 6.09 ·10−1+2.2

−2.1 2.80 ·10−1+2.2
−2.1 2.31 ·101+2.8

−2.9

390 8.50 ·10−4+7.7
−7.7 3.27 ·10−6+10.4

−9.7 2.14 ·10−5+9.0
−8.7 5.94 ·10−1+2.1

−2.0 2.74 ·10−1+2.1
−2.0 2.61 ·101+2.6

−2.7

400 8.32 ·10−4+7.8
−7.7 2.65 ·10−6+10.4

−9.8 1.90 ·10−5+8.7
−8.5 5.82 ·10−1+2.0

−1.9 2.69 ·10−1+2.0
−1.9 2.92 ·101+2.5

−2.5

420 7.89 ·10−4+7.9
−7.9 1.74 ·10−6+10.6

−9.8 1.53 ·10−5+8.3
−8.2 5.65 ·10−1+1.8

−1.7 2.63 ·10−1+1.7
−1.6 3.59 ·101+2.1

−2.2

440 7.42 ·10−4+8.1
−8.0 1.15 ·10−6+10.7

−10.1 1.26 ·10−5+8.0
−7.8 5.55 ·10−1+1.6

−1.5 2.60 ·10−1+1.5
−1.4 4.30 ·101+1.9

−2.0

450 7.18 ·10−4+8.1
−8.1 9.28 ·10−7+10.9

−10.0 1.15 ·10−5+7.8
−7.6 5.51 ·10−1+1.5

−1.4 2.59 ·10−1+1.4
−1.3 4.68 ·101+1.8

−1.8

460 6.94 ·10−4+8.2
−8.1 7.50 ·10−7+10.8

−10.1 1.05 ·10−5+7.7
−7.5 5.49 ·10−1+1.4

−1.3 2.59 ·10−1+1.3
−1.3 5.08 ·101+1.7

−1.7

480 6.47 ·10−4+8.3
−8.1 4.86 ·10−7+11.0

−9.7 8.88 ·10−6+7.4
−7.2 5.46 ·10−1+1.3

−1.2 2.60 ·10−1+1.2
−1.1 5.91 ·101+1.5

−1.6

500 6.04 ·10−4+8.9
−8.8 3.11 ·10−7+11.0

−9.5 7.59 ·10−6+7.7
−7.6 5.46 ·10−1+1.4

−1.3 2.61 ·10−1+1.4
−1.3 6.8 ·101+2.0

−2.0

520 5.62 ·10−4+9.1
−9.0 1.96 ·10−7+9.9

−8.2 6.54 ·10−6+7.6
−7.5 5.47 ·10−1+1.4

−1.3 2.63 ·10−1+1.4
−1.4 7.75 ·101+2.2

−2.2

540 5.24 ·10−4+9.3
−9.2 1.24 ·10−7+7.3

−5.2 5.67 ·10−6+7.6
−7.5 5.49 ·10−1+1.5

−1.4 2.65 ·10−1+1.5
−1.5 8.77 ·101+2.4

−2.4

550 5.06 ·10−4+9.4
−9.3 9.89 ·10−8+5.1

−3.7 5.30 ·10−6+7.6
−7.5 5.50 ·10−1+1.5

−1.5 2.66 ·10−1+1.6
−1.5 9.30 ·101+2.5

−2.6

560 4.88 ·10−4+9.5
−9.5 8.10 ·10−8+7.8

−4.1 4.96 ·10−6+7.6
−7.5 5.52 ·10−1+1.6

−1.5 2.67 ·10−1+1.6
−1.6 9.86 ·101+2.7

−2.7

580 4.55 ·10−4+9.7
−9.7 5.92 ·10−8+14.3

−11.2 4.35 ·10−6+7.8
−7.7 5.55 ·10−1+1.6

−1.6 2.70 ·10−1+1.7
−1.6 1.10 ·102+2.9

−2.9

600 4.24 ·10−4+10.2
−9.9 5.03 ·10−8+19.8

−16.8 3.84 ·10−6+8.2
−8.0 5.58 ·10−1+1.7

−1.6 2.72 ·10−1+1.7
−1.7 1.23 ·102+3.2

−3.2

620 3.96 ·10−4+10.4
−10.2 4.82 ·10−8+23.3

−19.9 3.40 ·10−6+8.6
−8.4 5.62 ·10−1+1.7

−1.7 2.75 ·10−1+1.7
−1.7 1.36 ·102+3.5

−3.5

640 3.69 ·10−4+10.7
−10.6 5.29 ·10−8+27.2

−23.6 3.03 ·10−6+9.0
−8.8 5.66 ·10−1+1.7

−1.7 2.77 ·10−1+1.8
−1.8 1.50 ·102+3.8

−3.8

650 3.57 ·10−4+10.9
−10.7 5.82 ·10−8+27.1

−24.6 2.86 ·10−6+9.3
−9.1 5.68 ·10−1+1.8

−1.8 2.79 ·10−1+1.8
−1.8 1.58 ·102+3.9

−3.9

660 3.45 ·10−4+11.1
−10.9 6.60 ·10−8+26.3

−23.9 2.70 ·10−6+9.5
−9.3 5.7 ·10−1+1.8

−1.8 2.80 ·10−1+1.8
−1.8 1.65 ·102+4.1

−4.1

680 3.22 ·10−4+11.6
−11.2 8.65 ·10−8+21.8

−20.9 2.42 ·10−6+10.0
−9.7 5.73 ·10−1+1.8

−1.8 2.82 ·10−1+1.8
−1.8 1.82 ·102+4.5

−4.5

700 3.01 ·10−4+11.9
−11.7 1.11 ·10−7+19.3

−17.8 2.18 ·10−6+10.5
−10.2 5.77 ·10−1+1.8

−1.9 2.85 ·10−1+1.8
−1.9 1.99 ·102+4.9

−4.9

720 2.81 ·10−4+12.5
−12.2 1.38 ·10−7+16.8

−16.0 1.96 ·10−6+11.1
−10.7 5.81 ·10−1+1.9

−1.9 2.87 ·10−1+1.9
−1.9 2.17 ·102+5.3

−5.3

740 2.63 ·10−4+13.1
−12.6 1.65 ·10−7+15.6

−14.7 1.77 ·10−6+11.7
−11.3 5.84 ·10−1+1.9

−1.9 2.89 ·10−1+1.9
−1.9 2.37 ·102+5.8

−5.8

750 2.55 ·10−4+13.3
−12.9 1.79 ·10−7+15.2

−14.2 1.69 ·10−6+12.1
−11.6 5.86 ·10−1+1.9

−2.0 2.90 ·10−1+1.9
−2.0 2.47 ·102+6.1

−6.1

760 2.46 ·10−4+13.6
−13.1 1.92 ·10−7+14.8

−13.9 1.61 ·10−6+12.4
−11.8 5.88 ·10−1+1.9

−2.0 2.91 ·10−1+1.9
−2.0 2.58 ·102+6.3

−6.3

780 2.31 ·10−4+14.3
−13.7 2.18 ·10−7+14.3

−13.6 1.46 ·10−6+13.1
−12.5 5.91 ·10−1+2.0

−2.0 2.94 ·10−1+2.0
−2.0 2.80 ·102+6.9

−6.9

800 2.16 ·10−4+15.0
−14.3 2.44 ·10−7+14.4

−13.3 1.33 ·10−6+14.0
−13.1 5.94 ·10−1+2.0

−2.1 2.96 ·10−1+2.0
−2.1 3.04 ·102+7.5

−7.5

820 2.03 ·10−4+15.9
−14.9 2.69 ·10−7+14.4

−13.2 1.22 ·10−6+14.8
−13.8 5.98 ·10−1+2.0

−2.1 2.97 ·10−1+2.0
−2.1 3.30 ·102+8.2

−8.2

840 1.90 ·10−4+16.7
−15.6 2.93 ·10−7+14.6

−13.4 1.12 ·10−6+15.7
−14.5 6.01 ·10−1+2.0

−2.2 2.99 ·10−1+2.0
−2.1 3.57 ·102+8.9

−8.9

850 1.84 ·10−4+17.3
−15.8 3.04 ·10−7+14.9

−13.4 1.07 ·10−6+16.3
−14.9 6.02 ·10−1+2.1

−2.2 3.00 ·10−1+2.0
−2.2 3.71 ·102+9.3

−9.3

860 1.78 ·10−4+17.7
−16.3 3.15 ·10−7+15.3

−13.5 1.02 ·10−6+16.7
−15.3 6.04 ·10−1+2.1

−2.2 3.01 ·10−1+2.0
−2.2 3.86 ·102+9.7

−9.7

880 1.67 ·10−4+18.9
−16.9 3.37 ·10−7+15.8

−13.9 9.44 ·10−7+17.9
−16.0 6.06 ·10−1+2.1

−2.2 3.03 ·10−1+2.1
−2.2 4.16 ·102+10.6

−10.6

900 1.57 ·10−4+20.0
−17.7 3.58 ·10−7+16.2

−14.4 8.72 ·10−7+19.0
−16.9 6.09 ·10−1+2.1

−2.3 3.04 ·10−1+2.1
−2.3 4.49 ·102+11.5

−11.5

920 1.48 ·10−4+21.2
−18.6 3.77 ·10−7+17.9

−14.7 8.07 ·10−7+20.3
−17.8 6.12 ·10−1+2.1

−2.3 3.06 ·10−1+2.1
−2.3 4.84 ·102+12.4

−12.4

940 1.39 ·10−4+22.5
−19.4 3.93 ·10−7+18.6

−15.6 7.49 ·10−7+21.7
−18.6 6.14 ·10−1+2.2

−2.4 3.07 ·10−1+2.1
−2.4 5.21 ·102+13.5

−13.5

950 1.34 ·10−4+23.3
−19.9 4.00 ·10−7+19.2

−15.9 7.22 ·10−7+22.5
−19.1 6.16 ·10−1+2.2

−2.4 3.08 ·10−1+2.1
−2.4 5.40 ·102+14.0

−14.0

960 1.30 ·10−4+24.1
−20.4 4.08 ·10−7+19.9

−16.2 6.97 ·10−7+23.3
−19.6 6.17 ·10−1+2.2

−2.4 3.09 ·10−1+2.1
−2.4 5.60 ·102+14.6

−14.6

980 1.23 ·10−4+25.7
−21.4 4.27 ·10−7+21.3

−16.9 6.50 ·10−7+24.9
−20.5 6.19 ·10−1+2.2

−2.5 3.10 ·10−1+2.2
−2.5 6.02 ·102+15.8

−15.8

1000 1.15 ·10−4+27.5
−22.4 4.39 ·10−7+23.0

−17.7 6.08 ·10−7+26.8
−21.6 6.21 ·10−1+2.2

−2.6 3.11 ·10−1+2.2
−2.5 6.47 ·102+17.1

−17.1
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B Tables of cross sections

Tables with the cross section values for the various production modes follow.
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Table B.1: ggF cross sections at the LHC at 7 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

80.0 36.59 +8.3 −8.8 +7.8 −6.7
81.0 35.71 +8.3 −8.8 +7.8 −6.7
82.0 34.86 +8.3 −8.8 +7.8 −6.7
83.0 34.04 +8.3 −8.8 +7.8 −6.7
84.0 33.25 +8.3 −8.8 +7.8 −6.7
85.0 32.49 +8.3 −8.8 +7.8 −6.7
86.0 31.75 +8.3 −8.8 +7.8 −6.7
87.0 31.04 +8.3 −8.8 +7.8 −6.7
88.0 30.35 +8.3 −8.7 +7.8 −6.7
89.0 29.69 +8.2 −8.7 +7.8 −6.7
90.0 29.03 +8.2 −8.7 +7.8 −6.7
91.0 28.42 +8.2 −8.7 +7.8 −6.7
92.0 27.81 +8.1 −8.7 +7.8 −6.7
93.0 27.23 +8.1 −8.6 +7.8 −6.7
94.0 26.65 +8.1 −8.6 +7.8 −6.7
95.0 26.10 +8.0 −8.6 +7.8 −6.7
96.0 25.56 +8.0 −8.6 +7.8 −6.7
97.0 25.06 +7.9 −8.5 +7.8 −6.7
98.0 24.56 +7.9 −8.5 +7.8 −6.8
99.0 24.07 +7.8 −8.5 +7.7 −6.8
100.0 23.64 +7.8 −8.4 +7.7 −6.8
101.0 23.17 +7.8 −8.4 +7.7 −6.8
102.0 22.73 +7.8 −8.4 +7.7 −6.8
103.0 22.29 +7.7 −8.3 +7.7 −6.9
104.0 21.87 +7.7 −8.3 +7.7 −6.9
105.0 21.45 +7.7 −8.3 +7.7 −6.9
106.0 21.05 +7.7 −8.3 +7.7 −6.9
107.0 20.67 +7.6 −8.2 +7.7 −6.9
108.0 20.29 +7.6 −8.2 +7.7 −6.9
109.0 19.92 +7.6 −8.2 +7.7 −6.9
110.0 19.56 +7.5 −8.1 +7.7 −6.9
110.5 19.38 +7.5 −8.1 +7.7 −6.9
111.0 19.21 +7.5 −8.1 +7.7 −6.9
111.5 19.03 +7.5 −8.1 +7.7 −6.9
112.0 18.87 +7.5 −8.1 +7.7 −6.9
112.5 18.70 +7.4 −8.0 +7.7 −6.9
113.0 18.53 +7.4 −8.0 +7.7 −7.0
113.5 18.37 +7.4 −8.0 +7.7 −7.0
114.0 18.21 +7.4 −8.0 +7.7 −7.0
114.5 18.05 +7.4 −8.0 +7.7 −7.0
115.0 17.89 +7.4 −8.0 +7.7 −7.0
115.5 17.74 +7.4 −8.0 +7.7 −7.0
116.0 17.59 +7.4 −8.0 +7.7 −7.0
116.5 17.44 +7.4 −8.0 +7.7 −7.0
117.0 17.29 +7.3 −8.0 +7.7 −7.0
117.5 17.14 +7.3 −8.0 +7.7 −7.0
118.0 16.99 +7.3 −7.9 +7.7 −7.0
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Table B.2: ggF cross sections at the LHC at 7 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

118.5 16.85 +7.3 −7.9 +7.6 −7.0
119.0 16.71 +7.3 −7.9 +7.6 −7.0
119.5 16.57 +7.2 −7.9 +7.6 −7.0
120.0 16.43 +7.2 −7.9 +7.6 −7.0
120.1 16.40 +7.2 −7.9 +7.6 −7.0
120.2 16.37 +7.2 −7.9 +7.6 −7.0
120.3 16.35 +7.2 −7.9 +7.6 −7.0
120.4 16.32 +7.2 −7.9 +7.6 −7.0
120.5 16.29 +7.2 −7.9 +7.6 −7.0
120.6 16.27 +7.2 −7.9 +7.6 −7.0
120.7 16.24 +7.2 −7.9 +7.6 −7.0
120.8 16.21 +7.2 −7.9 +7.6 −7.0
120.9 16.18 +7.2 −7.9 +7.6 −7.0
121.0 16.16 +7.2 −7.9 +7.6 −7.0
121.1 16.13 +7.2 −7.9 +7.6 −7.0
121.2 16.10 +7.2 −7.9 +7.6 −7.0
121.3 16.08 +7.2 −7.9 +7.6 −7.0
121.4 16.05 +7.2 −7.9 +7.6 −7.0
121.5 16.02 +7.2 −7.9 +7.6 −7.0
121.6 16.00 +7.2 −7.9 +7.6 −7.0
121.7 15.97 +7.2 −7.9 +7.6 −7.0
121.8 15.94 +7.2 −7.9 +7.6 −7.0
121.9 15.92 +7.2 −7.9 +7.6 −7.0
122.0 15.89 +7.2 −7.9 +7.6 −7.0
122.1 15.87 +7.2 −7.9 +7.6 −7.0
122.2 15.84 +7.2 −7.9 +7.6 −7.0
122.3 15.81 +7.1 −7.9 +7.6 −7.0
122.4 15.79 +7.1 −7.9 +7.6 −7.0
122.5 15.76 +7.1 −7.9 +7.6 −7.0
122.6 15.73 +7.1 −7.9 +7.6 −7.0
122.7 15.71 +7.1 −7.9 +7.6 −7.0
122.8 15.68 +7.1 −7.8 +7.6 −7.1
122.9 15.66 +7.1 −7.8 +7.6 −7.1
123.0 15.63 +7.1 −7.8 +7.6 −7.1
123.1 15.61 +7.1 −7.8 +7.6 −7.1
123.2 15.58 +7.1 −7.8 +7.6 −7.1
123.3 15.56 +7.1 −7.8 +7.6 −7.1
123.4 15.53 +7.1 −7.8 +7.6 −7.1
123.5 15.51 +7.1 −7.8 +7.6 −7.1
123.6 15.48 +7.1 −7.8 +7.6 −7.1
123.7 15.46 +7.1 −7.8 +7.6 −7.1
123.8 15.43 +7.1 −7.8 +7.6 −7.1
123.9 15.40 +7.1 −7.8 +7.6 −7.1
124.0 15.38 +7.1 −7.8 +7.6 −7.1
124.1 15.35 +7.1 −7.8 +7.6 −7.1
124.2 15.33 +7.1 −7.8 +7.6 −7.1
124.3 15.31 +7.1 −7.8 +7.6 −7.1
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Table B.3: ggF cross sections at the LHC at 7 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

124.4 15.28 +7.1 −7.8 +7.6 −7.1
124.5 15.26 +7.1 −7.8 +7.6 −7.1
124.6 15.23 +7.1 −7.8 +7.6 −7.1
124.7 15.21 +7.1 −7.8 +7.6 −7.1
124.8 15.18 +7.1 −7.8 +7.6 −7.1
124.9 15.16 +7.1 −7.8 +7.6 −7.1
125.0 15.13 +7.1 −7.8 +7.6 −7.1
125.1 15.11 +7.1 −7.8 +7.6 −7.1
125.2 15.08 +7.1 −7.8 +7.6 −7.1
125.3 15.06 +7.1 −7.8 +7.6 −7.1
125.4 15.04 +7.1 −7.8 +7.6 −7.1
125.5 15.01 +7.1 −7.8 +7.6 −7.1
125.6 14.99 +7.1 −7.8 +7.6 −7.1
125.7 14.96 +7.1 −7.8 +7.6 −7.1
125.8 14.94 +7.1 −7.8 +7.6 −7.1
125.9 14.91 +7.1 −7.8 +7.6 −7.1
126.0 14.89 +7.1 −7.8 +7.6 −7.1
126.1 14.87 +7.1 −7.8 +7.6 −7.1
126.2 14.84 +7.1 −7.8 +7.6 −7.1
126.3 14.82 +7.1 −7.8 +7.6 −7.1
126.4 14.80 +7.1 −7.8 +7.6 −7.1
126.5 14.77 +7.1 −7.8 +7.6 −7.1
126.6 14.75 +7.1 −7.8 +7.6 −7.1
126.7 14.73 +7.1 −7.8 +7.6 −7.1
126.8 14.70 +7.1 −7.8 +7.6 −7.1
126.9 14.68 +7.1 −7.8 +7.6 −7.1
127.0 14.65 +7.1 −7.8 +7.6 −7.1
127.1 14.63 +7.1 −7.8 +7.6 −7.1
127.2 14.62 +7.1 −7.8 +7.6 −7.1
127.3 14.59 +7.1 −7.8 +7.6 −7.2
127.4 14.56 +7.1 −7.8 +7.6 −7.2
127.5 14.54 +7.1 −7.8 +7.6 −7.2
127.6 14.52 +7.1 −7.8 +7.6 −7.2
127.7 14.49 +7.1 −7.8 +7.6 −7.2
127.8 14.47 +7.0 −7.7 +7.6 −7.2
127.9 14.45 +7.0 −7.7 +7.6 −7.2
128.0 14.42 +7.0 −7.7 +7.6 −7.2
128.1 14.40 +7.0 −7.7 +7.6 −7.2
128.2 14.38 +7.0 −7.7 +7.6 −7.2
128.3 14.36 +7.0 −7.7 +7.6 −7.2
128.4 14.33 +7.0 −7.7 +7.6 −7.2
128.5 14.31 +7.0 −7.7 +7.6 −7.2
128.6 14.29 +7.0 −7.7 +7.6 −7.2
128.7 14.27 +7.0 −7.7 +7.6 −7.2
128.8 14.24 +7.0 −7.7 +7.6 −7.2
128.9 14.22 +7.0 −7.7 +7.6 −7.2
129.0 14.20 +7.0 −7.7 +7.6 −7.2
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Table B.4: ggF cross sections at the LHC at 7 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

129.1 14.18 +7.0 −7.7 +7.6 −7.2
129.2 14.15 +7.0 −7.7 +7.6 −7.2
129.3 14.13 +7.0 −7.7 +7.6 −7.2
129.4 14.11 +7.0 −7.7 +7.6 −7.2
129.5 14.09 +7.0 −7.7 +7.6 −7.2
129.6 14.07 +7.0 −7.7 +7.6 −7.2
129.7 14.04 +7.0 −7.7 +7.6 −7.2
129.8 14.02 +7.0 −7.7 +7.6 −7.2
129.9 14.00 +7.0 −7.7 +7.6 −7.2
130.0 13.98 +7.0 −7.7 +7.6 −7.2
130.5 13.87 +7.0 −7.7 +7.6 −7.2
131.0 13.76 +7.0 −7.7 +7.6 −7.2
131.5 13.66 +7.0 −7.7 +7.6 −7.2
132.0 13.55 +7.0 −7.7 +7.6 −7.2
132.5 13.45 +7.0 −7.7 +7.6 −7.3
133.0 13.35 +6.9 −7.6 +7.6 −7.3
133.5 13.24 +6.9 −7.6 +7.6 −7.3
134.0 13.14 +6.9 −7.6 +7.6 −7.3
134.5 13.05 +6.9 −7.6 +7.6 −7.3
135.0 12.95 +6.9 −7.6 +7.6 −7.3
135.5 12.85 +6.9 −7.6 +7.6 −7.3
136.0 12.75 +6.9 −7.6 +7.6 −7.3
136.5 12.66 +6.9 −7.6 +7.6 −7.3
137.0 12.57 +6.9 −7.6 +7.6 −7.3
137.5 12.47 +6.9 −7.6 +7.6 −7.3
138.0 12.38 +6.8 −7.5 +7.6 −7.3
138.5 12.29 +6.8 −7.5 +7.6 −7.3
139.0 12.20 +6.8 −7.5 +7.6 −7.3
139.5 12.11 +6.8 −7.5 +7.6 −7.3
140.0 12.02 +6.8 −7.5 +7.6 −7.3
140.5 11.93 +6.8 −7.5 +7.6 −7.3
141.0 11.89 +6.8 −7.5 +7.6 −7.3
141.5 11.81 +6.8 −7.5 +7.6 −7.3
142.0 11.73 +6.8 −7.5 +7.6 −7.3
142.5 11.64 +6.8 −7.5 +7.6 −7.3
143.0 11.56 +6.7 −7.5 +7.6 −7.4
143.5 11.48 +6.7 −7.5 +7.6 −7.4
144.0 11.40 +6.7 −7.5 +7.6 −7.4
144.5 11.32 +6.7 −7.5 +7.6 −7.4
145.0 11.24 +6.7 −7.5 +7.6 −7.4
145.5 11.17 +6.7 −7.5 +7.6 −7.4
146.0 11.09 +6.7 −7.5 +7.6 −7.4
146.5 11.02 +6.7 −7.5 +7.6 −7.4
147.0 10.94 +6.7 −7.5 +7.6 −7.4
147.5 10.87 +6.7 −7.5 +7.6 −7.5
148.0 10.80 +6.6 −7.5 +7.6 −7.5
148.5 10.72 +6.6 −7.5 +7.6 −7.5
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Table B.5: ggF cross sections at the LHC at 7 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

149.0 10.65 +6.6 −7.4 +7.6 −7.5
149.5 10.58 +6.6 −7.4 +7.6 −7.5
150.0 10.51 +6.6 −7.4 +7.6 −7.5
152.0 10.24 +6.6 −7.4 +7.6 −7.5
154.0 9.978 +6.5 −7.3 +7.5 −7.5
156.0 9.723 +6.5 −7.3 +7.5 −7.5
158.0 9.473 +6.4 −7.2 +7.5 −7.6
160.0 9.223 +6.4 −7.2 +7.5 −7.6
162.0 8.930 +6.4 −7.2 +7.5 −7.6
164.0 8.586 +6.4 −7.2 +7.5 −7.7
165.0 8.434 +6.4 −7.2 +7.5 −7.7
166.0 8.292 +6.4 −7.2 +7.5 −7.7
168.0 8.029 +6.4 −7.2 +7.5 −7.8
170.0 7.801 +6.3 −7.1 +7.5 −7.8
172.0 7.585 +6.3 −7.1 +7.5 −7.8
174.0 7.385 +6.2 −7.0 +7.5 −7.8
175.0 7.291 +6.2 −7.0 +7.5 −7.8
176.0 7.199 +6.2 −7.0 +7.5 −7.8
178.0 7.026 +6.2 −7.0 +7.5 −7.8
180.0 6.856 +6.2 −7.0 +7.5 −7.8
182.0 6.677 +6.2 −7.0 +7.5 −7.8
184.0 6.477 +6.1 −6.9 +7.5 −7.8
185.0 6.384 +6.1 −6.9 +7.5 −7.8
186.0 6.291 +6.1 −6.9 +7.5 −7.8
188.0 6.124 +6.1 −6.9 +7.5 −7.8
190.0 5.971 +6.1 −6.9 +7.5 −7.8
192.0 5.823 +6.1 −6.9 +7.5 −7.8
194.0 5.684 +6.1 −6.8 +7.5 −7.8
195.0 5.614 +6.1 −6.8 +7.5 −7.8
196.0 5.547 +6.1 −6.8 +7.5 −7.8
198.0 5.441 +6.1 −6.8 +7.6 −7.8
200.0 5.356 +6.0 −6.8 +7.6 −7.8
202.0 5.242 +6.0 −6.8 +7.6 −7.8
204.0 5.169 +6.0 −6.8 +7.6 −7.8
206.0 5.078 +6.0 −6.8 +7.6 −7.8
208.0 4.982 +6.0 −6.7 +7.6 −7.9
210.0 4.895 +6.0 −6.7 +7.5 −7.9
212.0 4.806 +6.1 −6.7 +7.5 −7.9
214.0 4.731 +6.1 −6.7 +7.5 −7.9
216.0 4.668 +6.2 −6.6 +7.5 −7.9
218.0 4.581 +6.4 −6.6 +7.6 −7.9
220.0 4.502 +6.5 −6.6 +7.6 −7.9
222.0 4.424 +6.5 −6.6 +7.6 −7.9
224.0 4.357 +6.4 −6.6 +7.6 −7.9
226.0 4.299 +6.3 −6.5 +7.7 −8.0
228.0 4.224 +6.1 −6.5 +7.7 −8.0
230.0 4.157 +5.9 −6.5 +7.7 −8.0
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Table B.6: ggF cross sections at the LHC at 7 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

232.0 4.094 +5.9 −6.5 +7.7 −8.0
234.0 4.036 +5.8 −6.5 +7.7 −8.0
236.0 3.971 +5.8 −6.4 +7.7 −8.0
238.0 3.904 +5.9 −6.4 +7.7 −8.0
240.0 3.835 +5.9 −6.4 +7.7 −8.0
242.0 3.771 +5.9 −6.4 +7.7 −8.0
244.0 3.709 +5.9 −6.4 +7.7 −8.0
246.0 3.651 +5.9 −6.3 +7.8 −8.1
248.0 3.596 +5.8 −6.3 +7.8 −8.1
250.0 3.540 +5.8 −6.3 +7.8 −8.1
252.0 3.486 +5.8 −6.3 +7.8 −8.1
254.0 3.434 +5.8 −6.3 +7.8 −8.1
256.0 3.383 +5.8 −6.3 +7.8 −8.1
258.0 3.335 +5.8 −6.3 +7.8 −8.1
260.0 3.288 +5.8 −6.3 +7.8 −8.1
262.0 3.243 +5.8 −6.3 +7.8 −8.1
264.0 3.199 +5.8 −6.3 +7.8 −8.1
266.0 3.155 +5.8 −6.3 +7.9 −8.1
268.0 3.113 +5.8 −6.2 +7.9 −8.1
270.0 3.072 +5.8 −6.2 +7.9 −8.1
272.0 3.033 +5.8 −6.2 +7.9 −8.1
274.0 2.995 +5.8 −6.2 +7.9 −8.1
276.0 2.959 +5.8 −6.1 +7.9 −8.2
278.0 2.923 +5.8 −6.1 +7.9 −8.2
280.0 2.889 +5.8 −6.1 +7.9 −8.2
282.0 2.856 +5.8 −6.1 +7.9 −8.2
284.0 2.824 +5.8 −6.1 +7.9 −8.2
286.0 2.794 +5.8 −6.1 +8.0 −8.3
288.0 2.764 +5.8 −6.1 +8.0 −8.3
290.0 2.736 +5.8 −6.1 +8.0 −8.3
292.0 2.708 +5.8 −6.1 +8.0 −8.3
294.0 2.681 +5.8 −6.1 +8.0 −8.3
296.0 2.656 +5.8 −6.1 +8.0 −8.3
298.0 2.632 +5.8 −6.0 +8.0 −8.3
300.0 2.608 +5.8 −6.0 +8.0 −8.3
305.0 2.555 +5.8 −6.0 +8.0 −8.3
310.0 2.509 +5.8 −6.0 +8.1 −8.3
315.0 2.470 +5.8 −6.0 +8.1 −8.4
320.0 2.436 +5.8 −6.0 +8.2 −8.4
325.0 2.411 +5.8 −6.0 +8.2 −8.4
330.0 2.397 +5.8 −6.0 +8.3 −8.4
335.0 2.392 +5.8 −5.9 +8.3 −8.4
340.0 2.402 +5.8 −5.9 +8.3 −8.4
345.0 2.426 +5.8 −5.9 +8.3 −8.4
350.0 2.423 +5.8 −5.9 +8.4 −8.4
360.0 2.404 +5.8 −5.9 +8.4 −8.5
370.0 2.359 +5.8 −5.8 +8.4 −8.6
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Table B.7: ggF cross sections at the LHC at 7 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

380.0 2.280 +5.9 −5.6 +8.4 −8.6
390.0 2.172 +5.9 −5.5 +8.6 −8.6
400.0 2.047 +5.9 −5.4 +8.8 −8.6
420.0 1.775 +5.9 −5.3 +9.1 −8.6
440.0 1.506 +5.9 −5.3 +9.2 −8.7
450.0 1.380 +5.9 −5.3 +9.2 −8.7
460.0 1.262 +5.9 −5.3 +9.3 −8.7
480.0 1.050 +5.9 −5.2 +9.4 −8.8
500.0 0.8704 +6.0 −5.2 +9.5 −8.9
520.0 0.7208 +6.0 −5.2 +9.6 −9.0
540.0 0.5974 +6.0 −5.2 +9.7 −9.0
550.0 0.5441 +6.0 −5.2 +9.7 −9.0
560.0 0.4958 +6.0 −5.2 +9.8 −9.1
580.0 0.4126 +6.0 −5.2 +9.9 −9.2
600.0 0.3445 +6.1 −5.2 +10.1 −9.4
620.0 0.2884 +6.1 −5.2 +10.2 −9.5
640.0 0.2422 +6.2 −5.2 +10.4 −9.7
650.0 0.2224 +6.2 −5.2 +10.4 −9.7
660.0 0.2043 +6.2 −5.2 +10.5 −9.8
680.0 0.1729 +6.3 −5.3 +10.6 −9.8
700.0 0.1469 +6.3 −5.3 +10.7 −9.9
720.0 0.1253 +6.3 −5.3 +10.8 −10.0
740.0 0.1072 +6.4 −5.4 +10.9 −10.1
750.0 0.0993 +6.4 −5.4 +10.9 −10.1
760.0 0.0920 +6.4 −5.4 +11.0 −10.2
780.0 0.0794 +6.5 −5.4 +11.1 −10.3
800.0 0.0687 +6.5 −5.4 +11.2 −10.4
820.0 0.0596 +6.5 −5.4 +11.4 −10.6
840.0 0.0519 +6.5 −5.5 +11.7 −10.9
850.0 0.0485 +6.5 −5.5 +11.8 −11.0
860.0 0.0454 +6.5 −5.5 +11.9 −11.1
880.0 0.0398 +6.6 −5.6 +12.3 −11.5
900.0 0.0350 +6.7 −5.6 +12.6 −11.8
920.0 0.0309 +6.8 −5.6 +13.0 −12.2
940.0 0.0273 +6.8 −5.7 +13.3 −12.5
950.0 0.0257 +6.8 −5.7 +13.5 −12.7
960.0 0.0242 +6.8 −5.7 +13.7 −12.9
980.0 0.0216 +6.9 −5.7 +14.0 −13.2
1000.0 0.0192 +7.0 −5.7 +14.2 −13.5
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Table B.8: ggF cross sections at the LHC at 8 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

80.0 45.37 +8.8 −9.2 +7.9 −6.7
81.0 44.31 +8.8 −9.1 +7.9 −6.7
82.0 43.28 +8.7 −9.1 +7.9 −6.6
83.0 42.29 +8.7 −9.0 +7.9 −6.6
84.0 41.33 +8.6 −9.0 +7.9 −6.6
85.0 40.41 +8.6 −9.0 +7.9 −6.6
86.0 39.52 +8.5 −8.9 +7.9 −6.6
87.0 38.66 +8.5 −8.9 +7.9 −6.6
88.0 37.83 +8.4 −8.8 +7.9 −6.6
89.0 37.02 +8.4 −8.8 +7.8 −6.6
90.0 36.23 +8.3 −8.8 +7.8 −6.6
91.0 35.49 +8.3 −8.7 +7.8 −6.6
92.0 34.75 +8.2 −8.7 +7.8 −6.5
93.0 34.04 +8.2 −8.7 +7.8 −6.5
94.0 33.36 +8.1 −8.6 +7.8 −6.5
95.0 32.69 +8.1 −8.6 +7.8 −6.5
96.0 32.04 +8.1 −8.6 +7.8 −6.5
97.0 31.41 +8.0 −8.5 +7.8 −6.5
98.0 30.80 +8.0 −8.5 +7.8 −6.5
99.0 30.21 +8.0 −8.5 +7.8 −6.5
100.0 29.68 +7.9 −8.4 +7.8 −6.5
101.0 29.12 +7.9 −8.4 +7.8 −6.5
102.0 28.57 +7.9 −8.4 +7.8 −6.5
103.0 28.04 +7.8 −8.4 +7.8 −6.5
104.0 27.52 +7.8 −8.3 +7.8 −6.5
105.0 27.01 +7.8 −8.3 +7.7 −6.5
106.0 26.52 +7.7 −8.3 +7.7 −6.6
107.0 26.05 +7.7 −8.3 +7.7 −6.6
108.0 25.59 +7.7 −8.2 +7.7 −6.6
109.0 25.14 +7.6 −8.2 +7.7 −6.7
110.0 24.70 +7.6 −8.2 +7.7 −6.7
110.5 24.48 +7.6 −8.2 +7.7 −6.7
111.0 24.27 +7.6 −8.2 +7.6 −6.7
111.5 24.06 +7.5 −8.1 +7.6 −6.7
112.0 23.85 +7.5 −8.1 +7.6 −6.7
112.5 23.64 +7.5 −8.1 +7.6 −6.7
113.0 23.44 +7.5 −8.1 +7.6 −6.7
113.5 23.24 +7.5 −8.1 +7.6 −6.8
114.0 23.05 +7.5 −8.1 +7.6 −6.8
114.5 22.85 +7.5 −8.1 +7.6 −6.8
115.0 22.66 +7.4 −8.1 +7.6 −6.8
115.5 22.47 +7.4 −8.0 +7.6 −6.8
116.0 22.28 +7.4 −8.0 +7.5 −6.8
116.5 22.10 +7.4 −8.0 +7.5 −6.8
117.0 21.91 +7.4 −8.0 +7.5 −6.8
117.5 21.73 +7.4 −8.0 +7.5 −6.8
118.0 21.55 +7.4 −8.0 +7.5 −6.8
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Table B.9: ggF cross sections at the LHC at 8 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

118.5 21.38 +7.3 −8.0 +7.5 −6.8
119.0 21.20 +7.3 −8.0 +7.5 −6.8
119.5 21.03 +7.3 −8.0 +7.5 −6.8
120.0 20.86 +7.3 −7.9 +7.5 −6.9
120.1 20.83 +7.3 −7.9 +7.5 −6.9
120.2 20.80 +7.3 −7.9 +7.5 −6.9
120.3 20.76 +7.3 −7.9 +7.5 −6.9
120.4 20.73 +7.3 −7.9 +7.5 −6.9
120.5 20.69 +7.3 −7.9 +7.5 −6.9
120.6 20.66 +7.3 −7.9 +7.5 −6.9
120.7 20.63 +7.3 −7.9 +7.5 −6.9
120.8 20.59 +7.3 −7.9 +7.5 −6.9
120.9 20.56 +7.3 −7.9 +7.5 −6.9
121.0 20.53 +7.3 −7.9 +7.5 −6.9
121.1 20.50 +7.3 −7.9 +7.5 −6.9
121.2 20.46 +7.3 −7.9 +7.5 −6.9
121.3 20.43 +7.3 −7.9 +7.5 −6.9
121.4 20.40 +7.3 −7.9 +7.5 −6.9
121.5 20.36 +7.3 −7.9 +7.5 −6.9
121.6 20.33 +7.3 −7.9 +7.5 −6.9
121.7 20.30 +7.3 −7.9 +7.5 −6.9
121.8 20.27 +7.3 −7.9 +7.5 −6.9
121.9 20.23 +7.3 −7.9 +7.5 −6.9
122.0 20.20 +7.3 −7.9 +7.5 −6.9
122.1 20.17 +7.3 −7.9 +7.5 −6.9
122.2 20.14 +7.3 −7.9 +7.5 −6.9
122.3 20.11 +7.2 −7.9 +7.5 −6.9
122.4 20.07 +7.2 −7.9 +7.5 −6.9
122.5 20.04 +7.2 −7.9 +7.5 −6.9
122.6 20.01 +7.2 −7.9 +7.5 −6.9
122.7 19.98 +7.2 −7.9 +7.5 −6.9
122.8 19.95 +7.2 −7.9 +7.5 −6.9
122.9 19.92 +7.2 −7.9 +7.5 −6.9
123.0 19.88 +7.2 −7.9 +7.5 −6.9
123.1 19.85 +7.2 −7.9 +7.5 −6.9
123.2 19.82 +7.2 −7.9 +7.5 −6.9
123.3 19.79 +7.2 −7.9 +7.5 −6.9
123.4 19.76 +7.2 −7.9 +7.5 −6.9
123.5 19.73 +7.2 −7.9 +7.5 −6.9
123.6 19.70 +7.2 −7.9 +7.5 −6.9
123.7 19.67 +7.2 −7.9 +7.5 −6.9
123.8 19.63 +7.2 −7.9 +7.5 −6.9
123.9 19.60 +7.2 −7.9 +7.5 −6.9
124.0 19.57 +7.2 −7.9 +7.5 −6.9
124.1 19.54 +7.2 −7.9 +7.5 −6.9
124.2 19.51 +7.2 −7.9 +7.5 −6.9
124.3 19.48 +7.2 −7.9 +7.5 −6.9
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Table B.10: ggF cross sections at the LHC at 8 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

124.4 19.45 +7.2 −7.9 +7.5 −6.9
124.5 19.42 +7.2 −7.9 +7.5 −6.9
124.6 19.39 +7.2 −7.9 +7.5 −6.9
124.7 19.36 +7.2 −7.9 +7.5 −6.9
124.8 19.33 +7.2 −7.8 +7.5 −6.9
124.9 19.30 +7.2 −7.8 +7.5 −6.9
125.0 19.27 +7.2 −7.8 +7.5 −6.9
125.1 19.24 +7.2 −7.8 +7.5 −6.9
125.2 19.21 +7.2 −7.8 +7.5 −6.9
125.3 19.18 +7.2 −7.8 +7.5 −6.9
125.4 19.15 +7.2 −7.8 +7.5 −6.9
125.5 19.12 +7.2 −7.8 +7.5 −6.9
125.6 19.09 +7.2 −7.8 +7.5 −6.9
125.7 19.06 +7.2 −7.8 +7.5 −6.9
125.8 19.03 +7.2 −7.8 +7.5 −6.9
125.9 19.00 +7.2 −7.8 +7.5 −6.9
126.0 18.97 +7.2 −7.8 +7.5 −6.9
126.1 18.94 +7.2 −7.8 +7.5 −6.9
126.2 18.91 +7.2 −7.8 +7.5 −6.9
126.3 18.88 +7.2 −7.8 +7.5 −6.9
126.4 18.85 +7.2 −7.8 +7.5 −6.9
126.5 18.82 +7.2 −7.8 +7.5 −6.9
126.6 18.80 +7.2 −7.8 +7.5 −6.9
126.7 18.77 +7.2 −7.8 +7.5 −6.9
126.8 18.74 +7.1 −7.8 +7.5 −6.9
126.9 18.71 +7.1 −7.8 +7.5 −6.9
127.0 18.68 +7.1 −7.8 +7.5 −6.9
127.1 18.65 +7.1 −7.8 +7.5 −6.9
127.2 18.62 +7.1 −7.8 +7.5 −6.9
127.3 18.59 +7.1 −7.8 +7.5 −6.9
127.4 18.57 +7.1 −7.8 +7.5 −6.9
127.5 18.54 +7.1 −7.8 +7.5 −6.9
127.6 18.51 +7.1 −7.8 +7.5 −6.9
127.7 18.48 +7.1 −7.8 +7.5 −6.9
127.8 18.45 +7.1 −7.8 +7.5 −6.9
127.9 18.42 +7.1 −7.8 +7.5 −6.9
128.0 18.40 +7.1 −7.8 +7.5 −6.9
128.1 18.37 +7.1 −7.8 +7.5 −6.9
128.2 18.34 +7.1 −7.8 +7.5 −6.9
128.3 18.31 +7.1 −7.8 +7.5 −6.9
128.4 18.28 +7.1 −7.8 +7.5 −6.9
128.5 18.26 +7.1 −7.8 +7.5 −6.9
128.6 18.23 +7.1 −7.8 +7.5 −6.9
128.7 18.20 +7.1 −7.8 +7.5 −6.9
128.8 18.17 +7.1 −7.8 +7.5 −6.9
128.9 18.15 +7.1 −7.8 +7.5 −6.9
129.0 18.12 +7.1 −7.8 +7.5 −6.9
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Table B.11: ggF cross sections at the LHC at 8 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

129.1 18.09 +7.1 −7.8 +7.5 −6.9
129.2 18.06 +7.1 −7.8 +7.5 −6.9
129.3 18.04 +7.1 −7.8 +7.5 −6.9
129.4 18.01 +7.1 −7.8 +7.5 −6.9
129.5 17.98 +7.1 −7.8 +7.5 −6.9
129.6 17.95 +7.1 −7.8 +7.5 −6.9
129.7 17.93 +7.1 −7.8 +7.5 −6.9
129.8 17.90 +7.1 −7.7 +7.5 −6.9
129.9 17.87 +7.1 −7.7 +7.5 −6.9
130.0 17.85 +7.1 −7.7 +7.5 −6.9
130.5 17.71 +7.1 −7.7 +7.5 −6.9
131.0 17.58 +7.1 −7.7 +7.5 −7.0
131.5 17.45 +7.0 −7.7 +7.5 −7.0
132.0 17.32 +7.0 −7.7 +7.5 −7.0
132.5 17.19 +7.0 −7.7 +7.5 −7.0
133.0 17.07 +7.0 −7.7 +7.4 −7.0
133.5 16.94 +7.0 −7.7 +7.4 −7.0
134.0 16.82 +7.0 −7.7 +7.4 −7.0
134.5 16.69 +7.0 −7.7 +7.4 −7.0
135.0 16.57 +7.0 −7.7 +7.4 −7.0
135.5 16.45 +7.0 −7.6 +7.4 −7.0
136.0 16.33 +6.9 −7.6 +7.4 −7.0
136.5 16.22 +6.9 −7.6 +7.4 −7.0
137.0 16.10 +6.9 −7.6 +7.4 −7.0
137.5 15.98 +6.9 −7.6 +7.4 −7.0
138.0 15.87 +6.9 −7.6 +7.4 −6.9
138.5 15.76 +6.9 −7.6 +7.4 −6.9
139.0 15.64 +6.9 −7.6 +7.4 −6.9
139.5 15.53 +6.9 −7.6 +7.4 −6.9
140.0 15.42 +6.9 −7.6 +7.4 −6.9
140.5 15.32 +6.9 −7.6 +7.4 −6.9
141.0 15.27 +6.8 −7.6 +7.3 −6.9
141.5 15.16 +6.8 −7.5 +7.3 −6.9
142.0 15.06 +6.8 −7.5 +7.3 −6.9
142.5 14.96 +6.8 −7.5 +7.3 −6.9
143.0 14.86 +6.8 −7.5 +7.3 −6.9
143.5 14.76 +6.8 −7.5 +7.3 −6.9
144.0 14.66 +6.8 −7.5 +7.3 −6.9
144.5 14.56 +6.8 −7.5 +7.3 −6.9
145.0 14.46 +6.8 −7.5 +7.3 −6.9
145.5 14.37 +6.8 −7.5 +7.3 −6.9
146.0 14.27 +6.7 −7.5 +7.3 −6.9
146.5 14.18 +6.7 −7.5 +7.3 −6.9
147.0 14.09 +6.7 −7.5 +7.3 −6.9
147.5 14.00 +6.7 −7.5 +7.3 −7.0
148.0 13.91 +6.7 −7.4 +7.3 −7.0
148.5 13.82 +6.7 −7.4 +7.3 −7.0
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Table B.12: ggF cross sections at the LHC at 8 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

149.0 13.73 +6.7 −7.4 +7.4 −7.0
149.5 13.64 +6.7 −7.4 +7.4 −7.0
150.0 13.55 +6.7 −7.4 +7.4 −7.0
152.0 13.22 +6.6 −7.4 +7.4 −7.1
154.0 12.89 +6.6 −7.3 +7.5 −7.1
156.0 12.58 +6.6 −7.3 +7.5 −7.1
158.0 12.27 +6.5 −7.3 +7.5 −7.1
160.0 11.96 +6.5 −7.3 +7.5 −7.1
162.0 11.60 +6.5 −7.2 +7.5 −7.2
164.0 11.17 +6.4 −7.2 +7.5 −7.2
165.0 10.97 +6.4 −7.2 +7.5 −7.2
166.0 10.79 +6.4 −7.2 +7.5 −7.3
168.0 10.46 +6.4 −7.2 +7.5 −7.3
170.0 10.17 +6.4 −7.1 +7.5 −7.4
172.0 9.897 +6.3 −7.1 +7.5 −7.4
174.0 9.645 +6.3 −7.1 +7.4 −7.4
175.0 9.526 +6.3 −7.1 +7.4 −7.4
176.0 9.410 +6.3 −7.1 +7.4 −7.4
178.0 9.194 +6.3 −7.0 +7.4 −7.5
180.0 8.980 +6.2 −7.0 +7.4 −7.5
182.0 8.755 +6.2 −7.0 +7.4 −7.5
184.0 8.501 +6.2 −7.0 +7.4 −7.5
185.0 8.383 +6.2 −7.0 +7.4 −7.5
186.0 8.266 +6.1 −6.9 +7.4 −7.5
188.0 8.053 +6.1 −6.9 +7.4 −7.5
190.0 7.858 +6.1 −6.9 +7.4 −7.5
192.0 7.671 +6.1 −6.9 +7.4 −7.6
194.0 7.494 +6.1 −6.9 +7.4 −7.6
195.0 7.405 +6.0 −6.8 +7.4 −7.6
196.0 7.320 +6.0 −6.8 +7.4 −7.6
198.0 7.187 +6.0 −6.8 +7.4 −7.7
200.0 7.081 +6.0 −6.8 +7.4 −7.7
202.0 6.937 +6.0 −6.8 +7.4 −7.7
204.0 6.846 +6.0 −6.8 +7.4 −7.7
206.0 6.731 +6.0 −6.7 +7.4 −7.7
208.0 6.609 +6.0 −6.7 +7.4 −7.8
210.0 6.500 +6.0 −6.7 +7.4 −7.8
212.0 6.387 +6.0 −6.7 +7.4 −7.7
214.0 6.293 +6.0 −6.7 +7.4 −7.7
216.0 6.214 +5.9 −6.6 +7.4 −7.7
218.0 6.104 +5.9 −6.6 +7.4 −7.6
220.0 6.003 +5.9 −6.6 +7.3 −7.6
222.0 5.905 +5.9 −6.6 +7.3 −7.6
224.0 5.821 +5.9 −6.6 +7.4 −7.6
226.0 5.748 +5.9 −6.6 +7.4 −7.6
228.0 5.653 +5.9 −6.5 +7.4 −7.7
230.0 5.567 +5.9 −6.5 +7.4 −7.7
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Table B.13: ggF cross sections at the LHC at 8 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

232.0 5.487 +5.9 −6.5 +7.4 −7.7
234.0 5.413 +5.9 −6.5 +7.3 −7.7
236.0 5.327 +5.9 −6.5 +7.3 −7.7
238.0 5.247 +5.9 −6.5 +7.3 −7.7
240.0 5.159 +5.9 −6.4 +7.3 −7.7
242.0 5.078 +5.9 −6.4 +7.3 −7.7
244.0 4.999 +5.9 −6.4 +7.3 −7.7
246.0 4.924 +5.8 −6.4 +7.4 −7.7
248.0 4.854 +5.8 −6.4 +7.4 −7.7
250.0 4.783 +5.8 −6.4 +7.4 −7.7
252.0 4.714 +5.8 −6.4 +7.4 −7.7
254.0 4.647 +5.8 −6.3 +7.5 −7.6
256.0 4.582 +5.8 −6.3 +7.5 −7.5
258.0 4.521 +5.8 −6.3 +7.5 −7.4
260.0 4.461 +5.8 −6.3 +7.6 −7.4
262.0 4.405 +5.8 −6.3 +7.6 −7.5
264.0 4.350 +5.8 −6.3 +7.6 −7.6
266.0 4.292 +5.8 −6.3 +7.6 −7.7
268.0 4.237 +5.8 −6.2 +7.6 −7.8
270.0 4.184 +5.8 −6.2 +7.6 −7.9
272.0 4.134 +5.8 −6.2 +7.6 −7.9
274.0 4.086 +5.8 −6.2 +7.6 −7.9
276.0 4.040 +5.8 −6.2 +7.6 −8.0
278.0 3.994 +5.7 −6.2 +7.6 −8.0
280.0 3.950 +5.7 −6.2 +7.6 −8.0
282.0 3.908 +5.7 −6.2 +7.6 −8.0
284.0 3.867 +5.7 −6.1 +7.6 −8.0
286.0 3.829 +5.7 −6.1 +7.6 −8.0
288.0 3.792 +5.7 −6.1 +7.6 −8.0
290.0 3.755 +5.7 −6.1 +7.6 −8.0
292.0 3.720 +5.7 −6.1 +7.6 −8.0
294.0 3.687 +5.7 −6.1 +7.6 −8.0
296.0 3.654 +5.7 −6.1 +7.6 −8.0
298.0 3.624 +5.7 −6.1 +7.7 −7.9
300.0 3.594 +5.7 −6.1 +7.7 −7.9
305.0 3.529 +5.7 −6.0 +7.7 −7.9
310.0 3.472 +5.7 −6.0 +7.7 −8.0
315.0 3.425 +5.7 −6.0 +7.7 −8.0
320.0 3.383 +5.7 −6.0 +7.7 −8.0
325.0 3.355 +5.7 −6.0 +7.7 −8.1
330.0 3.341 +5.7 −6.0 +7.8 −8.1
335.0 3.341 +5.7 −5.9 +7.9 −8.1
340.0 3.359 +5.7 −5.9 +7.9 −8.1
345.0 3.399 +5.7 −5.9 +7.9 −8.2
350.0 3.401 +5.7 −5.9 +8.0 −8.2
360.0 3.385 +5.8 −5.9 +8.0 −8.2
370.0 3.332 +5.8 −5.8 +8.1 −8.2
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Table B.14: ggF cross sections at the LHC at 8 TeV and corresponding scale and PDF+αs uncertainties computed

according to the PDF4LHC recommendation.

MH[GeV] σ [pb] QCD Scale [%] PDF+αs [%]

380.0 3.231 +5.8 −5.6 +8.1 −8.2
390.0 3.089 +5.8 −5.5 +8.2 −8.2
400.0 2.921 +5.8 −5.4 +8.2 −8.2
420.0 2.550 +5.8 −5.3 +8.3 −8.3
440.0 2.178 +5.8 −5.3 +8.5 −8.4
450.0 2.002 +5.8 −5.2 +8.6 −8.4
460.0 1.837 +5.8 −5.2 +8.7 −8.4
480.0 1.538 +5.8 −5.2 +8.9 −8.5
500.0 1.283 +5.8 −5.1 +9.1 −8.5
520.0 1.069 +5.8 −5.1 +9.2 −8.6
540.0 0.8913 +5.8 −5.1 +9.4 −8.6
550.0 0.8144 +5.8 −5.1 +9.4 −8.7
560.0 0.7442 +5.9 −5.1 +9.4 −8.7
580.0 0.6228 +5.9 −5.1 +9.5 −8.7
600.0 0.5230 +5.9 −5.0 +9.5 −8.8
620.0 0.4403 +5.9 −5.0 +9.6 −8.9
640.0 0.3719 +5.9 −5.0 +9.7 −9.0
650.0 0.3424 +5.9 −5.0 +9.7 −9.0
660.0 0.3153 +5.9 −5.1 +9.8 −9.1
680.0 0.2682 +6.0 −5.1 +9.9 −9.2
700.0 0.2290 +6.0 −5.1 +10.1 −9.3
720.0 0.1964 +6.0 −5.1 +10.2 −9.5
740.0 0.1689 +6.1 −5.1 +10.4 −9.6
750.0 0.1568 +6.1 −5.1 +10.4 −9.7
760.0 0.1457 +6.1 −5.2 +10.5 −9.7
780.0 0.1262 +6.1 −5.2 +10.5 −9.8
800.0 0.1097 +6.1 −5.2 +10.6 −9.8
820.0 0.0957 +6.2 −5.2 +10.7 −9.8
840.0 0.0837 +6.2 −5.2 +10.8 −9.9
850.0 0.0784 +6.2 −5.3 +10.9 −9.9
860.0 0.0735 +6.2 −5.3 +10.9 −10.0
880.0 0.0647 +6.3 −5.3 +11.0 −10.1
900.0 0.0571 +6.3 −5.3 +11.1 −10.2
920.0 0.0506 +6.3 −5.3 +11.2 −10.4
940.0 0.0450 +6.4 −5.4 +11.4 −10.6
950.0 0.0424 +6.4 −5.4 +11.5 −10.7
960.0 0.0400 +6.4 −5.4 +11.6 −10.8
980.0 0.0357 +6.5 −5.4 +11.8 −11.0
1000.0 0.0320 +6.9 −5.4 +12.0 −11.2
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Table B.15: VBF cross sections at 7 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

80.0 2002 1914 −4.4 +2.1 −2.1 +0.6 −0.2
81.0 1981 1894 −4.4 +2.1 −2.1 +0.6 −0.2
82.0 1957 1871 −4.4 +2.1 −2.1 +0.6 −0.2
83.0 1938 1853 −4.4 +2.1 −2.1 +0.6 −0.2
84.0 1916 1833 −4.4 +2.1 −2.1 +0.6 −0.2
85.0 1897 1814 −4.4 +2.1 −2.1 +0.6 −0.2
86.0 1876 1794 −4.4 +2.1 −2.1 +0.6 −0.2
87.0 1857 1776 −4.4 +2.1 −2.1 +0.6 −0.2
88.0 1839 1759 −4.4 +2.1 −2.1 +0.6 −0.2
89.0 1818 1738 −4.4 +2.1 −2.1 +0.6 −0.2
90.0 1801 1723 −4.4 +2.1 −2.1 +0.6 −0.2
91.0 1782 1705 −4.4 +2.1 −2.1 +0.6 −0.2
92.0 1766 1689 −4.4 +2.1 −2.1 +0.5 −0.3
93.0 1744 1668 −4.4 +2.1 −2.1 +0.5 −0.3
94.0 1730 1654 −4.4 +2.1 −2.1 +0.4 −0.4
95.0 1714 1639 −4.4 +2.1 −2.1 +0.4 −0.4
96.0 1691 1617 −4.4 +2.1 −2.1 +0.4 −0.4
97.0 1673 1600 −4.4 +2.1 −2.1 +0.4 −0.4
98.0 1654 1582 −4.4 +2.2 −2.1 +0.4 −0.3
99.0 1640 1568 −4.3 +2.2 −2.1 +0.4 −0.3
100.0 1628 1557 −4.3 +2.2 −2.1 +0.4 −0.3
101.0 1611 1541 −4.3 +2.2 −2.1 +0.4 −0.3
102.0 1595 1526 −4.3 +2.2 −2.1 +0.4 −0.3
103.0 1578 1509 −4.3 +2.2 −2.1 +0.3 −0.3
104.0 1560 1492 −4.3 +2.2 −2.1 +0.3 −0.3
105.0 1545 1478 −4.4 +2.2 −2.1 +0.3 −0.3
106.0 1531 1465 −4.3 +2.2 −2.1 +0.3 −0.3
107.0 1517 1452 −4.3 +2.2 −2.1 +0.4 −0.3
108.0 1503 1438 −4.3 +2.3 −2.1 +0.4 −0.2
109.0 1487 1423 −4.3 +2.3 −2.1 +0.5 −0.2
110.0 1473 1410 −4.3 +2.3 −2.1 +0.5 −0.2
110.5 1467 1404 −4.3 +2.3 −2.1 +0.5 −0.2
111.0 1459 1396 −4.3 +2.3 −2.1 +0.4 −0.2
111.5 1454 1391 −4.3 +2.3 −2.1 +0.4 −0.2
112.0 1445 1382 −4.3 +2.3 −2.1 +0.4 −0.2
112.5 1438 1375 −4.3 +2.3 −2.1 +0.3 −0.2
113.0 1431 1369 −4.4 +2.3 −2.1 +0.3 −0.2
113.5 1425 1363 −4.4 +2.3 −2.1 +0.3 −0.2
114.0 1418 1356 −4.4 +2.3 −2.1 +0.3 −0.2
114.5 1410 1349 −4.4 +2.3 −2.1 +0.2 −0.2
115.0 1405 1344 −4.4 +2.3 −2.1 +0.2 −0.2
115.5 1396 1335 −4.4 +2.3 −2.1 +0.2 −0.2
116.0 1391 1330 −4.4 +2.3 −2.1 +0.2 −0.2
116.5 1384 1324 −4.4 +2.3 −2.1 +0.2 −0.3
117.0 1378 1317 −4.4 +2.3 −2.1 +0.2 −0.3
117.5 1369 1310 −4.4 +2.3 −2.1 +0.2 −0.3
118.0 1363 1304 −4.4 +2.4 −2.1 +0.3 −0.3

294



Table B.16: VBF cross sections at 7 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

118.5 1356 1297 −4.4 +2.4 −2.1 +0.3 −0.3
119.0 1351 1292 −4.4 +2.4 −2.1 +0.3 −0.4
119.5 1345 1286 −4.3 +2.4 −2.1 +0.3 −0.4
120.0 1337 1279 −4.3 +2.4 −2.1 +0.3 −0.4
120.1 1338 1280 −4.3 +2.4 −2.1 +0.3 −0.4
120.2 1337 1279 −4.3 +2.4 −2.1 +0.3 −0.4
120.3 1336 1278 −4.3 +2.4 −2.1 +0.3 −0.4
120.4 1334 1277 −4.3 +2.4 −2.1 +0.3 −0.4
120.5 1333 1275 −4.3 +2.4 −2.1 +0.3 −0.4
120.6 1330 1272 −4.3 +2.4 −2.1 +0.3 −0.4
120.7 1330 1272 −4.3 +2.4 −2.1 +0.3 −0.4
120.8 1330 1272 −4.3 +2.4 −2.1 +0.3 −0.4
120.9 1326 1269 −4.3 +2.4 −2.1 +0.3 −0.4
121.0 1326 1269 −4.3 +2.4 −2.1 +0.3 −0.4
121.1 1326 1268 −4.3 +2.4 −2.1 +0.3 −0.4
121.2 1324 1267 −4.3 +2.4 −2.1 +0.3 −0.4
121.3 1323 1266 −4.3 +2.4 −2.1 +0.3 −0.4
121.4 1322 1265 −4.3 +2.4 −2.1 +0.3 −0.4
121.5 1320 1263 −4.3 +2.4 −2.1 +0.3 −0.4
121.6 1319 1262 −4.3 +2.4 −2.1 +0.3 −0.4
121.7 1317 1260 −4.3 +2.4 −2.1 +0.3 −0.4
121.8 1315 1259 −4.3 +2.4 −2.1 +0.3 −0.4
121.9 1313 1256 −4.3 +2.4 −2.1 +0.3 −0.4
122.0 1314 1257 −4.3 +2.4 −2.1 +0.3 −0.4
122.1 1313 1256 −4.3 +2.4 −2.1 +0.3 −0.4
122.2 1310 1253 −4.3 +2.4 −2.1 +0.3 −0.4
122.3 1310 1253 −4.3 +2.4 −2.1 +0.3 −0.4
122.4 1308 1252 −4.3 +2.4 −2.1 +0.3 −0.4
122.5 1307 1251 −4.3 +2.5 −2.1 +0.3 −0.3
122.6 1307 1251 −4.3 +2.5 −2.1 +0.3 −0.3
122.7 1303 1247 −4.3 +2.5 −2.1 +0.3 −0.3
122.8 1305 1249 −4.3 +2.5 −2.1 +0.3 −0.3
122.9 1304 1248 −4.3 +2.5 −2.1 +0.3 −0.3
123.0 1302 1246 −4.3 +2.5 −2.1 +0.3 −0.3
123.1 1301 1245 −4.3 +2.5 −2.1 +0.3 −0.3
123.2 1298 1242 −4.3 +2.5 −2.1 +0.3 −0.3
123.3 1298 1242 −4.3 +2.5 −2.1 +0.3 −0.3
123.4 1297 1241 −4.3 +2.5 −2.1 +0.3 −0.3
123.5 1297 1241 −4.3 +2.5 −2.1 +0.3 −0.3
123.6 1294 1239 −4.3 +2.5 −2.1 +0.3 −0.3
123.7 1293 1237 −4.3 +2.5 −2.1 +0.3 −0.3
123.8 1291 1236 −4.3 +2.5 −2.1 +0.3 −0.3
123.9 1292 1236 −4.3 +2.5 −2.1 +0.3 −0.3
124.0 1289 1234 −4.3 +2.5 −2.1 +0.3 −0.3
124.1 1289 1234 −4.3 +2.5 −2.1 +0.3 −0.3
124.2 1287 1231 −4.3 +2.5 −2.1 +0.3 −0.3
124.3 1286 1231 −4.3 +2.5 −2.1 +0.3 −0.3
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Table B.17: VBF cross sections at 7 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

124.4 1283 1228 −4.3 +2.5 −2.1 +0.3 −0.3
124.5 1282 1227 −4.3 +2.5 −2.1 +0.3 −0.3
124.6 1283 1228 −4.3 +2.5 −2.1 +0.3 −0.3
124.7 1280 1225 −4.3 +2.5 −2.1 +0.3 −0.3
124.8 1281 1225 −4.3 +2.5 −2.1 +0.3 −0.3
124.9 1281 1226 −4.3 +2.5 −2.1 +0.3 −0.3
125.0 1277 1222 −4.3 +2.5 −2.1 +0.3 −0.3
125.1 1277 1222 −4.3 +2.5 −2.1 +0.3 −0.3
125.2 1276 1221 −4.3 +2.5 −2.1 +0.3 −0.3
125.3 1274 1219 −4.3 +2.5 −2.1 +0.3 −0.3
125.4 1273 1219 −4.3 +2.5 −2.1 +0.3 −0.3
125.5 1274 1219 −4.3 +2.5 −2.1 +0.3 −0.3
125.6 1269 1214 −4.3 +2.5 −2.1 +0.3 −0.3
125.7 1270 1215 −4.3 +2.5 −2.1 +0.3 −0.3
125.8 1267 1213 −4.3 +2.5 −2.1 +0.3 −0.3
125.9 1268 1213 −4.3 +2.5 −2.1 +0.3 −0.3
126.0 1266 1211 −4.3 +2.5 −2.1 +0.3 −0.3
126.1 1263 1209 −4.3 +2.5 −2.1 +0.3 −0.3
126.2 1264 1210 −4.3 +2.5 −2.1 +0.3 −0.3
126.3 1262 1208 −4.3 +2.5 −2.1 +0.3 −0.3
126.4 1261 1207 −4.3 +2.5 −2.1 +0.3 −0.3
126.5 1260 1206 −4.3 +2.5 −2.1 +0.3 −0.3
126.6 1260 1206 −4.3 +2.5 −2.1 +0.3 −0.3
126.7 1257 1203 −4.3 +2.5 −2.1 +0.3 −0.3
126.8 1256 1202 −4.3 +2.5 −2.1 +0.3 −0.3
126.9 1256 1202 −4.3 +2.5 −2.1 +0.3 −0.3
127.0 1253 1199 −4.3 +2.5 −2.1 +0.3 −0.3
127.1 1253 1199 −4.3 +2.5 −2.1 +0.3 −0.3
127.2 1252 1198 −4.3 +2.5 −2.1 +0.3 −0.3
127.3 1251 1197 −4.3 +2.5 −2.1 +0.3 −0.3
127.4 1250 1196 −4.3 +2.5 −2.1 +0.3 −0.3
127.5 1247 1194 −4.3 +2.5 −2.1 +0.3 −0.2
127.6 1247 1194 −4.3 +2.5 −2.1 +0.3 −0.2
127.7 1247 1194 −4.3 +2.5 −2.1 +0.3 −0.2
127.8 1246 1192 −4.3 +2.5 −2.1 +0.3 −0.2
127.9 1243 1190 −4.3 +2.5 −2.1 +0.3 −0.2
128.0 1241 1187 −4.3 +2.5 −2.1 +0.3 −0.2
128.1 1242 1189 −4.3 +2.5 −2.1 +0.3 −0.2
128.2 1240 1187 −4.3 +2.5 −2.1 +0.3 −0.2
128.3 1240 1187 −4.3 +2.5 −2.1 +0.3 −0.2
128.4 1239 1186 −4.3 +2.5 −2.1 +0.3 −0.2
128.5 1237 1184 −4.3 +2.5 −2.1 +0.3 −0.2
128.6 1236 1183 −4.3 +2.5 −2.1 +0.3 −0.2
128.7 1236 1183 −4.3 +2.5 −2.1 +0.3 −0.2
128.8 1234 1181 −4.3 +2.5 −2.1 +0.3 −0.2
128.9 1231 1178 −4.3 +2.5 −2.1 +0.3 −0.2
129.0 1230 1178 −4.3 +2.5 −2.1 +0.3 −0.2
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Table B.18: VBF cross sections at 7 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

129.1 1230 1178 −4.3 +2.5 −2.1 +0.3 −0.2
129.2 1229 1177 −4.3 +2.5 −2.1 +0.3 −0.2
129.3 1227 1175 −4.3 +2.5 −2.1 +0.3 −0.2
129.4 1226 1174 −4.3 +2.5 −2.1 +0.3 −0.2
129.5 1225 1173 −4.3 +2.5 −2.1 +0.3 −0.2
129.6 1225 1173 −4.3 +2.5 −2.1 +0.3 −0.2
129.7 1223 1171 −4.3 +2.5 −2.1 +0.3 −0.2
129.8 1222 1170 −4.3 +2.5 −2.1 +0.3 −0.2
129.9 1221 1169 −4.3 +2.5 −2.1 +0.3 −0.2
130.0 1219 1168 −4.2 +2.5 −2.1 +0.3 −0.2
130.5 1213 1161 −4.2 +2.5 −2.1 +0.3 −0.2
131.0 1208 1157 −4.2 +2.5 −2.1 +0.3 −0.2
131.5 1203 1152 −4.2 +2.5 −2.1 +0.4 −0.2
132.0 1197 1147 −4.2 +2.5 −2.1 +0.4 −0.2
132.5 1192 1142 −4.2 +2.5 −2.1 +0.4 −0.2
133.0 1186 1136 −4.2 +2.6 −2.1 +0.4 −0.1
133.5 1183 1133 −4.2 +2.6 −2.1 +0.4 −0.1
134.0 1176 1127 −4.2 +2.6 −2.1 +0.5 −0.1
134.5 1170 1121 −4.2 +2.6 −2.1 +0.5 −0.1
135.0 1165 1117 −4.2 +2.6 −2.1 +0.5 −0.1
135.5 1161 1112 −4.2 +2.6 −2.1 +0.5 −0.1
136.0 1156 1107 −4.2 +2.6 −2.1 +0.4 −0.1
136.5 1152 1103 −4.2 +2.6 −2.1 +0.4 −0.1
137.0 1145 1097 −4.2 +2.6 −2.1 +0.4 −0.1
137.5 1140 1092 −4.2 +2.6 −2.1 +0.3 −0.1
138.0 1135 1087 −4.2 +2.6 −2.1 +0.3 −0.2
138.5 1130 1082 −4.2 +2.6 −2.1 +0.3 −0.2
139.0 1126 1078 −4.2 +2.6 −2.1 +0.3 −0.2
139.5 1121 1074 −4.2 +2.6 −2.1 +0.2 −0.2
140.0 1116 1069 −4.2 +2.6 −2.1 +0.2 −0.2
140.5 1110 1063 −4.2 +2.6 −2.1 +0.2 −0.2
141.0 1105 1059 −4.2 +2.6 −2.1 +0.2 −0.2
141.5 1101 1055 −4.2 +2.6 −2.1 +0.3 −0.1
142.0 1096 1050 −4.2 +2.6 −2.1 +0.3 −0.1
142.5 1092 1046 −4.2 +2.7 −2.1 +0.3 −0.1
143.0 1086 1040 −4.2 +2.7 −2.1 +0.3 −0.1
143.5 1083 1037 −4.2 +2.7 −2.1 +0.3 −0.1
144.0 1077 1032 −4.2 +2.7 −2.1 +0.4 −0.0
144.5 1073 1028 −4.2 +2.7 −2.1 +0.4 −0.0
145.0 1068 1023 −4.2 +2.7 −2.1 +0.4 −0.0
145.5 1064 1019 −4.2 +2.7 −2.1 +0.4 −0.0
146.0 1059 1015 −4.2 +2.7 −2.1 +0.4 −0.0
146.5 1055 1010 −4.2 +2.7 −2.1 +0.3 −0.0
147.0 1050 1005 −4.2 +2.7 −2.1 +0.3 −0.0
147.5 1046 1002 −4.2 +2.7 −2.1 +0.3 −0.0
148.0 1042 998 −4.2 +2.7 −2.1 +0.3 −0.1
148.5 1037 993 −4.2 +2.7 −2.1 +0.3 −0.1
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Table B.19: VBF cross sections at 7 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

149.0 1032 988 −4.2 +2.7 −2.1 +0.2 −0.1
149.5 1029 985 −4.2 +2.7 −2.1 +0.2 −0.1
150.0 1024 980 −4.2 +2.7 −2.1 +0.2 −0.1
152.0 1007 964 −4.3 +2.7 −2.1 +0.2 −0.1
154.0 991.4 948.7 −4.3 +2.8 −2.1 +0.3 −0.0
156.0 976.5 933.9 −4.4 +2.8 −2.1 +0.3 −0.0
158.0 962.5 919.9 −4.4 +2.8 −2.1 +0.2 −0.1
160.0 946.8 904.3 −4.5 +2.8 −2.1 +0.1 −0.2
162.0 927.5 890.6 −4.0 +2.8 −2.1 +0.1 −0.2
164.0 906.9 875.5 −3.5 +2.9 −2.1 +0.2 −0.1
165.0 898.3 869.4 −3.2 +2.9 −2.1 +0.2 −0.1
166.0 889.8 861.3 −3.2 +2.9 −2.1 +0.2 −0.1
168.0 875.1 847.3 −3.2 +3.0 −2.1 +0.2 −0.2
170.0 861.0 833.8 −3.2 +3.0 −2.1 +0.2 −0.2
172.0 847.4 820.1 −3.2 +3.0 −2.1 +0.2 −0.2
174.0 833.7 806.3 −3.3 +3.0 −2.1 +0.2 −0.1
175.0 827.2 799.8 −3.3 +3.0 −2.1 +0.2 −0.1
176.0 821.1 793.4 −3.4 +3.0 −2.1 +0.2 −0.1
178.0 809.1 780.9 −3.5 +3.1 −2.1 +0.1 −0.2
180.0 797.2 768.4 −3.6 +3.1 −2.1 +0.0 −0.3
182.0 782.7 756.1 −3.4 +3.1 −2.1 +0.1 −0.2
184.0 767.8 743.3 −3.2 +3.1 −2.0 +0.2 −0.1
185.0 760.9 737.5 −3.1 +3.1 −2.0 +0.3 −0.1
186.0 754.4 731.4 −3.0 +3.1 −2.0 +0.3 −0.1
188.0 741.7 719.5 −3.0 +3.2 −2.0 +0.2 −0.2
190.0 729.4 708.0 −2.9 +3.2 −2.0 +0.1 −0.2
192.0 717.3 696.0 −3.0 +3.2 −2.0 +0.1 −0.3
194.0 705.7 684.5 −3.0 +3.2 −2.0 +0.2 −0.4
195.0 700.2 679.0 −3.0 +3.2 −2.0 +0.2 −0.4
196.0 694.7 673.5 −3.0 +3.2 −2.0 +0.2 −0.4
198.0 684.1 662.9 −3.1 +3.3 −2.0 +0.1 −0.3
200.0 673.7 652.4 −3.2 +3.3 −2.0 +0.1 −0.2
202.0 664.3 642.9 −3.2 +3.3 −2.0 +0.1 −0.2
204.0 655.7 634.3 −3.3 +3.3 −2.0 +0.1 −0.2
206.0 647.6 626.2 −3.3 +3.4 −2.0 +0.1 −0.3
208.0 639.8 618.4 −3.4 +3.4 −2.0 +0.1 −0.3
210.0 632.4 610.8 −3.4 +3.4 −2.0 +0.1 −0.3
212.0 624.8 603.3 −3.4 +3.4 −2.0 +0.1 −0.3
214.0 617.0 595.5 −3.5 +3.4 −2.0 +0.1 −0.3
216.0 609.4 587.9 −3.5 +3.5 −2.0 +0.0 −0.4
218.0 601.6 580.2 −3.6 +3.5 −2.0 +0.0 −0.4
220.0 593.8 572.4 −3.6 +3.5 −2.0 +0.0 −0.4
222.0 586.0 564.6 −3.6 +3.5 −2.0 +0.0 −0.4
224.0 578.3 557.0 −3.7 +3.5 −2.0 +0.0 −0.4
226.0 570.5 549.3 −3.7 +3.6 −2.0 +0.1 −0.4
228.0 562.7 541.6 −3.7 +3.6 −2.0 +0.1 −0.4
230.0 555.1 534.1 −3.8 +3.6 −2.0 +0.1 −0.4
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Table B.20: VBF cross sections at 7 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

232.0 547.5 526.6 −3.8 +3.6 −2.0 +0.1 −0.4
234.0 539.8 519.0 −3.9 +3.6 −2.0 +0.1 −0.4
236.0 532.1 511.4 −3.9 +3.7 −2.0 +0.1 −0.5
238.0 524.4 503.8 −3.9 +3.7 −2.0 +0.1 −0.5
240.0 516.3 495.9 −4.0 +3.7 −2.0 +0.1 −0.5
242.0 508.5 488.2 −4.0 +3.7 −2.0 +0.1 −0.5
244.0 500.8 480.7 −4.0 +3.7 −2.0 +0.1 −0.5
246.0 493.1 473.3 −4.0 +3.8 −2.0 +0.1 −0.6
248.0 485.6 465.9 −4.1 +3.8 −2.0 +0.1 −0.6
250.0 478.3 458.8 −4.1 +3.8 −2.0 +0.1 −0.6
252.0 471.2 451.9 −4.1 +3.8 −2.0 +0.1 −0.6
254.0 464.3 445.2 −4.1 +3.8 −2.0 +0.2 −0.5
256.0 457.5 438.5 −4.1 +3.9 −2.0 +0.2 −0.5
258.0 450.7 432.0 −4.2 +3.9 −2.0 +0.3 −0.4
260.0 444.1 425.6 −4.2 +3.9 −2.0 +0.3 −0.4
262.0 437.6 419.3 −4.2 +3.9 −2.0 +0.3 −0.4
264.0 431.3 413.1 −4.2 +3.9 −2.0 +0.2 −0.5
266.0 425.0 406.9 −4.2 +4.0 −2.0 +0.2 −0.5
268.0 418.8 401.0 −4.3 +4.0 −2.0 +0.1 −0.6
270.0 412.8 395.1 −4.3 +4.0 −2.0 +0.1 −0.6
272.0 406.9 389.4 −4.3 +4.0 −2.0 +0.1 −0.6
274.0 401.0 383.7 −4.3 +4.1 −2.0 +0.1 −0.6
276.0 395.4 378.3 −4.3 +4.1 −2.0 +0.2 −0.7
278.0 389.9 372.9 −4.3 +4.2 −2.0 +0.2 −0.7
280.0 384.3 367.6 −4.4 +4.2 −2.0 +0.2 −0.7
282.0 378.9 362.3 −4.4 +4.2 −2.0 +0.2 −0.7
284.0 373.7 357.2 −4.4 +4.2 −2.0 +0.2 −0.7
286.0 368.4 352.1 −4.4 +4.3 −2.0 +0.2 −0.7
288.0 363.3 347.1 −4.5 +4.3 −2.0 +0.2 −0.7
290.0 358.3 342.2 −4.5 +4.3 −2.0 +0.2 −0.7
292.0 353.2 340.8 −3.5 +4.3 −2.0 +0.2 −0.7
294.0 348.4 339.4 −2.6 +4.3 −2.0 +0.2 −0.7
296.0 343.6 337.9 −1.6 +4.4 −2.0 +0.2 −0.8
298.0 338.8 336.5 −0.7 +4.4 −2.0 +0.2 −0.8
300.0 334.2 335.0 +0.3 +4.4 −2.0 +0.2 −0.8
305.0 322.9 323.7 +0.2 +4.5 −2.0 +0.2 −0.8
310.0 312.3 313.0 +0.2 +4.5 −1.9 +0.2 −0.8
315.0 302.2 302.8 +0.2 +4.5 −1.9 +0.3 −0.7
320.0 292.2 292.9 +0.2 +4.6 −1.9 +0.3 −0.7
325.0 282.8 283.4 +0.2 +4.6 −1.9 +0.3 −0.8
330.0 274.0 274.5 +0.2 +4.7 −1.9 +0.3 −0.8
335.0 265.6 266.1 +0.2 +4.8 −1.9 +0.3 −0.9
340.0 258.1 258.5 +0.2 +4.8 −1.9 +0.3 −0.9
345.0 251.5 251.9 +0.1 +4.8 −1.9 +0.3 −1.0
350.0 242.1 238.0 −1.7 +4.9 −1.9 +0.3 −1.0
360.0 226.3 214.2 −5.3 +5.0 −1.9 +0.3 −1.1
370.0 213.9 203.9 −4.7 +5.1 −1.9 +0.4 −1.1
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Table B.21: VBF cross sections at 7 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

380.0 203.0 194.9 −4.0 +5.2 −1.9 +0.4 −1.1
390.0 192.4 185.9 −3.4 +5.3 −1.9 +0.4 −1.1
400.0 182.3 177.2 −2.8 +5.5 −1.9 +0.4 −1.2
420.0 163.3 160.1 −2.0 +5.7 −1.9 +0.5 −1.2
440.0 145.9 144.2 −1.1 +5.9 −1.8 +0.6 −1.3
450.0 137.8 136.8 −0.7 +6.0 −1.8 +0.6 −1.3
460.0 130.1 129.6 −0.4 +6.1 −1.8 +0.6 −1.4
480.0 116.1 116.4 +0.2 +6.4 −1.8 +0.7 −1.5
500.0 103.7 104.6 +0.9 +6.6 −1.8 +0.7 −1.6
520.0 92.67 94.03 +1.5 +6.8 −1.8 +0.7 −1.6
540.0 82.95 84.63 +2.0 +7.0 −1.8 +0.8 −1.7
550.0 78.52 80.34 +2.3 +7.1 −1.8 +0.8 −1.7
560.0 74.37 76.31 +2.6 +7.2 −1.8 +0.8 −1.8
580.0 66.8 68.94 +3.2 +7.4 −1.7 +0.9 −1.9
600.0 60.13 62.42 +3.8 +7.6 −1.7 +1.0 −2.0
620.0 54.24 56.65 +4.4 +7.8 −1.7 +1.0 −2.1
640.0 49.01 51.51 +5.1 +8.1 −1.7 +1.1 −2.2
65.00 46.62 49.15 +5.4 +8.2 −1.7 +1.1 −2.2
66.00 44.37 46.93 +5.8 +8.3 −1.7 +1.1 −2.2
680.0 40.24 42.86 +6.5 +8.5 −1.6 +1.2 −2.3
700.0 36.56 39.21 +7.3 +8.7 −1.6 +1.2 −2.4
720.0 33.28 35.97 +8.1 +8.9 −1.6 +1.3 −2.5
740.0 30.32 33.03 +8.9 +9.2 −1.6 +1.4 −2.6
750.0 28.99 31.70 +9.3 +9.3 −1.6 +1.4 −2.6
760.0 27.71 30.44 +9.8 +9.4 −1.6 +1.4 −2.6
780.0 25.35 28.09 +10.8 +9.6 −1.6 +1.5 −2.7
800.0 23.24 25.98 +11.8 +9.8 −1.6 +1.5 −2.8
820.0 21.33 24.08 +12.9 +10.0 −1.6 +1.5 −2.9
840.0 19.61 22.36 +14.0 +10.3 −1.5 +1.6 −3.0
850.0 18.81 21.56 +14.6 +10.4 −1.5 +1.6 −3.0
860.0 18.05 20.81 +15.3 +10.5 −1.5 +1.6 −3.0
880.0 16.64 19.41 +16.6 +10.7 −1.5 +1.7 −3.1
900.0 15.36 18.13 +18.0 +10.9 −1.5 +1.7 −3.2
920.0 14.21 16.97 +19.4 +11.1 −1.5 +1.8 −3.2
940.0 13.14 15.89 +20.9 +11.4 −1.4 +1.9 −3.3
950.0 12.65 15.38 +21.6 +11.5 −1.4 +2.0 −3.3
960.0 12.18 14.93 +22.5 +11.6 −1.4 +2.0 −3.3
98.00 11.30 14.04 +24.3 +11.8 −1.4 +2.1 −3.4
1000 10.49 13.22 +26.0 +12.0 −1.4 +2.2 −3.5
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Table B.22: VBF cross sections at 8 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

80.0 2542 2424 −4.6 +2.7 −3.0 +0.2 −0.3
81.0 2515 2399 −4.6 +2.6 −3.0 +0.4 −0.3
82.0 2479 2364 −4.6 +2.6 −2.8 +0.3 −0.3
83.0 2461 2346 −4.6 +2.6 −2.8 +0.4 −0.2
84.0 2439 2326 −4.6 +2.6 −2.8 +0.3 −0.2
85.0 2412 2300 −4.6 +2.6 −2.8 +0.3 −0.2
86.0 2394 2283 −4.6 +2.6 −2.8 +0.3 −0.2
87.0 2368 2258 −4.6 +2.6 −2.9 +0.3 −0.3
88.0 2349 2240 −4.6 +2.6 −2.9 +0.2 −0.3
89.0 2316 2209 −4.6 +2.6 −2.9 +0.3 −0.3
90.0 2297 2191 −4.6 +2.6 −2.7 +0.3 −0.2
91.0 2276 2170 −4.6 +2.6 −2.7 +0.3 −0.2
92.0 2258 2153 −4.6 +2.6 −2.9 +0.2 −0.3
93.0 2232 2129 −4.6 +2.6 −2.7 +0.3 −0.2
94.0 2211 2108 −4.6 +2.6 −2.7 +0.3 −0.2
95.0 2186 2084 −4.6 +2.6 −2.9 +0.2 −0.2
96.0 2168 2068 −4.6 +2.6 −2.9 +0.3 −0.2
97.0 2145 2046 −4.6 +2.6 −2.7 +0.3 −0.3
98.0 2126 2027 −4.6 +2.6 −2.9 +0.3 −0.2
99.0 2102 2004 −4.6 +2.6 −2.9 +0.2 −0.2
100.0 2085 1988 −4.6 +2.6 −2.9 +0.2 −0.2
101.0 2062 1967 −4.6 +2.6 −2.9 +0.3 −0.2
102.0 2040 1945 −4.6 +2.5 −2.8 +0.2 −0.2
103.0 2027 1933 −4.6 +2.6 −2.8 +0.2 −0.2
104.0 2006 1914 −4.6 +2.6 −2.9 +0.2 −0.2
105.0 1989 1897 −4.6 +2.5 −2.8 +0.3 −0.2
106.0 1967 1877 −4.6 +2.5 −2.8 +0.3 −0.2
107.0 1952 1862 −4.6 +2.5 −2.8 +0.2 −0.2
108.0 1930 1841 −4.6 +2.5 −2.8 +0.2 −0.2
109.0 1915 1826 −4.6 +2.5 −2.8 +0.3 −0.2
110.0 1896 1809 −4.6 +2.5 −2.8 +0.2 −0.2
110.5 1886 1799 −4.6 +2.5 −2.6 +0.2 −0.2
111.0 1878 1791 −4.6 +2.5 −2.8 +0.2 −0.2
111.5 1870 1784 −4.6 +2.5 −2.8 +0.2 −0.2
112.0 1866 1780 −4.6 +2.5 −2.8 +0.2 −0.2
112.5 1856 1771 −4.6 +2.6 −2.8 +0.2 −0.2
113.0 1848 1764 −4.6 +2.5 −2.8 +0.3 −0.2
113.5 1837 1753 −4.6 +2.6 −2.8 +0.2 −0.2
114.0 1827 1743 −4.6 +2.5 −2.8 +0.2 −0.2
114.5 1819 1735 −4.6 +2.5 −2.8 +0.2 −0.2
115.0 1812 1729 −4.6 +2.5 −2.8 +0.2 −0.2
115.5 1802 1719 −4.6 +2.6 −2.8 +0.2 −0.2
116.0 1796 1714 −4.6 +2.6 −2.8 +0.2 −0.2
116.5 1786 1704 −4.6 +2.6 −2.8 +0.2 −0.2
117.0 1780 1699 −4.6 +2.5 −2.8 +0.2 −0.2
117.5 1769 1688 −4.6 +2.6 −2.8 +0.2 −0.2
118.0 1764 1683 −4.6 +2.6 −2.8 +0.3 −0.2
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Table B.23: VBF cross sections at 8 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

118.5 1755 1675 −4.6 +2.6 −2.8 +0.2 −0.2
119.0 1745 1666 −4.6 +2.6 −2.8 +0.3 −0.2
119.5 1738 1659 −4.6 +2.6 −2.8 +0.2 −0.2
120.0 1728 1649 −4.6 +2.6 −2.8 +0.2 −0.2
120.1 1728 1650 −4.5 +2.6 −2.8 +0.2 −0.2
120.2 1726 1648 −4.5 +2.6 −2.8 +0.2 −0.2
120.3 1724 1646 −4.5 +2.6 −2.8 +0.2 −0.1
120.4 1725 1647 −4.5 +2.6 −2.8 +0.2 −0.1
120.5 1722 1643 −4.6 +2.6 −2.8 +0.2 −0.1
120.6 1722 1645 −4.5 +2.6 −2.8 +0.2 −0.1
120.7 1721 1643 −4.5 +2.6 −2.8 +0.2 −0.1
120.8 1716 1638 −4.5 +2.6 −2.8 +0.2 −0.2
120.9 1716 1638 −4.5 +2.6 −2.8 +0.2 −0.2
121.0 1714 1636 −4.6 +2.6 −2.8 +0.2 −0.2
121.1 1711 1634 −4.5 +2.6 −2.8 +0.2 −0.2
121.2 1712 1634 −4.5 +2.6 −2.8 +0.2 −0.2
121.3 1711 1634 −4.5 +2.6 −2.8 +0.2 −0.2
121.4 1710 1633 −4.5 +2.6 −2.8 +0.2 −0.2
121.5 1708 1631 −4.6 +2.6 −2.8 +0.2 −0.2
121.6 1705 1628 −4.5 +2.6 −2.8 +0.2 −0.2
121.7 1704 1627 −4.5 +2.6 −2.8 +0.2 −0.2
121.8 1703 1627 −4.5 +2.6 −2.8 +0.3 −0.2
121.9 1703 1627 −4.5 +2.6 −2.8 +0.3 −0.2
122.0 1700 1623 −4.5 +2.6 −2.8 +0.3 −0.2
122.1 1699 1622 −4.5 +2.6 −2.8 +0.3 −0.2
122.2 1697 1621 −4.5 +2.6 −2.8 +0.3 −0.2
122.3 1698 1622 −4.5 +2.6 −2.8 +0.2 −0.2
122.4 1694 1618 −4.5 +2.6 −2.8 +0.2 −0.2
122.5 1692 1615 −4.5 +2.6 −2.8 +0.2 −0.2
122.6 1691 1614 −4.5 +2.6 −2.8 +0.2 −0.2
122.7 1690 1614 −4.5 +2.6 −2.8 +0.2 −0.2
122.8 1688 1611 −4.5 +2.6 −2.8 +0.2 −0.2
122.9 1685 1609 −4.5 +2.6 −2.8 +0.2 −0.2
123.0 1685 1608 −4.5 +2.6 −2.8 +0.2 −0.2
123.1 1682 1606 −4.5 +2.6 −2.8 +0.2 −0.2
123.2 1680 1605 −4.5 +2.6 −2.8 +0.2 −0.2
123.3 1678 1603 −4.5 +2.6 −2.8 +0.2 −0.2
123.4 1679 1603 −4.5 +2.6 −2.8 +0.2 −0.2
123.5 1674 1598 −4.5 +2.6 −2.8 +0.2 −0.2
123.6 1679 1603 −4.5 +2.6 −2.8 +0.2 −0.2
123.7 1675 1600 −4.5 +2.6 −2.8 +0.2 −0.2
123.8 1673 1598 −4.5 +2.6 −2.8 +0.3 −0.2
123.9 1671 1596 −4.5 +2.6 −2.8 +0.3 −0.2
124.0 1671 1595 −4.5 +2.6 −2.8 +0.3 −0.2
124.1 1666 1591 −4.5 +2.6 −2.8 +0.3 −0.2
124.2 1666 1591 −4.5 +2.6 −2.8 +0.3 −0.2
124.3 1665 1590 −4.5 +2.6 −2.8 +0.2 −0.2
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Table B.24: VBF cross sections at 8 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

124.4 1663 1589 −4.5 +2.6 −2.8 +0.2 −0.2
124.5 1662 1587 −4.5 +2.6 −2.8 +0.2 −0.2
124.6 1661 1586 −4.5 +2.6 −2.8 +0.2 −0.2
124.7 1665 1590 −4.5 +2.6 −2.8 +0.2 −0.2
124.8 1659 1584 −4.5 +2.6 −2.8 +0.2 −0.2
124.9 1656 1582 −4.5 +2.6 −2.8 +0.2 −0.2
125.0 1653 1578 −4.5 +2.6 −2.8 +0.2 −0.2
125.1 1653 1579 −4.5 +2.6 −2.8 +0.2 −0.2
125.2 1651 1576 −4.5 +2.6 −2.8 +0.2 −0.2
125.3 1650 1576 −4.5 +2.6 −2.8 +0.2 −0.2
125.4 1647 1573 −4.5 +2.6 −2.8 +0.2 −0.2
125.5 1647 1573 −4.5 +2.6 −2.8 +0.2 −0.2
125.6 1646 1572 −4.5 +2.6 −2.8 +0.2 −0.2
125.7 1644 1570 −4.5 +2.6 −2.8 +0.2 −0.2
125.8 1642 1568 −4.5 +2.6 −2.8 +0.3 −0.1
125.9 1642 1568 −4.5 +2.6 −2.8 +0.3 −0.1
126.0 1643 1568 −4.5 +2.6 −2.8 +0.3 −0.1
126.1 1639 1565 −4.5 +2.6 −2.8 +0.3 −0.1
126.2 1638 1565 −4.5 +2.6 −2.8 +0.3 −0.1
126.3 1637 1564 −4.5 +2.6 −2.7 +0.2 −0.2
126.4 1634 1561 −4.5 +2.6 −2.7 +0.2 −0.2
126.5 1632 1558 −4.5 +2.6 −2.7 +0.2 −0.2
126.6 1633 1560 −4.5 +2.6 −2.7 +0.2 −0.2
126.7 1630 1557 −4.5 +2.6 −2.7 +0.2 −0.2
126.8 1628 1555 −4.5 +2.6 −2.7 +0.3 −0.2
126.9 1627 1554 −4.5 +2.6 −2.7 +0.3 −0.2
127.0 1625 1552 −4.5 +2.6 −2.7 +0.3 −0.2
127.1 1621 1548 −4.5 +2.6 −2.7 +0.3 −0.2
127.2 1621 1548 −4.5 +2.6 −2.7 +0.3 −0.2
127.3 1622 1549 −4.5 +2.6 −2.7 +0.2 −0.2
127.4 1619 1547 −4.5 +2.6 −2.7 +0.2 −0.2
127.5 1616 1543 −4.5 +2.6 −2.7 +0.2 −0.2
127.6 1618 1545 −4.5 +2.6 −2.7 +0.2 −0.2
127.7 1616 1544 −4.5 +2.6 −2.7 +0.2 −0.2
127.8 1613 1541 −4.5 +2.6 −2.7 +0.2 −0.2
127.9 1613 1541 −4.5 +2.6 −2.7 +0.2 −0.2
128.0 1612 1540 −4.5 +2.6 −2.7 +0.2 −0.2
128.1 1609 1537 −4.5 +2.6 −2.7 +0.2 −0.2
128.2 1608 1536 −4.5 +2.6 −2.7 +0.2 −0.2
128.3 1608 1535 −4.5 +2.6 −2.7 +0.2 −0.2
128.4 1605 1533 −4.5 +2.6 −2.7 +0.2 −0.2
128.5 1604 1531 −4.5 +2.6 −2.7 +0.2 −0.2
128.6 1602 1531 −4.5 +2.6 −2.7 +0.2 −0.2
128.7 1601 1529 −4.5 +2.6 −2.7 +0.2 −0.2
128.8 1600 1529 −4.5 +2.6 −2.7 +0.2 −0.2
128.9 1599 1527 −4.5 +2.6 −2.7 +0.2 −0.2
129.0 1598 1525 −4.5 +2.6 −2.7 +0.2 −0.2
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Table B.25: VBF cross sections at 8 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

129.1 1597 1526 −4.5 +2.6 −2.7 +0.2 −0.2
129.2 1594 1523 −4.5 +2.6 −2.7 +0.2 −0.2
129.3 1593 1522 −4.5 +2.6 −2.7 +0.2 −0.2
129.4 1595 1523 −4.5 +2.6 −2.7 +0.2 −0.2
129.5 1585 1513 −4.5 +2.6 −2.7 +0.2 −0.2
129.6 1587 1516 −4.5 +2.6 −2.7 +0.2 −0.2
129.7 1588 1517 −4.5 +2.6 −2.7 +0.2 −0.2
129.8 1586 1515 −4.5 +2.6 −2.7 +0.2 −0.2
129.9 1586 1515 −4.5 +2.6 −2.7 +0.2 −0.2
130.0 1583 1511 −4.5 +2.6 −2.7 +0.2 −0.2
130.5 1575 1504 −4.5 +2.6 −2.7 +0.2 −0.2
131.0 1568 1497 −4.5 +2.6 −2.7 +0.2 −0.2
131.5 1563 1492 −4.5 +2.6 −2.7 +0.2 −0.2
132.0 1556 1485 −4.5 +2.6 −2.7 +0.2 −0.1
132.5 1549 1479 −4.5 +2.6 −2.7 +0.2 −0.2
133.0 1542 1473 −4.5 +2.6 −2.7 +0.2 −0.2
133.5 1536 1466 −4.5 +2.6 −2.7 +0.2 −0.2
134.0 1530 1462 −4.5 +2.6 −2.7 +0.2 −0.2
134.5 1524 1455 −4.5 +2.6 −2.7 +0.2 −0.2
135.0 1516 1448 −4.5 +2.6 −2.7 +0.2 −0.2
135.5 1512 1444 −4.5 +2.6 −2.7 +0.2 −0.2
136.0 1503 1436 −4.5 +2.5 −2.7 +0.3 −0.2
136.5 1496 1429 −4.5 +2.6 −2.7 +0.2 −0.2
137.0 1490 1423 −4.5 +2.5 −2.7 +0.2 −0.2
137.5 1483 1417 −4.5 +2.5 −2.7 +0.2 −0.2
138.0 1478 1412 −4.5 +2.6 −2.7 +0.2 −0.2
138.5 1474 1407 −4.5 +2.6 −2.7 +0.2 −0.2
139.0 1466 1400 −4.5 +2.5 −2.7 +0.2 −0.2
139.5 1461 1396 −4.5 +2.5 −2.7 +0.2 −0.2
140.0 1454 1389 −4.5 +2.5 −2.7 +0.2 −0.2
140.5 1448 1384 −4.4 +2.5 −2.7 +0.2 −0.2
141.0 1441 1377 −4.5 +2.5 −2.7 +0.2 −0.2
141.5 1436 1372 −4.4 +2.5 −2.7 +0.2 −0.2
142.0 1429 1365 −4.5 +2.5 −2.7 +0.2 −0.2
142.5 1424 1361 −4.4 +2.5 −2.7 +0.2 −0.2
143.0 1417 1354 −4.5 +2.5 −2.7 +0.2 −0.2
143.5 1413 1350 −4.4 +2.5 −2.7 +0.2 −0.2
144.0 1406 1344 −4.5 +2.5 −2.7 +0.2 −0.2
144.5 1400 1337 −4.4 +2.5 −2.7 +0.2 −0.2
145.0 1395 1333 −4.5 +2.5 −2.7 +0.3 −0.1
145.5 1389 1327 −4.4 +2.5 −2.7 +0.3 −0.1
146.0 1383 1321 −4.5 +2.5 −2.7 +0.2 −0.1
146.5 1379 1317 −4.4 +2.5 −2.7 +0.2 −0.1
147.0 1372 1311 −4.5 +2.5 −2.7 +0.2 −0.1
147.5 1367 1307 −4.4 +2.5 −2.7 +0.2 −0.1
148.0 1363 1302 −4.5 +2.5 −2.7 +0.3 −0.1
148.5 1357 1296 −4.5 +2.5 −2.7 +0.2 −0.1
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Table B.26: VBF cross sections at 8 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

149.0 1351 1291 −4.5 +2.5 −2.7 +0.2 −0.1
149.5 1345 1285 −4.5 +2.5 −2.7 +0.2 −0.2
150.0 1341 1280 −4.5 +2.5 −2.7 +0.3 −0.2
152.0 1319 1259 −4.5 +2.5 −2.7 +0.2 −0.1
154.0 1299 1240 −4.6 +2.5 −2.7 +0.2 −0.1
156.0 1282 1222 −4.6 +2.5 −2.6 +0.2 −0.1
158.0 1264 1204 −4.8 +2.5 −2.6 +0.2 −0.2
160.0 1244 1185 −4.7 +2.5 −2.6 +0.2 −0.1
162.0 1220 1171 −4.0 +2.5 −2.6 +0.2 −0.1
164.0 1194 1152 −3.5 +2.5 −2.6 +0.2 −0.1
165.0 1182 1141 −3.5 +2.6 −2.6 +0.2 −0.1
166.0 1172 1132 −3.4 +2.6 −2.6 +0.2 −0.1
168.0 1153 1114 −3.4 +2.6 −2.6 +0.2 −0.1
170.0 1136 1098 −3.4 +2.6 −2.6 +0.2 −0.1
172.0 1119 1080 −3.5 +2.6 −2.6 +0.2 −0.1
174.0 1101 1062 −3.5 +2.6 −2.6 +0.2 −0.1
175.0 1094 1055 −3.6 +2.6 −2.6 +0.2 −0.1
176.0 1086 1047 −3.6 +2.6 −2.6 +0.2 −0.1
178.0 1071 1031 −3.7 +2.6 −2.6 +0.2 −0.1
180.0 1056 1015 −3.9 +2.6 −2.6 +0.3 −0.1
182.0 1037 998 −3.8 +2.5 −2.6 +0.3 −0.1
184.0 1018 983 −3.5 +2.5 −2.6 +0.2 −0.1
185.0 1010 976 −3.3 +2.5 −2.6 +0.2 −0.1
186.0 1001 969 −3.2 +2.5 −2.6 +0.2 −0.1
188.0 985.1 953.6 −3.2 +2.5 −2.6 +0.3 −0.1
190.0 969.7 938.7 −3.2 +2.5 −2.5 +0.3 −0.1
192.0 954.6 923.8 −3.2 +2.5 −2.5 +0.2 −0.1
194.0 939.7 909.0 −3.3 +2.5 −2.5 +0.3 −0.1
195.0 932.5 901.8 −3.3 +2.5 −2.5 +0.2 −0.1
196.0 926.1 895.3 −3.3 +2.5 −2.7 +0.3 −0.1
198.0 912.6 881.9 −3.4 +2.5 −2.5 +0.3 −0.1
200.0 899.3 868.5 −3.4 +2.5 −2.7 +0.3 −0.1
202.0 887.5 856.8 −3.5 +2.5 −2.7 +0.2 −0.1
204.0 876.5 845.6 −3.5 +2.5 −2.7 +0.3 −0.1
206.0 866.5 835.6 −3.6 +2.5 −2.7 +0.3 −0.1
208.0 856.9 825.9 −3.6 +2.5 −2.7 +0.3 −0.1
210.0 847.4 816.3 −3.7 +2.5 −2.6 +0.2 −0.1
212.0 837.8 806.7 −3.7 +2.5 −2.7 +0.2 −0.1
214.0 828.1 797.0 −3.8 +2.5 −2.6 +0.2 −0.1
216.0 818.4 787.3 −3.8 +2.5 −2.6 +0.2 −0.1
218.0 808.7 777.6 −3.8 +2.4 −2.6 +0.2 −0.1
220.0 798.7 767.7 −3.9 +2.5 −2.6 +0.2 −0.1
222.0 788.9 757.9 −3.9 +2.6 −2.6 +0.3 −0.1
224.0 779.0 748.1 −4.0 +2.6 −2.6 +0.2 −0.1
226.0 768.8 738.1 −4.0 +2.6 −2.6 +0.2 −0.1
228.0 759.4 728.7 −4.0 +2.5 −2.6 +0.3 −0.1
230.0 749.5 719.0 −4.1 +2.5 −2.6 +0.3 −0.1
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Table B.27: VBF cross sections at 8 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

232.0 739.8 709.5 −4.1 +2.5 −2.6 +0.3 −0.1
234.0 730.1 699.9 −4.1 +2.5 −2.6 +0.2 −0.1
236.0 720.2 690.3 −4.2 +2.5 −2.6 +0.3 −0.1
238.0 710.4 680.6 −4.2 +2.5 −2.6 +0.2 −0.1
240.0 699.9 670.3 −4.2 +2.5 −2.6 +0.3 −0.1
242.0 689.8 660.4 −4.3 +2.5 −2.6 +0.3 −0.1
244.0 679.7 650.6 −4.3 +2.5 −2.6 +0.2 −0.1
246.0 669.8 641.0 −4.3 +2.5 −2.6 +0.3 −0.1
248.0 660.5 631.9 −4.3 +2.5 −2.6 +0.2 −0.1
250.0 650.9 622.5 −4.4 +2.5 −2.6 +0.3 −0.1
252.0 641.7 613.6 −4.4 +2.5 −2.6 +0.3 −0.1
254.0 632.9 605.0 −4.4 +2.5 −2.6 +0.3 −0.1
256.0 624.0 596.4 −4.4 +2.5 −2.5 +0.2 −0.1
258.0 615.3 587.9 −4.4 +2.5 −2.5 +0.3 −0.1
260.0 606.8 579.7 −4.5 +2.5 −2.5 +0.3 −0.1
262.0 598.3 571.4 −4.5 +2.5 −2.5 +0.3 −0.1
264.0 590.2 563.6 −4.5 +2.5 −2.5 +0.3 −0.1
266.0 581.8 555.4 −4.5 +2.5 −2.5 +0.3 −0.1
268.0 573.8 547.7 −4.6 +2.5 −2.5 +0.2 −0.1
270.0 566.0 540.1 −4.6 +2.5 −2.5 +0.3 −0.1
272.0 558.4 532.8 −4.6 +2.5 −2.5 +0.3 −0.1
274.0 550.9 525.5 −4.6 +2.5 −2.5 +0.3 −0.1
276.0 543.5 518.4 −4.6 +2.4 −2.5 +0.3 −0.1
278.0 536.4 511.5 −4.6 +2.4 −2.5 +0.2 −0.1
280.0 529.2 504.5 −4.7 +2.4 −2.5 +0.3 −0.1
282.0 522.2 497.8 −4.7 +2.4 −2.5 +0.3 −0.1
284.0 515.2 491.1 −4.7 +2.5 −2.5 +0.3 −0.1
286.0 508.4 484.5 −4.7 +2.5 −2.6 +0.2 −0.1
288.0 501.7 478.0 −4.7 +2.5 −2.6 +0.3 −0.1
290.0 495.1 471.6 −4.7 +2.5 −2.6 +0.3 −0.2
292.0 488.6 465.4 −4.8 +2.5 −2.6 +0.3 −0.2
294.0 482.2 459.1 −4.8 +2.5 −2.6 +0.3 −0.2
296.0 476.0 453.0 −4.8 +2.5 −2.6 +0.3 −0.2
298.0 469.8 446.9 −4.9 +2.5 −2.6 +0.3 −0.2
300.0 463.7 440.8 −4.9 +2.5 −2.6 +0.3 −0.2
305.0 449.0 426.6 −5.0 +2.5 −2.6 +0.3 −0.2
310.0 435.0 413.1 −5.0 +2.5 −2.6 +0.3 −0.2
315.0 421.6 399.9 −5.1 +2.5 −2.6 +0.3 −0.2
320.0 408.6 387.5 −5.2 +2.5 −2.6 +0.3 −0.2
325.0 396.3 375.3 −5.3 +2.4 −2.6 +0.3 −0.2
330.0 384.5 363.7 −5.4 +2.5 −2.6 +0.3 −0.3
335.0 373.7 352.6 −5.6 +2.5 −2.5 +0.3 −0.3
340.0 363.7 342.2 −5.9 +2.5 −2.5 +0.3 −0.3
345.0 355.0 330.3 −7.0 +2.5 −2.5 +0.3 −0.3
350.0 342.5 320.0 −6.6 +2.5 −2.6 +0.3 −0.3
360.0 321.3 302.8 −5.8 +2.5 −2.7 +0.3 −0.3
370.0 305.0 289.6 −5.1 +2.5 −2.7 +0.3 −0.3
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Table B.28: VBF cross sections at 8 TeV. Central values at NNLO QCD, NNLO QCD + NLO EW, relative EW

corrections, and uncertainties from PDF+αs (according to the PDF4LHC prescription) and from QCD scale.

MH σNNLO
VBF@NNLO σNNLO+EW δEW

HAWK PDF4LHC QCD Scale

[GeV] [fb] [fb] [%] [%] [%]

380.0 290.4 277.6 −4.4 +2.6 −2.8 +0.3 −0.3
390.0 276.5 266.0 −3.8 +2.6 −2.8 +0.3 −0.4
400.0 263.0 254.3 −3.3 +2.6 −2.8 +0.3 −0.4
420.0 237.3 231.7 −2.4 +2.8 −2.8 +0.3 −0.4
440.0 213.6 210.3 −1.5 +2.8 −2.9 +0.3 −0.4
450.0 202.6 200.2 −1.2 +2.8 −3.1 +0.3 −0.5
460.0 192.0 190.5 −0.8 +2.9 −3.1 +0.3 −0.5
480.0 172.7 172.4 −0.2 +2.9 −3.1 +0.3 −0.5
500.0 155.4 156.1 +0.5 +3.1 −3.2 +0.3 −0.5
520.0 139.9 141.4 +1.1 +3.1 −3.3 +0.3 −0.6
540.0 126.3 128.3 +1.6 +3.2 −3.5 +0.3 −0.6
550.0 120.0 122.3 +1.9 +3.2 −3.5 +0.3 −0.6
560.0 114.1 116.6 +2.2 +3.2 −3.5 +0.3 −0.6
580.0 103.3 106.2 +2.8 +3.4 −3.6 +0.3 −0.7
600.0 93.69 96.88 +3.4 +3.5 −3.6 +0.4 −0.7
620.0 85.18 88.61 +4.0 +3.5 −3.7 +0.4 −0.7
640.0 77.58 81.21 +4.7 +3.6 −3.8 +0.4 −0.8
650.0 74.12 77.84 +5.0 +3.6 −4.0 +0.4 −0.8
660.0 70.79 74.59 +5.4 +3.8 −4.0 +0.4 −0.8
680.0 64.71 68.65 +6.1 +3.9 −4.1 +0.4 −0.8
700.0 59.26 63.30 +6.8 +4.0 −4.2 +0.4 −0.8
720.0 54.37 58.53 +7.7 +4.0 −4.4 +0.4 −0.9
740.0 49.97 54.20 +8.5 +4.1 −4.3 +0.4 −0.9
750.0 48.05 52.35 +9.0 +4.3 −4.3 +0.4 −0.9
760.0 46.00 50.32 +9.4 +4.3 −4.5 +0.5 −0.9
780.0 42.42 46.82 +10.4 +4.4 −4.6 +0.5 −1.0
800.0 39.18 43.65 +11.4 +4.5 −4.7 +0.5 −1.0
820.0 36.25 40.78 +12.5 +4.5 −4.9 +0.5 −1.1
840.0 33.59 38.15 +13.6 +4.6 −5.1 +0.6 −1.0
850.0 32.45 37.06 +14.2 +4.8 −4.9 +0.6 −1.1
860.0 31.17 35.79 +14.8 +4.9 −5.1 +0.6 −1.1
880.0 28.96 33.63 +16.1 +4.9 −5.2 +0.6 −1.1
900.0 26.95 31.64 +17.4 +5.0 −5.3 +0.6 −1.2
920.0 25.11 29.86 +19.0 +5.1 −5.6 +0.6 −1.2
940.0 23.41 28.20 +20.5 +5.2 −5.7 +0.6 −1.2
950.0 22.63 27.45 +21.3 +5.4 −5.5 +0.6 −1.3
960.0 21.86 26.69 +22.1 +5.4 −5.8 +0.7 −1.2
980.0 20.42 25.24 +23.6 +5.5 −5.8 +0.7 −1.3
1000.0 19.10 23.99 +25.6 +5.6 −5.9 +0.7 −1.3
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Table B.29: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

80.00 2341 ±1.0 ±2.3 ±3.2
81.00 2258 ±0.9 ±2.3 ±3.2
82.00 2179 ±0.9 ±2.3 ±3.2
83.00 2104 ±0.9 ±2.3 ±3.2
84.00 2031 ±0.9 ±2.3 ±3.2
85.00 1963 ±0.9 ±2.3 ±3.2
86.00 1896 ±0.9 ±2.3 ±3.2
87.00 1831 ±1.0 ±2.3 ±3.2
88.00 1770 ±1.0 ±2.3 ±3.3
89.00 1711 ±1.0 ±2.3 ±3.3
90.00 1654 ±1.0 ±2.2 ±3.3
91.00 1600 ±1.0 ±2.3 ±3.3
92.00 1548 ±1.0 ±2.3 ±3.2
93.00 1498 ±1.0 ±2.3 ±3.2
94.00 1450 ±1.0 ±2.3 ±3.2
95.00 1404 ±0.9 ±2.3 ±3.2
96.00 1359 ±0.9 ±2.3 ±3.2
97.00 1315 ±0.9 ±2.3 ±3.2
98.00 1274 ±0.9 ±2.3 ±3.2
99.00 1234 ±0.9 ±2.3 ±3.2
100.0 1195 ±0.9 ±2.3 ±3.2
101.0 1159 ±0.9 ±2.3 ±3.2
102.0 1125 ±0.9 ±2.4 ±3.3
103.0 1091 ±0.9 ±2.4 ±3.3
104.0 1058 ±0.9 ±2.4 ±3.3
105.0 1029 ±0.9 ±2.4 ±3.4
106.0 996.4 ±0.9 ±2.4 ±3.4
107.0 967.4 ±0.9 ±2.4 ±3.4
108.0 938.4 ±0.9 ±2.4 ±3.3
109.0 910.9 ±0.9 ±2.4 ±3.3
110.0 884.7 ±0.9 ±2.4 ±3.3
110.5 872.0 ±0.9 ±2.4 ±3.3
111.0 858.7 ±0.9 ±2.4 ±3.3
111.5 845.8 ±1.0 ±2.4 ±3.4
112.0 833.3 ±1.0 ±2.4 ±3.4
112.5 821.3 ±1.0 ±2.4 ±3.4
113.0 809.3 ±1.0 ±2.4 ±3.4
113.5 797.3 ±0.9 ±2.4 ±3.4
114.0 785.8 ±0.9 ±2.4 ±3.4
114.5 774.3 ±0.9 ±2.4 ±3.3
115.0 762.6 ±0.9 ±2.4 ±3.3
115.5 751.7 ±0.9 ±2.4 ±3.3
116.0 741.5 ±0.9 ±2.4 ±3.4
116.5 730.9 ±0.9 ±2.5 ±3.4
117.0 720.3 ±0.9 ±2.5 ±3.4
117.5 710.2 ±0.9 ±2.5 ±3.4
118.0 700.2 ±0.9 ±2.5 ±3.4
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Table B.30: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

118.5 690.7 ±0.9 ±2.5 ±3.5
119.0 680.8 ±0.9 ±2.6 ±3.5
119.5 671.2 ±0.9 ±2.6 ±3.5
120.0 661.7 ±0.9 ±2.6 ±3.5
120.1 660.3 ±0.9 ±2.6 ±3.5
120.2 658.5 ±0.9 ±2.5 ±3.5
120.3 656.7 ±0.9 ±2.5 ±3.5
120.4 654.9 ±0.9 ±2.5 ±3.4
120.5 653.3 ±0.9 ±2.5 ±3.4
120.6 651.4 ±0.9 ±2.5 ±3.4
120.7 649.6 ±0.9 ±2.5 ±3.4
120.8 647.9 ±0.9 ±2.5 ±3.4
120.9 646.3 ±0.9 ±2.5 ±3.5
121.0 644.8 ±0.9 ±2.6 ±3.5
121.1 643.0 ±0.9 ±2.5 ±3.4
121.2 641.2 ±0.9 ±2.5 ±3.4
121.3 639.7 ±0.9 ±2.4 ±3.4
121.4 637.9 ±0.9 ±2.4 ±3.3
121.5 636.3 ±0.9 ±2.4 ±3.3
121.6 633.9 ±0.9 ±2.4 ±3.3
121.7 632.4 ±0.9 ±2.4 ±3.4
121.8 630.7 ±0.9 ±2.5 ±3.4
121.9 628.8 ±0.9 ±2.5 ±3.4
122.0 626.8 ±0.9 ±2.5 ±3.5
122.1 625.1 ±0.9 ±2.5 ±3.5
122.2 623.6 ±0.9 ±2.5 ±3.5
122.3 621.8 ±0.9 ±2.6 ±3.5
122.4 620.2 ±0.9 ±2.6 ±3.5
122.5 618.5 ±0.9 ±2.6 ±3.5
122.6 616.8 ±0.9 ±2.6 ±3.5
122.7 615.3 ±0.9 ±2.6 ±3.5
122.8 613.4 ±0.9 ±2.6 ±3.5
122.9 611.6 ±0.9 ±2.6 ±3.6
123.0 610.0 ±0.9 ±2.6 ±3.6
123.1 608.4 ±0.9 ±2.6 ±3.6
123.2 606.9 ±0.9 ±2.6 ±3.5
123.3 605.0 ±0.9 ±2.6 ±3.5
123.4 603.5 ±0.9 ±2.6 ±3.5
123.5 602.1 ±0.9 ±2.5 ±3.5
123.6 600.3 ±0.9 ±2.5 ±3.5
123.7 599.0 ±0.9 ±2.5 ±3.5
123.8 597.6 ±0.9 ±2.5 ±3.5
123.9 595.9 ±0.9 ±2.5 ±3.4
124.0 594.4 ±0.9 ±2.5 ±3.4
124.1 592.6 ±0.9 ±2.5 ±3.5
124.2 590.9 ±0.9 ±2.5 ±3.5
124.3 589.4 ±0.9 ±2.6 ±3.5
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Table B.31: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

124.4 587.7 ±0.9 ±2.6 ±3.5
124.5 585.8 ±0.9 ±2.6 ±3.5
124.6 584.4 ±0.9 ±2.6 ±3.5
124.7 582.9 ±0.9 ±2.6 ±3.5
124.8 581.2 ±0.9 ±2.6 ±3.5
124.9 579.8 ±0.9 ±2.6 ±3.5
125.0 578.5 ±0.9 ±2.6 ±3.5
125.1 577.0 ±0.9 ±2.6 ±3.5
125.2 575.1 ±0.9 ±2.6 ±3.5
125.3 573.6 ±0.9 ±2.6 ±3.5
125.4 571.8 ±1.0 ±2.6 ±3.5
125.5 570.3 ±1.0 ±2.6 ±3.5
125.6 568.8 ±1.0 ±2.6 ±3.5
125.7 567.3 ±1.0 ±2.5 ±3.5
125.8 566.0 ±1.0 ±2.5 ±3.5
125.9 564.3 ±1.0 ±2.5 ±3.5
126.0 562.9 ±1.0 ±2.5 ±3.4
126.1 561.2 ±1.0 ±2.5 ±3.4
126.2 559.9 ±1.0 ±2.5 ±3.5
126.3 558.5 ±1.0 ±2.5 ±3.5
126.4 556.9 ±1.0 ±2.5 ±3.5
126.5 555.5 ±1.0 ±2.5 ±3.5
126.6 553.9 ±1.0 ±2.5 ±3.5
126.7 552.3 ±1.0 ±2.6 ±3.5
126.8 550.8 ±1.0 ±2.6 ±3.6
126.9 549.2 ±1.0 ±2.6 ±3.6
127.0 547.6 ±1.0 ±2.6 ±3.6
127.1 546.3 ±1.0 ±2.6 ±3.6
127.2 544.9 ±1.0 ±2.6 ±3.5
127.3 543.4 ±1.0 ±2.5 ±3.5
127.4 542.0 ±1.0 ±2.5 ±3.5
127.5 540.6 ±1.0 ±2.5 ±3.4
127.6 538.9 ±1.0 ±2.5 ±3.4
127.7 537.3 ±1.0 ±2.5 ±3.5
127.8 536.1 ±1.0 ±2.5 ±3.5
127.9 534.8 ±1.0 ±2.5 ±3.5
128.0 533.2 ±1.0 ±2.5 ±3.5
128.1 531.9 ±0.9 ±2.5 ±3.5
128.2 530.3 ±0.9 ±2.5 ±3.5
128.3 528.8 ±0.9 ±2.5 ±3.5
128.4 527.5 ±0.9 ±2.6 ±3.5
128.5 525.8 ±0.9 ±2.6 ±3.5
128.6 524.5 ±0.9 ±2.6 ±3.5
128.7 523.3 ±0.9 ±2.6 ±3.5
128.8 521.9 ±0.9 ±2.6 ±3.5
128.9 520.4 ±0.9 ±2.6 ±3.5
129.0 518.9 ±0.9 ±2.6 ±3.5
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Table B.32: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

129.1 517.6 ±0.9 ±2.6 ±3.5
129.2 516.4 ±0.9 ±2.6 ±3.5
129.3 515.0 ±0.9 ±2.6 ±3.5
129.4 513.7 ±0.9 ±2.5 ±3.5
129.5 512.2 ±0.9 ±2.5 ±3.5
129.6 511.2 ±0.9 ±2.5 ±3.5
129.7 509.6 ±0.9 ±2.6 ±3.5
129.8 508.4 ±0.9 ±2.6 ±3.5
129.9 507.2 ±0.9 ±2.6 ±3.5
130.0 505.9 ±0.9 ±2.6 ±3.6
130.5 498.9 ±0.9 ±2.6 ±3.6
131.0 492.2 ±1.0 ±2.6 ±3.6
131.5 485.8 ±1.0 ±2.6 ±3.5
132.0 479.5 ±1.0 ±2.6 ±3.5
132.5 473.0 ±1.0 ±2.6 ±3.5
133.0 466.8 ±1.0 ±2.6 ±3.5
133.5 460.8 ±1.0 ±2.6 ±3.5
134.0 454.9 ±1.0 ±2.6 ±3.5
134.5 449.1 ±1.0 ±2.6 ±3.5
135.0 443.1 ±1.0 ±2.6 ±3.5
135.5 437.4 ±1.0 ±2.6 ±3.5
136.0 431.8 ±1.0 ±2.6 ±3.5
136.5 426.1 ±1.0 ±2.6 ±3.5
137.0 420.7 ±1.0 ±2.6 ±3.5
137.5 415.2 ±1.0 ±2.6 ±3.6
138.0 409.8 ±1.0 ±2.6 ±3.5
138.5 404.6 ±1.0 ±2.6 ±3.5
139.0 399.6 ±1.0 ±2.6 ±3.5
139.5 394.5 ±0.9 ±2.6 ±3.5
140.0 389.6 ±0.9 ±2.6 ±3.5
140.5 384.6 ±0.9 ±2.6 ±3.5
141.0 379.9 ±1.0 ±2.6 ±3.6
141.5 375.2 ±1.0 ±2.6 ±3.6
142.0 370.4 ±1.0 ±2.6 ±3.6
142.5 365.8 ±1.0 ±2.6 ±3.6
143.0 361.1 ±1.0 ±2.7 ±3.6
143.5 356.7 ±1.0 ±2.7 ±3.6
144.0 352.4 ±1.0 ±2.7 ±3.6
144.5 348.0 ±1.0 ±2.7 ±3.6
145.0 343.7 ±1.0 ±2.7 ±3.7
145.5 339.4 ±1.0 ±2.7 ±3.7
146.0 335.1 ±1.0 ±2.7 ±3.7
146.5 331.0 ±1.0 ±2.7 ±3.7
147.0 326.9 ±1.0 ±2.7 ±3.7
147.5 322.8 ±1.0 ±2.8 ±3.8
148.0 319.0 ±1.0 ±2.7 ±3.8
148.5 314.9 ±1.0 ±2.7 ±3.7

311



Table B.33: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

149.0 310.9 ±1.0 ±2.7 ±3.7
149.5 307.1 ±1.0 ±2.7 ±3.7
150.0 303.4 ±1.0 ±2.7 ±3.7
152.0 288.3 ±1.0 ±2.8 ±3.8
154.0 274.2 ±1.0 ±2.8 ±3.8
156.0 259.7 ±1.0 ±2.8 ±3.8
158.0 245.2 ±1.0 ±2.8 ±3.8
160.0 231.6 ±1.0 ±2.8 ±3.9
162.0 224.1 ±1.0 ±2.9 ±3.9
164.0 216.8 ±1.0 ±2.9 ±3.9
165.0 213.3 ±1.0 ±2.9 ±3.9
166.0 208.5 ±1.0 ±2.9 ±3.9
168.0 199.4 ±1.1 ±2.9 ±4.0
170.0 190.8 ±1.0 ±2.9 ±4.0
172.0 182.6 ±1.1 ±2.9 ±4.0
174.0 174.8 ±1.1 ±2.9 ±4.0
175.0 170.9 ±1.1 ±2.9 ±4.0
176.0 167.4 ±1.1 ±2.9 ±4.0
178.0 160.5 ±1.1 ±3.0 ±4.0
180.0 153.8 ±1.1 ±3.0 ±4.0
182.0 148.2 ±1.1 ±3.0 ±4.1
184.0 142.7 ±1.1 ±3.0 ±4.1
185.0 140.1 ±1.1 ±3.0 ±4.1
186.0 137.4 ±1.1 ±3.0 ±4.1
188.0 132.0 ±1.1 ±3.0 ±4.2
190.0 126.9 ±1.1 ±3.0 ±4.2
192.0 122.0 ±1.1 ±3.1 ±4.2
194.0 117.3 ±1.1 ±3.1 ±4.2
195.0 115.1 ±1.2 ±3.1 ±4.2
196.0 112.9 ±1.1 ±3.1 ±4.3
198.0 108.6 ±1.1 ±3.1 ±4.3
200.0 104.5 ±1.1 ±3.2 ±4.3
202.0 100.6 ±1.1 ±3.2 ±4.3
204.0 96.89 ±1.2 ±3.2 ±4.4
206.0 93.32 ±1.2 ±3.2 ±4.4
208.0 89.93 ±1.2 ±3.2 ±4.4
210.0 86.65 ±1.2 ±3.2 ±4.4
212.0 83.56 ±1.2 ±3.3 ±4.5
214.0 80.56 ±1.2 ±3.3 ±4.5
216.0 77.72 ±1.2 ±3.3 ±4.5
218.0 74.99 ±1.2 ±3.3 ±4.5
220.0 72.38 ±1.2 ±3.3 ±4.5
222.0 69.85 ±1.2 ±3.4 ±4.6
224.0 67.45 ±1.2 ±3.4 ±4.6
226.0 65.14 ±1.3 ±3.4 ±4.7
228.0 62.94 ±1.3 ±3.4 ±4.7
230.0 60.82 ±1.3 ±3.4 ±4.7
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Table B.34: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

232.0 58.77 ±1.3 ±3.5 ±4.8
234.0 56.81 ±1.3 ±3.5 ±4.8
236.0 54.96 ±1.3 ±3.5 ±4.8
238.0 53.14 ±1.3 ±3.5 ±4.8
240.0 51.41 ±1.3 ±3.5 ±4.8
242.0 49.73 ±1.3 ±3.5 ±4.8
244.0 48.12 ±1.3 ±3.6 ±4.9
246.0 46.58 ±1.3 ±3.6 ±4.9
248.0 45.07 ±1.3 ±3.6 ±4.9
250.0 43.65 ±1.3 ±3.6 ±5.0
252.0 42.27 ±1.3 ±3.7 ±5.0
254.0 40.95 ±1.3 ±3.7 ±5.0
256.0 39.66 ±1.3 ±3.7 ±5.0
258.0 38.42 ±1.3 ±3.7 ±5.1
260.0 37.24 ±1.3 ±3.7 ±5.1
262.0 36.09 ±1.3 ±3.8 ±5.1
264.0 34.99 ±1.4 ±3.8 ±5.1
266.0 33.93 ±1.4 ±3.8 ±5.2
268.0 32.89 ±1.4 ±3.8 ±5.2
270.0 31.91 ±1.4 ±3.8 ±5.2
272.0 30.95 ±1.4 ±3.8 ±5.2
274.0 30.02 ±1.4 ±3.9 ±5.3
276.0 29.12 ±1.4 ±3.9 ±5.3
278.0 28.26 ±1.4 ±3.9 ±5.3
280.0 27.41 ±1.4 ±3.9 ±5.4
282.0 26.61 ±1.4 ±4.0 ±5.4
284.0 25.83 ±1.4 ±4.0 ±5.4
286.0 25.08 ±1.4 ±4.0 ±5.4
288.0 24.35 ±1.4 ±4.0 ±5.5
290.0 23.66 ±1.4 ±4.0 ±5.5
292.0 22.98 ±1.5 ±4.1 ±5.5
294.0 22.32 ±1.5 ±4.1 ±5.5
296.0 21.69 ±1.5 ±4.1 ±5.6
298.0 21.07 ±1.5 ±4.1 ±5.6
300.0 20.47 ±1.5 ±4.1 ±5.6
305.0 19.09 ±1.5 ±4.2 ±5.7
310.0 17.81 ±1.5 ±4.3 ±5.8
315.0 16.61 ±1.5 ±4.3 ±5.9
320.0 15.51 ±1.6 ±4.4 ±5.9
325.0 14.47 ±1.6 ±4.4 ±6.0
330.0 13.53 ±1.6 ±4.5 ±6.1
335.0 12.63 ±1.6 ±4.5 ±6.2
340.0 11.80 ±1.6 ±4.6 ±6.2
345.0 11.00 ±1.7 ±4.6 ±6.3
350.0 10.26 ±1.7 ±4.6 ±6.3
360.0 9.127 ±1.7 ±4.9 ±6.6
370.0 8.106 ±1.8 ±5.0 ±6.8
380.0 7.225 ±1.8 ±5.1 ±6.9
390.0 6.457 ±1.8 ±5.2 ±7.0
400.0 5.783 ±1.8 ±5.1 ±6.9



Table B.35: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

80.00 2808 ±1.1 ±2.2 ±3.3
81.00 2711 ±1.1 ±2.2 ±3.3
82.00 2619 ±1.0 ±2.2 ±3.3
83.00 2528 ±1.0 ±2.2 ±3.2
84.00 2442 ±1.0 ±2.2 ±3.2
85.00 2359 ±1.0 ±2.1 ±3.2
86.00 2279 ±1.0 ±2.2 ±3.2
87.00 2203 ±1.0 ±2.2 ±3.2
88.00 2129 ±1.0 ±2.2 ±3.2
89.00 2058 ±1.0 ±2.2 ±3.2
90.00 1990 ±1.0 ±2.2 ±3.2
91.00 1929 ±1.0 ±2.2 ±3.2
92.00 1866 ±1.0 ±2.2 ±3.2
93.00 1806 ±1.0 ±2.2 ±3.2
94.00 1749 ±1.0 ±2.2 ±3.2
95.00 1695 ±1.0 ±2.2 ±3.2
96.00 1641 ±1.0 ±2.2 ±3.2
97.00 1589 ±1.0 ±2.3 ±3.3
98.00 1540 ±1.0 ±2.3 ±3.3
99.00 1495 ±1.0 ±2.3 ±3.3
100.0 1447 ±1.0 ±2.3 ±3.3
101.0 1403 ±1.0 ±2.3 ±3.3
102.0 1360 ±1.0 ±2.3 ±3.3
103.0 1319 ±1.0 ±2.3 ±3.3
104.0 1280 ±1.0 ±2.3 ±3.3
105.0 1242 ±1.0 ±2.3 ±3.3
106.0 1204 ±1.0 ±2.3 ±3.3
107.0 1169 ±1.0 ±2.3 ±3.4
108.0 1135 ±1.0 ±2.3 ±3.4
109.0 1103 ±1.0 ±2.4 ±3.4
110.0 1071 ±1.0 ±2.4 ±3.4
110.5 1056 ±1.0 ±2.3 ±3.4
111.0 1040 ±1.0 ±2.3 ±3.3
111.5 1026 ±1.0 ±2.3 ±3.3
112.0 1010 ±1.0 ±2.3 ±3.3
112.5 995.9 ±1.0 ±2.3 ±3.3
113.0 981.3 ±1.0 ±2.3 ±3.3
113.5 967.6 ±1.0 ±2.3 ±3.3
114.0 953.5 ±1.0 ±2.3 ±3.3
114.5 939.5 ±1.0 ±2.3 ±3.2
115.0 926.6 ±1.0 ±2.3 ±3.2
115.5 913.5 ±1.0 ±2.3 ±3.2
116.0 900.2 ±1.0 ±2.3 ±3.2
116.5 888.0 ±1.0 ±2.3 ±3.2
117.0 875.8 ±1.0 ±2.3 ±3.3
117.5 864.2 ±1.0 ±2.3 ±3.3
118.0 851.5 ±1.0 ±2.3 ±3.3
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Table B.36: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

118.5 840.3 ±1.0 ±2.4 ±3.3
119.0 828.4 ±1.0 ±2.4 ±3.3
119.5 817.0 ±1.0 ±2.4 ±3.4
120.0 805.2 ±1.0 ±2.5 ±3.4
120.1 803.4 ±1.0 ±2.4 ±3.4
120.2 800.9 ±1.0 ±2.4 ±3.4
120.3 799.2 ±1.0 ±2.4 ±3.3
120.4 796.7 ±1.0 ±2.4 ±3.3
120.5 794.6 ±0.9 ±2.3 ±3.3
120.6 792.8 ±1.0 ±2.3 ±3.3
120.7 790.2 ±1.0 ±2.3 ±3.3
120.8 788.1 ±1.0 ±2.3 ±3.3
120.9 786.3 ±1.0 ±2.3 ±3.3
121.0 784.4 ±1.0 ±2.3 ±3.3
121.1 782.5 ±1.0 ±2.3 ±3.3
121.2 780.2 ±1.0 ±2.3 ±3.3
121.3 778.2 ±1.0 ±2.3 ±3.3
121.4 775.8 ±1.0 ±2.4 ±3.3
121.5 773.7 ±1.0 ±2.4 ±3.3
121.6 771.3 ±1.0 ±2.4 ±3.3
121.7 769.7 ±1.0 ±2.3 ±3.3
121.8 767.5 ±1.0 ±2.3 ±3.3
121.9 765.3 ±1.0 ±2.3 ±3.3
122.0 763.1 ±1.0 ±2.3 ±3.3
122.1 761.2 ±1.0 ±2.3 ±3.3
122.2 758.9 ±1.0 ±2.3 ±3.3
122.3 757.3 ±1.0 ±2.4 ±3.3
122.4 755.5 ±1.0 ±2.4 ±3.4
122.5 753.3 ±1.0 ±2.4 ±3.4
122.6 751.0 ±1.0 ±2.4 ±3.4
122.7 749.3 ±1.0 ±2.4 ±3.4
122.8 747.5 ±1.0 ±2.4 ±3.4
122.9 745.3 ±1.0 ±2.4 ±3.4
123.0 743.4 ±1.0 ±2.4 ±3.3
123.1 741.4 ±1.0 ±2.4 ±3.3
123.2 739.3 ±1.0 ±2.4 ±3.4
123.3 737.4 ±1.0 ±2.4 ±3.4
123.4 735.2 ±1.0 ±2.4 ±3.4
123.5 733.4 ±1.0 ±2.4 ±3.4
123.6 731.7 ±1.0 ±2.4 ±3.3
123.7 729.4 ±1.0 ±2.3 ±3.3
123.8 727.7 ±1.0 ±2.3 ±3.3
123.9 725.9 ±1.0 ±2.3 ±3.3
124.0 723.9 ±0.9 ±2.3 ±3.2
124.1 721.8 ±0.9 ±2.3 ±3.2
124.2 720.1 ±1.0 ±2.3 ±3.2
124.3 718.1 ±1.0 ±2.3 ±3.3
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Table B.37: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

124.4 715.9 ±1.0 ±2.3 ±3.3
124.5 714.3 ±1.0 ±2.3 ±3.3
124.6 712.5 ±1.0 ±2.3 ±3.3
124.7 710.5 ±1.0 ±2.3 ±3.3
124.8 708.6 ±1.0 ±2.3 ±3.3
124.9 706.5 ±1.0 ±2.3 ±3.3
125.0 704.6 ±1.0 ±2.3 ±3.4
125.1 702.7 ±1.0 ±2.3 ±3.4
125.2 700.5 ±1.0 ±2.4 ±3.4
125.3 698.8 ±1.0 ±2.4 ±3.4
125.4 697.0 ±1.0 ±2.4 ±3.4
125.5 695.1 ±1.0 ±2.4 ±3.4
125.6 693.1 ±1.0 ±2.4 ±3.4
125.7 691.3 ±1.0 ±2.3 ±3.3
125.8 689.5 ±1.0 ±2.3 ±3.3
125.9 687.8 ±1.0 ±2.3 ±3.3
126.0 686.0 ±1.0 ±2.3 ±3.3
126.1 683.8 ±1.0 ±2.3 ±3.3
126.2 681.8 ±1.0 ±2.3 ±3.3
126.3 680.2 ±1.0 ±2.3 ±3.3
126.4 678.4 ±1.0 ±2.3 ±3.4
126.5 676.7 ±1.0 ±2.3 ±3.4
126.6 674.7 ±1.0 ±2.3 ±3.4
126.7 673.1 ±1.0 ±2.3 ±3.4
126.8 671.1 ±1.0 ±2.3 ±3.4
126.9 669.3 ±1.0 ±2.3 ±3.4
127.0 667.6 ±1.0 ±2.3 ±3.4
127.1 665.8 ±1.0 ±2.3 ±3.3
127.2 664.0 ±1.0 ±2.3 ±3.3
127.3 662.3 ±1.0 ±2.4 ±3.3
127.4 660.5 ±1.0 ±2.4 ±3.3
127.5 658.8 ±1.0 ±2.4 ±3.3
127.6 657.2 ±1.0 ±2.4 ±3.3
127.7 655.3 ±1.0 ±2.4 ±3.3
127.8 653.5 ±1.0 ±2.4 ±3.3
127.9 651.8 ±1.0 ±2.4 ±3.3
128.0 650.1 ±1.0 ±2.4 ±3.3
128.1 648.5 ±1.0 ±2.4 ±3.3
128.2 647.0 ±1.0 ±2.4 ±3.4
128.3 644.8 ±1.0 ±2.4 ±3.4
128.4 643.0 ±1.0 ±2.4 ±3.4
128.5 641.5 ±1.0 ±2.4 ±3.4
128.6 639.8 ±1.0 ±2.4 ±3.4
128.7 638.0 ±1.0 ±2.4 ±3.4
128.8 636.4 ±1.0 ±2.3 ±3.3
128.9 634.4 ±1.0 ±2.3 ±3.3
129.0 632.9 ±1.0 ±2.3 ±3.3
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Table B.38: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

129.1 631.0 ±1.0 ±2.3 ±3.3
129.2 629.4 ±1.0 ±2.3 ±3.3
129.3 627.8 ±1.0 ±2.4 ±3.3
129.4 626.4 ±1.0 ±2.4 ±3.4
129.5 624.7 ±1.0 ±2.4 ±3.4
129.6 623.3 ±1.0 ±2.4 ±3.4
129.7 621.6 ±0.9 ±2.4 ±3.4
129.8 620.1 ±0.9 ±2.4 ±3.4
129.9 618.5 ±0.9 ±2.4 ±3.3
130.0 616.9 ±0.9 ±2.4 ±3.3
130.5 608.5 ±0.9 ±2.4 ±3.4
131.0 600.5 ±1.0 ±2.4 ±3.4
131.5 592.9 ±1.0 ±2.4 ±3.4
132.0 585.6 ±1.0 ±2.4 ±3.4
132.5 577.8 ±1.0 ±2.5 ±3.5
133.0 570.3 ±1.0 ±2.5 ±3.5
133.5 563.2 ±1.0 ±2.5 ±3.5
134.0 555.6 ±1.0 ±2.5 ±3.5
134.5 548.7 ±1.0 ±2.5 ±3.5
135.0 541.6 ±1.0 ±2.5 ±3.4
135.5 534.7 ±1.0 ±2.5 ±3.4
136.0 527.7 ±1.0 ±2.5 ±3.4
136.5 521.0 ±1.0 ±2.5 ±3.4
137.0 514.5 ±1.0 ±2.4 ±3.4
137.5 508.0 ±1.0 ±2.4 ±3.4
138.0 501.8 ±1.0 ±2.4 ±3.4
138.5 495.5 ±1.0 ±2.4 ±3.4
139.0 489.0 ±1.0 ±2.4 ±3.4
139.5 482.9 ±1.0 ±2.4 ±3.4
140.0 476.8 ±1.0 ±2.4 ±3.3
140.5 470.9 ±1.0 ±2.4 ±3.4
141.0 465.1 ±1.0 ±2.4 ±3.4
141.5 459.6 ±1.0 ±2.4 ±3.4
142.0 454.0 ±1.0 ±2.5 ±3.4
142.5 448.4 ±1.0 ±2.5 ±3.5
143.0 442.6 ±1.0 ±2.5 ±3.5
143.5 437.6 ±1.0 ±2.5 ±3.4
144.0 432.0 ±1.0 ±2.5 ±3.4
144.5 426.6 ±1.0 ±2.5 ±3.4
145.0 421.6 ±1.0 ±2.4 ±3.4
145.5 416.4 ±1.0 ±2.5 ±3.4
146.0 411.2 ±1.0 ±2.5 ±3.5
146.5 406.1 ±1.0 ±2.5 ±3.5
147.0 401.4 ±1.0 ±2.5 ±3.5
147.5 396.2 ±1.0 ±2.6 ±3.5
148.0 391.3 ±1.0 ±2.6 ±3.5
148.5 386.8 ±1.0 ±2.6 ±3.5
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Table B.39: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

149.0 382.1 ±1.0 ±2.6 ±3.5
149.5 377.4 ±1.0 ±2.6 ±3.5
150.0 372.8 ±1.0 ±2.6 ±3.5
152.0 354.6 ±1.0 ±2.6 ±3.6
154.0 337.6 ±1.0 ±2.6 ±3.6
156.0 320.2 ±1.0 ±2.6 ±3.6
158.0 302.4 ±1.0 ±2.5 ±3.5
160.0 285.5 ±1.0 ±2.5 ±3.5
162.0 276.3 ±1.0 ±2.6 ±3.6
164.0 267.5 ±1.0 ±2.6 ±3.6
165.0 263.0 ±1.0 ±2.6 ±3.6
166.0 257.5 ±1.0 ±2.6 ±3.6
168.0 246.6 ±1.0 ±2.7 ±3.7
170.0 236.2 ±1.0 ±2.7 ±3.7
172.0 226.1 ±1.0 ±2.7 ±3.7
174.0 216.5 ±1.0 ±2.7 ±3.7
175.0 211.8 ±1.0 ±2.7 ±3.7
176.0 207.6 ±1.0 ±2.7 ±3.7
178.0 199.1 ±1.0 ±2.7 ±3.7
180.0 191.1 ±1.0 ±2.7 ±3.7
182.0 184.1 ±1.0 ±2.7 ±3.8
184.0 177.4 ±1.0 ±2.8 ±3.8
185.0 174.1 ±1.0 ±2.8 ±3.9
186.0 170.7 ±1.0 ±2.8 ±3.9
188.0 164.2 ±1.1 ±2.8 ±3.9
190.0 157.9 ±1.1 ±2.9 ±3.9
192.0 152.0 ±1.1 ±2.9 ±3.9
194.0 146.4 ±1.1 ±2.9 ±3.9
195.0 143.6 ±1.1 ±2.9 ±3.9
196.0 140.9 ±1.1 ±2.9 ±4.0
198.0 135.6 ±1.1 ±2.9 ±4.0
200.0 130.5 ±1.1 ±2.9 ±4.0
202.0 125.7 ±1.1 ±2.9 ±4.0
204.0 121.1 ±1.1 ±2.9 ±4.0
206.0 116.8 ±1.1 ±2.9 ±4.0
208.0 112.7 ±1.1 ±2.9 ±4.1
210.0 108.7 ±1.1 ±3.0 ±4.1
212.0 104.8 ±1.1 ±3.0 ±4.1
214.0 101.1 ±1.1 ±3.0 ±4.1
216.0 97.61 ±1.1 ±3.0 ±4.1
218.0 94.27 ±1.1 ±3.0 ±4.2
220.0 90.98 ±1.1 ±3.0 ±4.2
222.0 87.92 ±1.1 ±3.1 ±4.2
224.0 84.96 ±1.2 ±3.1 ±4.2
226.0 82.12 ±1.2 ±3.1 ±4.3
228.0 79.40 ±1.2 ±3.1 ±4.3
230.0 76.78 ±1.2 ±3.1 ±4.3
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Table B.40: WH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV.

MH [GeV] σWH [fb] Scale [%] PDF [%] Total [%]

232.0 74.24 ±1.2 ±3.1 ±4.3
234.0 71.81 ±1.2 ±3.1 ±4.3
236.0 69.44 ±1.2 ±3.1 ±4.4
238.0 67.18 ±1.2 ±3.2 ±4.4
240.0 65.01 ±1.2 ±3.1 ±4.4
242.0 62.94 ±1.2 ±3.2 ±4.4
244.0 60.94 ±1.2 ±3.2 ±4.4
246.0 59.02 ±1.2 ±3.2 ±4.4
248.0 57.19 ±1.2 ±3.2 ±4.5
250.0 55.40 ±1.2 ±3.3 ±4.5
252.0 53.67 ±1.2 ±3.3 ±4.5
254.0 52.00 ±1.2 ±3.3 ±4.6
256.0 50.40 ±1.3 ±3.3 ±4.6
258.0 48.86 ±1.3 ±3.4 ±4.6
260.0 47.38 ±1.3 ±3.4 ±4.7
262.0 45.98 ±1.3 ±3.4 ±4.7
264.0 44.61 ±1.3 ±3.4 ±4.7
266.0 43.31 ±1.3 ±3.4 ±4.7
268.0 42.05 ±1.3 ±3.4 ±4.7
270.0 40.83 ±1.3 ±3.5 ±4.8
272.0 39.64 ±1.3 ±3.5 ±4.8
274.0 38.47 ±1.3 ±3.5 ±4.8
276.0 37.33 ±1.3 ±3.5 ±4.8
278.0 36.24 ±1.3 ±3.5 ±4.9
280.0 35.19 ±1.3 ±3.5 ±4.9
282.0 34.17 ±1.3 ±3.6 ±4.9
284.0 33.20 ±1.3 ±3.6 ±4.9
286.0 32.26 ±1.3 ±3.6 ±4.9
288.0 31.34 ±1.3 ±3.6 ±4.9
290.0 30.46 ±1.3 ±3.6 ±4.9
292.0 29.60 ±1.4 ±3.6 ±5.0
294.0 28.79 ±1.4 ±3.7 ±5.0
296.0 27.99 ±1.4 ±3.7 ±5.1
298.0 27.23 ±1.4 ±3.7 ±5.1
300.0 26.49 ±1.4 ±3.7 ±5.1
305.0 24.74 ±1.4 ±3.8 ±5.2
310.0 23.13 ±1.4 ±3.8 ±5.3
315.0 21.60 ±1.5 ±3.9 ±5.3
320.0 20.19 ±1.5 ±3.9 ±5.4
325.0 18.89 ±1.5 ±3.9 ±5.4
330.0 17.69 ±1.5 ±4.0 ±5.5
335.0 16.55 ±1.5 ±4.1 ±5.6
340.0 15.50 ±1.5 ±4.1 ±5.6
345.0 14.47 ±1.6 ±4.2 ±5.7
350.0 13.52 ±1.6 ±4.2 ±5.7
360.0 12.07 ±1.6 ±4.4 ±6.0
370.0 10.76 ±1.7 ±4.5 ±6.2
380.0 9.627 ±1.7 ±4.6 ±6.3
390.0 8.629 ±1.7 ±4.6 ±6.3
400.0 7.765 ±1.7 ±4.6 ±6.2



Table B.41: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

80.00 1244 ±1.8 ±2.3 ±4.1 36.64
81.00 1203 ±1.8 ±2.3 ±4.2 36.29
82.00 1163 ±1.8 ±2.4 ±4.2 35.94
83.00 1125 ±1.8 ±2.4 ±4.2 35.61
84.00 1087 ±1.8 ±2.4 ±4.2 35.27
85.00 1052 ±1.8 ±2.4 ±4.2 34.93
86.00 1019 ±1.9 ±2.4 ±4.2 34.59
87.00 985.8 ±1.9 ±2.4 ±4.3 34.26
88.00 954.8 ±1.9 ±2.4 ±4.3 33.92
89.00 924.4 ±2.0 ±2.4 ±4.4 33.59
90.00 895.9 ±2.0 ±2.4 ±4.4 33.26
91.00 868.2 ±2.0 ±2.4 ±4.5 32.92
92.00 841.7 ±2.0 ±2.4 ±4.5 32.60
93.00 816.2 ±2.1 ±2.4 ±4.5 32.27
94.00 791.7 ±2.1 ±2.4 ±4.5 31.94
95.00 767.8 ±2.1 ±2.4 ±4.5 31.62
96.00 744.7 ±2.1 ±2.4 ±4.6 31.31
97.00 723.2 ±2.1 ±2.5 ±4.6 30.99
98.00 701.1 ±2.2 ±2.5 ±4.7 30.67
99.00 681.4 ±2.2 ±2.5 ±4.7 30.34
100.0 661.6 ±2.2 ±2.5 ±4.7 30.03
101.0 642.5 ±2.2 ±2.5 ±4.8 29.72
102.0 624.0 ±2.3 ±2.5 ±4.8 29.41
103.0 606.3 ±2.3 ±2.6 ±4.9 29.09
104.0 589.5 ±2.3 ±2.6 ±4.9 28.77
105.0 572.4 ±2.3 ±2.6 ±4.9 28.47
106.0 556.4 ±2.4 ±2.6 ±4.9 28.15
107.0 541.2 ±2.4 ±2.6 ±5.0 27.86
108.0 526.1 ±2.4 ±2.6 ±5.0 27.57
109.0 511.6 ±2.4 ±2.6 ±5.0 27.31
110.0 497.8 ±2.4 ±2.6 ±5.0 27.05
110.5 490.9 ±2.5 ±2.6 ±5.1 26.90
111.0 484.5 ±2.5 ±2.6 ±5.1 26.75
111.5 477.5 ±2.6 ±2.6 ±5.2 26.63
112.0 471.0 ±2.6 ±2.7 ±5.3 26.41
112.5 464.7 ±2.7 ±2.7 ±5.3 26.26
113.0 458.6 ±2.6 ±2.7 ±5.3 26.11
113.5 452.2 ±2.6 ±2.7 ±5.3 25.95
114.0 446.0 ±2.6 ±2.7 ±5.4 25.79
114.5 440.2 ±2.6 ±2.7 ±5.4 25.69
115.0 434.5 ±2.6 ±2.7 ±5.4 25.54
115.5 428.7 ±2.6 ±2.7 ±5.4 25.39
116.0 423.2 ±2.7 ±2.7 ±5.4 25.32
116.5 417.4 ±2.7 ±2.7 ±5.4 25.17
117.0 411.9 ±2.7 ±2.7 ±5.4 25.00
117.5 406.3 ±2.7 ±2.7 ±5.4 24.85
118.0 401.3 ±2.7 ±2.7 ±5.4 24.77
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Table B.42: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

118.5 396.0 ±2.7 ±2.7 ±5.5 24.62
119.0 390.9 ±2.7 ±2.8 ±5.5 24.48
119.5 385.8 ±2.8 ±2.8 ±5.5 24.34
120.0 380.8 ±2.8 ±2.8 ±5.6 24.19
120.1 379.8 ±2.8 ±2.8 ±5.6 24.17
120.2 378.9 ±2.8 ±2.8 ±5.5 24.14
120.3 377.9 ±2.8 ±2.7 ±5.5 24.11
120.4 376.9 ±2.8 ±2.7 ±5.5 24.08
120.5 375.9 ±2.8 ±2.7 ±5.5 24.05
120.6 374.9 ±2.8 ±2.7 ±5.5 24.03
120.7 373.9 ±2.8 ±2.7 ±5.5 24.00
120.8 373.0 ±2.8 ±2.7 ±5.5 23.97
120.9 372.0 ±2.8 ±2.7 ±5.5 23.94
121.0 371.1 ±2.8 ±2.7 ±5.5 23.91
121.1 370.2 ±2.8 ±2.7 ±5.6 23.89
121.2 369.2 ±2.8 ±2.7 ±5.6 23.86
121.3 368.2 ±2.8 ±2.7 ±5.6 23.83
121.4 367.3 ±2.8 ±2.8 ±5.6 23.80
121.5 366.4 ±2.8 ±2.8 ±5.6 23.77
121.6 365.5 ±2.8 ±2.8 ±5.6 23.75
121.7 364.5 ±2.8 ±2.8 ±5.6 23.72
121.8 363.6 ±2.8 ±2.8 ±5.6 23.68
121.9 362.6 ±2.8 ±2.8 ±5.6 23.66
122.0 361.8 ±2.8 ±2.8 ±5.6 23.63
122.1 360.9 ±2.8 ±2.8 ±5.6 23.60
122.2 359.9 ±2.8 ±2.7 ±5.6 23.57
122.3 359.0 ±2.9 ±2.7 ±5.6 23.54
122.4 358.0 ±2.9 ±2.7 ±5.6 23.52
122.5 357.1 ±2.9 ±2.7 ±5.6 23.49
122.6 356.2 ±2.9 ±2.7 ±5.6 23.45
122.7 355.2 ±2.9 ±2.7 ±5.6 23.43
122.8 354.2 ±2.9 ±2.7 ±5.6 23.40
122.9 353.5 ±2.9 ±2.7 ±5.6 23.37
123.0 352.5 ±2.9 ±2.7 ±5.6 23.34
123.1 351.6 ±2.9 ±2.7 ±5.6 23.31
123.2 350.8 ±2.9 ±2.7 ±5.6 23.28
123.3 349.8 ±2.9 ±2.7 ±5.6 23.25
123.4 349.0 ±2.9 ±2.7 ±5.6 23.22
123.5 348.0 ±2.9 ±2.7 ±5.6 23.19
123.6 347.1 ±2.9 ±2.7 ±5.6 23.16
123.7 346.2 ±2.9 ±2.8 ±5.7 23.12
123.8 345.4 ±2.9 ±2.8 ±5.7 23.10
123.9 344.5 ±2.9 ±2.8 ±5.7 23.07
124.0 343.6 ±2.9 ±2.8 ±5.7 23.05
124.1 342.7 ±2.9 ±2.8 ±5.7 23.01
124.2 341.9 ±2.9 ±2.8 ±5.7 22.99
124.3 341.1 ±2.9 ±2.8 ±5.7 22.96
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Table B.43: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

124.4 340.2 ±2.9 ±2.8 ±5.7 22.93
124.5 339.3 ±2.9 ±2.8 ±5.7 22.90
124.6 338.4 ±2.9 ±2.8 ±5.7 22.88
124.7 337.6 ±2.9 ±2.8 ±5.7 22.85
124.8 336.8 ±2.9 ±2.7 ±5.7 22.82
124.9 335.9 ±2.9 ±2.7 ±5.6 22.80
125.0 335.1 ±2.9 ±2.7 ±5.6 22.78
125.1 334.1 ±2.9 ±2.7 ±5.6 22.75
125.2 333.3 ±2.9 ±2.7 ±5.6 22.72
125.3 332.5 ±2.9 ±2.7 ±5.6 22.70
125.4 331.7 ±2.9 ±2.6 ±5.6 22.68
125.5 330.9 ±2.9 ±2.6 ±5.6 22.65
125.6 329.9 ±3.0 ±2.7 ±5.6 22.63
125.7 329.1 ±3.0 ±2.7 ±5.6 22.60
125.8 328.3 ±3.0 ±2.7 ±5.6 22.58
125.9 327.5 ±3.0 ±2.7 ±5.7 22.56
126.0 326.7 ±3.0 ±2.7 ±5.7 22.53
126.1 325.8 ±2.9 ±2.7 ±5.7 22.50
126.2 325.0 ±2.9 ±2.7 ±5.6 22.47
126.3 324.3 ±2.9 ±2.7 ±5.6 22.45
126.4 323.5 ±2.9 ±2.6 ±5.6 22.42
126.5 322.7 ±2.9 ±2.6 ±5.6 22.39
126.6 321.9 ±2.9 ±2.7 ±5.6 22.36
126.7 321.0 ±2.9 ±2.7 ±5.6 22.34
126.8 320.1 ±2.9 ±2.7 ±5.7 22.31
126.9 319.2 ±2.9 ±2.7 ±5.7 22.28
127.0 318.4 ±2.9 ±2.8 ±5.7 22.26
127.1 317.5 ±3.0 ±2.8 ±5.7 22.23
127.2 316.9 ±3.0 ±2.8 ±5.7 22.21
127.3 316.1 ±3.0 ±2.8 ±5.7 22.17
127.4 315.3 ±3.0 ±2.7 ±5.7 22.15
127.5 314.5 ±3.0 ±2.7 ±5.7 22.12
127.6 313.7 ±3.0 ±2.7 ±5.7 22.10
127.7 312.9 ±3.0 ±2.7 ±5.7 22.07
127.8 312.2 ±2.9 ±2.8 ±5.7 22.04
127.9 311.4 ±2.9 ±2.8 ±5.7 22.02
128.0 310.6 ±2.9 ±2.8 ±5.7 21.99
128.1 309.9 ±3.0 ±2.8 ±5.7 21.97
128.2 309.0 ±3.0 ±2.8 ±5.7 21.94
128.3 308.3 ±3.0 ±2.8 ±5.7 21.91
128.4 307.5 ±3.0 ±2.8 ±5.8 21.89
128.5 306.8 ±3.0 ±2.8 ±5.8 21.86
128.6 306.0 ±3.0 ±2.8 ±5.8 21.84
128.7 305.4 ±3.0 ±2.8 ±5.8 21.81
128.8 304.6 ±3.0 ±2.8 ±5.8 21.79
128.9 303.9 ±3.0 ±2.8 ±5.8 21.76
129.0 303.1 ±3.0 ±2.8 ±5.8 21.73
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Table B.44: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

129.1 302.3 ±3.0 ±2.8 ±5.8 21.71
129.2 301.7 ±3.0 ±2.8 ±5.8 21.68
129.3 301.0 ±3.0 ±2.8 ±5.8 21.65
129.4 300.2 ±3.0 ±2.8 ±5.8 21.63
129.5 299.4 ±3.0 ±2.7 ±5.8 21.60
129.6 298.6 ±3.0 ±2.8 ±5.8 21.58
129.7 297.9 ±3.0 ±2.8 ±5.8 21.55
129.8 297.2 ±3.0 ±2.8 ±5.8 21.52
129.9 296.5 ±3.0 ±2.8 ±5.8 21.50
130.0 295.7 ±3.0 ±2.8 ±5.8 21.47
130.5 292.0 ±3.0 ±2.8 ±5.8 21.33
131.0 288.3 ±3.1 ±2.8 ±5.8 21.20
131.5 284.8 ±3.1 ±2.8 ±5.8 21.07
132.0 281.3 ±3.1 ±2.8 ±5.8 20.93
132.5 278.0 ±3.1 ±2.8 ±5.9 20.81
133.0 274.6 ±3.1 ±2.8 ±5.9 20.68
133.5 271.2 ±3.1 ±2.8 ±5.9 20.50
134.0 268.0 ±3.1 ±2.8 ±5.9 20.39
134.5 264.7 ±3.2 ±2.8 ±6.0 20.26
135.0 261.6 ±3.2 ±2.8 ±6.0 20.11
135.5 258.5 ±3.2 ±2.8 ±6.0 19.98
136.0 255.5 ±3.2 ±2.8 ±6.1 19.92
136.5 252.5 ±3.2 ±2.9 ±6.1 19.80
137.0 249.5 ±3.3 ±2.9 ±6.1 19.67
137.5 246.4 ±3.3 ±2.9 ±6.2 19.54
138.0 243.6 ±3.3 ±2.9 ±6.2 19.42
138.5 240.6 ±3.3 ±2.9 ±6.2 19.21
139.0 237.7 ±3.3 ±2.9 ±6.2 19.09
139.5 235.0 ±3.3 ±2.9 ±6.2 18.98
140.0 232.2 ±3.3 ±2.9 ±6.2 18.86
140.5 229.4 ±3.3 ±2.9 ±6.2 18.75
141.0 226.9 ±3.3 ±2.9 ±6.2 18.64
141.5 224.3 ±3.3 ±2.9 ±6.2 18.55
142.0 221.6 ±3.4 ±2.9 ±6.2 18.43
142.5 219.0 ±3.4 ±2.9 ±6.3 18.32
143.0 216.5 ±3.4 ±2.9 ±6.3 18.22
143.5 214.2 ±3.4 ±2.9 ±6.3 18.11
144.0 211.7 ±3.4 ±2.9 ±6.3 18.02
144.5 209.1 ±3.4 ±2.9 ±6.3 17.80
145.0 206.8 ±3.4 ±2.9 ±6.3 17.68
145.5 204.2 ±3.5 ±2.9 ±6.4 17.57
146.0 201.9 ±3.5 ±2.9 ±6.4 17.46
146.5 199.6 ±3.5 ±2.9 ±6.4 17.35
147.0 197.3 ±3.5 ±3.0 ±6.4 17.24
147.5 195.1 ±3.5 ±3.0 ±6.5 17.13
148.0 192.8 ±3.5 ±3.0 ±6.5 17.01
148.5 190.6 ±3.5 ±3.0 ±6.5 16.90
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Table B.45: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

149.0 188.4 ±3.5 ±3.0 ±6.5 16.79
149.5 186.2 ±3.6 ±3.0 ±6.6 16.68
150.0 184.2 ±3.6 ±3.0 ±6.6 16.57
152.0 175.8 ±3.6 ±3.0 ±6.7 16.11
154.0 168.0 ±3.7 ±3.1 ±6.8 15.66
156.0 159.9 ±3.8 ±3.1 ±6.9 15.22
158.0 151.8 ±3.9 ±3.1 ±7.0 14.79
160.0 144.2 ±3.9 ±3.1 ±7.1 14.38
162.0 139.7 ±3.9 ±3.1 ±7.1 13.97
164.0 135.4 ±3.9 ±3.1 ±7.1 13.56
165.0 133.4 ±3.9 ±3.1 ±7.0 13.36
166.0 130.5 ±3.9 ±3.1 ±7.1 13.15
168.0 125.2 ±4.0 ±3.2 ±7.2 12.75
170.0 120.0 ±4.1 ±3.2 ±7.3 12.37
172.0 115.1 ±4.1 ±3.2 ±7.3 11.99
174.0 110.3 ±4.2 ±3.2 ±7.3 11.60
175.0 108.0 ±4.2 ±3.2 ±7.4 11.41
176.0 105.6 ±4.2 ±3.2 ±7.4 11.23
178.0 101.2 ±4.2 ±3.2 ±7.4 10.86
180.0 96.86 ±4.2 ±3.3 ±7.5 10.50
182.0 93.36 ±4.2 ±3.3 ±7.5 10.15
184.0 90.00 ±4.3 ±3.3 ±7.5 9.816
185.0 88.36 ±4.3 ±3.3 ±7.6 9.651
186.0 86.65 ±4.3 ±3.3 ±7.6 9.486
188.0 83.41 ±4.3 ±3.4 ±7.7 9.163
190.0 80.26 ±4.3 ±3.4 ±7.7 8.846
192.0 77.27 ±4.3 ±3.4 ±7.7 8.539
194.0 74.43 ±4.4 ±3.4 ±7.8 8.300
195.0 73.05 ±4.4 ±3.4 ±7.8 8.158
196.0 71.69 ±4.4 ±3.4 ±7.8 8.013
198.0 69.06 ±4.4 ±3.4 ±7.8 7.737
200.0 66.51 ±4.4 ±3.5 ±7.9 7.436
202.0 64.11 ±4.4 ±3.5 ±7.9 7.193
204.0 61.78 ±4.4 ±3.5 ±7.9 6.921
206.0 59.50 ±4.4 ±3.5 ±7.9 6.624
208.0 57.33 ±4.4 ±3.5 ±7.9 6.361
210.0 55.27 ±4.4 ±3.5 ±7.9 6.108
212.0 53.27 ±4.4 ±3.5 ±8.0 5.859
214.0 51.40 ±4.4 ±3.6 ±8.0 5.614
216.0 49.57 ±4.4 ±3.6 ±8.0 5.380
218.0 47.82 ±4.4 ±3.6 ±8.0 5.152
220.0 46.12 ±4.3 ±3.6 ±8.0 4.930
222.0 44.50 ±4.3 ±3.7 ±8.0 4.713
224.0 42.94 ±4.3 ±3.7 ±8.0 4.504
226.0 41.44 ±4.3 ±3.7 ±8.0 4.300
228.0 40.01 ±4.3 ±3.7 ±8.0 4.105
230.0 38.60 ±4.3 ±3.8 ±8.0 3.917

324



Table B.46: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 7 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

232.0 37.28 ±4.2 ±3.8 ±8.0 3.738
234.0 36.00 ±4.2 ±3.8 ±8.0 3.566
236.0 34.78 ±4.2 ±3.8 ±8.0 3.397
238.0 33.59 ±4.1 ±3.9 ±8.0 3.232
240.0 32.45 ±4.1 ±3.9 ±7.9 3.073
242.0 31.35 ±4.0 ±3.9 ±7.9 2.921
244.0 30.30 ±4.0 ±3.9 ±7.9 2.780
246.0 29.29 ±4.0 ±3.9 ±7.9 2.641
248.0 28.31 ±3.9 ±4.0 ±7.9 2.512
250.0 27.38 ±3.9 ±4.0 ±7.8 2.382
252.0 26.47 ±3.8 ±4.0 ±7.8 2.261
254.0 25.60 ±3.8 ±4.0 ±7.8 2.148
256.0 24.76 ±3.8 ±4.0 ±7.8 2.038
258.0 23.96 ±3.7 ±4.1 ±7.8 1.933
260.0 23.18 ±3.7 ±4.1 ±7.8 1.834
262.0 22.43 ±3.7 ±4.1 ±7.8 1.743
264.0 21.71 ±3.6 ±4.1 ±7.8 1.655
266.0 21.01 ±3.6 ±4.2 ±7.8 1.568
268.0 20.34 ±3.6 ±4.2 ±7.7 1.485
270.0 19.69 ±3.5 ±4.2 ±7.7 1.408
272.0 19.07 ±3.5 ±4.2 ±7.7 1.334
274.0 18.48 ±3.5 ±4.3 ±7.7 1.265
276.0 17.90 ±3.4 ±4.3 ±7.7 1.199
278.0 17.34 ±3.4 ±4.3 ±7.7 1.136
280.0 16.81 ±3.4 ±4.3 ±7.7 1.076
282.0 16.30 ±3.3 ±4.3 ±7.7 1.019
284.0 15.79 ±3.3 ±4.4 ±7.7 0.9655
286.0 15.32 ±3.3 ±4.4 ±7.6 0.9147
288.0 14.85 ±3.2 ±4.4 ±7.6 0.8678
290.0 14.41 ±3.2 ±4.4 ±7.6 0.8205
292.0 13.98 ±3.2 ±4.4 ±7.6 0.7770
294.0 13.56 ±3.1 ±4.5 ±7.6 0.7354
296.0 13.15 ±3.1 ±4.5 ±7.6 0.6962
298.0 12.76 ±3.1 ±4.5 ±7.6 0.6590
300.0 12.39 ±3.0 ±4.5 ±7.5 0.6237
305.0 11.50 ±3.0 ±4.6 ±7.6 0.5427
310.0 10.68 ±2.9 ±4.7 ±7.6 0.4721
315.0 9.930 ±2.9 ±4.7 ±7.6 0.4117
320.0 9.241 ±2.8 ±4.8 ±7.6 0.3588
325.0 8.604 ±2.7 ±4.8 ±7.5 0.3137
330.0 8.017 ±2.7 ±4.9 ±7.6 0.2747
335.0 7.463 ±2.7 ±5.0 ±7.6 0.2408
340.0 6.955 ±2.7 ±5.0 ±7.7 0.2123
345.0 6.473 ±2.6 ±5.0 ±7.7 0.1892
350.0 6.035 ±2.6 ±5.0 ±7.7 0.1721
360.0 5.338 ±2.7 ±5.3 ±7.9 0.1466
370.0 4.734 ±2.7 ±5.4 ±8.2 0.1284
380.0 4.212 ±2.8 ±5.5 ±8.3 0.1149
390.0 3.757 ±2.8 ±5.6 ±8.4 0.1048
400.0 3.357 ±2.8 ±5.5 ±8.3 0.09677



Table B.47: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

80.00 1508 ±1.9 ±2.1 ±4.1 51.69
81.00 1459 ±1.9 ±2.1 ±4.1 51.20
82.00 1411 ±2.0 ±2.1 ±4.1 50.71
83.00 1366 ±2.0 ±2.1 ±4.1 50.22
84.00 1321 ±2.0 ±2.1 ±4.1 49.74
85.00 1281 ±2.0 ±2.1 ±4.1 49.28
86.00 1238 ±2.1 ±2.1 ±4.2 48.65
87.00 1200 ±2.1 ±2.1 ±4.2 48.20
88.00 1163 ±2.1 ±2.2 ±4.3 47.75
89.00 1126 ±2.1 ±2.2 ±4.3 47.28
90.00 1092 ±2.1 ±2.2 ±4.4 46.85
91.00 1059 ±2.2 ±2.2 ±4.4 46.41
92.00 1028 ±2.2 ±2.2 ±4.4 45.99
93.00 996.5 ±2.2 ±2.2 ±4.5 45.72
94.00 967.0 ±2.2 ±2.3 ±4.5 45.11
95.00 938.3 ±2.3 ±2.3 ±4.5 44.67
96.00 910.9 ±2.3 ±2.3 ±4.6 44.22
97.00 884.0 ±2.3 ±2.3 ±4.6 43.79
98.00 859.2 ±2.3 ±2.3 ±4.6 43.36
99.00 834.0 ±2.4 ±2.3 ±4.7 42.94
100.0 810.2 ±2.4 ±2.3 ±4.7 42.51
101.0 787.6 ±2.4 ±2.3 ±4.8 42.09
102.0 765.0 ±2.4 ±2.3 ±4.8 41.66
103.0 743.6 ±2.5 ±2.3 ±4.8 41.23
104.0 722.6 ±2.5 ±2.3 ±4.8 40.81
105.0 702.2 ±2.5 ±2.3 ±4.9 40.39
106.0 683.3 ±2.6 ±2.4 ±4.9 39.97
107.0 664.6 ±2.6 ±2.4 ±5.0 39.58
108.0 646.9 ±2.6 ±2.4 ±5.0 39.20
109.0 629.6 ±2.7 ±2.4 ±5.1 38.81
110.0 612.5 ±2.7 ±2.4 ±5.1 38.40
110.5 604.0 ±2.7 ±2.4 ±5.1 38.20
111.0 596.0 ±2.7 ±2.4 ±5.1 37.99
111.5 588.0 ±2.8 ±2.4 ±5.1 37.79
112.0 580.3 ±2.8 ±2.4 ±5.2 37.58
112.5 572.5 ±2.8 ±2.4 ±5.2 37.38
113.0 564.6 ±2.8 ±2.4 ±5.2 37.18
113.5 557.3 ±2.8 ±2.4 ±5.2 36.98
114.0 550.1 ±2.8 ±2.4 ±5.2 36.76
114.5 542.7 ±2.8 ±2.4 ±5.2 36.55
115.0 535.8 ±2.8 ±2.5 ±5.3 36.34
115.5 528.6 ±2.8 ±2.5 ±5.3 36.11
116.0 521.8 ±2.9 ±2.5 ±5.3 35.84
116.5 515.2 ±2.9 ±2.5 ±5.4 35.75
117.0 508.3 ±2.9 ±2.5 ±5.4 35.56
117.5 502.0 ±3.0 ±2.5 ±5.4 35.37
118.0 495.6 ±3.0 ±2.5 ±5.4 35.17
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Table B.48: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

118.5 489.3 ±3.0 ±2.5 ±5.4 34.97
119.0 482.9 ±3.0 ±2.5 ±5.4 34.77
119.5 477.2 ±3.0 ±2.5 ±5.4 34.58
120.0 471.0 ±3.0 ±2.5 ±5.5 34.39
120.1 469.8 ±3.0 ±2.5 ±5.5 34.34
120.2 468.5 ±3.0 ±2.5 ±5.5 34.30
120.3 467.5 ±3.0 ±2.5 ±5.5 34.27
120.4 466.1 ±3.0 ±2.5 ±5.5 34.23
120.5 464.8 ±3.0 ±2.5 ±5.5 34.19
120.6 463.6 ±3.0 ±2.5 ±5.5 34.15
120.7 462.5 ±3.0 ±2.5 ±5.5 34.11
120.8 461.3 ±3.0 ±2.5 ±5.5 34.07
120.9 460.1 ±3.0 ±2.5 ±5.5 34.04
121.0 458.9 ±3.0 ±2.5 ±5.4 34.00
121.1 458.0 ±3.0 ±2.5 ±5.4 33.95
121.2 456.7 ±3.0 ±2.5 ±5.4 33.92
121.3 455.6 ±3.0 ±2.5 ±5.4 33.88
121.4 454.5 ±3.0 ±2.4 ±5.4 33.84
121.5 453.5 ±3.0 ±2.4 ±5.4 33.80
121.6 452.2 ±3.0 ±2.4 ±5.4 33.76
121.7 450.9 ±3.0 ±2.4 ±5.4 33.73
121.8 449.8 ±3.0 ±2.5 ±5.5 33.69
121.9 448.8 ±3.0 ±2.5 ±5.5 33.65
122.0 447.8 ±3.0 ±2.5 ±5.5 33.61
122.1 446.8 ±3.0 ±2.5 ±5.5 33.58
122.2 445.7 ±3.0 ±2.5 ±5.5 33.53
122.3 444.4 ±3.0 ±2.5 ±5.6 33.49
122.4 443.4 ±3.0 ±2.6 ±5.6 33.45
122.5 442.1 ±3.0 ±2.6 ±5.6 33.41
122.6 440.9 ±3.0 ±2.6 ±5.6 33.37
122.7 439.6 ±3.0 ±2.6 ±5.6 33.33
122.8 438.5 ±3.1 ±2.6 ±5.6 33.30
122.9 437.6 ±3.1 ±2.5 ±5.6 33.26
123.0 436.6 ±3.1 ±2.5 ±5.6 33.22
123.1 435.6 ±3.1 ±2.6 ±5.6 33.19
123.2 434.6 ±3.1 ±2.6 ±5.6 33.15
123.3 433.5 ±3.1 ±2.6 ±5.7 33.11
123.4 432.5 ±3.1 ±2.6 ±5.7 33.07
123.5 431.1 ±3.1 ±2.6 ±5.7 33.03
123.6 430.1 ±3.1 ±2.6 ±5.7 32.99
123.7 429.2 ±3.1 ±2.6 ±5.6 32.95
123.8 428.0 ±3.1 ±2.5 ±5.6 32.92
123.9 427.1 ±3.1 ±2.5 ±5.6 32.88
124.0 426.0 ±3.1 ±2.4 ±5.5 32.84
124.1 424.9 ±3.1 ±2.4 ±5.6 32.80
124.2 423.8 ±3.1 ±2.4 ±5.6 32.77
124.3 422.8 ±3.1 ±2.4 ±5.6 32.73
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Table B.49: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

124.4 421.7 ±3.2 ±2.5 ±5.6 32.70
124.5 420.6 ±3.2 ±2.5 ±5.6 32.66
124.6 419.4 ±3.2 ±2.5 ±5.6 32.62
124.7 418.5 ±3.1 ±2.5 ±5.6 32.58
124.8 417.4 ±3.1 ±2.5 ±5.6 32.54
124.9 416.4 ±3.1 ±2.5 ±5.6 32.50
125.0 415.3 ±3.1 ±2.5 ±5.6 32.46
125.1 414.2 ±3.1 ±2.5 ±5.6 32.43
125.2 413.3 ±3.1 ±2.5 ±5.6 32.39
125.3 412.3 ±3.1 ±2.5 ±5.6 32.35
125.4 411.2 ±3.1 ±2.5 ±5.6 32.31
125.5 410.2 ±3.1 ±2.5 ±5.6 32.27
125.6 409.1 ±3.2 ±2.5 ±5.6 32.23
125.7 408.2 ±3.2 ±2.5 ±5.6 32.20
125.8 407.0 ±3.2 ±2.5 ±5.7 32.16
125.9 406.1 ±3.2 ±2.5 ±5.7 32.12
126.0 405.0 ±3.2 ±2.5 ±5.7 32.08
126.1 404.2 ±3.2 ±2.5 ±5.7 32.05
126.2 403.0 ±3.2 ±2.5 ±5.7 32.01
126.3 402.0 ±3.2 ±2.5 ±5.7 31.97
126.4 401.0 ±3.2 ±2.5 ±5.7 31.93
126.5 400.0 ±3.2 ±2.5 ±5.7 31.90
126.6 399.0 ±3.2 ±2.5 ±5.7 31.86
126.7 398.0 ±3.2 ±2.5 ±5.8 31.82
126.8 397.0 ±3.2 ±2.5 ±5.8 31.78
126.9 396.2 ±3.2 ±2.6 ±5.8 31.75
127.0 395.3 ±3.2 ±2.6 ±5.8 31.71
127.1 394.3 ±3.2 ±2.6 ±5.8 31.67
127.2 393.2 ±3.2 ±2.5 ±5.8 31.63
127.3 392.1 ±3.2 ±2.5 ±5.7 31.59
127.4 391.2 ±3.2 ±2.5 ±5.7 31.56
127.5 390.1 ±3.2 ±2.5 ±5.7 31.52
127.6 389.2 ±3.2 ±2.5 ±5.7 31.48
127.7 388.3 ±3.2 ±2.5 ±5.7 31.44
127.8 387.4 ±3.2 ±2.4 ±5.7 31.40
127.9 386.3 ±3.2 ±2.4 ±5.7 31.37
128.0 385.6 ±3.3 ±2.4 ±5.7 31.33
128.1 384.7 ±3.3 ±2.5 ±5.7 31.29
128.2 383.8 ±3.2 ±2.5 ±5.7 31.26
128.3 383.0 ±3.2 ±2.5 ±5.8 31.22
128.4 381.9 ±3.2 ±2.6 ±5.8 31.18
128.5 380.9 ±3.2 ±2.6 ±5.8 31.14
128.6 379.9 ±3.2 ±2.6 ±5.8 31.11
128.7 379.0 ±3.3 ±2.6 ±5.8 31.07
128.8 378.0 ±3.3 ±2.6 ±5.8 31.04
128.9 377.0 ±3.3 ±2.6 ±5.8 31.00
129.0 376.2 ±3.3 ±2.6 ±5.8 30.96
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Table B.50: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

129.1 375.1 ±3.3 ±2.6 ±5.8 30.92
129.2 374.1 ±3.3 ±2.6 ±5.8 30.89
129.3 373.1 ±3.3 ±2.6 ±5.9 30.85
129.4 372.3 ±3.3 ±2.6 ±5.9 30.81
129.5 371.4 ±3.3 ±2.6 ±5.9 30.78
129.6 370.5 ±3.3 ±2.5 ±5.8 30.74
129.7 369.6 ±3.3 ±2.5 ±5.8 30.70
129.8 368.8 ±3.3 ±2.5 ±5.8 30.67
129.9 367.9 ±3.3 ±2.5 ±5.7 30.63
130.0 367.1 ±3.3 ±2.4 ±5.7 30.60
130.5 362.6 ±3.3 ±2.5 ±5.8 30.42
131.0 358.3 ±3.3 ±2.5 ±5.8 30.23
131.5 353.9 ±3.3 ±2.5 ±5.8 30.04
132.0 349.8 ±3.3 ±2.5 ±5.9 29.86
132.5 345.7 ±3.4 ±2.6 ±5.9 29.68
133.0 341.8 ±3.4 ±2.6 ±6.0 29.50
133.5 337.6 ±3.4 ±2.6 ±6.0 29.33
134.0 333.7 ±3.4 ±2.6 ±6.0 29.14
134.5 329.7 ±3.4 ±2.6 ±6.1 28.97
135.0 325.9 ±3.5 ±2.7 ±6.1 28.79
135.5 322.1 ±3.5 ±2.6 ±6.1 28.62
136.0 318.4 ±3.5 ±2.6 ±6.1 28.44
136.5 314.5 ±3.5 ±2.6 ±6.1 28.27
137.0 310.9 ±3.5 ±2.6 ±6.1 28.10
137.5 307.3 ±3.6 ±2.6 ±6.1 27.93
138.0 303.6 ±3.6 ±2.6 ±6.2 27.75
138.5 300.3 ±3.6 ±2.6 ±6.2 27.59
139.0 296.6 ±3.6 ±2.7 ±6.2 27.41
139.5 293.3 ±3.6 ±2.7 ±6.3 27.25
140.0 289.8 ±3.6 ±2.7 ±6.3 27.07
140.5 286.5 ±3.6 ±2.7 ±6.3 26.90
141.0 283.1 ±3.6 ±2.7 ±6.3 26.73
141.5 279.9 ±3.6 ±2.7 ±6.3 26.56
142.0 276.9 ±3.6 ±2.7 ±6.3 26.39
142.5 273.6 ±3.6 ±2.7 ±6.3 26.23
143.0 270.5 ±3.7 ±2.7 ±6.3 26.07
143.5 267.4 ±3.7 ±2.7 ±6.4 25.91
144.0 264.4 ±3.7 ±2.7 ±6.4 25.73
144.5 261.3 ±3.8 ±2.7 ±6.4 25.56
145.0 258.3 ±3.8 ±2.7 ±6.5 25.39
145.5 255.4 ±3.8 ±2.7 ±6.5 25.22
146.0 252.7 ±3.8 ±2.7 ±6.5 25.05
146.5 249.7 ±3.8 ±2.7 ±6.5 24.88
147.0 246.9 ±3.8 ±2.7 ±6.5 24.71
147.5 244.2 ±3.8 ±2.7 ±6.5 24.54
148.0 241.5 ±3.8 ±2.7 ±6.5 24.38
148.5 238.7 ±3.8 ±2.7 ±6.5 24.22
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Table B.51: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

149.0 236.1 ±3.8 ±2.7 ±6.5 24.06
149.5 233.4 ±3.9 ±2.7 ±6.6 23.90
150.0 230.8 ±3.9 ±2.7 ±6.6 23.73
152.0 220.7 ±3.9 ±2.7 ±6.7 23.09
154.0 210.9 ±4.0 ±2.8 ±6.8 22.47
156.0 201.0 ±4.1 ±2.8 ±6.8 21.86
158.0 191.1 ±4.1 ±2.8 ±6.9 21.24
160.0 181.6 ±4.2 ±2.8 ±7.0 20.59
162.0 176.2 ±4.2 ±2.8 ±7.0 20.03
164.0 170.8 ±4.2 ±2.8 ±7.0 19.43
165.0 168.3 ±4.2 ±2.8 ±7.0 19.14
166.0 164.9 ±4.2 ±2.8 ±7.1 18.87
168.0 158.2 ±4.3 ±2.8 ±7.1 18.33
170.0 151.8 ±4.3 ±2.9 ±7.2 17.79
172.0 145.7 ±4.3 ±2.9 ±7.2 17.24
174.0 139.8 ±4.4 ±2.9 ±7.3 16.69
175.0 136.9 ±4.4 ±2.9 ±7.3 16.43
176.0 134.0 ±4.4 ±2.9 ±7.4 16.17
178.0 128.4 ±4.5 ±2.9 ±7.4 15.65
180.0 123.1 ±4.6 ±2.9 ±7.5 15.14
182.0 118.7 ±4.6 ±2.9 ±7.5 14.64
184.0 114.5 ±4.6 ±2.9 ±7.5 14.16
185.0 112.5 ±4.5 ±2.9 ±7.5 13.93
186.0 110.3 ±4.6 ±3.0 ±7.5 13.70
188.0 106.2 ±4.6 ±3.0 ±7.6 13.24
190.0 102.2 ±4.6 ±3.0 ±7.6 12.79
192.0 98.48 ±4.6 ±3.0 ±7.6 12.36
194.0 94.89 ±4.6 ±3.0 ±7.6 11.92
195.0 93.14 ±4.6 ±3.0 ±7.6 11.70
196.0 91.46 ±4.6 ±3.0 ±7.6 11.49
198.0 88.13 ±4.6 ±3.0 ±7.7 11.08
200.0 84.91 ±4.7 ±3.1 ±7.7 10.67
202.0 81.92 ±4.7 ±3.1 ±7.8 10.28
204.0 78.96 ±4.7 ±3.1 ±7.8 9.894
206.0 76.13 ±4.7 ±3.1 ±7.8 9.515
208.0 73.44 ±4.6 ±3.2 ±7.8 9.145
210.0 70.82 ±4.6 ±3.2 ±7.8 8.785
212.0 68.34 ±4.6 ±3.2 ±7.8 8.434
214.0 65.93 ±4.6 ±3.2 ±7.8 8.094
216.0 63.66 ±4.6 ±3.2 ±7.8 7.766
218.0 61.45 ±4.6 ±3.2 ±7.8 7.445
220.0 59.33 ±4.6 ±3.2 ±7.8 7.130
222.0 57.27 ±4.5 ±3.3 ±7.8 6.825
224.0 55.29 ±4.5 ±3.3 ±7.8 6.528
226.0 53.39 ±4.5 ±3.3 ±7.9 6.241
228.0 51.56 ±4.5 ±3.4 ±7.9 5.965
230.0 49.86 ±4.5 ±3.4 ±7.9 5.760
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Table B.52: ZH production cross section and its scale and PDF uncertainties for various Higgs-boson masses at

the LHC with CM energy
√
s = 8 TeV. The gluon-fusion contribution is also given separately.

MH [GeV] σZH [fb] Scale [%] PDF [%] Total [%] σgg→ZH [fb]

232.0 48.16 ±4.5 ±3.4 ±7.9 5.493
234.0 46.52 ±4.4 ±3.4 ±7.9 5.226
236.0 44.94 ±4.4 ±3.5 ±7.8 4.984
238.0 43.44 ±4.3 ±3.5 ±7.8 4.745
240.0 41.99 ±4.3 ±3.5 ±7.7 4.517
242.0 40.60 ±4.2 ±3.5 ±7.7 4.319
244.0 39.26 ±4.2 ±3.5 ±7.7 4.107
246.0 37.97 ±4.2 ±3.5 ±7.7 3.906
248.0 36.72 ±4.1 ±3.5 ±7.7 3.715
250.0 35.52 ±4.1 ±3.5 ±7.6 3.532
252.0 34.37 ±4.0 ±3.6 ±7.6 3.355
254.0 33.25 ±4.0 ±3.6 ±7.6 3.190
256.0 32.15 ±4.0 ±3.6 ±7.6 3.018
258.0 31.12 ±3.9 ±3.7 ±7.6 2.864
260.0 30.12 ±3.9 ±3.7 ±7.5 2.719
262.0 29.16 ±3.8 ±3.7 ±7.5 2.581
264.0 28.23 ±3.8 ±3.7 ±7.5 2.452
266.0 27.36 ±3.7 ±3.8 ±7.5 2.333
268.0 26.49 ±3.7 ±3.8 ±7.5 2.208
270.0 25.68 ±3.7 ±3.8 ±7.4 2.094
272.0 24.88 ±3.6 ±3.8 ±7.4 1.987
274.0 24.11 ±3.6 ±3.8 ±7.4 1.884
276.0 23.37 ±3.5 ±3.8 ±7.4 1.788
278.0 22.66 ±3.5 ±3.9 ±7.4 1.696
280.0 21.98 ±3.5 ±3.9 ±7.3 1.609
282.0 21.31 ±3.4 ±3.9 ±7.3 1.530
284.0 20.66 ±3.4 ±3.9 ±7.3 1.447
286.0 20.04 ±3.4 ±3.9 ±7.3 1.372
288.0 19.45 ±3.3 ±4.0 ±7.3 1.300
290.0 18.87 ±3.3 ±4.0 ±7.3 1.231
292.0 18.30 ±3.2 ±4.0 ±7.3 1.167
294.0 17.77 ±3.2 ±4.0 ±7.2 1.107
296.0 17.25 ±3.2 ±4.1 ±7.2 1.049
298.0 16.75 ±3.1 ±4.1 ±7.2 0.9953
300.0 16.27 ±3.1 ±4.1 ±7.2 0.9462
305.0 15.13 ±3.0 ±4.2 ±7.2 0.8255
310.0 14.08 ±2.9 ±4.2 ±7.2 0.7207
315.0 13.11 ±2.9 ±4.3 ±7.2 0.6296
320.0 12.21 ±2.8 ±4.3 ±7.1 0.5500
325.0 11.39 ±2.8 ±4.3 ±7.1 0.4818
330.0 10.63 ±2.7 ±4.4 ±7.1 0.4229
335.0 9.912 ±2.7 ±4.4 ±7.1 0.3722
340.0 9.251 ±2.7 ±4.5 ±7.1 0.3288
345.0 8.625 ±2.6 ±4.5 ±7.2 0.2943
350.0 8.056 ±2.6 ±4.5 ±7.1 0.2680
360.0 7.150 ±2.7 ±4.7 ±7.4 0.2290
370.0 6.364 ±2.7 ±4.9 ±7.6 0.2010
380.0 5.684 ±2.8 ±5.0 ±7.7 0.1810
390.0 5.090 ±2.8 ±5.0 ±7.8 0.1653
400.0 4.568 ±2.8 ±5.0 ±7.8 0.1531



Table B.53: NLO QCD cross sections of pp → ttH for
√
s = 7 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

80.0 289.7 + 4.3 − 9.8 ± 8.3
81.0 281.2 + 4.3 − 9.8 ± 8.3
82.0 272.9 + 4.3 − 9.8 ± 8.3
83.0 265.0 + 4.3 − 9.8 ± 8.4
84.0 257.3 + 4.2 − 9.8 ± 8.4
85.0 249.8 + 4.2 − 9.8 ± 8.4
86.0 242.6 + 4.2 − 9.7 ± 8.4
87.0 235.7 + 4.2 − 9.7 ± 8.4
88.0 229.0 + 4.1 − 9.7 ± 8.4
89.0 222.5 + 4.1 − 9.7 ± 8.4
90.0 216.2 + 4.1 − 9.7 ± 8.4
91.0 210.2 + 4.1 − 9.7 ± 8.4
92.0 204.4 + 4.0 − 9.7 ± 8.4
93.0 198.8 + 4.0 − 9.7 ± 8.4
94.0 193.3 + 4.0 − 9.6 ± 8.4
95.0 188.0 + 3.9 − 9.6 ± 8.4
96.0 182.8 + 3.9 − 9.6 ± 8.4
97.0 177.8 + 3.9 − 9.6 ± 8.4
98.0 173.0 + 3.9 − 9.6 ± 8.4
99.0 168.3 + 3.8 − 9.6 ± 8.4
100.0 163.7 + 3.8 − 9.6 ± 8.4
101.0 159.3 + 3.8 − 9.6 ± 8.4
102.0 155.1 + 3.8 − 9.5 ± 8.4
103.0 151.0 + 3.7 − 9.5 ± 8.4
104.0 147.1 + 3.7 − 9.5 ± 8.4
105.0 143.2 + 3.7 − 9.5 ± 8.4
106.0 139.5 + 3.7 − 9.5 ± 8.4
107.0 135.9 + 3.6 − 9.5 ± 8.4
108.0 132.4 + 3.6 − 9.5 ± 8.4
109.0 129.0 + 3.6 − 9.5 ± 8.4
110.0 125.7 + 3.6 − 9.4 ± 8.4
110.5 124.0 + 3.6 − 9.4 ± 8.4
111.0 122.4 + 3.5 − 9.4 ± 8.4
111.5 120.9 + 3.5 − 9.4 ± 8.4
112.0 119.3 + 3.5 − 9.4 ± 8.4
112.5 117.8 + 3.5 − 9.4 ± 8.4
113.0 116.3 + 3.5 − 9.4 ± 8.4
113.5 114.8 + 3.5 − 9.4 ± 8.4
114.0 113.3 + 3.5 − 9.4 ± 8.4
114.5 111.9 + 3.5 − 9.4 ± 8.4
115.0 110.5 + 3.5 − 9.4 ± 8.4
115.5 109.1 + 3.4 − 9.4 ± 8.4
116.0 107.8 + 3.4 − 9.4 ± 8.4
116.5 106.4 + 3.4 − 9.4 ± 8.4
117.0 105.1 + 3.4 − 9.4 ± 8.4
117.5 103.8 + 3.4 − 9.4 ± 8.4
118.0 102.5 + 3.4 − 9.4 ± 8.4
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Table B.54: NLO QCD cross sections of pp → ttH for
√
s = 7 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

118.5 101.3 + 3.4 − 9.3 ± 8.4
119.0 100.0 + 3.4 − 9.3 ± 8.4
119.5 98.79 + 3.4 − 9.3 ± 8.4
120.0 97.58 + 3.4 − 9.3 ± 8.4
120.1 97.34 + 3.4 − 9.3 ± 8.4
120.2 97.10 + 3.3 − 9.3 ± 8.4
120.3 96.86 + 3.3 − 9.3 ± 8.4
120.4 96.62 + 3.3 − 9.3 ± 8.4
120.5 96.38 + 3.3 − 9.3 ± 8.4
120.6 96.14 + 3.3 − 9.3 ± 8.4
120.7 95.90 + 3.3 − 9.3 ± 8.4
120.8 95.67 + 3.3 − 9.3 ± 8.4
120.9 95.43 + 3.3 − 9.3 ± 8.4
121.0 95.20 + 3.3 − 9.3 ± 8.4
121.1 94.96 + 3.3 − 9.3 ± 8.4
121.2 94.73 + 3.3 − 9.3 ± 8.4
121.3 94.49 + 3.3 − 9.3 ± 8.4
121.4 94.26 + 3.3 − 9.3 ± 8.4
121.5 94.03 + 3.3 − 9.3 ± 8.4
121.6 93.80 + 3.3 − 9.3 ± 8.4
121.7 93.57 + 3.3 − 9.3 ± 8.4
121.8 93.34 + 3.3 − 9.3 ± 8.4
121.9 93.11 + 3.3 − 9.3 ± 8.4
122.0 92.88 + 3.3 − 9.3 ± 8.4
122.1 92.65 + 3.3 − 9.3 ± 8.4
122.2 92.43 + 3.3 − 9.3 ± 8.4
122.3 92.20 + 3.3 − 9.3 ± 8.4
122.4 91.97 + 3.3 − 9.3 ± 8.4
122.5 91.75 + 3.3 − 9.3 ± 8.4
122.6 91.52 + 3.3 − 9.3 ± 8.4
122.7 91.30 + 3.3 − 9.3 ± 8.4
122.8 91.07 + 3.3 − 9.3 ± 8.4
122.9 90.85 + 3.3 − 9.3 ± 8.4
123.0 90.63 + 3.3 − 9.3 ± 8.4
123.1 90.41 + 3.3 − 9.3 ± 8.4
123.2 90.19 + 3.3 − 9.3 ± 8.4
123.3 89.97 + 3.3 − 9.3 ± 8.4
123.4 89.75 + 3.3 − 9.3 ± 8.4
123.5 89.53 + 3.3 − 9.3 ± 8.4
123.6 89.31 + 3.3 − 9.3 ± 8.4
123.7 89.09 + 3.3 − 9.3 ± 8.4
123.8 88.88 + 3.3 − 9.3 ± 8.4
123.9 88.66 + 3.3 − 9.3 ± 8.4
124.0 88.44 + 3.3 − 9.3 ± 8.4
124.1 88.23 + 3.3 − 9.3 ± 8.4
124.2 88.01 + 3.3 − 9.3 ± 8.4
124.3 87.80 + 3.3 − 9.3 ± 8.4
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Table B.55: NLO QCD cross sections of pp → ttH for
√
s = 7 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

124.4 87.59 + 3.3 − 9.3 ± 8.4
124.5 87.37 + 3.3 − 9.3 ± 8.4
124.6 87.16 + 3.3 − 9.3 ± 8.4
124.7 86.95 + 3.3 − 9.3 ± 8.4
124.8 86.74 + 3.3 − 9.3 ± 8.4
124.9 86.53 + 3.3 − 9.3 ± 8.4
125.0 86.32 + 3.2 − 9.3 ± 8.4
125.1 86.11 + 3.2 − 9.3 ± 8.4
125.2 85.90 + 3.2 − 9.3 ± 8.4
125.3 85.70 + 3.2 − 9.3 ± 8.4
125.4 85.49 + 3.2 − 9.3 ± 8.4
125.5 85.28 + 3.2 − 9.3 ± 8.4
125.6 85.08 + 3.2 − 9.3 ± 8.4
125.7 84.87 + 3.2 − 9.3 ± 8.4
125.8 84.67 + 3.2 − 9.3 ± 8.4
125.9 84.46 + 3.2 − 9.3 ± 8.4
126.0 84.26 + 3.2 − 9.3 ± 8.4
126.1 84.06 + 3.2 − 9.3 ± 8.4
126.2 83.86 + 3.2 − 9.3 ± 8.4
126.3 83.66 + 3.2 − 9.3 ± 8.4
126.4 83.46 + 3.2 − 9.3 ± 8.4
126.5 83.26 + 3.2 − 9.3 ± 8.4
126.6 83.06 + 3.2 − 9.3 ± 8.4
126.7 82.86 + 3.2 − 9.3 ± 8.4
126.8 82.66 + 3.2 − 9.3 ± 8.4
126.9 82.46 + 3.2 − 9.3 ± 8.4
127.0 82.26 + 3.2 − 9.3 ± 8.4
127.1 82.07 + 3.2 − 9.3 ± 8.4
127.2 81.87 + 3.2 − 9.3 ± 8.4
127.3 81.68 + 3.2 − 9.3 ± 8.4
127.4 81.48 + 3.2 − 9.3 ± 8.4
127.5 81.29 + 3.2 − 9.3 ± 8.4
127.6 81.09 + 3.2 − 9.3 ± 8.4
127.7 80.90 + 3.2 − 9.3 ± 8.4
127.8 80.71 + 3.2 − 9.3 ± 8.4
127.9 80.51 + 3.2 − 9.3 ± 8.4
128.0 80.32 + 3.2 − 9.3 ± 8.4
128.1 80.13 + 3.2 − 9.3 ± 8.4
128.2 79.94 + 3.2 − 9.3 ± 8.4
128.3 79.75 + 3.2 − 9.3 ± 8.4
128.4 79.56 + 3.2 − 9.3 ± 8.4
128.5 79.37 + 3.2 − 9.3 ± 8.4
128.6 79.18 + 3.2 − 9.3 ± 8.5
128.7 79.00 + 3.2 − 9.3 ± 8.5
128.8 78.81 + 3.2 − 9.2 ± 8.5
128.9 78.62 + 3.2 − 9.2 ± 8.5
129.0 78.44 + 3.2 − 9.2 ± 8.5
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Table B.56: NLO QCD cross sections of pp → ttH for
√
s = 7 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

129.1 78.25 + 3.2 − 9.2 ± 8.5
129.2 78.07 + 3.2 − 9.2 ± 8.5
129.3 77.88 + 3.2 − 9.2 ± 8.5
129.4 77.70 + 3.2 − 9.2 ± 8.5
129.5 77.51 + 3.2 − 9.2 ± 8.5
129.6 77.33 + 3.2 − 9.2 ± 8.5
129.7 77.15 + 3.2 − 9.2 ± 8.5
129.8 76.96 + 3.2 − 9.2 ± 8.5
129.9 76.78 + 3.2 − 9.2 ± 8.5
130.0 76.60 + 3.2 − 9.2 ± 8.5
130.5 75.70 + 3.1 − 9.2 ± 8.5
131.0 74.82 + 3.1 − 9.2 ± 8.5
131.5 73.94 + 3.1 − 9.2 ± 8.5
132.0 73.08 + 3.1 − 9.2 ± 8.5
132.5 72.23 + 3.1 − 9.2 ± 8.5
133.0 71.40 + 3.1 − 9.2 ± 8.5
133.5 70.57 + 3.1 − 9.2 ± 8.5
134.0 69.75 + 3.1 − 9.2 ± 8.5
134.5 68.95 + 3.1 − 9.2 ± 8.5
135.0 68.16 + 3.1 − 9.2 ± 8.5
135.5 67.38 + 3.1 − 9.2 ± 8.5
136.0 66.60 + 3.0 − 9.2 ± 8.5
136.5 65.84 + 3.0 − 9.2 ± 8.5
137.0 65.09 + 3.0 − 9.2 ± 8.5
137.5 64.35 + 3.0 − 9.2 ± 8.5
138.0 63.62 + 3.0 − 9.2 ± 8.5
138.5 62.90 + 3.0 − 9.2 ± 8.5
139.0 62.19 + 3.0 − 9.2 ± 8.5
139.5 61.48 + 3.0 − 9.2 ± 8.5
140.0 60.79 + 3.0 − 9.2 ± 8.5
140.5 60.10 + 3.0 − 9.2 ± 8.5
141.0 59.42 + 3.0 − 9.1 ± 8.5
141.5 58.75 + 3.0 − 9.1 ± 8.5
142.0 58.08 + 2.9 − 9.1 ± 8.5
142.5 57.43 + 2.9 − 9.1 ± 8.5
143.0 56.78 + 2.9 − 9.1 ± 8.5
143.5 56.15 + 2.9 − 9.1 ± 8.5
144.0 55.52 + 2.9 − 9.1 ± 8.5
144.5 54.90 + 2.9 − 9.1 ± 8.5
145.0 54.29 + 2.9 − 9.1 ± 8.5
145.5 53.69 + 2.9 − 9.1 ± 8.5
146.0 53.10 + 2.9 − 9.1 ± 8.5
146.5 52.52 + 2.9 − 9.1 ± 8.5
147.0 51.95 + 2.9 − 9.1 ± 8.5
147.5 51.38 + 2.9 − 9.1 ± 8.5
148.0 50.82 + 2.9 − 9.1 ± 8.5
148.5 50.27 + 2.9 − 9.1 ± 8.5
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Table B.57: NLO QCD cross sections of pp → ttH for
√
s = 7 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

149.0 49.73 + 2.9 − 9.1 ± 8.5
149.5 49.20 + 2.8 − 9.1 ± 8.5
150.0 48.67 + 2.8 − 9.1 ± 8.5
152.0 46.63 + 2.8 − 9.1 ± 8.5
154.0 44.70 + 2.8 − 9.1 ± 8.5
156.0 42.85 + 2.8 − 9.1 ± 8.5
158.0 41.08 + 2.8 − 9.1 ± 8.5
160.0 39.40 + 2.7 − 9.0 ± 8.5
162.0 37.81 + 2.7 − 9.0 ± 8.5
164.0 36.30 + 2.7 − 9.0 ± 8.6
165.0 35.57 + 2.7 − 9.0 ± 8.6
166.0 34.86 + 2.7 − 9.0 ± 8.6
168.0 33.49 + 2.7 − 9.0 ± 8.6
170.0 32.18 + 2.7 − 9.0 ± 8.6
172.0 30.93 + 2.6 − 9.0 ± 8.6
174.0 29.74 + 2.6 − 9.0 ± 8.6
175.0 29.16 + 2.6 − 9.0 ± 8.6
176.0 28.60 + 2.6 − 9.0 ± 8.6
178.0 27.52 + 2.6 − 9.0 ± 8.6
180.0 26.50 + 2.6 − 9.0 ± 8.6
182.0 25.52 + 2.6 − 9.0 ± 8.7
184.0 24.60 + 2.6 − 9.0 ± 8.7
185.0 24.15 + 2.6 − 9.0 ± 8.7
186.0 23.71 + 2.6 − 9.0 ± 8.7
188.0 22.86 + 2.6 − 9.0 ± 8.7
190.0 22.05 + 2.6 − 9.0 ± 8.7
192.0 21.27 + 2.6 − 9.0 ± 8.7
194.0 20.53 + 2.6 − 9.0 ± 8.7
195.0 20.17 + 2.6 − 9.0 ± 8.7
196.0 19.82 + 2.6 − 9.0 ± 8.7
198.0 19.13 + 2.6 − 9.0 ± 8.8
200.0 18.48 + 2.6 − 9.1 ± 8.8
202.0 17.85 + 2.6 − 9.1 ± 8.8
204.0 17.25 + 2.7 − 9.1 ± 8.8
206.0 16.68 + 2.7 − 9.1 ± 8.8
208.0 16.13 + 2.7 − 9.1 ± 8.8
210.0 15.61 + 2.7 − 9.1 ± 8.8
212.0 15.11 + 2.8 − 9.2 ± 8.8
214.0 14.62 + 2.8 − 9.2 ± 8.8
216.0 14.16 + 2.8 − 9.2 ± 8.8
218.0 13.72 + 2.9 − 9.2 ± 8.9
220.0 13.29 + 2.9 − 9.2 ± 8.9
222.0 12.89 + 3.0 − 9.3 ± 8.9
224.0 12.49 + 3.0 − 9.3 ± 8.9
226.0 12.12 + 3.1 − 9.3 ± 8.9
228.0 11.76 + 3.1 − 9.4 ± 8.9
230.0 11.41 + 3.1 − 9.4 ± 9.0
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Table B.58: NLO QCD cross sections of pp → ttH for
√
s = 7 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

232.0 11.08 + 3.1 − 9.4 ± 9.0
234.0 10.76 + 3.1 − 9.4 ± 9.0
236.0 10.46 + 3.1 − 9.4 ± 9.0
238.0 10.16 + 3.2 − 9.4 ± 9.0
240.0 9.876 + 3.2 − 9.5 ± 9.0
242.0 9.600 + 3.2 − 9.5 ± 9.0
244.0 9.333 + 3.3 − 9.5 ± 9.1
246.0 9.077 + 3.4 − 9.6 ± 9.1
248.0 8.830 + 3.4 − 9.6 ± 9.1
250.0 8.592 + 3.5 − 9.7 ± 9.2
252.0 8.365 + 3.6 − 9.7 ± 9.2
254.0 8.145 + 3.7 − 9.7 ± 9.2
256.0 7.934 + 3.7 − 9.8 ± 9.2
258.0 7.730 + 3.8 − 9.8 ± 9.2
260.0 7.533 + 3.9 − 9.9 ± 9.2
262.0 7.342 + 4.0 − 9.9 ± 9.2
264.0 7.157 + 4.1 − 10.0 ± 9.2
266.0 6.979 + 4.1 − 10.0 ± 9.2
268.0 6.806 + 4.2 − 10.1 ± 9.2
270.0 6.640 + 4.3 − 10.1 ± 9.3
272.0 6.478 + 4.4 − 10.2 ± 9.3
274.0 6.322 + 4.5 − 10.2 ± 9.3
276.0 6.172 + 4.6 − 10.3 ± 9.4
278.0 6.026 + 4.6 − 10.3 ± 9.4
280.0 5.886 + 4.7 − 10.4 ± 9.5
282.0 5.752 + 4.8 − 10.4 ± 9.5
284.0 5.622 + 4.9 − 10.5 ± 9.5
286.0 5.496 + 5.0 − 10.5 ± 9.6
288.0 5.374 + 5.1 − 10.6 ± 9.7
290.0 5.257 + 5.2 − 10.6 ± 9.7
292.0 5.142 + 5.3 − 10.7 ± 9.8
294.0 5.031 + 5.4 − 10.7 ± 9.8
296.0 4.924 + 5.5 − 10.8 ± 9.9
298.0 4.819 + 5.6 − 10.9 ± 9.9
300.0 4.718 + 5.6 − 10.9 ± 10.0
305.0 4.478 + 5.7 − 10.9 ± 10.1
310.0 4.255 + 5.6 − 11.0 ± 10.3
315.0 4.047 + 5.5 − 11.0 ± 10.4
320.0 3.853 + 5.5 − 11.0 ± 10.5
325.0 3.672 + 5.6 − 11.1 ± 10.7
330.0 3.501 + 5.7 − 11.2 ± 10.9
335.0 3.342 + 5.9 − 11.3 ± 11.0
340.0 3.192 + 6.1 − 11.4 ± 11.2
345.0 3.053 + 6.2 − 11.5 ± 11.3
350.0 2.921 + 6.4 − 11.6 ± 11.5
360.0 2.680 + 6.7 − 11.8 ± 11.8
370.0 2.466 + 6.9 − 12.0 ± 12.2
380.0 2.273 + 7.2 − 12.2 ± 12.6
390.0 2.100 + 7.5 − 12.3 ± 13.0
400.0 1.943 + 7.8 − 12.5 ± 13.5



Table B.59: NLO QCD cross sections of pp → ttH for
√
s = 8 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

80.0 427.7 + 4.7 − 9.7 ±8.0
81.0 415.2 + 4.7 − 9.7 ±8.0
82.0 403.2 + 4.7 − 9.7 ±8.0
83.0 391.5 + 4.7 − 9.7 ±8.0
84.0 380.3 + 4.7 − 9.7 ±8.0
85.0 369.4 + 4.6 − 9.7 ±8.0
86.0 358.9 + 4.6 − 9.7 ±8.0
87.0 348.7 + 4.6 − 9.7 ±8.0
88.0 338.9 + 4.6 − 9.6 ±8.0
89.0 329.4 + 4.5 − 9.6 ±8.0
90.0 320.2 + 4.5 − 9.6 ±8.0
91.0 311.3 + 4.5 − 9.6 ±8.0
92.0 302.7 + 4.5 − 9.6 ±8.0
93.0 294.4 + 4.4 − 9.6 ±8.0
94.0 286.4 + 4.4 − 9.6 ±8.0
95.0 278.6 + 4.4 − 9.6 ±8.0
96.0 271.1 + 4.4 − 9.6 ±8.0
97.0 263.8 + 4.3 − 9.5 ±8.0
98.0 256.7 + 4.3 − 9.5 ±8.0
99.0 249.9 + 4.3 − 9.5 ±8.0
100.0 243.3 + 4.3 − 9.5 ±8.0
101.0 236.9 + 4.3 − 9.5 ±8.0
102.0 230.8 + 4.2 − 9.5 ±8.0
103.0 224.8 + 4.2 − 9.5 ±8.1
104.0 219.0 + 4.2 − 9.5 ±8.1
105.0 213.3 + 4.2 − 9.5 ±8.1
106.0 207.7 + 4.1 − 9.4 ±8.1
107.0 202.3 + 4.1 − 9.4 ±8.1
108.0 197.1 + 4.1 − 9.4 ±8.1
109.0 192.0 + 4.1 − 9.4 ±8.1
110.0 187.1 + 4.1 − 9.4 ±8.1
110.5 184.7 + 4.1 − 9.4 ±8.1
111.0 182.4 + 4.0 − 9.4 ±8.1
111.5 180.1 + 4.0 − 9.4 ±8.1
112.0 177.9 + 4.0 − 9.4 ±8.1
112.5 175.7 + 4.0 − 9.4 ±8.1
113.0 173.5 + 4.0 − 9.4 ±8.1
113.5 171.3 + 4.0 − 9.4 ±8.1
114.0 169.2 + 4.0 − 9.4 ±8.1
114.5 167.1 + 4.0 − 9.4 ±8.1
115.0 165.1 + 4.0 − 9.4 ±8.1
115.5 163.0 + 4.0 − 9.4 ±8.1
116.0 161.0 + 3.9 − 9.4 ±8.1
116.5 159.0 + 3.9 − 9.3 ±8.1
117.0 157.1 + 3.9 − 9.3 ±8.1
117.5 155.2 + 3.9 − 9.3 ±8.1
118.0 153.3 + 3.9 − 9.3 ±8.1
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Table B.60: NLO QCD cross sections of pp → ttH for
√
s = 8 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

118.5 151.4 + 3.9 − 9.3 ±8.1
119.0 149.5 + 3.9 − 9.3 ±8.1
119.5 147.7 + 3.9 − 9.3 ±8.1
120.0 145.9 + 3.9 − 9.3 ±8.1
120.1 145.6 + 3.9 − 9.3 ±8.1
120.2 145.2 + 3.9 − 9.3 ±8.1
120.3 144.9 + 3.9 − 9.3 ±8.1
120.4 144.5 + 3.9 − 9.3 ±8.1
120.5 144.1 + 3.9 − 9.3 ±8.1
120.6 143.8 + 3.9 − 9.3 ±8.1
120.7 143.4 + 3.9 − 9.3 ±8.1
120.8 143.1 + 3.9 − 9.3 ±8.1
120.9 142.7 + 3.9 − 9.3 ±8.1
121.0 142.4 + 3.9 − 9.3 ±8.1
121.1 142.0 + 3.9 − 9.3 ±8.1
121.2 141.7 + 3.9 − 9.3 ±8.1
121.3 141.4 + 3.8 − 9.3 ±8.1
121.4 141.0 + 3.8 − 9.3 ±8.1
121.5 140.7 + 3.8 − 9.3 ±8.1
121.6 140.3 + 3.8 − 9.3 ±8.1
121.7 140.0 + 3.8 − 9.3 ±8.1
121.8 139.6 + 3.8 − 9.3 ±8.1
121.9 139.3 + 3.8 − 9.3 ±8.1
122.0 139.0 + 3.8 − 9.3 ±8.1
122.1 138.6 + 3.8 − 9.3 ±8.1
122.2 138.3 + 3.8 − 9.3 ±8.1
122.3 138.0 + 3.8 − 9.3 ±8.1
122.4 137.6 + 3.8 − 9.3 ±8.1
122.5 137.3 + 3.8 − 9.3 ±8.1
122.6 137.0 + 3.8 − 9.3 ±8.1
122.7 136.6 + 3.8 − 9.3 ±8.1
122.8 136.3 + 3.8 − 9.3 ±8.1
122.9 136.0 + 3.8 − 9.3 ±8.1
123.0 135.6 + 3.8 − 9.3 ±8.1
123.1 135.3 + 3.8 − 9.3 ±8.1
123.2 135.0 + 3.8 − 9.3 ±8.1
123.3 134.7 + 3.8 − 9.3 ±8.1
123.4 134.3 + 3.8 − 9.3 ±8.1
123.5 134.0 + 3.8 − 9.3 ±8.1
123.6 133.7 + 3.8 − 9.3 ±8.1
123.7 133.4 + 3.8 − 9.3 ±8.1
123.8 133.0 + 3.8 − 9.3 ±8.1
123.9 132.7 + 3.8 − 9.3 ±8.1
124.0 132.4 + 3.8 − 9.3 ±8.1
124.1 132.1 + 3.8 − 9.3 ±8.1
124.2 131.8 + 3.8 − 9.3 ±8.1
124.3 131.4 + 3.8 − 9.3 ±8.1
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Table B.61: NLO QCD cross sections of pp → ttH for
√
s = 8 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

124.4 131.1 + 3.8 − 9.3 ±8.1
124.5 130.8 + 3.8 − 9.3 ±8.1
124.6 130.5 + 3.8 − 9.3 ±8.1
124.7 130.2 + 3.8 − 9.3 ±8.1
124.8 129.9 + 3.8 − 9.3 ±8.1
124.9 129.6 + 3.8 − 9.3 ±8.1
125.0 129.3 + 3.8 − 9.3 ±8.1
125.1 129.0 + 3.8 − 9.3 ±8.1
125.2 128.6 + 3.8 − 9.3 ±8.1
125.3 128.3 + 3.8 − 9.3 ±8.1
125.4 128.0 + 3.8 − 9.3 ±8.1
125.5 127.7 + 3.8 − 9.3 ±8.1
125.6 127.4 + 3.8 − 9.3 ±8.1
125.7 127.1 + 3.8 − 9.3 ±8.1
125.8 126.8 + 3.8 − 9.3 ±8.1
125.9 126.5 + 3.8 − 9.3 ±8.1
126.0 126.2 + 3.8 − 9.3 ±8.1
126.1 125.9 + 3.8 − 9.3 ±8.1
126.2 125.6 + 3.8 − 9.3 ±8.1
126.3 125.3 + 3.8 − 9.3 ±8.1
126.4 125.0 + 3.8 − 9.3 ±8.1
126.5 124.7 + 3.8 − 9.3 ±8.1
126.6 124.5 + 3.8 − 9.3 ±8.1
126.7 124.2 + 3.8 − 9.3 ±8.1
126.8 123.9 + 3.8 − 9.3 ±8.1
126.9 123.6 + 3.8 − 9.3 ±8.1
127.0 123.3 + 3.8 − 9.3 ±8.1
127.1 123.0 + 3.8 − 9.3 ±8.1
127.2 122.7 + 3.7 − 9.3 ±8.1
127.3 122.4 + 3.7 − 9.3 ±8.1
127.4 122.1 + 3.7 − 9.3 ±8.1
127.5 121.8 + 3.7 − 9.3 ±8.1
127.6 121.6 + 3.7 − 9.3 ±8.1
127.7 121.3 + 3.7 − 9.3 ±8.1
127.8 121.0 + 3.7 − 9.3 ±8.1
127.9 120.7 + 3.7 − 9.3 ±8.1
128.0 120.4 + 3.7 − 9.3 ±8.1
128.1 120.1 + 3.7 − 9.3 ±8.1
128.2 119.9 + 3.7 − 9.3 ±8.1
128.3 119.6 + 3.7 − 9.3 ±8.1
128.4 119.3 + 3.7 − 9.3 ±8.1
128.5 119.0 + 3.7 − 9.2 ±8.1
128.6 118.7 + 3.7 − 9.2 ±8.1
128.7 118.5 + 3.7 − 9.2 ±8.1
128.8 118.2 + 3.7 − 9.2 ±8.1
128.9 117.9 + 3.7 − 9.2 ±8.1
129.0 117.6 + 3.7 − 9.2 ±8.1
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Table B.62: NLO QCD cross sections of pp → ttH for
√
s = 8 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

129.1 117.4 + 3.7 − 9.2 ±8.1
129.2 117.1 + 3.7 − 9.2 ±8.1
129.3 116.8 + 3.7 − 9.2 ±8.1
129.4 116.6 + 3.7 − 9.2 ±8.1
129.5 116.3 + 3.7 − 9.2 ±8.1
129.6 116.0 + 3.7 − 9.2 ±8.1
129.7 115.7 + 3.7 − 9.2 ±8.1
129.8 115.5 + 3.7 − 9.2 ±8.1
129.9 115.2 + 3.7 − 9.2 ±8.1
130.0 114.9 + 3.7 − 9.2 ±8.1
130.5 113.6 + 3.7 − 9.2 ±8.1
131.0 112.3 + 3.7 − 9.2 ±8.1
131.5 111.0 + 3.7 − 9.2 ±8.1
132.0 109.7 + 3.7 − 9.2 ±8.1
132.5 108.5 + 3.7 − 9.2 ±8.1
133.0 107.2 + 3.7 − 9.2 ±8.1
133.5 106.0 + 3.6 − 9.2 ±8.1
134.0 104.8 + 3.6 − 9.2 ±8.1
134.5 103.6 + 3.6 − 9.2 ±8.1
135.0 102.4 + 3.6 − 9.2 ±8.1
135.5 101.3 + 3.6 − 9.2 ±8.1
136.0 100.1 + 3.6 − 9.2 ±8.1
136.5 98.98 + 3.6 − 9.2 ±8.2
137.0 97.87 + 3.6 − 9.2 ±8.2
137.5 96.77 + 3.6 − 9.2 ±8.2
138.0 95.69 + 3.6 − 9.2 ±8.2
138.5 94.62 + 3.6 − 9.2 ±8.2
139.0 93.56 + 3.6 − 9.2 ±8.2
139.5 92.52 + 3.6 − 9.2 ±8.2
140.0 91.50 + 3.6 − 9.2 ±8.2
140.5 90.49 + 3.5 − 9.2 ±8.2
141.0 89.49 + 3.5 − 9.2 ±8.2
141.5 88.51 + 3.5 − 9.2 ±8.2
142.0 87.54 + 3.5 − 9.2 ±8.2
142.5 86.59 + 3.5 − 9.2 ±8.2
143.0 85.64 + 3.5 − 9.2 ±8.2
143.5 84.71 + 3.5 − 9.2 ±8.2
144.0 83.79 + 3.5 − 9.2 ±8.2
144.5 82.89 + 3.5 − 9.2 ±8.2
145.0 81.99 + 3.5 − 9.2 ±8.2
145.5 81.11 + 3.5 − 9.2 ±8.2
146.0 80.23 + 3.5 − 9.1 ±8.2
146.5 79.37 + 3.5 − 9.1 ±8.2
147.0 78.51 + 3.5 − 9.1 ±8.2
147.5 77.67 + 3.5 − 9.1 ±8.2
148.0 76.84 + 3.5 − 9.1 ±8.2
148.5 76.02 + 3.5 − 9.1 ±8.2
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Table B.63: NLO QCD cross sections of pp → ttH for
√
s = 8 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

149.0 75.21 + 3.5 − 9.1 ±8.2
149.5 74.40 + 3.4 − 9.1 ±8.2
150.0 73.61 + 3.4 − 9.1 ±8.2
152.0 70.53 + 3.4 − 9.1 ±8.2
154.0 67.60 + 3.4 − 9.1 ±8.2
156.0 64.85 + 3.4 − 9.1 ±8.2
158.0 62.25 + 3.4 − 9.1 ±8.3
160.0 59.78 + 3.4 − 9.1 ±8.3
162.0 57.43 + 3.4 − 9.1 ±8.3
164.0 55.19 + 3.3 − 9.1 ±8.3
165.0 54.11 + 3.3 − 9.1 ±8.3
166.0 53.04 + 3.4 − 9.1 ±8.3
168.0 50.99 + 3.4 − 9.1 ±8.3
170.0 49.04 + 3.4 − 9.1 ±8.3
172.0 47.19 + 3.4 − 9.1 ±8.3
174.0 45.43 + 3.4 − 9.1 ±8.3
175.0 44.58 + 3.4 − 9.1 ±8.3
176.0 43.75 + 3.4 − 9.1 ±8.3
178.0 42.15 + 3.4 − 9.1 ±8.4
180.0 40.61 + 3.3 − 9.1 ±8.4
182.0 39.13 + 3.3 − 9.1 ±8.4
184.0 37.72 + 3.3 − 9.1 ±8.4
185.0 37.04 + 3.3 − 9.1 ±8.4
186.0 36.38 + 3.3 − 9.1 ±8.4
188.0 35.11 + 3.4 − 9.1 ±8.4
190.0 33.90 + 3.4 − 9.1 ±8.4
192.0 32.74 + 3.4 − 9.2 ±8.4
194.0 31.64 + 3.4 − 9.2 ±8.4
195.0 31.10 + 3.4 − 9.2 ±8.5
196.0 30.58 + 3.4 − 9.2 ±8.5
198.0 29.56 + 3.4 − 9.2 ±8.5
200.0 28.58 + 3.4 − 9.2 ±8.5
202.0 27.65 + 3.5 − 9.2 ±8.5
204.0 26.76 + 3.5 − 9.2 ±8.5
206.0 25.91 + 3.5 − 9.3 ±8.5
208.0 25.09 + 3.5 − 9.3 ±8.6
210.0 24.30 + 3.6 − 9.3 ±8.6
212.0 23.54 + 3.6 − 9.3 ±8.6
214.0 22.81 + 3.6 − 9.4 ±8.6
216.0 22.11 + 3.7 − 9.4 ±8.6
218.0 21.44 + 3.7 − 9.4 ±8.6
220.0 20.80 + 3.8 − 9.4 ±8.6
222.0 20.18 + 3.8 − 9.5 ±8.7
224.0 19.59 + 3.9 − 9.5 ±8.7
226.0 19.03 + 3.9 − 9.5 ±8.7
228.0 18.48 + 4.0 − 9.6 ±8.7
230.0 17.96 + 4.0 − 9.6 ±8.7
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Table B.64: NLO QCD cross sections of pp → ttH for
√
s = 8 TeV including both scale and PDF+αs errors

obtained according to the envelope method of the PDF4LHC goup.

MH [GeV] NLO QCD [fb] scale [%] PDF+αs [%]

232.0 17.45 + 4.0 − 9.6 ±8.8
234.0 16.96 + 4.0 − 9.6 ±8.8
236.0 16.49 + 4.0 − 9.6 ±8.8
238.0 16.04 + 4.0 − 9.6 ±8.8
240.0 15.61 + 4.1 − 9.7 ±8.8
242.0 15.19 + 4.1 − 9.7 ±8.8
244.0 14.79 + 4.2 − 9.7 ±8.8
246.0 14.41 + 4.3 − 9.8 ±8.9
248.0 14.04 + 4.3 − 9.8 ±8.9
250.0 13.68 + 4.4 − 9.9 ±8.9
252.0 13.33 + 4.5 − 9.9 ±8.9
254.0 13.00 + 4.6 − 10.0 ±8.9
256.0 12.68 + 4.6 − 10.0 ±9.0
258.0 12.37 + 4.7 − 10.0 ±9.0
260.0 12.06 + 4.8 − 10.1 ±9.0
262.0 11.77 + 4.9 − 10.1 ±9.0
264.0 11.49 + 4.9 − 10.2 ±9.0
266.0 11.21 + 5.0 − 10.2 ±9.0
268.0 10.95 + 5.1 − 10.3 ±9.1
270.0 10.70 + 5.2 − 10.3 ±9.1
272.0 10.45 + 5.3 − 10.4 ±9.1
274.0 10.21 + 5.4 − 10.4 ±9.1
276.0 9.984 + 5.4 − 10.5 ±9.1
278.0 9.762 + 5.5 − 10.5 ±9.2
280.0 9.547 + 5.6 − 10.6 ±9.2
282.0 9.337 + 5.7 − 10.6 ±9.2
284.0 9.133 + 5.8 − 10.7 ±9.2
286.0 8.936 + 5.9 − 10.7 ±9.2
288.0 8.744 + 6.0 − 10.8 ±9.3
290.0 8.559 + 6.1 − 10.8 ±9.3
292.0 8.381 + 6.2 − 10.9 ±9.3
294.0 8.208 + 6.2 − 11.0 ±9.3
296.0 8.041 + 6.3 − 11.0 ±9.3
298.0 7.879 + 6.4 − 11.1 ±9.4
300.0 7.721 + 6.5 − 11.1 ±9.4
305.0 7.347 + 6.5 − 11.1 ±9.5
310.0 6.999 + 6.4 − 11.1 ±9.6
315.0 6.675 + 6.2 − 11.1 ±9.7
320.0 6.371 + 6.1 − 11.1 ±9.8
325.0 6.087 + 6.2 − 11.1 ±10.0
330.0 5.821 + 6.3 − 11.2 ±10.1
335.0 5.571 + 6.5 − 11.3 ±10.2
340.0 5.337 + 6.7 − 11.4 ±10.4
345.0 5.116 + 6.8 − 11.5 ±10.5
350.0 4.909 + 6.9 − 11.6 ±10.7
360.0 4.529 + 7.2 − 11.8 ±10.9
370.0 4.192 + 7.4 − 12.0 ±11.2
380.0 3.889 + 7.7 − 12.1 ±11.4
390.0 3.615 + 7.9 − 12.3 ±11.7
400.0 3.366 + 8.1 − 12.5 ±12.0



Table B.65: SM Higgs-boson production cross sections at
√
s = 7 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

80.0 36.59 1.914 2.341 1.244 0.2897 42.38
81.0 35.71 1.894 2.258 1.203 0.2812 41.35
82.0 34.86 1.871 2.179 1.163 0.2729 40.35
83.0 34.04 1.853 2.104 1.125 0.2650 39.39
84.0 33.25 1.833 2.031 1.087 0.2573 38.46
85.0 32.49 1.814 1.963 1.052 0.2498 37.57
86.0 31.75 1.794 1.896 1.019 0.2426 36.71
87.0 31.04 1.776 1.831 0.9858 0.2357 35.87
88.0 30.35 1.759 1.770 0.9548 0.2290 35.06
89.0 29.69 1.738 1.711 0.9244 0.2225 34.28
90.0 29.03 1.723 1.654 0.8959 0.2162 33.52
91.0 28.42 1.705 1.600 0.8682 0.2102 32.80
92.0 27.81 1.689 1.548 0.8417 0.2044 32.09
93.0 27.23 1.668 1.498 0.8162 0.1988 31.41
94.0 26.65 1.654 1.450 0.7917 0.1933 30.74
95.0 26.10 1.639 1.404 0.7678 0.1880 30.10
96.0 25.57 1.617 1.359 0.7447 0.1828 29.47
97.0 25.06 1.600 1.315 0.7232 0.1778 28.87
98.0 24.56 1.582 1.274 0.7011 0.1730 28.29
99.0 24.07 1.568 1.234 0.6814 0.1683 27.72

100.0 23.64 1.557 1.195 0.6616 0.1637 27.21
101.0 23.17 1.541 1.159 0.6425 0.1593 26.68
102.0 22.73 1.526 1.125 0.6240 0.1551 26.16
103.0 22.29 1.509 1.091 0.6063 0.1510 25.65
104.0 21.87 1.492 1.058 0.5895 0.1471 25.15
105.0 21.45 1.478 1.029 0.5724 0.1432 24.68
106.0 21.05 1.465 0.9964 0.5564 0.1395 24.21
107.0 20.67 1.452 0.9674 0.5412 0.1359 23.76
108.0 20.29 1.438 0.9384 0.5261 0.1324 23.32
109.0 19.92 1.423 0.9109 0.5116 0.1290 22.89
110.0 19.56 1.410 0.8847 0.4978 0.1257 22.48
110.5 19.38 1.404 0.8720 0.4909 0.1240 22.27
111.0 19.21 1.396 0.8587 0.4845 0.1224 22.07
111.5 19.03 1.391 0.8458 0.4775 0.1209 21.87
112.0 18.87 1.382 0.8333 0.4710 0.1193 21.67
112.5 18.70 1.375 0.8213 0.4647 0.1178 21.48
113.0 18.53 1.369 0.8093 0.4586 0.1163 21.29
113.5 18.37 1.363 0.7973 0.4522 0.1148 21.10
114.0 18.21 1.356 0.7858 0.4460 0.1133 20.91
114.5 18.05 1.349 0.7743 0.4402 0.1119 20.73
115.0 17.89 1.344 0.7626 0.4345 0.1105 20.55
115.5 17.74 1.335 0.7517 0.4287 0.1091 20.36
116.0 17.59 1.330 0.7415 0.4232 0.1078 20.19
116.5 17.44 1.324 0.7309 0.4174 0.1064 20.01
117.0 17.29 1.317 0.7203 0.4119 0.1051 19.84
117.5 17.14 1.310 0.7102 0.4063 0.1038 19.67
118.0 16.99 1.304 0.7002 0.4013 0.1025 19.50
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Table B.66: SM Higgs-boson production cross sections at
√
s = 7 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

118.5 16.85 1.297 0.6907 0.3960 0.1013 19.34
119.0 16.71 1.292 0.6808 0.3909 0.1000 19.17
119.5 16.57 1.286 0.6712 0.3858 0.0988 19.01
120.0 16.43 1.279 0.6617 0.3808 0.0976 18.85
120.1 16.40 1.280 0.6603 0.3798 0.0973 18.82
120.2 16.37 1.279 0.6585 0.3789 0.0971 18.79
120.3 16.35 1.278 0.6567 0.3779 0.0969 18.76
120.4 16.32 1.277 0.6549 0.3769 0.0966 18.73
120.5 16.29 1.275 0.6533 0.3759 0.0964 18.69
120.6 16.27 1.272 0.6514 0.3749 0.0961 18.66
120.7 16.24 1.272 0.6496 0.3739 0.0959 18.63
120.8 16.21 1.272 0.6479 0.3730 0.0957 18.60
120.9 16.18 1.269 0.6463 0.3720 0.0954 18.57
121.0 16.16 1.269 0.6448 0.3711 0.0952 18.54
121.1 16.13 1.268 0.6430 0.3702 0.0950 18.51
121.2 16.10 1.267 0.6412 0.3692 0.0947 18.48
121.3 16.08 1.266 0.6397 0.3682 0.0945 18.45
121.4 16.05 1.265 0.6379 0.3673 0.0943 18.42
121.5 16.02 1.263 0.6363 0.3664 0.0940 18.38
121.6 16.00 1.262 0.6339 0.3655 0.0938 18.35
121.7 15.97 1.260 0.6324 0.3645 0.0936 18.32
121.8 15.94 1.259 0.6307 0.3636 0.0933 18.29
121.9 15.92 1.256 0.6288 0.3626 0.0931 18.26
122.0 15.89 1.257 0.6268 0.3618 0.0929 18.23
122.1 15.87 1.256 0.6251 0.3609 0.0927 18.20
122.2 15.84 1.253 0.6236 0.3599 0.0924 18.17
122.3 15.81 1.253 0.6218 0.3590 0.0922 18.14
122.4 15.79 1.252 0.6202 0.3580 0.0920 18.11
122.5 15.76 1.251 0.6185 0.3571 0.0918 18.08
122.6 15.74 1.251 0.6168 0.3562 0.0915 18.05
122.7 15.71 1.247 0.6153 0.3552 0.0913 18.02
122.8 15.68 1.249 0.6134 0.3542 0.0911 17.99
122.9 15.66 1.248 0.6116 0.3535 0.0909 17.96
123.0 15.63 1.246 0.6100 0.3525 0.0906 17.93
123.1 15.61 1.245 0.6084 0.3516 0.0904 17.90
123.2 15.58 1.242 0.6069 0.3508 0.0902 17.87
123.3 15.56 1.242 0.6050 0.3498 0.0900 17.84
123.4 15.53 1.241 0.6035 0.3490 0.0898 17.81
123.5 15.51 1.241 0.6021 0.3480 0.0895 17.79
123.6 15.48 1.239 0.6003 0.3471 0.0893 17.76
123.7 15.46 1.237 0.5990 0.3462 0.0891 17.73
123.8 15.43 1.236 0.5976 0.3454 0.0889 17.70
123.9 15.40 1.236 0.5959 0.3445 0.0887 17.67
124.0 15.38 1.234 0.5944 0.3436 0.0884 17.64
124.1 15.35 1.234 0.5926 0.3427 0.0882 17.61
124.2 15.33 1.231 0.5909 0.3419 0.0880 17.58
124.3 15.31 1.231 0.5894 0.3411 0.0878 17.55
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Table B.67: SM Higgs-boson production cross sections at
√
s = 7 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

124.4 15.28 1.228 0.5877 0.3402 0.0876 17.52
124.5 15.26 1.227 0.5858 0.3393 0.0874 17.50
124.6 15.23 1.228 0.5844 0.3384 0.0872 17.47
124.7 15.21 1.225 0.5829 0.3376 0.0870 17.44
124.8 15.18 1.225 0.5812 0.3368 0.0867 17.41
124.9 15.16 1.226 0.5798 0.3359 0.0865 17.39
125.0 15.13 1.222 0.5785 0.3351 0.0863 17.35
125.1 15.11 1.222 0.5770 0.3341 0.0861 17.33
125.2 15.08 1.221 0.5751 0.3333 0.0859 17.30
125.3 15.06 1.219 0.5736 0.3325 0.0857 17.27
125.4 15.04 1.219 0.5718 0.3317 0.0855 17.24
125.5 15.01 1.219 0.5703 0.3309 0.0853 17.22
125.6 14.99 1.214 0.5688 0.3299 0.0851 17.18
125.7 14.96 1.215 0.5673 0.3291 0.0849 17.16
125.8 14.94 1.213 0.5660 0.3283 0.0847 17.13
125.9 14.91 1.213 0.5643 0.3275 0.0845 17.10
126.0 14.89 1.211 0.5629 0.3267 0.0843 17.08
126.1 14.87 1.209 0.5612 0.3258 0.0841 17.05
126.2 14.84 1.210 0.5599 0.3250 0.0839 17.02
126.3 14.82 1.208 0.5585 0.3243 0.0837 16.99
126.4 14.80 1.207 0.5569 0.3235 0.0835 16.97
126.5 14.77 1.206 0.5555 0.3227 0.0833 16.94
126.6 14.75 1.206 0.5539 0.3219 0.0831 16.91
126.7 14.73 1.203 0.5523 0.3210 0.0829 16.88
126.8 14.70 1.202 0.5508 0.3201 0.0827 16.86
126.9 14.68 1.202 0.5492 0.3192 0.0825 16.83
127.0 14.65 1.199 0.5476 0.3184 0.0823 16.80
127.1 14.63 1.199 0.5463 0.3175 0.0821 16.78
127.2 14.61 1.198 0.5449 0.3169 0.0819 16.75
127.3 14.59 1.197 0.5434 0.3161 0.0817 16.72
127.4 14.56 1.196 0.5420 0.3153 0.0815 16.70
127.5 14.54 1.194 0.5406 0.3145 0.0813 16.67
127.6 14.52 1.194 0.5389 0.3137 0.0811 16.64
127.7 14.49 1.194 0.5373 0.3129 0.0809 16.62
127.8 14.47 1.192 0.5361 0.3122 0.0807 16.59
127.9 14.45 1.190 0.5348 0.3114 0.0805 16.56
128.0 14.42 1.187 0.5332 0.3106 0.0803 16.54
128.1 14.40 1.189 0.5319 0.3099 0.0801 16.51
128.2 14.38 1.187 0.5303 0.3090 0.0799 16.48
128.3 14.36 1.187 0.5288 0.3083 0.0798 16.46
128.4 14.33 1.186 0.5275 0.3075 0.0796 16.43
128.5 14.31 1.184 0.5258 0.3068 0.0794 16.41
128.6 14.29 1.183 0.5245 0.3060 0.0792 16.38
128.7 14.27 1.183 0.5233 0.3054 0.0790 16.36
128.8 14.24 1.181 0.5219 0.3046 0.0788 16.33
128.9 14.22 1.178 0.5204 0.3039 0.0786 16.30
129.0 14.20 1.178 0.5189 0.3031 0.0784 16.28
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Table B.68: SM Higgs-boson production cross sections at
√
s = 7 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

129.1 14.18 1.178 0.5176 0.3023 0.0783 16.25
129.2 14.15 1.177 0.5164 0.3017 0.0781 16.23
129.3 14.13 1.175 0.5150 0.3010 0.0779 16.20
129.4 14.11 1.174 0.5137 0.3002 0.0777 16.18
129.5 14.09 1.173 0.5122 0.2994 0.0775 16.15
129.6 14.07 1.173 0.5112 0.2986 0.0773 16.13
129.7 14.04 1.171 0.5096 0.2979 0.0772 16.10
129.8 14.02 1.170 0.5084 0.2972 0.0770 16.07
129.9 14.00 1.169 0.5072 0.2965 0.0768 16.05
130.0 13.98 1.168 0.5059 0.2957 0.0766 16.02
130.5 13.87 1.161 0.4989 0.2920 0.0757 15.90
131.0 13.76 1.157 0.4922 0.2883 0.0748 15.77
131.5 13.66 1.152 0.4858 0.2848 0.0739 15.65
132.0 13.55 1.147 0.4795 0.2813 0.0731 15.53
132.5 13.45 1.142 0.4730 0.2780 0.0722 15.41
133.0 13.35 1.136 0.4668 0.2746 0.0714 15.30
133.5 13.24 1.133 0.4608 0.2712 0.0706 15.18
134.0 13.14 1.127 0.4549 0.2680 0.0698 15.06
134.5 13.05 1.121 0.4491 0.2647 0.0690 14.95
135.0 12.95 1.117 0.4431 0.2616 0.0682 14.84
135.5 12.85 1.112 0.4374 0.2585 0.0674 14.73
136.0 12.75 1.107 0.4318 0.2555 0.0666 14.62
136.5 12.66 1.103 0.4261 0.2525 0.0658 14.51
137.0 12.57 1.097 0.4207 0.2495 0.0651 14.40
137.5 12.47 1.092 0.4152 0.2464 0.0644 14.29
138.0 12.38 1.087 0.4098 0.2436 0.0636 14.18
138.5 12.29 1.082 0.4046 0.2406 0.0629 14.08
139.0 12.20 1.078 0.3996 0.2377 0.0622 13.98
139.5 12.11 1.074 0.3945 0.2350 0.0615 13.87
140.0 12.02 1.069 0.3896 0.2322 0.0608 13.77
140.5 11.93 1.063 0.3846 0.2294 0.0601 13.67
141.0 11.89 1.059 0.3799 0.2269 0.0594 13.62
141.5 11.81 1.055 0.3752 0.2243 0.0588 13.52
142.0 11.73 1.050 0.3704 0.2216 0.0581 13.43
142.5 11.64 1.046 0.3658 0.2190 0.0574 13.33
143.0 11.56 1.040 0.3611 0.2165 0.0568 13.24
143.5 11.48 1.037 0.3567 0.2142 0.0562 13.15
144.0 11.40 1.032 0.3524 0.2117 0.0555 13.05
144.5 11.32 1.028 0.3480 0.2091 0.0549 12.96
145.0 11.24 1.023 0.3437 0.2068 0.0543 12.87
145.5 11.17 1.019 0.3394 0.2042 0.0537 12.78
146.0 11.09 1.015 0.3351 0.2019 0.0531 12.70
146.5 11.02 1.010 0.3310 0.1996 0.0525 12.61
147.0 10.94 1.005 0.3269 0.1973 0.0520 12.52
147.5 10.87 1.002 0.3228 0.1951 0.0514 12.44
148.0 10.80 0.9980 0.3190 0.1928 0.0508 12.36
148.5 10.72 0.9930 0.3149 0.1906 0.0503 12.27
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Table B.69: SM Higgs-boson production cross sections at
√
s = 7 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

149.0 10.65 0.9880 0.3109 0.1884 0.0497 12.19
149.5 10.58 0.9850 0.3071 0.1862 0.0492 12.11
150.0 10.51 0.9800 0.3034 0.1842 0.0487 12.02
152.0 10.24 0.9640 0.2883 0.1758 0.0466 11.71
154.0 9.978 0.9487 0.2742 0.1680 0.0447 11.41
156.0 9.723 0.9339 0.2597 0.1599 0.0429 11.12
158.0 9.473 0.9199 0.2452 0.1518 0.0411 10.83
160.0 9.223 0.9043 0.2316 0.1442 0.0394 10.54
162.0 8.930 0.8906 0.2241 0.1397 0.0378 10.22
164.0 8.586 0.8755 0.2168 0.1354 0.0363 9.850
165.0 8.434 0.8694 0.2133 0.1334 0.0356 9.686
166.0 8.292 0.8613 0.2085 0.1305 0.0349 9.528
168.0 8.029 0.8473 0.1994 0.1252 0.0335 9.234
170.0 7.801 0.8338 0.1908 0.1200 0.0322 8.977
172.0 7.585 0.8201 0.1826 0.1151 0.0309 8.734
174.0 7.385 0.8063 0.1748 0.1103 0.0297 8.506
175.0 7.291 0.7998 0.1709 0.1080 0.0292 8.399
176.0 7.199 0.7934 0.1674 0.1056 0.0286 8.294
178.0 7.026 0.7809 0.1605 0.1012 0.0275 8.096
180.0 6.856 0.7684 0.1538 0.0969 0.0265 7.901
182.0 6.677 0.7561 0.1482 0.0934 0.0255 7.700
184.0 6.477 0.7433 0.1427 0.0900 0.0246 7.478
185.0 6.384 0.7375 0.1401 0.0884 0.0242 7.374
186.0 6.292 0.7314 0.1374 0.0867 0.0237 7.271
188.0 6.124 0.7195 0.1320 0.0834 0.0229 7.081
190.0 5.971 0.7080 0.1269 0.0803 0.0221 6.908
192.0 5.823 0.6960 0.1220 0.0773 0.0213 6.740
194.0 5.684 0.6845 0.1173 0.0744 0.0205 6.581
195.0 5.614 0.6790 0.1151 0.0731 0.0202 6.501
196.0 5.547 0.6735 0.1129 0.0717 0.0198 6.425
198.0 5.441 0.6629 0.1086 0.0691 0.0191 6.301
200.0 5.356 0.6524 0.1045 0.0665 0.0185 6.198
202.0 5.242 0.6429 0.1006 0.0641 0.0179 6.068
204.0 5.169 0.6343 0.0969 0.0618 0.0173 5.979
206.0 5.078 0.6262 0.0933 0.0595 0.0167 5.874
208.0 4.982 0.6184 0.0899 0.0573 0.0161 5.764
210.0 4.895 0.6108 0.0867 0.0553 0.0156 5.663
212.0 4.806 0.6033 0.0836 0.0533 0.0151 5.561
214.0 4.731 0.5955 0.0806 0.0514 0.0146 5.473
216.0 4.668 0.5879 0.0777 0.0496 0.0142 5.397
218.0 4.581 0.5802 0.0750 0.0478 0.0137 5.298
220.0 4.502 0.5724 0.0724 0.0461 0.0133 5.206
222.0 4.424 0.5646 0.0699 0.0445 0.0129 5.116
224.0 4.357 0.5570 0.0675 0.0429 0.0125 5.037
226.0 4.299 0.5493 0.0651 0.0414 0.0121 4.967
228.0 4.224 0.5416 0.0629 0.0400 0.0118 4.880
230.0 4.157 0.5341 0.0608 0.0386 0.0114 4.802
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Table B.70: SM Higgs-boson production cross sections at
√
s = 7 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

232.0 4.094 0.5266 0.0588 0.0373 0.0111 4.728
234.0 4.036 0.5190 0.0568 0.0360 0.0108 4.658
236.0 3.971 0.5114 0.0550 0.0348 0.0105 4.582
238.0 3.904 0.5038 0.0531 0.0336 0.0102 4.505
240.0 3.835 0.4959 0.0514 0.0325 0.0099 4.425
242.0 3.771 0.4882 0.0497 0.0314 0.0096 4.350
244.0 3.709 0.4807 0.0481 0.0303 0.0093 4.278
246.0 3.651 0.4733 0.0466 0.0293 0.0091 4.209
248.0 3.596 0.4659 0.0451 0.0283 0.0088 4.144
250.0 3.540 0.4588 0.0437 0.0274 0.0086 4.078
252.0 3.486 0.4519 0.0423 0.0265 0.0084 4.015
254.0 3.434 0.4452 0.0410 0.0256 0.0081 3.954
256.0 3.383 0.4385 0.0397 0.0248 0.0079 3.894
258.0 3.335 0.4320 0.0384 0.0240 0.0077 3.837
260.0 3.288 0.4256 0.0372 0.0232 0.0075 3.782
262.0 3.243 0.4193 0.0361 0.0224 0.0073 3.728
264.0 3.199 0.4131 0.0350 0.0217 0.0072 3.676
266.0 3.155 0.4069 0.0339 0.0210 0.0070 3.624
268.0 3.113 0.4010 0.0329 0.0203 0.0068 3.574
270.0 3.072 0.3951 0.0319 0.0197 0.0066 3.525
272.0 3.033 0.3894 0.0310 0.0191 0.0065 3.479
274.0 2.996 0.3837 0.0300 0.0185 0.0063 3.434
276.0 2.959 0.3783 0.0291 0.0179 0.0062 3.391
278.0 2.924 0.3729 0.0283 0.0173 0.0060 3.348
280.0 2.889 0.3676 0.0274 0.0168 0.0059 3.307
282.0 2.856 0.3623 0.0266 0.0163 0.0058 3.267
284.0 2.824 0.3572 0.0258 0.0158 0.0056 3.228
286.0 2.794 0.3521 0.0251 0.0153 0.0055 3.192
288.0 2.764 0.3471 0.0244 0.0149 0.0054 3.156
290.0 2.736 0.3422 0.0237 0.0144 0.0053 3.121
292.0 2.708 0.3408 0.0230 0.0140 0.0051 3.091
294.0 2.681 0.3394 0.0223 0.0136 0.0050 3.062
296.0 2.656 0.3379 0.0217 0.0132 0.0049 3.033
298.0 2.632 0.3365 0.0211 0.0128 0.0048 3.007
300.0 2.608 0.3350 0.0205 0.0124 0.0047 2.981
305.0 2.555 0.3237 0.0191 0.0115 0.0045 2.914
310.0 2.510 0.3130 0.0178 0.0107 0.0043 2.855
315.0 2.470 0.3028 0.0166 0.0099 0.0040 2.804
320.0 2.436 0.2929 0.0155 0.0092 0.0039 2.757
325.0 2.411 0.2834 0.0145 0.0086 0.0037 2.722
330.0 2.397 0.2745 0.0135 0.0080 0.0035 2.696
335.0 2.392 0.2661 0.0126 0.0075 0.0033 2.682
340.0 2.402 0.2585 0.0118 0.0070 0.0032 2.682
345.0 2.426 0.2519 0.0110 0.0065 0.0031 2.698
350.0 2.423 0.2380 0.0103 0.0060 0.0029 2.680
360.0 2.404 0.2142 0.0091 0.0053 0.0027 2.635
370.0 2.359 0.2039 0.0081 0.0047 0.0025 2.578
380.0 2.280 0.1949 0.0072 0.0042 0.0023 2.488
390.0 2.172 0.1859 0.0065 0.0038 0.0021 2.371
400.0 2.047 0.1772 0.0058 0.0034 0.0019 2.235



Table B.71: SM Higgs-boson production cross sections at
√
s = 7 TeV: heavy Higgs boson.

MH ggF VBF Total
[GeV] σ [pb] σ [pb] σ [pb]
420.0 1.775 0.1601 1.935
440.0 1.506 0.1442 1.651
450.0 1.380 0.1368 1.517
460.0 1.262 0.1296 1.392
480.0 1.050 0.1164 1.166
500.0 0.8704 0.1046 0.9750
520.0 0.7208 0.0940 0.8148
540.0 0.5974 0.0846 0.6820
550.0 0.5441 0.0803 0.6244
560.0 0.4958 0.0763 0.5721
580.0 0.4126 0.0689 0.4815
600.0 0.3445 0.0624 0.4069
620.0 0.2884 0.0567 0.3451
640.0 0.2422 0.0515 0.2937
650.0 0.2224 0.0492 0.2716
660.0 0.2043 0.0469 0.2512
680.0 0.1729 0.0429 0.2158
700.0 0.1469 0.0392 0.1861
720.0 0.1253 0.0360 0.1613
740.0 0.1072 0.0330 0.1402
750.0 0.0993 0.0317 0.1310
760.0 0.0920 0.0304 0.1224
780.0 0.0794 0.0281 0.1075
800.0 0.0687 0.0260 0.0947
820.0 0.0596 0.0241 0.0837
840.0 0.0519 0.0224 0.0743
850.0 0.0485 0.0216 0.0701
860.0 0.0454 0.0208 0.0662
880.0 0.0398 0.0194 0.0592
900.0 0.0350 0.0181 0.0531
920.0 0.0309 0.0170 0.0479
940.0 0.0273 0.0159 0.0432
950.0 0.0257 0.0154 0.0411
960.0 0.0242 0.0149 0.0391
980.0 0.0216 0.0140 0.0356

1000.0 0.0192 0.0132 0.0324
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Table B.72: SM Higgs-boson production cross sections at
√
s = 8 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

80.0 45.37 2.424 2.808 1.508 0.4277 52.54
81.0 44.31 2.399 2.711 1.459 0.4152 51.29
82.0 43.28 2.364 2.619 1.411 0.4032 50.08
83.0 42.29 2.346 2.528 1.366 0.3915 48.92
84.0 41.33 2.326 2.442 1.321 0.3803 47.80
85.0 40.41 2.300 2.359 1.281 0.3694 46.72
86.0 39.52 2.283 2.279 1.238 0.3589 45.68
87.0 38.66 2.258 2.203 1.200 0.3487 44.67
88.0 37.83 2.240 2.129 1.163 0.3389 43.70
89.0 37.02 2.209 2.058 1.126 0.3294 42.74
90.0 36.23 2.191 1.990 1.092 0.3202 41.82
91.0 35.49 2.170 1.929 1.059 0.3113 40.95
92.0 34.75 2.153 1.866 1.028 0.3027 40.10
93.0 34.04 2.129 1.806 0.9965 0.2944 39.27
94.0 33.36 2.108 1.749 0.9670 0.2864 38.47
95.0 32.69 2.084 1.695 0.9383 0.2786 37.68
96.0 32.04 2.068 1.641 0.9109 0.2711 36.93
97.0 31.41 2.046 1.589 0.8840 0.2638 36.19
98.0 30.80 2.027 1.540 0.8592 0.2567 35.48
99.0 30.21 2.004 1.495 0.8340 0.2499 34.79

100.0 29.68 1.988 1.447 0.8102 0.2433 34.17
101.0 29.12 1.967 1.403 0.7876 0.2369 33.51
102.0 28.57 1.945 1.360 0.7650 0.2308 32.87
103.0 28.04 1.933 1.319 0.7436 0.2248 32.26
104.0 27.52 1.914 1.280 0.7226 0.2190 31.66
105.0 27.01 1.897 1.242 0.7022 0.2133 31.06
106.0 26.52 1.877 1.204 0.6833 0.2077 30.49
107.0 26.05 1.862 1.169 0.6646 0.2023 29.95
108.0 25.59 1.841 1.135 0.6469 0.1971 29.41
109.0 25.14 1.826 1.103 0.6296 0.1920 28.89
110.0 24.70 1.809 1.071 0.6125 0.1871 28.38
110.5 24.48 1.799 1.056 0.6040 0.1847 28.13
111.0 24.27 1.791 1.040 0.5960 0.1824 27.88
111.5 24.06 1.784 1.026 0.5880 0.1801 27.64
112.0 23.85 1.780 1.010 0.5803 0.1779 27.40
112.5 23.64 1.771 0.9959 0.5725 0.1757 27.16
113.0 23.44 1.764 0.9813 0.5646 0.1735 26.93
113.5 23.24 1.753 0.9676 0.5573 0.1713 26.69
114.0 23.05 1.743 0.9535 0.5501 0.1692 26.46
114.5 22.85 1.735 0.9395 0.5427 0.1671 26.23
115.0 22.66 1.729 0.9266 0.5358 0.1651 26.02
115.5 22.47 1.719 0.9135 0.5286 0.1630 25.79
116.0 22.28 1.714 0.9002 0.5218 0.1610 25.58
116.5 22.10 1.704 0.8880 0.5152 0.1590 25.36
117.0 21.91 1.699 0.8758 0.5083 0.1571 25.15
117.5 21.73 1.688 0.8642 0.5020 0.1552 24.94
118.0 21.55 1.683 0.8515 0.4956 0.1533 24.74
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Table B.73: SM Higgs-boson production cross sections at
√
s = 8 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

118.5 21.38 1.675 0.8403 0.4893 0.1514 24.53
119.0 21.20 1.666 0.8284 0.4829 0.1495 24.33
119.5 21.03 1.659 0.8170 0.4772 0.1477 24.13
120.0 20.86 1.649 0.8052 0.4710 0.1459 23.93
120.1 20.83 1.650 0.8034 0.4698 0.1456 23.90
120.2 20.80 1.648 0.8009 0.4685 0.1452 23.86
120.3 20.76 1.646 0.7992 0.4675 0.1449 23.82
120.4 20.73 1.647 0.7967 0.4661 0.1445 23.78
120.5 20.69 1.643 0.7946 0.4648 0.1441 23.74
120.6 20.66 1.645 0.7928 0.4636 0.1438 23.71
120.7 20.63 1.643 0.7902 0.4625 0.1434 23.67
120.8 20.59 1.638 0.7881 0.4613 0.1431 23.63
120.9 20.56 1.638 0.7863 0.4601 0.1427 23.59
121.0 20.53 1.636 0.7844 0.4589 0.1424 23.55
121.1 20.50 1.634 0.7825 0.4580 0.1420 23.51
121.2 20.46 1.634 0.7802 0.4567 0.1417 23.48
121.3 20.43 1.634 0.7782 0.4556 0.1414 23.44
121.4 20.40 1.633 0.7758 0.4545 0.1410 23.40
121.5 20.36 1.631 0.7737 0.4535 0.1407 23.36
121.6 20.33 1.628 0.7713 0.4522 0.1403 23.32
121.7 20.30 1.627 0.7697 0.4509 0.1400 23.29
121.8 20.27 1.627 0.7675 0.4498 0.1396 23.25
121.9 20.23 1.627 0.7653 0.4488 0.1393 23.22
122.0 20.20 1.623 0.7631 0.4478 0.1390 23.18
122.1 20.17 1.622 0.7612 0.4468 0.1386 23.14
122.2 20.14 1.621 0.7589 0.4457 0.1383 23.10
122.3 20.11 1.622 0.7573 0.4444 0.1380 23.07
122.4 20.07 1.618 0.7555 0.4434 0.1376 23.03
122.5 20.04 1.615 0.7533 0.4421 0.1373 22.99
122.6 20.01 1.614 0.7510 0.4409 0.1370 22.95
122.7 19.98 1.614 0.7493 0.4396 0.1366 22.92
122.8 19.95 1.611 0.7475 0.4385 0.1363 22.88
122.9 19.92 1.609 0.7453 0.4376 0.1360 22.84
123.0 19.88 1.608 0.7434 0.4366 0.1356 22.81
123.1 19.85 1.606 0.7414 0.4356 0.1353 22.77
123.2 19.82 1.605 0.7393 0.4346 0.1350 22.73
123.3 19.79 1.603 0.7374 0.4335 0.1347 22.70
123.4 19.76 1.603 0.7352 0.4325 0.1343 22.66
123.5 19.73 1.598 0.7334 0.4311 0.1340 22.62
123.6 19.70 1.603 0.7317 0.4301 0.1337 22.59
123.7 19.67 1.600 0.7294 0.4292 0.1334 22.56
123.8 19.63 1.598 0.7277 0.4280 0.1330 22.52
123.9 19.60 1.596 0.7259 0.4271 0.1327 22.48
124.0 19.57 1.595 0.7239 0.4260 0.1324 22.45
124.1 19.54 1.591 0.7218 0.4249 0.1321 22.41
124.2 19.51 1.591 0.7201 0.4238 0.1318 22.38
124.3 19.48 1.590 0.7181 0.4228 0.1314 22.34
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Table B.74: SM Higgs-boson production cross sections at
√
s = 8 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

124.4 19.45 1.589 0.7159 0.4217 0.1311 22.31
124.5 19.42 1.587 0.7143 0.4206 0.1308 22.27
124.6 19.39 1.586 0.7125 0.4194 0.1305 22.24
124.7 19.36 1.590 0.7105 0.4185 0.1302 22.21
124.8 19.33 1.584 0.7086 0.4174 0.1299 22.17
124.9 19.30 1.582 0.7065 0.4164 0.1296 22.13
125.0 19.27 1.578 0.7046 0.4153 0.1293 22.10
125.1 19.24 1.579 0.7027 0.4142 0.1290 22.06
125.2 19.21 1.576 0.7005 0.4133 0.1286 22.03
125.3 19.18 1.576 0.6988 0.4123 0.1283 21.99
125.4 19.15 1.573 0.6970 0.4112 0.1280 21.96
125.5 19.12 1.573 0.6951 0.4102 0.1277 21.92
125.6 19.09 1.572 0.6931 0.4091 0.1274 21.89
125.7 19.06 1.570 0.6913 0.4082 0.1271 21.86
125.8 19.03 1.568 0.6895 0.4070 0.1268 21.82
125.9 19.00 1.568 0.6878 0.4061 0.1265 21.79
126.0 18.97 1.568 0.6860 0.4050 0.1262 21.76
126.1 18.94 1.565 0.6838 0.4042 0.1259 21.72
126.2 18.91 1.565 0.6818 0.4030 0.1256 21.69
126.3 18.88 1.564 0.6802 0.4020 0.1253 21.65
126.4 18.85 1.561 0.6784 0.4010 0.1250 21.62
126.5 18.82 1.558 0.6767 0.4000 0.1247 21.58
126.6 18.80 1.560 0.6747 0.3990 0.1245 21.55
126.7 18.77 1.557 0.6731 0.3980 0.1242 21.52
126.8 18.74 1.555 0.6711 0.3970 0.1239 21.48
126.9 18.71 1.554 0.6693 0.3962 0.1236 21.45
127.0 18.68 1.552 0.6676 0.3953 0.1233 21.42
127.1 18.65 1.548 0.6658 0.3943 0.1230 21.38
127.2 18.62 1.548 0.6640 0.3932 0.1227 21.35
127.3 18.59 1.549 0.6623 0.3921 0.1224 21.32
127.4 18.57 1.547 0.6605 0.3912 0.1221 21.29
127.5 18.54 1.543 0.6588 0.3901 0.1218 21.25
127.6 18.51 1.545 0.6572 0.3892 0.1216 21.22
127.7 18.48 1.544 0.6553 0.3883 0.1213 21.19
127.8 18.45 1.541 0.6535 0.3874 0.1210 21.16
127.9 18.42 1.541 0.6518 0.3863 0.1207 21.12
128.0 18.40 1.540 0.6501 0.3856 0.1204 21.09
128.1 18.37 1.537 0.6485 0.3847 0.1201 21.06
128.2 18.34 1.536 0.6470 0.3838 0.1199 21.03
128.3 18.31 1.535 0.6448 0.3830 0.1196 20.99
128.4 18.28 1.533 0.6430 0.3819 0.1193 20.96
128.5 18.26 1.531 0.6415 0.3809 0.1190 20.93
128.6 18.23 1.531 0.6398 0.3799 0.1187 20.90
128.7 18.20 1.529 0.6380 0.3790 0.1185 20.87
128.8 18.17 1.529 0.6364 0.3780 0.1182 20.83
128.9 18.15 1.527 0.6344 0.3770 0.1179 20.80
129.0 18.12 1.525 0.6329 0.3762 0.1176 20.77
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Table B.75: SM Higgs-boson production cross sections at
√
s = 8 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

129.1 18.09 1.526 0.6310 0.3751 0.1174 20.74
129.2 18.06 1.523 0.6294 0.3741 0.1171 20.71
129.3 18.04 1.522 0.6278 0.3731 0.1168 20.68
129.4 18.01 1.523 0.6264 0.3723 0.1166 20.65
129.5 17.98 1.513 0.6247 0.3714 0.1163 20.61
129.6 17.95 1.516 0.6233 0.3705 0.1160 20.58
129.7 17.93 1.517 0.6216 0.3696 0.1157 20.55
129.8 17.90 1.515 0.6201 0.3688 0.1155 20.52
129.9 17.87 1.515 0.6185 0.3679 0.1152 20.49
130.0 17.85 1.511 0.6169 0.3671 0.1149 20.46
130.5 17.71 1.504 0.6085 0.3626 0.1136 20.30
131.0 17.58 1.497 0.6005 0.3583 0.1123 20.15
131.5 17.45 1.492 0.5929 0.3539 0.1110 20.00
132.0 17.32 1.485 0.5856 0.3498 0.1097 19.85
132.5 17.19 1.479 0.5778 0.3457 0.1085 19.70
133.0 17.07 1.473 0.5703 0.3418 0.1072 19.56
133.5 16.94 1.466 0.5632 0.3376 0.1060 19.41
134.0 16.82 1.462 0.5556 0.3337 0.1048 19.27
134.5 16.69 1.455 0.5487 0.3297 0.1036 19.13
135.0 16.57 1.448 0.5416 0.3259 0.1024 18.99
135.5 16.45 1.444 0.5347 0.3221 0.1013 18.85
136.0 16.33 1.436 0.5277 0.3184 0.1001 18.71
136.5 16.22 1.429 0.5210 0.3145 0.0990 18.58
137.0 16.10 1.423 0.5145 0.3109 0.0979 18.44
137.5 15.98 1.417 0.5080 0.3073 0.0968 18.31
138.0 15.87 1.412 0.5018 0.3036 0.0957 18.18
138.5 15.76 1.407 0.4955 0.3003 0.0946 18.05
139.0 15.64 1.400 0.4890 0.2966 0.0936 17.92
139.5 15.53 1.396 0.4829 0.2933 0.0925 17.80
140.0 15.42 1.389 0.4768 0.2898 0.0915 17.67
140.5 15.32 1.384 0.4709 0.2865 0.0905 17.55
141.0 15.27 1.377 0.4651 0.2831 0.0895 17.48
141.5 15.16 1.372 0.4596 0.2799 0.0885 17.36
142.0 15.06 1.365 0.4540 0.2769 0.0875 17.24
142.5 14.96 1.361 0.4484 0.2736 0.0866 17.13
143.0 14.86 1.354 0.4426 0.2705 0.0856 17.01
143.5 14.76 1.350 0.4376 0.2674 0.0847 16.90
144.0 14.66 1.344 0.4320 0.2644 0.0838 16.78
144.5 14.56 1.337 0.4266 0.2613 0.0829 16.67
145.0 14.46 1.333 0.4216 0.2583 0.0820 16.56
145.5 14.37 1.327 0.4164 0.2554 0.0811 16.45
146.0 14.27 1.321 0.4112 0.2527 0.0802 16.34
146.5 14.18 1.317 0.4061 0.2497 0.0794 16.23
147.0 14.09 1.311 0.4014 0.2469 0.0785 16.13
147.5 14.00 1.307 0.3962 0.2442 0.0777 16.02
148.0 13.91 1.302 0.3913 0.2415 0.0768 15.92
148.5 13.82 1.296 0.3868 0.2387 0.0760 15.82
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Table B.76: SM Higgs-boson production cross sections at
√
s = 8 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

149.0 13.73 1.291 0.3821 0.2361 0.0752 15.71
149.5 13.64 1.285 0.3774 0.2334 0.0744 15.61
150.0 13.55 1.280 0.3728 0.2308 0.0736 15.51
152.0 13.22 1.259 0.3546 0.2207 0.0705 15.12
154.0 12.89 1.240 0.3376 0.2109 0.0676 14.75
156.0 12.58 1.222 0.3202 0.2010 0.0649 14.39
158.0 12.27 1.204 0.3024 0.1911 0.0623 14.03
160.0 11.96 1.185 0.2855 0.1816 0.0598 13.67
162.0 11.60 1.171 0.2763 0.1762 0.0574 13.28
164.0 11.17 1.152 0.2675 0.1708 0.0552 12.81
165.0 10.97 1.141 0.2630 0.1683 0.0541 12.60
166.0 10.79 1.132 0.2575 0.1649 0.0530 12.40
168.0 10.46 1.114 0.2466 0.1582 0.0510 12.03
170.0 10.17 1.098 0.2362 0.1518 0.0490 11.70
172.0 9.897 1.080 0.2261 0.1457 0.0472 11.40
174.0 9.645 1.062 0.2165 0.1398 0.0454 11.11
175.0 9.526 1.055 0.2118 0.1369 0.0446 10.97
176.0 9.410 1.047 0.2076 0.1340 0.0438 10.84
178.0 9.194 1.031 0.1991 0.1284 0.0422 10.59
180.0 8.980 1.015 0.1911 0.1231 0.0406 10.35
182.0 8.755 0.9980 0.1841 0.1187 0.0391 10.09
184.0 8.501 0.9830 0.1774 0.1145 0.0377 9.814
185.0 8.383 0.9760 0.1741 0.1125 0.0370 9.682
186.0 8.266 0.9690 0.1707 0.1103 0.0364 9.552
188.0 8.053 0.9536 0.1642 0.1062 0.0351 9.312
190.0 7.858 0.9387 0.1579 0.1022 0.0339 9.091
192.0 7.671 0.9238 0.1520 0.0985 0.0327 8.878
194.0 7.494 0.9090 0.1464 0.0949 0.0316 8.676
195.0 7.405 0.9018 0.1436 0.0931 0.0311 8.575
196.0 7.320 0.8953 0.1409 0.0915 0.0306 8.478
198.0 7.187 0.8819 0.1356 0.0881 0.0296 8.322
200.0 7.081 0.8685 0.1305 0.0849 0.0286 8.193
202.0 6.937 0.8568 0.1257 0.0819 0.0277 8.029
204.0 6.846 0.8456 0.1211 0.0790 0.0268 7.918
206.0 6.731 0.8356 0.1168 0.0761 0.0259 7.785
208.0 6.609 0.8259 0.1127 0.0734 0.0251 7.646
210.0 6.500 0.8163 0.1087 0.0708 0.0243 7.520
212.0 6.387 0.8067 0.1048 0.0683 0.0235 7.390
214.0 6.293 0.7970 0.1011 0.0659 0.0228 7.279
216.0 6.214 0.7873 0.0976 0.0637 0.0221 7.185
218.0 6.104 0.7776 0.0943 0.0615 0.0214 7.059
220.0 6.003 0.7677 0.0910 0.0593 0.0208 6.942
222.0 5.905 0.7579 0.0879 0.0573 0.0202 6.828
224.0 5.821 0.7481 0.0850 0.0553 0.0196 6.729
226.0 5.748 0.7381 0.0821 0.0534 0.0190 6.641
228.0 5.653 0.7287 0.0794 0.0516 0.0185 6.531
230.0 5.567 0.7190 0.0768 0.0499 0.0180 6.431
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Table B.77: SM Higgs-boson production cross sections at
√
s = 8 TeV: light Higgs boson.

MH ggF VBF WH ZH ttH Total

[GeV] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb] σ [pb]

232.0 5.487 0.7095 0.0742 0.0482 0.0175 6.337
234.0 5.413 0.6999 0.0718 0.0465 0.0170 6.248
236.0 5.327 0.6903 0.0694 0.0449 0.0165 6.148
238.0 5.247 0.6806 0.0672 0.0434 0.0160 6.054
240.0 5.159 0.6703 0.0650 0.0420 0.0156 5.952
242.0 5.078 0.6604 0.0629 0.0406 0.0152 5.857
244.0 4.999 0.6506 0.0609 0.0393 0.0148 5.764
246.0 4.924 0.6410 0.0590 0.0380 0.0144 5.676
248.0 4.854 0.6319 0.0572 0.0367 0.0140 5.594
250.0 4.783 0.6225 0.0554 0.0355 0.0137 5.510
252.0 4.714 0.6136 0.0537 0.0344 0.0133 5.429
254.0 4.647 0.6050 0.0520 0.0333 0.0130 5.350
256.0 4.582 0.5964 0.0504 0.0322 0.0127 5.274
258.0 4.521 0.5879 0.0489 0.0311 0.0124 5.202
260.0 4.461 0.5797 0.0474 0.0301 0.0121 5.130
262.0 4.405 0.5714 0.0460 0.0292 0.0118 5.063
264.0 4.350 0.5636 0.0446 0.0282 0.0115 4.998
266.0 4.292 0.5554 0.0433 0.0274 0.0112 4.929
268.0 4.237 0.5477 0.0421 0.0265 0.0110 4.864
270.0 4.184 0.5401 0.0408 0.0257 0.0107 4.801
272.0 4.134 0.5328 0.0396 0.0249 0.0105 4.742
274.0 4.086 0.5255 0.0385 0.0241 0.0102 4.684
276.0 4.040 0.5184 0.0373 0.0234 0.0100 4.629
278.0 3.994 0.5115 0.0362 0.0227 0.0098 4.574
280.0 3.950 0.5045 0.0352 0.0220 0.0095 4.522
282.0 3.908 0.4978 0.0342 0.0213 0.0093 4.471
284.0 3.867 0.4911 0.0332 0.0207 0.0091 4.421
286.0 3.829 0.4845 0.0323 0.0200 0.0089 4.374
288.0 3.792 0.4780 0.0313 0.0195 0.0087 4.330
290.0 3.755 0.4716 0.0305 0.0189 0.0086 4.284
292.0 3.720 0.4654 0.0296 0.0183 0.0084 4.242
294.0 3.687 0.4591 0.0288 0.0178 0.0082 4.200
296.0 3.654 0.4530 0.0280 0.0173 0.0080 4.160
298.0 3.624 0.4469 0.0272 0.0168 0.0079 4.122
300.0 3.594 0.4408 0.0265 0.0163 0.0077 4.086
305.0 3.529 0.4267 0.0247 0.0151 0.0073 4.003
310.0 3.472 0.4132 0.0231 0.0141 0.0070 3.930
315.0 3.425 0.4000 0.0216 0.0131 0.0067 3.866
320.0 3.383 0.3875 0.0202 0.0122 0.0064 3.809
325.0 3.355 0.3753 0.0189 0.0114 0.0061 3.767
330.0 3.341 0.3638 0.0177 0.0106 0.0058 3.739
335.0 3.341 0.3526 0.0166 0.0099 0.0056 3.726
340.0 3.359 0.3422 0.0155 0.0093 0.0053 3.732
345.0 3.399 0.3305 0.0145 0.0086 0.0051 3.757
350.0 3.401 0.3200 0.0135 0.0081 0.0049 3.747
360.0 3.385 0.3028 0.0121 0.0072 0.0045 3.711
370.0 3.332 0.2896 0.0108 0.0064 0.0042 3.643
380.0 3.231 0.2776 0.0096 0.0057 0.0039 3.528
390.0 3.089 0.2660 0.0086 0.0051 0.0036 3.373
400.0 2.921 0.2543 0.0078 0.0046 0.0034 3.191



Table B.78: SM Higgs-boson production cross sections at
√
s = 8 TeV: heavy Higgs boson.

MH ggF VBF Total
[GeV] σ [pb] σ [pb] σ [pb]
420.0 2.550 0.2317 2.782
440.0 2.178 0.2103 2.389
450.0 2.002 0.2002 2.203
460.0 1.837 0.1905 2.027
480.0 1.538 0.1724 1.710
500.0 1.283 0.1561 1.439
520.0 1.069 0.1414 1.210
540.0 0.8913 0.1283 1.020
550.0 0.8144 0.1223 0.9367
560.0 0.7442 0.1166 0.8608
580.0 0.6228 0.1062 0.7290
600.0 0.5230 0.0969 0.6199
620.0 0.4403 0.0886 0.5289
640.0 0.3719 0.0812 0.4531
650.0 0.3424 0.0778 0.4202
660.0 0.3153 0.0746 0.3899
680.0 0.2682 0.0687 0.3369
700.0 0.2290 0.0633 0.2923
720.0 0.1964 0.0585 0.2549
740.0 0.1689 0.0542 0.2231
750.0 0.1568 0.0524 0.2092
760.0 0.1457 0.0503 0.1960
780.0 0.1262 0.0468 0.1730
800.0 0.1097 0.0437 0.1534
820.0 0.0957 0.0408 0.1365
840.0 0.0837 0.0382 0.1219
850.0 0.0784 0.0371 0.1155
860.0 0.0735 0.0358 0.1093
880.0 0.0647 0.0336 0.0983
900.0 0.0571 0.0316 0.0887
920.0 0.0506 0.0299 0.0805
940.0 0.0450 0.0282 0.0732
950.0 0.0424 0.0275 0.0699
960.0 0.0400 0.0267 0.0667
980.0 0.0357 0.0252 0.0609

1000.0 0.0320 0.0240 0.0560
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