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Abstract
We analyze, within several parameter scenarios of type-II two-Higgs doublet extensions of the
standard model, the impact of heavy neutral Higgs-boson resonances on top-quark pair pro-
duction and their subsequent decay to dileptonic final states at the LHC (13 TeV). In particular,
we investigate the effects of heavy Higgs bosons on top-spin observables, that is, the longitu-
dinal top-quark polarization and top-quark spin correlations. We take into account NLO QCD
as well as weak interaction corrections and show that top-spin observables, if evaluated in ju-
diciously chosen top-quark pair invariant mass bins, can significantly enhance the sensitivity
to heavy Higgs resonances in top-quark pair events.
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1. Introduction

One of the central issues of present and future research at the Large Hadron Collider (LHC) is
the search for new, in particular heavy (pseudo-)scalar bosons with masses below or around 1
TeV. The existence of additional spin-zero resonances besides the 125 GeV Higgs resonance
[1,2] is theoretically well motivated [3,4]. Experimental searches were negative so far (cf. for
instance [5]), but are by far not exhaustive and will continue with increased effort at the run II
of the LHC at 13 TeV center-of-mass energy.

A possibility that has received increased experimental attention recently [6–9] is the existence
of one or several neutral Higgs bosons with masses above the top-antitop quark (tt̄) production
threshold that strongly couple to top quarks but have suppressed couplings to the weak gauge
bosons and to d-type quarks and charged leptons. The search for such a Higgs boson (or Higgs
bosons) in tt̄ production is difficult because one expects that its line shape in the tt̄ invariant
mass spectrum is not a distinctive resonance bump but is significantly distorted which is caused
by the interference of the signal and the nonresonant tt̄ background amplitudes. As far as
experimental investigations are concerned, this interference effect was taken into account only
in the recent data analysis [9] of the ATLAS experiment.

Future experimental explorations of this search channel aiming at an increased sensitivity to
such type of Higgs bosons require for their interpretation theoretical investigations beyond
leading-order (LO) QCD. In [10] we have investigated, within the type-II two-Higgs-doublet
extension (2HDM) of the standard model (SM), the production of heavy neutral Higgs bosons
and their decay to tt̄ pairs including signal-background interference at next-to-leading-order
(NLO) in the QCD coupling. The NLO QCD corrections to Higgs production and signal-
background interference were computed in the heavy top-quark mass limit with an effective
K-factor rescaling. The primary aim of this exploration was to analyze how the QCD cor-
rections affect the distortions of the tt̄ invariant mass spectrum and of other distributions in
the resonance region. Another NLO QCD analysis of heavy Higgs-boson production in the tt̄
channel including interference with the tt̄ background was recently presented in [11].

In this paper we extend our investigations of [10] by taking the t and t̄ polarization and tt̄ spin
correlations fully into account at NLO QCD. We consider, again within the type-II 2HDM,
the production of heavy neutral Higgs bosons and their decay to tt̄ with subsequent decay of
tt̄ to dileptonic final states, including signal-background interference and the irreducible non-
resonant tt̄ background at NLO QCD. In our computation of the nonresonant tt̄ background
the mixed QCD-weak interaction corrections are also included. Our goal is to analyze the
sensitivity of top-spin observables to heavy Higgs resonances. We explore lepton angular
distributions and dileptonic angular correlations [12, 13] that are induced by t and t̄ polar-
izations and tt̄ spin correlations. We compute these observables in appropriately chosen tt̄
invariant mass windows in the standard model and in the presence of heavy Higgs resonances.
Heavy Higgs-boson effects on tt̄ spin correlations were previously investigated at LO QCD
in [14–18].

The paper is organized as follows. In Sec. 2 we briefly recapitulate the salient features of the
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type-II 2HDM with and without Higgs-sector CP violation that are relevant for our analysis
and define four parameter scenarios. In Sec. 3 we introduce spin dependent observables. In
Sec. 4 we show in analogy to what has been done in Ref. [10] results for the invariant mass
distribution of the tt̄ pair at the level of the intermediate top quarks. These results are then
compared, as far as the sensitivity to heavy Higgs bosons is concerned, with predictions for
spin dependent observables in dileptonic tt̄ events. All results are shown for the LHC operating
at 13 TeV and are presented both for selected Mtt̄ bins and inclusively in Mtt̄. We conclude in
Sec. 5.

2. Parameter scenarios for the type-II two-Higgs-doublet
model

For definiteness we choose, as in [10], the type-II two-Higgs-doublet model for describing
both the 125 GeV Higgs resonance and additional neutral heavy Higgs bosons in a consistent
field-theoretic and phenomenologically viable framework. We recall that in 2HDMs the SM
field content is extended by an additional Higgs doublet. In the type-II 2HDM the Higgs dou-
blet Φ1 is coupled to right-chiral down-type quarks and charged leptons, while Φ2 is coupled
to right-chiral up-type quarks only. By construction, flavor-changing neutral currents are ab-
sent at tree level.
Because we are interested in heavy Higgs bosons of different CP nature we consider two vari-
ants of the type-II 2HDM: one where the tree-level Higgs potential V(Φ1,Φ2) is CP-violating
and, as a special case, the model where V(Φ1,Φ2) is CP-invariant. We denote the three physi-
cal neutral Higgs mass eigenstates by φ j, j = 1,2,3. Using the unitary gauge they are related
to the two CP-even and the CP-odd states ϕ1,2 and A, respectively, by an orthogonal transfor-
mation:

(φ1,φ2,φ3)T = R(ϕ1,ϕ2,A)T , (1)

where R is a real orthogonal matrix that is parametrized by three mixing angles αi. We use the
parametrization of R given in [10]. The masses of the three neutral Higgs bosons and of the
charged Higgs boson H± of the model are denoted by m j ( j = 1,2,3) and by m+, respectively.
The parameter tanβ = 32/31 is the ratio of the vacuum expectation values of the two Higgs

doublet fields with 3 =

√
321 + 322 = 246 GeV. In the case of Higgs sector CP violation we

choose, as in [10],
m1, m2, m3, m+, α1, α2, α3, tanβ, 3 , (2)

to belong to the set of independent parameters of the model, while in the case where V(Φ1,Φ2)
is CP-invariant we choose

m1, m2, m3, m+, α1, tanβ, 3 . (3)

In this case the matrix R is block-diagonal with R13 = R23 = R31 = R32 = 0 and R33 = 1, and
the neutral Higgs mass eigenstates consist of two CP-even and a CP-odd state which are often
denoted by φ1 = h, φ2 = H, and φ3 = A. In the more general case of Higgs sector CP violation
the φ j are CP mixtures.
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The interactions of the φ j with quarks and charged leptons f = q, ` and with weak gauge boson
pairs are given by

L1 = −
m f

3

(
a j f f̄ f −b j f f̄ iγ5 f

)
φ j + f jVVφ j

2m2
W

3
W−µ W+µ+

m2
Z

3
ZµZµ

 , (4)

where a sum over f and j = 1,2,3 is understood. The reduced scalar and pseudoscalar Yukawa
couplings a j f and b j f and the reduced couplings f jVV depend on the values of tanβ and on the
elements Ri j of the Higgs mixing matrix. They are listed in Tab. 1 for the type-II model. We
recall that the reduced gauge-boson couplings obey the sum rule

∑
j f 2

jVV = 1. For comput-
ing the widths of the heavy Higgs bosons below we need also the triple Higgs and the Zφiφ j
interactions. They are given, for instance, in [10, 19, 20]. We identify the 125 GeV Higgs res-

Table 1: Reduced couplings to quarks, leptons and gauge bosons of the neutral Higgs bosons
φ j of the type-II 2HDM defined in Eq. (4). The labels t,b, and τ refer to u-type, d-type
quarks, and charged leptons.

a jt a jb = a jτ b jt b jb = b jτ f jVV

R j2/sinβ R j1/cosβ R j3 cotβ R j3 tanβ cosβR j1 + sinβR j2

onance with φ1 and assume that the mass of both φ2 and φ3 is larger than twice the top-quark
mass, m2,3 > 2mt. Moreover, we assume that the mass of the charged Higgs boson H+ is of
the order of max(m2,m3), so that the two-body decays φ2,3→W±H∓ cannot take place. The
ATLAS and CMS results [21] on the 125 GeV Higgs boson imply that its interactions with the
third-generation fermions and gauge bosons are SM-like. This constraint is taken into account
in the 2HDM parameter scenarios defined below.
As already emphasized in the introduction our aim is to investigate the sensitivity of top-spin
observables to heavy Higgs-bosons and, in particular, whether suitable observables allow to
discriminate between a scalar, pseudoscalar, and a CP mixture. For this purpose we choose
three parameter sets, which we call set 1a, 1b, and 1c, where the masses of the two heavy
neutral Higgs bosons are put to 400 GeV and 900 GeV. Sets 1a and 1b are associated with a
CP-invariant Higgs potential. In set 1a we assign the quantum numbers CP =+1 and CP =-1
to the 400 GeV and 900 GeV Higgs boson, respectively, and vice versa in set 1b. Set 1c is
associated with a CP-violating Higgs potential and the neutral Higgs bosons are chosen to be
CP mixtures. In addition we investigate the case where the two heavy neutral Higgs bosons
are nearly degenerate with masses that are substantially larger than 2mt. This is exemplified
with a parameter set called set 2 below.
We determine the total widths of the heavy neutral Higgs bosons φ2 and φ3 for the four pa-
rameter sets specified below, by computing the sum of the largest two-body decay rates. We
include the NLO QCD corrections to the partial decay rates of φ j → qq̄ and φ j → gg using
the formulas of [22,23] and [24], respectively. In these computations we use the input param-
eters and the scale choice as described in Sec. 4.1. We checked, where possible, our results
with the computer codes of [25] and [26]. For the parameter sets below, the total width Γ1 of
φ1(125 GeV) is of the order of 4 MeV. It plays no role in the computations of Sec. 4.
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Scenarios 1a and 1b

We consider the type-II model with a CP-conserving Higgs potential. We choose both for the
parameter set 1a and 1b:

tanβ = 1 , α1 = β , α2 = α3 = 0 , m1 = 125 GeV , m+ > 820 GeV . (5)

With this choice of the Higgs mixing angles and our convention for R [10] the states φ1 and φ2
are CP-even while φ3 is CP-odd, as can be seen from the resulting Yukawa couplings given in
Tab. 2. The masses of φ2 and φ3 are set to the values

scenario 1a: m2 = 400 GeV , m3 = 900 GeV ,

scenario 1b: m2 = 900 GeV , m3 = 400 GeV . (6)

Thus in scenario 1a the lighter of the two heavy states is chosen to be a pure scalar while in
scenario 1b it is a pseudoscalar.
We compute the largest two-body decay rates of φ2 and φ3 and determine their total widths
by adding up these rates. The results are listed in Tab. 3 and Tab. 4 for scenario 1a and
1b, respectively. The uncertainties result from varying the renormalization scale as described
below Eq. (33). The partial decay widths of φ j → f f̄ ( f , t), φ j → γγ, and φ j → Zγ are a
few ×10−3 GeV or smaller1 and are neglected in the total widths Γ2, Γ3. Moreover, to lowest
order in the non-QCD couplings the partial decay rates for φi→ VV , φi→ φ1Z and φi→ φ1φ1
(i = 2,3) are zero for our choice of parameters.

Table 2: Values of the reduced couplings to fermions and vector bosons V = W,Z of the neutral
Higgs bosons φ j in scenarios 1a, 1b and 2.

a jt a jb = a jτ b jt b jb = b jτ f jVV

φ1 1 1 0 0 1
φ2 1 -1 0 0 0
φ3 0 0 1 1 0

Scenario 1c

Here we consider the type-II model with a CP-violating Higgs potential and choose

tanβ = 1 , α1 = β , α2 =
π

15
, α3 =

π

4
, m1 = 125 GeV , m+ > 820 GeV . (7)

1The partial decay width of φ j→ γγ ( j = 2,3) in these parameter scenarios and in the scenarios 1c and 2 below
is . 3×10−4 GeV.
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Table 3: Dominant partial decay widths and the total width of the CP-even and CP-odd Higgs
boson φ2 and φ3, respectively, in scenario 1a.

decay mode Γ2 [GeV] Γ3 [GeV]

φi→ tt̄ 3.97+0.10
−0.08 45.43−0.36

+0.30

φi→ φ2Z 0 116.85

φi→ gg 0.017+0.003
−0.002 0.107−0.0003

−0.0036

total 3.99+0.10
−0.08 162.39−0.36

+0.30

Table 4: Dominant partial decay widths and the total width of the CP-odd and CP-even Higgs
boson φ2 and φ3, respectively, in scenario 1b.

decay mode Γ2 [GeV] Γ3 [GeV]

φi→ tt̄ 39.85−0.20
+0.17 15.09+0.31

−0.26

φi→ φ3Z 116.85 0

φi→ gg 0.068+0.004
−0.005 0.051+0.009

−0.007

total 156.76−0.19
+0.16 15.14+0.32

−0.27
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With this choice of the Higgs mixing angles the states φ j are CP mixtures. Their reduced
Yukawa couplings and reduced couplings to W,Z are given in Tab. 5. The masses of φ2 and φ3
are set to the values

scenario 1c: m2 = 400 GeV , m3 = 900 GeV . (8)

The partial widths of the major decay modes of φ2 and φ3 and their total widths are listed in
Tab. 6. Decay modes whose width is smaller than a few ×10−3 GeV are not listed. The given
uncertainties result from the scale variations as defined below Eq. (33) in Sec. 4.1.

Table 5: Values of the reduced couplings to fermions and vector bosons V = W,Z of the neutral
Higgs bosons φ j in scenario 1c.

a jt a jb = a jτ b jt b jb = b jτ f jVV

φ1 0.978 0.978 0.208 0.208 0.978
φ2 0.560 -0.854 0.692 0.692 -0.147
φ3 -0.854 0.560 0.692 0.692 -0.147

Table 6: Dominant partial decay widths and the total width of the CP mixtures φ2 and φ3 in
scenario 1c.

decay mode Γ2 [GeV] Γ3 [GeV]

φi→ tt̄ 8.47+0.18
−0.15 50.80−0.32

+0.27

φi→ VV 0.52 7.37

φi→ φ1Z 0.27 4.73

φi→ φ2Z 0 111.80

φi→ φ1φ1 3.20 6.14

φi→ φ1φ2 0 4.00

φi→ φ2φ2 0 11.81

φi→ gg 0.030+0.005
−0.004 0.100+0.003

−0.005

total 12.49+0.19
−0.15 184.95−0.32

+0.26
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Scenario 2

We choose again a CP-conserving neutral Higgs sector scenario with the same values of m1,
m+, tanβ, and Higgs mixing angles αi as in scenarios 1a,b—cf. Eq. (5). Thus, the reduced
couplings of the φ j given in Tab. 2 apply also to this scenario. The states φ1 and φ2 are CP-
even while φ3 is CP-odd. The masses of the two heavy neutral Higgs bosons are set to the
values

scenario 2: m2 = 766 GeV , m3 = 750 GeV . (9)

The total decay widths of the nearly mass-degenerate scalar and pseudoscalar φ2 and φ3 are
essentially determined by the decay of these states to tt̄, cf. Tab. 7. Again, decay modes whose
width is smaller than a few ×10−3 GeV are not exhibited in this table.

Table 7: Dominant partial decay widths and the total width of the CP-even and CP-odd Higgs
boson φ2 and φ3, respectively, in scenario 2.

decay mode Γ2 [GeV] Γ3 [GeV]

φi→ tt̄ 31.92−0.03
+0.02 37.94−0.14

+0.12

φi→ gg 0.055+0.005
−0.005 0.087+0.006

−0.006

total 31.97−0.02
+0.02 38.03−0.13

+0.11

Experimental constraints

The Yukawa couplings and couplings to the weak gauge bosons that are assigned to the
125 GeV resonance in the above parameter scenarios are in accord with the constraints from
the LHC [21]. The strongest direct constraints on heavy neutral Higgs bosons with strong
couplings to top quarks were recently reported by the ATLAS experiment [9]. In this report
the 2HDM parameter region tanβ < 0.45 (tanβ < 0.85) was excluded at 95% confidence level
for a CP-even (CP-odd) Higgs boson H (A) with a mass of 500 GeV. This analysis is based
on tt̄ events that decay to leptons plus jets recorded at the LHC (8 TeV). The result supersedes
previous bounds by ATLAS [7] and CMS [6, 8]. Our parameter scenarios 1a,b,c above are
not in direct conflict with the bounds of [9] because our choice tanβ = 1 implies weaker top-
Yukawa couplings of H and A than those excluded in [9]: In the case of H (A) the squared
top-Yukawa coupling that enters the cross section for gg→ φ→ tt̄ is reduced by a factor 0.20
(0.72). This suggests that a Higgs boson with a mass of 400 GeV and top-Yukawa coupling
strength as chosen in the scenarios 1a,b,c is not yet excluded. We emphasize that the analysis
below does not crucially depend on the fact that we have chosen the mass of the lighter of the
two heavy states to be 400 GeV. The sole purpose of these parameter choices is to illustrate
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with these examples the sensitivity of top-spin observables to heavy Higgs resonances.
The charged Higgs boson H± of the 2HDM plays no decisive role in our analysis below. Our
assumption m+ > 820 GeV is in accord with the non-observation of H± in direct searches at
the LHC and with the bounds derived from B physics data [27–29].

The LHC data on the 125 GeV Higgs boson constrain CP-violating top-Higgs couplings to
some extent, see for instance [30]. A direct search for CP violation in semileptonic tt̄ events
at the LHC(8 TeV) was recently reported by the CMS experiment in [31]. The set of spin
observables recently measured by the ATLAS experiment in dileptonic tt̄ events at 8 TeV
[32] include CP-odd observables and these measurements provide also direct bounds on CP
violation in tt̄ production. Our parameter scenario 1c is in accord with the constraints from
these analyses. Stronger, albeit indirect constraints are obtained from low-energy data [19,33–
35], in particular from the experimental upper limits on the electric dipole moments (EDMs)
of the neutron [36] and the electron [37]. In the parameter scenario 1c the heavy Higgs bosons
have only a minor impact on these EDMs. The major contribution results from φ1 exchange.
The Yukawa and gauge couplings of φ1 given in Tab. 5 lie within the allowed parameter ranges
derived in [19, 35].

3. Spin dependent observables

In the following we study the impact of heavy Higgs bosons on the (anti) top-quark polariza-
tion and top-antitop spin correlations, taking NLO QCD corrections into account. We follow
Ref. [13] where a complete set of observables sufficient to constrain the spin density matrix
at the level of stable top quarks has been presented. As in Ref. [13] we analyze the angular
distributions of the (anti-)top-quark decay products. More specifically, we consider dileptonic
tt̄ events

pp −→ t + t̄ + X −→ `+ `′−+ jets + Emiss
T , `, `′ = e,µ, (10)

and define four dileptonic angular correlations that correspond, at the level of the intermedi-
ate t and t̄ quarks, to P- and CP-even tt̄ spin correlations. In addition, we consider for the
reactions (10) also a P-and CP-odd triple correlation and a lepton angular distribution that
corresponds to the longitudinal top-quark polarization. Moreover, we analyze the correlation
of the azimuthal angles of the charged leptons and investigate its sensitivity to the CP nature
of the heavy Higgs bosons.

3.1. Observables sensitive to top-antitop spin correlations

We consider for (10) the following normalized differential distribution of the outgoing leptons:

1
σ

d2σ

d cosθ+ d cosθ−
=

1
4

(1 + B1 cos(θ+) + B2 cos(θ−)−C cos(θ+)cos(θ−)) , (11)
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where θ+ (θ−) denotes the angle between the direction of flight ˆ̀
+ ( ˆ̀

−) of the positively (neg-
atively) charged lepton in the (anti-)top-quark rest frame2 and a reference axis â (b̂) to be
defined below (θ+ = ∠( ˆ̀

+, â), θ− = ∠( ˆ̀
−, b̂)). We assume that the top-quarks decay dominantly

via the SM decay t→W+b (t̄→W−b̄) with W-boson decaying further into a lepton neutrino
pair. The coefficients B1, B2 and C depend on the chosen reference axes â and b̂. If no accep-
tance cuts are applied, C is related to the double spin asymmetry at the level of the intermediate
top quarks:

Cab ≡C(â, b̂) = κ2
`

σtt̄ (↑↑) +σtt̄ (↓↓)−σtt̄ (↑↓)−σtt̄ (↓↑)
σtt̄ (↑↑) +σtt̄ (↓↓) +σtt̄ (↑↓) +σtt̄ (↓↑)

. (12)

σtt̄ denotes the cross section for top-quark pair production. The first (second) arrow refers to
the spin state of the t (t̄) quark with respect to the axis â (b̂). The prefactor κ2

`
is due to the spin

analyzer quality of the decay products. In the conventions used here

κ` = κ`+ = κ`− .

At NLO QCD its value is κ` = 1−0.015αs [38]. Following Ref. [13] we use the beam direction
p̂ = (0,0,1) and the direction of flight of the top-quark k̂ in the tt̄ zero-momentum frame (ZMF)
to construct an orthonormal basis:

{k̂, n̂, r̂} : r̂ =
1
r

(p̂− yk̂) , n̂ =
1
r

(p̂× k̂), (13)

with
y = p̂ · k̂ , r =

√
1− y2 .

Using the orthonormal basis {k̂, n̂, r̂} the reference axes â and b̂ are defined in Tab. 8. The
factor sign(y) takes the Bose symmetry of the initial gg state into account. Using the different

Table 8: Choice of reference axes. The unit vectors n̂, r̂ and the variable y are defined in
Eq. (13). The factors sign(y) are required because of the Bose symmetry of the initial
gg state.

Label â b̂
transverse n sign(y) n̂ −sign(y) n̂

r axis r sign(y) r̂ −sign(y) r̂
helicity k k̂ −k̂

reference axes as shown in Tab. 8 nine different correlations C(â, b̂) can be defined. As far as
P- and CP-even correlations are concerned we restrict ourselves to the diagonal correlations

Ckk, Cnn, and Crr .

2The respective rest frames are reached through a rotation-free boost from the tt̄ zero-momentum frame.
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These correlations are sensitive to the P- and CP-even contributions of the spin density matrix,
do not require absorptive parts, and receive Higgs-boson contributions at leading order. Since
the choice â = k̂ (b̂ = −k̂) is equivalent to the quantization axis in the helicity basis, Ckk is
often abbreviated in the literature as Chel. In the following we adopt this notation and use Chel
instead of Ckk. Instead of measuring the double differential distribution as given in Eq. (11)
the coefficient C can also be determined from the expectation value of cos(θ+)cos(θ−):

〈cos(θ+)cos(θ−)〉 = −
1
9

C. (14)

As pointed out in Ref. [13] the correlations Chel,Cnn, and Crr are related to the opening angle
distribution

1
σ

dσ
d cosϕ

=
1
2

(1−Dcosϕ) , (15)

where the angle ϕ is defined by ϕ = ∠( ˆ̀
+, ˆ̀
−). Since the vectors {k̂, n̂, r̂} form an orthonormal

basis the relation
D = −

1
3

(Chel +Cnn +Crr) (16)

holds. Eq. (16) may be used to cross check results. D can also be determined from the
expectation value of cosϕ:

D = −3〈cos(ϕ)〉. (17)

For completeness we note that both Cab and D are related to expectation values of spin ob-
servables at the level of the intermediate top quarks:

Cab = κ2
`4〈(St · â)(St̄ · b̂)〉, (18)

D = κ2
`

4
3
〈(St ·St̄)〉, (19)

where St (St̄) denotes the (anti-)top-quark spin operator.

3.2. Observables sensitive to top-quark and antiquark polarization

Integrating out the angle of the positively/negatively charged lepton in Eq. (11) leads to a
single differential distribution:

1
σ

dσ
d cosθ±

=
1
2
(
1 + B1,2 cos(θ±)

)
. (20)

The coefficient B1 (B2) is related to the polarization of the intermediate (anti-)top-quark:

B1(â) = κ`〈2St · â〉, B2(b̂) = −κ`〈2St̄ · b̂〉. (21)

(The polarization is defined as twice the expectation value of the spin operator: Pt = 2〈St〉.)
For â = k̂ (b̂ = −k̂) the coefficient B1 (B2) is a measure for the longitudinal polarization of the
intermediate (anti-)top-quark. Note that a non-vanishing

Bt = B1(k̂), Bt̄ = B2(−k̂) (22)
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requires a parity violating interaction. As a consequence, within the SM only the parity-
violating weak interactions generate a small non-zero coefficient B1(k̂) of less than 1 %. Sim-
ilar to D the coefficients B1,2 are related to expectation values of the respective angles:

B1,2 = 3〈cosθ±〉. (23)

We note that the single differential distributions can also be studied for top-quark pairs decay-
ing semi-leptonically. If no acceptance cuts are applied, the coefficient B1 (B2) parametrizing
the distribution of the positively (negatively) charged lepton is the same in both channels.

3.3. Triple correlation

In addition to the aforementioned observables we analyze the P- and CP-odd triple correlation:

OCP = (ˆ̀
+× ˆ̀

−) · k̂. (24)

The observable OCP is sensitive to P- and CP-odd (dispersive) new physics contributions.
Within the scenarios considered here only scenario 1c leads to a non-zero expectation value.
As discussed in Ref. [13] OCP is related to a linear combination of Cnr and Crn:

Cnr−Crn = 9〈OCP〉. (25)

Up to prefactors it can also be related to a spin observable at the level of the intermediate
top-quarks:

〈OCP〉 = −
κ2
`

9
〈(St ×St̄) · k̂〉 . (26)

One may consider also other CP-odd dileptonic triple correlations, for instance, a correlation
where k̂ in Eq. (24) is replaced by the proton beam direction, i.e. sign(y)p̂. But this correlation
has a very low sensitivity to resonant Higgs-boson induced CP violation, as an inspection of
the corresponding squared S matrix element shows.

3.4. Difference between the leptonic azimuthal angles

Following Ref. [39] we construct a CP-sensitive angular observable φ∗CP as follows. We iden-
tify the z-axis in the top and antitop rest frames with the direction of flight of the top quark
in the tt̄ ZMF, k̂. With respect to this z-axis we define the azimuthal angle φ∗ between the
charged leptons

φ∗ = arccos(ˆ̀⊥
+ ·

ˆ̀⊥
−) , φ∗ ∈ [0,π] . (27)

The unit 3-vector ˆ̀⊥
+ (ˆ̀⊥

−) defines the direction of the antilepton (lepton) perpendicular to k̂ in
the top (antitop) rest frame (ˆ̀⊥

± · k̂ = 0):

ˆ̀⊥
± =

ˆ̀
±− (ˆ̀

± · k̂)k̂∣∣∣ ˆ̀±− (ˆ̀
± · k̂)k̂

∣∣∣ . (28)
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Similar to Ref. [39] we use the CP-odd triple product, (ˆ̀
+× ˆ̀

−) · k̂, to construct a CP-sensitive
observable from φ∗ in order to probe the CP properties of the heavy Higgs bosons:

φ∗CP =

{
φ∗ if (ˆ̀

+× ˆ̀
−) · k̂ ≥ 0

2π−φ∗ if (ˆ̀
+× ˆ̀

−) · k̂ < 0
, φ∗CP ∈ [0,2π] . (29)

We are interested in the (normalized) distribution of this observable σ−1dσ/dφ∗CP because of
its potential to discriminate between CP-even, CP-odd and CP-mixed heavy Higgs bosons.
The parameters of scenarios 1a–1c (cf. Sec. 2) are chosen such that these cases can be directly
compared and the sensitivity of φ∗CP to the CP-properties of the heavy Higgs coupling to top
quarks can be studied in detail.

4. Results

In this section we briefly describe the setup of our calculation. Furthermore, we present phe-
nomenological results at NLO QCD for the distribution of the cross section with respect to the
invariant mass of the top-quark pair and for the spin dependent observables introduced in the
previous section.

4.1. Setup

For all observables introduced in the previous section we make predictions within the SM
including QCD and weak corrections as well as predictions including the two additional (neu-
tral) heavy Higgs bosons of the 2HDM parameter scenarios of Sec. 2. We stress that we take
into account also the interference of the signal and background contributions at NLO. The
contribution of the 125 GeV Higgs resonance is included in the SM predictions.

As far as the NLO QCD corrections are concerned we apply the same approximations to the
non-SM contributions as we did in Ref. [10]. We use the heavy top mass limit including an
effective K-factor rescaling to obtain the leading resonant contributions at NLO. For details
we refer to Ref. [10].

The SM input parameters are chosen as in Ref. [10]. The top-quark mass renormalized in the
on-shell scheme is set to

mt = 173.34 GeV. (30)

For the values of the electromagnetic fine structure constant α and the gauge boson masses we
use

α =
1

129
, mW = 80.385 GeV, mZ = 91.1876 GeV. (31)

For the parton distribution functions (PDFs) we employ the PDF set CT10nlo [40] which
provides also the value of the strong coupling αs(µr) at the renormalization scale µr. As
central scale we chose

µr = µ f = µ0 (32)
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(µ f denotes the factorization scale) with

µ0 =
m2 + m3

4
, (33)

motivated by the choice µ0 = mH/2 in the SM case (see, for instance, [41]). The uncertainties
due to the residual dependence of the theoretical predictions on µ f and µr are estimated by
varying both scales simultaneously (µr = µ f ≡ µ) by a factor of two up and down. All results
in this section are presented for proton-proton collisions at a center of mass energy of

√
s = 13

TeV and are thus applicable to the data collected during the LHC run II.

When calculating theoretical predictions for the observables defined in the previous section
we always expand all ratios or normalized cross sections in the coupling constants. This is a
consistent approximation when working in fixed order perturbation theory.

4.2. Top-quark pair invariant mass distribution

The invariant mass distribution of the tt̄ pair, dσtt̄/dMtt̄ where Mtt̄ =
√

(kt + kt̄)2, is the basic
observable in the search for heavy (Higgs) resonances in the tt̄ channel. Here we compute
this distribution at NLO in the SM and in the 2HDM using the parameter scenarios of Sec. 2.
(These parameter sets are different from those used in Ref. [10].) In Sec. 4.3 we analyze top-
spin dependent observables and compare the sensitivities of these observables and dσtt̄/dMtt̄
to heavy Higgs boson effects.

The top-quark pair invariant mass distributions are displayed for scenarios 1a–1c and 2 in
Figs. 1–4. For scenarios 1a–1c the peak-dip structure that results from the interference be-
tween signal and background is clearly visible for the lighter resonance at 400 GeV. For sce-
nario 1b where the lighter resonance is a pseudoscalar we even observe a signal-to-background
(S/B) ratio of about 18% in the Mtt̄ bin from 380 GeV to 400 GeV. However, a bin width as
small as 20 GeV cannot be attained by present experiments. For experimentally achievable
bin widths of about 40 GeV (see for example Ref. [9]) in the lower Mtt̄ range, the effect is
8%–13% depending on the bin position. In view of the recent ATLAS analysis [9] scenario 1b
may be excluded. However, our main interest in this scenario is mostly to compare top spin
effects induced by different heavy Higgs boson CP eigenstates and CP-mixed states and study
the potential gain in sensitivity with respect to top-spin independent observables. The findings
concerning the sensitivity of top-spin observables may also apply to other parameter scenar-
ios. The resonance at 900 GeV in scenarios 1a–1c is barely visible in the Mtt̄-distribution,
mainly because of its large decay width.
In scenario 2 the heavy scalar and pseudoscalar resonances overlap and generate a single res-
onance structure between 700 GeV and 800 GeV. It is much more pronounced than the 900
GeV resonance in scenarios 1a–1c because of the smaller decay widths of the heavy Higgs
bosons in scenario 2. The parameters of scenario 2 were chosen to allow a direct comparison
with Ref. [42] where higher-order QCD corrections to the signal and interference have been
estimated by applying a constant K-factor, K = 2. As our analysis shows, a simple K-factor
rescaling as applied in Ref. [42] is questionable and is in general not sufficient to account for
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Figure 1: Distribution of the tt̄ invariant mass, Mtt̄, at NLO for scenario 1a. The upper pane
shows the SM contribution (solid black) including NLO QCD and weak corrections
and the sum of SM and 2HDM contributions (dashed red) at NLO QCD. The blue
shaded area represents the scale uncertainty. The lower pane show the ratios of the
Mtt̄ distribution for the SM + 2HDM and SM at LO (dashed green) and NLO (solid
red). The hatched regions in the ratio plots display the Mtt̄ bins which are used to
evaluate the spin dependent observables; cf. Sec. 4.3.
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Figure 2: Same as Fig. 1 but for scenario 1b.
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Figure 3: Same as Fig. 1 but for scenario 1c.
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Figure 4: Same as Fig. 1 but for scenario 2.

higher order corrections to the Mtt̄ distribution. In fact, within the approximations of the NLO
corrections used here, the dip between 700 GeV and 800 GeV observed at LO (dashed-green
line in Fig. 4) is reduced at NLO (solid-red line in Fig. 4). Hence, an experimental analysis
using the naive K-factor rescaling would in this case lead to experimental bounds that are too
strong—provided no effect will be seen.
We choose in the next section, as in Ref. [10], appropriate Mtt̄ bins for evaluating the top-spin
dependent observables, in order to avoid a cancellation due to the peak-dip structure in the Mtt̄
spectrum. Thus we estimate, for the chosen parameter scenarios, with an optimized binning
the maximal effects of heavy Higgs boson resonances in the tt̄ decay channel. In Figs. 1–4
these Mtt̄ bins are indicated by the hatched regions in the ratio plots. Since in an actual ex-
perimental analysis the optimal bin locations are unknown—unless a significant distortion in
the Mtt̄ distribution will be found—one would study the observables as functions of the bin
location.

4.3. Spin dependent observables

We consider now the top-spin dependent observables introduced in Sec. 3 for the dileptonic
tt̄ events (10). As discussed in Sec. 4.2, we evaluate these observables within two Mtt̄ bins in
order to enhance the S/B ratio, namely 2mt–400 GeV and 400–460 GeV in scenarios 1a–1c
and 670–770 GeV and 770-870 GeV in scenario 2. Results for the lepton angular correlations
Chel, Cnn, Crr and D that correspond to P- and CP-even tt̄ spin correlations are shown in
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Figure 5: P- and CP-even spin correlations in scenario 1a for the LHC (13 TeV).
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Figure 6: P- and CP-even spin correlations in scenario 1b for the LHC (13 TeV).
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Figure 7: P- and CP-even spin correlations in scenario 1c for the LHC (13 TeV).
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Figs. 5–7 for scenarios 1a–1c, respectively, and in Fig. 8 for scenario 2. In the upper panel
of each plot the values of Chel, Cnn, Crr and D are displayed for the SM (coarse hatched) and
for the SM + 2HDM contributions (fine hatched) including interference at LO (red) and NLO
(blue). The solid filled regions of the bars represent the scale uncertainty estimated by varying
the scale as described in Sec. 4.1.

In the lower panel of each plot the S/B ratio of the 2HDM contribution (including interference)
and the SM prediction is shown at LO (red) and at NLO (blue). The darker parts of the bars
represent the scale uncertainty of this ratio. In cases where the ratio takes on extreme values,
the bars are only shown partially and the central value of the respective ratio is then given in
the plot. The green shaded area in the ratio plots display, for comparison, the S/B ratio of
the cross section within the respective Mtt̄ bin at NLO. This ratio is obtained from the Mtt̄
distributions computed in Sec. 4.2. We observe that for all parameter scenarios the S/B ratio
of one or several of the four spin observables outreaches the green band. Thus these spin
observables are, within the respective Mtt̄ bin, more sensitive than the cross section. Notice
that in some cases the S/B ratio of the cross section is very low and the green area is not (see
for example the result for the high Mtt̄ bin in Fig. 5) or only barely visible (Fig. 8).

For scenarios 1a–1c Crr is the most sensitive of the four P- and CP-even spin correlation
observables. The S/B ratio associated with Crr is also larger in magnitude than that of the
cross section—in case of scenario 1a almost by a factor of four in the lower Mtt̄ bin. In the
higher Mtt̄ bin of 400–460 GeV the spin correlations and associated S/B ratios at NLO are
smaller compared to those for the lower Mtt̄ bin. In case of the observable Crr the S/B ratios in
the higher Mtt̄ bin of 400–460 GeV at NLO deviate significantly from those at LO. The reason
for this large difference is the fact that the Mtt̄ distribution for this observable has a zero at
LO within this Mtt̄ bin—that this, it receives positive and negative contributions that (almost)
cancel. This zero is shifted close to the bin boundary or even outside the bin when taking
NLO corrections into account. Because the observable Crr suffers from accidental (partial)
cancellations at leading order it is very sensitive to NLO corrections. This does not signal a
general breakdown of the perturbative expansion.

This circumstance should be seen as an artefact of the specific observable and is associated
to a large extend with the chosen Mtt̄ bin. Because of this (accidentally) large sensitivity to
higher-order corrections, we observe large K-factors for Crr in these specific cases: K = 1.7 for
scenario 1a and |K| > 7 for scenarios 1b and 1c. Moreover, the NLO corrections lie outside of
the LO uncertainty estimate. However, one may argue that the uncertainty estimate of the LO
predictions are in any case unreliable because the spin observables studied here are defined as
ratios where, for example, αs cancels to leading order. (The situation becomes even worse at
LO when ratios of ratios are considered.) Alternatively, one can compute a spin observable at
NLO also without expanding the denominator and then compute the ratio R of the expanded
and the unexpanded version. This ratio may be viewed as indicative of the convergence of
the perturbative expansion. For the observable Crr evaluated in the higher Mtt̄ bin, we obtain
R = 1.2, R = 1.9, and R = 1.5 for scenario 1a, 1b, and 1c, respectively, whereas for the other
three spin observables we get R≤ 1.1. This shows again that in the Mtt̄ bin of 400–460 GeV the
observable Crr is very sensitive to higher order corrections. It illustrates also the importance of
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the NLO contributions to the spin observables. This example shows that one should be careful
when using a specific spin observable in the search for heavy Higgs effects in tt̄ data. Given a
certain Mtt̄ bin-choice, one should use in an agnostic experimental analysis spin observables
that do not have a zero (in the above sense) at LO QCD.

As can be seen from Figs. 5–8 the uncertainty bands of the values of a spin observable at LO
and NLO due to scale variations do not overlap in a number of cases. As stated before this
is mainly because the spin correlations are ratios (see for example Eq. (12) and Eq. (20)) in
which the µr dependence cancels at LO. The leading-order scale variation thus underestimates
the effect of higher-order corrections and fails to give reliable uncertainty estimates.

The values of the four P- and CP-even spin correlations and the corresponding S/B ratios
evaluated in the two Mtt̄ bins displayed in Fig. 5 for scenario 1a are given in Tab. 9. In
addition we list also the resulting values when no cuts on Mtt̄ are imposed. Furthermore, the
last column of this table contains the cross section for the dileptonic tt̄ decay channel summed
over `,`′ = e,µ, both for the low and high Mtt̄ bin and inclusively, and the corresponding
S/B ratios. The numbers substantiate what was already stated above: for the chosen bins and
inclusively, one or several of the above spin observables are more sensitive to heavy Higgs-
boson effects than the ratio of binned cross sections. In the low Mtt̄ bin Cnn, Crr and D feature
S/B ratios larger than 6%, i.e., a significant sensitivity to the lighter of the two heavy Higgs
bosons which is a scalar. Notice that not only Chel, Cnn, and D but also Crr has a reliable
perturbative expansion in the lower Mtt̄ bin.

The corresponding tables for the results presented in Fig. 6 and Fig. 7 are given in Appendix A
(Tab. 12 and Tab. 13). The predictions for the low Mtt̄ bin given in Tab. 12 for scenario 1b with
a 400 GeV pseudoscalar show that all four spin correlations and the binned cross section have
S/B& 10%. In the lower Mtt̄ bin of scenario 1c only Crr provides a S/B larger than that of the
binned cross section, namely ∼ 9% (cf. Tab. 13). Both for scenarios 1b and 1c the perturbative
expansions of the spin correlations in the low Mtt̄ bin, in particular of Crr, are reliable.

Scenarios 1a–1c feature strong Higgs-boson signals and experimental analyses of the Mtt̄ dis-
tribution might already be sensitive to these effects. In scenario 2 the signal is much weaker
which makes it difficult to constrain this scenario with the Mtt̄ distribution. As can be seen
from Fig. 8—and from the corresponding numbers in Tab. 14 of Appendix A—the S/B ratio
of the cross section (green band) is very small in both Mtt̄ bins, S/B . 1%. As in scenarios
1a–1c we encounter here also the problem of zero(s) of spin observables. In this case the
observables Chel and D have zeros in the Mtt̄ bin 670–770 GeV at LO which are shifted to the
other Mtt̄ bin 770–870 GeV at NLO. This leads to a high sensitivity of Chel and D to NLO
corrections which affects the robustness of the prediction. The observables Cnn and Crr have
a reliable perturbative expansion in these Mtt̄ bins. However, taking the scale uncertainty into
account their sensitivity is not sufficient to constrain this model. One way to remedy this is to
evaluate Chel, which is the most sensitive of the four spin correlations in this scenario, within
500 GeV ≤ Mtt̄ ≤ 750 GeV. This yields a S/B ratio of 4% as compared to the cross section
S/B ratio of 0.7% at NLO, and the prediction is also more robust with respect to NLO correc-
tions (K = 1.3, R = 1.1). The reason for having chosen the above bins is that our prediction of
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Figure 8: P- and CP-even spin correlations in scenario 2 for the LHC (13 TeV).
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the heavy Higgs effects at NLO is most accurate within the Higgs resonance region. Choos-
ing instead an Mtt̄ range of 500–750 GeV will affect the accuracy of our approach. Thus, a
more careful investigation of the uncertainties of Chel due to these approximations would be
necessary but is left for future work.

The spin correlations Chel, Crr, and Cnn were recently computed, inclusively in Mtt̄, at NLO
QCD including weak interaction corrections also in [13], and our corresponding predictions in
Tabs. 9, 12, 13 and 14 agree with these results3. The spin correlations Chel and Crr, Cnn were
recently measured in dileptonic tt̄ events, inclusively in Mtt̄, at the LHC(8 TeV) in [31, 32]
and [32], respectively. The results, corrected to parton level in the full phase space, agree with
respective SM predictions. At 8 TeV center-of-mass energy the contributions of the heavy
Higgs resonances of our parameter scenarios to these observables are smaller in magnitude
than at 13 TeV, and we have checked that these contributions are in accord with the results
of [31, 32] within the experimental uncertainties.

The observables Chel, Cnn, Crr, and D no not provide any information about the CP nature of
the Higgs resonances. The P- and CP-odd triple correlation OCP given in Eq. (24) allows to
search for (non-standard) CP violation in dileptonic tt̄ events, in particular for effects induced
by heavy Higgs resonances that are CP mixtures. Among the four scenarios studied in this
paper only the CP-violating scenario 1c leads to a non-vanishing 〈OCP〉. The results for the
expectation value 〈OCP〉 for dileptonic tt̄ events at 13 TeV in the low and high Mtt̄ bin and
inclusively in Mtt̄ are presented in Tab. 10.

The expectation value 〈OCP〉 is below the percent level even in the bins around 400 GeV
where the CP-violating effect is caused by the resonant production of the 400 GeV Higgs res-
onance of indefinite parity. The inclusive expectation value is an order of magnitude smaller
which is due to partial cancellations of the two heavy Higgs boson contributions. We note
that 〈OCP〉 can also be obtained from the measurement of the difference of two off-diagonal
correlations cf. Eq. (25). This difference of spin correlations was recently measured by AT-
LAS for dileptonic tt̄ events at 8 TeV. At the parton level in the full phase-space the result
Cnr −Crn = −0.006±0.108 was obtained [32]. We checked that the value of 9〈OCP〉 at 8 TeV
in scenario 1c is in accord with this result within the experimental uncertainty.

Table 11 contains our predictions, for scenarios 1a - 1c, of the coefficient Bt(k) that measures
the longitudinal polarization of the top quark in the helicity basis (cf. Eq. (20)). The pre-
dictions apply to dileptonic and to `+ + jets events. A non-zero value of Bt, which requires
P-violating interactions, is generated in the SM by the weak interactions. In scenarios 1a and
1b the neutral Higgs interactions are P-conserving. Thus in these scenarios Bt is zero at LO
and given at NLO by the results listed in column ‘QCDW’ of Tab. 11—neglecting contribu-
tions from the charged Higgs boson. They are very small because we assume H± to be very
heavy. In scenario 1c the neutral Higgs bosons induce P-violating effects already at LO and
the resulting values of Bt at NLO within the SM + 2HDM differ from those of the SM. Al-
though the S/B ratio can be significantly enhanced by Mtt̄ cuts the effects remain below the

3The results presented here and those given in Ref. [13] are not completely identical, because in Ref. [13] the
scale choice mt/2 ≤ µ ≤ 2mt was used.
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Table 9: P- and CP-even spin correlations and dileptonic cross section in scenario 1a for the
LHC(13 TeV).

Chel Cnn Crr D σtt̄×BR [pb]

2m
t
≤

M
tt̄
≤

40
0

G
eV L

O

2HDM+QCD 0.576+0.011
−0.011 0.483+0.005

−0.005 0.252+0.010
−0.010 −0.437+0.009

−0.009 3.70+0.89
−0.68

QCD 0.562+0.011
−0.011 0.528+0.005

−0.005 0.289+0.011
−0.011 −0.459+0.009

−0.009 3.58+0.85
−0.65

2HDM
QCD [%] 2.52+0.08

−0.08 −8.52+0.06
−0.07 −12.9+0.2

−0.2 −4.93+0.03
−0.04 3.35+0.05

−0.05

N
L

O

2HDM+QCDW 0.567+0.008
−0.010 0.462+0.006

−0.008 0.278+0.005
−0.005 −0.435+0.007

−0.007 6.30+0.86
−0.76

QCDW 0.548+0.009
−0.011 0.522+0.004

−0.005 0.330+0.003
−0.002 −0.466+0.006

−0.005 6.06+0.81
−0.73

2HDM
QCDW [%] 3.38+0.28

−0.17 −11.5+0.5
−0.7 −15.6+0.7

−0.9 −6.64+0.33
−0.41 3.97+0.24

−0.18

40
0
≤

M
tt̄
≤

46
0

G
eV L

O

2HDM+QCD 0.426+0.009
−0.009 0.374+0.002

−0.002 0.060+0.006
−0.006 −0.286+0.006

−0.006 4.49+1.10
−0.86

QCD 0.432+0.009
−0.009 0.356+0.002

−0.002 0.045+0.006
−0.006 −0.278+0.006

−0.006 4.54+1.10
−0.87

2HDM
QCD [%] −1.43+0.04

−0.04 5.01+0.03
−0.03 32.1+5.0

−3.0 3.14+0.01
−0.01 −1.08+0.01

−0.01

N
L

O

2HDM+QCDW 0.430+0.008
−0.008 0.356+0.001

−0.001 0.103+0.005
−0.004 −0.296+0.001

−0.001 7.52+0.98
−0.91

QCDW 0.426+0.007
−0.007 0.362+0.001

−0.000 0.107+0.004
−0.003 −0.298+0.001

−0.001 7.53+0.98
−0.91

2HDM
QCDW [%] 0.959+0.219

−0.150 −1.76+0.39
−0.47 −3.34+1.00

−1.30 −0.651+0.194
−0.222 −0.017+0.031

−0.012

in
cl

.i
n

M
tt̄

L
O

2HDM+QCD 0.298+0.003
−0.004 0.328+0.000

−0.000 −0.017+0.002
−0.003 −0.203+0.002

−0.002 18.7+5.0
−4.0

QCD 0.297+0.003
−0.004 0.329+0.000

−0.001 −0.017+0.002
−0.003 −0.203+0.002

−0.002 18.6+5.0
−4.0

2HDM
QCD [%] 0.313+0.029

−0.031 −0.277+0.022
−0.019 2.67+0.19

−0.21 −0.071+0.005
−0.004 0.133+0.009

−0.011

N
L

O

2HDM+QCDW 0.339+0.004
−0.002 0.317+0.002

−0.002 0.059+0.006
−0.004 −0.238+0.000

−0.001 30.5+4.0
−4.0

QCDW 0.333+0.003
−0.002 0.327+0.001

−0.001 0.065+0.006
−0.004 −0.242+0.000

−0.001 30.3+4.0
−4.0

2HDM
QCDW [%] 1.99+0.03

−0.03 −2.95+0.10
−0.13 −9.98+0.17

−0.09 −1.31+0.11
−0.14 0.631+0.044

−0.027

24



Table 10: The expectation value 〈OCP〉 in scenario 1c for dileptonic tt̄ events at the LHC at 13
TeV.

Mtt̄ [GeV] LO 2HDM NLO 2HDM

[2mt,400] −0.549+0.007
−0.007×10−2 −0.824+0.024

−0.029×10−2

[400,460] 0.587+0.005
−0.005×10−2 0.127+0.062

−0.054×10−2

incl. 0.666+0.005
−0.005×10−3 −0.814+0.008

−0.020×10−3

Table 11: The coefficient Bt(k), which measures the longitudinal polarization of the top quark
in the helicity basis in the SM and in scenario 1c, for dileptonic and semileptonic
tt̄ events at the LHC(13 TeV). In scenarios 1a and 1b Bt receives no contributions
from neutral Higgs bosons. In these scenarios Bt is given by the QCDW value in the
table.

Mtt̄ [GeV] LO NLO

2HDM 2HDM+QCDW QCDW 2HDM
QCDW

[2mt,400] 0.110+0.001
−0.001×10−1 0.492+0.020

+0.014×10−2 0.169+0.120
−0.098×10−2 1.91+4.30

−1.20

[400,460] −0.769+0.007
−0.007×10−2 0.403+0.313

−0.293×10−2 0.316+0.174
−0.139×10−2 0.275+0.187

−0.655

incl. −0.600+0.024
−0.026×10−3 0.617+0.227

−0.185×10−2 0.553+0.209
−0.164×10−2 0.114−0.006

−0.007

percent level and exhibit large scale uncertainties. In scenario 2 the neutral Higgs interactions
are P-conserving. Thus, the NLO predictions given in column ‘QCDW’ of Tab. 11 apply
also to this scenario, provided the same scale choices are made as in scenarios 1a–1c. Our
inclusive QCDW prediction of Bt given in Tab. 11 agrees with the corresponding prediction
of [13]. (Notice that our scale choices differ from those of [13].) The polarization observable
Bt was measured inclusively in Mtt̄ at 8 TeV by the ATLAS and CMS experiment [32, 43],
with an absolute experimental uncertainty of a few percent. We checked that our inclusive
SM+2HDM predictions at 8 TeV are in accord with these measurements.

Finally we analyze the normalized leptonic azimuthal-angle difference φ∗CP defined in Sec. 3.4.
Observables of this type have the potential to yield information about the CP properties of the
Higgs bosons [17,18,39]. We compute the distribution of φ∗CP for scenarios 1a - 1c at NLO in
the SM and in the SM + 2HDM in the low and high Mtt̄ bins that were already chosen above for
evaluating the other spin observables. These scenarios were chosen on purpose such that they
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Figure 9: Upper panels: The normalized distribution of φ∗CP for scenarios 1a–1c in two differ-
ent Mtt̄ bins. The NLO prediction in the SM and in the SM + 2HDM is displayed in
black and in red, respectively. Lower panels: The curves in red (green) are the ratios
(SM+2HDM)/SM at NLO (LO).
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contain a scalar (1a), a pseudoscalar (1b), or a CP-mixed (1c) Higgs boson of the same mass
(400 GeV). Our aim is to investigate the discriminating power of φ∗CP with respect to the CP
nature of this boson at NLO. (An observable similar to φ∗CP with a different phase convention
was analyzed at LO in Ref. [18], including the interference with the QCD background.)

Our results for the normalized distribution of φ∗CP in scenarios 1a–1c are displayed in the upper
panels of Fig. 9, on the left (right) for the low (high) Mtt̄ bin. The distributions in black and
red are the predictions within the SM and the SM + 2HDM, respectively, at NLO. The effect
of scale variations is very small and not visible in these plots. In the lower panels the ratios
R=(SM+2HDM)/SM are plotted. Here the green-dashed and red-solid lines refer to the LO
and NLO predictions, respectively. These ratios have a trigonometric function-like shape. The
ratios R in the low Mtt̄ bin have some sensitivity to the CP nature of the 400 GeV Higgs boson.
While the maximum (minimum) of R is located at φ∗CP = π (φ∗CP = 0,2π) if the 400 GeV Higgs
boson is a scalar, it is shifted to φ∗CP = 0,2π (φ∗CP = π) if this boson is a pseudoscalar. If the
400 GeV Higgs boson is a CP mixture as in scenario 1c the maximum and minimum of R
are located at φ∗CP , 0,π,2π. The locations depend on the relative strengths and phases of
the scalar and pseudoscalar Yukawa couplings of the 400 GeV Higgs boson to top quarks. In
contrast to the tau-pair decay channel of a Higgs boson studied in Ref. [39], the background is
not flat in φ∗CP and the signal-background interference is not negligible in the case at hand. The
large non-resonant SM background contribution leads to a rather small signal-to-background
ratio of S/B . 6%. We recall that in these scenarios the 400 GeV Higgs signal is significant
in the Mtt̄ distribution and in spin observables studied above. We therefore expect even lower
S/B ratios for weaker Higgs signals, which poses an even bigger challenge to determine the
Higgs CP properties with this observable. The NLO corrections enhance the S/B ratio only
slightly.

5. Summary and conclusions

We considered, in continuation of our previous work [10], the production of top-quark pairs at
the LHC (13 TeV) and their subsequent decay to dileptonic final states and analyzed, within
the type-II 2HDM extension of the SM, the sensitivity of top-spin dependent observables to
the resonant production of heavy Higgs bosons. NLO QCD corrections to the Higgs-boson
signal in the tt̄ channel and NLO QCD and weak interaction corrections to the non-resonant
tt̄ background were taken into account, including the signal-background interference at NLO.
We determined, for four different 2HDM parameter scenarios, a number of leptonic angular
correlations and distributions that correspond to tt̄ spin correlations and to the longitudinal
top-quark polarization. We computed also the tt̄ invariant mass distribution, which is the basic
observable in the search for heavy Higgs bosons in tt̄ events, in order to assess the gain in
sensitivity if such a search is accompanied by top-spin dependent observables. Our analysis
shows that tt̄ spin correlations have the potential to substantially increase the sensitivity of the
tt̄ channel to heavy Higgs resonances if they are evaluated in judiciously chosen Mtt̄ bins. NLO
corrections are, needless to say, important for assessing whether a specific observable has a
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robust perturbative expansion within a chosen Mtt̄ bin and for estimating the uncertainties due
to scale variations.

The observable Bt that corresponds to the longitudinal top-quark polarization and the triple
product correlation OCP analyzed above are sensitive to P-violating, respectively P- and CP-
violating interactions. We studied the effects of heavy Higgs resonances of undefined CP
parity on these observables for a CP-violating 2HDM scenario. We found that the effects are
small, even if these observables are evaluated in appropriate Mtt̄ bins. Our studies indicate
that measurement of these (dimensionless) observables with a precision of ∼ 10−3 would be
required in order to reach meaningful sensitivities to P- and CP-violating heavy Higgs-boson
effects.

Furthermore, we studied the potential of the lepton azimuthal angle distribution dσ/dφ∗CP
for pinning down the CP properties of a heavy Higgs resonance in the dileptonic tt̄ events.
This observable allows to construct a ratio whose shape shows significant differences with
respect to effects of Higgs bosons of different CP nature. Yet the signal-to-background ratio
is only about S/B . 6% because of the large SM background and the non-negligible signal-
background interference.

Our detailed studies show that including top-spin dependent observables in the toolkit for
the search for heavy Higgs-boson resonances in the tt̄ channel can significantly enhance the
sensitivity of these explorations. Although the results of this paper were obtained for specific
parameter settings within the 2HDM, we believe that this conclusion remains valid also for
other SM extensions that predict heavy neutral Higgs bosons with unsuppressed couplings
to top quarks. We showed also that inclusion of NLO QCD corrections is important in this
type of analysis. In particular, we illustrated with a concrete example that a naive K-factor
approach is in general not sufficient for obtaining reliable predictions.
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A. Results for the P- and CP-even spin correlations and
cross section in scenarios 1b, 1c, and 2

We present the results displayed in Figs. 6, 7, and 8 for the parameter scenarios 1b, 1c, and
2, respectively, in the tables of this appendix. They contain the values of the four P- and
CP-even spin correlations and the corresponding S/B ratios evaluated in two Mtt̄ bins and,
in addition, in the whole Mtt̄ range. Moreover, the cross section for the dileptonic tt̄ decay
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channel summed over `,`′ = e,µ is given in the last column of this table, both for the low and
high Mtt̄ bin and inclusively, and the corresponding S/B ratios. These results are discussed in
Sec. 4.3.

Table 12: P- and CP-even spin correlations and dileptonic cross section in scenario 1b for the
LHC(13 TeV).

Chel Cnn Crr D σtt̄×BR [pb]

2m
t
≤

M
tt̄
≤

40
0

G
eV L
O

2HDM+QCD 0.599+0.011
−0.011 0.567+0.005

−0.005 0.349+0.011
−0.010 −0.505+0.009

−0.009 3.91+0.94
−0.72

QCD 0.562+0.011
−0.011 0.528+0.005

−0.005 0.289+0.011
−0.011 −0.459+0.009

−0.009 3.58+0.85
−0.65

2HDM
QCD [%] 6.61+0.23

−0.22 7.51+0.08
−0.08 20.7+0.9

−0.8 9.92+0.26
−0.25 9.28+0.12

−0.11

N
L

O

2HDM+QCDW 0.605+0.008
−0.009 0.582+0.003

−0.003 0.416+0.001
+0.000 −0.534+0.004

−0.004 6.81+0.95
−0.84

QCDW 0.548+0.009
−0.011 0.522+0.004

−0.005 0.330+0.003
−0.002 −0.466+0.006

−0.005 6.06+0.81
−0.73

2HDM
QCDW [%] 10.3+0.6

−0.4 11.4+0.5
−0.3 26.2+0.9

−0.7 14.5+0.7
−0.5 12.3+0.5

−0.5

40
0
≤

M
tt̄
≤

46
0

G
eV L
O

2HDM+QCD 0.396+0.009
−0.009 0.315+0.002

−0.002 −0.016+0.006
−0.006 −0.232+0.006

−0.006 4.28+1.10
−0.81

QCD 0.432+0.009
−0.009 0.356+0.002

−0.002 0.045+0.006
−0.006 −0.278+0.006

−0.006 4.54+1.10
−0.87

2HDM
QCD [%] −8.20+0.22

−0.23 −11.60.0
−0.0 −134+16

−21 −16.5+0.3
−0.3 −5.87+0.05

−0.05

N
L

O

2HDM+QCDW 0.429+0.012
−0.013 0.366+0.005

−0.005 0.116+0.004
−0.004 −0.304+0.008

−0.007 7.36+0.96
−0.88

QCDW 0.426+0.007
−0.007 0.362+0.001

−0.000 0.107+0.004
−0.003 −0.298+0.001

−0.001 7.53+0.98
−0.91

2HDM
QCDW [%] 0.844+1.150

−1.370 1.06+1.30
−1.50 8.39+7.00

−7.20 1.83+1.90
−2.10 −2.25+0.09

−0.04

in
cl

.i
n

M
tt̄

L
O

2HDM+QCD 0.297+0.003
−0.004 0.329+0.000

−0.001 −0.017+0.002
−0.002 −0.203+0.002

−0.002 18.7+5.0
−4.0

QCD 0.297+0.003
−0.004 0.329+0.000

−0.001 −0.017+0.002
−0.003 −0.203+0.002

−0.002 18.6+5.0
−4.0

2HDM
QCD [%] 0.043+0.042

−0.045 −0.032+0.026
−0.029 0.261+1.140

−0.781 −0.004+0.059
−0.064 0.018+0.017

−0.019

N
L

O

2HDM+QCDW 0.351+0.004
−0.003 0.343+0.002

−0.002 0.090+0.006
−0.004 −0.261+0.000

−0.001 30.8+4.0
−4.0

QCDW 0.333+0.003
−0.002 0.327+0.001

−0.001 0.065+0.006
−0.004 −0.242+0.000

−0.001 30.3+4.0
−4.0

2HDM
QCDW [%] 5.41+0.17

−0.17 4.97+0.10
−0.08 38.4+4.0

−4.0 8.18+0.26
−0.26 1.57+0.12

−0.07
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Table 13: P- and CP-even spin correlations and dileptonic cross section in scenario 1c for the
LHC(13 TeV).

Chel Cnn Crr D σtt̄×BR [pb]

2m
t
≤

M
tt̄
≤

40
0

G
eV L

O

2HDM+QCD 0.582+0.011
−0.011 0.539+0.005

−0.005 0.311+0.011
−0.010 −0.477+0.009

−0.009 3.75+0.90
−0.68

QCD 0.562+0.011
−0.011 0.528+0.005

−0.005 0.289+0.011
−0.011 −0.459+0.009

−0.009 3.58+0.85
−0.65

2HDM
QCD [%] 3.51+0.12

−0.12 2.21+0.05
−0.05 7.78+0.38

−0.36 3.91+0.13
−0.12 4.73+0.06

−0.06

N
L

O

2HDM+QCDW 0.577+0.008
−0.010 0.539+0.004

−0.005 0.360+0.002
−0.002 −0.492+0.005

−0.005 6.42+0.87
−0.78

QCDW 0.548+0.009
−0.011 0.522+0.004

−0.005 0.330+0.003
−0.002 −0.466+0.006

−0.005 6.06+0.81
−0.73

2HDM
QCDW [%] 5.18+0.29

−0.29 3.32+0.10
−0.07 9.24+0.22

−0.21 5.45+0.21
−0.18 5.93+0.27

−0.20

40
0
≤

M
tt̄
≤

46
0

G
eV L

O

2HDM+QCD 0.408+0.009
−0.009 0.337+0.002

−0.002 0.013+0.006
−0.006 −0.253+0.006

−0.006 4.36+1.10
−0.83

QCD 0.432+0.009
−0.009 0.356+0.002

−0.002 0.045+0.006
−0.006 −0.278+0.006

−0.006 4.54+1.10
−0.87

2HDM
QCD [%] −5.41+0.15

−0.15 −5.47+0.01
−0.01 −71.7+9.0

−12.0 −9.02+0.19
−0.20 −3.95+0.03

−0.03

N
L

O

2HDM+QCDW 0.421+0.010
−0.010 0.356+0.003

−0.002 0.100+0.001
+0.000 −0.293+0.004

−0.004 7.36+0.95
−0.88

QCDW 0.426+0.007
−0.007 0.362+0.001

−0.000 0.107+0.004
−0.003 −0.298+0.001

−0.001 7.53+0.98
−0.91

2HDM
QCDW [%] −1.15+0.67

−0.74 −1.65+0.55
−0.61 −6.02+3.00

−3.00 −1.91+0.88
−1.00 −2.15+0.08

−0.09

in
cl

.i
n

M
tt̄

L
O

2HDM+QCD 0.295+0.003
−0.004 0.328+0.000

−0.001 −0.019+0.002
−0.003 −0.201+0.002

−0.002 18.6+5.0
−4.0

QCD 0.297+0.003
−0.004 0.329+0.000

−0.001 −0.017+0.002
−0.003 −0.203+0.002

−0.002 18.6+5.0
−4.0

2HDM
QCD [%] −0.735+0.009

−0.013 −0.294+0.006
−0.007 12.0+2.0

−2.0 −0.853+0.011
−0.015 −0.310+0.010

−0.011

N
L

O

2HDM+QCDW 0.339+0.004
−0.003 0.331+0.002

−0.001 0.073+0.006
−0.004 −0.248+0.000

−0.001 30.5+4.0
−4.0

QCDW 0.333+0.003
−0.002 0.327+0.001

−0.001 0.065+0.006
−0.004 −0.242+0.000

−0.001 30.3+4.0
−4.0

2HDM
QCDW [%] 2.01+0.16

−0.17 1.21+0.09
−0.09 11.4+2.0

−2.0 2.49+0.20
−0.21 0.442+0.033

−0.017
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Table 14: P- and CP-even spin correlations and dileptonic cross section in scenario 2 for the
LHC(13 TeV).

Chel Cnn Crr D σtt̄×BR [pb]

67
0
≤

M
tt̄
≤

77
0

G
eV L

O

2HDM+QCD 0.012+0.006
−0.006 0.217+0.001

−0.001 −0.217+0.003
−0.003 −0.004+0.003

−0.003 1.16+0.35
−0.25

QCD 0.021+0.006
−0.006 0.226+0.001

−0.001 −0.204+0.003
−0.003 −0.014+0.003

−0.003 1.17+0.35
−0.25

2HDM
QCD [%] −42.9+10.0

−18.0 −3.95+0.05
−0.06 6.28+0.14

−0.12 −72.4+11.0
−16.0 −0.899+0.010

−0.011

N
L

O

2HDM+QCDW 0.125+0.011
−0.012 0.198+0.004

−0.004 −0.103+0.000
−0.001 −0.072+0.005

−0.005 1.91+0.25
−0.25

QCDW 0.103+0.001
−0.000 0.201+0.002

−0.002 −0.110+0.008
−0.007 −0.063+0.002

−0.003 1.90+0.26
−0.25

2HDM
QCDW [%] 21.8+11.0

−12.0 −1.34+0.81
−1.00 −6.95+6.80

−5.10 14.3+11.0
−12.0 0.953+0.433

−0.628

77
0
≤

M
tt̄
≤

87
0

G
eV L

O

2HDM+QCD −0.083+0.006
−0.006 0.232+0.001

−0.001 −0.215+0.003
−0.003 0.022+0.002

−0.002 0.622+0.194
−0.139

QCD −0.067+0.006
−0.006 0.223+0.001

−0.001 −0.217+0.003
−0.003 0.020+0.002

−0.002 0.631+0.197
−0.141

2HDM
QCD [%] 25.2+2.0

−2.0 4.04+0.04
−0.04 −0.956+0.036

−0.039 9.42+1.10
−0.88 −1.55+0.01

−0.01

N
L

O

2HDM+QCDW 0.032+0.009
−0.007 0.1850.000

−0.001 −0.117+0.015
−0.010 −0.034+0.007

−0.007 1.01+0.15
−0.14

QCDW 0.041+0.004
−0.003 0.185+0.002

−0.004 −0.115+0.010
−0.006 −0.037+0.003

−0.003 1.02+0.15
−0.14

2HDM
QCDW [%] −21.7+13.0

−13.0 0.279+1.460
−1.250 1.52+3.40

−4.60 −9.13+11.00
−12.00 −1.20+0.37

−0.26

in
cl

.i
n

M
tt̄

L
O

2HDM+QCD 0.298+0.003
−0.004 0.329+0.000

−0.000 −0.016+0.002
−0.003 −0.204+0.002

−0.002 17.8+5.0
−4.0

QCD 0.296+0.004
−0.004 0.329+0.000

−0.000 −0.018+0.002
−0.003 −0.203+0.002

−0.002 17.7+5.0
−4.0

2HDM
QCD [%] 0.589+0.019

−0.019 0.061+0.003
−0.004 −6.05+0.66

−0.71 0.494+0.017
−0.018 0.249+0.003

−0.004

N
L

O

2HDM+QCDW 0.337+0.004
−0.003 0.328+0.002

−0.001 0.066+0.005
−0.004 −0.244+0.000

−0.001 29.6+4.0
−4.0

QCDW 0.333+0.004
−0.002 0.327+0.002

−0.001 0.064+0.006
−0.004 −0.242+0.000

−0.001 29.5+4.0
−4.0

2HDM
QCDW [%] 1.08+0.10

−0.12 0.159+0.022
−0.026 3.38+0.69

−0.74 0.867+0.100
−0.119 0.421+0.016

−0.023
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