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We study Drell-Yan production in universal theories consistently including effects beyond dimension six
in the Standard Model effective field theory (SMEFT). Within universal SMEFT and with C and P
conservation we find that 11 dimension-eight operators contribute in addition to the six contributing at
dimension six. We first work in an operator basis in which operators with higher derivatives of the bosonic
fields have been rotated by equations of motion in favor of combinations of operators involving SM
fermion currents. We derive the general form of the amplitudes consistently in the expansion toOðΛ−4Þ and
identify eight combinations of the 17 Wilson coefficients which are physically distinguishable by studying
the invariant mass distribution of the lepton pairs produced. We then introduce an extension of the
parametrization of universal effects in terms of oblique parameters obtained by linearly expanding the self-
energies of the electroweak gauge bosons to Oðq6Þ. It contains 11 oblique parameters of which only eight

are generated within SMEFT at dimension eight: Ŝ, T̂, W, Y, Û, X, plus two additional which we label W0

and Y 0 and show how they match at linear order with the eight identified combinations of operator
coefficients. We then perform a combined analysis of a variety of LHC data on the neutral- and charged-
current Drell-Yan processes with the aim of constraining the eight combinations. We compare and combine
the LHC bounds with those from electroweak precision W and Z pole observables which can only provide
constraints in four directions of the eight-parameter space. We present the results in terms of limits on the
eight effective Wilson coefficients as well as on the eight oblique parameters. In each case, we study the
dependence of the derived constraints on the order of the expansion considered.

DOI: 10.1103/cktt-qrmn

I. INTRODUCTION

The large statistics collected by the CERN Large Hadron
Collider (LHC) in its different runs have allowed for precise
tests of the Standard Model (SM) predictions as well as

searches for new physics. A particular place in this quest is
held by dilepton production, the so-called Drell-Yan (DY)
process [1], which can proceed either via neutral current
(NC) or charged current (CC)

pp → lþl− and pp → l�νl

with l ¼ e, μ. Involving only leptons in the final state, this
process provides a clean environment for both experimental
studies and theoretical predictions. The LHC experimental
collaborations have taken advantage of this to perform
precision SM tests [2–6] and searches for new resonances
[7–10]. Presently there is no data that is at variance with the
SM, ergo there may exist a mass gap between the
electroweak and the new physics scales. In such a scenario,
hints on the new physics can first manifest through
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deviations from the SM predictions. In this case, it is
natural to employ effective field theory (EFT) as a model-
independent approach to analyze the experimental results.
Under the minimal assumption that the scalar particle

observed in 2012 [11,12] is, in fact, part of an electroweak
doublet, the SUð2ÞL ⊗ Uð1ÞY symmetry can be linearly
realized and the resulting EFT is the so-called Standard
Model EFT (SMEFT). In this framework, deviations from
the SM predictions are parametrized as higher order
operators

Leff ¼ LSM þ
X
n>4;j

fn;j
Λn−4 On;j; ð1:1Þ

where Λ is a characteristic energy scale andOn;j are higher
dimension operators. At the LHC the first sizable contri-
butions are of dimension six, i.e. OðΛ−2Þ. It is well known
that there are 59 independent dimension-six operators [13]
leading to 2499 arbitrary Wilson coefficients when flavor is
taken into account [14]. The situation becomes close to
untreatable when we consider the next order [OðΛ−4Þ] in
the expansion that exhibits 44,807 possible operators [15].
As a consequence in the most general scenario, the number
of dimension-eight operators contributing to the present
observables is prohibitively large, which precludes a
complete analysis including all effects at that order. In
this context, Drell-Yan processes have been studied in the
SMEFT framework at OðΛ−2Þ [16–27] and partially at
order OðΛ−4Þ [28–39] where due to the large number of
operators contributing the majority of the studies considers
just one or at most a few operators at one time.
Identifying physically motivated hypotheses to be able to

capture a large class of beyond the standard model (BSM)
theories while reducing the number of relevant operators
becomes mandatory for general studies. One such well-
motivated hypothesis is that of universality, which in brief
refers to BSM scenarios where the new physics either
dominantly couples to the bosons of the Standard Model or
if it couples to fermions, couples via SM currents allowing
one to express the EFT exclusively in terms of bosonic
operators. At OðΛ−2Þ under the assumption of C and P
conservation, this universal SMEFT (herein USMEFT)
contains 16 dimension-six independent operators [40].
Recently, Ref. [41] presented the basis for USMEFT at
OðΛ−4Þ which, without imposing C or P symmetries,
contains 175 dimension-eight operators.
In this work, we perform a complete study of the neutral-

and charged-current Drell-Yan processes and electroweak
precision observables (EWPO) in the framework of C and
P conserving universal new physics beyond OðΛ−2Þ.
Within the USMEFT framework there are 17 operators
that contribute to the EWPO and Drell-Yan. They are
presented both in the purely bosonic form and in the rotated
form in which the bosonic operators with higher derivatives
are traded for fermionic operators involving the SM gauge

currents. We identify eight combinations of the 17 Wilson
coefficients which are physically distinguishable in the
EWPO and Drell-Yan analyses. Furthermore, we introduce
an extension of the parametrization of universal effects in
terms of oblique parameters obtained by linearly expanding
the self-energies of the electroweak gauge bosons toOðq6Þ.
It contains 11 oblique parameters of which only eight are
generated within the USMEFT at OðΛ−4Þ.
In these studies, we compare and combine the constraints

derived from the analysis of LHC DY processes with those
from theW and Z pole observables which can only provide
bounds in four directions of the eight-parameter space. We
present the results in terms of constraints on the eight
testable effective Wilson coefficients as well as on the eight
oblique parameters. In each case, we study the dependence
of the derived constraints with the order of the expansion
considered. Our results show that the present data, which
favors no deviation from the SM predictions, can robustly
constrain six of the eight parameters while strong corre-
lations and cancellations are still present for three of the
combinations.
The outline of the paper is as follows. In Sec. II we

present the part of the USMEFT basis up to OðΛ−4Þ
employed in this work. This section is complemented with
Appendix A where the full USMEFT at OðΛ−4Þ basis and
its properties under C and P are listed. Section III contains
some analytic expressions of the corrections of the Drell-
Yan amplitudes as derived in the rotated basis, which is
most convenient for numerical implementation in phenom-
enological studies, consistently accounting for the effect
induced by the renormalization of the SM inputs at
OðΛ−4Þ. In Sec. IV we introduce an extension of the
oblique parameters to take into account Oðq6Þ contribu-
tions and this section is complemented with Appendix B
where we show the relation between those eight oblique
parameters and the eight effective combinations identified
in Sec. III. We then proceed to make a combined analysis of
the experimental results presented in Sec. V. The quanti-
tative results of the analysis are presented in Sec. VI, while
Sec. VII contains our summary.

II. OPERATOR BASIS

Within the SMEFT predictions for observables at order
1=Λ4 require evaluating the SM contributions, the inter-
ference between the 1=Λ2 amplitude (Mð6Þ) with the SM
amplitude, the square of the dimension-six amplitude, as
well as the interference of the 1=Λ4 amplitude with the SM,
which we represent as

jMSMj2 þM⋆
SMM

ð6Þ þ jMð6Þj2 þM⋆
SMM

ð6;2Þ

þM⋆
SMM

ð8Þ: ð2:1Þ

Mð8Þ includes amplitudes with one dimension-eight oper-
ator coefficient while Mð6;2Þ includes the contribution of
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the insertion of two dimension-six Wilson coefficients in
the amplitude.
In order to perform our analyses we must choose a basis

of independent operators. Universal theories in the context
of the SMEFT refer to BSM models for which the low-
energy effects can be parametrized in terms of operators
involving exclusively the SM bosons, herein referred to as
bosonic operators [40]. In the EFT framework not all
operators at a given order are independent. In USMEFT,
integration by parts and Bianchi identities allow for the
selection of a basis of independent operators still involving
only bosonic fields. In what follows we refer to this as the
bosonic basis. Generically some of these operators contain
higher derivatives of the bosonic fields. As is widely
known, operators connected by the use of the classical
equations of motion (EOM) of the SM fields lead to the
same S-matrix elements [42–45]. Furthermore, for the top-
down approach, the low-energy effects of a UV model are
encoded by the Wilson coefficients of some effective
operators. Additionally, some extra care is needed since
trading a given operator for another in the basis using field
redefinitions gives rise to Wilson coefficients of the same
and higher orders of the rotated operator [46]. While for the
bottom-up approach, the truncation of the low-energy
expansion at a given order carried out by equations of
motion spans the space of S-matrix elements, and so at each
order the basis of operators is complete. Thus, it is possible
to trade those bosonic operators with higher derivatives for
operators involving fermions in the form of combinations
of SM currents herein called fermionic operators. We will
refer to this basis as the rotated basis.

A. Dimension-six basis

The complete list of universal dimension-six operators is
presented in Ref. [40]. Assuming that the fermion masses
(Yukawa couplings) are negligible as well as requiring C
and P conservation one can identify six independent
bosonic operators contributing to the weak boson propa-
gators, hence contributing to EWPO and/or Drell-Yan
processes, of which two can be rotated into fermionic
operators by the EOM. Thus we have the bosonic and

rotated basis of operators relevant for Drell-Yan listed in
Table I.
In the rotated basis the operators involve the SM fermion

currents

JμB ¼ g0
X

f∈ fq;l;u;d;eg

X
a

Yff̄aγμfa;

JIμW ¼ g
2

X
f∈ fq;lg

X
a

f̄aγμτIfa ð2:2Þ

with Yf standing for the fermion f hypercharge, q and l are
the quark and lepton doublets and u, d, and e represent the
fermion singlets, and the sum over a is over generations.
The SUð2ÞL and Uð1ÞY gauge couplings are g and g0.
As mentioned above, the coefficients in both bases are

related by EOM as

cΦ;1 ¼ bΦ;1 þ
g02

2
r2B;

cWW ¼ bWW −
g2

4
r2W;

cBB ¼ bBB −
g02

4
r2B;

cBW ¼ bBW −
gg0

4
ðr2B þ r2WÞ;

c2JW ¼ −
1

2
r2W;

c2JB ¼ −
1

2
r2B: ð2:3Þ

These relations are derived by identifying operator relations
from the EOM and reducing the set of equations.

B. Dimension-eight operators

The full basis of dimension-eight operators for universal
theories was presented in Ref. [41] and contains 175
operators. It consists of 89 bosonic operators already
included in Murphy’s basis [47] and 86 additional bosonic
operators with higher derivatives which can be rotated into

TABLE I. C and P conserving dimension-six operators for universal theories and their respective Wilson
coefficients. H stands for the SM Higgs doublet and WI

μν and Bμν are the SUð2ÞL and Uð1ÞY field strength tensors
respectively. τI stands for the Pauli matrices.

Bosonic basis Coefficient Rotated basis Coefficient

QΦ;1 ðDμH†HÞðH†DμHÞ bΦ;1 QΦ;1 ðDμH†HÞðH†DμHÞ cΦ;1

QWW H†WI
μνWI;μνH bWW QWW H†WI

μνWI;μνH cWW

QBB H†BμνBμνH bBB QBB H†BμνBμνH cBB
QBW H†Bμντ

IWI;μνH bBW QBW H†Bμντ
IWI;μνH cBW

R2W − 1
2
ðDνWI

μνÞ2 r2W Q2JW JIWμJ
Iμ
W

c2JW
R2B − 1

2
ðDνBμνÞ2 r2B Q2JB JBμJ

μ
B c2JB
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fermionic operators by the EOM as shown in Ref. [41]. We
list in Appendix A the full list of 175 operators in the
bosonic basis together with their C and P properties. From
those we identify 11 independent bosonic operators con-
tributing to the weak boson propagators of which eight can

be rotated into combinations involving 10 fermionic oper-
ators by the EOM. We list the final bosonic and rotated
basis of independent operators relevant for Drell-Yan in
Table II. The coefficients of the two bases are related by the
EOM as

cð2Þ
H6 ¼ bð2Þ

H6 þ g2g02

4
rð1Þ
B2D4 þ g2g02rð1Þ

W2D4 þ g02

2
rð9Þ
B2H2D2 þ gg0

2
rð13Þ
BWH2D2 − g0rð1Þ

BH4D2 þ gr0ð2Þ
WH4D2

; cð1Þ
BWH4 ¼ bð1Þ

BWH4 −
g3g0

2
rð1Þ
W2D4 ;

cð3Þ
W2H4 ¼ bð3Þ

W2H4 ;

cð1Þ
ψ2H4D ¼ g0g2rð1ÞW2D4 − rð1ÞBH4D2 þ g0rð9ÞB2H2D2 þ g

2
rð13ÞBWH2D2 ;

cð2Þ
ψ2H4D

¼ g02g
4

rð1Þ
B2D4 þ g3

4
rð1Þ
W2D4 −

1

2
rð1Þ
WH4D2 þ g

2
rð9Þ
W2H2D2 þ g0

4
rð13Þ
BWH2D2 ;

cð4Þ
ψ2H4D

¼ g3

4
rð1Þ
W2D4 −

1

2
rð1Þ
WH4D2 − r0ð2Þ

WH4D2 þ g
2
rð9Þ
W2H2D2 −

g0

4
rð13Þ
BWH2D2 ;

cð4Þ
ψ4H2 ¼ rð9Þ

B2H2D2 ;

cð5Þ
ψ4H2 ¼ rð9Þ

W2H2D2 ;

cð7Þ
ψ4H2 ¼ rð13ÞBWH2D2 ;

cð2Þ
ψ4D2 ¼ rð1Þ

B2D4 ;

cð3Þ
ψ4D2 ¼ rð1Þ

W2D4 : ð2:4Þ

In addition the EOM imply two relations connecting the coefficients of the following operators in the rotated basis

TABLE II. Independent dimension-eight C and P conserving USMEFT operators relevant for Drell-Yan.

Bosonic basis Coefficient Rotated basis Coefficient

Qð2Þ
H6

ðH†HÞðH†τIHÞðDμHÞ†τIDμH bð2Þ
H6 Qð2Þ

H6
ðH†HÞðH†τIHÞðDμHÞ†τIDμH cð2Þ

H6

Qð1Þ
WBH4

ðH†HÞðH†τIHÞWI
μνBμν

bð1Þ
BWH4 Qð1Þ

WBH4
ðH†HÞðH†τIHÞWI

μνBμν
cð1Þ
BWH4

Qð3Þ
W2H4

ðH†τIHÞðH†τJHÞWI
μνWJμν

bð3Þ
W2H4 Qð3Þ

W2H4
ðH†τIHÞðH†τJHÞWI

μνWJμν
cð3Þ
W2H4

Rð1Þ
B2D4

DρDαBαμDρDβBβμ
rð1Þ
B2D4 Qð2Þ

ψ4D2
DαJμBDαJBμ cð2Þ

ψ4D2

Qð1Þ
ψ2H2D3

iðDμJνB þDνJμBÞ × ðDðμDνÞH†H −H†DðμDνÞHÞ cð1Þ
ψ2H2D3

Rð1Þ
W2D4

DρDαWI
αμDρDβWI;μ

β rð1Þ
W2D4 Qð3Þ

ψ4D2
DαJIμWDαJIWμ cð3Þ

ψ4D2

Qð2Þ
ψ2H2D3

iðDμJIνW þDνJIμWÞ × ðDðμDνÞH†τIH −H†τIDðμDνÞHÞ cð2Þ
ψ2H2D3

Rð1Þ
WH4D2 iðDμWI

μνÞðH†D
↔Iν

HÞðH†HÞ rð1Þ
WH4D2 Qð1Þ

ψ2H4D iJμBðH†D
↔

μHÞðH†HÞ cð1Þ
ψ2H4D

R0ð2Þ
WH4D2

ϵIJKðH†τIHÞDνðH†τJHÞðDμWK
μνÞ r0ð2Þ

WH4D2 Qð2Þ
ψ2H4D iJIμW ½ðH†D

↔I
μHÞðH†HÞþðH†D

↔

μHÞðH†τIHÞ� cð2Þ
ψ2H4D

Rð1Þ
BH4D2 iðDαBαμÞðH†D

↔

μHÞðH†HÞ rð1Þ
BH4D2 Qð4Þ

ψ2H4D
ϵIJKJIμWðH†τJHÞDμðH†τKHÞ cð4Þ

ψ2H4D

Rð9Þ
B2H2D2

ðDμBμαÞðDνBναÞðH†HÞ rð9Þ
B2H2D2 Qð4Þ

ψ4H2
JμBJBμðH†HÞ cð4Þ

ψ4H2

Rð9Þ
W2H2D2

ðDμWI
μαÞðDνWI;ναÞðH†HÞ rð9Þ

W2H2D2 Qð5Þ
ψ4H2

JIμWJ
I
WμðH†HÞ cð5Þ

ψ4H2

Rð13Þ
BWH2D2

ðDμBμαÞðDνWI;ναÞðH†τIHÞ rð13Þ
BWH2D2 Qð7Þ

ψ4H2
JIμWJBμðH†τIHÞ cð7Þ

ψ4H2
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cð1Þ
ψ2H2D3 ¼ −

g0

2
cð2Þ
ψ4D2 ; cð2Þ

ψ2H2D3 ¼ −
g
2
cð3Þ
ψ4D2 : ð2:5Þ

III. CORRECTIONS TO THE DRELL-YAN
AMPLITUDES

In total, we have identified six dimension-six and 11
dimension-eight operators entering the Drell-Yan produc-
tion in USMEFT. As mentioned above, one can choose to
work with the fully bosonic basis of operators containing
some with higher derivatives of the bosonic fields, or with
the rotated basis in which these operators have been rotated
into fermionic operators. In order to consistently include
the new effects into realistic simulations of the experimen-
tal observables up to order OðΛ−4Þ, we numerically
evaluate the corresponding event rates with standard
numerical tools: MadGraph5_aMC@NLO [48] with UFO files
generated with FeynRules [49,50] including all relevant
operators. For this purpose it is more convenient to work
with the operators in the rotated basis including in addition
the indirect effects induced by the finite renormalization of
the SM parameters [51].
In this work, we adopt as input parameters fα̂em; ĜF;

M̂Zg and consider the following three relations to define the
renormalized parameters:

ê ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4πα̂em

p
;

v̂2 ¼ 1ffiffiffi
2

p
ĜF

;

ĉ2ŝ2 ¼ πα̂emffiffiffi
2

p
ĜFM̂

2
Z

; ð3:1Þ

where ŝ (ĉ) is the sine (cosine) of the weak mixing angle θ̂.
For convenience we parametrize the contributions of

fermionic operators to the muon decay width as

�
2hH†Hi − 1ffiffiffi

2
p

ĜF

�
fermionic

≡ v̂4

Λ2
Δ4F þ v̂6

Λ4
Δð8Þ

4F ; ð3:2Þ

where Δ4F (Δð8Þ
4F ) contains the dimension-six (-eight)

contributions. In USMEFT there is just one fermionic
dimension-six operator that contributes:

Δ4F ¼ −
ê2

2ŝ2
c2JW: ð3:3Þ

A. Z and W couplings

After finite renormalization of the SM inputs and
accounting for the direct contribution from the fermionic
dimension-eight operators containing two fermion fields
we can parametrize the Z coupling to fermion pairs f̄f as

ê
ŝ ĉ

�
ĝfL;R

�
1þ Δḡ1 þ Δg□1 þ p2

M̂2
Z

Δg01

�

þQf

�
Δḡ2 þ Δg□2 þ p2

M̂2
Z

Δg02

��
; ð3:4Þ

and the W coupling to left-handed fermions as

1ffiffiffi
2

p ê
ŝ

�
1þ ΔḡW þ Δg□W þ p2

M̂2
W

Δg0W

�
; ð3:5Þ

where ĝfL ¼ Tf
3 − ŝ2Qf, ĝfR ¼ −ŝ2Qf, Tf

3 is the fermion’s
third component of isospin, and Qf is its charge. In the
expressions above p2 is the square of the four-momentum
of the corresponding gauge boson.
The Δḡ1;2;W pieces contain corrections which are dimen-

sion-six at leading order with additional contributions from
either QWW and QBB

1 or dimension-eight operators which
are only resolvable with Higgs observables. They read

Δḡ1 ¼ −
1

4
½2Δ̄4F þ c̄Φ;1�

v̂2

Λ2
; ð3:6Þ

Δḡ2 ¼ −
ŝ2
8ĉ2

½ŝ2ð2Δ̄4F þ c̄Φ;1Þ þ 4c̄BW �
v̂2

Λ2
; ð3:7Þ

ΔḡW ¼−
1

4ĉ2
½2ŝ2c̄BW þ2ĉ2Δ̄4Fþ ĉ2c̄Φ;1�

v̂2

Λ2
−
1

2
c̄ð3Þ
W2H4

v̂4

Λ4
;

ð3:8Þ

with ĉn ¼ cosðnθ̂Þ and ŝn ¼ sinðnθ̂Þ. In addition we have
introduced the effective coupling combinations

Δ̄4F ¼ −
ê2

2ŝ2
c2JW

�
1−2

v̂2

Λ2
cWW

�
−

ê2

4ŝ2
cð5Þ
ψ4H2

v̂2

Λ2
; ð3:9Þ

c̄BW ¼ cBW

�
1 −

v̂2

Λ2
ðcWW þ cBBÞ

�

þ 1

2

�
cð1Þ
WBH4 þ ê

2ŝ
cð1Þ
ψ2H4D

þ ê
ĉ
cð2Þ
ψ2H4D

�
v̂2

Λ2
; ð3:10Þ

c̄Φ;1¼ cΦ;1þ
�
cð2Þ
H6 −

ê
ĉ
cð1Þ
ψ2H4D

−
ê
ŝ

�
cð2Þ
ψ2H4D

−cð4Þ
ψ2H4D

�� v̂2
Λ2

;

ð3:11Þ

1The coefficients of operators QBB and QWW induce an overall
renormalization of the WI and B field wave functions that can be
absorbed by a redefinition of the gauge boson coupling constants
at all orders. However, this does not apply to dimension-six
operators that involve powers of the gauge couplings without
corresponding powers of the WI and/or B gauge fields. In
particular, for Q2JW, Q2JB, and QBW the field redefinitions give
rise to OðΛ−4Þ terms proportional to c2JWcWW , c2JBcBB, and
cWBðcWW þ cBBÞ, respectively.
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c̄ð3Þ
W2H4 ¼ cð3Þ

W2H4 þ ê
2ŝ

�
cð2Þ
ψ2H4D

− cð4Þ
ψ2H4D

�
: ð3:12Þ

We collect in Δg□1;2 the additional contributions which are quadratic in the dimension-six Wilson coefficients:

Δg□1 ¼ 1

32

1

ĉ2
½16ŝ2ðΔ4FÞ2 þ 3ĉ2ð4ðΔ4FÞ2 þ ðcΦ;1Þ2Þ þ 4Δ4FcΦ;1 þ 16ŝ2Δ4FcBW �

v̂4

Λ4
; ð3:13Þ

Δg□2 ¼ ŝ22
128ĉ32

½32ŝ2ĉ2ðΔ4FÞ2 þ ð1þ 3ĉ4Þð4ðΔ4FÞ2 þ ðcΦ;1Þ2Þ − 32ðcBWÞ2�
v̂4

Λ4

þ ŝ2
8ĉ32

½4ð−1þ ĉ2ŝ22ÞΔ4FcBW − ŝ22cΦ;1cBW − ŝ2ŝ2Δ4FcΦ;1�
v̂4

Λ4
; ð3:14Þ

Δg□W ¼ 1

32ĉ32
½4ŝ22ĉ2ðΔ4FÞ2 þ ĉ4ð5ĉ2 − 2Þð4ðΔ4FÞ2 þ ðcΦ;1Þ2Þ þ 4ð−3ĉ32 þ ðĉ2 − 2ÞÞðcBWÞ2

þ 8ŝ2ŝ2ðĉ2 − 2ÞΔ4FcBW − 4ŝ2ŝ2ðĉ2 þ 2ÞcBWcΦ;1 þ ðĉ2 þ 1Þðð5ĉ2 − 2Þ − ĉ22ÞΔ4FcΦ;1�
v̂4

Λ4
: ð3:15Þ

Furthermore Δg01;2;W contain the coefficients of momentum dependent corrections to the gauge boson couplings arising

from Qð1Þ;ð2Þ
ψ2H2D3 . Their coefficients are related with those of ψ4D2 operators by the universality condition as Eq. (2.5) so

Δg01 ¼ −
ê3

4ĉ2ŝ2

�
1

ĉ
cð1Þ
ψ2H2D3 þ 1

ŝ
cð2Þ
ψ2H2D3

�
v̂4

Λ4
; ¼ ê4

8ĉ4ŝ4

�
ŝ2cð2Þ

ψ4D2 þ ĉ2cð3Þ
ψ4D2

� v̂4

Λ4
; ð3:16Þ

Δg02 ¼ −
ê3

4ĉ2ŝ2

�
ŝcð2Þ

ψ2H2D3 − ĉcð1Þ
ψ2H2D3

� v̂4

Λ4
; ¼ ê4

8ĉ2ŝ2

�
cð3Þ
ψ4D2 − cð2Þ

ψ4D2

� v̂4

Λ4
; ð3:17Þ

Δg0W ¼ −
ê3

4ŝ3
cð2Þ
ψ2H2D3

v̂4

Λ4
; ¼ ê4

8ŝ4
cð3Þ
ψ4D2

v̂4

Λ4
: ð3:18Þ

Lastly the W mass correction is

ΔMW

M̂W
¼ −

1

4ĉ2

v̂2

Λ2
½2ŝ2c̄BW þ 2ŝ2Δ̄4F þ ĉ2c̄Φ;1� −

1

2

v̂4

Λ4
c̄ð3Þ
W2H4 þ ðΔMWÞ□

M̂W
;

ðΔMWÞ□
M̂W

¼ 1

32ĉ32

v̂4

Λ4
½16ŝ4ĉ2ðΔ4FÞ2 − 4ŝ4ð3ĉ2 þ 2ÞðΔ4FÞ2 þ ĉ4ð5ĉ2 − 2ÞðcΦ;1Þ2 þ 4ð−3ĉ32 þ ðĉ2 − 2ÞÞðcBWÞ2

− 4ŝ2ŝ2ðĉ2 þ 2ÞcBWcΦ;1 − 4ĉ2ð7 − 19ĉ2 þ 14ĉ4ÞΔ4FcΦ;1 − 8ŝ2ð6 − 17ĉ2 þ 14ĉ4ÞΔ4FcBW �; ð3:19Þ

where M̂W ¼ ê v̂
2ŝ .

B. Four-fermion contact amplitudes

In addition to the corrections to the couplings of Z andW
bosons to fermion pairs, there are seven contact contribu-
tions to four-fermion amplitudes in the rotated basis:

(i) two at dimension six: c2JW and c2JB; and

(ii) five at dimension eight: cð2Þ
ψ4D2 , c

ð3Þ
ψ4D2 , c

ð4Þ
ψ4H2 , c

ð5Þ
ψ4H2 ,

and cð7Þ
ψ4H2 .

However, in Drell-Yan processes the contribution of c2JB
and cð4Þ

ψ4H2 (c2JW and cð5Þ
ψ4H2) always enter together in the

same combination. Furthermore, as before, the dimension-
six Wilson coefficients cBB and cWW induce a shift on the
gauge coupling constants which results in an associated
shift on the four-fermion operator coefficients. Hence, we
find that the four-fermion contact amplitudes depend upon
the two combinations:
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c̄2JW ≡ c2JW

�
1−2

v̂2

Λ2
cWW

�
þ cð5Þ

ψ4H2

v̂2

2Λ2
¼ −

2ŝ2

ê2
Δ̄4F; ð3:20Þ

c̄2JB ≡ c2JB

�
1 − 2

v̂2

Λ2
cBB

�
þ cð4Þ

ψ4H2

v̂2

2Λ2
: ð3:21Þ

In addition Qð7Þ
ψ4H2 contributes to a different combination of the momentum independent four-fermion contact amplitudes.

Moreover, Qð2Þ
ψ4D2 and Qð3Þ

ψ4D2 generate distinctive momentum-dependent four-fermion vertices.

Altogether we can parametrize the four-fermion contact amplitudes in Drell-Yan NC and CC processes with p2, the
partonic center-of-mass energy, as

MDY;NC
Cont ¼ −ê2

1

M̂2
Z

�
1

ŝ2ĉ2
ðjfZÞμðjf

0
Z Þμ

�
N̄ ZZ þN□

ZZ þ p2

M̂2
Z

N 0
ZZ

�

þ 1

ŝ ĉ
ððjfZÞμðjf

0
QÞμ þ ðjfQÞμðjf

0
Z ÞμÞ

�
N̄ γZ þN□

γZ þ p2

M̂2
Z

N 0
γZ

�

þðjfQÞμðjf
0

QÞμ
�
N̄ γγ þN□

γγ þ
p2

M̂2
Z

N 0
γγ

��
; ð3:22Þ

MDY;CC
Cont ¼ −

ê2

2ŝ2
1

M̂2
W

ðjfWÞμðjf
0

WÞμ
�
N̄WW þN□

WW þ p2

M̂2
W

N 0
WW

�
; ð3:23Þ

where we have made use of the following currents:

ðjfZÞμ ¼ ĝfLf̄Lγ
μfL þ ĝfRf̄γ

μfR; ð3:24Þ

ðjfQÞμ ¼ Qff̄γμf; ð3:25Þ

ðjfWÞμ ¼ fuLγμfdL: ð3:26Þ

Keeping our conventions as before, we defined the N̄ pieces containing corrections which are dimension-six at leading
order with additional irresolvable contributions

N̄ γγ ¼ −
ê2

2ŝ2ĉ2
ðŝ2c̄2JW þ ĉ2c̄2JBÞ

v̂2

Λ2
þ ê2

4ŝ ĉ
cð7Þ
ψ4H2

v̂4

2Λ4
; ð3:27Þ

N̄ ZZ ¼ −
ê2

2ŝ2ĉ2
ðĉ2c̄2JW þ ŝ2c̄2JBÞ

v̂2

Λ2
−

ê2

4ŝ ĉ
cð7Þ
ψ4H2

v̂4

Λ4
; ð3:28Þ

N̄ γZ ¼ −
ê2

2ŝ ĉ
ðc̄2JW − c̄2JBÞ

v̂2

Λ2
þ ĉ2

ê2

8ŝ2ĉ2
cð7Þ
ψ4H2

v̂4

Λ4
; ð3:29Þ

N̄WW ¼ −
ê2

2ŝ2
c̄2JW

v̂2

Λ2
: ð3:30Þ

In addition N□ contains the terms quadratic in the Wilson coefficients of the dimension-six operators

N□
γγ ¼ −

ê2

4ŝ2ĉ2
1

ĉ2
½ê2ĉ2ðc2JWÞ2 − c2JWðŝ2ĉ2cΦ;1 þ 4ĉŝ3cBW − 4ŝ2ĉ2cWWÞ ð3:31Þ

þĉ2c2JBð−ê2c2JW − 4ĉ2cBB þ 4ĉ ŝ cBW þ ŝ2cΦ;1Þ�
v̂4

Λ4
; ð3:32Þ
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N□

ZZ ¼ −
ê2

4ŝ2ĉ2
1

ŝ2ĉ2
½ê2ĉ2ðc2JWÞ2 − ŝ2c2JWðĉ2cΦ;1 þ 4ĉ2ĉ2cWW þ ê2ŝ2c2JB þ 2ŝ2ĉ2cBWÞ ð3:33Þ

þŝ4c2JBð2ŝ2cBW þ ŝ2cΦ;1 − 4ĉ2cBBÞ�
v̂4

Λ4
; ð3:34Þ

N□

γZ ¼ ê2

4ŝ2ĉ2
ĉ
ŝĉ2

½−ê2ĉ2ðc2JWÞ2 þ ŝ2c2JWðĉ2cΦ;1 þ 4ĉ2cWW þ 2ŝ2cBW − ê2c2JBÞ; ð3:35Þ

þŝ2c2JBð2ŝ2cBW þ ŝ2cΦ;1 − 4ĉ2cBBÞ�
v̂4

Λ4
; ð3:36Þ

N□

WW ¼ ê2

4ŝ2
1

ŝ2ĉ2
½−ê2ĉ2ðc2JWÞ2 þ ê2ŝ2c2JWðĉ2cΦ;1 þ 2ĉ2cWW þ 2ŝ2cBWÞ�

v̂4

Λ4
; ð3:37Þ

and N 0 contains the coefficients of the momentum-dependent four-fermion couplings:

N 0
γγ ¼ −

ê4

8ŝ4ĉ4
ðŝ2cð3Þ

ψ4D2 þ ĉ2cð2Þ
ψ4D2Þ v̂

4

Λ4
; ð3:38Þ

N 0
ZZ ¼ −

ê4

8ŝ4ĉ4
ðĉ2cð3Þ

ψ4D2 þ ŝ2cð2Þ
ψ4D2Þ v̂

4

Λ4
¼ −Δg01; ð3:39Þ

N 0
γZ ¼ −

ê4

8ŝ3ĉ3
ðcð3Þ

ψ4D2 − cð2Þ
ψ4D2Þ v̂

4

Λ4
¼ −

1

ĉ ŝ
Δg02; ð3:40Þ

N 0
WW ¼ −

ê4

8ŝ4
cð3Þ
ψ4D2

v̂4

Λ4
¼ −ΔgW; ð3:41Þ

where, in the rightmost equivalence, we used
Eqs. (3.16)–(3.18).
In summary, at the linear level neglecting quadratic [i.e.

proportional to ðdimension-sixÞ2] coefficients, we have
identified eight combinations of Wilson coefficients which
can be distinguished by studying the invariant mass
distribution of the lepton pairs produced in Drell-Yan
processes. They can be chosen to be the five combinations
Δ̄4F, c̄BW , c̄Φ;1, c̄3W2H4 , and c̄2JB in Eqs. (3.9)–(3.12) and
(3.21), together with the coefficients of the dimension-eight

operators cð7Þ
ψ4H2 , c

ð2Þ
ψ4D2 , and cð3Þ

ψ4D2 . In what follows we refer

to this set of variables as overline coefficients.

C. Corrections to the Z- and W-pole observables

In our analyses we include the constraints from EWPO
on the Z- andW-pole. The predictions for these observables
can be obtained from Eq. (3.4) with p2 ¼ M̂2

Z and (3.5)
with p2 ¼ M̂2

W respectively, with the quadratic pieces
remaining the same. We can conveniently write these
couplings at the linear level as

ΔgZ pole
1 ¼ Δḡ1 þ Δg01 ¼ −

1

4
½2Δ̃4F þ c̃Φ;1�

v̂2

Λ2
; ð3:42Þ

ΔgZ pole
2 ¼ Δḡ2 þ Δg02 ¼ −

ŝ2
8ĉ2

½ŝ2ð2Δ̃4F þ c̃Φ;1Þ

þ 4c̃BW �
v̂2

Λ2
; ð3:43Þ

ΔgWpole
W ¼ ΔḡW þ Δg0W

¼ −
1

4ĉ2
½2ŝ2c̃BW þ 2ĉ2Δ̃4F þ ĉ2c̃Φ;1�

v̂2

Λ2

−
1

2
c̃ð3Þ
W2H4

v̂4

Λ4
; ð3:44Þ

with

Δ̃4F ¼ Δ̄4F −
ê4

4ŝ4
cð3Þ
ψ4D2

v̂2

Λ2
;

c̃BW ¼ c̄BW þ ê4

8ŝ3ĉ3
ðcð2Þ

ψ4D2 þ cð3Þ
ψ4D2Þ v̂

2

Λ2
;

c̃Φ;1 ¼ c̄Φ;1 −
ê4

2ŝ2ĉ4
ðcð2Þ

ψ4D2 þ ĉ2cð3Þ
ψ4D2Þ v̂

2

Λ2
;

c̃ð3Þ
W2H4 ¼ c̄ð3Þ

W2H4 þ ê4

4ŝ2ĉ2
cð3Þ
ψ4D2 ; ð3:45Þ

while it still holds that

ΔMW

M̂W
¼ −

1

4ĉ2

v̂2

Λ2
½2ŝ2c̃BW þ 2ŝ2Δ̃4F þ ĉ2c̃Φ;1�

−
1

2

v̂4

Λ4
c̃ð3ÞW2H4 þ ðΔMWÞ□

M̂W
: ð3:46Þ

In summary, the corrections to the Z and W pole
observables to order OðΛ−4Þ which are dominant can be
expressed in terms of four combinations (herein refereed to

as tilde coefficients) c̃BW , c̃Φ;1, c̃ð3Þ
W2H4 , and Δ̃4F which
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involve six of the eight overline coefficients: c̄BW , c̄Φ;1,

c̄ð3ÞW2H4 , Δ̄4F, c
ð2Þ
ψ4D2 , and cð3Þ

ψ4D2 .

IV. PARAMETRIZATION IN TERMS OF OBLIQUE
PARAMETERS

Corrections to electroweak observables from universal
theories can be described in terms of the so-called oblique
parameters defined in terms of the corrections to the gauge
boson self-energies [40,52,53] by expanding the vacuum-
polarization amplitudes as

ΠVV 00 ðq2Þ ¼ ΠVV 00 ð0Þ þ Π0
VV 00 ð0Þq2 þ 1

2
Π00

VV 00 ð0Þq4

þ 1

6
Π000

VV 00 ð0Þq6 þ…: ð4:1Þ

To order q4 one can define seven independent such oblique
parameters for the weak gauge bosons

Ŝ ¼ −
ĉ
ŝ
Π3Bð0Þ; ð4:2Þ

T̂ ¼ 1

M̂2
W

½ΠWWð0Þ − Π33ð0Þ�; ð4:3Þ

Û ¼ Π0
33ð0Þ − Π0

WWð0Þ; ð4:4Þ

V ¼ M̂2
W

2
½Π00

WWð0Þ − Π00
33ð0Þ�; ð4:5Þ

X ¼ −
M̂2

W

2
Π00

3Bð0Þ; ð4:6Þ

Y ¼ −
M̂2

W

2
Π00

BBð0Þ; ð4:7Þ

W ¼ −
M̂2

W

2
Π00

33ð0Þ: ð4:8Þ

Within the dimension-six SMEFT only Ŝ, T̂, W, and Y are
generated of which only three combinations enter in the
electroweak gauge boson pole observables.
Because the corrections to the amplitudes are expressed

in terms of the oblique parameters only at linear order, in
the context of the USMEFT such approach is only con-
sistent with the operator expansion at first order, i.e. at
OðΛ−2Þ. Nevertheless, the parametrization in terms of
oblique parameters can be considered more general than
USMEFT as it can be applied also to other expansions like
the HEFTas well as specific universal theories. With this in
mind one can extend the formalism by expanding the self-
energies to order q6. This involves four additional param-
eters which can be defined as

V 0 ¼ M̂4
W

6
½Π000

WWð0Þ − Π000
33ð0Þ�; ð4:9Þ

X0 ¼ −
M̂4

W

6
Π000

3Bð0Þ; ð4:10Þ

Y 0 ¼ −
M̂4

W

6
Π000

BBð0Þ; ð4:11Þ

W0 ¼ −
M̂4

W

6
Π000

33ð0Þ: ð4:12Þ

Including the above self-energy contributions one can
write the Drell-Yan amplitudes in terms of the modified
propagators for the NC and CC interactions extending the
expressions in Ref. [24] to include the additional oblique
parameters as

0
B@

1
p2−M̂2

Z
þ 2ΔgO

1

p2−M̂2
Z
−

ðεZZþ 2

ĉ2
ε0ZZÞ

M̂2
W

− ε0ZZ
M̂4

W
p2 ΔgO

2

ŝ ĉðp2−M̂2
ZÞ
−

ðεZγþ 1

ĉ2
ε0ZγÞ

M̂2
W

−
ε0Zγ
M̂4

W
p2

� 1
p2 −

εγγ
M̂2

W
− ε0γγ

M̂4
W
p2

1
CA; ð4:13Þ

1

p2 − M̂2
W

þ 2ΔgOW
p2 − M̂2

W

−
εWW þ 2ε0WW

M̂2
W

−
ε0WW

M̂4
W

p2: ð4:14Þ

Written in this form one can identify the pieces of the modified propagators exhibiting ðp2 −M2
VÞ−1 as generated by the

amplitude with the standard model V propagator and with modified vertices to the fermions. In terms of oblique parameters
they read

ΔgO1 ¼ 1

2

�
T̂ −

�
W þ 2

ĉ2
W0

�
þ 2ŝ

ĉ

�
X þ 2

ĉ2
X0
�
−
ŝ2

ĉ2

�
Y þ 2

ĉ2
Y 0
��

; ð4:15Þ

ΔgO2 ¼ ŝ2

ĉ2

�
ĉ2T̂ − Ŝþ ŝ2

�
W þ 1

ĉ2
W0

�
−
1 − 2ŝ2ĉ2

ŝ ĉ

�
X þ 1

ĉ2
X0
�
þ ĉ2

�
Y þ 1

ĉ2
Y 0
��

; ð4:16Þ
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ΔgOW ¼ 1

2ĉ2

�
ĉ2T̂ − 2ŝ2Ŝ − ð1 − 3ŝ2ÞðW þ 2W0Þ þ ŝ2

�
Y þ 1

ĉ2
Y 0
�
− 2ŝ ĉ

�
X þ 1

ĉ2
X0
��

−
1

2
Û þ V þ 3

2
V 0: ð4:17Þ

Moreover, the pieces proportional to M−2
V (q2=M4

V) are
linear combinations of the W, Y, X, and V (W0, Y 0, X0, and
V 0) parameters,

εð0Þγγ ¼ ŝ2Wð0Þ þ ĉ2Yð0Þ þ 2ŝ ĉ Xð0Þ; ð4:18Þ

εð0ÞZZ ¼ ĉ2Wð0Þ þ ŝ2Yð0Þ − 2ŝ ĉ Xð0Þ; ð4:19Þ

εð0ÞZγ ¼ ðĉ2 − ŝ2ÞXð0Þ þ ŝ ĉðWð0Þ − Yð0ÞÞ; ð4:20Þ

εð0ÞWW ¼ Wð0Þ − Vð0Þ; ð4:21Þ

and they are generated by the contact four-fermion oper-
ators in the rotated basis. Additionally, the correction to the
W mass is

ΔMW

M̂W
¼ ΔgOW −

1

2
ðV þ 2V 0 −W − 2W0Þ: ð4:22Þ

The relation between the parametrization in terms of
oblique parameters and the USMEFT expressions in terms
of coefficients of the operators in the rotated basis can be
made explicit by computing the oblique parameters in the
bosonic basis and then applying Eqs. (2.3) and (2.4). We
list those expressions in Appendix B. As seen in
Appendix B, within USMEFT up to dimension-eight
operators, there are eight nonvanishing oblique parameters:
Ŝ, T̂, Û, W, Y, X, W0, and Y 0. Introducing the resulting
expressions of these oblique parameters in terms of the
coefficients in the rotated basis in Eqs. (4.15)–(4.29) one
finds

ΔgO1 ¼ −
1

4
½2Δ̄4F þ c̄Φ;1�

v̂2

Λ2
þ ê4

8ĉ4ŝ4

�
ŝ2cð2Þ

ψ4D2 þ ĉ2cð3Þ
ψ4D2

� v̂4

Λ4
¼ Δḡ1 þ Δg01; ð4:23Þ

ΔgO2 ¼ ŝ2
8ĉ2

½ŝ2ð2Δ̄4F þ c̄Φ;1Þ þ 4c̄BW �
v̂2

Λ2
þ ê4

8ĉ2ŝ2

�
cð3Þ
ψ4D2 − cð2Þ

ψ4D2

� v̂4

Λ4
¼ Δḡ2 þ Δg02; ð4:24Þ

ΔgOW ¼ −
1

4ĉ2
½2ŝ2c̄BW þ 2ĉ2Δ̄4F þ ĉ2c̄Φ;1�

v̂2

Λ2
−
1

2
c̄ð3Þ
W2H4

v̂4

Λ4
þ ê4

8ŝ4
cð3Þ
ψ4D2

v̂4

Λ4
¼ ΔḡW þ Δg0W; ð4:25Þ

εγγ ¼ −
ê2

2ŝ2
ðŝ2c̄2JW þ ĉ2c̄2BWÞ

v̂2

Λ2
þ ĉê2

4ŝ
cð7Þ
ψ4H2

v̂4

Λ4
¼ ĉ2N̄ γγ; ð4:26Þ

εZZ ¼ −
ê2

2ŝ2
ðĉ2c̄2JW þ ŝ2c̄2BWÞ

v̂2

Λ2
−
ĉê2

4ŝ
cð7Þ
ψ4H2

v̂4

Λ4
¼ ĉ2N̄ ZZ; ð4:27Þ

εZγ ¼ −
ê2ĉ
2ŝ

ðc̄2JW − c̄2BWÞ
v̂2

Λ2
þ ĉ2

ê2

8ŝ2
cð7Þ
ψ4H2

v̂4

Λ4
¼ ĉ2N̄ γZ; ð4:28Þ

εWW ¼ −
ê2

2ŝ2
c̄2JW

v̂2

Λ2
¼ N̄WW; ð4:29Þ

ε0γγ ¼ −
ê4

8ŝ4

�
ŝ2cð3Þ

ψ2D2 þ ĉ2cð2Þ
ψ2D2

� v̂4

Λ4
¼ ĉ4N 0

γγ; ð4:30Þ

ε0ZZ ¼ −
ê4

8ŝ4

�
ĉ2cð3Þ

ψ2D2 þ ŝ2cð2Þ
ψ2D2

� v̂4

Λ4
¼ ĉ4N 0

ZZ ¼ −ĉ4Δg01; ð4:31Þ

ε0Zγ ¼ −ĉ
ê4

8ŝ3

�
cð3Þ
ψ2D2 − cð2Þ

ψ2D2

� v̂4

Λ4
¼ ĉ4N 0

γZ ¼ −ĉ4
1

ĉ ŝ
Δg02; ð4:32Þ

ε0WW ¼ −
ê4

8ŝ4
cð3Þ
ψ2D2

v̂4

Λ4
¼ N 0

WW ¼ −Δg0W: ð4:33Þ
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The equalities above hold exactly when, in the most right-
hand side, only the linear OðΛ−2Þ from dimension-six
operators and OðΛ−4Þ from dimension-eight operators are
included in the overline coefficients. In the same form the
correction to the W mass obtained from Eq. (4.22) coin-
cides with Eq. (3.19) when the dimension-six square terms
are not included.
We finish by stressing that in the context of USMEFT,

the parametrization of the universal effects in terms of
oblique parameters obtained by linearly expanding the
gauge boson self-energies does not provide a consistent
series in ð1=ΛÞ beyond ð1=Λ2Þ. The consistent expansion
requires the inclusion of the terms quadratic in the Wilson
coefficients as presented in Sec. III and, therefore, to go
beyond the expansion of the amplitudes in terms of oblique
parameters at linear order. Nevertheless, as expected, the
amplitudes obtained in terms of oblique parameters match
the full expressions for the terms linear in the operator
coefficients and allows for a clean identification of the
number of independent combinations of operator coeffi-
cients. Furthermore this analysis allows to compare the
constraints derived on the oblique parameters when includ-
ing all those generated at dimension-eight in USMEFT to
those that had been derived in the literature including only
the oblique parameters generated at dimension six.

V. ANALYSIS FRAMEWORK

In this work, our goal is to study the constraints on the
USMEFT Wilson coefficients imposed by neutral- and
charged-current Drell-Yan processes in combination
with EWPO.
Regarding the Drell-Yan processes, the larger LHC

energy of the 13 TeV runs implies that these runs are
more sensitive to the presence of anomalous couplings, as
expected. Unfortunately only very recently the ATLAS
Collaboration has presented a dedicated study of Drell-Yan
CC process at 13 TeV [6]. No dedicated study of Drell-Yan
NC process at this energy has been published with detailed
enough information on the differential cross sections to allow

for analysis outside of the collaborations. Determination of
the Drell-Yan NC cross sections has been presented only
using 8 TeV data [2,3]. However, both ATLAS and CMS
have searched for new resonances in the lþl− and l�νl
channels with the full 13 TeV luminosity. These searches can
be recast into bounds on the USMEFT by studying their data
on the lepton pair invariant mass distribution and the trans-
versemass spectrum respectively. As such, we have included
the high invariant mass part of those distributions in the
analyses, and for convenience,wehave also rebinned thedata
to guarantee a minimum number of events. We present in
Table III a summary of the data included in our analyses as
well as provide further details on our analyses inAppendixC.
As discussed in Sec. III a total of six dimension-six

operators and eleven dimension-eight operators contributes
to the amplitudes at order 1=Λ4 of which we have identified
eight combinations of Wilson coefficients entering linearly,
the five overline coefficients Δ̄4F, c̄BW , c̄Φ;1, c̄3W2H4 , and
c̄2JB in Eqs. (3.9)–(3.12) and (3.21), together with the

coefficients of the dimension-eight operators cð7Þ
ψ4H2 , c

ð2Þ
ψ4D2 ,

and cð3Þ
ψ4D2 . In addition there are contributions purely quad-

ratic in the four dimension-six coefficients Δ4F, cBW , cΦ;1,
and c2JB.
The theoretical predictions needed for the analyses were

obtained with MadGraph5_aMC@NLO [48] at leading-order in
QCD and QED, with the UFO files for the effective
Lagrangian with the seventeen operators of the rotated
basis generated with FeynRules [49,50] including also the
OðΛ−2Þ and OðΛ−4Þ terms from the finite renormalization
of the SM inputs. Parton shower and hadronization was
performed using PYTHIA8 [54], and the fast detector
simulation was carried out with DELPHES [55]. Jet analyses
was done using FastJet [56]. Exclusively for the ATLAS NC
data [7], the detector response was simulated using Rivet

[57,58], with the analysis code provided by the experi-
mental collaboration. For the ATLAS 8 TeV data [2], QCD
NNLO corrections for the SM predictions were incorpo-
rated using MATRIX [59]. When required, we corrected

TABLE III. Neutral- and charged-current Drell-Yan data considered in our analyses.

Channel Distribution No. of bins Ranges Dataset Integrated luminosity

NC d2σ
dmlldjyjll

48 116 GeV ≤ mll ≤ 1.5 TeV 0 ≤ yll ≤ 2.4 ATLAS 8 TeV 20.3 fb−1 [2]

NC dNev
dmeþe−

20 250 GeV ≤ meþe− ≤ 5 TeV ATLAS 13 TeV 139 fb−1 [7]

NC dNev
dmμþμ−

20 250 GeV ≤ mμþμ− ≤ 5 TeV ATLAS 13 TeV 139 fb−1 [7]

NC dNev
dmeþe−

20 300 GeV ≤ meþe− ≤ 6 TeV CMS 13 TeV 137 fb−1 [8]

NC dNev
dmμþμ−

20 300 GeV ≤ mμþμ− ≤ 7 TeV CMS 13 TeV 137 fb−1 [8]

CC dσ
dmT

20 200 GeV ≤ mT;lν ≤ 5 TeV ATLAS 13 TeV 140 fb−1 [6]

CC dN
dmT

20 440 GeV ≤ mT;eν ≤ 7 TeV CMS 13 TeV 138 fb−1 [10]

CC dN
dmT

20 600 GeV ≤ mT;μν ≤ 7 TeV CMS 13 TeV 138 fb−1 [10]
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these predictions bin by bin by the SM correspondent k-
factors for higher order QCD corrections.
In order to address the dependence of the results on the

order of the expansion, we have performed the analyses at
different orders. We label the different analyses as follows:

(i) OðΛ−4Þ: Including contributions from dimension-
six and dimension-eight operators and keeping their
effects in the observables up to quadratic order in the
dimension-six operator coefficients and linear order
in the dimension-eight operator coefficients. This is
the main focus of our work. In addition we make the
following analyses for comparison.

(ii) OðΛ−2Þ: Including only contributions from dimen-
sion-six operators and keeping their effects in the
observables at linear order in the operator coeffi-
cients—that is, considering only the first two terms
in Eq. (2.1).

(iii) Dim-6þ ðDim-6Þ2: Including only contributions
from dimension-six operators and keeping their
effects in the observables up to quadratic order in
the operator coefficients, i.e. not including the last
term in Eq. (2.1).

(iv) Dim-6þ Dim-8: Including contributions from di-
mension-six and dimension-eight operators and
keeping their effects in the observable only at linear
order in all operator coefficients. This means in-
cluding neither the third nor fourth term of Eq. (2.1).
We present the results of this analysis also in terms
of the generalized oblique parameters.

At OðΛ−4Þ we find that even including the quadratic
contributions, the analysis cannot break the degeneracies
between the different Wilson coefficients entering in the
overline coefficients. Thus we proceed by substituting Δ4F,
cBW , cΦ;1, and c2JB with Δ̄4F, c̄BW , c̄Φ;1, and c̄2JB in the
quadratic terms and in the process neglect terms ofOðΛ−6Þ.
With this we define a χ2 function which depends on the
eight Wilson coefficient combinations,

χ2DY;NCðc̄BW; c̄Φ;1; Δ̄4F; c̄2JB; c
ð2Þ
ψ4D2 ; c

ð3Þ
ψ4D2 ; c

ð7Þ
ψ4H2Þ

þ χ2DY;CCðc̄BW; c̄Φ;1; Δ̄4F; c̄
ð3Þ
W2H4 ; c

ð3Þ
ψ4D2Þ: ð5:1Þ

With respect to the EWPO, we include 12Z-pole
observables [60]: ΓZ, σ0h, AlðτpolÞ, R0

l, AlðSLDÞ, A0;l
FB

R0
c, R0

b, Ac,Ab, A
0;c
FB, and A0;b

FB and two W pole observables
MW and ΓW taken from [61]. Notice that the average
leptonic W branching ratio is not included because it does
not lead to any additional constraint on universal EFT’s. We
include in our analyses the correlations among these inputs,
as given in Ref. [60], and the SM predictions and their
uncertainties due to variations of the SM parameters were
extracted from [62].
As discussed in Sec. III the Z andW pole observables to

order OðΛ−4Þ which are dominant can be expressed in

terms of four combinations c̃BW , c̃Φ;1, c̃ð3ÞW2H4 , and Δ̃4F

which involve six of the eight combinations testable in

Drell-Yan: c̄BW , c̄Φ;1, c̄
ð3Þ
W2H4 , Δ̄4F, c

ð2Þ
ψ4D2 , and c

ð3Þ
ψ4D2 . As with

the Drell-Yan observables, the dimension-six square con-
tributions to EWPO are not able to break the degeneracies,
thus we can proceed by neglecting terms ofOðΛ−6Þ and we
write the couplings relevant to the EWPO as Eqs. (3.4) and
(3.5) where we substitute Δ4F, cBW , and cΦ;1 with Δ̃4F c̃BW
and c̃Φ;1 in Δg□i and ðΔMWÞ□. With this, the EWPO chi-
squared function is

χ2EWPOðc̄BW; c̄Φ;1; Δ̄4F; c̄
ð3Þ
W2H4 ; c

ð2Þ
ψ4D2 ; c

ð3Þ
ψ4D2Þ

≡ χ2EWPOðc̃BW; c̃Φ;1; c̃
ð3Þ
W2H4 ; Δ̃4FÞ; ð5:2Þ

which can effectively only constrain the four tilde coef-
ficients in Eq. (3.45).

VI. RESULTS

We start by studying the complementarity and improve-
ment on the sensitivity between the DY results and the
EWPO. In order to do so we project the results of the
analysis over the tilde coefficients. The result is shown in
the left in Fig. 1 which contains the one- and two-dimen-
sional projections ofΔχ2 functions for theOðΛ−4Þ analyses
of the EWPO and DY separately and their combination as a
function of the four tilde parameters. The top row contains
the one-dimensional marginalized projections of Δχ2 ’s as a
function of the four combinations of Wilson coefficients.
From the analysis we obtain the 95% CL allowed ranges for
the coupling combinations taking part in the EWPO listed
in Table IV.
The lower panels of Fig. 1 depict the two-dimensional 1σ

and 2σ allowed regions for the different analyses. For
comparison we show the equivalent results for the OðΛ−2Þ
analysis on the right which involves only three coefficients.
First, comparing the result from the analyses of the EWPO
(blue regions) in Fig. 1 we observe the wider allowed range
of parameters c̃Φ;1, Δ̃4F in the OðΛ−4Þ analysis, and the
well-known strong correlations among c̃Φ;1, Δ̃4F and

c̃ð3ÞW2H4 . These correlations are due to the cancellation of
their linear contributions to the Z couplings and W mass
when

c̃Φ;1 ¼ −2Δ̃4F ¼ −2c̃ð3Þ
W2H4

v̂2

Λ2
: ð6:1Þ

Along this direction the bounds on these three combina-
tions dominantly come from ΓW which is less precisely
determined. This correlation weakens the limits on the
Wilson coefficient combinations shown in Table IV by a
factor of 2–3 with respect to the order OðΛ−2Þ analysis.
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In Fig. 1 we also see that the analysis of Drell-Yan data
by itself provided a two orders of magnitude stronger
constraint on the coefficient Δ̃4F which contains the four-
fermion dimension-six operator coefficient c2JW . This
effect of energy helping accuracy discussed in Ref. [24]
in the context of an OðΛ−2Þ analysis arises from the
contribution of the operator Q2JW to the Drell-Yan four-
fermion contact amplitudes; see Eqs. (3.27)–(3.30), or
equivalently to the modified propagators (4.18)–(4.21)
which dominate at higher invariant masses. Interestingly,
in the OðΛ−4Þ analysis the resulting effect in the combi-
nation of the DY with the EWPO is quantitatively more
relevant because DY results contribute to breaking the very
strong degeneracy present in the EWPO analysis. As a
consequence, as seen in Fig. 1 and in Table IV the inclusion
of DY results not only in a better determination of Δ̃4F, but

also constraints on c̃Φ;1 and c̃
ð3Þ
W2H4 of a factor ∼20 stronger.

The results of the full analyses in terms of the eight
overline coefficients introduced in Sec. V are shown in
Figs. 2 and 3 and summarized in Table V. First, from Fig. 2
we see that for none of the analyses presented do we find
any favored deviation from the SM predictions, and the
zero value for all of the parameters lies at Δχ2 < 1. With
respect to the allowed ranges, comparing the results in the
two left-most columns in Table V we see that for the
analysis performed including only dimension-six operators,
the constraints on the coefficients c̄BW , c̄Φ;1, c̄2JW (or
equivalently Δ̄4F), and c̄2JB are robust under the inclusion
of the dimension-six square contributions to the observ-
ables. Furthermore comparing these results with those of
the analysis performed including the dimension-eight
operators (see two right columns in Table V and red curves
in Fig. 2) we learn that the bounds on c̄BW , c̄Φ;1, c̄2JW , (Δ̄4F)
become slightly weaker while the constraint on c̄2JB

FIG. 1. One- and two-dimensional projections of Δχ2 from the analyses of EWPO and Drell-Yan data performed toOðΛ−4Þ on the left
[OðΛ−2Þ on the right] for the coefficients c̃BWv̂2=Λ2, c̃Φ;1v̂2=Λ2, Δ̃4Fv̂2=Λ2, and c̃ð3Þ

W2H4 v̂4=Λ4 (c̃BWv̂2=Λ2, c̃Φ;1v̂2=Λ2, and Δ̃4Fv̂2=Λ2),
as indicated in each panel after marginalizing over the 7=6 (2=1 at OðΛ−2Þ) undisplayed parameters for one- and two-dimensional
projections respectively. Notice that the second column in the left figure is a magnification of the results on the first column for better
visibility as well as the change of scale in the axis between the panels on the left and on the right figure.

TABLE IV. 95% CL allowed ranges for the effective couplings entering the EWPO analysis.

95% CL allowed range

OðΛ−2Þ OðΛ−4Þ
Coupling EWPO EWPOþ DY EWPO EWPOþ DY

v̂2

Λ2 c̃BW ½−10; 8.4� × 10−4 ½−8.5; 6.1� × 10−4 ½−10; 8.4� × 10−4 ½−9.3; 9.1� × 10−4

v̂2

Λ2 c̃Φ;1 ½−2.1; 1.8� × 10−3 ½−2.2; 1.7� × 10−3 ½−8.0; 8.1� × 10−2 ½−4.6; 2.7� × 10−3

v̂2

Λ2 Δ̃4F ½−1.7; 1.4� × 10−3 ½−10; 7.6� × 10−5 ½−3.9; 4.1� × 10−2 ½−1.3; 2.1� × 10−4

v̂4

Λ4 c̃
ð3Þ
W2H4

½−3.8; 4.3� × 10−2 ½−1.2; 1.9� × 10−3
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FIG. 2. One-dimensional projections of Δχ2 after marginalization over all other coefficients for the different analyses performed as
labeled in the figure.

FIG. 3. Two-dimensional projection of the Δχ2 from the analysis of EWPO+Drell-Yan data for the OðΛ−4Þ analysis.
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becomes much weaker. This is a consequence of cancella-
tions between dimension-six and dimension-eight contri-
butions which results into corelations between the allowed
ranges.
The correlations in the determination of the coefficients

is explicitly shown in Fig. 3 where we plot two-dimensional
projections of the χ2 function after marginalizaiton over the
other six coefficients. In the figure we see correlations
between c̄BW and c̄Φ;1, between c̄Φ;1 and c̄3

W2H4 and
between c̄BW and c̄3

W2H4 . They are related to those already
observed among the corresponding tilde coefficients in the
OðΛ−4Þ results on the left of Fig. 1. We also observe a

moderate correlation between Δ̄4F (c̄2JW) and cð3Þ
ψ4D2 . We

can trace its origin to the fact that linear combinations of
these two coefficients enter in both the pole observables
[see Eqs. (3.42)–(3.44)] and in the four-fermion contact DY
amplitudes in Eqs. (3.23) and (3.22) [see also Eqs. (3.27)–
(3.30) and (3.38)–(3.41)]. However the relative effects are
different at the Z and W pole than in the DY amplitudes

because of the momentum dependence of the cð3Þ
ψ4D2 con-

tribution. Consequently the combination of EWPO and DY
from both NC and CC processes can independently bound
the two coefficients leaving only the correlation shown.
From Fig. 3 we also see that the most correlated bounds

correspond to the coefficients c̄2JB, c
ð7Þ
ψ4H2 , and cð2Þ

ψ4D2 . We
first observe a very strong positive correlation between

c̄2JB and cð7Þ
ψ4H2 . These two operators do not contribute to

EWPO and only enter DY in the four-fermion NC contact
amplitudes in Eq. (3.22) [see Eqs. (3.27)–(3.29)], of
which N̄ γγ is numerically larger. Consequently, the

analysis provides the weakest bounds when N̄ γγ cancels
which occurs for

c̄2JB
v̂2

Λ2
¼ ŝ

2ĉ
cð7Þ
ψ4H2

v̂4

Λ4
≃ 0.3cð7Þ

ψ4H2

v̂4

Λ4
; ð6:2Þ

leading to the very strong correlation observed and the
substantial weakening of the bounds on c2JB when com-
pared to the analysis performed at OðΛ−2Þ. In addition we
find very highly correlated nonelliptical allowed regions for

c̄2JB and cð2Þ
ψ4D2 and also for cð7Þ

ψ4H2 and cð2Þ
ψ4D2 . We trace this

behaviour to possible cancellations in the Drell-Yan NC
distributions between the linear contribution from negative

values of cð2Þ
ψ4D2 and the quadratic contribution from c̄2JB

because both enter at OðΛ−4Þ. We illustrate this behaviour
in Fig. 4 where we show the predicted invariant mass
distribution for DY NC cross section at 13 TeV for a set of

values of c̄2JB, c
ð7Þ
ψ4H2 , and c

ð2Þ
ψ4D2 within the 2σ bounds from

the OðΛ−4Þ analysis. As seen in the figure the full OðΛ−4Þ
prediction (red line) is very similar to the SM in the range of
invariant masses shown. Conversely once the dimension-
six square contribution is not included (dotted blue line)
the prediction departs substantially from the SM.

Consequently, bounds on negative values of cð2Þ
ψ4D2 are much

stronger if the dimension-six square contribution is not
included as seen in the dashed lines in Fig. 2 and the last
column in Table V. This degeneracy in the DY event rates
can only be broken with larger statistics at the highest
invariant masses.
Recent theoretical work on positivity bounds [16,63–65]

can restrict the values of operator coefficients. Nevertheless,
a more complete analysis taking into account positivity
constraints in the context of USMEFT may modify our
statistical results, but is beyond the scope of the currentwork.
We finish by presenting in Fig. 5 the results of an

analysis performed in terms of the generalized oblique

TABLE V. 95% CL allowed ranges for the Wilson coefficients from the combined analysis of EWPO and DY for
the different analysis assumptions. In all cases the ranges are obtained after marginalization over all other
coefficients entering the analysis. For convenience we list in the third and fourth lines the bounds on the
contributions from the Q2JW operator in terms of both c̄2JW and Δ̄4F ¼ − ê2

2ŝ2 c̄2JW .

95% CL allowed range EWPOþ DY

Coupling OðΛ−2Þ Dim-6þ ðDim-6Þ2 OðΛ−4Þ Dim-6þ Dim-8

c̄BW
v̂2

Λ2
½−8.5; 6.1� × 10−4 ½−8.4; 6.1� × 10−4 ½−9.3; 9.1� × 10−4 ½−9.3; 9.1� × 10−4

c̄Φ;1
v̂2

Λ2
½−2.2; 1.7� × 10−3 ½−2.2; 1.7� × 10−3 ½−4.6; 2.7� × 10−3 ½−4.6; 2.7� × 10−3

Δ̄4F
v̂2

Λ2
½−10; 7.6� × 10−5 ½−10; 7.8� × 10−5 ½−1.3; 2.1� × 10−4 ½−1.3; 2.1� × 10−4

c̄2JW
v̂2

Λ2
½−3.6; 4.8� × 10−4 ½−3.7; 5.0� × 10−4 ½−10; 6.1� × 10−4 ½−10; 6.1� × 10−4

c̄2JB v̂2

Λ2
½−17; 7.9� × 10−4 ½−21; 7.9� × 10−4 ½−3.9; 2.9� × 10−2 ½−6.2; 3.9� × 10−2

c̄ð3Þ
W2H4

v̂4

Λ4
½−1.4; 2.0� × 10−3 ½−1.4; 2.0� × 10−3

cð7Þ
ψ4H2

v̂4

Λ4
½−1.1; 0.93� × 10−1 ½−1.8; 1.1� × 10−1

cð2Þ
ψ4D2

v̂4

Λ4
½−14; 0.54� × 10−4 ½−9.0; 54� × 10−6

cð3Þ
ψ4D2

v̂4

Λ4
½−6.1; 13� × 10−6 ½−5.9; 13� × 10−6
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FIG. 5. One- and two-dimensional projection of the Δχ2 from the analysis of EWPO and Drell-Yan data in terms of the generalized
oblique parameters.

FIG. 4. Prediction of the DY NC invariant mass distribution for several values of the Wilson coefficients as labeled in the figure.
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parameters introduced in Sec. IV. As discussed, in the
framework of the operator expansion this corresponds to an
analysis which neglects the dimension-six square effects.
Therefore, by construction the χ2 statistics are quadratic
functions of all the oblique parameters and the two-dimen-
sional projections, are elliptic regions. In this figure we see
strong correlations among several of the allowed ranges of
the oblique parameters. The correlations among Ŝ, T̂, and Û
dominantly stem from the same effect as the correlation
among c̄BW , c̄Φ;1, and c̄3

W2H4 observed in Fig. 3, or
equivalently among c̃BW , c̃Φ;1, and c̃3

W2H4 in Fig. 1. The
anticorrelation between W and W0 arises from the same

effects as Δ̄4F (c̄2JW) and cð3Þ
ψ4D2 discussed above. In

addition we see a somewhat weak anticorrelation between
W0 and Y 0 stemming from their dominant contribution to
the tail of the invariant mass distributions induced by ϵ0γγ,
ϵ0γZ, ϵ

0
ZZ, and ϵ

0
WW , (4.18)–(4.21). The correlations observed

involving X and Y mostly result from the cancellations
equivalent to that in Eq. (6.2); see Appendix B for the
expressions of the oblique parameters in terms of the
operator coefficients. For the sake of comparison we also
show in the figure the one-dimensional projection of an
analysis performed in terms of the oblique parameters
which are generated by USMEFT dimension-six operators,
Ŝ, T̂, W, and Y. From this figure we can see that as a
consequence of the above correlations, the bounds on these
four oblique parameters relax considerably when including
the effects of Û, X, W0, and Y 0 as quantified in Table VI.

VII. SUMMARY

We have studied Drell-Yan production in universal
theories consistently including effects beyond those of
USMEFT at dimension-six. We have focused on effects
which are C and P conserving and found that eleven
dimension-eight operators and six dimension-six operators
contribute to our analyses. The chosen bases are listed in

Tables I and II. Working in the rotated basis in which
operators with higher derivatives of the bosonic fields have
been replaced by the equations of motion in favor of
combinations of operators involving SM fermionic cur-
rents, we have identified the eight combinations of the 17
Wilson coefficients which are physically distinguishable by
studying the invariant mass distribution of the lepton pairs
produced: Δ̄4F, c̄BW , c̄Φ;1, c̄2JB, and c̄3

W2H4 , given in
Eqs. (3.9)–(3.12) and (3.21), together with the coefficients

of the dimension-eight operators cð7Þ
ψ4H2 , c

ð2Þ
ψ4D2 , and cð3Þ

ψ4D2 .

Of those eight, the four tilde coefficients in Eq. (3.45)
contribute EWPO at the Z and W poles.
In Sec. IV we have introduced an extension of the

parametrization of universal effects in terms of 11 oblique
parameters obtained by linearly expanding the self-energies
of the electroweak gauge bosons to Oðq6Þ. Of those, eight
are generated by the USMEFTat dimension-eight: Ŝ, T̂,W,
Y, Û, X, plus two additional which we labelW0 and Y 0. The
correspondence between these eight oblique parameters
and the operator coefficients is given in Appendix B.
We have performed combined analyses to a variety of

LHC dilepton data and the EWPO in order to quantify the
constraints on the full parameter space and studied the
dependence of the derived constraints with the order of
the expansion considered. We first have quantified how the
DY results can complement the constraints from EWPO on
the four tilde coefficients. We found that in the OðΛ−4Þ
analysis the resulting effect of the combination of the DY
with the EWPO is quantitatively more relevant than at
OðΛ−2Þ as, besides constraining the coefficient Δ̃4F better
from contact four-fermion DY amplitudes, DY results
further contribute by breaking the very strong degeneracy
present in the EWPO analysis when including the dimen-
sion-eight operators. As a consequence, as seen in Fig. 1
and in Table IV the inclusion of the DY results results not
only in the better determination of Δ̃4F but also in a factor

∼20 stronger constraint on c̃Φ;1, and c̃ð3Þ
W2H4 .

The results on the full eight parameter space are shown in
Figs. 2, 3, and Table V. They show that, when consistently
including all effects to OðΛ−4Þ, the combination of EWPO
and DY provides robust constraints on the three coefficients
with leading dimension-six contributions c̄BW , c̄Φ;1, c̄2JW
which are only weaker by at most a factor ∼2 with respect
to theOðΛ−2Þ bounds. Robust bounds are also obtained for
the dimension-eight operator coefficients c̄ð3Þ

W2H2 and cð3Þ
ψ4D2

which are not affected by possible cancellations with
dimension-six square contributions. Conversely, the
bounds on the leading dimension-six coefficient c̄2JB is
weakened by more than one order of magnitude with
respect to the OðΛ−2Þ limits due to cancellations with the

OðΛ−4Þ contributions from cð7Þ
ψ4H2 and c

ð2Þ
ψ4D2 . Consequently,

the bounds on these two dimension-eight Wilson

TABLE VI. 95% CL allowed ranges for the oblique parameters
from the combined analysis of EWPO and DY for the different
analysis assumptions. In all cases the ranges are obtained after
marginalization over all other coefficients entering the analysis.

95% CL allowed range EWPOþ DY

Parameter OðΛ−2Þ Dim-6+Dim-8

Ŝ ½−1.5; 1.2� × 10−3 ½−2.3; 3.6� × 10−2

T̂ ½−8.4; 11� × 10−4 ½−9.0; 15� × 10−3

W ½−10; 7.6� × 10−5 ½−1.3; 2.1� × 10−4

Y ½−1.7; 3.7� × 10−4 ½−8.2; 13� × 10−3

Û ½−7.7; 12� × 10−3

X ½−9.4; 6.3� × 10−3

Y 0 ½−12; 2.0� × 10−7

W0 ½−3.0; 1.3� × 10−7
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coefficients, in particular cð2Þ
ψ4D2 are the least robust. Finally

we have quantified the constraints on the eight oblique
parameters in Fig. 5 and Table VI.
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APPENDIX A: UNIVERSAL BOSONIC
OPERATOR BASIS AT DIMENSION EIGHT

Murphy’s basis contains 89 bosonic operators in total.
We list them in Table VII together with their transformation
properties under C and P. In addition there are 86 bosonic
operators present in universal models which contain higher
derivatives and which can be rotated into fermionic
operators by the SM EOM. We list them in Table VIII
together with their transformation properties under C and
P. For convenience we indicate the 38þ 50 operators that
violate either C or P with a lighter shade.

TABLE VII. 89 purely bosonic operators present in Murphy’s basis.

1∶X4; X3X0 C P CP 1∶X2X02 C P CP

Qð1Þ
G4

ðGA
μνGAμνÞðGB

ρσGBρσÞ ✓ ✓ ✓ Qð1Þ
G2W2

ðWI
μνWIμνÞðGA

ρσGAρσÞ ✓ ✓ ✓

Qð2Þ
G4

ðGA
μνG̃

AμνÞðGB
ρσG̃

BρσÞ ✓ ✓ ✓ Qð2Þ
G2W2

ðWI
μνW̃IμνÞðGA

ρσG̃
AρσÞ ✓ ✓ ✓

Qð3Þ
G4

ðGA
μνGBμνÞðGA

ρσGBρσÞ ✓ ✓ ✓ Qð3Þ
G2W2

ðWI
μνGAμνÞðWI

ρσGAρσÞ ✓ ✓ ✓

Qð4Þ
G4

ðGA
μνG̃

BμνÞðGA
ρσG̃

BρσÞ ✓ ✓ ✓ Qð4Þ
G2W2

ðWI
μνG̃

AμνÞðWI
ρσG̃

AρσÞ ✓ ✓ ✓

Qð5Þ
G4

ðGA
μνGAμνÞðGB

ρσG̃
BρσÞ ✓ ✗ ✗ Qð5Þ

G2W2
ðWI

μνW̃IμνÞðGA
ρσGAρσÞ ✓ ✗ ✗

Qð6Þ
G4

ðGA
μνGBμνÞðGA

ρσG̃
BρσÞ ✓ ✗ ✗ Qð6Þ

G2W2
ðWI

μνWIμνÞðGA
ρσG̃

AρσÞ ✓ ✗ ✗

Qð7Þ
G4

dABEdCDEðGA
μνGBμνÞðGC

ρσGDρσÞ ✓ ✓ ✓ Qð7Þ
G2W2

ðWI
μνGAμνÞðWI

ρσG̃
AρσÞ ✓ ✗ ✗

Qð8Þ
G4

dABEdCDEðGA
μνG̃

BμνÞðGC
ρσG̃

DρσÞ ✓ ✓ ✓ Qð1Þ
G2B2

ðBμνBμνÞðGA
ρσGAρσÞ ✓ ✓ ✓

Qð9Þ
G4

dABEdCDEðGA
μνGBμνÞðGC

ρσG̃
DρσÞ ✓ ✗ ✗ Qð2Þ

G2B2
ðBμνB̃μνÞðGA

ρσG̃
AρσÞ ✓ ✓ ✓

Qð1Þ
W4

ðWI
μνWIμνÞðWJ

ρσWJρσÞ ✓ ✓ ✓ Qð3Þ
G2B2

ðBμνGAμνÞðBρσGAρσÞ ✓ ✓ ✓

Qð2Þ
W4

ðWI
μνW̃IμνÞðWJ

ρσW̃JρσÞ ✓ ✓ ✓ Qð4Þ
G2B2

ðBμνG̃
AμνÞðBρσG̃

AρσÞ ✓ ✓ ✓

Qð3Þ
W4

ðWI
μνWJμνÞðWI

ρσWJρσÞ ✓ ✓ ✓ Qð5Þ
G2B2

ðBμνB̃μνÞðGA
ρσGAρσÞ ✓ ✗ ✗

Qð4Þ
W4

ðWI
μνW̃JμνÞðWI

ρσW̃JρσÞ ✓ ✓ ✓ Qð6Þ
G2B2

ðBμνBμνÞðGA
ρσG̃

AρσÞ ✓ ✗ ✗

Qð5Þ
W4

ðWI
μνWIμνÞðWJ

ρσW̃JρσÞ ✓ ✗ ✗ Qð7Þ
G2B2

ðBμνGAμνÞðBρσG̃
AρσÞ ✓ ✗ ✗

Qð6Þ
W4

ðWI
μνWJμνÞðWI

ρσW̃JρσÞ ✓ ✗ ✗ Qð1Þ
W2B2

ðBμνBμνÞðWI
ρσWIρσÞ ✓ ✓ ✓

Qð1Þ
B4

ðBμνBμνÞðBρσBρσÞ ✓ ✓ ✓ Qð2Þ
W2B2

ðBμνB̃μνÞðWI
ρσW̃IρσÞ ✓ ✓ ✓

Qð2Þ
B4

ðBμνB̃μνÞðBρσB̃ρσÞ ✓ ✓ ✓ Qð3Þ
W2B2

ðBμνWIμνÞðBρσWIρσÞ ✓ ✓ ✓

Qð3Þ
B4

ðBμνBμνÞðBρσB̃ρσÞ ✓ ✗ ✗ Qð4Þ
W2B2

ðBμνW̃IμνÞðBρσW̃IρσÞ ✓ ✓ ✓

Qð1Þ
G3B

dABCðBμνGAμνÞðGB
ρσGCρσÞ ✓ ✓ ✓ Qð5Þ

W2B2
ðBμνB̃μνÞðWI

ρσWIρσÞ ✓ ✗ ✗

Qð2Þ
G3B

dABCðBμνG̃
AμνÞðGB

ρσG̃
CρσÞ ✓ ✓ ✓ Qð6Þ

W2B2
ðBμνBμνÞðWI

ρσW̃IρσÞ ✓ ✗ ✗

(Table continued)
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TABLE VII. (Continued)

1∶X4; X3X0 C P CP 1∶X2X02 C P CP

Qð3Þ
G3B

dABCðBμνG̃
AμνÞðGB

ρσGCρσÞ ✓ ✗ ✗ Qð7Þ
W2B2

ðBμνWIμνÞðBρσW̃IρσÞ ✓ ✗ ✗

Qð4Þ
G3B

dABCðBμνGAμνÞðGB
ρσG̃

CρσÞ ✓ ✗ ✗

2∶H8 4∶H4D4

QH8 ðH†HÞ4 ✓ ✓ ✓ Qð1Þ
H4

ðDμH†DνHÞðDνH†DμHÞ ✓ ✓ ✓

3∶H6D2
Qð2Þ

H4
ðDμH†DνHÞðDμH†DνHÞ ✓ ✓ ✓

Qð1Þ
H6

ðH†HÞ2ðDμH†DμHÞ ✓ ✓ ✓ Qð3Þ
H4

ðDμH†DμHÞðDνH†DνHÞ ✓ ✓ ✓

Qð2Þ
H6

ðH†HÞðH†τIHÞðDμH†τIDμHÞ ✓ ✓ ✓

5∶X3H2

Qð1Þ
G3H2

fABCðH†HÞGAν
μ GBρ

ν GCμ
ρ ✓ ✓ ✓ Qð2Þ

W3H2
ϵIJKðH†HÞWIν

μ W
Jρ
ν W̃Kμ

ρ ✓ ✗ ✗

Qð2Þ
G3H2

fABCðH†HÞGAν
μ GBρ

ν G̃Cμ
ρ ✓ ✗ ✗ Qð1Þ

W2BH2
ϵIJKðH†τIHÞBν

μW
Jρ
ν WKμ

ρ ✓ ✓ ✓

Qð1Þ
W3H2

ϵIJKðH†HÞWIν
μ W

Jρ
ν WKμ

ρ ✓ ✓ ✓ Qð2Þ
W2BH2

ϵIJKðH†τIHÞðB̃μνWJ
νρW

Kρ
μ þ BμνWJ

νρW̃
Kρ
μ ✓ ✗ ✗

6∶X2H4

Qð1Þ
G2H4

ðH†HÞ2GA
μνGAμν ✓ ✓ ✓ Qð4Þ

W2H4
ðH†τIHÞðH†τJHÞW̃I

μνWJμν ✓ ✗ ✗

Qð2Þ
G2H4

ðH†HÞ2G̃A
μνGAμν ✓ ✗ ✗ Qð1Þ

B2H4
ðH†HÞ2BμνBμν ✓ ✓ ✓

Qð1Þ
W2H4

ðH†HÞ2WI
μνWIμν ✓ ✓ ✓ Qð2Þ

B2H4
ðH†HÞ2B̃μνBμν ✓ ✗ ✗

Qð2Þ
W2H4

ðH†HÞ2W̃I
μνWIμν ✓ ✗ ✗ Qð3Þ

W2H4
ðH†τIHÞðH†τJHÞWI

μνWJμν ✓ ✓ ✓

Qð1Þ
WBH4

ðH†HÞðH†τIHÞWI
μνBμν ✓ ✓ ✓ Qð2Þ

WBH4
ðH†HÞðH†τIHÞW̃I

μνBμν ✓ ✗ ✗

7∶X2H2D2

Qð1Þ
G2H2D2

ðDμH†DνHÞGA
μρG

Aρ
ν ✓ ✓ ✓ Qð1Þ

B2H2D2
ðDμH†DνHÞBμρB

ρ
ν ✓ ✓ ✓

Qð2Þ
G2H2D2

ðDμH†DμHÞGA
νρGAνρ ✓ ✓ ✓ Qð2Þ

B2H2D2
ðDμH†DμHÞBνρBνρ ✓ ✓ ✓

Qð3Þ
G2H2D2

ðDμH†DμHÞGA
νρG̃

Aνρ ✓ ✗ ✗ Qð3Þ
B2H2D2

ðDμH†DμHÞBνρB̃νρ ✓ ✗ ✗

Qð1Þ
W2H2D2

ðDμH†DνHÞWI
μρW

Iρ
ν ✓ ✓ ✓ Qð1Þ

WBH2D2
ðDμH†τIDμHÞBνρWIνρ ✓ ✓ ✓

Qð2Þ
W2H2D2

ðDμH†DμHÞWI
νρWIνρ ✓ ✓ ✓ Qð2Þ

WBH2D2
ðDμH†τIDμHÞBνρW̃Iνρ ✓ ✗ ✗

Qð3Þ
W2H2D2

ðDμH†DμHÞWI
νρW̃Iνρ ✓ ✗ ✗ Qð3Þ

WBH2D2
iðDμH†τIDνHÞðBμρW

Iρ
ν − BνρW

Iρ
μ Þ ✗ ✓ ✗

Qð4Þ
W2H2D2

iϵIJKðDμH†τIDνHÞWJ
μρW

Kρ
ν ✓ ✓ ✓ Qð4Þ

WBH2D2
ðDμH†τIDνHÞðBμρW

Iρ
ν þ BνρW

Iρ
μ Þ ✓ ✓ ✓

Qð5Þ
W2H2D2

ϵIJKðDμH†τIDνHÞðWJ
μρW̃

Kρ
ν − W̃J

μρW
Kρ
ν Þ ✓ ✗ ✗ Qð5Þ

WBH2D2
iðDμH†τIDνHÞðBμρW̃

Iρ
ν − BνρW̃

Iρ
μ Þ ✗ ✗ ✓

Qð6Þ
W2H2D2

iϵIJKðDμH†τIDνHÞðWJ
μρW̃

Kρ
ν þ W̃J

μρW
Kρ
ν Þ ✓ ✗ ✗ Qð6Þ

WBH2D2
ðDμH†τIDνHÞðBμρW̃

Iρ
ν þ BνρW̃

Iρ
μ Þ ✓ ✗ ✗

8∶XH4D2

Qð1Þ
WH4D2

ðH†HÞðDμH†τIDνHÞWI
μν ✓ ✓ ✓ Qð4Þ

WH4D2
ϵIJKðH†τIHÞðDμH†τJDνHÞW̃K

μν ✗ ✗ ✓

Qð2Þ
WH4D2

ðH†HÞðDμH†τIDνHÞW̃I
μν ✓ ✗ ✗ Qð1Þ

BH4D2
ðH†HÞðDμH†DνHÞBμν ✓ ✓ ✓

Qð3Þ
WH4D2

ϵIJKðH†τIHÞðDμH†τJDνHÞWK
μνÞ ✗ ✓ ✗ Qð2Þ

BH4D2
ðH†HÞðDμH†DνHÞB̃μν ✓ ✗ ✗
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TABLE VIII. Additional 86 bosonic operators present in universal theories.

H6D2 C P CP H6D2 C P CP

R0ð1Þ
H6D2

ðD2H†H þH†D2HÞðH†HÞðH†HÞ ✓ ✓ ✓ R0ð2Þ
H6D2

iðH†D2H −D2H†HÞðH†HÞðH†HÞ ✗ ✓ ✗

H4D4

R0ð1Þ
H4D4

ðD2H†τIH þH†τID2HÞðDμH†τIDμHÞ ✓ ✓ ✓ R0ð6Þ
H4D4

I ðH†D2H −D2H†HÞðDμH†DμHÞ ✗ ✓ ✗

R0ð2Þ
H4D4

ðD2H†DμHÞðH†DμHÞ þ ðDμH†D2HÞðDμH†HÞ ✓ ✓ ✓ Rð7Þ
H4D4

ðD2H†D2HÞðH†HÞ ✓ ✓ ✓

R0ð3Þ
H4D4

iððDμH†D2HÞðDμH†HÞ − ðD2H†DμHÞðH†DμHÞÞ ✗ ✓ ✗ R0ð8Þ
H4D4

ðD2H†HÞðD2H†HÞ þ ðH†D2HÞðH†D2HÞ ✓ ✓ ✓

R0ð4Þ
H4D4

iðH†τID2H −D2H†τIHÞðDμH†τIDμHÞ ✗ ✓ ✗ Rð9Þ
H4D4

ðD2H†HÞðH†D2HÞ ✓ ✓ ✓

R0ð5Þ
H4D4

ðD2H†H þH†D2HÞðDμH†DμHÞ ✓ ✓ ✓ R0ð10Þ
H4D4

iððH†D2HÞðH†D2HÞ − ðD2H†HÞðD2H†HÞÞ ✗ ✓ ✗

H2D6 X2D4

Rð1Þ
H2D6

ðDμD2H†DμD2HÞ ✓ ✓ ✓ Rð1Þ
B2D4

DρDαBαμDρDβBμ
β ✓ ✓ ✓

Rð1Þ
W2D4

DρDαWI
αμDρDβWI;μ

β
✓ ✓ ✓

Rð1Þ
G2D4

DαDμGA
μνDαDρGA;ν

ρ ✓ ✓ ✓

X3D2, X2X0D2

Rð1Þ
W3D2

WI
μνðDαWJ;αμÞðDβWK;βνÞϵIJK ✓ ✓ ✓ Rð1Þ

G3D2
GA

μνðDαGB;αμÞðDβGC;βνÞfABC ✓ ✓ ✓

Rð2Þ
W3D2

W̃I
μνðDαWJ;αμÞðDβWK;βνÞϵIJK ✓ ✗ ✗ Rð2Þ

G3D2
G̃A

μνðDαGB;αμÞðDβGC;βνÞfABC ✓ ✗ ✗

Rð3Þ
W3D2

WI
μνW

J;ν
ρ ðDμDαWK;αρÞϵIJK ✓ ✓ ✓ Rð3Þ

G3D2
GA

μνG
B;ν
ρ ðDμDαGC;αρÞfABC ✓ ✓ ✓

Rð4Þ
W3D2

WI
μνW̃

J;ν
ρ ðDμDαWK;αρ −DρDαWK;αμÞϵIJK ✓ ✗ ✗ Rð4Þ

G3D2
GA

μνG̃
B;ν
ρ ðDμDαGC;αρ −DρDαGC;αμÞfABC ✓ ✗ ✗

Rð1Þ
BW2D2

ðDμBμνÞWI;νρðDαWI
ραÞ ✗ ✓ ✗ Rð1Þ

BG2D2
GA

μνðDαGA;αμÞðDβBβνÞ ✗ ✓ ✗

Rð2Þ
BW2D2

ðDμBμνÞW̃I;νρðDαWI
ραÞ ✗ ✗ ✓ Rð2Þ

BG2D2
G̃A

μνðDαGA;αμÞðDβBβνÞ ✗ ✗ ✓

Rð3Þ
BW2D2

BμνW
I;ν
ρ ðDμDαWI;αρ −DρDαWI;αμÞ ✗ ✓ ✗ Rð3Þ

BG2D2
BμνG

A;ν
ρ ðDμDαGA;αρ −DρDαGA;αμÞ ✗ ✓ ✗

Rð4Þ
BW2D2

BμνW̃
I;ν
ρ ðDμDαWI;αρ −DρDαWI;αμÞ ✗ ✗ ✓ Rð4Þ

BG2D2
BμνG̃

A;ν
ρ ðDμDαGA;αρ −DρDαGA;αμÞ ✗ ✗ ✓

X2H2D2

R0ð1Þ
B2H2D2

BμνBμνðD2H†H þH†D2HÞ ✓ ✓ ✓ R0ð1Þ
G2H2D2

GA
μνGAμνðD2H†H þH†D2HÞ ✓ ✓ ✓

R0ð2Þ
B2H2D2

iBμνBμνðH†D2H −D2H†HÞ ✗ ✓ ✗ Rð2Þ
G2H2D2

iGA
μνGAμνðH†D2H −D2H†HÞ ✗ ✓ ✗

R0ð3Þ
B2H2D2

BμνB̃μνðD2H†H þH†D2HÞ ✓ ✗ ✗ R0ð3Þ
G2H2D2

GA
μνG̃

AμνðD2H†H þH†D2HÞ ✓ ✗ ✗

R0ð4Þ
B2H2D2

iBμνB̃μνðH†D2H −D2H†HÞ ✗ ✗ ✓ R0ð4Þ
G2H2D2

iGA
μνG̃

AμνðH†D2H −D2H†HÞ ✗ ✗ ✓

R0ð5Þ
B2H2D2

ðDμBμνÞBανDαðH†HÞ ✓ ✓ ✓ R0ð5Þ
G2H2D2

ðDμGA
μνÞGAανDαðH†HÞ ✓ ✓ ✓

R0ð6Þ
B2H2D2 iðDμBμνÞBανðH†D

↔

αHÞ ✗ ✓ ✗ R0ð6Þ
G2H2D2 iðDμGA

μνÞGAανðH†D
↔

αHÞ ✗ ✓ ✗

R0ð7Þ
B2H2D2

ðDμBμνÞB̃ανDαðH†HÞ ✓ ✗ ✗ R0ð7Þ
G2H2D2

ðDμGA
μνÞG̃AανDαðH†HÞ ✓ ✗ ✗

R0ð8Þ
B2H2D2 iðDμBμνÞB̃ανðH†D

↔

αHÞ ✗ ✗ ✓ R0ð8Þ
G2H2D2 iðDμGA

μνÞG̃AανðH†D
↔

αHÞ ✗ ✗ ✓

Rð9Þ
B2H2D2

ðDμBμαÞðDνBναÞðH†HÞ ✓ ✓ ✓ Rð9Þ
G2H2D2

ðDμGA
μαÞðDνGAναÞðH†HÞ ✓ ✓ ✓

R0ð1Þ
W2H2D2

WI
μνWI;μνðD2H†H þH†D2HÞ ✓ ✓ ✓ R0ð1Þ

BWH2D2
BμνWI;μνðH†τID2H þH†τID2HÞ ✓ ✓ ✓

R0ð2Þ
W2H2D2

iWI
μνWI;μνðH†D2H −D2H†HÞ ✗ ✓ ✗ R0ð2Þ

BWH2D2
iBμνWI;μνðD2H†τIH −H†τID2HÞ ✗ ✓ ✗

R0ð3Þ
W2H2D2

WI
μνW̃I;μνðD2H†H þH†D2HÞ ✓ ✗ ✗ R0ð3Þ

BWH2D2
BμνW̃I;μνðH†τID2H þD2H†τIHÞ ✓ ✗ ✗

R0ð4Þ
W2H2D2

iWI
μνW̃I;μνðH†D2H −D2H†HÞ ✗ ✗ ✓ R0ð4Þ

BWH2D2
iBμνW̃I;μνðD2H†τIH −H†τID2HÞ ✗ ✗ ✓

R0ð5Þ
W2H2D2

ðDμWI
μνÞWI;ανDαðH†HÞ ✓ ✓ ✓ R0ð5Þ

BWH2D2
ðDμBμαÞWI;ανDνðH†τIHÞ ✓ ✓ ✓

R0ð6Þ
W2H2D2 iðDμWI

μνÞWI;ανðH†D
↔

αHÞ ✗ ✓ ✗ R0ð6Þ
BWH2D2 iðDμBμαÞWI;ανðH†D

↔I
νHÞ ✗ ✓ ✗

R0ð7Þ
W2H2D2

ðDμWI
μνÞW̃I;ανDαðH†HÞ ✓ ✗ ✗ R0ð7Þ

BWH2D2
ðDμBμαÞW̃I;ανDνðH†τIHÞ ✓ ✗ ✗

Rð08Þ
W2H2D2 iðDμWI

μνÞW̃I;ανðH†D
↔

αHÞ ✗ ✗ ✓ R0ð8Þ
BWH2D2 iðDμBμαÞW̃I;ανðH†D

↔I
νHÞ ✗ ✗ ✓

(Table continued)
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APPENDIX B: OBLIQUE PARAMETERS FROM DIMENSION-SIX AND DIMENSION-EIGHT OPERATORS

At linear order in the coefficients of dimension-six and dimension-eight operators in SMEFT eight nonzero oblique
parameters are generated. We first compute them explicitly in terms of the coefficients of the operators in the bosonic basis.
Subsequently we express the results in terms of the coefficients in the rotated basis by applying the relations in Eqs. (2.3)
and (2.4):

Ŝ ¼ ĉ
ŝ
v̂2

Λ2

�
bBW þ v̂2

Λ2

�
bð1Þ
WBH4 −

g0

4
rð1Þ
WH4D2 −

g
4
rð1Þ
BH4D2

��

¼
�
ĉ
ŝ
c̄BW −

ê2

2ŝ2
	
c̄2JW þ c̄2JB


� v̂2

Λ2
−
�
ê2

8ĉŝ3
cð7Þ
ψ4H2 þ ê4

8ŝ4ĉ2

�
ŝ2cð2Þ

ψ4D2 þ ĉ2cð3Þ
ψ4D2

�� v̂4

Λ4
;

T̂ ¼ −
v̂2

2Λ2

�
bΦ;1 þ

v̂2

Λ2
bð2Þ
H6

�
¼ −

1

2

�
c̄Φ;1 þ

ê2

ĉ2
c̄2JB

�
v̂2

Λ2
−

ê2

2ŝ2
cð7Þ
ψ4H2

v̂4

Λ4
;

W ¼ g2v̂2

4Λ2

�
r2W −

v̂2

Λ2
rð9Þ
W2H2D2

�
¼ −

ê2

2ŝ2
c̄2JW

v̂2

Λ2
¼ Δ̄4F

v̂2

Λ2
;

Y ¼ g2v̂2

4Λ2

�
r2B −

v̂2

Λ2
rð9ÞB2H2D2

�
¼ −

ê2

2ŝ2
c̄2JB

v̂2

Λ2
;

Û ¼ v̂4

Λ4

�
bð3Þ
W2H4 þ g

2
r0ð2Þ
WH4D2

�
¼

�
c̄ð3Þ
W2H4 −

ê2

2ŝ2
cð7Þ
ψ4H2 −

ê4

2ŝ22
cð2Þ
ψ4D2

�
v̂4

Λ2
;

X ¼ g2v̂4

8Λ4
rð13Þ
BWH2D2 ¼ ê2

8ŝ2
cð7Þ
ψ4H2

v̂4

Λ4
;

W0 ¼ −
g4v̂4

8Λ4
rð1Þ
W2D4 ¼ −

ê4

8ŝ4
cð3Þ
ψ4D2

v̂4

Λ4
;

Y 0 ¼ −
g4v̂4

8Λ4
rð1ÞB2D4 ¼ −

ê4

8ŝ4
cð2Þ
ψ4D2

v̂4

Λ4
;

X0 ¼ V ¼ V 0 ¼ 0: ðB1Þ

TABLE VIII. (Continued)

H6D2 C P CP H6D2 C P CP

Rð9Þ
W2H2D2

ðDμWI
μαÞðDνWI;ναÞðH†HÞ ✓ ✓ ✓ R0ð9Þ

BWH2D2
ðDμWI

μνÞBναDαðH†τIHÞ ✓ ✓ ✓

R0ð10Þ
W2H2D2

ϵIJKðDμWI
μνÞWJ;ρνDρðH†τKHÞ ✗ ✓ ✗ R0ð10Þ

BWH2D2 iðDμWI
μνÞBναðH†D

↔I
αHÞ ✗ ✓ ✗

R0ð11Þ
W2H2D2 iϵIJKðDμWI

μνÞWJ;ρνðH†D
↔K

ρ HÞ ✓ ✓ ✓ R0ð11Þ
BWH2D2

ðDμWI
μνÞB̃ναDαðH†τIHÞ ✓ ✗ ✗

R0ð12Þ
W2H2D2

ϵIJKðDμWI
μνÞW̃J;ρνDρðH†τKHÞ ✗ ✗ ✓ R0ð12Þ

BWH2D2 iðDμWI
μνÞB̃ναðH†D

↔I
αHÞ ✗ ✗ ✓

R0ð13Þ
W2H2D2 iϵIJKðDμWI

μνÞW̃J;ρνðH†D
↔K

ρ HÞ ✓ ✗ ✗ Rð13Þ
BWH2D2

ðDμBμαÞðDνWI;ναÞðH†τIHÞ ✓ ✓ ✓

XH2D4 XH4D2

R0ð1Þ
BH2D4

ðDμH†D2H þD2H†DμHÞðDνBμνÞ ✗ ✓ ✗ Rð1Þ
BH4D2 iðDαBαμÞðH†D

↔

μHÞðH†HÞ ✓ ✓ ✓

R0ð2Þ
BH2D4

iðDμH†D2H −D2H†DμHÞðDνBμνÞ ✓ ✓ ✓ Rð1Þ
WH4D2 iðDμWI

μνÞðH†D
↔Iν

HÞðH†HÞ ✓ ✓ ✓

Rð3Þ
BH2D4

iðDαDνBμνÞðDμH†DαH −DαH†DμH ✓ ✓ ✓ R0ð2Þ
WH4D2

ϵIJKðH†τIHÞDνðH†τJHÞðDμWK
μνÞ ✓ ✓ ✓

R0ð1Þ
WH2D4

ðDμH†τID2H þD2H†τIDμHÞðDνWI
μνÞ ✗ ✓ ✗ R0ð3Þ

WH4D2 iϵIJKðH†τIHÞðH†D
↔Jν

HÞðDμWK
μνÞ ✗ ✓ ✗

R0ð2Þ
WH2D4

ðDμH†τID2H þD2H†τIDμHÞðDνWI
μνÞ ✓ ✓ ✓

Rð3Þ
WH2D4

iðDαDνWI
μνÞðDμH†τIDαH −DαH†τIDμHÞ ✓ ✓ ✓
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APPENDIX C: ADDITIONAL INFORMATION ON
THE DRELL-YAN DISTRIBUTIONS

We considered the cross-section measurements for the
NC channel at 8 TeV [2] and for the CC channel at 13 TeV
[6], both provided by the ATLAS Collaboration. The
HepData record for the NC data is available at [66], while
the auxiliary material containing the experimental infor-
mation for the CC data can be found at [67]. In both cases,
we constructed the covariance matrices for the measure-
ments using the experimental information provided on the
pages mentioned above, and used them to build the
following χ2 test statistic for each of the channels as

χ2 ¼
X
i;j

ðOdat
i −Oth

i ÞV−1
ij ðOdat

j −Oth
j Þ; ðC1Þ

where Odat
i and Oth

i denote the measured cross section and
the theoretical prediction for bin i, respectively, and V
denotes the covariance matrix. For each bin i, the pre-
dictions Oth

i include the SM signal simulation, which is

provided by the ATLAS Collaboration, along with the new
physics contributions parametrized by the dimension-six
and dimension-eight Wilson coefficients.
Moreover, we also reinterpret the experimental searches

for heavy new particles in the NC and CC channels. In
these cases, we rebinned the distributions to ensure at least
ten events per bin. Our binning choices are summarized in
Table IX, along with references to the corresponding
HepData records for the original distributions. For each
of these channels, the limits on the Wilson coefficients were
extracted by means of a χ2-test statistic,

χ2 ¼
X
i

ðNdat
i − Nth

i − Nb
i Þ2

Ndat
i þ ðδNb

i Þ2
; ðC2Þ

where Ndat
i , Nb

i , and Nth
i denote the observed number of

events, the background prediction, and the EFT contribu-
tion for bin i, respectively. The values of the background
predictions Nb

i and their corresponding uncertainties δNb
i

were extracted from the HepData records listed in Table IX.

TABLE IX. Additional information on the binning and distributions of the Drell-Yan data from experimental searches for heavy
particles considered in our analysis.

Channel Distribution Binning (GeV) Data set Integrated luminosity HepData record reference

NC dNev
dmeþe−

249.38, 497.07, 536.66, 579.41, 625.56, ATLAS 13 TeV 139 fb−1 [7] [68]

675.39, 729.18, 787.27, 849.97, 917.68,
990.77, 1069.7, 1154.9, 1246.9, 1346.2,
1453.4, 1630.5, 1760.4, 2052.0, 2391.9,

4588.4

NC dNev
dmμþμ−

269.24, 460.40, 497.07, 536.66, 579.41, ATLAS 13 TeV 139 fb−1 [7] [69]

625.56, 675.39, 729.18, 787.27, 849.97,
917.68, 990.77, 1069.7, 1154.9, 1246.9,
1346.2, 1453.4, 1569.2, 1760.4, 1974.8,

4588.4

NC dNev
dmeþe−

300, 420, 460, 500, 540, 580, 630, CMS 13 TeV 139 fb−1 [8] [70]

690, 750, 810, 870, 950, 1050, 1150,
1250, 1370, 1490, 1680, 1890, 2210, 6070

NC dNev
dmμþμ−

266.25, 429.49, 465.12, 503.71, 545.49, CMS 13 TeV 139 fb−1 [8] [71]

590.74, 639.75, 692.82, 750.29, 812.54,
879.94, 952.94, 1032.0, 1117.6, 1210.3,
1310.7, 1419.4, 1537.2, 1952.4, 2289.7,

7000.0

CC dNev
dmT;eν

440, 520, 600, 680, 760, 840, 920, CMS 13 TeV 138 fb−1 [10] [72]

1000, 1080, 1160,1240, 1320, 1400, 1480,
1560,1640, 1760, 1880, 2040, 2400, 7000

CC dNev
dmT;μν

610, 708, 806, 904, 1002, 1100, 1198, CMS 13 TeV 138 fb−1 [10] [73]

1296, 1394, 1492, 1590, 1688, 1982, 2276,
7000
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