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We study the impact of LHC forward-backward asymmetry (AFB) measurements at high invariant mass
in the Drell-Yan process on probes of semileptonic four-fermion operators in the Standard Model effective
field theory (SMEFT). In particular, we study whether AFB measurements can resolve degeneracies in the
Wilson coefficient parameter space that appear when considering invariant-mass and rapidity measure-
ments alone. We perform detailed fits of the available high-energy and high-luminosity ATLAS and CMS
data for both invariant-mass distributions and AFB. While each type of measurement separately exhibits
degeneracies, combining them removes these blind spots in some cases. In other situations, it does not,
highlighting the importance of incorporating future datasets from other experiments to fully explore this
sector of the SMEFT. We investigate the impact of contributions quadratic in the Wilson coefficients on the
description of Drell-Yan data and discuss when such terms are important in joint fits of the AFB and
invariant-mass data.
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I. INTRODUCTION

The Standard Model (SM) successfully describes the
fundamental interactions of the Universe. However, it cannot
be the ultimate theory of nature, as it fails to account for
several observed phenomena. It does not include neutrino
masses, nor does it contain a mechanism to generate the
observed baryon-antibaryon asymmetry. Furthermore, it
does not contain a description of dark matter nor dark
energy. Experiments and observations across a broad spec-
trum of energies are searching for explanations of these
outstanding issues. High-energy colliders such as the Large
Hadron Collider (LHC) are actively testing the SM and
searching for new physics at the TeV scale, but there are
currently no conclusive discrepancies between SM predic-
tions and experimental measurements.
The current experimental landscape motivates indirect

searches for heavy new physics beyond the direct reach
of current collider energies. The SM effective field theory
(SMEFT) is a framework for studying such heavy new
physics effects. The SMEFT is an effective field theory

extension of the SM containing only SM fields that
preserves the gauge symmetries of the SM. New physics
effects are encoded in a series of higher-dimensional
operators, suppressed by a characteristic energy scale Λ,
below which new physics degrees of freedom are integrated
out. The complete operator bases of the SMEFT at
dimension 6 and dimension 8 are known [1–4]. Odd-
dimensional operators violate lepton and baryon number
and are not considered in this work. Because of its model-
independent nature, the SMEFT framework is particularly
useful for investigating the effects of new physics on
precision tests of the SM. There is an ongoing effort to
analyze increasing amounts of available data within the
SMEFT framework [5–12].
Our goal in this work is to study the impact of LHC

Drell-Yan data on the allowed ranges of the Wilson
coefficients in the SMEFT. Drell-Yan is the natural process
in which to probe the semileptonic four-fermion sector
of the SMEFT. Although low-energy processes can play an
important role in constraining these operators in some
scenarios [13,14], in general, these constraints are weaker
than those provided by Drell-Yan at the LHC. Previous
work has shown that the Drell-Yan process is potentially
sensitive to operators at the dimension-8 level [15] and that
measurements of the transverse momentum distribution
can help distinguish between possible ultraviolet comple-
tions [16]. The QCD and electroweak corrections to the
SMEFT contributions are known up to next-to-leading
order (NLO) [17,18]. Global fits of the available high
invariant-mass distributions have been performed [19].

*rboughezal@anl.gov
†yingsheng.huang@northwestern.edu
‡f-petriello@northwestern.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 108, 076008 (2023)

2470-0010=2023=108(7)=076008(15) 076008-1 Published by the American Physical Society

https://orcid.org/0000-0002-9394-0688
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.076008&domain=pdf&date_stamp=2023-10-17
https://doi.org/10.1103/PhysRevD.108.076008
https://doi.org/10.1103/PhysRevD.108.076008
https://doi.org/10.1103/PhysRevD.108.076008
https://doi.org/10.1103/PhysRevD.108.076008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


However, the Drell-Yan invariant-mass distributions can
constrain only a limited number of combinations of
four-fermion Wilson coefficients, and large swaths of the
available parameter space cannot be probed [20,21]. Future
colliders such as the electron-ion collider (EIC) can remove
these degeneracies [21].
We study here how measurements of the high invariant-

mass forward-backward asymmetry (AFB) in Drell-Yan,
in combination with invariant-mass distribution measure-
ments, can probe these unconstrained four-fermion semi-
leptonic directions in the SMEFT parameter space. We
perform a global fit of available results from both ATLAS
and CMS and explain in detail our treatment of the
available data. We find that the inclusion of AFB data
can provide strong, multi-TeV constraints on semileptonic
four-fermion parameters and can remove some parameter
degeneracies found in previous work. However, even the
combination of invariant-mass and AFB data is blind to
certain combinations of Wilson coefficients, highlighting
the importance of future data from an EIC and elsewhere.
We also show that including both AFB and invariant-mass
data can help reduce the impact of quadratic dimension-6
terms in the SMEFT expansion. We discuss in what cases
the quadratic terms can be neglected.
Our paper is organized as follows. In Sec. II, we first

review the four-fermion sector of SMEFT relevant to our
analysis. In Sec. III, we describe our calculational frame-
work and methodology for performing fits of the Drell-Yan
data to the SMEFT. In particular, we demonstrate how to
include existing AFB measurements in our fit. Since some
of the available data are not fully unfolded, this involves
some assumptions, and we show that our analysis is
relatively insensitive to this uncertainty. In Sec. IV, we
present the results of the fits to the LHC data. Finally, we
conclude in Sec. VI.

II. REVIEW OF THE SMEFT

In this section, we review the aspects of the SMEFT
relevant for our analysis. The SMEFT is an effective field
theory extension of the SM in which new physics effects
are encoded in a series of higher-dimensional operators.
It features an expansion in energy over a dimensionful
parameter Λ, the scale at which new particles are expected
to appear. In the expansion in 1=Λ, we keep operators only
up to dimension 6 and neglect both lepton and baryon
number-violating operators of odd dimension. Our SMEFT
Lagrangian reads

L ¼ LSM þ 1

Λ2

X
i

Cð6Þ
i Oð6Þ

i þ � � � ; ð1Þ

where the ellipsis denotes higher-dimensional operators
and the Ci are dimensionless Wilson coefficients. In our
numerical results later, we set Λ ¼ 4 TeV, significantly

above the lower limits of the invariant-mass bins for all
datasets in our study.
Operators relevant for the Drell-Yan process can be

categorized as discussed in [15]. At dimension 6 at tree
level, there are three types of operators: vertex corrections
to the gauge boson couplings to fermions, dipole operators
that couple fermions to gauge bosons, and semileptonic
four-fermion operators. Contributions of the vertex correc-
tions scale with energy as Oðv2=Λ2Þ, where v is the Higgs
vacuum expectation value. We assume minimal flavor
violation (MFV) for the Wilson coefficients. As a result,
the scalar four-fermion and dipole operators for first- and
second-generation fermions which are most relevant for
our analysis are proportional to the SM Yukawa couplings,
which can be safely ignored. The structure of the SMEFT
operators in MFV is summarized in [22], where the
Yukawa-coupling suppression is shown explicitly. The
vectorlike four-fermion operators scale asOðs=Λ2Þ. These
four-fermion operators are the most relevant for our
analysis at high energies, and we will focus on them in
the following. We detail all the operators relevant for our
analysis in Table I. We note that corrections to the ffZ
vertex can also shift the Drell-Yan cross section. These are
better probed through AFB measurements in on-shell
Z-boson production [23], and their effects tend to be
smaller than those from four-fermion operators in high-
mass Drell-Yan production [15]. We note that one-loop
corrections to the Drell-Yan process in the SMEFT have
been considered [17].
Previous fits to the Drell-Yan invariant-mass data have

shown that both quadratic dimension-6 effects and certain
classes of dimension-8 operators can significantly shift
the constraints obtained on the dimension-6 Wilson coef-
ficients [15]. We study later the inclusion of quadratic
dimension-6 terms in our results. We find that simulta-
neously fitting both invariant-mass and forward-backward
asymmetry data can significantly reduce the impact of
quadratic terms, improving the convergence of the SMEFT
expansion when applied to these data. In some cases, the
joint fit with quadratic effects is numerically very similar to
the linear fit, further showing the importance of including
both datasets in the analyses of Drell-Yan data. This is
shown explicitly in our numerical results section.

TABLE I. Dimension-6 four-fermion operators contributing to
Drell-Yan at leading order in the coupling constants. q and l
denote quark and lepton doublets, respectively, while u, d, and e
denote right-handed singlets for up-type quarks, down-type
quarks, and leptons, respectively. τ is the SU(2) Pauli matrix.

Oð1Þ
lq

ðl̄γμlÞðq̄γμqÞ Olu ðl̄γμlÞðūγμuÞ
Oð3Þ

lq
ðl̄γμτIlÞðq̄γμτIlqÞ Old ðl̄γμlÞðd̄γμdÞ

Oeu ðēγμeÞðūγμuÞ Oqe ðq̄γμqÞðēγμeÞ
Oed ðēγμeÞðd̄γμdÞ
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We discuss later the conditions required for the quadratic
and linear fits to coincide.

III. DESCRIPTION OF THE ANALYSIS
FRAMEWORK

In this section, we describe our procedure for performing
fits of dσ=dm and AFB measurements of the neutral
current Drell-Yan process at the LHC within the SMEFT
framework. We describe the details of our theoretical
calculation. We discuss our treatment of the experimental
data and the assumptions we make in dealing with some
datasets for which the full experimental error correlations
are unavailable.

A. Experimental data

For our analysis, we demand that the LHC datasets used
feature high dilepton invariant mass and high luminosity.
The former assumption enhances the impact of SMEFT
four-fermion operators, while the latter ensures enough
statistics for the SMEFT Wilson coefficients to be well
probed. These requirements lead us to the following four
datasets at the LHC: two single-differential cross section
(dσ=dm) measurements at 8 [24] and 13 TeV [25] and
two AFB measurements at 8 [26] and 13 TeV [27],
respectively. These datasets are chosen specifically for
their high luminosities and high dilepton invariant mass
(up to 7 TeV). In our study, we use only high-mll bins with
ŝ ≫ M2

Z. The exact binnings for each dataset are listed in
the Appendix. The relevant information for each dataset is
given in Table II, where we also label them for future
reference. All measurements are unfolded, with the electron
and muon channels combined, with the exception of the
13 TeV CMS measurement of dσ=dm. We separately treat
the electron and muon channels in this measurement, as
they have different integrated luminosities and mll bin-
nings. We also directly use event yields in this measure-
ment, as cross sections are not publicly available.

B. Theoretical calculations

We compute the SM cross sections using the MCFM

program [28]. For each dataset, we compute the SM cross
section to NLO in QCD with next-to-next-to-leading-order

(NNLO) NNPDF 3.1 parton distribution functions (PDFs)
[29]. We have checked that the NNLO QCD corrections to
both the invariant-mass and AFB distributions are small,
leading to a correction that is less than 2% for most
energies. To avoid unnecessary computational expense,
we neglect them in our fit. Since we are probing the high-
energy region of the Drell-Yan data, electroweak Sudakov
logarithms become important and can lead to shape
differences that mimic SMEFT effects. We include these
corrections and incorporate them by multiplying each bin
of the QCD-corrected cross section with the ratio of the
NLO electroweak result divided by the LO cross section.
For dataset II, we need the predicted event yields to

compare with experimental data. By interpolating the
“Acceptance × Efficiency” data in HEPData [30], along with
the luminosities provided in Table II, we obtain the SM
event yields. We compare our results with the POWHEG-
produced Drell-Yan background estimations provided
in [25]. In Fig. 1, we show our predicted event yields
for the electron and muon channels. For the experimental
values, we take the observed total event yields and subtract
the non-Drell-Yan backgrounds. The predicted event yields
are, in general, in good agreement with the POWHEG

background estimations, except for the muon channel in
the low-mll region. We note that the electroweak Sudakov
logarithms have a significant effect [Oð10%Þ] in the higher
invariant-mass bins. In order to take advantage of the high-
mll region probed by dataset II, we choose the finer
binnings as shown in Table IV instead of the binnings in
Fig. 1. One drawback of this choice is that the dataset lacks
non-Drell-Yan backgrounds for the finer binning. Non-
Drell-Yan backgrounds are not negligible in size, and, in
order to quantitatively measure the deviation of SM from
the observed total event yields, it is necessary to have both
the Drell-Yan and non-Drell-Yan contributions. However,
our theoretical calculation covers only the Drell-Yan
contributions. Therefore, without the non-Drell-Yan back-
grounds from CMS, we cannot make direct comparisons
between our theory predictions and the observed data. To
work around this issue, we replace our own predictions
of the SM with the POWHEG background estimates as our
central values. As shown in Fig. 1, since our predictions
closely align with the POWHEG estimates, this choice has a

TABLE II. Summary of the Drell-Yan datasets used in this analysis. The first column indexes all datasets
numerically.mlow

ll denotes the range of the lower edges of the dilepton invariant mass used in this work. More details
regarding the binning is given in the Appendix.

No. Experiment
ffiffiffi
s

p
(TeV) Measurement Luminosity mlow

ll References

I ATLAS 8 dσ=dm 20.3 fb−1 116–1000 GeV [24]
II CMS 13 dσ=dm 137 fb−1 ðeeÞ 200–2210 GeV ðeeÞ [25]

140 fb−1 ðμμÞ 210–2290 GeV ðμμÞ
III CMS 8 A�

FB 19.7 fb−1 120–500 GeV [26]
IV CMS 13 AFB 138 fb−1 170–1000 GeV [27]
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negligible impact. The theoretical uncertainties for
dataset II are still generated from our own predictions.
For datasets III and IV, a further step is needed to obtain

the forward-backward asymmetry. The definition of AFB is
given by

AFB ¼ σF − σB
σF þ σB

: ð2Þ

σF (σB) is the forward (backward) cross section, defined by
cos θ� > 0 (cos θ� < 0), where θ� is the angle between the
negatively charged lepton and the initial state quark in the
dilepton center-of-mass (c.m.) frame [31]. In general, θ� is
defined as

cos θ� ¼ 2ðPþ
1 P

−
2 − P−

1P
þ
2 Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Q2ðQ2 þQ2
TÞ

p ; ð3Þ

where Q and QT represent the four-momentum and the
transverse momentum of the dilepton system, respectively,
P1 (P2) is the four-momentum of the negatively (positively)
charged lepton with P�

i ¼ ðEi � Pz
i Þ=

ffiffiffi
2

p
, and Ei is the

energy of lepton i. This definition, however, depends on the
identification of the quark direction, which is not exper-
imentally observable. In dataset III, the quark direction is
approximately identified using the sign of the z component
of dilepton momentum:

cos θR ¼ jQzj
Qz cos θ�: ð4Þ

The accuracy of this approximation relies upon the
stiffness of the valence-quark distributions compared to
the antiquark distributions. CMS takes a different
approach in dataset IV. The quark direction is captured
in Monte Carlo simulations, where one has access to the
partonic c.m. frame. To mimic this, we manually pick out
the quark and antiquark directions in our prediction.1 In
this work, we denote the former definition of AFB as A�

FB,
while the latter, often referred to as the “true” AFB in the
literature [27,32], is denoted as AFB. We comment later on
several aspects of AFB.
For the SMEFT contributions to the cross sections,

we work at LO in QCD. The total cross section contains
both the SM contribution and SMEFT contributions
that are linear and quadratic in dimension-6 Wilson

coefficients Cð6Þ
i :

dσ ¼ dσSM þ
X
i

Cð6Þ
i

Λ2
að6Þi þ

X
ij

Cð6Þ
i Cð6Þ

j

Λ4
bð6Þij : ð5Þ

The a and b terms signify the linear and quadratic SMEFT
contributions from dimension-6 operators, respectively.
Additionally, we expand the full AFB up to Oð1=Λ4Þ:

FIG. 1. Event yields in the electron (left) and muon (right) channels for the 13 TeV dataset II, as detailed in Table II. The green lines
show the observed total event yields minus all non-Drell-Yan backgrounds. The orange lines show our SM predictions with electroweak
Sudakov corrections. The purple line shows the POWHEG estimate for the Drell-Yan background. The lower inset shows the ratio to the
Drell-Yan background estimations in Ref. [25]. The error bars represent uncertainties from the POWHEG estimates.

1In the case of gluon-initiated processes, we assign the “true”
quark direction in a manner consistent with the cancellation of
collinear singularities in the perturbative calculation.
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AFB ¼ ASM
FB þ

X
i

Cð6Þ
i

Λ2
að6Þ

i þ
X
ij

Cð6Þ
i Cð6Þ

j

Λ4
bð6Þ
ij

¼ ASM
FB þ

X
i

Cð6Þ
i

Λ2

σSMΔa
ð6Þ
i − að6Þi ΔσSM
σ2SM

þ
X
ij

Cð6Þ
i Cð6Þ

j

Λ4

ðað6Þi Þ2ΔσSM − að6Þi Δað6Þi ΔσSM − bð6Þij σSMΔσSM þ Δbð6Þij σ
2
SM

σ3SM
þOð1=Λ6Þ; ð6Þ

where σ ≡ σF þ σB and Δσ ≡ σF − σB, while a and b
terms correspond to the linear and quadratic SMEFT
contributions to AFB, respectively. In Figs. 2 and 3, we
show the linear and quadratic SMEFT contributions to

the cross section and AFB for both Ceu and Cð1Þ
lq . In the

following section, we keep terms up to Oð1=Λ2Þ in the
SMEFT contributions. We study the impact of quadratic
terms in the last section.

C. Uncertainties and χ 2 tests

To calculate the PDF uncertainties, we follow the
standard procedure for Monte Carlo replica sets [29].
We correlate these errors across all four datasets. To
estimate the uncertainty arising from higher-order QCD
corrections, we set the renormalization and factorization
scales to a central value μ0 and vary them around this value
in an uncorrelated way according to

1

2
≤ μR;F=μ0 ≤ 2;

1

2
≤ μR=μF ≤ 2: ð7Þ

We find the largest variation in either direction within this
range and form a symmetric scale uncertainty from it. We
choose the dynamic scale for all datasets to be μ0 ¼ mll,
except for dataset IV. We note that, in the special case of
dataset IV, the “true” AFB with dynamic scale μ0 ¼ mll
significantly deviates from the aMC@NLO simulation in
Ref. [27] as shown in Fig. 4. Therefore, we also consider
the case of μ0 ¼ HT , where HT is the sum of transverse
masses of all final state particles. We use μ0 ¼ HT as the
central value and vary μR;F around it in the same way as
above. We combine the scale variations of both μ0 ¼ mll
and μ0 ¼ HT . The largest variation from the central value
μ0 ¼ HT is then used to form a symmetric scale uncer-
tainty. We note that the poor perturbative behavior we find
suggests that this definition of angle for AFB is not
preferred, at least as far as the theory calculation is
concerned. The same scale choice comparison is also
shown for A�

FB in Fig. 4. This definition of AFB leads to
a greatly improved agreement between the two scale
choices. While our implementation of AFB leads to results
in acceptable agreement with the aMC@NLO simulation in
Ref. [27], it is unclear to us how to extend it to higher orders

FIG. 2. The linear and quadratic SMEFT contributions to the cross section for the Wilson coefficients Ceu (left) and Cð1Þ
lq (right),

respectively. The orange and purple lines represent the linear (a=Λ2) and quadratic (b=Λ4) SMEFT contributions with C ¼ 1 and
Λ ¼ 4 TeV, while the green line shows the SM contribution. The binning and fiducial cuts are those of dataset I in Table II.
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in the QCD perturbative expansion. Certainly, if an
improved theoretical description is a priority, then the
A�
FB definition should be adopted. The relative scale and

PDF uncertainties for most bins are below 3%. The relative
scale uncertainties of the dσ=dm datasets increase with mll,
while the uncertainties for AFB in dataset IV decrease with
mll. The uncertainties for A�

FB in dataset III are tiny and
show no significant dependence on mll. The relative PDF
uncertainties of the dσ=dm datasets also increase with mll,
but the uncertainties for AFB and A�

FB in datasets III and IV

show no obvious dependence on mll. The experimental
systematic uncertainties of all datasets increase with mll.
We construct the experimental error matrices based on

the published information from the CMS and ATLAS
Collaborations. We assume there is no correlation between
the datasets. For dataset I, we use the experimental errors
provided by ATLAS. For the other datasets, since the
information about correlated errors is not provided in the
experimental papers, assumptions have to be made. For
dataset II, we assume there are no correlations between the

FIG. 4. Left panel: the “true” forward-backward asymmetry AFB for dataset IV (labeled in Table II) with dynamic scale μ0 ¼ mll (red)
and μ0 ¼ HT (blue). The bands represent the range of scale variation (1=2 ≤ μR;F=μ0 ≤ 2; 1=2 ≤ μR=μF ≤ 2) for both scale choices. The
aMC@NLO simulation in Ref. [27] is shown by the green points. Right panel: the same comparison for A�

FB.

FIG. 3. The linear and quadratic SMEFT contributions to A�
FB for the Wilson coefficients Ceu (left) and Cð1Þ

lq (right), respectively. The
orange and purple lines represent the linear (a=Λ2) and quadratic (b=Λ4) SMEFT contributions with C ¼ 1 and Λ ¼ 4 TeV, while the
green line shows the SM contribution. The binning, fiducial cuts, and the definition of AFB are those of dataset III in Table II.
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uncertainties of the different bins and also between
the different channels.2 For dataset III, there are two
approaches we take: assuming no correlation between bins
and assuming the nearest off-diagonal elements in the
systematic error matrix to be 15% of the diagonal elements.
We find little difference between these two assumptions in
our fits. For dataset IV, we also assume the uncertainties are
uncorrelated between bins, motivated by our findings when
trying different correlation assumptions for dataset III.
Finally, we assemble the experimental and theoretical

results to perform χ2 fits for both single datasets and
globally. We use the following χ2 statistic to quantify the
deviation of the SMEFT prediction from the experimental
data:

χ2 ¼
X# of bins
i;j

ðσexpi − σSMEFT
i Þðσexpj − σSMEFT

j Þ
Δσ2ij

; ð8Þ

where Δσ2ij signifies the error matrix composed of both
theoretical and experimental uncertainties. We then extract
the 68% confidence level (CL) bounds of the Wilson
coefficients based on χ2 fits. The values of χ2=d:o:f: with
only SM contributions are listed in Table III. We also
compare the results with and without electroweak Sudakov
logarithms. We find that the AFB measurements are
minimally impacted by the electroweak Sudakov loga-
rithms, while the fit to the invariant-mass distribution of
dataset I improves with the inclusion of the electroweak
Sudakov logarithms. In all cases, we find good agreement
between the SM and experiment.

IV. RESULTS

In this section, we present the results of the χ2 fits. Since
a major goal of our investigations is to study how
combining invariant-mass and AFB data removes degen-
eracies in the space of Wilson coefficients, we choose four
example combinations of nonzero Wilson coefficients to
illustrate this point. These examples are adapted from [21].
To motivate our study below we recall that, in the

high-energy limit, the LO SMEFT corrections to the
Drell-Yan partonic cross section can be written in the
schematic form

dσx

dm2
lldYdc

�
θ

∼
1

Λ2

Ax
1û

2 þ Ax
2t̂

2

ŝ2
þ 1

Λ4
ðBx

1û
2 þ Bx

2t̂
2Þ: ð9Þ

Here, Y is the dilepton rapidity, c�θ is an abbreviation for the
cosine of the lepton direction defined previously, and ŝ, û,
and t̂ are the standard partonic Mandelstam invariants that
can be written in the form

t̂ ¼ −
ŝ
2
ð1 − c�θÞ;

û ¼ −
ŝ
2
ð1þ c�θÞ: ð10Þ

The coefficients Ax
1 and Ax

2 contain SM couplings and
Wilson coefficients and are linear in the Wilson coeffi-
cients. The coefficients Bx

1 and Bx
2 are quadratic in the

dimension-6 Wilson coefficients. x denotes the partonic
channel, either up quark or down quark. For future
reference, we note the functional dependences of these
coefficients on the various Wilson coefficients, which we
take from [21]:

Au
1 ¼ Au

1

�
Ceu; C

ð1Þ
lq ; C

ð3Þ
lq

�
;

Ad
1 ¼ Ad

1

�
Ced; C

ð1Þ
lq ; C

ð3Þ
lq

�
;

Au
2 ¼ Au

2ðClu; CqeÞ;
Ad
2 ¼ Ad

2ðCld; CqeÞ: ð11Þ

The Bx
i depend upon the same Wilson coefficients as the

corresponding Ax
i . In the high-energy limit ŝ ≫ M2

Z, neither
the A nor the B depend on any kinematic quantity. As
shown in [21], when expanded to linear order in the Wilson
coefficients, the invariant-mass distribution is sensitive
only to the combination A1 þ A2, leading to blind spots
in the parameter space. AFB is sensitive to A1 − A2, making
it possible to remove some of these degeneracies. We pick
different nonzero Wilson coefficients that activate different
combinations of A1 and A2 to see what can be learned from
the AFB data. We note that it is, in general, not possible to
simultaneously set the A and B structures to zero, and,
therefore, the SMEFT contributions do not vanish if terms
quadratic in the Wilson coefficients are retained. Their
impact on the fits is discussed in the next section. Other
scenarios for the Wilson coefficients have been studied in
the literature, such as the universal limit in which new
physics can be parametrized completely in terms modifi-
cations of electroweak gauge boson propagators [34].

TABLE III. The values of χ2=d:o:f: with only SM contributions
for all four datasets, as labeled in Table II. The first row is without
electroweak Sudakov logarithms, and the second row is with
electroweak Sudakov logarithms. The χ2 of dataset II is obtained
from the POWHEG simulations in Ref. [25].

Dataset

χ2 I II III IV

Without Sudakov 6.5=10 � � � 15=28 5.4=7
With Sudakov 5.7=10 18.9=77 15=28 5.2=7

2This treatment is consistent with Allwicher et al. [19,33].
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A. Case I

We begin with the case when Ceu, Ced, and Cqe are
nonzero. This choice populates both A1 and A2 in Eq. (9):
Ceu and Ced contribute to Au

1 and Ad
1 , respectively, while

Cqe contributes to both Au;d
2 . In the high invariant-mass

limit, after integrating over the angular variables, the
SMEFT contributions to the invariant-mass distribution
vanish under the following conditions [21]:

Cqe ¼ −Ceu
Que2 − g2Zg

u
Lg

e
R

Que2 − g2Zg
e
Rg

u
R
; ð12aÞ

Cqe ¼ −Ced
Qde2 − g2Zg

d
Lg

e
R

Qde2 − g2Zg
e
Rg

d
R
; ð12bÞ

where the SM left-handed and right-handed fermion
couplings follow the convention of Ref. [35]:

gfL ¼ If3 −Qfs2W; gfR ¼ −Qfs2W: ð13Þ

These conditions are simultaneously satisfied when

Cð1Þ
ed ≡ Ced ¼ Ceu

Que2 − g2Zg
u
Lg

e
R

Que2 − g2Zg
e
Rg

u
R

Qde2 − g2Zg
e
Rg

d
R

Qde2 − g2Zg
d
Lg

e
R
: ð14Þ

This comes from setting Ax
1 þ Ax

2 to zero for both the up-
quark and down-quark partonic channels. However, AFB
does not vanish, suggesting that inclusion of these data can
remove this degeneracy. We adopt a bottom-up perspective
in this work and make no attempt to connect these
parameter relations to an underlying ultraviolet model.
We note that the vanishing of the SMEFT corrections
occurs in the limit ŝ ≫ M2

Z and is, therefore, approximate
only. We allow Cqe and Ceu to vary subject to the constraint
above. Fixing Ced allows us to visualize the bounds on a
2D plane and demonstrate the strong correlation between
Cqe, Ceu, and Ced.
We perform χ2 fits for each dataset separately and also

for the combination of datasets, as described in Sec. III. For
dataset III, we perform two fits: one with the assumption
that the uncertainties are uncorrelated between bins and
the other with the assumption that the next-to-diagonal
elements in the systematic error matrix are 15% of the
diagonal elements. We show in Fig. 5 the comparison
between the two assumptions. The differences between
them are small. We, therefore, choose the diagonal
assumption for the rest of the analysis.
The 68% CL ellipses of Cqe and Ceu are shown in Fig. 6.

The result is exactly as expected: While the separate
constraints from dσ=dm and AFB exhibit elongated ellipses
indicating approximate degeneracies in the parameter
space, these flat directions are almost orthogonal to each
other. Consequently, the combined fit is able to break
the degeneracies and constrain the individual Wilson

FIG. 5. The comparison between assumptions for the exper-
imental error matrices of dataset III (as labeled in Table II). The
ellipses represent the 68% CL bounds of the Wilson coefficients
Ceu and Cqe from the χ2 fits. The solid and dashed ellipses
correspond to a diagonal experimental error matrix and an
experimental error matrix with 15% correlated errors between
the nearest bins, respectively.

FIG. 6. The 68% CL bounds on the Wilson coefficients Ceu and
Cqe from the χ2 fits (case I). The red, purple, and orange ellipses
correspond to the fits with datasets II, III, and IV (as labeled in
Table II), respectively. The green ellipse corresponds to the
combined fit with all four datasets. The best-fit result is denoted
with a red star, while the SM is denoted with a black diamond.
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coefficients. We note that the higher-luminosity 13 TeV
datasets are significantly more constraining than the lower-
luminosity 8 TeV datasets, as expected.

B. Case II

We next consider the case when Ceu, Ced, and Cð1Þ
lq are

nonzero. This choice populates only the A1 term in Eq. (9).
In the high invariant-mass limit, the SMEFT contributions
vanish under the following conditions [21]:

Cð1Þ
lq ¼ −Ceu

Que2 − g2Zg
u
Rg

e
R

Que2 − g2Zg
e
Lg

u
L
; ð15aÞ

Cð1Þ
lq ¼ −Ced

Qde2 − g2Zg
d
Rg

e
R

Qde2 − g2Zg
e
Lg

d
L
: ð15bÞ

These conditions are simultaneously satisfied when

Cð2Þ
ed ≡ Ced ¼ Ceu

Que2 − g2Zg
u
Rg

e
R

Que2 − g2Zg
e
Lg

u
L

Qde2 − g2Zg
e
Lg

d
L

Qde2 − g2Zg
d
Rg

e
R
: ð16Þ

In this case, we do not expect AFB to remove the
degeneracy, since both AFB and the invariant-mass dis-
tribution probe the same combination of Wilson coeffi-
cients encoded in A1.

The 68% CL ellipses of Cð1Þ
lq and Ceu are shown in Fig. 7

after imposing Eq. (16). As expected, the constraint ellipses
from dσ=dm and AFB are now almost parallel to each
other. Consequently, the combined fit is not able to resolve
the flat directions. In this case, the AFB measurements do

not improve the constraints on Ceu and Cð1Þ
lq , and the

combined fit closely resembles the 13 TeV dσ=dm fit.

C. Case III

We now study two cases where flat directions are not

present.We consider the casewhenCqe andC
ð1Þ
lq are nonzero.

In the high invariant-mass limit, the flat directions exist
separately in the up-quark and down-quark channels [21].
In the up-quark channel, the SMEFT contributions vanish
under the following conditions after integrating over the
angular variables:

Cð1Þ
lq ¼ −Cqe

Que2 − g2Zg
u
Lg

e
R

Que2 − g2Zg
e
Lg

u
L
; ð17Þ

while in the down-quark channel

Cð1Þ
lq ¼ −Cqe

Qde2 − g2Zg
d
Lg

e
R

Que2 − g2Zg
e
Lg

d
L
: ð18Þ

These two conditions cannot be simultaneously satisfied.
Therefore, the Drell-Yan invariant-mass measurements are

better suited to constrainingCqe andC
ð1Þ
lq than in the previous

cases. The 68% CL ellipses of Cqe and Cð1Þ
lq are shown in

Fig. 8.While the degeneracies betweenCqe andC
ð1Þ
lq aremuch

weaker compared to the two cases above, the constraints
still exhibit elongated shapes, although they do not extend
as far as in the previous cases. However, the ellipses from
dσ=dm and AFB measurements are almost orthogonal to
each other. Consequently, the combined fit significantly
improves the constraints.

D. Case IV

Finally, we consider the case when Cð1Þ
lq and Cð3Þ

lq are
nonzero. The Drell-Yan cross sections in the up-quark

channel depend on the combination Cð1Þ
lq − Cð3Þ

lq , while in

the down-quark channel they depend upon Cð1Þ
lq þ Cð3Þ

lq . The

68% CL ellipses of Cð1Þ
lq and Cð3Þ

lq are shown in Fig. 9. While
there is no flat direction present, the ellipses are still slightly
elongated. However, they do not extend nearly as far in the
parameter space as the previous cases. Unlike case III,
the ellipses from dσ=dm and AFB measurements exhibit
similar correlations. As a result, the combined fit is not able
to improve upon the constraints.

FIG. 7. The 68% CL bounds of the Wilson coefficients Ceu and

Cð1Þ
lq from the χ2 fits (case II). The blue, red, purple, and orange

ellipses correspond to the fits with datasets I, II, III, and IV (as
labeled in Table II), respectively. The green ellipse corresponds to
the combined fit with all four datasets. The best-fit result is
denoted with a red star, while the SM is denoted with a black
diamond.
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E. Marginalized constraints

We next study the scenario where all Wilson coefficients
are turned on. In Fig. 10, we show the 68% CL bounds for
each dimension-6 four-fermion Wilson coefficient while
marginalizing over all six other operators. While the
degeneracies are particularly severe for the 13 TeV AFB
dataset, the combined fit is able to significantly improve
the constraints for most of the operators. Nevertheless, the
combined fits become worse after marginalizing over the
other operators. As observed in the previous cases, the AFB
datasets can reduce degeneracies only in some cases. Thus,
after marginalizing over Wilson coefficients, the combined
fits are not as strong as the single-parameter fits.

V. IMPACT OF QUADRATIC
DIMENSION-6 TERMS

In this section, we study the impact of the quadratic
corrections in the dimension-6 SMEFT Wilson coefficients
on the fits. As shown in Eq. (5), the quadratic corrections
bij contribute at Oð1=Λ4Þ, while the linear corrections ai
contribute at Oð1=Λ2Þ. Although the quadratic corrections
are suppressed by Λ2, they are not negligible. In the case of
strong degeneracies, the linear corrections cancel in certain
directions, making the quadratic corrections important.

We take case I as a first example. In Fig. 11, we show the
68% CL bounds on Ceu and Cqe from the χ2 fits with the
quadratic terms included. The individual ellipses with
dσ=dm and AFB measurements still exhibit slightly elon-
gated shapes, but the significant degeneracies found in
Fig. 6 are no longer present. The combined fit produces a
much more circular ellipse, and the constraints are
improved in the individual fits with quadratic terms. As
discussed earlier, it is not generally possible to simulta-
neously set the A and B terms to zero in Eq. (9) with
nontrivial values of the Wilson coefficients. The quadratic
terms, therefore, break the degeneracies found in the
separate invariant-mass and AFB linear fits. However,
we observe that the combined fit does not show much
difference after including quadratic terms. Because of the
degeneracies already being removed by including both
dσ=dm and AFB data, the combined linear fit is nearly
identical to the combined quadratic fit.
With case II, we observe that the inclusion of quadratic

terms has much more impact on the fits. In Fig. 12, we

show the 68% CL bounds of Ceu and Cð1Þ
lq from the χ2 fits

with the quadratic terms included. As discussed earlier, the
invariant-mass and AFB datasets probe the same linear
combination of Wilson coefficients for case II when the

FIG. 9. The 68% CL bounds of the Wilson coefficients Cð1Þ
lq and

Cð3Þ
lq from the χ2 fits (case IV). The blue, red, and orange ellipses

correspond to the fits with datasets I, II, and IV (as labeled in
Table II), respectively. The green ellipse corresponds to the
combined fit with all four datasets. We note that the dataset III
constraint is significantly weaker than the other three constraints
and is not shown on this plot. The best-fit result is denoted with a
red star, while the SM is denoted with a black diamond.

FIG. 8. The 68% CL bounds of the Wilson coefficients Cqe and

Cð1Þ
lq from the χ2 fits (case III). The blue, red, purple, and orange

ellipses correspond to the fits with datasets I, II, III, and IV (as
labeled in Table II), respectively. The green ellipse corresponds to
the combined fit with all four datasets. The best-fit result is
denoted with a red star, while the SM is denoted with a black
diamond.

BOUGHEZAL, HUANG, and PETRIELLO PHYS. REV. D 108, 076008 (2023)

076008-10



SMEFT expansion is truncated at 1=Λ2, leading to the
observed degeneracy in the combined linear fit. This is
broken by the inclusion of terms quadratic in the Wilson
coefficients.
Finally, we present the comparison between the linear

and quadratic fits for cases III and IV in Figs. 13 and 14,
respectively. We recall that in both of these cases we
cannot solve analytically for a flat direction in the high-
energy limit because of the structure of the SMEFT
corrections to the Drell-Yan cross section. However, in
case IV, we observed that AFB and the invariant-mass
distribution exhibited similar correlations between the
Wilson coefficients and not much was gained by combin-
ing the two measurements. This was not the situation for
case III, where the measurements exhibited distinct
correlations. The impact of this is seen in the quadratic
fits. There is good agreement between the linear and
quadratic fits for case III, since including the AFB
measurement in the fit has already cut off the slight
elongation that occurs with the invariant-mass data alone.
For case IV, there is a difference, since in this case AFB
does not add to the invariant-mass measurements.
When considering the Oð1=Λ4Þ term in the SMEFT

expansion, the effect of the dimension-8 operators should

FIG. 11. The 68% CL bounds of the Wilson coefficients Ceu

and Cqe from the χ2 fits with the quadratic terms included. The
blue and orange ellipses correspond to the fits with datasets II and
IV (as labeled in Table II), respectively. The red (green) ellipse
corresponds to the combined fit with all four datasets and with
(without) quadratic terms.

FIG. 12. The 68% CL bounds of the Wilson coefficients Ceu

and Cð1Þ
lq from the χ2 fits with the quadratic terms included. The

blue and orange ellipses correspond to the fits with datasets II and
IV (as labeled in Table II), respectively. The red (green) ellipse
corresponds to the combined fit with all four datasets and with
(without) quadratic terms.

FIG. 10. Marginalized 68% CL bounds from all four datasets
(Λ ¼ 4 TeV). Only one Wilson coefficient is enabled for the
lighter green bars. For the darker ones, all seven Wilson
coefficients are enabled, and the other six are marginalized over.
Only linear contributions of dimension-6 operators are included.
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be considered. This was done for the Drell-Yan invariant-
mass distribution in [15]. We extend that analysis here by
studying the effect of more experimental datasets and the
impact of AFB on the fits. We choose the pairs (Ceu,

Cð2Þ
e2u2D2) and (Clu, C

ð2Þ
l2u2D2) as representative examples. The

dimension-8 operators corresponding to the Wilson coef-

ficients Cð2Þ
e2u2D2 and Cð2Þ

l2u2D2 were shown to lead to a
nontrivial angular dependence in the Drell-Yan process [36]
that can be probed by AFB measurements. We note that the
helicity structure of the fermions is the same for both the
dimension-6 and dimension-8 coefficients in both pairs.
This is what would be obtained in a UV model where the
effective operators are obtained by integrating out a heavy
resonance that couples to only a specific helicity combi-
nation. The 68% CL bounds for these two Wilson coef-
ficient pairs are shown in Fig. 15. These two pairs illustrate
the possibilities that occur when studying the interplay
between dimension-6 and dimension-8 coefficients.
Because of the strong correlation between dimension-6
and dimension-8 effects for LHC energies, the dimension-8
operators have significant impact on the constraints of
dimension-6 Wilson coefficients when the invariant-mass
or AFB distributions are considered separately. This can be
seen from comparing the ellipses for the individual data-
sets, which denote the marginalized constraints, with the
colored bands, which denote the constraints when only a

single Wilson coefficient is activated. However, in the

(Ceu, C
ð2Þ
e2u2D2), the combination of AFB and invariant-

mass measurements breaks this degeneracy, and the
marginalized constraints approach the individual Wilson
coefficient constraints. For the second case, however, both
dσ=dm and AFB measurements exhibit similar correla-
tions, and the inclusion of AFB measurements does not
improve the constraints.
In Fig. 16, we show the effective scales for the Wilson

coefficients obtained from our χ2 fits. We recall that the
effective scale M connects parameters in the ultraviolet
completion with the SMEFT parameters:

C
Λ2

∼
g2

M2
: ð19Þ

We assume the coupling strength g in UV models to be
unity, and Λ ¼ 4 TeV. Therefore, the effective scale M
becomes

M ¼ ΛffiffiffiffiffiffijCjp : ð20Þ

We observe that, due to severe degeneracies between
Wilson coefficients without the quadratic terms, the effec-
tive scales probed are significantly lower in cases II and IV.

FIG. 13. The 68% CL bounds of the Wilson coefficients Cqe

and Cð1Þ
lq from the χ2 fits with the quadratic terms included. The

blue and orange ellipses correspond to the fits with datasets II and
IV (as labeled in Table II), respectively. The red (green) ellipse
corresponds to the combined fit with all four datasets and with
(without) quadratic terms.

FIG. 14. The 68% CL bounds of the Wilson coefficients Cð1Þ
lq

and Cð3Þ
lq from the χ2 fits with the quadratic terms included. The

blue and orange ellipses correspond to the fits with datasets II and
IV (as labeled in Table II), respectively. The red (green) ellipse
corresponds to the combined fit with all four datasets and with
(without) quadratic terms.
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In the extreme scenario of case II, where strong degen-
eracies are present even after combining invariant-mass
and AFB data, the effective scales are lower than 1 TeV.
These degeneracies are removed by the inclusion of the
quadratic terms, and we observe a visible increase of
effective scales for cases II and IV after including the
quadratic terms. Since the degeneracies are already
removed by combining the dσ=dm and the AFB measure-
ments in cases I and III, the inclusion of quadratic terms
has little impact on the effective scales for these cases. We
note that a detailed study of constraints on the coefficients

Cqe, Ceu, C
ð1Þ
lq , and Cð3Þ

lq in the MFV scenario from flavor-
violating measurements was performed in [22]. The flavor

constraints were found there to significantly improve upon
bounds from non-flavor-violating measurements such as
W-pair production and precision Z-pole observables from

LEP only for the coefficient Cð3Þ
lq .

VI. CONCLUSIONS

In this work, we have investigated how AFB measure-
ments at the LHC contribute to fits of the semileptonic four-
fermion sector of the SMEFT. One issue identified in
previous work is that invariant-mass measurements alone
exhibit significant degeneracies in the Wilson coefficient
parameter space. A main goal of this work was to learn in

FIG. 15. The 68% CL bounds of one dimension-6 and one dimension-8 Wilson coefficients. The left panel shows the ellipses of Ceu

and Cð2Þ
e2u2D2 , while the right panel shows the ellipses of Clu and C

ð2Þ
l2u2D2 . The red and blue lines correspond to the fits with datasets II and

IV (as labeled in Table II), respectively. The green line corresponds to the combined fit with all four datasets. The shaded areas enclosed
by dashed lines represent 1D fit with only one Wilson coefficient enabled, while the ellipses represent 2D fits with both Wilson
coefficients enabled.

FIG. 16. Effective scales for the Wilson coefficients obtained from the 68% CL bounds. The bars with lighter colors correspond to the
fits with quadratic terms included, while the bars with darker colors correspond to the fits without quadratic terms.
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what instances AFB measurements can resolve these blind
spots. We have studied constraints from joint fits to high-
energy, high-luminosity datasets and have provided a
detailed description of our treatment of the experimental
data. In most cases, the combined fits impose stringent
multi-TeV bounds on the parameter space since, and the
inclusion of AFB data drastically improves the fit com-
pared to using invariant-mass data alone. In some cases,
however, we found that AFB measurements do not break
the degeneracies and do not improve the fits. This high-
lights the need for future datasets such as those from the
EIC in order to fully probe this sector of the SMEFT. We
have studied the impact of quadratic dimension-6 terms on
the fits. In cases where AFB resolves the blind spots in the
parameter space, the linear and quadratic fits are generally
in good agreement. In other cases where the AFB and
invariant-mass measurements exhibit similar correlations,
there are significant differences between the linear and
quadratic fits, indicating the need to pay close attention to
the convergence of the SMEFT expansion.
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APPENDIX: DETAILS OF EXPERIMENTAL
BINNING

The binning adopted for each dataset is listed in Table IV.
Note that all datasets have a dilepton rapidity cut jyllj ≤ 2.4
except for dataset II. Dataset III additionally bins in jyllj.
Dataset I has an explicit description of the transverse
momentum pT and pseudorapidity η cuts on the leptons.
The cuts are pl1

T > 40 GeV, pl2

T > 30 GeV, jηl1 j < 2.5,
and jηl2 j < 2.5.
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