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A fiducial cross section for Wγ production in proton-proton collisions is measured at a center-of-mass
energy of 13 TeV in 137 fb−1 of data collected using the CMS detector at the LHC. The W → eν and μν
decay modes are used in a maximum-likelihood fit to the lepton-photon invariant mass distribution to
extract the combined cross section. The measured cross section is compared with theoretical expectations at
next-to-leading order in quantum chromodynamics. In addition, 95% confidence level intervals are
reported for anomalous triple-gauge couplings within the framework of effective field theory.
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The associated production of aW boson and a photon in
proton-proton (pp) collisions corresponds to a fundamental
process that has bearing on the basic ingredients of
the standard model (SM). A precise measurement of the
pp → Wγ cross section probes the WWγ triple-gauge
coupling (TGC) and higher-order corrections to it. The
structure and strength of the WWγ TGC are closely related
to the SUð2Þ × Uð1Þ gauge symmetry of the SM and the
mechanism for its breaking, which can be altered through
the presence of new physics with alternative symmetries or
symmetry-breaking mechanisms, such as composite W
models [1]. Physics at a high energy scale can be described
in a generic way in the framework of effective field theory
(EFT), and the pp → Wγ production cross section has
direct implications for the lowest-dimension operators in
the EFT expansion, including OWWW ¼ Tr½WμνWνρWμ

ρ�,
which directly affects the WWγ TGC [2]. Previous mea-
surements of Wγ production from the LHC use the data
collected in 2011 at a center-of-mass energy of 7 TeV [3,4].
Here, we report the first measurement of the pp → Wγ
cross section at 13 TeV based on data collected by the CMS
experiment in 2016–2018, corresponding to an integrated
luminosity of 137 fb−1.
At leading order in quantum chromodynamics (QCD),

lþνlγ and l−ν̄lγ (where l ¼ e=μ) production in pp
collisions with an s-channel W boson can proceed through
initial-state radiation (ISR) from one of the incoming
quarks, final-state radiation (FSR) from the outgoing
charged lepton, or the WWγ TGC vertex shown in

Fig. 1. At higher orders in QCD, additional quarks can
appear in the final state, and the photon can arise by FSR
from an outgoing quark or lepton.
The central feature of the CMS apparatus is a super-

conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. A silicon pixel and strip tracker, a
lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter, each
composed of a barrel and two end sections, are located
within the magnetic field of the solenoid. Forward calo-
rimeters extend the pseudorapidity (η) coverage provided
by the barrel and end detectors. Muons are measured using
gas-ionization chambers, including drift tubes, cathode
strip chambers, and resistive plate chambers, embedded
in the steel flux-return yoke outside the solenoid. A more
detailed description of the CMS detector, as well as the
definition of the coordinate system and the relevant
kinematic variables, is reported in Ref. [5].
Electrons and photons aremeasured in the range jηj < 2.5

defined by the tracker acceptance. The energy of electrons is
a combination of three measurements: the electron

FIG. 1. Representative Feynman diagram for pp → lþνlγ
production with a TGC vertex.
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momentum at the primary interaction vertex as determined
by the tracker [6], the energy of the corresponding ECAL
cluster, and the energy sum of all bremsstrahlung photons
spatially compatible with originating from the electron
track. The photon momentum is determined solely using
the energy measurement in the ECAL. The photon’s ECAL
cluster is required to be inconsistent with a charged-particle
track reconstructed in the tracker [7].Muons aremeasured in
the pseudorapidity range jηj < 2.4 and their momenta are
determined using a global fit of muon measurements in the
gas-ionization chambers and matched tracks in the silicon
tracker [8].
The missing transverse momentum vector p⃗miss

T is
computed as the negative vector pT sum of all measured
particles in an event, reconstructed with the particle flow
algorithm [9], and its magnitude is denoted by pmiss

T [10].
The p⃗miss

T of an event is intended to represent the neutrinos
associated with a single pp interaction within a bunch
crossing. The contribution to p⃗miss

T due to particles from
additional pp interactions within the same bunch crossing
(pileup) is mitigated through the pileup-per-particle iden-
tification algorithm [11,12]. The p⃗miss

T is also modified to
include corrections to the energy scale and resolution of the
reconstructed jets in the event.
The Wγ production cross section has been calculated

with next-to-leading-order (NLO) QCD corrections at fixed
order matched to a parton shower [13,14], with NLO
electroweak corrections at fixed order [15], and with
next-to-next-to-leading-order (NNLO) QCD corrections
at fixed order [16–18]. For an inclusive cross section,
the NLO QCD corrections are large and positive, more than
100% compared to the LO prediction, whereas the NLO
electroweak corrections are negligible compared to exper-
imental precision. The NNLOQCD corrections are positive
and 20%–30% relative to the NLO QCD prediction.
The signal processes pp → lþνlγ and pp → l−ν̄lγ are

simulated at NLO inQCDusingMadGraph5_aMC@NLO version
5.2.6 [13]with up to one jet in thematrix element calculation,
merged with jets from the parton showering using the FxFx
merging scheme [19]. These two processes are also simulated
with POWHEG version 2.0 using the C-NLO scheme [14,
20–22], in which a QCD NLO accurate calculation is
performed for up to one jet, and subsequently, up to one
additional jet or photon is emitted according to their respec-
tive Sudakov form factors. For both MadGraph5_aMC@NLO and
POWHEG, the parton showering and hadronization are per-
formed using PYTHIA8 version 8.226 [23], and the detector
simulation is performed using GEANT4 [24]. To match data-
taking conditions, we generate three sets of events corre-
sponding to 2016, 2017, and 2018. The PYTHIA8CUETP8M1
[25] tune with the NNPDF30_nlo_nf_5_pdfas [26]
parton distribution functions (PDFs) are used for the 2016
simulation, and the PYTHIA8 CP5 [27] tune with the
NNPDF31_nnlo_hessian_pdfas [28] PDFs are used for
the 2017 and 2018 simulations. The simulations include

W → τντ decays, which are considered part of the signal
when a τ decayswith an emissionof an electronor amuon.No
electroweak or NNLO QCD corrections are applied.
We selectWþγ → lþνlγ andW−γ → l−ν̄lγ events from

the set of events that pass a level-one [29] and a high-level
[30] trigger that require a single muon or electron that is
isolated from other detector activity and, therefore, is likely
to be promptly produced as opposed to produced during the
hadronization of a jet. The pT threshold of the high-level
trigger lepton varies between 24 and 32 GeV, depending on
the year of data taking and the lepton flavor. We require the
presence of a single high-quality [31] reconstructed photon,
pmiss
T exceeding 40 GeV, and that the isolated electron or

muon satisfies additional quality criteria [8,32]. Off-line
kinematical requirements on the selected objects, based on
the detector acceptance and the trigger thresholds, are
photon pT > 25 GeV, photon jηj < 2.5, electron (muon)
jηj < 2.5 (2.4), electron (muon) pT > 30 (26) or > 35
(30) GeV, depending on the year of data taking. To reduce
the background from Zγ events, we reject events that
contain an additional muon or electron with pT >
20 GeV that satisfies minimal quality criteria. Finally,
ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
, where Δϕ and Δη are the spatial

separations in azimuthal angle ϕ (in radians) and η between
the lepton and photon, is required to exceed 0.5.
The signal is defined as theWγ process originating from

a fiducial region defined with isolated prompt photons and
isolated prompt dressed (as defined below) leptons. A
lepton or photon is considered isolated if the pT sum of all
stable particles within ΔR ¼ 0.4, divided by the pT of the
lepton or photon, is less than 0.5. A lepton is considered
prompt if it originates from the hard process; a photon is
considered prompt if it originates from the hard process or
an FSR or ISR process involving a particle that originates
from the hard process. A lepton is dressed by adding to its
four-momentum the four-momenta of all photons within
ΔR ¼ 0.1; this procedure is intended to restore the lepton
to its pre-FSR state. The fiducial region requirements are
photon and lepton jηj < 2.5 and pT > 25 GeV, and
ΔRðlepton; photonÞ > 0.5.
Background processes containing a prompt lepton and a

prompt photon, including Zγ production, tt̄γ production,
and VVγ (where V ¼ W=Z) production are simulated using
MadGraph5_aMC@NLO and PYTHIA8, in a manner similar to
that for the signal samples. The background due to photon
conversions in the detector material that lead to recon-
structed electrons is estimated with a simulated sample of
γγ events made with SHERPA version 2.2.5 [33]. The
background due to events containing nonprompt leptons
and photons, including those from instrumental mismea-
surements and genuine leptons or photons within jets, is
estimated from data. The ratio of well-isolated, high-quality
leptons to less-well-isolated, lower-quality leptons is mea-
sured in a dijet control region in data as a function of the
lepton jηj and pT , and corrected for prompt leptons and
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prompt photon conversions based on simulated samples.
A similar procedure is applied for photons based on a
W þ jets control region that excludes the signal region. In
the nonprompt photon case, a fit to the width of the photon
ECAL shower is used to determine the nonprompt photon
fraction in the well-isolated, high-quality category, as
described in Ref. [34]. The two procedures are combined
in a way that avoids double counting to estimate the
contribution from events containing both a nonprompt
lepton and a nonprompt photon. The background contri-
bution from events that contain a prompt lepton from the
primary interaction and a prompt photon from a pileup
interaction, mainly W þ jets primary interaction events
with γ þ jets pileup interaction events, is estimated using
simulated samples. Finally, the background from electron-
induced photons, occurring when an electron track is
misreconstructed in the tracker or not properly matched
to the corresponding ECAL cluster, is estimated using a fit
to the mlγ distribution in data, which is sharply peaked
because of the Z resonance, with a template constructed
from simulation.
The observed distributions of mlγ are compared with the

expected distributions based on the MadGraph5_aMC@NLO

simulation in Fig. 2. The experimental data agrees with the
prediction within uncertainties. The expected and observed
numbers of events are listed in Table I.
The signal strength is extracted from a binned maximum

likelihood fit to the mlγ distribution, where the likelihood
function is the product of a Poisson probability density
function for each bin. A simultaneous fit of the electron and
muon channels is used for our main results; in addition,
muon-channel-only and electron-channel-only fits are per-
formed as a consistency check. In order to efficiently
maximize the likelihood function with the large number of
parameters that we consider, we use a TENSORFLOW-based
minimizer [35,36]. The fit is performed in the range 10 to
250 GeV with 2 GeV bins. In the electron-channel-only fit
and the simultaneous fit, the normalization of the electron-
induced photon template is a free parameter in addition to
the Wγ normalization, whereas in the muon-channel-only
fit, the normalization of the electron-induced photon
template is constrained by a 100% log-normal uncertainty
around its nominal value and theWγ signal normalization is
the only free parameter.
A variety of sources of systematic uncertainty are

considered as nuisance parameters in the fit subject to
log-normal constraints. Experimental sources of systematic
uncertainty include: the jet energy scale and resolution
(which affect the p⃗miss

T ), the lepton and photon identifica-
tion efficiencies, the pileup modeling, the integrated lumi-
nosity measurement, the statistical power of our simulated
samples and data control regions, and the nonprompt
photon and nonprompt lepton background estimation
methods. Theoretical sources of systematic uncertainty
include: the renormalization and factorization QCD scales,

and PDFs. The renormalization and factorization QCD
scales are varied by factors of 2 and 1=2, excluding the
(2; 1=2) and (1=2; 2) cases, and the envelope of these
variations is taken as the uncertainty. The systematic
uncertainty due to the PDFs is calculated using the 32

310

410

510

E
ve

nt
s/

bi
n

CMS  (13 TeV)-1137 fb

Data
γe-induced

Double nonprompt
Nonprompt electron
Nonprompt photon
 conversionγ

Pileup
γZ

Top/VV

γW
Pred. Unc.

50 100 150 200 250
 (GeV)γem

0.8
0.9

1
1.1
1.2

D
at

a/
pr

ed

310

410
E

ve
nt

s/
bi

n

CMS  (13 TeV)-1137 fb

Data
γe-induced

Double nonprompt
Nonprompt muon
Nonprompt photon
Pileup

γZ
Top/VV

γW

Pred. Unc.

50 100 150 200 250

 (GeV)γμm

0.8
0.9

1
1.1
1.2

D
at

a/
pr

ed

FIG. 2. Expected and observed distributions in the invariant
mass of the lepton-photon system in the electron (left) and muon
(right) channels. The signal and background processes corre-
spond to the estimates made before the fit, except that the
normalization of the electron-induced photon (one of the free
parameters) is scaled by 1.8 from its prefit value. The uncertainty
in the prediction (the hatched band) is the quadratic sum of the
systematic uncertainties. The uncertainty in the data is statistical.
The Wγ label refers to the MadGraph5_aMC@NLO simulation of
Wγ events.
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additional members of the PDF4LHC15_nnlo_30_pdfas
PDF set following the PDF4LHC prescription for a
Hessian PDF set [26,37–39]. The uncertainties in the
photon identification efficiency (1%–4%, depending on
the photon pT and η) and the integrated luminosity
measurement (1.8%) have the largest impact on the
measurement.
The theoretical predictions of the cross section are

15.4� 1.2ðscaleÞ � 0.1ðPDFÞ pb based on the NLO QCD
MadGraph5_aMC@NLO simulation and 22.4� 3.2ðscaleÞ �
0.1ðPDFÞ pb based on the NLO QCD POWHEG simulation
with the C-NLO scheme, where scale refers to QCD scale.
The measured cross section from the simultaneous fit

with the uncertainties divided into statistical, experimental,
and theoretical components is σ¼15.58�0.75 pb¼
15.58�0.05ðstatÞ�0.73ðsystÞ�0.15ðtheoÞ pb. The mea-
sured cross section based only on the electron channel is
σ ¼ 15.09� 0.09ðstatÞ � 1.02ðsystÞ � 0.32ðtheoÞ pb and
the measured cross section based only on the muon channel
is σ ¼ 15.77� 0.06ðstatÞ � 0.88ðsystÞ � 0.12ðtheoÞ pb.
Next, we search for new physics that could result in

anomalous contributions to the cross section at high mass
scale Λ. We consider an EFT in which dimension-six
operators are added to the SM [2]

L ¼ LSM þ
X

i

ci
Λ2

Oi:

The operators that are relevant to Wγ production are

OWWW ¼ Tr½WμνWνρWμ
ρ�;

OB ¼ ðDμΦÞ†BμνðDνΦÞ;
OWW̃W ¼ Tr½W̃μνWνρWμ

ρ�; and

OW̃ ¼ ðDμΦÞ†W̃μνðDνΦÞ;

where Wμν and Bμν are the SUð2Þ × Uð1Þ field strength
tensors, Φ is the Higgs field, and W̃μν is defined as
ϵμνρσWρσ=2 (ϵμνρσ is totally antisymmetric with ϵ0123 ¼ 1).
The lowest dimension CP-even operator that directly alters
the WWγ TGC is OWWW . The photon pT distribution
shown in Fig. 3 is used for the extraction of limits on the
coefficients of these four operators. The NLO QCD
reweighting feature of MadGraph5_aMC@NLO [40] is used
to determine the yield of theWγ signal as a function of each
operator coefficient.
We compute expected and observed 95% confidence

level limits on each operator coefficient based on the profile
likelihood ratio test statistic [41]. Each operator coefficient
is scanned independently with all other operator coeffi-
cients set to zero. In addition to the sources of systematic
uncertainty considered in the cross section fit, the 45%
difference between the MadGraph5_aMC@NLO and POWHEG

fiducial cross sections is assigned as an uncertainty in
the normalization of the SM component of the model. The
observed and expected limits are listed in Table II. The
observed limits on cWWW=Λ2 are decreased by a factor of
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FIG. 3. The photon pT distribution used for the extraction of
limits on dimension-six EFT operators. The expected yields
correspond to the estimates made before the fit. The uncertainty
in the prediction (the hatched band) is the quadratic sum of the
systematic uncertainties. The uncertainty in the data is statistical.
The last bin includes the overflow.

TABLE I. Expected and observed numbers of events. The
signal and background yields correspond to the estimates made
before the fit, except that normalization of the electron-induced
photon yield (one of the free parameters) is scaled by 1.8 from its
prefit value. The uncertainty is the quadratic sum of the
systematic uncertainties. The Wγ label refers to the MadGra-
ph5_aMC@NLO simulation of Wγ. The Wγ signal and Wγ
nonfiducial are the contributions to the signal region from the
Wγ process originating from within and outside the fiducial
region, respectively.

Process eγ μγ

Wγ signal 95953� 6753 164438� 8773
Wγ nonfiducial 1530� 241 2863� 337
Zγ 22164� 6173 45227� 11349
Top=VV 16501� 879 25517� 952
Nonprompt photon 46984� 2249 95838� 4567
Nonprompt lepton 27099� 8169 23008� 6915
Double nonprompt 16264� 4885 14050� 4219
e-induced photon 157209� 42269 14231� 798
Pileup 4892� 475 11085� 782
Photon conversion 8318� 494 0� 0
Total 396913� 54686 396257� 22837
Observation 385224 395818
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≈1.75 relative to the previous best result [42]. These
limits can be converted through a linear relationship to
limits on the parameters λγ , λ̃γ, and κ̃γ in the Lagrangian
approach to anomalous couplings, also known as the LEP
parametrization, described in Ref. [2]. The expected limits
on these parameters are−0.0033 < λγ < 0.0033, −0.074 <
κ̃γ < 0.072, and −0.0016 < λ̃γ < 0.0016, while the corre-
sponding observed limits are −0.0035 < λγ < 0.0035,
−0.066< κ̃γ <0.065, and −0.0017< λ̃γ <0.0017.
In summary, the cross section for pp → Wγ production

has been measured at a center-of-mass energy of 13 TeV for
the first time. The measured cross section in a defined
fiducial region is σ ¼ 15.58� 0.05ðstatÞ � 0.73ðsystÞ�
0.15ðtheoÞ pb ¼ 15.58� 0.75 pb, consistent with the
MadGraph5_aMC@NLO next-to-leading-order (NLO) quantum
chromodynamics (QCD) prediction of σ ¼ 15.4�
1.2ðscaleÞ � 0.1ðPDFÞ pb, and less than the POWHEG NLO
QCD prediction of σ ¼ 22.4� 3.2ðscaleÞ � 0.1ðPDFÞ pb.
The cross sections in the electron and muon channels are
consistent with each other. The high tail of the photon
transverse momentum distribution is used to set 95% con-
fidence level limits on dimension-six effective field theory
parameters, including the most stringent limit to date on the
coefficient ofOWWW , the lowest dimensionCP-even operator
that directly alters the WWγ TGC.
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[14] L. Barzè, M. Chiesa, G. Montagna, P. Nason, O. Nicrosini,
F. Piccinini, and V. Prosperi, Wγ production in hadronic
collisions using the POWHEGþMiNLO method, J. High
Energy Phys. 12 (2014) 039.

[15] A. Denner, S. Dittmaier, M. Hecht, and C. Pasold, NLO
QCD and electroweak corrections toW þ γ production with
leptonic W-boson decays, J. High Energy Phys. 04 (2015)
018.

[16] M. Grazzini, S. Kallweit, and M. Wiesemann, Fully differ-
ential NNLO computations with MATRIX, Eur. Phys. J. C
78, 537 (2018).

[17] M. Grazzini, S. Kallweit, and D. Rathlev, Wγ and Zγ
production at the LHC in NNLO QCD, J. High Energy
Phys. 07 (2015) 085.

[18] E. Accomando, A. Denner, and S. Pozzorini, Electroweak-
correction effects in gauge-boson pair production at the
CERN LHC, Phys. Rev. D 65, 073003 (2002).

[19] R. Frederix and S. Frixione, Merging meets matching in
MC@NLO, J. High Energy Phys. 12 (2012) 061.

[20] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[21] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POW-
HEG method, J. High Energy Phys. 11 (2007) 070.

[22] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: The POWHEG BOX, J. High
Energy Phys. 06 (2010) 043.

[23] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[24] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4—A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[25] CMS Collaboration, Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76, 155 (2016).

[26] Parton distributions for the LHC run II, J. High Energy
Phys. 04 04 (2015) 040.

[27] CMS Collaboration, Extraction and validation of a new set
of CMS PYTHIA8 tunes from underlying-event measure-
ments, Eur. Phys. J. C 80, 4 (2020).

[28] R. D. Ball, V. Bertone, S. Carrazza, L. D. Debbio, S. Forte,
P. Groth-Merrild, A. Guffanti, N. P. Hartland, Z. Kassabov,
J. I. Latorre, E. R. Nocera, J. Rojo, L. Rottoli, E. Slade, and
M. Ubiali (NNPDF Collaboration), Parton distributions

from high-precision collider data, Eur. Phys. J. C 77, 663
(2017).

[29] CMS Collaboration, Performance of the CMS Level-1
trigger in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J.
Instrum. 15, P10017 (2020).

[30] CMS Collaboration, The CMS trigger system, J. Instrum.
12, P01020 (2017).

[31] CMS Collaboration, Performance of photon reconstruction
and identification with the CMS detector in proton-proton
collisions at

ffiffiffi
s

p ¼ 8 TeV, J. Instrum. 10, P08010 (2015).
[32] CMS Collaboration, Performance of electron reconstruction

and selection with the CMS detector in proton-
proton collisions at

ffiffiffi
s

p ¼ 8 TeV, J. Instrum. 10, P06005
(2015).

[33] T. Gleisberg, S. Höche, F. Krauss, M. Schönherr, S.
Schumann, F. Siegert, and J. Winter, Event generation with
SHERPA 1.1, J. High Energy Phys. 02 (2009) 007.

[34] CMS Collaboration, Measurement of the cross section for
electroweak production of a Z boson, a photon and two jets
in proton-proton collisions at

ffiffi
s

p ¼ 13 TeV and constraints
on anomalous quartic couplings, J. High Energy Phys. 06
(2020) 076.

[35] M. Abadi et al., TensorFlow: Large-scale machine learning
on heterogeneous systems (2015), software available from
tensorflow.org.

[36] CMS Collaboration, Measurement of the W boson rapidity,
helicity, and differential cross sections in pp collisions atffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 102, 092012 (2020).
[37] J. Butterworth et al., PDF4LHC recommendations for LHC

Run II, J. Phys. G 43, 023001 (2016).
[38] L. A. Harland-Lang, A. D. Martin, P. Motylinski, and R. S.

Thorne, Parton distributions in the LHC era: MMHT 2014
PDFs, Eur. Phys. J. C 75, 204 (2015).

[39] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P.
Nadolsky, J. Pumplin, C. Schmidt, D. Stump, and C.-P.
Yuan, New parton distribution functions from a global
analysis of quantum chromodynamics, Phys. Rev. D 93,
033006 (2016).

[40] O. Mattelaer, On the maximal use of Monte Carlo samples:
Re-weighting events at NLO accuracy, Eur. Phys. J. C 76,
674 (2016).

[41] ATLAS and CMS Collaborations, and the LHC Higgs
Combination Group, Procedure for the LHC Higgs boson
search combination in Summer 2011, Technical Report
No. CMS-NOTE-2011-005, ATL-PHYS-PUB-2011-11,
2011, http://cds.cern.ch/record/1379837.

[42] CMS Collaboration, Search for anomalous triple gauge
couplings in WWand WZ production in leptonþ jet events
in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy
Phys. 12 (2019) 062.

A. M. Sirunyan,1,a A. Tumasyan,1 W. Adam,2 J. W. Andrejkovic,2 T. Bergauer,2 S. Chatterjee,2 M. Dragicevic,2

A. Escalante Del Valle,2 R. Frühwirth,2,b M. Jeitler,2,b N. Krammer,2 L. Lechner,2 D. Liko,2 I. Mikulec,2 F. M. Pitters,2

J. Schieck,2,b R. Schöfbeck,2 M. Spanring,2 S. Templ,2 W. Waltenberger,2 C.-E. Wulz,2,b V. Chekhovsky,3 A. Litomin,3

V. Makarenko,3 M. R. Darwish,4,c E. A. De Wolf,4 X. Janssen,4 T. Kello,4,d A. Lelek,4 H. Rejeb Sfar,4 P. Van Mechelen,4

S. Van Putte,4 N. Van Remortel,4 F. Blekman,5 E. S. Bols,5 J. D’Hondt,5 J. De Clercq,5 M. Delcourt,5 S. Lowette,5

PHYSICAL REVIEW LETTERS 126, 252002 (2021)

252002-6

https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP12(2014)039
https://doi.org/10.1007/JHEP12(2014)039
https://doi.org/10.1007/JHEP04(2015)018
https://doi.org/10.1007/JHEP04(2015)018
https://doi.org/10.1140/epjc/s10052-018-5771-7
https://doi.org/10.1140/epjc/s10052-018-5771-7
https://doi.org/10.1007/JHEP07(2015)085
https://doi.org/10.1007/JHEP07(2015)085
https://doi.org/10.1103/PhysRevD.65.073003
https://doi.org/10.1007/JHEP12(2012)061
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s10052-016-3988-x
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.1140/epjc/s10052-019-7499-4
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/10/08/P08010
https://doi.org/10.1088/1748-0221/10/06/P06005
https://doi.org/10.1088/1748-0221/10/06/P06005
https://doi.org/10.1088/1126-6708/2009/02/007
https://doi.org/10.1007/JHEP06(2020)076
https://doi.org/10.1007/JHEP06(2020)076
tensorflow.org
tensorflow.org
https://doi.org/10.1103/PhysRevD.102.092012
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1140/epjc/s10052-015-3397-6
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1140/epjc/s10052-016-4533-7
https://doi.org/10.1140/epjc/s10052-016-4533-7
http://cds.cern.ch/record/1379837
http://cds.cern.ch/record/1379837
http://cds.cern.ch/record/1379837
https://doi.org/10.1007/JHEP12(2019)062
https://doi.org/10.1007/JHEP12(2019)062


S. Moortgat,5 A. Morton,5 D. Müller,5 A. R. Sahasransu,5 S. Tavernier,5 W. Van Doninck,5 P. Van Mulders,5 D. Beghin,6

B. Bilin,6 B. Clerbaux,6 G. De Lentdecker,6 L. Favart,6 A. Grebenyuk,6 A. K. Kalsi,6 K. Lee,6 I. Makarenko,6 L. Moureaux,6
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75bUniversità di Milano-Bicocca, Milano, Italy
76aINFN Sezione di Napoli, Napoli, Italy

76bUniversità di Napoli ’Federico II’, Napoli, Italy
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83bUniversità di Trieste, Trieste, Italy
84Kyungpook National University, Daegu, Korea

PHYSICAL REVIEW LETTERS 126, 252002 (2021)

252002-14



85Chonnam National University, Institute for Universe and Elementary Particles, Kwangju, Korea
86Hanyang University, Seoul, Korea
87Korea University, Seoul, Korea

88Kyung Hee University, Department of Physics, Seoul, Republic of Korea
89Sejong University, Seoul, Korea

90Seoul National University, Seoul, Korea
91University of Seoul, Seoul, Korea

92Yonsei University, Department of Physics, Seoul, Korea
93Sungkyunkwan University, Suwon, Korea

94College of Engineering and Technology, American University of the Middle East (AUM), Dasman, Kuwait
95Riga Technical University, Riga, Latvia
96Vilnius University, Vilnius, Lithuania

97National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
98Universidad de Sonora (UNISON), Hermosillo, Mexico

99Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico
100Universidad Iberoamericana, Mexico City, Mexico

101Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
102University of Montenegro, Podgorica, Montenegro
103University of Auckland, Auckland, New Zealand

104University of Canterbury, Christchurch, New Zealand
105National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan

106AGH University of Science and Technology Faculty of Computer Science, Electronics and Telecommunications, Krakow, Poland
107National Centre for Nuclear Research, Swierk, Poland

108Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
109Laboratório de Instrumentação e Física Experimental de Partículas, Lisboa, Portugal

110Joint Institute for Nuclear Research, Dubna, Russia
111Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia

112Institute for Nuclear Research, Moscow, Russia
113Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of NRC ‘Kurchatov Institute’, Moscow, Russia

114Moscow Institute of Physics and Technology, Moscow, Russia
115National Research Nuclear University ’Moscow Engineering Physics Institute’ (MEPhI), Moscow, Russia

116P.N. Lebedev Physical Institute, Moscow, Russia
117Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia

118Novosibirsk State University (NSU), Novosibirsk, Russia
119Institute for High Energy Physics of National Research Centre ‘Kurchatov Institute’, Protvino, Russia

120National Research Tomsk Polytechnic University, Tomsk, Russia
121Tomsk State University, Tomsk, Russia

122University of Belgrade: Faculty of Physics and VINCA Institute of Nuclear Sciences, Belgrade, Serbia
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