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1 Introduction

One of the primary goals of the Large Hadron Collider (LHC) is to uncover the precise

mechanism responsible for electroweak symmetry breaking. Going beyond its ad hoc imple-

mentation in the Standard Model (SM), most realisations of this mechanism predict that

new, possibly non-resonant physics will appear at the (multi-)TeV scale. Faced with the

large number of such scenarios, and the frequent degeneracy in their experimental signa-

tures, it has become customary to parametrize deviations of LHC measurements from their

Standard Model predictions in terms of model-independent parameters, where possible. In

Higgs production, for instance, the deviations in early inclusive cross-section measurements

are described by ‘signal strength’ ratios. Likewise, deviations in electroweak parameters

are often expressed in the language of anomalous couplings.

With the LHC Run I at a close, the main message to be drawn is that, apart from a

few scattered anomalies, all measurements are in agreement with Standard Model predic-

tions. This suggests that the new degrees of freedom, if they exist at all, are separated in
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mass [1, 2] from the Standard Model fields.1 If this is true, the new physics can be modelled

by an infinite series of higher-dimensional effective operators [4–7]. From a phenomeno-

logical perspective, these have the advantage over simple signal strengths in that they can

also accommodate differential measurements and angular observables, since the operators

lead to new vertex structures which modify event kinematics. They are also preferable to

anomalous couplings since they preserve the Standard Model SU(3)C × SU(2)L × U(1)Y
gauge symmetry, so can more easily be linked to ultraviolet completions than arbitrary form

factors. These merits have not gone unnoticed, as effective field theory (EFT) techniques

have received much attention in interpreting available Higgs results [8–25]. This area, how-

ever, is still in its infancy, as such analyses are currently limited on the experimental side

by low statistics.

Top quark physics, on the other hand, has entered a precision era, with data from

the LHC and Tevatron far more abundant. In addition, the top quark plays a special

role in most scenarios of Beyond the Standard Model physics, motivating scrutiny of its

phenomenology. Furthermore, the top sector is strongly coupled to Higgs physics owing

to the large top quark Yukawa coupling, and so represents a complementary window into

physics at the electroweak scale. Thus, it is timely to compute the constraints on new top

interactions through a global fit of all dimension-six operators relevant to top production

and decay at hadron colliders.

There have been several studies of the potential for uncovering new physics effects in

the top quark sector at the LHC and Tevatron, phrased in model-independent language, ei-

ther through anomalous couplings [26–41] or higher-dimensional operators [42–48]. Though

there is a one-to-one correspondence between these two approaches (for the reasons dis-

cussed below) the latter is the approach taken through the rest of this paper. Other studies

have also set limits on top dimension-six operators, but by considering different physics,

such as precision electroweak data [49], or flavour-changing neutral currents [50, 51].

In a previous work [52], we published constraints on all dimension-six operators that

contribute to top pair and single top production only in a global fit. Our fitting approach

used techniques borrowed from Monte Carlo event generator tuning, namely the Profes-

sor [53] framework. The purpose of this paper is to expand on our previous study by

adding new measurements, which are sensitive to a new set of operators not previously

examined, including previously unreleased 8 and 13 TeV data and decay observables, and

also to provide a more detailed review of our general fitting procedure.

The paper is structured as follows. In section 2 we review the higher-dimensional

operators relevant for top quark physics and in section 3 we review the experimental mea-

surements entering our fit, as well as the limit-setting procedure we adopt. In section 4 we

present our constraints, and discuss the complementarity of LHC and Tevatron analyses,

and the improvements obtained from adding differential distributions as well as inclusive

rates. In section 5 we interpret our constraints in the context of two specific new physics

models. Finally, in section 6 we discuss our results and conclude.

1Current collider measurements, however, cannot rule out the existence of light degrees of freedom, see

e.g. ref. [3].
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2 Higher-dimensional operators

In effective field theory language, the Standard Model Lagrangian is the first term in an

effective Lagrangian

Leff = LSM +
1

Λ
L1 +

1

Λ2
L2 + . . . , (2.1)

where Λ generically represents the scale of the new physics. From a top-down viewpoint,

the higher-dimensional terms that are suppressed by powers of 1/Λ originate from heavy

degrees of freedom that have been integrated out. In this way, the low-energy effects of

decoupled new physics can be captured, without the need to consign oneself to a par-

ticular ultraviolet model. The leading contributions to Leff at collider energies enter at

dimension-six

Leff = LSM +
1

Λ2

∑
i

CiOi(G
a
µ,W

I
µ , Bµ, ϕ, qL, uR, dR, lL, eR) +O(Λ−4) . (2.2)

Oi are dimension-six operators made up of SM fields, and Ci are dimensionless Wilson

coefficients. At dimension-six, assuming minimal flavour violation and Baryon number

conservation, there are 59 independent operators. Clearly, allowing 59 free parameters to

float in a global fit is intractable. Fortunately, for any given class of observables, only

a smaller subset is relevant. In top physics, we have the following effective operators,

expressed in the so-called ‘Warsaw basis’ of ref. [54]2

O(1)
qq = (q̄γµq)(q̄γ

µq) OuW = (q̄σµντ Iu)ϕ̃W I
µν O(3)

ϕq = i(ϕ†
←→
D I

µϕ)(q̄γµτ Iq)

O(3)
qq = (q̄γµτ

Iq)(q̄γµτ Iq) OuG = (q̄σµνTAu)ϕ̃GAµν O(1)
ϕq = i(ϕ†

←→
D µϕ)(q̄γµq)

Ouu = (ūγµu)(ūγµu) OG = fABCG
Aν
µ GBλν GCµλ OuB = (q̄σµνu)ϕ̃Bµν

O(8)
qu = (q̄γµT

Aq)(ūγµTAu) OG̃ = fABCG̃
Aν
µ GBλν GCµλ Oϕu = (ϕ†i

←→
D µϕ)(ūγµu)

O
(8)
qd = (q̄γµT

Aq)(d̄γµTAd) OϕG = (ϕ†ϕ)GAµνG
Aµν OϕG̃ = (ϕ†ϕ)G̃AµνG

Aµν

O
(8)
ud = (ūγµT

Au)(d̄γµTAd) . (2.3)

We adopt the same notation as ref. [54], where TA = 1
2λ

A are the SU(3) generators, and

τ I are the Pauli matrices, related to the generators of SU(2) by SI = 1
2τ

I . For the four-

quark operators on the left column of eq. (2.3), we denote a specific flavour combination

(q̄i . . . qj)(q̄k . . . ql) by e.g. Oijkl4q . It should be noted that the operators OuW , OuG and OuB
are not hermitian and so may have complex coefficients which, along with OG̃ and OϕG̃,

lead to CP-violating effects. These do not contribute to Standard Model spin-averaged

cross-sections, though they are in principle sensitive to polarimetric observables such as

spin correlations, and should therefore be treated as independent operators. However,

currently available measurements that would be sensitive to these degrees of freedom have

been extracted by making model-specific assumptions that preclude their usage in our fit,

2Given the simplicity of how it captures modifications to SM fermion couplings, this basis is well-suited

to top EFT. For basis choices of interest in Higgs physics, see e.g. refs. [55–59], and ref. [60] for a tool for

translating between them.
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e.g. by assuming that the tops are produced with either SM-like spin correlation or no spin

correlation at all, as in refs. [61, 62]. We will discuss this issue in more detail in the next

section. With these caveats, a total of 14 constrainable CP-even dimension-six operators

contribute to top quark production and decay at leading order in the SMEFT.

3 Methodology

3.1 Experimental inputs

The experimental measurements used in the fit [63–100] are included in table 1. All these

measurements are quoted in terms of ‘parton-level’ quantities; that is, top quarks and their

direct decay products. Whilst it is possible to include particle-level observables, these are

far less abundant and they are beyond the scope of the present study.

The importance of including kinematic distributions is manifest here. For top pair

production, for instance, we have a total of 195 measurements, 174 of which come from

differential observables. This size of fit is unprecedented in top physics, which underlines

the need for a systematic fitting approach, as provided by Professor. Indeed top pair

production cross-sections make up the bulk of measurements that are used in the fit. Single

top production cross-sections comprise the next dominant contribution. We also make use

of data from charge asymmetries in top pair production, as well as inclusive measurements

of top pair production in association with a photon or a Z (tt̄γ and tt̄Z) and observables

relating to top quark decay. We take each of these categories of measurement in turn,

discussing which operators are relevant and the constraints obtained on them from data.

3.2 Treatment of uncertainties

The uncertainties entering our fit can be classed into three categories:

Experimental uncertainties. We generally have no control over these. In cases where

statistical and systematic (and luminosity) errors are recorded separately, we add them

in quadrature. Correlations between measurements are also an issue: the unfolding of

measured distributions to parton-level introduces some correlation between neighbouring

bins. If estimates of these effects have been provided in the experimental analysis, we use

this information in the fit, if they are not, we assume zero correlation. However, we have

checked that bin correlations have little effect on our numerical results.

There will also be correlations between apparently separate measurements. The multitude

of different top pair production cross-section measurements will clearly be correlated due

to overlapping event selection criteria and detector effects, etc. Without a full study

of the correlations between different decay channels measured by the same experiment,

these effects cannot be completely taken into account, but based on the negligible effects

of the bin-by-bin correlations on our numerical results we can expect these effects to be

small as well.

Standard Model theoretical uncertainties. These stem from the choice of parton

distribution functions (PDFs), as well as neglected higher-order perturbative corrections.

– 4 –



J
H
E
P
0
4
(
2
0
1
6
)
0
1
5

Dataset
√
s (TeV) Measurements arXiv ref. Dataset

√
s (TeV) Measurements arXiv ref.

Top pair production

Total cross-sections: Differential cross-sections:

ATLAS 7 lepton+jets 1406.5375 ATLAS 7 pT (t),Mtt̄, |ytt̄| 1407.0371

ATLAS 7 dilepton 1202.4892 CDF 1.96 Mtt̄ 0903.2850

ATLAS 7 lepton+tau 1205.3067 CMS 7 pT (t),Mtt̄, yt, ytt̄ 1211.2220

ATLAS 7 lepton w/o b jets 1201.1889 CMS 8 pT (t),Mtt̄, yt, ytt̄ 1505.04480

ATLAS 7 lepton w/ b jets 1406.5375 D/0 1.96 Mtt̄, pT (t), |yt| 1401.5785

ATLAS 7 tau+jets 1211.7205

ATLAS 7 tt̄, Zγ,WW 1407.0573 Charge asymmetries:

ATLAS 8 dilepton 1202.4892 ATLAS 7 AC (inclusive+Mtt̄, ytt̄) 1311.6742

CMS 7 all hadronic 1302.0508 CMS 7 AC (inclusive+Mtt̄, ytt̄) 1402.3803

CMS 7 dilepton 1208.2761 CDF 1.96 AFB (inclusive+Mtt̄, ytt̄) 1211.1003

CMS 7 lepton+jets 1212.6682 D/0 1.96 AFB (inclusive+Mtt̄, ytt̄) 1405.0421

CMS 7 lepton+tau 1203.6810

CMS 7 tau+jets 1301.5755 Top widths:

CMS 8 dilepton 1312.7582 D/0 1.96 Γtop 1308.4050

CDF + D/0 1.96 Combined world average 1309.7570 CDF 1.96 Γtop 1201.4156

Single top production W-boson helicity fractions:

ATLAS 7 t-channel (differential) 1406.7844 ATLAS 7 1205.2484

CDF 1.96 s-channel (total) 1402.0484 CDF 1.96 1211.4523

CMS 7 t-channel (total) 1406.7844 CMS 7 1308.3879

CMS 8 t-channel (total) 1406.7844 D/0 1.96 1011.6549

D/0 1.96 s-channel (total) 0907.4259

D/0 1.96 t-channel (total) 1105.2788

Associated production Run II data

ATLAS 7 tt̄γ 1502.00586 CMS 13 tt̄ (dilepton) 1510.05302

ATLAS 8 tt̄Z 1509.05276

CMS 8 tt̄Z 1406.7830

Table 1. The measurements entering our fit. Details of each are described in the text.

As is conventional, we model the latter by varying the renormalisation and factorisation

scales independently in the range µ0/2 ≤ µR,F ≤ 2µ0, where we use µ0 = mt as the default

scale, and take the envelope as our uncertainty. For the PDF uncertainty, we follow the

PDF4LHC recommendation [101] of using CT10 [102], MSTW [103] & NNPDF [104] NLO

fits, each with associated scale uncertainties, then taking the full width of the scale+PDF

envelope as our uncertainty estimate — i.e. we conservatively assume that scales and

parton densities are 100% correlated. Unless otherwise stated, we take the top quark

mass to be mt = 173.2± 1.0 GeV. We do not consider electroweak corrections.

Only recently a lot of progress has been made in extending the dimension six-extended SM

to higher order, see refs. [105–118]. Including these effects is beyond the scope of this work,

also because we work to leading order accuracy in the electroweak expansion of the SM.

QCD corrections to four fermion operators included via renormalisation group equations

are typically of the order of 15%, depending on the resolved phase space [114]. As pointed

out in ref. [119], these effects can be important in electroweak precision data fits.

Interpolation error. A small error relating to the Monte Carlo interpolation (described

in more detail in the next section) is included. This is estimated to be 5% at a conservative

estimate, as discussed in the following section, and subleading compared to the previous

two categories.
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Figure 1. Residuals distributions for interpolated observable values (left) and uncertainties (right),

evaluated over all input MC runs and all observables. The 4th order polynomial parameterisation

gives the best performance and the vast majority of entries are within 5% of the explicit MC value.

The poor performance of a constant uncertainty assumption based on the median input uncertainty

is evident — since all three lines have the same normalisation, the majority of residual mismodellings

for the median approach are (far) outside the displayed 10% interval.

3.3 Fitting procedure

Our fitting procedure, briefly outlined in ref. [52], uses the Professor framework. The

first step is to construct an N -dimensional hypercube in the space of dimension six cou-

plings, compute the observables at each point in the space, and then to fit an interpolating

function f(C) that parametrises the theory prediction as a function of the Wilson coeffi-

cients C = {Ci}. This can then be used to rapidly generate theory observables for arbitrary

values of the coefficients. Motivated by the dependence of the total cross-section with a

Wilson coefficient:

σ ∼ σSM + CiσD6 + C2
i σD62 , (3.1)

the fitting function is chosen to be a second-order or higher polynomial:

fb({Ci}) = αb0 +
∑
i

βbiCi +
∑
i≤j

γbi,jCiCj + . . . . (3.2)

In the absence of systematic uncertainties, each observable would exactly follow a

second-order polynomial in the coefficients, and higher-order terms capture bin uncertain-

ties which modify this. The polynomial also serves as a useful check that the dimension-six

approximation is valid. By comparing eq. (3.1) with eq. (3.2), we see that the terms

quadratic in Ci are small provided that the coefficients in the interpolating function γi,j
are small. This is a more robust way to ensure validity of the dimension-six approximation

than to assume a linear fit from the start.

In practice, to minimise the interpolation uncertainty, we use up to a 4th order poly-

nomial in eq. (3.2), depending on the observable of interest. The performance of the

interpolation method is shown in figure 1, which depicts the fractional deviation of the

– 6 –
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polynomial fit from the explicit MC points used to constrain it. The central values and the

sizes of the modelling uncertainties may both be parameterised with extremely similar per-

formance, with 4th order performing best for both. The width of this residual mismodeling

distribution being ∼ 3% for each of the value and error components is the motivation for a

total 5% interpolation uncertainty to be included in the goodness of fit of the interpolated

MC polynomial f(C) to the experimentally measured value E:

χ2(C) =
∑
O

∑
i,j

(fi(C)− Ei)ρi,j(fj(C)− Ej)
σiσj

, (3.3)

where we sum over all observables O and all bins in that observable i. We include the

correlation matrix ρi,j where this is provided by the experiments, otherwise ρi,j = δij .

The uncertainty on each bin is given by σi =
√
σ2

th,i + σ2
exp,i, i.e. we treat theory and

experimental errors as uncorrelated. The parameterisation of the theory uncertainties is

restricted to not become larger than in the training set, to ensure that polynomial blow-up

of the uncertainty at the edges of the sampling range cannot produce a spuriously low χ2

and disrupt the fit.

We hence have constructed a fast parameterisation of model goodness-of-fit as a func-

tion of the EFT operator coefficients. This may be used to produce χ2 maps in slices or

marginalised projections of the operator space, which are then transformed to confidence

intervals on the coefficients Ci, defined by the regions for which

1− CL ≥
∫ ∞
χ2(Ci)

fk(x)dx , (3.4)

where typically CL ∈ {0.68, 0.95, 0.99} and fk(x) is the χ2 distribution for k degrees of

freedom, which we define as k = Nmeasurements −Ncoefficients.

4 Results

The entire 59 dimensional operator set of ref. [54] was implemented in a FeynRules [120]

model file. The contributions to parton level cross-sections and decay observables from the

above operators were computed using MadGraph/Madevent [121], making use of the

Universal FeynRules Output (UFO) [122] format. We model NLO QCD corrections by in-

cluding Standard Model K-factors (bin-by-bin for differential observables), where the NLO

observables are calculated using MCFM [123], cross-checked with MC@NLO [124, 125].

These K-factors are used for arbitrary values of the Wilson coefficients, thus modelling

NLO effects in the pure-SM contribution only. More specifically, this amounts to perform-

ing a simultaneous expansion of each observable in the strong coupling αs and the (inverse)

new physics scale Λ−1, and neglecting terms ∼ O(αSΛ−2). Our final 95% confidence limits

for each coefficient are presented in figure 12; we discuss them in more detail below.

– 7 –
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4.1 Top pair production

By far the most abundant source of data in top physics is from the production of top pairs.

The CP-even dimension-six operators that interfere with the Standard Model amplitude are

LD6 ⊃
CuG
Λ2

(q̄σµνTAu)ϕ̃GAµν +
CG
Λ2

fABCG
Aν
µ GBλν GCµλ +

CϕG
Λ2

(ϕ†ϕ)GAµνG
Aµν

+
C

(1)
qq

Λ2
(q̄γµq)(q̄γ

µq) +
C

(3)
qq

Λ2
(q̄γµτ

Iq)(q̄γµτ Iq) +
Cuu
Λ2

(ūγµu)(ūγµu) (4.1)

+
C

(8)
qu

Λ2
(q̄γµT

Aq)(ūγµTAu) +
C

(8)
qd

Λ2
(q̄γµT

Aq)(d̄γµTAd) +
C

(8)
ud

Λ2
(ūγµT

Au)(d̄γµTAd) .

As pointed out in ref. [52], the operator OϕG cannot be bounded by top pair production

alone, since the branching ratio to virtual top pairs for a 125 GeV Higgs is practically

zero, therefore we do not consider it here. For a recent constraint from Higgs physics

see e.g. refs. [18, 20, 24, 25]. We further ignore the contribution of the operator O11
uG ,

as this operator is a direct mixing of the left- and right- chiral u quark fields, and so

contributes terms proportional to mu. We also note that the six four-quark operators

of eq. (4.1) interfere with the Standard Model QCD processes ūu, d̄d → t̄t to produce

terms dependent only on the four linear combinations of Wilson Coefficients (following the

notation of ref. [46])

C1
u = C(1)1331

qq + C1331
uu + C(3)1331

qq

C2
u = C(8)1133

qu + C(8)3311
qu

C1
d = C(3)1133

qq +
1

4
C

(8)3311
ud

C2
d = C(8)1133

qu + C
(8)3311
qd .

(4.2)

It is these four that are constrainable in a dimension-six analysis. Finally, we note

that the operator OG, whilst not directly coupling to the top at tree-level, should not be

neglected. Since it modifies the triple gluon vertex, and the gg channel contributes ∼ 75%

(90%) of the total top pair production cross-section at the 8 (13) TeV LHC, moderate values

of its Wilson coefficient can substantially impact total rates. We note, however, that in

this special case, the cross section modifications are driven by the squared dimension six

terms instead of the linearised interference with the SM. Nonetheless, in the interests of

generality, we choose to include this operator in our fit at this stage, noting that bounds

on its Wilson coefficient should be interpreted with caution.3 Representative Feynman

diagrams for the interference of these operators are shown in figure 2.

The most obvious place to look for the effects of higher-dimensional terms is through

the enhancement (or reduction, in the case of destructive interference) of total cross-

sections. Important differences between SM and dimension-six terms are lost in this ap-

proach, however, since operators can cause deviations in the shape of distributions without

substantially impacting event yields. This is highlighted in figure 3, where we plot our NLO

3We have observed that excluding this operator actually tightens the bounds on the remaining ones, so

choosing to keep it is the more conservative option.
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O33
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q

q
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Figure 2. Sample Feynman diagrams for the interference of the leading-order SM amplitudes

for top pair production with the operators of eq. (4.1). O4q denotes the insertion of any of the

four-quark operators.

Figure 3. Parton level differential distributions in top pair production, considering SM only

(red) and the effects of the four-quark operator O2
u, showing the enhancement in the tails of the

distributions. Data taken from ref. [83].

SM estimate for two top pair distributions, vs. one with a large interference term. Both

are consistent with the data in the threshold region, which dominates the cross-section,

but clear discrimination between SM and dimension-six effects is visible in the high-mass

region, which simply originates from the scaling of dimension-six operator effects as s/Λ2.4

Limits on these operators can be obtained in two ways; by setting all other operators

to zero, and by marginalising over the other parameters in a global fit. In figure 4 we plot

the allowed 68%, 95% and 99% confidence intervals for various pairs of operators, with all

others set to zero, showing correlations between some coefficients. Most of these operators

appear uncorrelated, though there is a strong correlation between C1
u and C1

d , due to a

relative sign between their interference terms. Given the lack of reported deviations in

top quark measurements, it is perhaps unsurprising to see that all Wilson coefficients are

consistent with zero within the 95% confidence intervals, and that the SM hypothesis is

4One may worry that the inclusion of the final ‘overflow’ bin in the invariant mass distributions may

invalidate the EFT approach. We have performed the global fit without these data points, and found that

they have little effect on our constraints. This is due to the large experimental uncertainties in this region,

and the fact that these bins comprise less than 5% of the total degrees of freedom in our fit, so have little

statistical pull.
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Figure 4. 68%, 95% and 99% confidence intervals for selected combinations of operators contribut-

ing to top pair production, with all remaining operators set to zero. The star marks the best fit

point, indicating good agreement with the Standard Model. Here C̄i = Civ
2/Λ2.

an excellent description of the data. In figure 5, the stronger joint constraints on CG vs

C1
u obtained from including differential measurements make manifest the importance of

utilizing all available cross-section information.

It is also interesting to note the relative pull of measurements from the LHC and

Tevatron, as illustrated in figure 5. It is interesting to see that although Tevatron data are

naively more sensitive to four-quark operators, after the LHC Run I and early into Run II,

the LHC data size and probed energy transfers lead to comparably stronger constraints.

In our fit this is highlighted by the simple fact that LHC data comprise more than 80% of

the bins in our fit, so have a much larger pull. This stresses the importance of collecting

large statistics as well as using sensitive discriminating observables.

4.2 Single top production

The next most abundant source of top quark data is from single top production. In our

fit we consider production in the t and s channels, and omit Wt-associated production.

Though measurements of the latter process have been published, they are not suitable for

inclusion in a fit involving parton level theory predictions. As is well-known, Wt production

interferes with top pair production at NLO and beyond in a five-flavour scheme [126–128],

or at LO in a four-flavour one. Its separation from top pair production is then a delicate
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differential and total cross-sections (contours, red star), and total cross-sections only (lines, white

star). Right: limits on C33
uG vs. C1

u, considering both Tevatron and LHC data (contours) and

Tevatron data only (lines).

issue, discussed in detail in refs. [129–132]. We thus choose to postpone the inclusion of

Wt production to a future study, going beyond parton level. The operators that could lead

to deviations from SM predictions are shown below

LD6 ⊃
CuW
Λ2

(q̄σµντ Iu) ϕ̃W I
µν +

C
(3)
ϕq

Λ2
i(ϕ†
←→
D I

µϕ)(q̄γµτ Iq)

+
Cϕud
Λ2

(ϕ†
←→
D µϕ)(ūγµd) +

CdW
Λ2

(q̄σµντ Id) ϕ̃W I
µν

+
C

(3)
qq

Λ2
(q̄γµτ

Iq)(q̄γµτ Iq) +
C

(1)
qq

Λ2
(q̄γµq)(q̄γ

µq) +
C

(1)
qu

Λ2
(q̄γµq)(ūγ

µu) .

(4.3)

As in top pair production there are several simplifications which reduce this operator

set. The right-chiral down quark fields appearing in OdW and Oϕud cause these operators’

interference with the left-chiral SM weak interaction to be proportional to the relevant

down-type quark mass. For example, an operator insertion of O33
ϕud will always contract

with the SM Wtb -vertex to form a term of order mbmtC
33
ϕud/Λ

2. Since mb is much less

than both ŝ and the other dimensionful parameters that appear, v and mt, we may choose

to neglect these operators. By the same rationale we neglect O
(1)
qu as its contribution

to observables is O(mu). We have further checked numerically that the contribution of

these operators is practically negligible. Finally, all contributing four-fermion partonic

subprocesses depend only on the linear combination of Wilson Coefficients:

Ct = C(3)1331
qq +

1

6
(C(1)1331

qq − C(3)1331
qq ) . (4.4)

Single top production can thus be characterised by the three dimension-six operators

OuW , O
(3)
ϕq and Ot.
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Figure 6. Left: individual (red) and marginalised (blue) 95% confidence intervals on dimension-six

operators from top pair production and single top production (bottom three). Right: marginalised

95 % bounds considering all data from LHC and Tevatron (green) vs Tevatron only (purple).

As noted in the introduction, several model-independent studies have noted the poten-

tial for uncovering new physics in single top production, though these have typically been

expressed in terms of anomalous couplings, via the Lagrangian

LWtb =
g√
2
b̄γµ(VLPL + VRPR)tW−µ +

g√
2
b̄
iσµνqν
MW

(gLPL + gRPR)tW−µ + h.c. (4.5)

where q = pt − pb. There is a one-to-one mapping between this Lagrangian and those

dimension-six operators that modify the Wtb vertex:

VL → Vtb + C(3)
ϕq v

2/Λ2 VR →
1

2
Cϕudv

2/Λ2

gL →
√

2CuW v
2/Λ2 gR →

√
2CdW v

2/Λ2 (4.6)

What, then, is the advantage of using higher-dimensional operators when anomalous

couplings capture most of the same physics? The advantages are manifold. Firstly, the

power-counting arguments of the previous paragraph that allowed us to reject the operators

OdW , Oϕud at order Λ−2 would not be clear in an anomalous coupling framework. In

addition, the four-quark operator O
(3)
qq in eq. (4.3) can have a substantial effect on single-top

production, but this can only be captured by an EFT approach. For a detailed comparison

of these approaches, see e.g. ref. [133]. The 95% confidence limits on these operators from

single top production are shown in figure 6, along with those operators previously discussed

in top pair production.

Let us compare these results to our findings of section 4.1. The bounds on operators

from top pair production are typically stronger. The so-called chromomagnetic moment

operator OuG is also tightly constrained, owing to its appearance in both the qq̄ and gg

channels, i.e. it is sensitive to both Tevatron and LHC measurements. For the four-quark

operators, the stronger bounds are typically on the C1
i -type. This originates from the
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more pronounced effect on kinematic distributions that they have. The phenomenology

of the C2
i -type operators is SM-like, and their effect becomes only visible in the tails of

distributions.

The much wider marginalised bounds on these two operators stems from the relative

sign between their interference term and those of the other operators, which results in

cancellations in the total cross-section that significantly widen the allowed ranges of Ci.

With the exception of Ct, which strongly modifies the single top production cross-section,

the individual bounds on the operator coefficients from single top production are typically

weaker. This originates from the larger experimental uncertainties on single top produc-

tion, that stem from the multitude of different backgrounds that contaminate this process,

particularly top pair production. For the Tevatron datasets this is particularly telling: the

few measurements that have been made, with no differential distributions, combined with

the large error bars on the available data, mean that two of the three operators are not

constrained at dimension-six.5 Still, as before, excellent agreement with the SM is observed.

In addition to single-top production, the operator OuW may be constrained by distri-

butions relating to the kinematics of the top quark decay. The matrix element for hadronic

top quark decay t → Wb → bqq′, for instance, is equivalent to that for t-channel single

top production via crossing symmetry, so decay observables provide complementary infor-

mation on this operator. We will discuss the bounds obtainable from decay observables in

section 4.4.

4.3 Associated production

In addition to top pair and single top production, first measurements have been re-

ported [98–100] of top pair production in association with a photon and with a Z boson

(tt̄γ and tt̄Z).6 The cross-section for these processes are considerably smaller, and statis-

tical uncertainties currently dominate the quoted measurements. Still, they are of interest

because they are sensitive to a new set of operators not previously accessible, corresponding

to enhanced top-gauge couplings which are ubiquitous in simple W ′ and Z models, and

which allow contact to be made with electroweak observables. The operator set for tt̄Z,

for instance, contains the 6 top pair operators in eq. (4.1), plus the following

LD6 ⊃
CuW
Λ2

(q̄σµντ Iu) ϕ̃W I
µν +

CuB
Λ2

(q̄σµνu) ϕ̃ Bµν +
C

(3)
ϕq

Λ2
i(ϕ†
←→
D I

µϕ)(q̄γµτ Iq)

+
C

(1)
ϕq

Λ2
i(ϕ†
←→
D µϕ)(q̄γµq) +

Cϕu
Λ2

(ϕ†i
←→
D µϕ)(ūγµu) .

(4.7)

There is therefore overlap between the operators contributing to associated production,

and those contributing to both top pair and single top. In principle, one should include all

observables in a global fit, fitting all coefficients simultaneously. However, the low number

5Our bounds on these two operators are of the same order, but wider, than a pre-LHC phenomenological

study [44], owing to larger experimental errors than estimated there.
6Early measurements of top pair production in association with a W has also been reported by ATLAS

and CMS, but the experimental errors are too large to say anything meaningful about new physics therein;

the measured cross-sections are still consistent with zero.
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Figure 7. Individual 95% confidence intervals for the operators of (4.7) from tt̄γ and tt̄Z production

(green) and in the two cases where there is overlap, from single top measurements (blue).

of individual tt̄V measurements, coupled with their relatively large uncertainties, means

that they do not have much effect on such a fit. Instead, we choose to present individual

constraints on the operators from associated production alone, comparing these with top

pair and single top in what follows. For the former, we find that the constraints on the

operators of eq. (4.7) obtained from tt̄γ and tt̄Z measurements are much weaker than those

obtained from top pair production, therefore we do not show them here. The constraints

on the new operators of eq. (4.7) are displayed in figure 7. It is interesting to note that

the constraints from associated production measurements are comparable with those from

single top production, despite the relative paucity of the former.

4.4 Decay observables

This completes the list of independent dimension-six operators that affect top quark pro-

duction cross-sections. However, dimension-six operators may also contribute (at interfer-

ence level) to observables relating to top quark decay. Top quarks decay almost 100% of

the time to a W and b quark. The fraction of these events which decay to W -bosons with

a given helicity: left-handed, right-handed or zero-helicity, can be expressed in terms of

helicity fractions, which for leading order with a finite b-quark mass are

F0 =
(1− y2)2 − x2(1 + y2)

(1− y2)2 + x2(1− 2x2 + y2)

FL =
x2(1− x2 + y2) +

√
λ

(1− y2)2 + x2(1− 2x2 + y2)

FR =
x2(1− x2 + y2)−

√
λ

(1− y2)2 + x2(1− 2x2 + y2)

(4.8)

where x = MW /mt, y = mb/mt and λ = 1+x4+y4−2x2y2−2x2−2y2. As noted in ref. [46],

measurements of these fractions can be translated into bounds on the operator OuW . (The

operator O
(3)
ϕq cannot be accessed in this way, since its only effect is to rescale the Wtb

vertex V 2
tb → Vtb

(
Vtb + v2C

(3)
ϕq /Λ2

)
, therefore it has no effect on event kinematics.) The
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desirable feature of these quantities is that they are relatively stable against higher order

corrections, so the associated scale uncertainties are small. The Standard Model NNLO es-

timates for these are: {F0, FL, FR} = {0.687± 0.005, 0.311± 0.005, 0.0017± 0.0001} [134],

i.e. the uncertainties are at the per mille level. It is interesting to ask whether the bound

obtained on OuW in this way is stronger than that obtained from cross-section measure-

ments. In figure 8 we show the constraints obtained in each way. Although they are in

excellent agreement with each other, cross-section information gives a slightly stronger

bound, mainly due to the larger amount of data available, but also due to the large experi-

mental uncertainties on Fi. Still, these measurements provide complementary information

on the operator OuW , and combining both results in a stronger constraint than either alone,

as expected.

4.5 Charge asymmetries

Asymmetries in the production of top quark pairs have received a lot of attention in recent

years, particularly due to an apparent discrepancy between the Standard Model prediction

for the so-called ‘forward-backward’ asymmetry AFB in top pair production

AFB =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
(4.9)

where ∆y = yt − yt̄, and a measurement by CDF [135]. This discrepancy was most

pronounced in the high invariant mass region, pointing to potential TeV-scale physics at

play. However, recent work has cast doubts on its significance for two reasons: firstly, an

updated analysis with higher statistics [90] has slightly lowered the excess. Secondly, a full

NNLO QCD calculation [136] of AFB showed that, along with NLO QCD + electroweak

calculations [137–139] the radiative corrections to AFB are large. The current measurements

are now consistent with the Standard Model within 2σ. Moreover, the D/0 experiment

reports [91] a high-invariant mass measurement lower than the SM prediction. From a

new physics perspective, it is difficult to accommodate all of this information in a simple,

uncontrived model without tension.

Still, in an effective field theory approach, deviations from the Standard Model pre-

diction of AFB take a very simple form. A non-zero asymmetry arises from the difference
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Figure 9. Results of a 1000 point parameter space scan over −10 TeV−2 < C1,2
u,d/Λ

2 < 10 TeV−2

overlaid with the most up to date measurements of AFB and AC, showing clearly the correlation

between them.

of four-quark operators:

AFB = (C1
u − C2

u + C1
d − C2

d)
3ŝβ

4g2
sΛ

2(3− β2)
, (4.10)

where β =
√

1− s/4m2
t is the velocity of the tt̄ system.7 Combining this inclusive mea-

surement with differential measurements such as dAFB/dMtt̄ allows simultaneous bounds

to be extracted on all four of these operators. Therefore it is instructive to compare the

bounds obtained on C1,2
u,d from charge asymmetries to those obtained from tt̄ cross-sections.

Again it is possible to (indirectly) investigate the complementarity between Tevatron and

LHC constraints. Though the charge symmetric initial state of the LHC does not define a

‘forward-backward’ direction, a related charge asymmetry can be defined as:

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)
(4.11)

making use of the fact that tops tend to be produced at larger rapidities than antitops. This

asymmetry is diluted with respect to AFB, however. The most up-to-date SM prediction is

AC = 0.0123±0.005 [139] for
√
s = 7 TeV. The experimental status of these measurements

is illustrated in figure 9. The inclusive measurements of AFB are consistent with the SM

expectation, as are those of AC. The latter, owing to large statistical errors, are also

consistent with zero, however, so this result is not particularly conclusive. Since these are

different measurements, it is also possible to modify one without significantly impacting

the other. Clearly they are correlated, as evidenced in figure 9, where the most up to date

measurements of AFB and AC are shown along with the results of a 1000 point parameter

space scan over the four-quark operators. This highlights the correlation between the two

7Contributions to AFB also arise from the normalisation of AFB and the dimension-six squared term [140–

142], which we keep, as discussed in sections 3.3 and 4.
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asymmetries at the LHC and Tevatron.

observables: non-resonant new physics which causes a large AFB will also cause a large AC,

provided it generates a dimension-six operator at low energies.

We have used both inclusive measurements of the charge asymmetries AC and AFB,

and measurements as a function of the top pair invariant mass Mtt̄ and rapidity difference

|ytt̄|. In addition, ATLAS has published measurements of AC with a longitudinal ‘boost’

of the tt̄ system: β = (|pzt + pzt̄ )|/(Et + Et̄) > 0.6, which may enhance sensitivity to new

physics contributions to AC, depending on the model [143].

Since AFB = 0 at leading-order in the SM, it is not possible to define a K-factor in the

usual sense. Instead we take higher-order QCD effects into account by adding the NNLO

QCD prediction to the dimension-six terms. In the case of AC, we normalise the small (but

non-zero) LO QCD piece, to the NLO prediction, which has been calculated with a Monte

Carlo and cross-checked with a dedicated NLO calculation [139].

The above asymmetries have been included in the global fit results presented in

figure 12. However, it is also interesting to see what constraints are obtained on the

operators from asymmetry data alone. To this end, the 95% confidence intervals on the co-

efficients of the operators O1,2
u,d from purely charge asymmetry data are shown in figure 10.

Unsurprisingly, the bounds are much weaker than for cross-section measurements, with

the O2
i -type operators unconstrained by LHC data alone. Despite the small discrepancy

between the measured AFB and its SM value, this does not translate into a non-zero Wilson

coefficient; as before, all operators are zero within the 95% confidence intervals.

At 13 TeV, the asymmetry AC will be diluted even further, due to the increased dom-

inance of the gg → tt̄ channel, for which AC = 0. It is therefore possible that charge

asymmetry measurements (unlike cross-sections) will not further tighten the bounds on

these operators during LHC Run II.

4.6 Contribution of individual datasets

As well as the constraints presented in figure 12, it is also instructive to examine the quality

of fit for different datasets. We quantify this by calculating the χ2 per bin between the

data and the global best fit point, as shown in figure 11.
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Overall, excellent agreement is seen across the board, with no measurement in obvious

tension with any other. The largest single contributors to the χ2 come from the rapidity

distributions in top pair production. It has been known for some time that these are quite

poorly modelled with Monte Carlo generators, especially in the boosted regime. It is quite

likely that this discrepancy stems from the QCD modelling of the event kinematics, rather

than potential new physics. Moreover, in a fit with this many measurements, discrepancies

of this magnitude are to be expected on purely statistical grounds.

At the level of total cross-sections, the vanishingly small contributions to the χ2 stem

from two factors: the O(10%) measurement uncertainties, which are even larger in hadronic

channels, and the large scale uncertainties from the large kinematic range that is integrated

over to obtain the total rate. Single top production measurements are also in good agree-

ment with the SM. The associated production processes ttγ and ttZ, along with the charge

asymmetry measurements from the LHC, have a very small impact on the fit, owing to the

large statistical uncertainties on the current measurements. For the former, this situation

will improve in Run II, for the latter the problem will be worse. The forward-backward

asymmetry measurements from CDF remain the most discrepant dataset used in the fit.

5 Constraining UV models

As an illustration of the wide-ranging applicability of EFT techniques, we conclude by

matching our effective operator constraints to the low-energy regime of some specific UV

models. These models serve purely illustrative purposes.

5.1 Axigluon searches

Considering top pair production, one can imagine the four operators of eq. (4.2) as being

generated by integrating out a heavy s-channel resonance which interferes with the QCD

qq̄ → tt̄ amplitude. One particle that could generate such an interference is the so-called

axigluon. These originate from models with an extended strong sector with gauge group

SU(3)c1×SU(3)c2 which is spontaneously broken to the diagonal subgroup SU(3)c of QCD.

In the most minimal scenario, this breaking can be described by a non-linear sigma model

L = −1

4
G1µνG

µν
1 −

1

4
G2µνG

µν
2 +

f2

4
TrDµΣDµΣ† , Σ = exp

(
2iπata

f

)
, a = 1, . . . , 8.

(5.1)

Here πa represent the Goldstone bosons which form the longitudinal degrees of freedom

of the colorons, giving them mass, ta are the Gell-Mann matrices, and f is the symmetry

breaking scale. The nonlinear sigma fields transform in the bifundamental representation

of SU(3)c1 × SU(3)c2:

Σ→ ULΣU †R , UL = exp

(
iπaαaL
f

)
, UR = exp

(
iπaαaR
f

)
(5.2)

The physical fields are obtained by rotating the gauge fields G1 and G2 to the mass eigen-

state basis (
Ga1µ
Ga2µ

)
=

(
cos θc − sin θc
sin θc cos θc

)(
Gaµ
Caµ

)
(5.3)
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where the mixing angle θc is defined by

sin θc =
gs1√

g2
s1 + g2

s2

(5.4)

The case of an axigluon corresponds to maximal mixing θ = π/4, i.e. g2
s1 = g2

s2 = g2
s/2.

Taking the leading-order interference with the SM amplitude for qq̄ → tt̄, in the limit

s�M2
A, we find that the axigluon induces the dimension-six operators

C1
u

Λ2
=

g2
s

M2
A

,
C1
d

Λ2
=

5g2
s

4M2
A

,
C2
u

Λ2
=
C2
d

Λ2
=

2g2
s

M2
A

(5.5)

Substituting the marginalised constraints on the 4-quark operators, we find this translates

into a lower bound on an axigluon mass. MA & 1.4 TeV at the 95% confidence level. Since

this mass range coincides with the overflow bin of figure 3, this bound creates some tension

with the validity of the EFT approach in the presence of resonances in the tt̄ spectrum (for

a general discussion see refs. [114, 144, 145]); at this stage in the LHC programme indirect

searches are not sensitive enough to compete with dedicated searches.

5.2 W ′ searches

Turning our attention to single top production, we consider the example of the operator

O
(3)
qq being generated by a heavy charged vector resonance (W ′) which interferes with the

SM amplitude for s-channel single top production: ud̄ → W → tb̄. The most general

Lagrangian for such a particle (allowing for left and right chiral couplings) is (see e.g.

ref. [146].)

L =
1

2
√

2
VijgW ′ q̄iγµ(fRij (1 + γ5) + fLij(1− γ5))Wµqj + h.c. (5.6)

We take the generic coupling gW ′ = gSM . Since we are considering the interference term

only, which must have the same (V−A) structure as the SM, we can set fR = 0. Considering

the tree-level interference term for between the diagrams for ud̄ → W ′,W ′ → tb̄, and

taking the limit s � M ′2W (we also work in the narrow-width approximation ΓW ,ΓW ′ �
MW ,MW ′), we find

C3,1133
qq

Λ2
=

g2

4M2
W ′

(5.7)

which, using our global constraint on Ot, translates into a bound MW ′ & 1.2 TeV.

These bounds are consistent with, but much weaker than, constraints from direct

searches for dijet resonances from ATLAS [147, 148] and CMS [149], which report lower

bounds of {MA,MW ′} > {2.72, 3.32}TeV and {MA,MW ′} > {2.2, 3.6}TeV respectively.

It is unsurprising that these dedicated analyses obtain stronger limits, given the generality

of this fit. Again this energy range is resolved in our fit thus in principle invalidating

the EFT approach to obtain eq. (5.7). Nonetheless, these bounds provide an interesting

comparison of our numerical results, whilst emphasising that for model-specific examples,

direct searches for high-mass resonances provide stronger limits than general global fits.
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Figure 12. 95% confidence intervals for the dimension-six operators that we consider here, with

all remaining operators set to zero (red) and marginalised over (blue). In cases where there are

constraints on the same operator from different classes of measurement, the strongest limits are

shown here. The lack of marginalised constraints for the final three operators is discussed in

section 4.3.

6 Conclusion

In this paper, we have performed an up-to-date global fit of top quark effective field theory

to experimental data, including all constrainable operators at dimension six. For the

operators, we use the ‘Warsaw basis’ of ref. [54], which has also been widely used in the

context of Higgs and precision electroweak physics. We use data from the Tevatron and

LHC experiments, including LHC Run II data, up to a centre of mass energy of 13 TeV.

Furthermore, we include fully inclusive cross-section measurements, as well as kinematic

distributions involving both the production and decay of the top quark. Counting each

bin independently, the total number of observables entering our fit is 227, with a total

of 13 contributing operators. Constraining the coefficients of these operators is then a

formidable computational task. To this end we use the parametrisation methods in the

Professor framework, first developed in the context of Monte Carlo generator tuning [53],

and discussed here in section 3.

We perform a χ2 fit of theory to data, including appropriate correlation matrices

where these have been provided by the experiments. We obtain bounds on the Wilson co-

efficients of various operators contributing to top quark production and decay, summarised

in figure 12, in two cases: (i) when all other coefficients are set to zero; (ii) when all
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other operators coefficients are marginalised over. Our stronger constraints are on oper-

ators involving the gluon, as expected given the dominance of gluon fusion in top pair

production at the LHC (for which there is more precise data). Four fermion operators

are constrained well in general, with weaker constraints coming from processes whose ex-

perimental uncertainties remain statistically dominated (e.g. tt̄V production). We have

quantified the interplay between the Tevatron and LHC datasets, as well as that between

different measurement types (e.g. top pair, single top).

Our results currently agree well with the SM only, which is perhaps to be expected given

the lack of reported deviations in previous studies. However, the fact that this agreement

is obtained, in a wide global fit, is itself testament to the consistency of different top quark

measurements, with no obvious tension between overlapping datasets. There are a number

of directions for further study. Firstly, we can improve the theory description in our fit, to

include higher order QCD corrections in a more rigorous way, as well as moving away from

parton level observables. Secondly, new data from LHC Run II is continuously appearing,

and can be implemented in our fit as soon as it is available. The era of performing large

global fits to widely different data in the top quark sector is now upon us, and our work

on this area is ongoing.
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