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1 Introduction

The Standard Model (SM) of particle physics offers an accurate description of the interactions
of elementary particles. A large number of precise measurements at high-energy colliders
test the theory at the TeV scale. The Standard Model Effective Field Theory (SMEFT)
extends the theory with higher dimension operators compatible with the gauge symmetry
and provides a systematic framework to analyze the wealth of data in terms of potential
new physics.

The top quark, the most massive particle of the SM, has tight connections to the Higgs
boson and plays a prominent role in many extensions of the SM. In particular, the top and
bottom quark electro-weak couplings can be modified in composite Higgs/extra dimension
models and scenarios with vector-like quarks [1–3]. Its properties make it particularly suited
for experimental investigation and a rich experimental programme has developed around the
top quark since its discovery in 1995 [4, 5]. The Tevatron experiments could characterize
the top quark interactions with the gluon, through the QCD production mechanism, and
with the W boson, through the electro-weak decay t→Wb and single top quark production
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processes. The Large Hadron Collider (LHC) experiments provide new measurements of
these traditional probes with increased precision and in an extended kinematic regime,
and have observed rare associated production processes that provide a direct probe for the
couplings of the top quark with the photon, the Z boson and the Higgs boson.

Compared to previous Effective Field Theory (EFT) analyses of the top quark
sector [6–10], we extend the set of measurements considerably. We incorporate recent
differential measurements in pp → tt̄γ and pp → tt̄Z production, and measurements of
the pp → tt̄W , pp → tt̄H, pp → tZq and pp → tγq inclusive cross-sections. The precise
measurements of the Z → bb̄ vertex at LEP and SLD [11] remain very relevant and are
included, as well as legacy Tevatron measurements.

In this paper we use this large set of measurements at high-energy colliders to provide
a complete characterisation of the electro-weak couplings of the top quark. We derive
bounds on eight Wilson coefficients of the relevant dimension-six two-fermion operators. An
important effort is made to ensure that the results are robust. Importantly, we estimate the
correlations between measurements and evaluate their impact on the fit results. The main
limitations of the SMEFT analysis, due to the truncation of the expansion at dimension-six
and due to the suppression of certain degrees of freedom, are also addressed in detail. As the
main result of this paper, we present robust limits on the effects of high-scale phenomena
beyond the SM on the top quark electro-weak couplings that include the most recent LHC
Run 2 results.

Several groups have performed combined EFT fits of the top, Higgs and electro-weak
sectors [12, 13], while others have explored the interplay between top quark physics and
the flavour factories [14–18]. In addition, three recent studies explore events involving top
quarks and Z bosons to further constrain some electro-weak couplings [19–21].

2 Effective Field Theory framework

Effects of new physics in the couplings of the top quarks can be described as effective
interactions of SM particles at energies below a new physics matching scale Λ. These
effective interactions can be parameterised in terms of a set of Wilson coefficients Ci of
dimension-six operators Oi in the effective Lagrangian,

Leff = LSM +
(

1
Λ2

∑
i

CiOi + h.c.
)

+O
(
Λ−4

)
, (2.1)

where the sum runs over a total of ten operators that involve top quarks, as described below,
and which can be interpreted in terms of new physics mediators. This EFT preserves the
local and gauge symmetries of the SM, and operators with odd dimension are omitted since
they will violate baryon or lepton number.

The SMEFT predictions of a physical quantity, X, can be written in this form:

X = XSM +
∑
i

Ci
Λ2X

(1)
i +

∑
ij

CiCj
Λ4 X

(2)
ij +O

(
Λ−4

)

= XSM ×

1 +
∑
i

Ci
Λ2

X
(1)
i

XSM
+
∑
ij

CiCj
Λ4

X
(2)
ij

XSM

+O
(
Λ−4

)
.

(2.2)
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This expression contains the SM part, the interferences of the effective dimension-six
operators with the SM (referred to as “linear terms”) which are proportional to Ci/Λ2, and
“quadratic terms” proportional to CiCj/Λ4. The effects of dimension-eight operators and
the so-called “double insertions” terms of dimension-six operators that contribute at Λ−4

order are not included. To assess the validity of the EFT expansion, we compare fits with
and without Λ−4 terms, as recommended by the LHC Top Working Group [22], and discuss
the robustness of the bounds in detail in sections 7 and 8.

The number of operators involved in the most general EFT description is prohibitive
for an analysis of this type. Therefore, here we select a subset of operators that provides
an adequate basis for a study of new physics effects in the top and bottom quark electro-
weak couplings. We focus on the two-fermion operators that affect top and bottom quark
interactions with the vector, tensor or scalar Lorentz structures listed below, and we use
the Warsaw basis [23] (see also refs. [24, 25]) following the conventions proposed by the
LHC Top Working Group [22]:

O1
ϕQ ≡

1
2 (q̄γµq)

(
ϕ†i
←→
Dµϕ

)
,

O3
ϕQ ≡

1
2
(
q̄τ Iγµq

) (
ϕ†i
←→
D I
µ ϕ
)
,

O−ϕQ ≡ O
1
ϕQ −O3

ϕQ,

Oϕu ≡
1
2 (ūγµu)

(
ϕ†i
←→
Dµϕ

)
,

Oϕd ≡
1
2
(
d̄γµd

) (
ϕ†i
←→
Dµϕ

)
,

Oϕud ≡
1
2 (ūγµd)

(
ϕT εiDµϕ

)
,

OuW ≡
(
q̄τ Iσµνu

) (
εϕ∗W I

µν

)
,

OdW ≡
(
q̄τ Iσµνd

) (
ϕW I

µν

)
,

OuB ≡ (q̄σµνu) (εϕ∗Bµν) ,
OdB ≡ (q̄σµνd) (ϕBµν) ,
OuZ ≡ − sin θWOuB + cos θWOuW ,
OdZ ≡ − sin θWOdB + cos θWOdW ,

Ouϕ ≡ (q̄u)
(
εϕ∗ ϕ†ϕ

)
,

Odϕ ≡ (q̄d)
(
εϕ∗ ϕ†ϕ

)
.

(2.3)

The underlined operators O1
ϕQ, OuB and OdB are not used directly, but are present in

the linear combinations O−ϕQ, OuZ and OdZ . The operators O1
ϕQ and O3

ϕQ modify the left-
handed couplings of the Z boson to down-type and up-type quarks. Two further operators
Oϕu (Oϕd) modify the right-handed couplings of the Z boson to up-type (down-type) quarks.
The electro-weak dipole operators labeled OuW (OdW ) and OuZ (OdZ) give rise to tensor
couplings of the photon and Z boson to the up-type (down-type) quarks and induce an
anomalous dipole moment. The O3

ϕQ and OuW operators also modify the charged-current
interactions of the up-type quarks with a W boson and left-handed down-type quark, while
Oϕud and OdW give rise to interactions between the up-type quarks with a W boson and
right-handed down-type quark. Finally, Ouϕ and Odϕ modify the Yukawa couplings of
up-type and down-type quarks.

Operators that modify only the bottom quark electro-weak couplings, Oϕd and OdZ ,
are taken into account in the fit since we include measurements from electro-weak precision
data, but limits on their coefficients are not reported in this paper since the obtained values
are not competitive enough using only the observables considered in our fit. The operator
that shifts the bottom quark Yukawa, Odϕ, is not included in the fit, as the measurements
considered here are not sensitive to it.

– 3 –



J
H
E
P
0
2
(
2
0
2
2
)
0
3
2

For the fits without (with) Λ−4 terms, we report results for six (eight) operator coef-
ficients that characterize the top quark couplings to the Z boson, the photon and the Higgs
boson and the charged-current tWb vertex. Substituting u for t and d for b, the list reads:

C−ϕQ, C
(3)
ϕQ, Cϕt, CtW , CtZ , Ctϕ, (Cϕtb, CbW ).

This choice of basis omits several degrees of freedom. The CP-violating imaginary parts
of those operators are left for future work. The four-fermion operators with two light quarks
and two heavy quarks (qqQQ), and the two-fermion operator OtG =

(
q̄σµνTAu

) (
εϕ∗GAµν

)
,

that modifies the tt̄g vertex, are not included in the baseline fit, but their impact is studied
in section 8. Finally, four-fermion operators with two leptons and two heavy quarks (``QQ)
are not included. These can be constrained with carefully constructed measurements at
the LHC [26] and through loop effects in B-factories [14, 15]. Very strong bounds can be
derived at a future lepton collider [6].

3 Measurements

In this work, we include for the first time the differential cross-section measurements of
tt̄Z and tt̄γ processes (sensitive to top quark neutral-current interactions). Inclusive cross-
section measurements are considered for tt̄W and tt̄H production, single top production
in the t-channel (tq), associated production (tW ) and s-channel (tb̄), and single top quark
production in association with Z boson or a photon (tZq and tγq). We also includeW boson
helicity fractions (sensitive to charged-current interactions). Finally, measurements of Rb and
Abb̄FBLR in bottom quark pair production at the Z-pole from the LEP and SLD experiments
(sensitive to operators that affect the left-handed couplings of the top and bottom quarks)
are included. The selected measurements are summarized in table 1. Counting the bins in
the differential cross-section measurements, the total number of observables (nobs) is 30.

For LHC observables at
√
s = 13 TeVwhere no official combinations are available,

measurements either from ATLAS or CMS experiment (but not both) are included. In case
results are available for several final states depending on the decay mode of the top quarks
or associated bosons, measurements are chosen to be (nearly) orthogonal. In addition,
for observables that have been measured at multiple center-of-mass energies, only one
measurement is included in order to avoid issues with correlations. The one exception is the
s-channel single top quark production, where both Tevatron and LHC results are included
since they have similar sensitivity and are independent data sets. In most cases, the latest
Run 2 results at 13 TeV are chosen, but for the measurements of the single top quark
cross-sections and W boson helicity fractions the combined (ATLAS+CMS) LHC 8 TeV
results are preferred. For two single top quark production channels, pp→ tq and pp→ tW ,
the cross-sections have also been measured at 13TeV (although no LHC combinations are
available). We have checked that including such measurements at 13TeV, in addition to
those at 8TeV, has a negligible impact in our limits. This check reinforces our strategy of
including only the measurement at one center-of-mass energy.

Even among measurements of different processes, correlations might have a non-
negligible effect, as experimental and modelling systematic uncertainties have common

– 4 –



J
H
E
P
0
2
(
2
0
2
2
)
0
3
2

Process Observable
√
s

∫
L Experiment SM Ref.

pp→ tt̄H + tHq σ 13TeV 140 fb−1 ATLAS [27] [28]
pp→ tt̄Z dσ/dpZT (7 bins) 13TeV 140 fb−1 ATLAS [29] [30]
pp→ tt̄γ dσ/dpγT (11 bins) 13TeV 140 fb−1 ATLAS [31, 32] [33]
pp→ tZq σ 13TeV 77.4 fb−1 CMS [34] [35]
pp→ tγq σ 13TeV 36 fb−1 CMS [36] [36]
pp→ tt̄W σ 13TeV 36 fb−1 CMS [27, 37] [38]
pp→ tb̄ (s-ch) σ 8 TeV 20 fb−1 LHC [39, 40] [41]
pp→ tW σ 8 TeV 20 fb−1 LHC [42] [41]
pp→ tq (t-ch) σ 8 TeV 20 fb−1 LHC [39, 40] [41]
t→Wb F0, FL 8 TeV 20 fb−1 LHC [43] [44]
pp̄→ tb̄ (s-ch) σ 1.96 TeV 9.7 fb−1 Tevatron [45] [46]
e−e+ → bb̄ Rb, AbbFBLR ∼ 91 GeV 202.1 pb−1 LEP/SLD — [11]

Table 1. Measurements included in the EFT fit of the top quark electro-weak sector. For each
measurement, the process, the observable, the center-of-mass energy, the integrated luminosity and
the experiment/collider are given. The last two columns list the references for the predictions and
measurements that are included in the fit. LHC refers to the combination of ATLAS and CMS
measurements. In a similar way, Tevatron refers to the combination of CDF and D0 results, and
LEP/SLD to different experiments from those two accelerators.

sources. The theory predictions can also be correlated, through the parton density functions
and the similarity of the matrix elements of the several associated production processes.
When available, we have included published experimental correlations, for instance for the
LEP and SLD measurements [11] and the W boson helicity fractions [44]. In the case of
tt̄γ and tt̄Z differential cross-section measurements [30, 33] as function of the gauge boson
transverse momentum, the correlations among bins provided by the experiments are also
included. For the remaining observables, we have defined an ansatz correlation matrix to
test the robustness of the fit results (see section 8).

Several processes deserve some further discussion. The tt̄γ cross-section measurement
receives contributions from the tWγ process and from tt̄ events, where one of the top quark
decay products (i.e. the b quark or W boson or its decay products) emits a photon. Events
without a top-photon vertex dilute the sensitivity to the EFT operator coefficients [47].
The fiducial region definition and the differential analysis in the ATLAS measurement [33]
mitigate their impact, as the photons emitted by decay products tend to be close to jets
and are predominantly soft. We account for tWγ and photons from top decay products
fully in the SM prediction, but ignore these contributions in the EFT parameterisation.

Similarly, the tt̄H cross-section measurement includes also tH (due to the difficulty to
disentangle the two processes experimentally). The latest ATLAS combination of several
final states has been used [28]. The tH contribution is included in the SM prediction and
in the EFT parameterisation.

The tt̄W measurement from the CMS experiment [38] targets the multi-lepton final
state and is inclusive in the number of jets. Thus, the parameterisation considers the
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pp → tt̄W process at NLO in QCD and additionally explicitly takes into account the
contribution of the electro-weak tt̄Wq production, as done in ref. [48]. The latter process
includes tW → tW scattering diagrams which have a strong sensitivity to Cϕt operator [49].

4 Fit setup

The dependence of the observables included in the fit on the Wilson coefficients, that is the
X

(1)
i /XSM and X(2)

ij /XSM terms in eq. (2.2), is evaluated with the Monte Carlo generator
MadGraph5_aMC@NLO v.2.7.0 [50] using a fixed order calculation except for t→Wb decay for
which the analytical calculation at NLO is used [51]. Two UFO models are employed. The
SMEFT@NLO1 model [52] is used for most of the operators and the predictions are derived at
NLO in QCD, except for the observables from LEP, SLD and Tevatron colliders which are
parameterised at LO. The parameterisation for the bottom-quark operators (ObW , Oϕtb,
ObZ and Oϕb) are obtained with the TEFT_EW model [53]. Both linear and quadratic terms
are considered, as well as the interference between the different operators.

The SMEFT@NLO model uses the mW ,mZ , GF input electro-weak scheme while the
TEFT_EW model uses the α−1

EM (mZ),mZ , GF scheme:

α−1
EM (mZ) = 127.95, GF = 1.16637× 10−5 GeV−2,

mt = 173.3GeV, mH = 125GeV, mZ = 91.1876GeV, mW = 79.8244GeV.

The other fermion masses are taken to be zero.
The value of XSM at the beginning of eq. (2.2) is scaled to the best theoretical prediction

for each observable, as documented in the references given in table 1.
The fit to data is performed using the open source HEPfit package [54, 55]. HEPfit

is a general tool designed to combine direct and indirect constraints in the SM [56], in
EFT [6, 57] or in particular BSM extensions [58, 59]. Its flexibility allows to easily implement
any BSM model or observable. The fit is performed as a Bayesian statistical analysis of
the model, in which both theoretical and experimental uncertainties are included. HEPfit
includes a Markov Chain Monte Carlo implementation provided by the Bayesian Analysis
Toolkit [60] to explore the parameter space.

5 Compatibility with the SM predictions

Prior to the SMEFT fit, the quality of the fit of the selected observables (nobs = 30) to the
SM predictions has been investigated. The correlations among the different data points
within a given process, such as the different bins in the tt̄Z and tt̄γ differential cross-
section measurements, the two W boson helicity fractions (F0 and FL) and the LEP/SLD
observables of the Zbb̄ vertex, were published by the experiments and thus are considered
in the fit. The obtained chi-square value is χ2

SM/(nobs − 1) = 21.3/29, corresponding to a p-
value of 0.85. Overall, a good agreement between the SM predictions with the experimental
results is seen. However, some observables exhibit some tension with the SM predictions,

1Either SMEFTatNLO_U2_2_U3_3_cG_4F_LO_UFO or v1.0.1 are used.
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1 2012
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Figure 1. Contributions to the χ2
SM of some of the input measurements, together with their

discrepancy with respect to the SM predictions. The full fit has 30 data points and a cumulative
χ2

SM ∼ 21.3. The negative values indicate that the prediction is lower than the measurement. Both
theoretical and experimental uncertainties are considered.

such as few of the pT bins of the tt̄Z and tt̄γ cross-section measurements. Figure 1 shows
the χ2

SM values for some of the input measurements as well as their discrepancy.

6 Interplay between measurements and operator coefficients

Figure 2 shows the individual 95% probability bounds on the eight operator coefficients
considered in our fit with Λ−4 terms. The bounds from measurements in different processes,
ordered from most to least constraining (going from left to right), are presented for each
coefficient.

The associated production processes of a top quark pair with a Z boson or a photon
play an important role in the fit, especially for Cϕt and CtZ where they provide the leading
constraints. For these processes, the bounds obtained from the inclusive cross-section, indi-
cated by the full length of the bar, are compared to the differential measurements, indicated
with a darker shading. The bound from the differential measurement is considerably more
stringent, especially for tt̄γ, thanks to the enhanced sensitivity in events where the boson is
emitted with a large transverse momentum.

The existing data provide multiple constraints on the different operator coefficients.
The one exception is Ctϕ, the coefficient that modifies the top quark Yukawa coupling, that
is only bounded by the measurement of the tt̄H production rate in our fit. In a fit including
more Higgs data, additional constraints arise from the loop diagrams in gg → H production
and H → γγ decay.2

2These two processes give quite competitive individual bounds, but these are not very robust when all
other Higgs operators affected by those processes are included in the analysis [61–63]. Recent global fits of
top, Higgs and electro-weak data [12, 13] confirm this pattern.
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Figure 2. Individual constraints on the eight Wilson coefficient resulting from measurements in
different processes. The y-axis corresponds to the full width of the 95% probability interval for fits
including Λ−4 terms. The observables are set to their SM predictions, maintaining the experimental
uncertainty. The dark shading indicates the bound from the tt̄γ and tt̄Z differential cross-sections.
Besides QCD production, in the case of tt̄W process, the contribution of the electro-weak tt̄Wq

production is also included.

The Z-pole data collected by the LEP/SLD experiments, as included in the electro-weak
precision observables [11], continue to yield very tight bounds on three operator coefficients:
C3
ϕQ, C

−
ϕQ and CbW . The bound on the former two is multiplied by a factor 10 to facilitate

the comparison.
The electro-weak dipole operator CtW is mainly constrained by W boson helicity

fractions (F0 and FL) and also by the tt̄γ differential cross-sections. The charged current
interactions to right-handed bottom quarks, described by Cϕtb operator, are difficult to con-
strain and recent tZq cross-section measurements are as sensitive as the F0 and FL fractions.

The power of the measurements to simultaneously constrain multiple Wilson coefficients
is illustrated in figure 3. The 95% probability bounds obtained in two-parameter fits to a
single measurement are shown as areas of different colours. The red area shows the result of
the global fit (ten-operator coefficients), where the result is marginalised over the remaining
operator coefficients.

The limits on the left-handed couplings of the Z boson to quarks, rescaled by C3
ϕQ

and C−ϕQ, are dominated by the LEP and SLD electro-weak precision measurements in
Z → bb̄ decay although they only constrain a linear combination. This linear combination
is disentangled once we add other processes like tZq, tq or tt̄Z. The strongest limit on Cϕt,
right-handed couplings of the quarks to the Z boson, is obtained from the measurements of
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ϕQ and Cϕt in

the upper leftmost panel, CtW and CtZ in the upper rightmost panel, C3
ϕQ and CtW in the middle

leftmost panel, CtW and Cϕtb in the middle rightmost panel, C3
ϕQ and C−

ϕQ in the lower leftmost
panel, and Cϕtb and C3

ϕQ in the lower rightmost panel. Bounds are presented for two-parameter fits
to the most constraining measurements. The global fit results, marginalising over all other Wilson
coefficients, are also shown (red area). All these fits include Λ−4 terms. Besides QCD production,
in the case of tt̄W process, the contribution of the electro-weak tt̄Wq production is also included.

the associated tt̄Z production cross-section. The tt̄Z cross-section also yields a powerful
constraint on CtZ coefficient. The helicity fractions of the W boson in top quark decays
provide a tight bound on CtW and Cϕtb, while the tt̄γ cross-section provides a complementary
constraint on a linear combination of the two dipole operator coefficients.
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In both planes in the top, one can see that the differential measurements of the
associated tt̄Z and tt̄γ production processes improve the bounds very considerably with
respect to the inclusive cross-sections. The differential tt̄Z cross-section disentangles C−ϕQ
and Cϕt, and improves the limit on CtZ by a factor two. The differential tt̄γ cross-section
restricts the allowed area in the CtW − CtZ plane.

The tZq process and the W boson helicity fractions constrain the Cϕtb − CtW plane
giving complementary limits. A similar behaviour can be seen in the Cϕtb − C3

ϕQ plane,
where the limits obtained from tZq and tq processes are complementary and once they are
combined a much stronger constraint is obtained.

7 Bounds of a global EFT fit (to all operator coefficients)

The main results of this work are the 68% and 95% probability intervals for the Wilson
coefficients that modify the top quark electro-weak couplings. Two set of results are given
for global fits with O(Λ−2) and O(Λ−4) terms, as shown in figure 4, in orange and blue
respectively. In this figure we also show the result for different stress tests that we have
performed to test the robustness of the results. The dotted light brown lines show the result
increasing the basis of the linear baseline fit with CtG and seven additional four-fermion
operators. The dotted dark brown lines show the result of including correlations between the
observables considered in the linear baseline fit. Finally, the red lines show the envelope of
all the stress tests that we have performed. The discussion of these stress tests is postponed
to the next section. The coefficients Cϕtb and CbW coefficients can not be constrained in
the linear fit since their X(1)

i terms in eq. (2.2) vanish in the limit mb → 0.
Overall, the two global fits with O(Λ−2) and O(Λ−4) yield comparable results and all

of the coefficients are centered at zero within 95% probability intervals. The difference
between the two sets of results is sizeable only for the dipole operator coefficient CtZ . This
bound is dominated by the tt̄γ and tt̄Z differential cross-section measurements, where the
term proportional to Λ−2 is known to be strongly suppressed [53]. A small shift (within
95% probability intervals) is seen for Cϕt driven by the sixth pT bin of the tt̄Z cross-section
measurement in which data are below the prediction. In addition, the C3

ϕQ and C−ϕQ
coefficients are slightly shifted in opposite directions. The dependence of the fit result on
terms proportional to Λ−4 is significantly reduced compared to previous analyses [6]. As
the LHC measurements become more precise, the bounds remain more and more in the
range where the linear terms are dominant and the fit results are valid in full generality.

The obtained limits (95% probability intervals) for the fitted operator coefficients are
presented in table 2. For completeness, the limits obtained when fitting only one parameter
and fixing the others to zero (individual fits) are also shown in this table. The obtained
bounds for C3

ϕQ and C−ϕQ in the individual fits are much better than for the global fits. For
the rest of coefficients, the limits do not degrade that much in the global fit.

The EFT fit with terms O(Λ−4), with ten floating Wilson coefficients, returns a log-
likelihood value logLEFT = −10.1 (see table 3) and the additional degrees of freedom do not
improve the already excellent agreement of the fit. The observables that contribute most to
the log-likelihood are the differential cross-section measurements of tt̄Z (∆ logL = 5.8) and
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Baseline Λ−4 Baseline Λ−2 4F Λ−2 All Corr. Λ−2 Robust Limit

Figure 4. Results of the global fits with O(Λ−2) (in orange) and O(Λ−4) (in blue) terms. The
two thin lines below each of them correspond to additional fits performed to test the robustness of
the results: to account for the effects of the inclusion of further operators and for the correlations
between all the different measurements (as described in section 8). The red markers correspond to
the envelope of those additional fits plus another one that accounts for the theoretical uncertainties
on the parameterisations.

C/Λ2 Linear (95% probability) Lin.+Quad. (95% probability) (95% probability)
(TeV−2) Individual Global-Baseline Individual Global-Baseline Global-Robust
Ctϕ [−3.17, 3.47] [−3.13, 3.63] [−3.05, 4.05] [−2.82, 4.92] [−121.82, 62.82]
C−ϕQ [−0.038, 0.079] [−2.84, 0.78] [−0.038, 0.079] [−2.42, 1.62] [−2.84, 1.62]
C3
ϕQ [−0.019, 0.040] [−0.41, 1.39] [−0.019, 0.040] [−0.94, 0.81] [−0.94, 1.39]
Cϕt [−6.6, 1.8] [−8.96, 0.96] [−8.6, 1.5] [−9.01, 1.11] [−37.50, 21.50]
CtW [−0.30, 0.38] [−0.26, 0.44] [−0.28, 0.32] [−0.19, 0.50] [−0.35, 0.50]
CtZ [−0.82, 2.21] [−0.75, 2.37] [−0.39, 0.57] [−0.35, 0.88] [−2.43, 3.53]
Cϕtb — — [−6.61, 6.71] [−7.55, 7.05] —
CbW — — [−0.47, 0.47] [−0.91, 0.91] —

Table 2. Allowed ranges of the Wilson coefficients with a probability of 95% expressed in TeV−2

including only linear terms or linear and quadratic terms. We show, from left to right, the results
of five fits: individual with linear terms, global baseline with linear terms, individual with linear
and quadratic terms, global baseline with linear and quadratic terms and global robust limits. The
robust result accounts for the effects of the correlations between the observables, the inclusion of
further operators and the theoretical uncertainties on the parameterisations.
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Fit Correlation logL χ2/d.o.f p-value
SM All published −10.6 21.3/29 0.85
SM + our ansatz −11.6 23.2/29 0.77

EFT Quad. All published −10.1 20.1/19 0.39
EFT Quad. + our ansatz −10.2 20.4/19 0.37
EFT Lin. All published −10.7 21.5/22 0.49
EFT Lin. + our ansatz −11.0 22.1/22 0.45

Table 3. Values of logL, χ2/d.o.f and p-values for different assumptions on the correlations among
the measurements in the SM and EFT fits. “All published” include the theoretical correlations and
the published experimental correlations of the tt̄Z, tt̄γ, F0 − FL and LEP/SLD measurements. The
number of degrees of freedom (d.o.f.) is the number of observables (nobs) minus the number of fitted
parameters and minus one. We assume Gaussian errors to extract the χ2 from logL.

tt̄γ (∆ logL = 2.7) processes as a function of the boson transverse momentum, with 7 and
11 bins respectively. Similar values are obtained for the fit with O(Λ−2) terms.

A convenient metric to quantify the strength of the constraints in the n-dimensional
parameter space of effective-operator coefficients is the so-called global determinant pa-
rameter (GDP) defined as the 2n root of the Gaussian covariance matrix determinant [64]:
GDP = 2n

√
detV . This figure of merit measures the hypervolume of the allowed parameter

space, taking into account the correlations among coefficients. As it assumes that the errors
are Gaussian, we cannot use this determinant in the fit including O(Λ−4) terms but it is
still interesting to show the results for the fit including only O(Λ−2) terms. For the partial
Run 2 result that we reported in 2019 [6] we obtain a GDP score of 1.37. The new Run 2
data included in the current fit improves the GDP to 0.58 with inclusive measurements
only, and to 0.49 when the differential measurements are used. The bounds on the Wilson
coefficients are improved, on average, to 70% thanks to the addition of the new LHC Run 2
measurements.

8 Robust bounds

In this section, a number of effects have been investigated to test the validity of the obtained
limits. We assess the quantitative impact of the inclusion of further degrees of freedom of
the SMEFT, of correlations among the different observables, and of missing higher-orders
(uncertainty on the scale choice) for the parameterisation between the observables and the
Wilson coefficients.

8.1 Theory uncertainties on the parameterisation

Theoretical uncertainties due to missing higher orders in αs in the predictions for the terms
X

(1)
i /XSM and X(2)

ij /XSM in eq. (2.2), that parameterise the dependence of the observables
on the Wilson coefficients, have also been considered. However, this effect does not have
an important impact on the fit (maximum of 5%) given that most of the predictions are
extracted at NLO.
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8.2 Limitations of the basis

The set of operators included in the fit ignores the impact of the two-fermion operator CtG
and of the four-fermion operators with two light quarks and two heavy quarks. In global
fits, these are constrained by the precise tt̄ cross-section measurements at the Tevatron and
LHC, but may still have an impact on the tt̄X production cross-sections. The sensitivity
to these operator coefficients is assessed by extending the operator basis with CtG and
the seven four-fermion operators that affect the tt̄X processes included in the analysis via
O(Λ−2) terms at LO QCD [7]. The Wilson coefficients of these four-fermion operators are

C8
tu, C

8
td, C

1, 8
Qq , C

3, 8
Qq , C

8
Qu, C

8
Qd, C

8
tq,

which are defined with the same notation of ref. [7].
To provide a constraint on these additional degrees of freedom, the inclusive pp̄→ tt̄

cross-section measurement from the Tevatron experiments [65] and the pp→ tt̄ cross-section
at 13TeV [66] are included in this extended fit. In order to perform a competitive global fit
on these additional degrees of freedom we should include more observables, like differential
measurements of pp→ tt̄, the tt̄ charge asymmetry [67] or the top energy asymmetry [68].
The purpose of this analysis is just to see the degradation of our limits due to extending
the basis, not to find a competitive constraint on CtG and/or the four-fermion operators.

Looking at the dotted light brown lines of figure 4, we clearly see how extending the
basis has a slight effect on CtW , C3

ϕQ and C−ϕQ. The limits on CtZ are degraded by a factor
of two but they are still competitive. For Cϕt and Ctϕ the limits are totally ruined. Indeed,
these three operators (CtZ , Cϕt and Ctϕ) that are mostly affected by extending our basis
are mainly constrained by tt̄X cross-section measurements in the baseline fits, as can be
seen in figure 2. Precisely, these cross-sections are the ones affected by the presence of CtG
and the four-fermion operators.

Operators with two heavy quarks and two charged leptons (type tt̄l+l−) are also ignored
in our fit. Their impact on the operators that are constrained by the measurements in the
tt̄Z process must be assessed carefully in future work [26].

8.3 Correlations between measurements

The selection of measurements included in our fit aims to minimise the statistical corre-
lation among them. However, the correlation of experimental and theoretical systematic
uncertainties among the different processes could be sizeable. Since such correlations have
not been provided by the experiments, we vary them from zero to the ansatz discussed here.

For the experimental correlations, we estimate an ansatz as follows. For each pair of
measurements we break down the uncertainties reported in the experimental publications
into: i) statistical, ii) mildly correlated, and iii) highly correlated systematic uncertainties.
The combined correlation between two observables i and j is then given by:

ρ̄αij =
∑
α ρiju

α
i u

α
j√

(
∑
α u

α
i u

α
i )
(∑

α u
α
j u

α
j

) , (8.1)
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where uαi is the uncertainty of the observable i, α runs over the three categories of uncer-
tainties and ρij is an ansatz which varies from 0 to 0.5 (depending on the source of the
uncertainty).

In addition, theoretical uncertainties on the predictions can be correlated, due to the
PDFs and the similarity of certain production processes. For the observables measured at
the LHC, the ansatz for this correlation is: 100% between the different bins of tt̄Z and tt̄γ
differential cross-sections, −100% between the two W helicity fractions F0,L, and either 20%
or 50% between the other 13TeV measurements and some 13TeV-8TeV and 8TeV-8TeV
pairs. The correlations of a given observable with FL have opposite sign compared to the
correlations of such observable with F0.

The ansatz for the correlations is a rough estimate, but allows us to investigate the
robustness of the result. The most significant effects are the shifts observed for Cϕt, C−ϕQ
and C3

ϕQ coefficients. The shifts are small compared to the width of the 95% probability
interval, which are O(1 TeV−2) for the C−ϕQ and C3

ϕQ coefficients and O(10 TeV−2) for
Cϕt. The shifts on Cϕt increase the tension with the SM. The log-likelihood of the fit in
table 3 goes to larger negative values as the degree of correlation among the measurement
increases, but this corresponds to a very mild decrease in the p-values.

8.4 Discussion

We have attempted to perform a robust analysis and have presented several stress tests to
assess the impact of the limitations of EFT analyses. The “robust limits”, obtained as the
envelope of all these fits, are indicated with red vertical lines in figure 4 and in the right
column of table 2.

In the baseline fits we have included all published correlations between measurements,
taking advantage in particular of LHC combinations whenever available. To avoid strong-
and unknown-correlations between measurements, we have included only the most precise
measurement of each observable, discarding less precise measurements by other experiments,
and at other centre-of-mass energies. We have also checked that, whenever available,
including measurements at two center-of-mass energies, has a negligible impact in our
limits. This reinforces our strategy of including them only at one center-of-mass energy. To
estimate the residual impact of correlations, we include a complete covariance matrix with
plausible ansatz values. The fit is found to be relatively robust to the assumed correlations,
with minor changes in the results for three operator coefficients. Compared to ref. [16],
correlations seem relatively harmless. We consider that this is due to our choice to select a
single result among redundant measurements. Eventually, with the legacy combinations by
the ATLAS and CMS collaborations, this unsatisfactory reduction of the data set will no
longer be necessary.

9 Conclusions

The most precise measurements of top quark associated production with bosons from
ATLAS and CMS experiments at LHC, the latest LHC combined results of W boson
helicity fractions and single top quark production, as well as a few legacy LEP/SLD and
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Tevatron measurements have been considered to perform a global analysis of the top quark
electro-weak sector in the SMEFT.

We find that the Standard Model offers an adequate description of the 30 observables
included in the fit. The total χ2/d.o.f. is 21.3/29, corresponding to a p-value greater than
80%. The 95% probability intervals of the SMEFT fit include the SM prediction (C = 0)
for the eight Wilson coefficients that modify the top quark electro-weak couplings. The
global 95% intervals vary from ±0.35 to ±8 TeV−2.

The results of our fit improve significantly with respect to a previous analysis of partial
Run 2 data [6]. This demonstrates the value of recent LHC results based on analyses of the
complete Run 2 data set. In particular, the differential cross-section measurements for the
tt̄Z and tt̄γ processes represent a significant step forward.

Following LHC Top Working Group recommendations [22], we report the results of
two EFT fits, with parameterisations including only terms proportional to Λ−2 or with
both O(Λ−2) and O(Λ−4) terms. The largest difference between the two fits is observed
for the coefficient CtZ , where the bound still relies strongly on quadratic O(Λ−4) terms (as
signalled already by ref. [53], the Λ−2 term is suppressed in tt̄X production).

We have made an important effort to study the resilience of the bounds against
uncertainties inherent in the EFT framework. We present robust bounds that take into
account the uncertainties due to missing higher orders in αs, potential correlations among
the different observables and missing degrees of freedom. The analysis is found to be quite
robust against the first two effects but only robust for some operators against the inclusion
of other degrees of freedom. The most sensible observables to the extension of the basis are
Ctϕ, Cϕt and CtZ , although competitive limits can still be found for the latter coefficient.
This result is in agreement with what is observed in global SMEFT fits [12, 13].

We take into account the effect of published correlations between measurements. Large
and unknown correlations are avoided by selecting a single measurement for each observable.
For pairs of measurements where no public information is available, we estimate a plausible
ansatz for the correlation. The resulting shifts of the central value are small, which
shows that the EFT analysis is reasonably robust. Of course, a rigorous treatment of
carefully estimated correlation is a necessary ingredient for a SMEFT analysis of LHC
legacy measurements that aims to reach the ultimate precision.

The bounds reported in this paper agree well with the results of more comprehensive
analyses that include data on top quark and Higgs boson production and electro-weak
precision measurements [12, 13], once the differences in the operator basis and treatment of
Λ−4 terms are accounted for. The main exception is the bound on CtZ that is significantly
stronger in our analysis. This difference can be traced back to the omission of the tt̄γ
measurement in ref. [13] and in the initial result of ref. [12]. On the other hand, refs. [12, 13]
report tighter individual bounds on the coefficients Cϕt and Ctϕ from the Higgs and electro-
weak data. This effect remains limited to individual bounds: the global bounds on the
top electro-weak couplings remain clearly dominated by top physics data. The interplay
between Higgs, electro-weak and top physics (and flavour [14]) definitely merits further
exploration.
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Figure 5. Experimental correlation matrix used. The boxes in white correspond to the correlations
published by the experiments for tt̄Z, tt̄γ and W boson helicity fractions [30, 33, 44]. The rest of
the entries correspond to our ansatz, as described in section 8.3. Cells are filled if the correlation is
higher than 10% in absolute value.
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Figure 6. Theoretical correlation matrix used. The boxes in white correspond to the correlations
between the differential bins in tt̄Z and tt̄γ (W boson helicity fractions) and a 100% (−100%)
correlation is assumed among them. The rest of the entries correspond to our ansatz, as described
in section 8.3. Cells are filled if the correlation is higher than 10% in absolute value.
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Figure 7. Correlation matrix between the different EFT operators obtained in the baseline linear
(Λ−2) fit. Cells are filled if the correlation is higher than 10% in absolute value. The operator Oϕb,
that modifies only the bottom quark electro-weak couplings, is taken into account in the fit but
limits on its coefficients are not reported since the obtained values are not competitive using only
the observables considered in our fit.
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Figure 8. Correlation matrix between the different EFT operators obtained in the baseline quadratic
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modify only the bottom quark electro-weak couplings, Oϕd and OdZ , are taken into account in the
fit but limits on their coefficients are not reported since the obtained values are not competitive
using only the observables considered in our fit.
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Figure 10. Correlation matrix between the different EFT operators obtained in the linear (Λ−2)
“4F” robustness test fit described in section 8.2. Cells are filled if the correlation is higher than 10%
in absolute value. The operator Oϕb, that modifies only the bottom quark electro-weak couplings, is
taken into account in the fit but limits on its coefficients are not reported since the obtained values
are not competitive using only the observables considered in our fit.
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