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The observation of WWγ production in proton-proton collisions at a center-of-mass energy of 13 TeV
with an integrated luminosity of 138 fb−1 is presented. The observed (expected) significance is 5.6 (5.1)
standard deviations. Events are selected by requiring exactly two leptons (one electron and one muon) of
opposite charge, moderate missing transverse momentum, and a photon. The measured fiducial cross
section for WWγ is 5.9� 0.8ðstatÞ � 0.8ðsystÞ � 0.7ðmodelingÞ fb, in agreement with the next-to-leading
order quantum chromodynamics prediction. The analysis is extended with a search for the associated
production of the Higgs boson and a photon, which is generated by a coupling of the Higgs boson to light
quarks. The result is used to constrain the Higgs boson couplings to light quarks.
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Measurements of multiple electroweak (EW) bosons
produced at a common interaction vertex are a key to
understanding the EW sector of the standard model (SM).
The non-Abelian structure of the EW interaction predicts
the presence of self-interactions among the vector bosons
ðW;Z; γÞ, leading to a rich variety of multiboson produc-
tion mechanisms. Many multiboson processes are currently
accessible only at the CERN LHC given the energies and
integrated luminosities required to observe them. The CMS
and ATLAS Collaborations have both recently observed
the simultaneous production of three massive gauge
bosons [1,2]. Additionally, ATLAS has reported the obser-
vation of WZγ [3] with an observed significance of 6.3
standard deviations. The double-photon production proc-
esses Wγγ and Zγγ have also been measured by both CMS
and ATLAS [4–6]. Searches for WWγ production have
previously been conducted by both CMS and ATLAS at a
center-of-mass energy of 8 TeV [7,8] where only upper
limits were set because of a lack of statistical power and
sensitivity.
Triboson production includes not only the interactions

involving triple and quartic gauge couplings (TGCs and
QGCs), but also the mediation of the Higgs boson (H),
providing an opportunity to measure or constrain Yukawa
couplings. Deviations from theoretical predictions in the
triboson measurements could provide indirect evidence of
new particles or new interactions. Recently, proposals to

exploitHγ production to probe Higgs boson couplings with
light (c, s, u, and d) quarks have been published [9–11].
Since the gluon-initiated contribution gg → Hγ vanishes
according to Furry’s theorem [9,12], Hγ inclusive produc-
tion at the LHC is directly related to the Higgs boson
Yukawa couplings to the light quarks. Various interpreta-
tions [13–15] of the light quark Yukawa couplings were
previously proposed. Similarly, gluon fusion production
can constrain the light quark Yukawa couplings [16].
Recently, CMS reported a direct constraint on the charm
quark Yukawa coupling modifier of 1.1 < jκcj < 5.5 at
95% confidence level (C.L.) [17] and ATLAS provided an
upper bound of jκcj < 8.5 at 95% C.L. [18]. However, the
upper bounds on the strange quark Yukawa coupling are
presently significantly less stringent [19,20].
The EW eþνeμ

−ν̄μγ and μþνμe
−ν̄eγ production in pro-

ton-proton (pp) collisions at leading order (LO) can
proceed via (i) initial-state radiation (ISR) from one of
the incoming quarks; (ii) final-state radiation (FSR) from
the outgoing charged leptons; (iii) theWWZ orWWγ TGC;
(iv) the WWZγ or WWγγ QGC; and (v) the associated
production of the Higgs boson and a photon. Figure 1
shows examples of these processes. At higher orders in
quantum chromodynamics (QCD) [21], additional quarks
can appear in the final state, and photons can arise via FSR
from an outgoing quark or lepton.
This Letter reports a first observation of WWγ produc-

tion as well as a search for Hγ production generated
through the Higgs boson interactions with light quarks.
The measurements are based on

ffiffiffi

s
p ¼ 13 TeV pp colli-

sion data collected with the CMS detector during
2016–2018, with an integrated luminosity of 138 fb−1.
Tabulated results are provided in HEPData [22].
The central feature of the CMS apparatus is a super-

conducting solenoid of 6 m internal diameter, providing a
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magnetic field of 3.8 T. Within the magnetic field, there are
silicon pixel and strip trackers plus several calorimeters, a
lead tungstate crystal electromagnetic calorimeter (ECAL)
and a brass-scintillator calorimeter; both of these are
composed of a barrel and two end cap sections. The forward
calorimeters extend the pseudorapidity (η) coverage pro-
vided by the barrel and end cap detectors. The particle-flow
(PF) algorithm [23] reconstructs and identifies each indi-
vidual particle in an event, with an optimized combination of
information from the various elements of the CMS detector.
Muons are detected in gas-ionization chambers embedded in
the steel return yoke outside the solenoid. A detailed
description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic
variables, is reported in Ref. [24].
Electrons and photons are measured in the range of

jηj < 2.5 corresponding to the acceptance of the tracker.
The energy of an electron is obtained from a combination of
three measurements: the electron momentum at the primary
interaction vertex as determined by the tracker [25]; the
energy of the corresponding ECAL cluster; and the energy
sum of all bremsstrahlung photons spatially compatible
with the original electron track. The photon momentum is
determined by using an energy measurement in the ECAL
cluster, which is inconsistent with any charged-particle
track in the tracker [26]. Muons are measured within
jηj < 2.4 and their momenta are determined by using a
global fit of muon measurements in the gas-ionization
chambers and matched tracks in the silicon tracker [27].
Jets are reconstructed from PF candidates [23] using the

anti-kT jet clustering algorithm with a distance parameter
of 0.4 [28,29]. The energy is obtained within jηj < 4.7,
from the corresponding corrected energy deposits in the
ECAL and hadron calorimeters that are matched to charged
hadron tracks in the tracker; it is corrected for (i) pileup
(PU) from multiple interactions per proton bunch crossing
in the colliding beams; (ii) nonuniformity of the detector
response; and (iii) residual differences between data and
simulation. The average neutral energy density from PU is
estimated and subtracted from the reconstructed jet ener-
gies and the energy sum used in the calculation of lepton
isolation [30]. Jets containing the decay of b quarks (b jets)
are identified using the medium working point of the DeepJet

algorithm [31] with a misidentification probability of 1%.

The missing transverse momentum vector (p⃗miss
T ) is

computed as the negative vector transverse momentum
(p⃗T) sum of all PF candidates in an event [23] and its
magnitude is denoted by pmiss

T [32]. The p⃗miss
T of an event is

intended to represent the neutrinos associated with a single
pp interaction within a bunch crossing. The p⃗miss

T is also
modified to include corrections to the energy scale and
resolution of the reconstructed jets in the event.
The WWγ signal is simulated at next-to-LO (NLO) in

QCD and includes intermediate τ decays. The Hγ signal is
simulated at NLO in QCD for cc̄ production and at LO
using the Higgs effective Lagrangian model [33] for other
light quarks where a generator-level cut of pγ

T > 5 GeV is
applied. The initial values of the quark masses are taken
from the Particle Data Group [34] and a running coupling
for the c quark is implemented. Both these simulations
use the MadGraph5_aMC@NLO v2.6.5 [35] Monte Carlo event
generator, and the Higgs boson decay modeled by the
JHUGen v7.2.7 for the Hγ signal [36–39]. The parton
showering and hadronization are performed using
PYTHIA 8.226 [40], and the detector simulation is performed
using GEANT4 v10.4.3 [41]. The PYTHIA8 CP5 underlying
event tune [42] with NNPDF3.1 next-to-NLO parton
distribution functions (PDFs) is used. Neither EW nor
next-to-NLO QCD corrections are applied.
Background processes containing prompt leptons and a

prompt photon, including Zγ production, tt̄γ production,
and associated production of a single top quark and
W boson, are simulated using MadGraph5_aMC@NLO or
POWHEG v2.0 [43–48] at NLO in QCD interfaced with
PYTHIA8 for hadronization and fragmentation in a manner
similar to that for theWWγ signal sample. The background
due to events containing nonprompt leptons and photons,
including those from instrumental mismeasurements and
genuine leptons or photons within jets, is estimated from
data using a method similar to that of Ref. [49–51]. The
relative contribution of events with well-isolated, high-
quality leptons to less-isolated, lower-quality leptons is
measured in a dijet control region (CR) in data as a function
of the lepton jηj and pT, and corrected for prompt leptons
and prompt photon conversions based on simulated
samples. A similar procedure is applied for photons, based
on a W þ jets CR that excludes the signal region (SR).
In the nonprompt-photon case, a fit to the width of the

FIG. 1. Representative Feynman diagrams for the WWγ process at LO, from left to right: ISR, TGC, QGC, and Hγ associated
production.
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photon ECAL shower is used to determine the nonprompt-
photon fraction in the well-isolated, high-quality category,
as described in Ref. [52]. Based on the matching to the
generator level, the two procedures are combined to avoid
double counting [49]. The SM contributions from other
Higgs-related processes [53] are negligible.
Experimentally, we select WþW−γ → eþνeμ

−ν̄μγ and
μþνμe

−ν̄eγ events, which pass the level-1 [54] and high-
level [55] triggers that require an isolated muon and/or
electron. We require the isolated electron and muon to
satisfy additional identification criteria [26,27], a single
reconstructed photon [26] must be present in the event,
and the pmiss

T must exceed 20 GeV. The photon must
satisfy high performance identification requirements that
correspond to a signal efficiency >80% [26]. Off-line
kinematic requirements on the selected objects, based
on the detector acceptance and the trigger thresholds,
are p

γ
T > 20 GeV, jηγj < 2.5, jηeðμÞj < 2.5 (2.4) and

p
eðμÞ
T > 25 (20) GeV. To reduce backgrounds from

WZγ and relevant top quark processes, events are
rejected that contain at least one b jet or an additional
muon or electron with pT > 10 GeV passing looser
criteria than those of the primary leptons. Moreover, it
is required that ΔR¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2þðΔϕÞ2
p

>0.5, where Δϕ

and Δη are the spatial separations in the azimuthal
angle ϕ and η between leptons and photon. We further
suppress background contributions by requiring the
dilepton mass ðmllÞ > 10 GeV, the transverse momen-
tum ðpllT Þ > 15 GeV, and the transverse mass,

mWW
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pll

T pmiss
T ½1 − cosΔϕðp⃗ll

T ; p⃗miss
T Þ�

p

> 10 GeV.

A CR with charged leptons of the same sign, SSWWγ, is
constructed to validate the nonprompt lepton background
modeling. Another Topγ CR, dominated by events corre-
sponding to top quark production, is used to validate the
modeling of both nonprompt-lepton and nonprompt-
photon backgrounds. These two CRs are included in
the simultaneous maximum likelihood fit to constrain
the estimates of these process rates. The selection for the
SSWWγ CR is the same as for the SR, except that the mWW

T
requirement is removed and the two leptons are required to
have the same sign. The definition of the Topγ CR also
follows closely that of the SR, except that at least one
b-tagged jet with pT > 20 GeV is required and the mWW

T
requirement is removed.
The observed distributions in the SR of the invariant

mass of the dilepton-photon system (mllγ) and mWW
T are

compared with the expected distributions before the fit in
Fig. 2. The experimental data agree with the prediction
within the uncertainties.
Various sources of systematic uncertainty are included in

the fit as nuisance parameters and subject to log-normal
constraints. Theoretical sources of systematic uncertainty
include the choice of the renormalization and factorization
scales, PDFs, and parton shower modeling. The two scales
are varied by factors of 2 and 0.5 independently. The
envelope of these variations, excluding the two extreme
(2, 0.5) and (0.5, 2) cases, is assumed as the uncertainty.
The systematic uncertainty due to PDFs is calculated
using the PDF4LHC15_nnlo_30_pdfas PDF replicas, fol-
lowing the PDF4LHC group prescription [56–59]. Parton
shower modeling uncertainties, which arise from the

FIG. 2. The distributions of the invariant mass of the dilepton-photon system (left) and the transverse mass of the WW system (right)
after the signal region selection and before the fit to the data. The black points with error bars represent the data and their statistical
uncertainties, whereas the shaded band represents the Monte Carlo statistical uncertainties.
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renormalization of QCD-induced ISR and FSR, are the
dominant uncertainty in the measurement. Variations of the
contributions of the ISR and FSR consist of 4 combinations
made by keeping one constant and doubling or halving the
other. Multiple experimental sources of systematic uncer-
tainties are also included. The most significant contribution
arises from the method used to estimate the nonprompt
background (8%), followed by the b tagging efficiency
(7%), and jet energy scale and resolution (5%), which also
affect p⃗miss

T . The uncertainties associated with the lepton
and photon identification efficiencies, the lepton trigger,
PU, and integrated luminosity [60–62] are also assessed.
The statistical uncertainties from the limited size of the
simulated signal and background samples are also included
in the final fit.
The signal significance and strength are extracted from a

binned maximum likelihood fit using two-dimensional
distributions in bins of mWW

T and mllγ , where the product
of the Poisson probability mass functions for each bin

forms the likelihood function. The eμ final states that result
from the intermediate τ in our signal simulation, are treated
as part of the signal in significance and strength extraction.
A simultaneous fit including the SR and CRs is performed.
Since background processes tend to be concentrated in the
≥1 jet region, the SR is divided into two categories based
on jet multiplicity: 0 jet and ≥1 jet. The number of events in
data and predictions after the fit to the data are listed in
Table I. The observed (expected) signal significance from
the fit is 5.6(5.1) standard deviations, corresponding to the
observed distributions after the fit to the data shown in
Fig. 3. The observed signal strength, μobs ¼ 1.11�
0.16ðstatÞ � 0.15ðsystÞ � 0.13ðmodelingÞ, is extracted in
a fiducial region defined by applying the signal selection
at particle level, without the requirements on b jets and
additional leptons. The theoretical prediction for the WWγ

fiducial cross section is 5.33�0.34ðscaleÞ�0.05ðPDFÞ fb
at NLO QCD as evaluated by MadGraph5_aMC@NLO.
The WWγ measured cross section from the simultaneous

FIG. 3. The unrolled two-dimensional mWW
T −mllγ distributions in category 0 jet (left) and ≥1 jet (right) after the fit to data. The data

are compared with the sum of the signal and expected background. The black points with error bars represent the data and their statistical
uncertainties, whereas the hatched bands represent the total uncertainties in the predictions.

TABLE I. The number of events in data and prediction after the fit to data in the SR, SSWWγ CR, and Topγ CR.
The uncertainties include both statistical and systematic contributions.

Process SR (0 jet) SR (≥1 jet) SR (total) SSWWγ CR Topγ CR

WWγ 122� 22 134� 26 256� 47 1.3� 0.2 12.9� 2.7
QCD Vγ 72.0� 6.0 94.6� 9.3 164� 14 12.2� 2.3 12.6� 1.2
VV 15.1� 1.2 21.6� 2.3 36.7� 3.5 24.9� 1.7 2.0� 0.3
Top 56.6� 6.5 271� 27 328� 32 2.4� 0.6 2434� 85

Nonprompt l 45.7� 4.0 77.1� 6.2 122.9� 9.7 197� 14 40� 11

Nonprompt γ 109.0� 8.4 300� 24 410� 32 19.8� 1.6 792� 62

Total 420� 17 898� 26 1318� 43 257� 14 3294� 57

Data 414 916 1330 259 3287
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fit with the uncertainties divided into statistical, experi-
mental, and theoretical modeling components is σ¼5.9�
0.8ðstatÞ�0.8ðsystÞ�0.7ðmodelingÞ fb¼5.9�1.3 fb. The
theoretical modeling uncertainties include the renormaliza-
tion and factorization of QCD scales, PDFs, and parton
shower modeling from all simulations.
We also search for the Hγ production mechanism shown

in Fig. 1 with modified Higgs boson couplings to light
quarks, which have different pγ

T spectra and equivalently
Hγ invariant mass compared with other anomalous HZγ
coupling processes as described in Ref. [14]. The selection
for this search is similar to the EW WWγ signal selection
but targets the Higgs boson characteristics by requiring
Δϕll < 2.5, ΔRll < 2.3, and ΔRlγ > 0.8, since the two
oppositely charged W bosons from the Higgs boson decay
tend to have opposite spin orientation and the leptons from
W bosons are likely to travel in the same direction [63].
Now the observedWWγ is regarded as a background whose
normalization floats and is constrained by incorporating the
remainingWWγ events and all CRs in the simultaneous fit.
Since the ΔRll observable has good discrimination
power [64], the profile likelihood ratio test statistic [65]
is built separately for four processes in bins of ΔRll and
mWW

T , where ΔRll and mWW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, ∞), respectively. The
upper limits on the Hγ cross sections at 95% C.L. are
shown in Table II. The results can be interpreted as limits
on the Higgs boson to light quarks Yukawa couplings
κq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does
not behave according to the SM. The normalized light
Yukawa couplings κ̄q are also provided, which rescales κq
into units of ySMb evaluated at scale μ ¼ 125 GeV as
described in Ref. [66].
In summary, this Letter reports the first observation of

WWγ production in proton-proton collisions. The meas-
urement uses a dataset collected by the CMS experiment at
the LHC in 2016–2018 at a center-of-mass energy of
13 TeV, with an integrated luminosity of 138 fb−1. The
measured fiducial cross section for WWγ production is
5.9� 1.3 fb, in agreement with the prediction at next-to-
leading order in quantum chromodynamics. A search for
the associated production of the Higgs boson and a photon
is also performed using the Higgs boson decay to WþW−.

A set of limits at 95% confidence level on the Higgs boson
couplings to light quarks is reported.
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uū → H þ γ → eμνeνμγ 86 (67) jκuj ≤ 16000 (13000) jκ̄uj ≤ 7.5 (6.1)
dd̄ → H þ γ → eμνeνμγ 72 (58) jκdj ≤ 17000 (14000) jκ̄dj ≤ 16.6 (14.7)
ss̄ → H þ γ → eμνeνμγ 66 (49) jκsj ≤ 1700 (1300) jκ̄sj ≤ 32.8 (25.2)
cc̄ → H þ γ → eμνeνμγ 88 (66) jκcj ≤ 190 (110) jκ̄cj ≤ 43.2 (25.0)

PHYSICAL REVIEW LETTERS 132, 121901 (2024)

121901-5



[3] ATLAS Collaboration, Observation of WZγ production in
pp collisions at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector,

Phys. Rev. Lett. 132, 021802 (2024).
[4] ATLAS Collaboration, Observation of Wγγ triboson pro-

duction in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV with

the ATLAS detector, Phys. Lett. B 848, 138400 (2024).
[5] ATLAS Collaboration, Measurement of Zγγ production in

pp collisions at
ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector,

Eur. Phys. J. C 83, 539 (2023).
[6] CMS Collaboration, Measurements of the pp → Wγγ and

pp → Zγγ cross sections at
ffiffi

s
p ¼ 13 TeV and limits on

anomalous quartic gauge couplings, J. High Energy Phys.
10 (2021) 174.

[7] CMS Collaboration, Search for WWγ and WZγ production
and constraints on anomalous quartic gauge couplings in pp
collisions at

ffiffiffi

s
p ¼ 8 TeV, Phys. Rev. D 90, 032008 (2014).

[8] ATLAS Collaboration, Study of WWγ and WZγ production
in pp collisions at

ffiffiffi

s
p ¼ 8 TeV and search for anomalous

quartic gauge couplings with the ATLAS experiment,
Eur. Phys. J. C 77, 646 (2017).

[9] H. Khanpour, S. Khatibi, and M. Mohammadi-Najafabadi,
Probing Higgs boson couplings in Hþ γ production at the
LHC, Phys. Lett. B 773, 462 (2017).

[10] J. A. Aguilar-Saavedra, J. M. Cano, and J. M. No, More
light on Higgs flavor at the LHC: Higgs boson couplings to
light quarks through hþ γ production, Phys. Rev. D 103,
095023 (2021).

[11] A. Falkowski, S. Ganguly, P. Gras, J. M. No, K. Tobioka,
N. Vignaroli, and T. You, Light quark Yukawas in triboson
final states, J. High Energy Phys. 04 (2021) 023.

[12] W. H. Furry, A symmetry theorem in the positron theory,
Phys. Rev. 51, 125 (1937).

[13] Y. Zhou, Probing anomalous couplings of the Higgs boson
to weak bosons and fermions with precision calculations,
thesis, Johns Hopkins University, 2019 [Report No. CERN-
THESIS-2019-007].

[14] J. Davis, A. V. Gritsan, L. S. M. Guerra, S. Kyriacou, J.
Roskes, and M. Schulze, Constraining anomalous Higgs
boson couplings to virtual photons, Phys. Rev. D 105,
096027 (2022).

[15] Y. Zhou, Constraining the Higgs boson coupling to light
quarks in the H → ZZ final states, Phys. Rev. D 93, 013019
(2016).

[16] LHC Higgs Cross Section Working Group, Handbook of
LHC Higgs cross sections: 4. Deciphering the nature of the
Higgs sector, CERN Report No. CERN-2017-002-M, 2016.

[17] CMS Collaboration, Search for Higgs boson decay to a
charm quark-antiquark pair in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV, Phys. Rev. Lett. 131, 061801 (2023).

[18] ATLAS Collaboration, Direct constraint on the Higgs-
charm coupling from a search for Higgs boson decays into
charm quarks with the ATLAS detector, Eur. Phys. J. C 82,
717 (2022).

[19] J. Duarte-Campderros, G. Perez, M. Schlaffer, and A.
Soffer, Probing the Higgs-strange quark coupling at eþe−

colliders using light-jet flavor tagging, Phys. Rev. D 101,
115005 (2020).

[20] ATLAS Collaboration, Search for exclusive Higgs and Z

boson decays to ϕγ and ργ with the ATLAS detector, J. High
Energy Phys. 07 (2018) 127.

[21] J.-W. Zhu, R.-Y. Zhang, W.-G. Ma, Q. Yang, and Y. Jiang,
WWγ production at hadron colliders with NLO QCDþ EW
corrections and parton shower effects, J. Phys. G 47, 055006
(2020).

[22] HEPData record for this analysis (2023).
[23] CMS Collaboration, Particle-flow reconstruction and global

event description with the CMS detector, J. Instrum. 12,
P10003 (2017).

[24] CMS Collaboration, The CMS experiment at the CERN
LHC, J. Instrum. 3, S08004 (2008).

[25] CMS Collaboration, Measurement of electroweak WZ boson
production and search for new physics in WZþ two jets
events in pp collisions at

ffiffiffi

s
p ¼ 13 TeV, Phys. Lett. B 795,

281 (2019).
[26] CMS Collaboration, Electron and photon reconstruction and

identification with the CMS experiment at the CERN LHC,
J. Instrum. 16, P05014 (2021).

[27] CMS Collaboration, Performance of the CMS muon de-
tector and muon reconstruction with proton-proton colli-
sions at

ffiffiffi

s
p ¼ 13 TeV, J. Instrum. 13, P06015 (2018).

[28] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kT jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[29] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[30] M. Cacciari and G. P. Salam, Pileup subtraction using jet
areas, Phys. Lett. B 659, 119 (2008).

[31] E. Bols, J. Kieseler, M. Verzetti, M. Stoye, and A. Stakia, Jet
flavour classification using DeepJet, J. Instrum. 15, P12012
(2020).

[32] CMS Collaboration, Performance of missing transverse
momentum reconstruction in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV using the CMS detector, J. Instrum. 14,
P07004 (2019).

[33] A. Alloul, B. Fuks, and V. Sanz, Phenomenology of the
Higgs effective Lagrangian via FEYNRULES, J. High
Energy Phys. 04 (2014) 110.

[34] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[35] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. Stelzer, P. Torielli, andM. Zaro, The
automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079.

[36] Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze,
and N. V. Tran, Spin determination of single-produced
resonances at hadron colliders, Phys. Rev. D 81, 075022
(2010).

[37] S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, M.
Schulze, N. V. Tran, and A. Whitbeck, Spin and parity of
a single-produced resonance at the LHC, Phys. Rev. D 86,
095031 (2012).

[38] I. Anderson, S. Bolognesi, F. Caola, Y. Gao, A. V. Gritsan,
C. B. Martin, K. Melnikov, M. Schulze, N. V. Tran, A.
Whitbeck, and Y. Zhou, Constraining anomalous HVV
interactions at proton and lepton colliders, Phys. Rev. D
89, 035007 (2014).

[39] A. V. Gritsan, R. Röntsch, M. Schulze, and M. Xiao,
Constraining anomalous Higgs boson couplings to the
heavy flavor fermions using matrix element techniques,
Phys. Rev. D 94, 055023 (2016).

PHYSICAL REVIEW LETTERS 132, 121901 (2024)

121901-6



[40] 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 PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

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

[42] 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).

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

[44] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POWHEG

method, J. High Energy Phys. 11 (2007) 070.
[45] 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.

[46] S. Alioli, K. Hamilton, P. Nason, C. Oleari, and E. Re,
Jet pair production in POWHEG, J. High Energy Phys. 04
(2011) 081.

[47] S. Alioli, P. Nason, C. Oleari, and E. Re, NLO Higgs boson
production via gluon fusion matched with shower in
POWHEG, J. High Energy Phys. 04 (2009) 002.

[48] E. Bagnaschi, G. Degrassi, P. Slavich, and A. Vicini, Higgs
production via gluon fusion in the POWHEG approach
in the SM and in the MSSM, J. High Energy Phys. 02
(2012) 088.

[49] CMS Collaboration, Measurement of the Wγ production
cross section in proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV

and constraints on effective field theory coefficients, Phys.
Rev. Lett. 126, 252002 (2021).

[50] CMS Collaboration, Measurement of the electroweak pro-
duction of Wγ in association with two jets in proton-proton
collisions at

ffiffiffi

s
p ¼ 13 TeV, Phys. Rev. D 108, 032017

(2023).
[51] CMS Collaboration, Measurement of the electroweak pro-

duction of Zγ and two jets in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV and constraints on anomalous quartic gauge
couplings, Phys. Rev. D 104, 072001 (2021).

[52] 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.

[53] E. Gabrielli, B. Mele, F. Piccinini, and R. Pittau, Asking for
an extra photon in Higgs production at the LHC and beyond,
J. High Energy Phys. 07 (2016) 003.

[54] 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).
[55] CMS Collaboration, The CMS trigger system, J. Instrum.

12, P01020 (2017).
[56] J. Butterworth et al., PDF4LHC recommendations for LHC

Run II, J. Phys. G 43, 023001 (2016).
[57] 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).

[58] R. D. Ball et al. (NNPDF Collaboration), Parton distri-
butions for the LHC Run II, J. High Energy Phys. 04
(2015) 040.

[59] 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).

[60] CMS Collaboration, Precision luminosity measurement in
proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV in 2015 and 2016

at CMS, Eur. Phys. J. C 81, 800 (2021).
[61] CMS Collaboration, CMS luminosity measurement for the

2017 data-taking period at
ffiffiffi

s
p ¼ 13 TeV, CMS Physics

Analysis Summary Report No. CMS-PAS-LUM-17-004,
2018, https://cds.cern.ch/record/2621960.

[62] CMS Collaboration, CMS luminosity measurement for the
2018 data-taking period at

ffiffiffi

s
p ¼ 13 TeV, CMS Physics

Analysis Summary Report No. CMS-PAS-LUM-18-002,
2019, https://cds.cern.ch/record/2676164.

[63] M. Dittmar and H. Dreiner, How to find a Higgs boson with
a mass between 155 and 180 GeVat the LHC, Phys. Rev. D
55, 167 (1997).

[64] M. Duehrssen, Study of Higgs bosons in the WW final state
and development of a fast calorimeter simulation for the
ATLAS experiment, Ph.D. thesis, Freiburg University, 2009
[Report No. CERN-THESIS-2010-061], https://cds.cern.ch/
record/1261372.

[65] ATLAS and CMS Collaborations, and LHC Higgs Combi-
nation Group, Procedure for the LHC Higgs boson search
combination in Summer 2011, CMS Physics Analysis Note
Reports No. CMS-NOTE-2011-005, No. ATL-PHYS-PUB-
2011-11, 2011, https://cds.cern.ch/record/1379837.

[66] F. Yu, Phenomenology of enhanced light quark Yukawa
couplings and the W�h charge asymmetry, J. High Energy
Phys. 02 (2017) 083.

A. Hayrapetyan,1 A. Tumasyan ,1,b W. Adam ,2 J. W. Andrejkovic,2 T. Bergauer ,2 S. Chatterjee ,2 K. Damanakis ,2

M. Dragicevic ,2 A. Escalante Del Valle ,2 P. S. Hussain ,2 M. Jeitler ,2,c N. Krammer ,2 D. Liko ,2 I. Mikulec ,2

J. Schieck ,2,c R. Schöfbeck ,2 D. Schwarz ,2 M. Sonawane ,2 S. Templ ,2 W. Waltenberger ,2 C.-E. Wulz ,2,c

M. R. Darwish ,3,d T. Janssen ,3 P. Van Mechelen ,3 E. S. Bols ,4 J. D’Hondt ,4 S. Dansana ,4 A. De Moor ,4

M. Delcourt ,4 H. El Faham ,4 S. Lowette ,4 I. Makarenko ,4 D. Müller ,4 A. R. Sahasransu ,4 S. Tavernier ,4

M. Tytgat ,4,e S. Van Putte ,4 D. Vannerom ,4 B. Clerbaux ,5 G. De Lentdecker ,5 L. Favart ,5 D. Hohov ,5

J. Jaramillo ,5 A. Khalilzadeh,5 K. Lee ,5 M. Mahdavikhorrami ,5 A. Malara ,5 S. Paredes ,5 L. Pétré ,5 N. Postiau,5
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IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

38
Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France

39
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