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The production of W�H, ZH, WþW−, and W�Z pairs probes non-Standard-Model interactions of
quarks, gauge bosons, and the Higgs boson. New effects can be parametrized in terms of an effective field
theory (EFT) where the Lagrangian is expanded in terms of higher-dimension operators suppressed by
increasing powers of a high scale Λ. We examine the importance of including next-to-leading-order QCD
corrections in global fits to the coefficients of the EFT. The numerical implications on the fits due to
different approaches to enforcing the validity of the EFT are quantified. We pay particular attention to the
dependence of the fits on the expansion in 1=Λ2 since the differences between results calculated at
Oð1=Λ2Þ and Oð1=Λ4Þ may give insight into the possible significance of dimension-eight effects.
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I. INTRODUCTION

One of the most interesting tasks of the high-luminosity
phase of the LHC is to quantify possible experimental
differences of Standard Model (SM) observables from the
theoretical predictions. In the absence of the discovery of
new light particles, effective field theories provide an
efficient means of exploring new physics effects through
precision measurements [1–5]. Deviations from the SM can
be described in terms of the SM effective field theory
(SMEFT) [6,7] which contains an infinite tower of higher-
dimension operators constructed out of SM fields [includ-
ing an SUð2Þ Higgs doublet] that are invariant under the
SUð3Þ × SUð2Þ ×Uð1Þ gauge theory,

L ∼ LSM þ
X
i;n>4

Ci;n

Λðn−4ÞOi;n: ð1Þ

The scale Λ is taken to generically represent the energy
scale of some unknown UV complete theory and, assuming
Λ ≫ MZ, the dominant effects typically come from the
lowest dimension operators. In our study, we consider only

the dimension-six operators and use the Warsaw operator
basis [8,9].
Fits to the coefficient functions are done by truncating

the Lagrangian expansion at Oð 1
Λ2Þ. In previous work, we

studiedWþW− andW�Z production at the LHC in order to
understand the numerical impact of including next-to-
leading-order (NLO) QCD corrections in the fits to the
coefficients [10–12]. Here, we extend the study to include
W�H and ZH production [13] and compute the limits on
the coefficient functions when the cross sections are
systematically expanded toOð 1

Λ2Þ andOð 1
Λ4Þ at leading order

(LO) NLO QCD in the SMEFT. We include anomalous
3-gauge boson couplings, anomalous gauge boson–Higgs
couplings, and anomalous quark-gauge boson couplings.
The SMEFTalso includes interesting 4-point interactions of
the form qq̄VH (V ¼ W�; Z), which lead to novel features.
Our work uses the implementation of these processes
[11–16] in the POWHEG-BOX framework [17,18], and we
include both 8 TeV and 13 TeV LHC data in the fits.
Gauge/Higgs boson pair production has been extensively

studied in the SM. Higher-order SM QCD corrections for
WþW−, W�Z, W�H, and ZH exist to NLO [19–31] and
next-to-next-to-leading order [32–38], while electroweak
corrections are known to NLO [39–46] for the various
processes. The precisely known SM results rely on the
properties of the SM couplings that give cancellations
between Feynman diagrams such that the physical ampli-
tudes do not grow with energy. Deviations from the SM
interactions will spoil these cancellations [47,48], poten-
tially giving measurable effects—especially in high-energy
bins—and this property is exploited in the SMEFT fits.
Higher-order QCD corrections, including effects of the
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anomalous triple-gauge-boson couplings, exist at NLO for
diboson production [49–52] and have been extended to
include also the effect of anomalous quark couplings
[10–12]. W�H and ZH channels are also known at
NLO QCD including SMEFT operators [13,30,31,53,54].
In this work, we perform a fit to the dimension-six

coefficients relevant for the WþW−, W�Z, W�H, and ZH
channels at NLO QCD. At NLO, the additional jet reduces
the sensitivity to anomalous couplings and this effect is
often compensated for by imposing a jet veto above some
pT . Our focus is on understanding the numerical impor-
tance of the NLO SMEFT QCD corrections and the jet veto
cuts on the sensitivity to the SMEFT coefficients [53,55].
Since we are considering dimension-six operators, the

Lagrangian of Eq. (1) generates terms of OðEnergy2=Λ2Þ.
If there is some generic coupling strength, gEFT, associated
with the EFT, there are also terms ofOððgEFTvÞ2=Λ2Þ. For a
weak-coupling EFT expansion to be valid, both classes of
terms must be small. We study the regions in our fits where
these criteria are satisfied [56]. We further study the
numerical effects of including 1=Λ2 or 1=Λ4 contributions.
It has been suggested that the difference between results
obtained at 1=Λ2 or 1=Λ4 could be an indication of the size
of the dimension-eight contributions, which are also
formally of Oð1=Λ4Þ [57,58].
In Sec. II, we review the details of the SMEFT that are

relevant for our study and the implementation in the
POWHEG-BOX framework. Section III demonstrates the
effects of NLO corrections on distributions and the effects
of jet veto cuts on the sensitivity of these distributions to
anomalous couplings. Finally, Sec. IV presents the results
of both profiled and projected fits, while quantifying the
effects of the NLO corrections, the effects of order 1=Λ4 on
the fits, and a discussion of the applicability of our fits in
the context of a weakly-coupled theory.

II. BASICS

The production rates forWþW−;W�Z;W�H, and ZH at
high energy are extremely sensitive to new-physics effects

[3,59–63]. We parametrize possible new interactions in
terms of general CP-conserving, Lorentz-invariant inter-
actions, neglecting dipole interactions since they do not
interfere with the SM results for these processes. We also
neglect flavor effects. The correspondence between various
SMEFT basis choices is straightforward [64], and we will
always use the Warsaw basis for which the Feynman rules
and operator definitions can be obtained from [65,66].

In the Warsaw basis, the relationships between inputs are
altered from those of the SM. Taking the measured values
of GF, MW , and MZ as inputs, the tree-level shifts in the
couplings are [66]

δGF

GF
¼ v2

Λ2

�
Cð3Þ
Hl −

1

2
Cll

�
;

δM2
Z

M2
Z
¼ v2

2Λ2

8<
:CHD þ 4MW

MZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

M2
W

M2
Z

s
CHWB

9=
;;

δM2
W

M2
W

¼ 0;

δgZ ¼ −
v2

Λ2

�
δvþ 1

4
CHD

�
;

δv ¼ Cð3Þ
Hl −

1

2
Cll;

δs2W ¼ −
v2

Λ2

sWcW
c2W − s2W

�
2sWcW

�
δvþ 1

4
CHD

�
þ CHWB

�
;

where we write the SMEFT quantity x in terms of the
measured value x̂ and the shift δx: x ¼ x̂ − δx. It should be
noted that δv does not follow this method. Instead, it is the
dimensionless shift to GF coming from muon decay. With
these inputs, g2 ¼ 4

ffiffiffi
2

p
GFM2

W , cos θW ≡ cW ¼ MW=MZ,

and e ¼ g sin θW ≡ gsW . In our fits we will take Cð3Þ
Hl ¼

1
2
Cll ¼ 0, since these parameters are tightly constrained by

muon decays [67].
Historically, the SMEFT interactions have been studied

from a general interaction perspective. The 3-gauge boson
vertices can be written as

LWWZ ¼ −igWWZ

�
gZ1 ðWþ

μνW−μZν −W−
μνWþμZνÞ þ κZWþ

μ W−
ν Zμν þ λZ

M2
W
Wþ

ρμW−μ
νZνρ

�
;

LWWγ ¼ −igWWγ

�
ðWþ

μνW−μγν −W−
μνWþμγνÞ þ κγWþ

μ W−
ν γ

μν þ λγ

M2
W
Wþ

ρμW−μ
νγ

νρ

�
; ð2Þ

with gWWγ ¼ e, gWWZ ¼ g cos θW , gZ1 ¼ 1þ δgZ1 , and κZ;γ ¼ 1þ δκZ;γ . SUð2Þ gauge invariance implies

δgZ1 ¼ δκZ þ s2W
c2W

δκγ;

λγ ¼ λZ: ð3Þ

Expressions for the anomalous gauge couplings in the Warsaw basis are given in Table I [10,65,68,69].
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Neglecting dipole interactions, the quark-gauge boson
couplings can be written as

LffV ≡gZZμ½gZqL þδgZqL �q̄LγμqLþgZZμ½gZqR þδgZqR �q̄RγμqR
þ gffiffiffi

2
p fWμ½ð1þδgWL ÞūLγμdLþδgWR ūRγμdR�þH:c:g;

ð4Þ

with gZ ¼ e=ðcWsWÞ ¼ g=cW . In the POWHEG implemen-
tations that we use later, neither the dipole interactions nor
the right-handed quark couplings are implemented. These
contributions first arise at Oð1=Λ4Þ and are of interest for
future work, although beyond the scope of this study.
Reference [70] demonstrated, however, that the inclusion of
light quark dipole operators does not spoil the bounds
extracted on gauge boson self-couplings from LHC data.
The SM quark interactions are

gZqR ¼ −s2WQq and gZqL ¼ Tq
3 − s2WQq; ð5Þ

where Tq
3 ¼ � 1

2
and Qq is the electric charge. Expressions

for the anomalous fermion- gauge couplings in the Warsaw
basis are given in Table II [10,65,68,69].
Finally, the relevant Higgs couplings (again neglecting

dipole interactions) are described by

LVVH ¼ LSM
H þ d1ZHZμZμ þ d2ZZμνZμ∂νH þ d3ZHZμνZμν

þ d1WHWþ
μ W−μ þ d2WðWþ

μνW−μ þW−
μνWþμÞ∂νH þ d3WHWμνWμν

þ dLf1Zðf̄LγμfLÞZμH þ dRf1Zðf̄RγμfRÞZμH

þ fdL1WðūLγμdLÞWμH þ dR1WðūRγμdRÞWμH þ H:c:g; ð6Þ

where LSM
H contains the relevant SM Higgs interactions. In

the Warsaw basis, the effects of d2W and d2Z are eliminated
using the equations of motion. Expressions for the anoma-
lous Higgs couplings are given in the Warsaw basis in
Table III [65]. Finally, the SMEFT contains two 4-point

operators that contribute to VH production, Oð1Þ
Hq and Oð3Þ

Hq

[65]. We note that the parametrizations of Eqs. (2)–(6) are
closely related to those of the Higgs basis [71,72]. Finally,
we assume that the Hbb̄ coupling is SM-like, since we
expect the anomalous coefficients involving the b and the
Higgs to be suppressed by factors of mb

v compared to the
effects of other operators.

We are now ready to count the parameters appearing in
our study. The WþW− and WZ processes can be described
by seven independent couplings that we take to be

TABLE I. Anomalous 3-gauge-boson couplings in the Warsaw
basis. δv is given in Eq. (2).

Warsaw basis

δgZ1 v2

Λ2
1

c2W−s2W
ðsWcW CHWB þ 1

4
CHD þ δvÞ

δκZ v2

Λ2
1

c2W−s2W
ð2sWcWCHWB þ 1

4
CHD þ δvÞ

δκγ − v2

Λ2

cW
sW

CHWB

λγ v
Λ2 3MWCW

λZ v
Λ2 3MWCW

TABLE II. Anomalous fermion couplings in the Warsaw basis.

Warsaw basis

δgZuL − v2

2Λ2 ðCð1Þ
Hq − Cð3Þ

HqÞ þ 1
2
δgZ þ 2

3
ðδs2W − s2WδgZÞ

δgZdL − v2

2Λ2 ðCð1Þ
Hq þ Cð3Þ

HqÞ − 1
2
δgZ − 1

3
ðδs2W − s2WδgZÞ

δgZuR − v2

2Λ2 CHu þ 2
3
ðδs2W − s2WδgZÞ

δgZdR − v2

2Λ2 CHd − 1
3
ðδs2W − s2WδgZÞ

δgWL v2

Λ2 C
ð3Þ
Hq þ c2WδgZ þ δs2W

TABLE III. Anomalous Higgs gauge boson couplings in the
Warsaw basis.

Warsaw basis

d1W 2M2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffi
GF

ffiffiffi
2

pq
fv2

Λ2 ðCH□ − 1
4
CHDÞ þ δM2

W
M2

W
þ δGF

2GF
g

d1Z 2M2
Z

ffiffiffiffiffiffiffiffiffiffiffiffiffi
GF

ffiffiffi
2

pq
fv2Λ2 ðCH□þ3

8
CHDþsWcWCHWBÞþδM2

Z
M2

Z
þ δGF

2GF
g

d3W vCHW
Λ2

d3Z v
Λ2 ðc2WCHW þ s2WCHB þ sWcWCHWBÞ

dRu1Z
2MZ
Λ2 CHu

dLu1Z 2MZ
Λ2 ðCð1Þ

Hq − Cð3Þ
HqÞ

dRd1Z
2MZ
Λ2 CHd

dLd1Z 2MZ
Λ2 ðCð1Þ

Hq þ Cð3Þ
HqÞ

dR1W −
ffiffiffi
2

p MW
Λ2 CHud

dL1W −2
ffiffiffi
2

p MW

Λ2 C
ð3Þ
Hq
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δgZ1 ; δκZ; δλZ; δgZuL ; δgZdL ; δgZuR ; δgZdR : ð7Þ

Neglecting possible right-handed W couplings (since they
are known to be small [73]), the W�H process depends on
three combinations of couplings,

d1W; d3W; Cð3Þ
Hq; ð8Þ

where d1W and d3W are the couplings defined in Eq. (6) and

Table III and Cð3Þ
Hq is the Wilson coefficient for Oð3Þ

Hq. ZH
production is sensitive to

d1Z; d3Z; δgZuL ; δgZdL ; δgZuR ; δgZdR ; ðCð1Þ
Hq;C

ð3Þ
HqÞ; ð9Þ

where d1Z and d3Z are defined in Eq. (6) and Table III

and ðCð1Þ
Hq; C

ð3Þ
HqÞ is the combination of these Wilson

coefficients that affects ZH production. Since we fit to
WþW−;W�Z;W�H, andWZ there are ten relevant param-
eters that we express in terms of their Warsaw basis
coefficients. We note that the purpose of our study is
not to do a complete global fit, but to quantify the effects
of the QCD corrections and the expansion in powers of
1=Λ2 on fits to these observables.

III. RESULTS

A. Simulation

For each process (WþW−;W�Z;W�H, and ZH), we
introduce anomalous couplings in the Warsaw basis and
utilize existing implementations in the POWHEG-BOX frame-
work, working to NLO QCD within the SMEFT.1 We
consider only the leptonic decays of the gauge bosons and
the Higgs decay to bb̄. Using the POWHEG-BOX-V2 pro-
gram, we compute primitive differential cross sections that
allow us to scan over anomalous couplings in an efficient
manner [10]. The primitive cross sections are extracted
in such a way as to allow for the consistent calculation of
cross sections at either linear, Oð 1

Λ2Þ, or quadratic, Oð 1
Λ4Þ,

order. The results shown in the following sections use
CTEQ14qed PDFs [75], and we fix the renormalization/
factorization scales to MZ=2.
Our results are calculated using the dimension- six

SMEFT Lagrangian,

L ¼ LSM þ Σi
C6
i

Λ2
O6

i : ð10Þ

Using the dimension-six Lagrangian, the amplitudes for the
2 → 2 processes considered here can be written as

A ¼ ASM þ Σi
Ci

Λ2
A6
i þ Σij

CiCj

Λ4
A6
ij; ð11Þ

where ASM is the SM amplitude. When squaring this
amplitude, terms are generated of Oð 1

Λ2Þ;…;Oð 1
Λ8Þ, and

we systematically truncate the cross sections at eitherOð 1
Λ2Þ

or Oð 1
Λ4Þ when presenting our results. We note that the

terms of Oð 1
Λ4Þ are formally of the same size as the

neglected terms coming from the dimension-eight
Lagrangian and that this is an inherent assumption in
applying the dimension-six Lagrangian.

B. Distributions in the presence of radiation

A principal advantage of the SMEFT framework is that it
allows for a systematic study of distributions in the
presence of new physics modifying the couplings between
the SM fields. An important goal is thus to understand how
to extract the maximum possible amount of information
from these distributions. In this light, it is crucial to
understand how these distributions are influenced by
higher-order corrections, particularly in the presence of
extra QCD radiation. The presence of additional jets can
substantially change the distributions, washing out effects
present at tree level, and in some cases, dramatically change
the results of a fit to experimental data [10–12]. The effects
of a jet veto have been studied in the past by considering
extra partons at the matrix element level at leading order
[55,60] and at NLO QCD in the SM [53]. Our study
includes the full NLO QCD SMEFT corrections and clearly
demonstrates the difference between including 1=Λ2 terms
and 1=Λ4 contributions in the cross sections.
The effects of NLO QCD corrections in the SMEFT on

distributions with anomalous couplings in WþW− and
W�Z production have been studied in previous work
[10–12]. We now extend that analysis to include W�H
and ZH production [13]. For WþW− production, it was
demonstrated in Refs. [10–12] that the K factor—defined
as the ratio of the NLO QCD (differential) cross section to
the LO one—was largely unchanged by the presence of
anomalous gauge and fermion couplings. For W�Z pro-
duction, however, the effects of anomalous couplings on
the K factor were found to be quite large. This can be
understood as the result of a delicate cancellation between
the tree-level diagrams leading to W�Z production in the
SM, which are intimately related to the presence of an
approximate radiation zero [76] in the tree-level amplitude.
The radiation zero is spoiled by the presence of QCD
radiation, leading to large K factors [39] in some differ-
ential distributions. Because anomalous couplings affect
the cancellation between the tree-level diagrams, the inter-
play of radiation and anomalous couplings makes an
understanding of the NLO predictions crucial to obtain
accurate predictions of the distributions at the LHC.

1This public tool can be found at http://powhegbox.mib.infn.it.
We make use of the WWanomal, WZanomal, HW_smeft
and HZ_smeft user processes introduced in previous works
[11–13,74].
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We now consider the interplay of QCD corrections and
anomalous couplings on differential distributions for the
associated production of a Higgs and a W� or Z gauge
boson [53,54]. WhileW�H and ZH production do not have
a tree-level radiation zero as in W�Z production, the
longitudinal modes at high energy are closely related to
the WþW− andW�Z processes in the high-energy limit by
the Goldstone theorem [3,77] and so we expect interesting
effects from QCD radiation.
In Fig. 1, we show the differential cross sections for

W�H and ZH production in bins of pV
T for the Standard

Model and with CHW=Λ2 ¼ 0.5 TeV−2 (blue lines) and

Cð3Þ
Hq=Λ2 ¼ 0.2 TeV−2 (red lines). This figure includes the

differential cross sections evaluated toOð 1
Λ4Þ. The NLO and

LO predictions are shown as solid and dashed lines,
respectively. In the lower panels, we show the correspond-
ing K factors at these benchmark points. At both LO and

NLO, we see that the effects of Cð3Þ
Hq grow fastest at high

energy, due to the 4-point interaction being unsuppressed
by an s-channel vector boson propagator [2,78]. For the

anomalous-coupling points and for the SM, for both W�H
and ZH production, theK factor becomes larger at high pV

T ,
reaching ∼1.3 for the SM at 400 GeV. While less
pronounced than the effects in W�Z production, treating
the SMEFT contributions consistently at NLO QCD in the
SMEFT changes the ratio of the NLO to LO predictions,
and this has an effect on the fits to the distributions as we
show in Sec. IV.

C. Angular distributions and gauge
boson polarizations at NLO

We now turn to a discussion of the angular variables,
cos θ�W of the decayed charged leptons in the gauge boson
rest frame. For W�Z production, we make use of the
helicity coordinate system defined by ATLAS in Ref. [79],
defining the z direction of the W� rest frame by the W�
direction in the diboson center-of-mass frame. More details
are given in Refs. [44,80]. For W�H and ZH production,
we use the same variables, with the W�H or ZH system
replacing the W�Z center-of-mass frame, and the

FIG. 1. Top: Differential distributions forW�H (left) and ZH (right) production at LO (dashed lines) and NLO (solid lines) in bins of

pV
T . We plot the results for the SM (black lines), CHW=Λ2 ¼ 0.5 TeV−2 (blue lines), and Cð3Þ

Hq=Λ2 ¼ 0.2 TeV−2 (red lines). Bottom: The
associated K factors for the same distributions at the same three points, also in bins of pV

T . The figures are computed to Oð1=Λ4Þ.
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positively-charged lepton from the Z decay playing the role
of the charged lepton in the W frame.
These angular variables are useful because their distri-

butions are sensitive to the gauge boson polarizations [77].
They are of particular interest to us here because of the
relationship between the longitudinally polarized vector
bosons and the Higgs boson. Understanding the polariza-
tion fractions for high-energy vector bosons has been
shown to be a useful probe for anomalous-coupling
measurements at the LHC [60,77,81,82]. However, in
Refs. [12,53] it was found that the sensitivity of cos θ�W
to the anomalous couplings was lost in the presence of an
extra jet. This is a manifestation of QCD corrections
breaking the noninterference between helicity amplitudes
of the SM and the dimension-six SMEFT amplitudes, as
originally pointed out in Ref. [83], and studied in the
context of electroweak interactions in Ref. [84]. Here, we

consider the impact of vetoing hard jets on restoring the
sensitivity of these distributions at NLO.
In Fig. 2, we present the normalized cos θ�W distribu-

tions from W�Z production at LO, NLO, and at NLO
with a 150 GeV jet veto. In all plots we also include a pZ

T
cut, pZ

T > 400 GeV, in order to enhance our sensitivity
to the anomalous couplings. In each figure we show the
results for the SM as well as with one of three anomalous
couplings: CW=Λ2 ¼ 0.15 TeV−2 (upper left), CHWB=Λ2 ¼
0.05 TeV−2 (upper right), and Cð3Þ

Hq=Λ2 ¼ 0.2 TeV−2

(bottom). As is clear from comparing the LO (dashed) and
NLO (solid) curves, the hard radiation present in W�Z
production at NLO washes out much of the sensitivity to
anomalous couplings, as the SM and anomalous-coupling
curves are essentially indistinguishable at NLO, despite the
differences at LO. With a veto on hard jets, however, the
sensitivity is restored, essentially to the levels obtained at LO.

FIG. 2. Normalized distributions of the angular variable, cos θ�W inWZ production at 13 TeV, requiring pZ
T > 400 GeV. In each figure

we show the SM curve (black) for comparison along with an anomalous-coupling point: CW=Λ2 ¼ 0.15 TeV−2 (upper left),

CHWB=Λ2 ¼ 0.05 TeV−2 (upper right), and Cð3Þ
Hq=Λ2 ¼ 0.2 TeV−2 (bottom). The points are chosen to be near the edge of the allowed

regions by our combined fits toWV and VH production (V ¼ W�; Z). For each parameter point, we plot the distribution at LO (dashed
lines), NLO (solid lines), and at NLO with a jet veto (dotted lines). The jet veto curves correspond to a veto on jets with pj

T > 150 GeV.
The figures are computed to Oð1=Λ4Þ.
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At high energy, only the (00) polarization (where both gauge
bosons are longitudinally polarized) and ð�;∓Þ (transverse
polarizations) survive [76], and the angular distributions of
the polarizations are different. The longitudinal polarization
amplitude receives no contribution from the anomalous
gauge couplings in the high-energy limit. Furthermore, only
CW contributes to the high-energy limit of the ð�;∓Þ
amplitude. We also note that when only CHWB is turned
on (pink curves, upper right in Fig. 2), the anomalous
couplings λZ ¼ λγ are fixed to zero. Here, we see that at
cos θ�W ∼ −0.5, the distribution is sensitive to the effects of a
comparatively small value of CHWB at LO, and this sensi-
tivity is restored at NLO with the jet veto.
In Fig. 3, we show the normalized distributions of the

analogous angular variables but for W�H and ZH produc-
tion.We plot the results at LO (dashed lines) and NLO (solid

lines) forCHW=Λ2 ¼ 0.5 TeV−2 (blue lines) andCð3Þ
Hq=Λ2 ¼

0.2 TeV−2 (red lines). Here, we see that with Cð3Þ
Hq nonzero,

the distribution has a very similar shape to the SM piece, as
both are dominated by the longitudinally polarized helicity
amplitudes at high pT . The distribution with nonzero CHW ,
however, enhances the transverse parts of the amplitude, and
thus has a shape that is enhanced at cos θ�V ¼ �1. This can be
clearly seen in theLOresults ofRef. [78]. In contrast toW�Z,
these distributions are largely unchanged by the higher-order
corrections, and they maintain their sensitivity to anomalous
couplings that enhance the transverse polarizations even in
the presence of radiation.

D. Sensitivity to anomalous couplings

We can also consider how the jet veto changes the
sensitivity to anomalous couplings in other W�Z distribu-
tions. If we decompose a generic differential cross section
up to OðΛ−4Þ as

σðCiÞ ¼ σSM þ ΔσΛ2ðCiÞ þ ΔσΛ4ðC2
i Þ; ð12Þ

we can isolate parts of the cross section that depend linearly
and quadratically on the Wilson coefficients, and see how
these parts grow with energy at LO, and in the presence of
radiation. (The quadratic terms include the contributions
depending on two different coefficients.) This is done in
Fig. 4 for W�Z production with CW=Λ2 ¼ 0.15 TeV−2

(top) and Cð3Þ
Hq=Λ2 ¼ 0.2 TeV−2 (bottom) in bins of mT;WZ

for the Λ−2 (left) and Λ−4 (right) pieces, respectively.
We see immediately that the presence of QCD radiation

makes a substantial difference in the sensitivity of the
distributions to anomalous couplings. Focusing first on the
linear pieces, we note that these arise from the interference
between the dimension-six SMEFT part of the amplitude
with the SM part, and are thus subject to the noninterfer-
ence effects noted in Refs. [60,77,81]. At high energies, the
SM amplitude receives contributions from both longitudi-
nally and oppositely polarized transverse gauge bosons.
The portion of the amplitude proportional to CW , however,
has only transverse polarizations. The resulting noninter-
ference between the SM and the dimension-six SMEFT
amplitudes is clear from the blue curve in Fig. 4 (upper
left), which does not substantially grow with energy. As
discussed in Ref. [84],2 however, the presence of an extra
quark or gluon in the matrix element allows for this
interference to be restored, and indeed, we see that the
interference term at NLO (with or without a jet veto) grows
substantially at high mWZ

T . That this enhanced sensitivity to
the interference persists even with a veto on the hard jets
arising from the real emission implies that the virtual

FIG. 3. Normalized distributions of the angular variable cos θ�W in WH production (left) and cos θ�Z in ZH production (right), both at
13 TeVand requiring the vector boson to have pV

T > 200 GeV and the Higgs rapidity to lie within �2.5. In each figure, we present the
results at LO (dashed lines) and NLO (solid lines) for three different parameter points: the SM (black lines), with CHW=Λ2 ¼ 0.5 TeV−2

(blue lines), and with Cð3Þ
Hq=Λ2 ¼ 0.2 TeV−2 (red lines). The figures are computed to Oð1=Λ4Þ.

2This was originally pointed out in a slightly different context
in Ref. [83].
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corrections play an important role in restoring the
interference.
For the interference term proportional to Cð3Þ

Hq, the story is
somewhat different. Here, we see that there is a growth in

sensitivity at high energies even at LO, as the Cð3Þ
HQ

amplitude enhances the longitudinal parts of the amplitude
which are already dominant in the SM part at high energies.
At NLO, much of this sensitivity is washed out due to the
presence of hard jets, but a great deal of the sensitivity can
be restored by imposing a veto on the hard real emission.
Turning now to the OðΛ−4Þ terms, we see immediately

on the right-hand side of Fig. 4 that the LO distributions
exhibit much faster growth with energy than the corre-

sponding NLO curves, for both CW and Cð3Þ
Hq. The OðΛ−4Þ

terms do not depend on any interference with the SM
amplitude, so the sensitivity is dictated largely by the
kinematics of the process. For anomalous gauge couplings,
this was studied in Ref. [53], where it was found that W�Z
production at NLO generically allows for hard jets, which
suppresses the sensitivity to the anomalous-coupling pieces
[which grow like ðEnergyÞ2]. It was found there that much
of the sensitivity in this distribution can be regained by

vetoing events containing hard jets. The same conclusion is

apparent for both CW and Cð3Þ
Hq in Fig. 2, where vetoing jets

with pT > 150 GeV restores much of the sensitivity
obtained at LO.
In principle, one could perform the same analysis on the

OðΛ−2Þ and OðΛ−4Þ terms in the W�H distributions. In
practice, though, the results are significantly less interesting
when comparing LO to NLO. This is because, as shown in
Ref. [53], the real emission contributions to W�H pro-
duction at NLO are typically soft, in contrast to the hard jets
that appear inW�Z production. Thus, a veto on hard jets in
W�H production at NLO does not significantly change the
sensitivity to anomalous couplings, at either OðΛ−2Þ or
OðΛ−4Þ. Furthermore, as can be seen in Fig. 1, the K
factors are only mildly dependent on the anomalous
couplings, so the sensitivity at LO and NLO to all
higher-dimension operators is largely the same.

IV. FITS TO WARSAW COEFFICIENTS

A. Datasets and fitting procedure

Section III B demonstrates that the implementation of
NLO QCD within the SMEFT can have a significant

FIG. 4. The sensitivity of the mWZ
T distributions to anomalous gauge (top) and fermion (bottom) couplings, at LO and NLO with

varying jet vetos. See text for details.
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impact on distributions. These changes lead to different
predictions from those obtained by using LO QCD in the
SMEFTwith the appropriate Standard Model K factor. We
further solidify the need to include NLO QCD within
SMEFT fits by showing the differences between fits with
and without NLO. We also show that including Oð1=Λ4Þ
can significantly improve the fits. Lastly, the Oð1=Λ4Þ
terms allow one to explore if the values of coefficients are
consistent with a weakly- or strongly-coupled theory.
We fit to the ten Warsaw basis coefficients described in

Sec. II at both LO and NLO in the SMEFT to quantify these
effects. We calculate uncorrelated χ2 fits to differential
cross section measurements for the processes W�H;ZH;
WþW−, and W�Z and we construct the χ2 function for a
given anomalous-coupling input, C⃗, as

χ2ðC⃗Þ ¼
Xprocesses

WH;ZH
WW;WZ

Xdatasets
α

Xbins
i

ðϵiαÔðC⃗Þtheoryiα − Ôexp
iα Þ2

ðvexpiα Þ2 ; ð13Þ

where ÔðC⃗Þtheoryiα , Ôexp
iα , and vexpiα are, respectively, the

theoretical expected value, experimental observation, and
estimated uncertainties for the ith bin of dataset α. An
efficiency factor, ϵiα, is introduced to account for an overall
scaling of the simulation data, where ϵiα is calculated by
taking the ratio of the experimentally simulated value for
the SM differential cross section over our prediction for the
differential cross section with an SM input (C⃗ ¼ 0) for the
ith bin of dataset α.
The datasets that go into each process are detailed in

Table IV. The uncertainties are estimated by combining
reported statistical and systemic uncertainties in quadra-
ture, assuming an overall 5% systematic uncertainty bin by
bin, neglecting correlations.
We explore two methods for calculating confidence

intervals of the Warsaw coefficients: projecting all
but one coefficient to zero and alternatively profiling over
the remaining coefficients to minimize the χ2 function
at each point. The numerical results obtained by fitting

TABLE IV. Experimental data included in our study. The third column shows the number of bins used in our
analysis, always counting from the highest. Int. lum. stands for the integrated luminosity.

Channel Distribution Number of bins Dataset Int. lum.

W�H → bb̄l� þ ET pW
T , Fig. 3 2 ATLAS 8 TeV 79.8 fb−1 [85]

ZH → bb̄lþl− or bb̄þ ET pZ
T , Fig. 3 3 ATLAS 8 TeV 79.8 fb−1 [85]

WþW− → lþl0− þ ETð0jÞ pleading;lepton
T , Fig. 11 1 ATLAS 8 TeV 20.3 fb−1 [86]

WþW− → e�μ∓ þ ETð0jÞ pleading;lepton
T , Fig. 7 5 ATLAS 13 TeV 36.1 fb−1 [87]

W�Z → lþl−lð0Þ� mWZ
T , Fig. 5 2 ATLAS 8 TeV 20.3 fb−1 [88]

W�Z → lþl−lð0Þ� þ ET Z candidate pll
T , Fig. 5 9 CMS 8 TeV 19.6 fb−1 [89]

W�Z → lþl−lð0Þ� mWZ
T , Fig. 4(c) 6 ATLAS 13 TeV 36.1 fb−1 [79]

W�Z → lþl−lð0Þ� þ ET mWZ, Fig. 15(a) 3 CMS 13 TeV, 35.9 fb−1 [90]

TABLE V. The 95% confidence interval fits to individual EFT coefficients usingWþW− þW�Z þ ZH þW�H data, with Λ fixed to
1 TeV.

WþW− þW�Z þ ZH þW�H projected WþW− þW�Z þ ZH þW�H profiled

Λ−4 Λ−2 Λ−4 Λ−2

LO NLO LO NLO LO NLO LO NLO

CHWB ð−0.05; 0.03Þ ð−0.09; 0.04Þ ð−0.07; 0.02Þ ð−0.14; 0.03Þ ð−0.70; 0.47Þ ð−0.75; 0.50Þ ð−2.9; 2.3Þ ð−4.4; 1.5Þ
Cð3Þ
Hq

ð−0.02; 0.08Þ ð−0.02; 0.11Þ ð−0.02; 0.09Þ ð−0.02; 0.14Þ ð−0.26; 0.62Þ ð−0.30; 0.67Þ ð−0.17; 0.82Þ ð−0.38; 0.82Þ
CHD ð−0.12; 0.06Þ ð−0.21; 0.08Þ ð−0.15; 0.05Þ ð−0.30; 0.07Þ ð−1.1; 2.1Þ ð−1.2; 2.4Þ ð−4.5; 6.8Þ ð−2.6; 9.1Þ
Cð1Þ
Hq

ð−0.16; 0.21Þ ð−0.18; 0.19Þ ð−0.24; 0.20Þ ð−0.32; 0.15Þ ð−0.21; 0.38Þ ð−0.25; 0.40Þ ð−0.45; 0.93Þ ð−0.81; 0.71Þ
CHu ð−0.30; 0.22Þ ð−0.33; 0.24Þ ð−0.34; 0.72Þ ð−0.38; 0.81Þ ð−0.43; 0.59Þ ð−0.46; 0.62Þ ð−23.0; 23.0Þ ð−42.0; 48.0Þ
CHW ð−1.1; 0.55Þ ð−1.2; 0.56Þ ð−0.52; 0.92Þ ð−0.52; 0.92Þ ð−1.4; 2.4Þ ð−1.5; 0.51Þ ð−31.0; 19.0Þ ð−33.0; 17.0Þ
CW ð−0.13; 0.13Þ ð−0.20; 0.18Þ ð−1.4; 1.3Þ ð−0.28; 0.93Þ ð−0.14; 0.14Þ ð−0.20; 0.19Þ ð−1.3; 1.9Þ ð−3.2; 2.1Þ
CHd ð−0.31; 0.35Þ ð−0.33; 0.38Þ ð−2.2; 1.1Þ ð−2.2; 1.0Þ ð−0.62; 0.45Þ ð−0.67; 0.48Þ ð−82.0; 86.0Þ ð−13.0; 14.0Þ
CH□ ð−4.9; 6.3Þ ð−4.9; 6.3Þ ð−4.6; 8.6Þ ð−4.6; 8.6Þ ð−57.0; 20.0Þ ð−59.0; 20.0Þ ð−27.0; 43.0Þ ð−25.0; 43.0Þ
CHB ð−2.8; 2.3Þ ð−2.9; 2.4Þ ð−6.1; 11.0Þ ð−6.0; 12.0Þ ð−3.1; 3.8Þ ð−3.3; 4.0Þ ð−31.0; 22.0Þ ð−31.0; 21.0Þ
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all3 processes using both profiling and projecting are given
in Table V. They are compared graphically in Figs. 5 and 6.
Overall we see that the projected limits are significantly
more stringent than the profiled. This is to be expected
since the profiling allows for more flexibility in the χ2

function. The profiling method demonstrates the multidi-
mensional nature of the fit.
We also show several two-dimensional (2D) confidence

interval fits using the projection method in Fig. 7. In
principle one could make a 2D confidence interval for each
combination of Warsaw coefficients. However, most of
these plots end up with similar results, showing order
20% NLO effects and with many of the regions falling in
the strongly-coupled regime. We have selected some
example plots that are particularly demonstrative and also
correspond to interesting electroweak precision variables
(S and T).

B. Importance of NLO QCD and quadratic order fits

The 95% confidence intervals for the projected individ-
ual parameters are shown in Fig. 5. We have included solid
(dashed) grey lines at�0.5 (1.0) to guide the eye. Similarly,
we show the individual 95% confidence intervals from the
profiled fitting procedure in Fig. 6. The solid (dashed) lines
are now at �2.0 (4.0) and the scales have been expanded.
Black (blue) lines indicate that we are working to LO

(NLO) QCD in the SMEFT, and solid (dashed) lines
indicate the expansion to Oð 1

Λ4Þ [Oð 1
Λ2Þ].

Similarly, we show the 95% confidence intervals for
some selected planes of parameters using the projected
method in Fig. 7 for LO (inside black curve) and NLO
(inside blue curve) QCD in the SMEFT, along with the
limits from electroweak precision observables (EWPO)
[91] (inside red curve) to Oð 1

Λ4Þ, using the χ2 fit of
Ref. [92].4 Again, we emphasize that our results are not
meant to compete with the global fits including Higgs data
and EWPO, but rather, our goal is to determine the
importance of NLO QCD within the SMEFT and to
examine the 1=Λ2 dependence. The EWPO curves are
included, however, as a reference for comparison.
First, let us compare the differences of the LO and NLO

QCD fits in the SMEFT, the black and blue lines. Looking at
the results in Figs. 5 and 6, including NLO QCD in the
SMEFT can change the fit intervals on the order of 10%–
20%, on average. For some coefficients, NLOQCD can have
an effect as large as 50%. From the two-dimensional plots in
Fig. 7, we see that going from LO to NLOQCD can shift the
curves by as much as 25% in some directions, along with
altering the overall orientation and shapes of the curves.
Next we compare the differences in the fits when

working to Oð 1
Λ4Þ versus Oð 1

Λ2Þ, the solid and dashed lines.
TheOð 1

Λ4Þ fits are always better or comparable to theOð 1
Λ2Þ

FIG. 5. The 95% confidence interval fits to individual EFT coefficients using WþW− þW�Z þ ZH þW�H data. All other SMEFT
coefficients are projected to zero. Fits quadratic in 1=Λ2 (linear) LO and NLO QCD are shown as solid (dashed) black and blue lines,
respectively.

3The fits to individual processes can by compared in Tables VI,
VII, and VIII located in Appendix.

4Reference [92] demonstrates in the case of the EWPO the
important effects from including both QCD and electroweak
SMEFT NLO corrections.
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fits. On average, working to Oð 1
Λ4Þ improves the fits by a

factor of 2 and as much as a factor of 10 in some of the
profiled fits. Such a large improvement in the fit hints that
the coefficients no longer correspond to a weakly-coupled
theory, and we discuss this in more detail in the following
section. Similar results when comparing the Oð 1

Λ4Þ fits
to those obtained at Oð 1

Λ2Þ were obtained in Ref. [1] at
LO QCD.

C. The validity of weakly-coupled theory

We decompose the differential cross sections as in
Eq. (12). The SMEFT couplings generically scale as αEFT ∼
g2EFTv

2

Λ2 or g2EFTEnergy
2

Λ2 , where gEFT parametrizes the strength of
the underlying UV complete theory. The linear piece,ΔσΛ2 ,
goes as OðαEFTÞ, and the quadratic piece ΔσΛ4 goes as
Oðα2EFTÞ. In a weakly-coupled theory, one generically
expects αEFT ≲ 1. This implies ΔσΛ4=ΔσΛ2 ≲ 1 for a
weakly-coupled theory, assuming that there are no can-
cellations in the underlying UV theory. Alternatively, one
might also consider the upper limit on a weakly-coupled
theory to be αEFT ≲ 4π as some sort of perturbative
unitarity bound. Similar criteria have been explored else-
where in the literature [7,56].
In Fig. 7, we show different regions detailing the strength

of the coupling by comparing the differential cross sections
in each bin. All parameters not shown in the plot are
projected to zero. The white regions in the figures indicate
that ΔσΛ4=ΔσΛ2 < 1 for all bins in all of the processes
considered. One may consider this the weakly-coupled
regime. The grey and blue regions, respectively, indicate

that ΔσΛ4=ΔσΛ2 > 1 and ΔσΛ4=ΔσΛ2 > 4π in at least one
bin for at least one process. Any coefficient or fit in these
regions would no longer be considered part of a weakly-
coupled theory.
We see in Fig. 7 that many of the confidence intervals we

derived for the WV þ VH data (within the blue or black
curves) fall within a grey shaded region. If the coefficients
lie in this area, they correspond to a strongly-interacting
theory and higher-dimension operators need to be retained.
In contrast, the bounds from the EWPO (within the red
curves) place strong constraints on the couplings and
typically fall within the weakly-coupled regime (white
region). One might consider setting an experimental goal
of LHC to have all fits sufficiently precise such that they
could probe the weakly-coupled regime. In this way one
could fully understand the fits in terms of dimension-six
operators.
There are small regions protruding into some of the

regions within the plots. They are particularly evident in the
top left plot in Fig. 7. These can be seen in other plots not
displayed here. They can be understood as cancellations
within the helicity amplitudes.
We also note that as Warsaw coefficients are increased,

the last bin will be the first indication that the weakly-
coupled theory is no longer valid. The argument is similar
to those made in previous works showing that most of the
fitting power comes from the last bin [78]. We know SM
cross sections are falling with increasing energy, while the
quadratic SMEFT piece grows with energy. Therefore
the bin with the largest energy, the last one, will have
the largest deviation from the SM and the best fitting power.

FIG. 6. The 95% confidence interval fits to individual EFT coefficients using WþW− þW�Z þ ZH þW�H data and profiling over
all other coefficients. Fits quadratic in 1=Λ2 (linear) LO and NLO QCD are shown as solid (dashed) black and blue lines, respectively.
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V. CONCLUSION

As the quest for discovering beyond-Standard-Model
particles continues without any direct observations, it is
important to understand all the data we have to the best
precision. Such precision measurements could be the first
evidence for some new high-scale physics. To this end, we
have studied the effects of NLO QCD in the SMEFT on the
WþW−;W�Z;W�H, and ZH production at the LHC. We
find that including QCD radiation can have a significant
effect on the parameters. This implies that global SMEFT fits
includingHiggs data and EWPOneed to be done beyond LO

in QCD. We have also explored the numerical differences
between the 1=Λ2 and 1=Λ4 fits. Their differences suggest
that current fits to LHC data are not yet sensitive to weakly-
coupled theories for the majority of coefficients.
Primitive cross sections at 8 and 13 TeV for W�Z

production with jet vetoes and at 13 TeV for W�H produc-
tion are posted at [93].
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APPENDIX: NUMERICAL FITS

We show tables detailing the numerical results of the 95% confidence intervals to different subsets of processes in
Tables VI, VII, and VIII. Entries with a “� � �” mean no fit was performed, since the process does not depend on that
parameter. Overall, fitting to a few bins inW�H and ZH processes yields comparable sensitivity to that of the WþW− and
W�Z fits for some parameters.

TABLE VI. The 95% confidence interval fits to individual EFT coefficients using W�H and ZH data, with Λ fixed to 1 TeV.

W�H projected ZH projected

Λ−4 Λ−2 Λ−4 Λ−2

LO NLO LO NLO LO NLO LO NLO

CHWB � � � � � � � � � � � � ð−3.1; 1.8Þ ð−3.3; 1.8Þ ð−1.8; 3.4Þ ð−1.8; 3.4Þ
Cð3Þ
Hq

ð−0.61; 0.19Þ ð−0.65; 0.20Þ ð−0.20; 0.26Þ ð−0.22; 0.29Þ ð−0.33; 0.12Þ ð−0.35; 0.13Þ ð−0.08; 0.18Þ ð−0.09; 0.20Þ
CHD ð−33.0; 16.0Þ ð−33.0; 16.0Þ ð−63.0; 53.0Þ ð−63.0; 53.0Þ ð−17.0; 21.0Þ ð−17.0; 21.0Þ ð−14.0; 26.0Þ ð−14.0; 26.0Þ
Cð1Þ
Hq

� � � � � � � � � � � � ð−0.20; 0.22Þ ð−0.21; 0.24Þ ð−1.9; 0.77Þ ð−2.0; 0.82Þ
CHu � � � � � � � � � � � � ð−0.31; 0.22Þ ð−0.34; 0.24Þ ð−0.33; 0.76Þ ð−0.37; 0.85Þ
CHW ð−1.2; 0.59Þ ð−1.2; 0.61Þ ð−0.96; 1.1Þ ð−0.96; 1.1Þ ð−1.5; 0.75Þ ð−1.5; 0.77Þ ð−0.69; 1.3Þ ð−0.69; 1.3Þ
CW � � � � � � � � � � � � � � � � � � � � � � � �
CHd � � � � � � � � � � � � ð−0.31; 0.36Þ ð−0.34; 0.39Þ ð−2.3; 1.0Þ ð−2.3; 1.0Þ
CH□ ð−41.0; 8.2Þ ð−41.0; 8.2Þ ð−13.0; 16.0Þ ð−13.0; 16.0Þ ð−6.5; 7.8Þ ð−6.5; 7.8Þ ð−5.2; 9.7Þ ð−5.2; 9.7Þ
CHB � � � � � � � � � � � � ð−2.8; 2.3Þ ð−2.9; 2.4Þ ð−6.1; 11.0Þ ð−6.0; 12.0Þ

TABLE VII. The same as Table VI, but using WþW− and W�Z data, with Λ fixed to 1 TeV.

WþW− projected W�Z projected

Λ−4 Λ−2 Λ−4 Λ−2

LO NLO LO NLO LO NLO LO NLO

CHWB ð−0.14; 0.17Þ ð−0.14; 0.18Þ ð−0.35; 0.38Þ ð−0.37; 0.4Þ ð−0.05; 0.03Þ ð−0.1; 0.03Þ ð−0.07; 0.02Þ ð−0.14; 0.03Þ
Cð3Þ
Hq

ð−0.34; 0.21Þ ð−0.35; 0.22Þ ð−0.33; 0.3Þ ð−0.35; 0.32Þ ð−0.03; 0.08Þ ð−0.03; 0.15Þ ð−0.03; 0.1Þ ð−0.03; 0.18Þ
CHD ð−0.35; 0.54Þ ð−0.36; 0.56Þ ð−0.60; 0.69Þ ð−0.64; 0.73Þ ð−0.12; 0.06Þ ð−0.22; 0.07Þ ð−0.15; 0.05Þ ð−0.32; 0.06Þ
Cð1Þ
Hq

ð−0.37; 0.34Þ ð−0.38; 0.35Þ ð−4.8; 3.1Þ ð−5.4; 3.4Þ ð−0.26; 1.7Þ ð−1.5; 0.43Þ ð−0.15; 2.8Þ ð−1.3; 0.45Þ
CHu ð−0.47; 0.41Þ ð−0.48; 0.42Þ ð−3.1; 2.4Þ ð−3.4; 2.6Þ � � � � � � � � � � � �
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