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1 Introduction

Precision measurements represent a crucial ingredient in the search of physics beyond the
Standard Model (SM). It is of the utmost importance to analyze such measurements within
general frameworks to minimize the theoretical bias. The Standard Model Effective Field
Theory (SMEFT) [1, 2] is greatly suited for that purpose, since its only assumption is the
existence of a large gap between the electroweak scale and the masses of particles beyond
the SM. The SMEFT represents a robust theoretical approach that is systematically im-
provable, that benefits from the well-known Effective Field Theory (EFT) machinery and
that can be applied to a plethora of New Physics models [3]. Its application to study the
effect of heavy new particles in precision measurements is particularly convenient since
these measurements are typically carried out at relatively low energies (at or below the
electroweak scale).

The electroweak sector is one of the cornerstones of the SM, with all interactions fixed
by the gauge symmetries, with the only free parameters being the gauge couplings. At the
end of the previous century, experiments in the LEP collider confirmed the robustness of
the SM gauge structure to a remarkable precision. Arguably, the most important legacy of
LEP is a set of electroweak precision measurements of the masses and partial decay widths
of the Z andW bosons [4, 5]. The precision program initiated by LEP has exerted enormous
influence on the particle physics research. On one hand, it offered historically important
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guidelines for subsequent discoveries of the remaining SM degrees of freedom: the top
quark and the Higgs boson. On the other hand, it severely restricted the options for new
physics near the electroweak scale. In this latter context, the benefits of model-independent
characterization of electroweak precision observables were quickly recognized, first in the
framework of the oblique parameters [6], and later in the general EFT framework [7].

The Tevatron and the LHC also have a place in this endeavour. First, they allow us
to expand the precision program onto the top and the Higgs sectors. But even in the field
of the classic electroweak observables hadron colliders have a chance to compete, despite
having a less clean environment than LEP. This was spectacularly demonstrated by the
ATLAS measurement of the W mass [8], which now dominates the global average [9]. Also
the total width [10, 11] and certain ratios of leptonic decay widths [12–14] of the W boson
are measured more precisely in hadron colliders than in LEP-2. A similar result is however
lacking regarding the Z boson mass and couplings. Naively, this is understandable, as in
this case hadron colliders have to compete with a per mille or better accuracy of LEP-1.
For instance, the determinations of the weak mixing angle at the LHC [15–17] are currently
at least a factor of three less precise than the one in LEP.

In this paper we provide a proof-of-principle demonstration that the LHC precision
measurements at the Z-pole can compete with and complement LEP. This is the case
when electroweak precision measurements are interpreted within the SMEFT framework.
As we will show, LEP alone cannot simultaneously constrain all higher-dimensional SMEFT
operators that modify the Z boson coupling to the up and down quarks. Hadron colliders,
which probe exactly these couplings when (in particular) the colliding quarks annihilate
into an on-shell Z-boson, can deliver the missing pieces of information.

Our study will rest on Drell-Yan dilepton production, pp → `+`−. The LHC col-
laborations have published precise measurements of the differential cross-sections in this
process [13, 15–19]. In fact, this is the same process from which the LHC determinations of
the SM weak mixing angle are extracted, which, as mentioned above, cannot yet compete
with LEP. But the comparison between LEP and LHC is altered once contributions from
physics beyond the SM are considered. The fact that LHC measurements of the differ-
ential cross-section in pp → `+`− agree with the SM predictions to such a high precision
represents a nontrivial constraint on possible non-standard contributions. The same holds
for different extractions of the weak angle, which are in general sensitive to different New
Physics effects. However, the extraction of such bounds cannot be carried out from the
results of the SM analysis, but requires a dedicated study.

In the context of the SMEFT, it is known that the study of pp → `+`− events with
high invariant dilepton masses provides strong constraints on 4-fermion contact interac-
tions [20–22]. This is so because the latter grow with the energy of the process, contrary
to the SM contribution, which is suppressed at high energies by the Z propagator. How-
ever, the situation is quite different for the couplings of the Z boson to fermions (Zff).
Measurements carried out by LEP1 at the Z peak were able to probe these couplings with
very high accuracy. Contrary to the case of 4-fermion interactions, the contributions to
the pp → Z/γ∗ → l+l− cross-section from non-standard Zff couplings do not grow with
energy. Thus one might naively expect that LHC data will not improve significantly our
knowledge of the Zff couplings.
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Figure 1. Allowed regions (at 95% CL) for the corrections of the Z couplings to left- and right-
handed up quarks. All other couplings are assumed to be given by their SM values. The marginal-
ized bounds at 95% CL are δgZuL ∈ [−0.028, 0.017], δgZuR ∈ [−0.064, 0.035] for the “LEP” fit and
δgZuL ∈ [−0.004, 0.005], δgZuR ∈ [−0.012, 0.009] for the “LEP+ALHC

FB ” fit.

The purpose of this work is to study qualitatively and quantitatively this question in the
SMEFT setup. In order to do that, we focus on the forward-backward (FB) asymmetry,
AFB, which is particularly clean both experimentally and theoretically [18, 19, 23, 24].
Contrary to the naive expectation, we find that current AFB measurements provide unique
information about the Z couplings to quarks that improve significantly LEP-only bounds.
This is true not just in complicated scenarios requiring intricate cancellations between
many Wilson Coefficients, but also in simple theory setups. To illustrate this last point, we
anticipate one of our results in figure 1, which shows the experimental bounds on possible
modifications of the Z couplings to left- and right-handed up quarks, assuming all other
interactions are SM-like. The impact of the inclusion of LHC AFB data is clear. The reason
why LHC can improve on the LEP determination of the Zuu couplings is that the latter
suffers from large correlations.

The rest of this work is organized as follows. In section 2 we describe the SMEFT
theory setup, and in section 3 we review the constraints obtained from “traditional” pole
data (mainly LEP, but not only). Section 4 represents the main element of this work.
The pp → `+`− FB asymmetry is introduced and used to extract bounds on the Zqq
vertex corrections, which are then compared with LEP bounds. Finally, section 5 contains
our conclusions.

2 Theory framework

The SMEFT Lagrangian [1, 2] is organized into an expansion in 1/Λ2, where Λ is interpreted
as the mass scale of new particles in the UV completion of this EFT. We truncate the
expansion at O(Λ−2), that is, we neglect operators with dimensions higher than six. The
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Lagrangian takes the form

LSMEFT = LSM + 1
Λ2

∑
i

ciO
D=6
i , (2.1)

where LSM is the SM Lagrangian, each OD=6
i is a gauge-invariant operator of dimension

D=6, and ci are the corresponding Wilson coefficients. OD=6
i span the complete space of

dimension-6 operators, see refs. [25, 26] for examples of such sets.
The SMEFT Lagrangian contains all fundamental interactions predicted in the SM, as

well as new interactions and deformations of the SM ones due to the dimension-6 operators.
In this paper we focus on Z and W pole observables, which are mainly sensitive to non-
derivative interactions between the heavy electroweak vector bosons and fermions. We
parametrize them as

LSMEFT ⊃ −
gL√

2

(
W+
µ ūLγµ(V + δgWq

L )dL +W+
µ ūRγµδg

Wq
R dR + h.c.

)
− gL√

2

(
W+
µ ν̄Lγµ(I + δgWe

L )eL + h.c.
)

−
√
g2
L + g2

Y Zµ

 ∑
f∈u,d,e,ν

f̄Lγµ((T 3
f − s2

θQf ) I + δgZfL )fL


−
√
g2
L + g2

Y Zµ

 ∑
f∈u,d,e

f̄Rγµ(−s2
θQf I + δgZfR )fR

 . (2.2)

In this Lagrangian, the SM fermion fields f are 3-vectors in the flavor space, written in
the basis where their mass terms are diagonal (for neutrinos, where their charged current
interactions are diagonal in the limit δgWe

L → 0), s2
θ = g2

Y /(g2
Y + g2

L) is the sine squared of
the weak mixing angle and V is the unitary CKM matrix. The SM massive vector fields
are denoted as W±µ and Zµ. In our conventions, their mass terms take the form

LSMEFT ⊃
g2
Lv

2

4
(
1 + δmw

)2
W+
µ W

−
µ + (g2

L + g2
Y )v2

8 ZµZµ. (2.3)

Here, gL, gY are the electroweak couplings, and v is the Higgs VEV. These electroweak
parameters are assigned numerical values by matching them to the input observables GF ,
α(mZ), mZ :

gL = 0.6485, gY = 0.3580, v = 246.22 GeV, (2.4)

where the errors can be ignored for the present purpose. The input observables are
expressed in terms of the electroweak parameters as GF = (

√
2v2)−1, α(mZ) =

g2
Lg

2
Y /(4π(g2

L + g2
Y )), mZ =

√
g2
L + g2

Y v/2, i.e. all the corrections due to the dimension-
6 operators and loops are absorbed in the definition of gL, gY , v. Given the numerical
values in eq. (2.4), the strength of the non-derivative V ff̄ interactions is completely fixed
in the SM in terms of the fermions’ quantum numbers: the weak isospin T 3

f , and the electric
charge Qf . As shown in eq. (2.2), deformations of these interactions due to the dimension-6
operators are parametrized by the vertex corrections δg, which are 3 × 3 matrices in the
flavor space and can be flavor-violating. They can be expressed as linear combinations of
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the Wilson coefficients ci in eq. (2.1) and they are O(Λ−2) in the EFT counting. Not all the
δg’s are independent in the SMEFT framework where dimension-8 and higher operators
are neglected. Expressing δg by the Wilson coefficients in any basis one finds the relation

δgZνL = δgWe
L + δgZeL , δgWq

L = δgZuL V − V δgZdL . (2.5)

In this work we restrict our attention to the flavor-diagonal part of δg. We also approximate
V by the unit matrix when it acts on O(Λ−2) terms.1

The focus of this paper is the new physics effects parametrized by the diagonal ele-
ments of δg in eq. (2.2). On the experimental side we restrict ourselves to the so-called pole
observables, where a single Z or W boson is produced and decays on-shell. The important
feature of this class of observables is that, at leading order, new physics enters only via
δg. Other effects of dimension-6 operators enter the pole observables with various suppres-
sion factors. In particular, the contributions from 4-fermion operators are suppressed by
ΓV /mV ∼ 1/16π2 [7] or by a loop factor [28] relatively to those of δg and are neglected
here. As for the dipole interactions, df f̄σµνfVµν , their interference with the SM amplitudes
is suppressed by the small fermion masses, while the quadratic effects in di are O(Λ−4) in
the EFT expansion and are consistently neglected. Thus, restricting to pole observables
largely simplifies the analysis, allowing one to avoid dealing with the huge parameter space
of the SMEFT and instead to focus on a relatively small number of parameters δg. To
be specific, we will discuss model-independent constraints on the following 20 independent
real parameters:

δgWe
L , δgWµ

L , δgWτ
L , δgZeL/R, δg

Zµ
L/R, δg

Zτ
L/R, δg

Zd
L/R, δg

Zs
L/R, δg

Zb
L/R, δg

Zu
L/R, δg

Zc
L/R, δmw. (2.6)

As mentioned earlier, in this paper we do not consider observables targeting flavor-off-
diagonal elements of the δg matrices. Therefore all δg’s above refer to the diagonal elements,
for which we will employ the shorter notation: δgV fJ

X ≡ [δgV fX ]JJ . We also do not consider
top observables, therefore we do not provide constraints on δgZtL/R. As for δgWq

R , they
affect the pole observables quadratically (because there are no SM right-handed currents
to interfere with) and thus are neglected as O(Λ−4) effects. Finally, δgZνL and δgWq

L can be
expressed by the vertex corrections in eq. (2.6) by virtue of eq. (2.5).

We will present our results in the form of a likelihood function for the parameters
in eq. (2.6), which encodes simultaneous constraints on the 19 δg’s and δmw including
all correlations. This can be translated into constraints on the Wilson coefficients in the
reader’s favorite basis, provided the map between δg and the Wilson coefficients is known.2

In appendix A we provide the map relating δg to the Wilson coefficients of the commonly
used Warsaw basis [25].

1Going beyond this approximation requires introducing some input scheme for the CKM matrix ele-
ments [27].

2Alternatively, one can use the Higgs basis defined in ref. [29], where δg’s play the role of the Wilson
coefficients and no translation is needed.
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3 Traditional pole observables

The traditional Z-pole observables are those carried out at LEP-1 and SLC, which we list
in table 1. The experimental values are taken from the classic report of ref. [4], with minor
modifications affecting the Z width, the hadronic cross section σhad and the FB asymmetry
of b quarks to take into account the recent results of refs. [30, 31]. We also include the
measurements of As and Ruc [9, 32] that, despite being less precise, are needed to remove
flat directions in the EFT parameter space.

In the case of theW boson, the traditional pole observables were carried out at LEP-2,
Tevatron and LHC, and they are summarized in table 2. We stress that this dataset includes
recent LHC results concerning the leptonic branching ratios of the W boson [12, 14, 33].
Once again, we include the not-so-precise measurements of RWc [9] to remove flat directions.

We use these pole observables to constrain the EFT coefficients in eq. (2.6). For that
we build the associated χ2 function

χ2 =
∑
ij

[Oi,exp −Oi,th] (σ−2)ij [Oj,exp −Oj,th] , (3.1)

where σ−2 is the inverse of the covariance matrix, and the theory prediction of each ob-
servable is given by

Oi,th = Oi,SM +
∑
k

αik δgk , (3.2)

where δgk runs over all the couplings listed in eq. (2.6). For the SM predictions of the Z
observables in table 1 we use the values obtained in ref. [35], which are calculated using the
couplings in eq. (2.4) and the known state-of-the-art expressions. For the W observables
in table 2 we use the SM predictions from ref. [36], except for the W mass where we use
the semi-analytic expression from ref. [37]. The uncertainties of the SM predictions are
subleading compared to the experimental uncertainties and will be neglected in this work.
In our analysis we use the αik coefficients in eq. (3.2) calculated at tree-level. Log-enhanced
one-loop corrections generated through running to higher/lower scales can be included via
the renormalization group equation [38]. Finite loop corrections [28] are neglected in this
work; see e.g. [39] for estimates of their effects in the context of a different fit. We minimize
the χ2 function with all δg corrections and δmw present simultaneously. Although all the
20 coefficients are kept all the time (and their bounds are correlated), it is instructive to
discuss the results by groups. For the leptonic couplings, we find the following central
values and 1σ errors:

[δgWe
L ]ii =

−1.3± 3.2
−2.8± 2.6
1.5± 4.0

× 10−3, (3.3)

[δgZeL ]ii =

−0.19± 0.28
0.1± 1.2
−0.09± 0.59

× 10−3, [δgZeR ]ii =

−0.43± 0.27
0.0± 1.4

0.62± 0.62

× 10−3 . (3.4)
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Observable Experimental value SM prediction Definition

ΓZ [GeV] 2.4955± 0.0023 [4, 30] 2.4941
∑
f Γ(Z → ff̄)

σhad [nb] 41.4802± 0.0325 [4, 30] 41.4842 12π
m2

Z

Γ(Z→e+e−)Γ(Z→qq̄)
Γ2

Z

Re 20.804± 0.050 [4] 20.734
∑

q
Γ(Z→qq̄)

Γ(Z→e+e−)

Rµ 20.785± 0.033 [4] 20.734
∑

q
Γ(Z→qq̄)

Γ(Z→µ+µ−)

Rτ 20.764± 0.045 [4] 20.781
∑

q
Γ(Z→qq̄)

Γ(Z→τ+τ−)

A0,e
FB 0.0145± 0.0025 [4] 0.0162 3

4A
2
e

A0,µ
FB 0.0169± 0.0013 [4] 0.0162 3

4AeAµ

A0,τ
FB 0.0188± 0.0017 [4] 0.0162 3

4AeAτ

Rb 0.21629± 0.00066 [4] 0.21581 Γ(Z→bb̄)∑
q

Γ(Z→qq̄)

Rc 0.1721± 0.0030 [4] 0.1722 Γ(Z→cc̄)∑
q

Γ(Z→qq̄)

AFB
b 0.0996± 0.0016 [4, 31] 0.1032 3

4AeAb

AFB
c 0.0707± 0.0035 [4] 0.0736 3

4AeAc

Ae 0.1516± 0.0021 [4] 0.1470 Γ(Z→e+
Le

−
L )−Γ(Z→e+

Re
−
R)

Γ(Z→e+e−)

Aµ 0.142± 0.015 [4] 0.1470 Γ(Z→µ+
Lµ

−
L )−Γ(Z→µ+

Rµ
−
R)

Γ(Z→µ+µ−)

Aτ 0.136± 0.015 [4] 0.1470 Γ(Z→τ+
L τ

−
L )−Γ(Z→τ+

R τ
−
R )

Γ(Z→τ+τ−)

Ae 0.1498± 0.0049 [4] 0.1470 Γ(Z→e+
Le

−
L )−Γ(Z→e+

Re
−
R)

Γ(Z→e+e−)

Aτ 0.1439± 0.0043 [4] 0.1470 Γ(Z→τ+
L τ

−
L )−Γ(Z→τ+

R τ
−
R )

Γ(Z→τ+τ−)

Ab 0.923± 0.020 [4] 0.935 Γ(Z→bLb̄L)−Γ(Z→bRb̄R)
Γ(Z→bb̄)

Ac 0.670± 0.027 [4] 0.668 Γ(Z→cLc̄L)−Γ(Z→cRc̄R)
Γ(Z→cc̄)

As 0.895± 0.091 [32] 0.936 Γ(Z→sLs̄L)−Γ(Z→sRs̄R)
Γ(Z→ss̄)

Ruc 0.166± 0.009 [9] 0.172 Γ(Z→uū)+Γ(Z→cc̄)
2
∑

q
Γ(Z→qq̄)

Table 1. Z pole observables. The experimental errors of the observables not separated by horizontal
lines are correlated, which is taken into account in the fit. The first Ae and Aτ values come from
the combination of leptonic polarization and left-right asymmetry measurements at SLD, while the
second values come from the LEP-1 measurements of the polarization of the τ± leptons.
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Observable Experimental value SM prediction

mW [GeV] 80.379± 0.012 [9] 80.356

ΓW [GeV] 2.085± 0.042 [9] 2.088

Br(W → eν) 0.1071± 0.0016 [5] 0.1082

Br(W → µν) 0.1063± 0.0015 [5] 0.1082

Br(W → τν) 0.1138± 0.0021 [5] 0.1081

Br(W → µν)/Br(W → eν) 0.982± 0.024 [34] 1.000

Br(W → µν)/Br(W → eν) 1.020± 0.019 [12] 1.000

Br(W → µν)/Br(W → eν) 1.003± 0.010 [13] 1.000

Br(W → τν)/Br(W → eν) 0.961± 0.061 [9, 33] 0.999

Br(W → τν)/Br(W → µν) 0.992± 0.013 [14] 0.999

RWc ≡ Γ(W→cs)
Γ(W→ud)+Γ(W→cs) 0.49± 0.04 [9] 0.50

Table 2. W pole observables. The experimental errors of the observables not separated by hori-
zontal lines are correlated, which is taken into account in the fit.

For the couplings involving strange, charm and bottom quarks, we obtain

δgZsL = (1.3± 4.1)× 10−2, δgZsR = (2.2± 5.6)× 10−2, (3.5)
δgZcL = (−1.3± 3.7)× 10−3, δgZcR = (−3.2± 5.4)× 10−3, (3.6)
δgZbL = (3.1± 1.7)× 10−3, δgZbR = (21.8± 8.8)× 10−3 . (3.7)

The data also constrain the SMEFT corrections to the W mass: δmw = (2.9± 1.6)× 10−4.
We see that the Z and W pole observables in tables 1 and 2 simultaneously constrain all
leptonic and heavy quark vertex corrections with (typically) per mille level accuracy. On
the other hand, they cannot simultaneously constrain all light quark vertex corrections;
in fact, only 3 linear combinations of δgZuL , δgZuR , δgZdL and δgZdR are probed by these
observables. It is possible to show that the linear combination

δgZuL + δgZdL + 3g2
L − g2

Y

4g2
Y

δgZuR + 3g2
L + g2

Y

2g2
Y

δgZdR (3.8)

is not probed at all by the observables in tables 1 and 2. In other words, it is a flat
direction in the O(Λ−2) EFT fit. In order to characterize the constraints on the light
quark couplings, it is convenient to introduce new variables x, y, z, t related by a rotation
to the light quark vertex corrections:

x

y

z

t

 = R


δgZuL

δgZuR

δgZdL

δgZdR

 =


0.93 −0.29 −0.23 −0.01
0.18 0.87 −0.33 −0.33
0.27 0.18 0.90 −0.29
0.17 0.37 0.17 0.90




δgZuL

δgZuR

δgZdL

δgZdR

 , (3.9)
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where R is an SO(4) matrix such that: 1) t is proportional to the flat direction in eq. (3.8);
2) x, y, z are mutually uncorrelated in the fit. The combinations x, y, z are constrained by
the above-discussed pole observables with percent-level accuracy: xy

z

 =

−0.9± 1.8
0.3± 3.3
−2.4± 4.8

× 10−2. (3.10)

As defined above, the fourth combination t is not constrained by the observables in tables 1
and 2. Another experimental input is needed to lift the flat direction, and thus to simul-
taneously constrain all four light quark vertex corrections. In ref. [40] the measurement of
Zqq̄ couplings in Tevatron’s D0 [41] is employed to that purpose. However the resulting
limit is very loose: t = (0.1± 17)× 10−2, which is an order of magnitude weaker than the
constraints in eq. (3.10) on the remaining three combinations.

In the following of this paper we show that leptonic Z asymmetries at the LHC provide
a more promising and more precise route to constrain t and lift the flat direction in the
SMEFT fit of W and Z pole observables.

4 Hadron colliders as probes of Zqq couplings

The presence of the flat direction given in eq. (3.8) and the precise LHC/Tevatron ex-
tractions of the weak angle suggest that measurements of on-shell Z production in hadron
colliders can be important from the global SMEFT perspective, even if the accuracy is
somewhat inferior compared to the most precise LEP-1 measurements. The goal of this
section is to study this in detail.

4.1 The Drell-Yan forward-backward asymmetry at the LHC

The natural LHC process to probe the Z interactions with light quarks is the Drell-Yan
production of lepton pairs, pp→ Z/γ∗ → l+l−. Indeed, at the parton level the intermediate
Z is produced via qq̄ → Z, providing tree-level sensitivity to the Zqq couplings. We will
focus on the FB asymmetry in the Drell-Yan production, which is a particularly clean
observable thanks to cancellations of various QCD and PDF uncertainties, and for which
high precision has been achieved both on the experimental and the theory side [18, 19,
23, 24]. This observable has been used to extract with high accuracy the weak mixing
angle [17], and it is currently being discussed as a possible tool to further constrain the
parton distribution functions [42, 43].

At the partonic level, the asymmetry appears in the decay angle θ∗ of the negatively
charged lepton with respect to the incoming quark direction in the center of mass frame.
It is non-zero already in the SM, due to parity-violating Z couplings to fermions. In the
SM the differential cross section of the partonic process qq → Z/γ∗ → `+`− is given at
leading order by [44]:

dσ̂qq (ŝ, cosθ∗)
d cos θ∗ ∝ σ̂even

qq (ŝ, cos θ∗) + σ̂odd
qq (ŝ, cos θ∗)

∝ Heven
qq (ŝ)

(
1 + cos2 θ∗

)
+Hodd

qq (ŝ) cos θ∗, (4.1)
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where

Heven
qq (ŝ) = 3

2
ŝ(

ŝ−m2
Z

)2 +m2
ZΓ2

Z

((
gZqV

)2
+
(
gZqA

)2
)((

gZlV

)2
+
(
gZlA

)2
)

+

+ 3 (Qq)2 (Ql)2

2ŝ + 3
(
ŝ−m2

Z

)(
ŝ−m2

Z

)2 +m2
ZΓ2

Z

QqQl g
Zq
V gZlV , (4.2)

Hodd
qq (ŝ) = 12ŝ(

ŝ−m2
Z

)2 +m2
ZΓ2

Z

gZqV gZqA gZlV g
Zl
A + 6

(
ŝ−m2

Z

)(
ŝ−m2

Z

)2 +m2
ZΓ2

Z

QqQl g
Zq
A gZlA . (4.3)

Here, ŝ is the invariant mass of the dilepton system, Qf are the electric charges and
gZfV/A ≡ gZfR ± gZfL are the vector/axial couplings of the Z boson to fermions. It is triv-
ial to include the effect of SMEFT corrections to the Zff couplings in the differential
cross-sections given above. As long as we stay near the Z pole (ŝ ≈ MZ) the corrections
due to 4-fermion SMEFT operators are suppressed by ΓZ/mZ ∼ 0.02, and can be ne-
glected in the leading order approximation.3 Note that there are no vertex corrections to
photon couplings.

The term proportional to cos θ∗ in eq. (4.1) will induce a difference in the number
of events with a negative lepton going in the forward (cos θ∗ > 0) and backward (cos θ∗

< 0) directions. This asymmetry cannot be directly observed at the LHC because there
we are not dealing with quarks as incoming particles, but with protons. Thus, we must
modify eq. (4.1) by including parton distribution functions (PDFs). Moreover, having two
identical particles in the initial state introduces an important complication: the absence of
a preferred direction that one can use to build an asymmetry. In other words, we do not
know in every individual event which proton contains the quark and which one contains
the antiquark that are annihilating. In order to circumvent this issue, the asymmetry is
defined with respect to the longitudinal boost of the dilepton system on an event-by-event
basis. Equivalently, one assumes that the momentum of the quark is larger than that of
the antiquark [23, 24, 44], which is only true on average. This inevitably introduces a
distorsion on the asymmetry at the parton level, which can be analytically parametrized
through a dilution factor, as shown below.

An additional complication arises because (anti)quarks might have non-zero transverse
momentum, which impedes us from equating the direction of the quark-antiquark pair in
the partonic interaction to the beam direction. This effect can be minimized working in the
so-called Collins-Soper frame [45], where θ∗ is defined as the angle between `− and the axis
that bisects the angle between the quark-momentum direction and the opposite directions
to the antiquark momentum. This subtlety is not relevant for our work, which is restricted
to studying the tree-level SMEFT corrections, in which case the transverse momentum of
the incoming quarks is zero.

All in all, once these changes are implemented, eq. (4.1) transforms into [44]:

dσpp (Y, ŝ, cos θ∗)
dY dŝ d cos θ∗ ∝

∑
q=u,d,s,c,b

[
σ̂even
qq (ŝ, cos θ∗) +Dqq (Y, ŝ) σ̂odd

qq (ŝ, cos θ∗)
]
Fqq (Y, ŝ) , (4.4)

3Note that finite (i.e. not log-enhanced) 1-loop SMEFT corrections, also neglected in our approximation,
are suppressed by a numerically similar factor.
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where Y is the rapidity of the dilepton center-of-mass system, Fqq (Y, ŝ) is called the
parton factor and Dqq (Y, ŝ) is the dilution factor to which we alluded previously. They
depend on the PDFs as:

Fqq (Y, ŝ) = fq

e+Y

√
ŝ

s
, ŝ

 fq
e−Y

√
ŝ

s
, ŝ

+ fq

e−Y
√
ŝ

s
, ŝ

 fq
e+Y

√
ŝ

s
, ŝ

 , (4.5)

Dqq (Y, ŝ) =
fq

(
e+|Y |

√
ŝ
s , ŝ

)
fq

(
e−|Y |

√
ŝ
s , ŝ

)
− fq

(
e−|Y |

√
ŝ
s , ŝ

)
fq

(
e+|Y |

√
ŝ
s , ŝ

)
Fqq (ŝ, Y ) , (4.6)

where s is the proton-proton invariant mass. Using this hadronic differential cross-section,
the FB asymmetry is defined as:

AFB (Y, ŝ) = σF (Y, ŝ)− σB (Y, ŝ)
σF (Y, ŝ) + σB (Y, ŝ) , (4.7)

where the forward and backward cross-sections, σF and σB, are obtained by integrating
the differential cross section over the positive and negative values of cos θ∗, respectively. It
should also be noted that, to calculate AFB integrated over the Y and ŝ bins, one should
integrate independently σF and σB and then calculate the integrated AFB from that input.4

The dependence of the asymmetry on the invariant mass and rapidity of the dilepton
system effectively increase the number of independent observables at our disposal. In this
work we restrict to the dilepton masses close to the Z peak, so that contributions from
4-fermion operators can be neglected and only vertex corrections need to be considered.
Corrections to the leptonic Z couplings can also be neglected, due to the very stringent
LEP-1 constraints shown in eq. (3.4). The effects due to the vertex correction involving the
s, b and c are suppressed by the small PDFs of the heavy quarks in the proton, and again
can be neglected given the LEP-1 constraints. Using measurements of the asymmetry at
different rapidity bins, we will be able to probe different combinations of Zqq couplings. In
principle, four distinct rapidity bins are enough to disentangle all four δgZd/ZuL/R corrections,
although this may be hindered in practice by large correlations between the bins, as we
will see in the following.

4.2 Numerical analysis

In this section we set bounds on the Z couplings to light quarks using the measurement of
the ATLAS collaboration of the angular distributions of leptons from the Drell-Yan process
in the

√
s = 8TeV data [46]. In particular we will use the measurement of the so-called A4

angular coefficient, which is defined upon expanding the Drell-Yan differential cross section
in harmonic polynomials, and it is related to the FB asymmetry by AFB = (3/8)A4. This

4We have checked that the width of the ŝ-bin (20GeV) is small enough so that 4-fermion operators
can be safely neglected in our analysis. More precisely, the contributions proportional to 4-fermion Wilson
coefficients C4F (measured in units of 1/v2) are suppressed by numerical factors of order 0.01. Given
the constraints from high-pT tails of the Drell-Yan distributions at the LHC, which typically require
|C4F | < 10−3 [22], the 4-fermion contribution at the Z-pole are completely unobservable with the cur-
rent accuracy.
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|Y| Experimental value SM prediction
0.0 – 0.8 0.0195± 0.0015 0.0144± 0.0007
0.8 – 1.6 0.0448± 0.0016 0.0471± 0.0017
1.6 – 2.5 0.0923± 0.0026 0.0928± 0.0021
2.5 – 3.6 0.1445± 0.0046 0.1464± 0.0021

Table 3. ATLAS A4 measurements obtained in ref. [46] using
√
s = 8TeV data for a dilepton

invariant mass in the range (80 GeV, 100 GeV). The SM predictions, obtained at NNLO in QCD,
are also taken from ref. [46].

equation holds at all orders in QCD when considering the full phase space of the individual
decay leptons. Thus, the results of the previous sections are immediately applicable to this
measurement, up to the trivial 3/8 numerical factor.

Table 3 shows the results of the ATLAS measurements of A4 for dileptons at the Z
peak (80 GeV <

√
ŝ < 100 GeV). As we can see, the asymmetry was measured for four

values of the dilepton rapidity, which will allow us to separate (at least formally) the four
corrections of the Z boson to up and down quarks. Table 3 also shows the SM predictions,
as given in the ATLAS paper [46], which were calculated at NNLO in QCD [47–49].5 We
can see that, contrary to the electroweak observables discussed in section 3, the theory
errors are comparable to the experimental ones and cannot be neglected.

The theory predictions are modified in the presence of nonstandard corrections. Work-
ing at linear order in them we have:

Ath
4,i = ASM

4,i (1 + αik δgk) (4.8)

where the i index corresponds to the four rapidity bins (see table 3) and δgk = {gZuL , gZuR ,
gZdL , gZdR }. The numerical factors αik are calculated using eqs. (4.4)–(4.7), after integration
over the ŝ and Y bins and using the MMHT2014lo68cl PDF set [50]. The uncertainties
of this PDF set and those obtained changing the PDF set were calculated but, since their
impact on our final results is negligible, we will ignore them hereafter.

We use this semi-analytical approach, instead of a purely numerical one, because the
cross section we are interested in is free of kinematic cuts, except for those on the dilepton
invariant mass and rapidity. This follows from the definition of the A4 angular coefficient,
which includes an integration over the whole individual lepton phase space, which is carried
out experimentally through an unfolding procedure [46]. Our semi-analytical approach
simplifies the analysis and avoids uncertainties from the numerical simulation, which may
be significant due to the small size of the FB asymmetry. Nonetheless, we have crosschecked
our results using a numerical approach, in which the cross sections are calculated using
MadGraph [51] and processed by MadAnalysis5 [52]. Neglected contributions from parton
shower or detector effects are expected to be small for this process, which only involves
light leptons in the final state.

5Similar Drell-Yan studies by CMS [17, 18] and LHCb [15] do not provide explicitly the SM predictions
for their observables and often do not probe the dependence on the dilepton rapidity. We also limit ourselves
to
√
s = 8TeV data because currently there are no AFB measurements at higher energies.
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With the results in table 3 and eq. (4.8) we build the following χ2 function:

χ2 (δgk) =
∑
i

(
ASM

4,i (1 + αikδgk)−Aexp
4,i

δA4,i

)2

, (4.9)

where the sum runs over the four bins of rapidity displayed in table 3. Experimental and
SM errors are combined in quadrature in δA4,i.

Before minimizing the full χ2 function, it is instructive to see how each rapidity bin of
the A4 measurement performs in restricting the EFT couplings. We find:

0.0 < |Y | < 0.8 : 0.63 δgZuL + 0.71 δgZuR − 0.20 δgZdL − 0.22 δgZdR = 0.088(29) ,

0.8 < |Y | < 1.6 : 0.60 δgZuL + 0.74 δgZuR − 0.18 δgZdL − 0.22 δgZdR = −0.012(12) ,

1.6 < |Y | < 2.5 : 0.53 δgZuL + 0.80 δgZuR − 0.16 δgZdL − 0.23 δgZdR = −0.0014(92) ,

2.5 < |Y | < 3.6 : 0.43 δgZuL + 0.86 δgZuR − 0.18 δgZdL − 0.21 δgZdR = −0.0030(81) , (4.10)

where we have normalized each combination to ease the comparison. We can see that
the limits reach a percent-level accuracy. The limits from the lowest rapidity bin are the
weakest because it is affected the most by the smearing out of the asymmetry: in this bin
the direction of the boost of the dilepton system is often opposite to the direction of the
incoming quark.

Let us now minimize the full likelihood in eq. (4.9), i.e., we combine the four constraints
in eq. (4.10). We can see by eye that each bin constrains a similar linear combination
of the quark couplings. Therefore we can already anticipate that attempts to constrain
simultaneously all four vertex corrections using just the ATLAS data will suffer from large
correlations. Instead, it is more instructive to show the constraints on the four linear
combinations that are orthonormal and uncorrelated, which we denote as {x′, y′, z′, t′},
similarly to our approach in section 3. We find:


x′ = 0.21δgZuL + 0.19δgZuR + 0.46δgZdL + 0.84δgZdR
y′ = 0.03δgZuL − 0.07δgZuR − 0.87δgZdL + 0.49δgZdR
z′ = 0.83δgZuL − 0.54δgZuR + 0.02δgZdL − 0.10δgZdR
t′ = 0.51δgZuL + 0.82δgZuR − 0.17δgZdL − 0.22δgZdR

 =


−10± 4
0.5± 0.4

0.04± 0.06
−0.001± 0.005

 . (4.11)

As anticipated, only a single direction, which we denote as t′, is constrained at 0.5%
level. The constraints on the directions orthogonal to t′ are much weaker, and those on
x′ are practically void within the EFT validity regime. This means that the ATLAS data
alone cannot give us useful constraints on all Z boson couplings to quarks. Nevertheless,
the input from ATLAS will be invaluable once combined with the other probes of the Zqq
couplings, as we will quantify in the next subsection.
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Figure 2. Allowed regions (corresponding to ∆χ2 = 1) for the z and t combinations of vertex
corrections, see eqs. (3.9) for their definition. The blue vertical band is obtained using LEP data
and the rest of traditional pole observables discussed in section 3, whereas the purple and orange
ellipses add the FB asymmetry measurements at LHC and D0 respectively (see main text for
details). The left panel is obtained marginalizing over the remaining EFT parameters, cf. eq. (2.6),
whereas the right panel is obtained setting all of them to zero. Note the horizontal scale is not the
same in both plots.

4.3 Impact of A4 on the global fit

Combining the AFB limits obtained above with those extracted in section 3 from traditional
pole data we find:

x

y

z

t

 =


−0.004± 0.017
0.010± 0.032
−0.021± 0.046
−0.03± 0.19

 , ρ =


1. −0.09 −0.08 −0.04
−0.09 1. −0.09 −0.93
−0.08 −0.09 1. −0.19
−0.04 −0.93 −0.19 1.

 . (4.12)

Comparing with eq. (3.10), we see that the marginalized bounds on x, y and z are
essentially the same, but the t combination is not anymore unconstrained. The per mille
level AFB constraint on t′, cf. eq. (4.11), generates a much weaker bound on t because these
combinations of Z couplings happen to be quite orthogonal (t · t′ = 0.16). In spite of this,
the AFB bound on t is stringent enough to make a significant impact when added to the
traditional pole data. In eq. (4.12) this is reflected by the large correlation between y and
t, which was zero before the inclusion of the AFB data. This is illustrated in figure 2, which
shows the impact of the inclusion of the FB asymmetry on the z and t combinations of
vertex corrections.

Beyond the numerical impact on the extracted bounds, the inclusion of the FB asym-
metry in the analysis strengthens the robustness of the EFT approach. In fact, the inclusion
of (δg)2 corrections in the analysis would have a major impact on both LEP and LHC re-
sults since O(1) corrections cannot be excluded by each dataset separately. However, such
large corrections are not anymore possible once both datasets are used together. This is
clearly illustrated in figure 3.
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Figure 3. Comparison between linear and nonlinear contours (∆χ2 = 1) in a 2D fit using the
“traditional” pole observables discussed in section 3 (LEP fit, left panel), the ATLAS FB asymmetry
data (LHC fit, central panel) and the combination of both (right panel).

The importance of AFB data is even clearer in simple New Physics scenarios where only
some Zqq couplings are modified. This was anticipated in section 1 through figure 1, which
shows the constraints on the modifications of the Z couplings to up quarks (δgZuL and δgZuR )
assuming all other nonstandard contributions can be neglected. Figure 4 shows that the
situation is similar for other pairs of vertex corrections. The fact that ALHC

FB provides crucial
information in such simple scenarios despite the extremely precise LEP measurements is
highly nontrivial and represents one of our main findings. Similar conclusions are obtained
in a global SMEFT fit with specific flavor symmetries, such as U(3)5 and U(1)5 ×U(2)5.

4.4 D0 measurement

As mentioned in section 3, ref. [40] included in their dataset the determination of the light
quark couplings to the Z boson at D0 [41]. This allowed them to lift the flat direction
that appears when only “traditional” pole observables are used. Such determination of
the light quark couplings was obtained by D0 from the FB asymmetry in pp̄ → e+e−

with 5 fb−1 at
√
s = 1.96TeV [41]. That extraction used dilepton masses up to 1TeV,

so technically speaking it assumes that 4-fermion operators are absent or much smaller
than vertex corrections. However, one expects that the D0 determination is dominated
by the bins near the Z-pole, which have the largest statistics. This is confirmed by our
simulations. For this reason, the removal of off-peak bins is not expected to change the D0
extraction of the vertex corrections.

Such D0 results are sensitive to individual vertex corrections at the 2%-level or worse,
which is ∼ 4 times weaker than the sensitivity of the LHC AFB data, cf. eq. (4.11). Com-
bining the traditional observables from section 3 with the D0 input we obtain:

x

y

z

t

 =


−0.009± 0.017
0.007± 0.023
−0.014± 0.034

0.01± 0.17

 , ρ =


1 −0.19 0.18 0.00

−0.19 1 0.04 −0.68
0.18 0.04 1 −0.07
0.00 −0.68 −0.07 1

 . (4.13)

The comparison of the D0 limits with the LHC+LEP results of eq. (4.12) is complicated
because one has to compare marginalized bounds and correlations. The former are more

– 15 –



J
H
E
P
0
8
(
2
0
2
1
)
0
2
1

Figure 4. Allowed regions (at 95% CL) for four pairs of corrections of the Z couplings to light
quarks. In each case, only that pair of corrections is different from zero, the rest are given by their
SM values. Note the scale is different in each panel.

stringent in the D0+LEP case, but the latter are higher in the LHC+LEP case, which
reflects the fact that the LHC constrains a specific combination much strongly than D0.
This means that both LHC and D0 measurements of the AFB asymmetries bring relevant
information to the global fit, although for simple scenarios the LHC will typically have a
more important effect, as shown in figure 1, figure 2 (right panel) and figure 4.

However, several caveats should be made concerning the D0 extractions. First, the
limits will slightly weaken if one only uses the AFB measurement at the Z pole. Since D0
does not study the dependence of the FB asymmetry with the dilepton rapidity, there is
only one measurement at the Z pole. Thus, one will be able to probe only one combination
of couplings, contrary to the ATLAS case. Additionally, LHC collaborations are still active
and taking data, so one can expect significant improvements on that front.

4.5 Combined fit results

We close this section with a combined fit that includes “traditional” pole observables pre-
sented in section 3 (mainly LEP) as well as the above-discussed measurements of the FB
asymmetries by ATLAS and D0. The values obtained for the (x, y, z, t) variables are the
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following: 
x

y

z

t

 =


−0.005± 0.016
0.009± 0.022
−0.014± 0.032
−0.03± 0.13

 , ρ =


1. −0.25 0.1 0.01
−0.25 1. −0.03 −0.91

0.1 −0.03 1. −0.26
0.01 −0.91 −0.26 1.

 , (4.14)

Using eq. (3.9) we translate this into constraints on the corrections of the Z couplings to
light quarks, which after all are the main subject of our study:

δgZuL
δgZuR
δgZdL
δgZdR

 =


−0.012± 0.024
−0.005± 0.032
−0.020± 0.037
−0.03± 0.13

 , ρ =


1 0.51 0.68 0.69

0.51 1 0.56 0.94
0.68 0.56 1 0.54
0.69 0.94 0.54 1

 . (4.15)

These values are marginalized over the 16 remaining EFT parameters that also con-
tribute to the fit observables, cf. eq. (2.6). The full set of constraints and the 20x20
correlation matrix is given in appendix B.

5 Conclusions and discussion

In this work we have discussed the impact of LHC Z-pole measurements on constraining
the Wilson coefficients of dimension-6 operators in the SMEFT (mainly vertex corrections).
Naively, in this domain the LHC should not be able to compete with LEP because the latter
measured multiple Z-pole observables with per mille precision in a cleaner environment.
However, LEP leaves one unconstrained direction among Z boson couplings to up and down
quarks. Indeed, one of the linear combinations defined in eq. (3.9) and denoted as t is not
probed at all by LEP observables and represents a flat direction in the O(Λ−2) electroweak
fit. Information from hadron colliders allows one to plug this hole. In particular, the
Drell-Yan pp → `+`− and pp̄ → `+`− processes are sensitive to the Z boson coupling to
light quarks making up the proton and anti-proton. Most importantly for our sake, they
are sensitive to a different linear combination of these couplings. Therefore, Drell-Yan
measurements in hadron colliders are complementary to the LEP observables and provide
precious inputs to the electroweak fit. In this paper we exemplified this general fact using
the FB asymmetry in pp→ Z/γ∗ → `+`− measured by the ATLAS experiment. One of our
main results is that the flat direction along the t variable is indeed lifted with the inclusion
of the ATLAS input, cf. eq. (4.12). Interestingly enough, we find that the ATLAS AFB
information provides a significant improvement on LEP-only bounds on the Zqq vertex
corrections even in simple scenarios with few free parameters, as shown in figure 1.

We would like to remark that the importance of hadron colliders for the electroweak fit
is more general and goes beyond improving our knowledge of the Zuu and Zdd couplings.
This is illustrated in figure 5, where we compare constraints on selected parameters with
and without the use of hadron collider observables. First, as shown in this work, constraints
on other combinations of Zqq̄ couplings, which are denoted as x, y, z and which are probed
by LEP, are significantly improved by including information from FB asymmetry in lepton
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x
10

y
10

z
10

t
10

δgL
We

δgL
Wμ δgL

Wτ 10δmW

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

Without hadron colliders

With hadron colliders

Figure 5. Comparison of the marginalized constraints on selected parameters in the electroweak fit,
with (red error bars) and without (blue error bars) using hadron collider observables. Here, x, y, z, t
defined in eq. (3.9) are linear combinations of the non-SM corrections to the coupling between the Z
boson and light quarks, δgW`

L are corrections to the coupling between the W boson and left-handed
leptons, and δmW is a correction to the W boson mass.

Drell-Yan production. Even more spectacular improvements happen in theW boson sector.
Indeed, LEP could produce W± only in the LEP-2 phase and in much lower numbers than
Z, resulting in a lower accuracy of the W observables. It is well known the precision with
which the W mass was measured at LEP-2 has been surpassed by the Tevatron and the
LHC, which manage to squeeze down the error bar by almost a factor of three. It may
be less known that a similar improvement has been achieved for the W boson couplings
to leptons. Thanks mainly to the recent measurements of leptonic branching fractions of
W in ATLAS and LHCb [12–14] the error bars on the parameters δgW`

L are improved by
approximately a factor of two for ` = e, µ, τ . Moreover, tensions with the SM visible in the
LEP measurements, which in the past were subject to some theoretical scrutiny [53–55],
are now all gone away.

We close with a comment on the perspectives of improving the electroweak fit using
future results. Currently, the error for the ATLAS A4 measurement (used in our study)
is dominated by statistics, therefore the bounds on Zqq couplings should be tightened
once more data is analyzed. The current and future measurements of Drell-Yan dilepton
production by CMS and LHCb could be analyzed following a similar procedure to ours. It
is worth noting that Drell-Yan production at the Tevatron, which was a pp̄ collider, probes
a different combination of the Zqq vertex correction, therefore it would be advantageous to
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include the final 10 fb−1 Tevatron results in the fit as well. Ideally, all these analyses would
be done by the experimental collaboration themselves, who are in the best position to
assess the pertinent systematic errors and correlations. Next, information from Drell-Yan
cross sections (in addition to asymmetries) could be added, and the off-pole data could be
analyzed at the same time in the context of a more general fit to both vertex corrections
and 4-fermion operators [56, 57]. Our constraints do not include vertex corrections to the
Ztt coupling, but these can be accommodated too in a more comprehensive fit [58–61].
Finally, it would be interesting to analyze the potential of the High-Luminosity LHC [62]
and other future colliders for improving the constraints on Zqq vertex corrections. We
expect that these future studies will increase even further the impact of hadron colliders
on the electroweak precision program.
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A Map to the Warsaw basis

The results of this paper were presented as constraints on the subset of independent vertex
corrections defined by the Lagrangian in eq. (2.2). The vertex corrections can be expressed
as linear combinations of the Wilson coefficients in any basis of the SMEFT. In this
appendix we write down the map to the Warsaw basis.6 Adopting the conventions and
notation of Wilson coefficient exchange format (WCxf) [63], the relationship between the
independent vertex corrections and the Warsaw basis Wilson coefficients is given by

v−2δgWe
L = C

(3)
ϕl + f(1/2, 0)− f(−1/2,−1),

v−2δgZeL = −1
2C

(3)
ϕl −

1
2C

(1)
ϕl + f(−1/2,−1),

v−2δgZeR = −1
2C

(1)
ϕe + f(0,−1),

v−2δgZuL = 1
2V C

(3)
ϕq V

† − 1
2V C

(1)
ϕq V

† + f(1/2, 2/3),

v−2δgZdL = −1
2C

(3)
ϕq −

1
2C

(1)
ϕq + f(−1/2,−1/3),

v−2δgZuR = −1
2Cϕu + f(0, 2/3),

v−2δgZdR = −1
2Cϕd + f(0,−1/3), (A.1)

6For the map to the SILH basis [26] see ref. [29].
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where

f(T 3, Q) ≡
{
−Q gLgY

g2
L − g2

Y

CϕWB −
(1

4CϕD + 1
2∆GF

)(
T 3 +Q

g2
Y

g2
L − g2

Y

)}
1, (A.2)

and ∆GF
≡ [C(3)

ϕl ]11 + [C(3)
ϕl ]22 − 1

2 [Cll]1221. Moreover, δmw = 1
2 [δgWe

L ]11 + 1
2 [δgWe

L ]22 −
v2

4 [Cll]1221.

B Complete results and correlation matrix

The marginalized constraints on all 20 independent parameters in our final fit, which uses
traditional pole observables (table 1 and table 2), LHC AFB data (table 3) and D0 AFB
data [41], are the following:



δgWe
L

δgWµ
L

δgWτ
L

δgZeL

δgZµL

δgZτL

δgZeR

δgZµR

δgZτR

δgZuL

δgZuR

δgZdL

δgZdR

δgZsL

δgZsR

δgZcL

δgZcR

δgZbL

δgZbR

δmw



=



−1.2± 3.2

−2.7± 2.6

1.5± 4.0

−0.20± 0.28

0.1± 1.2

−0.09± 0.59

−0.43± 0.27

0.0± 1.4

0.62± 0.62

−12± 24

−5± 32

−20± 37

−30± 130

11± 28

32± 48

−1.5± 3.6

−3.3± 5.3

3.1± 1.7

21.9± 8.8

0.29± 0.16



× 10−3. (B.1)
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The correlation matrix is


1 0.2 −0.59 −0.22 −0.09 0.01 0.16 −0.13 −0.08 −0.04 −0.06 −0.03 −0.06 −0.02 −0.04 −0.01 0.01 0.04 0.01 0.

− 1 −0.39 −0.27 −0.11 0.01 0.2 −0.16 −0.1 −0.04 −0.06 −0.03 −0.07 −0.03 −0.04 −0.01 0.01 0.05 0.01 0.

− − 1 −0.18 −0.07 0.01 0.13 −0.11 −0.07 0. 0. 0. 0. 0. 0. −0.01 0. 0.04 0.01 0.

− − − 1 −0.09 −0.07 0.16 −0.04 0.04 0.04 0.06 0.03 0.06 0.03 0.04 0.07 0.08 −0.36 −0.35 0.

− − − − 1 0.06 −0.04 0.91 −0.04 0. 0.01 0.01 0.01 0.01 0.01 −0.02 −0.01 0.06 0.04 0.

− − − − − 1 0.02 −0.03 0.41 −0.01 −0.01 −0.01 −0.02 0. −0.01 −0.02 0.01 0.07 0.01 0.

− − − − − − 1 −0.07 −0.04 −0.02 −0.03 −0.02 −0.03 −0.01 −0.02 0.06 0.11 −0.34 −0.38 0.

− − − − − − − 1 0.04 0.02 0.03 0.02 0.03 0.01 0.02 0. −0.01 0.01 0.03 0.

− − − − − − − − 1 0.02 0.03 0.01 0.03 0.01 0.02 0.01 −0.01 −0.04 0. 0.

− − − − − − − − − 1 0.5 0.68 0.69 0.07 −0.29 −0.05 0.09 −0.02 −0.01 0.

− − − − − − − − − − 1 0.55 0.94 −0.11 −0.39 0.07 0.07 −0.03 −0.02 0.

− − − − − − − − − − − 1 0.54 −0.64 −0.08 −0.02 0.05 −0.01 0. 0.

− − − − − − − − − − − − 1 0.07 −0.46 0.05 0.09 −0.03 −0.02 0.

− − − − − − − − − − − − − 1 −0.01 0.1 0.03 −0.02 −0.01 0.

− − − − − − − − − − − − − − 1 0.04 0.05 −0.02 −0.01 0.

− − − − − − − − − − − − − − − 1 0.32 −0.11 −0.15 0.

− − − − − − − − − − − − − − − − 1 −0.17 −0.14 0.

− − − − − − − − − − − − − − − − − 1 0.9 0.

− − − − − − − − − − − − − − − − − − 1 0.

− − − − − − − − − − − − − − − − − − − 1



.

Despite appearances, the W mass corrections δmw is not completely uncorrelated
with the vertex correction, but the correlation coefficients are of order 0.001, and are
approximated as zero above.

The results above are enough to reproduce the full Gaussian likelihood function for
our parameters.7 Using the map in eq. (A.1), it can be translated into a likelihood for the
Wilson coefficients in the Warsaw basis at the scale µ = mZ . In this step, the map should
be used for V → I, since our fit results are formally valid in this limit. That can be evolved
to other RG scales using e.g. the public code DsixTools [64] or Wilson [65]. Our general
likelihood can always be restricted to more constrained flavor scenarios [66, 67] or to the
universal scenario with oblique parameters [68]. We close this appendix with the limits
that we find when considering one operator at a time in figure 6 and figure 7.

7This likelihood function is also available on request as a Mathematica notebook.

– 21 –



J
H
E
P
0
8
(
2
0
2
1
)
0
2
1

Figure 6. Constraints obtained from our final electroweak fit, which uses traditional pole observ-
ables (table 1 and table 2), LHC AFB data (table 3) and D0 AFB data [41], when considering one
Higgs-basis operator at a time.

Figure 7. Constraints obtained from our final electroweak fit, which uses traditional pole observ-
ables (table 1 and table 2), LHC AFB data (table 3) and D0 AFB data [41], when considering one
Warsaw-basis operator at a time.
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