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Abstract

A measurement is presented for the electroweak production of a W boson, a photon
(g), and two jets (j) in proton-proton collisions. The leptonic decay of the W boson
is selected by requiring one identified electron or muon and large missing transverse
momentum. The two jets are required to have large invariant dijet mass and large
separation in pseudorapidity. The measurement is performed with the data collected
by the CMS detector at a center-of-mass energy of 13 TeV, corresponding to an inte-
grated luminosity of 138 fb�1. The cross section for the electroweak Wgjj production
is 23.5+4.9

�4.7 fb, whereas the total cross section for Wgjj production is 113± 13 fb. Differ-
ential cross sections are also measured with the distributions unfolded to the particle
level. All results are in agreement with the standard model expectations. Constraints
are placed on anomalous quartic gauge couplings (aQGCs) in terms of dimension-8
effective field theory operators. These are the most stringent limits to date on the
aQGCs parameters fM,2–5/L4 and fT,6–7/L4.
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1 Introduction

The discovery of the Higgs boson at the CERN LHC [1–3] was made about ten years ago. Now,
it is of great interest to examine in depth the mechanism of electroweak (EW) symmetry break-
ing using rare EW processes. Vector boson scattering (VBS) processes play an independent and
complementary role in understanding the EW symmetry breaking. The nonabelian nature of
gauge interactions in the standard model (SM) leads to a large variety of VBS processes with
unique features and opportunities to probe new physics beyond the SM (BSM).

The center-of-mass energy of the proton-proton(pp) collisions and the integrated luminosity
accumulated by the LHC experiments present an opportunity to measure many rare VBS pro-
cesses. For example, the observed (expected) significance for the EW production of Wg + 2 jets
reported by CMS is 5.3 (4.8) standard deviations ( SD) combining Run 1 data and Run 2 data
collected in 2016 [4].

This paper presents a measurement of the EW Wgjj production at
p

s = 13 TeV based on the
complete Run 2 data collected during 2016–2018, superseding the previous CMS result [4]. A
complete set of tabulated results of this analysis is available in the HEPData database [5]. In
addition to increased integrated luminosity, our new results include: (i) an updated fiducial
region requiring jets with pT > 50 GeV; (ii) the removal of the missing transverse momen-
tum requirement from the fiducial region definition; (iii) the treatment of the interference term
between the EW- and quantum chromodynamics (QCD) induced processes as a background
component; (iv) and the treatment of the out-of-fiducial signal contribution as a background
component.

The EW signal includes both VBS and non-VBS diagrams, such as the contributions depicted
in Figs. 1(a)-1(c). The QCD-induced production of Wgjj, in which both jets originate from
QCD interaction, occurs at a much higher rate and is depicted in the rightmost diagram in
Fig. 1(d). The interference among the VBS diagrams ensures the unitarity of the VBS cross
section in the SM at high energy. An interference is also expected between the EW- and QCD-
induced processes [6, 7]. The interference is regarded as a background when measuring the
EW process. The cross section for the EW Wgjj production and the total cross section for the
Wgjj production that includes both the EW- and QCD-induced processes are determined in
the same restricted fiducial region. The measurements are based on a two-dimensional fit in
the invariant mass m`g of the lepton and the photon and the invariant mass mjj of the two jets.
Differential cross sections unfolded to the particle level are also measured.

In addition, BSM couplings, such as anomalous triple and quartic gauge couplings (aTGCs and
aQGCs), as predicted in BSM theories [8] and would affect the Wgjj production. The aTGCs
are well constrained by processes such as Higgs boson and diboson production, whereas the
aQGCs can be better constrained by VBS measurements. In this analysis, constraints are placed
on aQGCs in terms of dimension-8 effective field theory operators.

The data set used in this analysis corresponds to an integrated luminosity of 138 fb�1 collected
in Run 2 with the CMS detector [9] at the LHC. The final state is characterized by an isolated
electron or muon with high transverse momentum (pT), large missing transverse momentum
(p

miss
T ) from the leptonic decay of the W boson, a high-pT isolated photon, and two jets. Ex-

ploiting the VBS Wgjj topology, the two jets are required to have a large invariant mass mjj and
a large separation in pseudorapidity |Dhjj|. This selection effectively suppresses the contam-
ination from the QCD-induced production of Wgjj, as well as the non-VBS EW contribution
[Figs. 1(a) and 1(b)].
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Figure 1: Representative Feynman diagrams for Wgjj production at the LHC: EW (a), EW
through triple (b) and quartic (c) gauge boson couplings, and QCD-induced (d).

2 The CMS detector

The central feature of the CMS [9] apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.
Forward calorimeters extend the coverage provided by the barrel and endcap detectors up to
a pseudorapidity of |h| = 5. Muons are detected in gas-ionization chambers embedded in
the steel flux-return yoke outside the solenoid. Events of interest are selected using a two-
tiered trigger system [10, 11]. The first level, composed of specialized hardware processors,
uses information from the calorimeters and muon detectors to select events at a rate of around
100 kHz within a fixed latency of about 4 µs. The second level, the high-level trigger (HLT),
consists of a farm of processors running a version of the full event reconstruction software
optimized for fast processing that reduces the event rate to around 1 kHz before data storage.
A more detailed description of the CMS detector, together with a definition of the coordinate
system and kinematic variables, is reported in Ref. [9].

3 Signal and background simulation

The signal and background processes are simulated using the MADGRAPH5 aMC@NLO (MG5)
Monte Carlo (MC) generator [12]. The EW Wgjj signal is simulated at leading order (LO)
using MG5 version 2.6.0. The dominant background from the QCD-induced production of
Wgjj is simulated with up to one additional jet in the matrix element calculations at next-
to-leading order (NLO) with MG5 version 2.4.2, using the FxFx scheme [13] to merge jets from
matrix elements and from parton showering. The interference term between the EW- and QCD-
induced processes, of order O(a4aS) at tree level, is estimated with a full simulation and is
treated as a part of the QCD-induced Wgjj contribution. The contribution of the interference is
calculated as the difference between the total Wgjj production, which contains the interference
term, and the sum of the individual EW- and QCD-induced Wgjj contributions as simulated
by MG5. The interference term ranges from 1% to 3% of the expected EW signal in the signal
region (defined in Section 5), varying with mjj bin.

Other background contributions include diboson processes (VV = WW, WZ, ZZ) simulated
at LO with PYTHIA 8.212 [14], top quark processes (tt and single top) simulated at NLO with
POWHEG 2.0 [15–19], ttg production simulated at NLO with MG5 using the FxFx jet merging
scheme, and Zg simulated at NLO with MG5.

The PYTHIA 8 generator with the CUETP8M1 [20, 21] tune for 2016 and the CP5 [22] tune for
2017–2018 is used for parton showering, hadronization, and underlying-event simulation. The
NNPDF 3.0 (3.1) set [23] is used for the parton distribution functions (PDFs) for the simu-
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lated samples of the 2016 (2017-2018) data-taking periods. All simulated events are processed
with GEANT4 [24] for the CMS detector simulation. Correction factors evaluated with the tag-
and-probe method [25] are used to account for differences between data and simulation in the
trigger, reconstruction, and identification (ID) efficiencies. Additional simulated pp interac-
tions (pileup, PU) are superimposed over the hard scattering interaction with a distribution
matching that obtained from the collision data.

4 Object reconstruction

The particle-flow (PF) algorithm [26] reconstructs and identifies individual particles in an event,
through an optimized combination of information from the various components of the CMS
detector. The energy of photons is obtained from the ECAL measurement. The energy of elec-
trons is determined from a combination of the electron momentum at the primary interaction
vertex from the tracker, the energy of the corresponding ECAL cluster, and the energy sum
of all bremsstrahlung photons spatially compatible with originating from the electron track.
The energy of muons is obtained from the curvature of the corresponding tracks. The energy
of charged hadrons is determined from a combination of their momentum measured in the
tracker and the matching ECAL and HCAL energy depositions, corrected for the response of
the calorimeters to hadronic showers. The energy of neutral hadrons is obtained from the cor-
responding corrected ECAL and HCAL energies. The PF candidates are used for a variety of
purposes in this analysis, such as evaluating electron, muon, and photon isolation variables,
reconstructing jets, and computing the p

miss
T in the event, as described below.

The reconstructed vertex with the largest value of summed physics-object p
2
T is taken as the

primary pp interaction vertex [27]. The jets are clustered using the anti-kT jet finding algo-
rithm [28, 29] using tracks assigned to candidate vertices as inputs and the distance parameter
is set to 0.4.

Electron candidates must satisfy |h| < 2.5 and pT > 35 GeV, excluding the ECAL transition
region 1.444 < |h| < 1.566. Electrons are also required to satisfy identification criteria [30]: a
selection on the relative amount of energy deposited in the HCAL, a match of the trajectory
in the tracker with the position of the ECAL cluster, requirements on the number of missing
measurements in the tracker, the compatibility of the electron track and the primary vertex,
and shh , which quantifies the spread along h of the shower in the ECAL. Electrons identi-
fied as arising from photon conversions are removed [30, 31]. The CMS cut-based tight ID
is used to define tight electrons from W decays, whereas the CMS cut-based veto ID is used
to define loose electrons to suppress events that contain additional leptons. An isolation re-
quirement is applied to electrons. The isolation variable is defined relative to the electron
pT by summing the pT of charged hadrons and neutral particles within geometrical cones
of DR =

p

(Dh)2 + (Df)2 = 0.3 around the electron momentum direction. To minimize
PU effects, only charged hadrons originating from the primary vertex are included. For the
neutral-hadron and photon components, an estimate of the expected PU contribution (p

PU
T )

is subtracted [32]. For the tight (loose) electrons, the isolation variable is required to be less
than 0.0287 + 0.506 GeV/pT (0.198 + 0.506 GeV/pT) if the pseudorapidity of the ECAL clus-
ter (hSC) satisfies |hSC| < 1.479, and less than 0.0445 + 0.963 GeV/pT (0.203 + 0.963 GeV/pT) if
1.479 < |hSC| < 2.5.

Muon candidates are required to satisfy |h| < 2.4 and pT > 35 GeV. They must satisfy ID crite-
ria based on the number of measurements in the muon system and the tracker, the number of
matched muon detector planes, the quality of the combined fit to the track, and the compatibil-
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ity of the muon to originate from the primary vertex [33]. The CMS cut-based tight ID is used.
An isolation requirement is applied to muons. The isolation variable is defined relative to the
muon pT by summing the pT of charged hadrons and neutral particles within geometrical cones
of DR = 0.4. The PU suppression is performed in a similar way as done for electrons. The isola-
tion variable is required to be < 0.15(0.25) to define tight (loose) muons. Tight muons are used
to select signal events, whereas loose muons are used to veto events that feature additional
leptons [33].

Photon candidates must satisfy |h| < 2.5 and pT > 25 GeV, excluding the ECAL transition
region of 1.444 < |h| < 1.566. To minimize the contribution of jets misidentified as photons,
photon candidates must satisfy [34] criteria based on the distribution of energy deposited in the
ECAL and HCAL, and criteria based on the isolation variables constructed from the kinematic
inputs of the charged hadrons, neutral hadrons, and other photons near the photon of interest.
The CMS cut-based medium ID defines tight photons and is used to identify prompt photons
(i.e., not originating from hadron decays) in the final state, and the CMS cut-based loose ID de-
fines loose photons and is used to identify nonprompt photons, which are mainly products of
neutral pion decays [34]. An isolation requirement using a consistent definition as mentioned
above for electrons and muons is applied with DR = 0.3 for the three components separately,
i.e., the charged hadron isolation must be less than 1.141 (1.051), the neutral hadron isolation
must be less than 1.189 + 0.01512pT + 2.259 ⇥ 10�5

p
2
T (2.718 + 0.0117pT + 2.3 ⇥ 10�5

p
2
T) and

the photon isolation component must be less than 2.08 + 0.004017pT (3.867 + 0.0037pT), for the
tight photon candidates found in the barrel (endcap) region, whereas the charged hadron iso-
lation must be less than 1.694 (2.089), the neutral hadron isolation must be less than 24.032 +
0.01512pT + 2.259⇥ 10�5

p
2
T (19.722+ 0.0117pT + 2.3⇥ 10�5

p
2
T) and the photon isolation compo-

nent must be less than 2.876 + 0.004017pT (4.162 + 0.0037pT), for the loose photon candidates
found in the barrel (endcap) region, where pT is measured in GeV. The PU suppression is
performed in a similar way as for electrons. An additional veto is applied on electrons recon-
structed as photons.

Jets are required to have |h| < 4.7 and pT > 50 GeV. To reduce the contamination from PU,
charged PF candidates within the tracker acceptance are excluded from the jet clustering when
they are associated with PU vertices [26]. The contribution from neutral PU particles to the
jet energy is corrected based on the projected area of the jet onto the front face of the calor-
imeter [35]. A jet energy correction, similar to the one developed for 8 TeV collisions [36], is
obtained from dedicated studies performed on both data and simulated events (typically in-
volving dijet, g+jet, Z+jet, and multijet production). Other residual corrections are applied to
the data as functions of pT and h to correct for small differences between data and simulation.
Additional quality criteria are applied to jet candidates to remove spurious jet-like features
originating from isolated noise patterns in the calorimeters or in the tracker [37].

The missing transverse momentum ~pmiss
T is computed as the projection onto the plane perpen-

dicular to the beam axis of the negative vector momentum sum of all PF candidates originating
from the primary vertex in an event [38], and its magnitude is denoted as p

miss
T . The jet energy

corrections are propagated to the ~pmiss
T . Data-to-simulation efficiency ratios are used as scale

factors to correct the simulated event yields.

5 Event selection

Signal event candidates are collected with single lepton triggers and are selected by requiring
exactly one electron (muon) with pT > 35 GeV and m

W
T > 30 GeV, where m

W
T is the transverse
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mass of the W boson defined as
p

2p
`
T p

miss
T [1 � cos (Df`,pmiss

T
)], p

`
T is the lepton pT, and Df`,pmiss

T

is the azimuthal angle between the p
`
T and the ~pmiss

T directions. Events are required to contain
a well-identified and isolated photon with p

g
T > 25 GeV, p

miss
T > 30 GeV, and at least two jets,

each with |h| < 4.7 and pT > 50 GeV. A separation of DR > 0.5 is required between any
two selected objects (photon, lepton, jets), as detailed in Section 9. In the electron channel, we
additionally require the invariant mass m`g of the selected photon and electron to be incon-
sistent with the Z boson mass, |m`g � mZ | > 10 GeV, to suppress the Z ! e+e� background
where one electron is misidentified as a photon. Depending on the photon pseudorapidity, the
electron and muon channels are each subdivided into a barrel region with |hg | < 1.444, and
an endcap region with 1.566 < |hg | < 2.5. The nominal selection consists of all the above
requirements.

The longitudinal component of the neutrino momentum is estimated by solving the quadratic
equation that constrains the mass of the charged lepton and neutrino system to the world-
average value of the W boson mass [39]. As described in Ref. [40], when there are multiple
solutions, the one with the smallest longitudinal neutrino momentum component is chosen; if
there are only complex solutions, the real part is chosen as the longitudinal momentum.

The signal region (SR) is defined as the above nominal selection with the additional require-
ments of mjj > 500 GeV, |Dhjj| > 2.5, mWg > 100 GeV, |yWg � (yj1 + yj2)/2| < 1.2 [41], and
|fWg � fjj| > 2, where mWg , fWg , and yWg are the invariant mass, azimuthal angle, and the
rapidity of the Wg system, respectively, fjj is the azimuthal angle of the dijet system between
the two pT-leading jets, and yj1(2) is the rapidity of the pT-leading (subleading) jet. The require-
ments on |yWg � (yj1 + yj2)/2| and on |fWg � fjj| are intended to ensure that the momentum
of the Wg system is balanced by that of the dijet system, which is expected in the absence of
additional QCD radiation. The selection thresholds are determined by scanning the expected
significance of the EW signal to give the maximum sensitivity.

A control region (CR) is defined to validate the modeling from simulation and perform a back-
ground estimation derived from data. The CR uses the nominal selection mentioned above
with the additional requirements of 200 < mjj < 500 GeV. The contamination from signal
events in the CR is less than 1%.

6 Background estimation

In Fig. 2 the p
g
T distributions for the unfit data and the estimated backgrounds in the CR are

presented for the barrel (left) and endcap (right). This region is used to constrain the QCD Wgjj
background. The estimations of the backgrounds are described in this section.

Reconstructed photons or leptons that do not originate from the hard interaction are denoted
as misidentified (misID) photons and leptons. This reducible background includes genuine
photons or leptons, as well as photons or leptons of instrumental origin. Because of the variety
of sources of these misID particles and the difficulty of modeling instrumental effects, their
contribution is estimated using data in a signal free region.

The main backgrounds arise from W+jets and top quark processes where the jet constituents are
misidentified as a photon. The method used to estimate this background involves measuring
the fraction of jets misidentified as photons in data and applying a per-photon extrapolation
factor from the region with loose photons to the signal region with tight photons. The factors
are extracted as functions of the photon pT and h. The fraction of jets misidentified as photons
is determined from a template fit to the photon shh observable, which is the lateral extension
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Figure 2: The pT distributions for photons in the barrel (left) and in the endcaps (right) in the
control region for data and from background estimations before the fit to the data. The misID
backgrounds are derived from data, whereas the remaining backgrounds are estimated from
simulation. All events with a photon pT > 200 GeV are included in the last bin. The hatched
bands represent the combined statistical and systematic uncertainties on the predicted yields.
The vertical bars on the data points represent the statistical uncertainties of data. The bottom
panels show the ratios of the data to the predicted yields.

of the shower, defined as the energy-weighted spread within the 5⇥5 crystal matrix centered
on the crystal with the largest energy deposit in the supercluster. The prompt photons are
more populated in the small shh region, while the nonprompt photons are enriched in the large
shh region. The fit template for the prompt photons uses MC, while the fit template for the
nonprompt photons uses data from a sideband of the photon isolation distribution in W+jets
using the same method as used in Ref. [42].

The background from jets misidentified as leptons (nonprompt leptons) is estimated in a similar
way. The lepton misidentification rate f` is defined as the ratio of the number of misID leptons
passing the tight lepton requirements to the number of leptons passing only the loose lepton
requirements. To extrapolate from loose to tight requirements leptons, an extrapolation factor
is defined as: f`/(1 � f`). To suppress additional contamination from genuine leptons, the
W+jets and Z+jets contributions are subtracted from both the numerator and denominator
using MC simulation. The extrapolation factor is measured as a function of the h and pT of the
lepton in a CR dominated by dijet events. This CR is defined by selecting one lepton, one jet
well separated from the lepton, and p

miss
T < 30 GeV. More details are described in Ref. [43].

The double-misID background is defined as events containing both a misID photon and a
misID lepton. Its yield is estimated using an event sample where both the photon and lep-
ton are required to pass the loose lepton requirements and fail the tight lepton requirements.
A weight is assigned to such events, equal to the product of the misID extrapolation factors
of the photon and lepton. Double-misID events contaminate the single-misID background es-
timate since the second object is assumed to be genuine. Whenever a weight is added to the
double-misID estimate, the same weight is subtracted from both the single-photon and -lepton
estimates. In addition, events in which genuine photons and leptons pass the loose lepton
requirements but fail the tight lepton requirements contaminate both the single- and double-
misID estimates. This source of contamination is estimated and removed using simulation with



7

reconstructed objects matched to generator-level objects.

Other background contributions that feature genuine photons and leptons in the final state,
such as top quark, diboson and Zg, are estimated from MC simulation and normalized to the
integrated luminosity of the data set using their corresponding cross sections.

7 Systematic uncertainties

Systematic uncertainties that affect the measurements arising from experimental inputs, such
as detector effects and methods, and theoretical inputs such as the choice of the renormalization
(µR) and factorization (µF) scales and the choice of PDF sets, are included. Each source of
systematic uncertainty is quantified by evaluating its effect on the yield and on the distributions
of relevant kinematic variables in the signal and background categories. The uncertainties are
calculated bin-by-bin and propagated to the final distributions.

The uncertainties in jet energy scale (JES) and jet energy resolution (JER) are estimated by shift-
ing or spreading the jet energies in the simulations up and down by one standard deviation,
and are then propagated to all relevant variables, including VBS jet kinematic observables and
p

miss
T , and the impacts on the signal and background yields are evaluated. The uncertainties

arising from the JES and JER correspond to various processes and various mjj–m`g (mjj vs. m`g

2D distribution) bins are in the ranges of 0.1–34% and 1.8–33%, respectively. The uncertainties
in the lepton trigger, reconstruction, and selection efficiencies, measured using a tag-and-probe
technique, are 1.8–4.6% [30, 33]. The uncertainties in the photon reconstruction and selection
efficiencies are 1.9–4.3% [44]. The integrated luminosities have uncertainties in the 1.2–2.5%
range [45–47], with an overall uncertainty for the 2016–2018 dataset of 1.6%.

The statistical uncertainties arising from the limited size of both the simulated and data samples
used in our background and signal predictions are estimated assuming a Poisson distribution.
The uncertainties related to the limited number of simulated events or to the limited number
of events in the data control samples are 1.2–11% for the EW Wgjj signal, 2.1–48% for the QCD-
induced Wgjj background, 4.9–77% for the nonprompt-lepton background, and 2.1–45% for the
nonprompt-photon background. Some of these statistical uncertainties increase with increasing
mjj and m`g . The largest values typically come from bins where the specific process is less
important, and do not significantly impact the signal sensitivity. All the statistical uncertainties
are uncorrelated across various processes and bins of any single distribution.

An overall systematic uncertainty in the nonprompt-photon background estimate is defined
as the quadratic sum of the systematic uncertainties from three distinct sources. The uncer-
tainty arising from the choice of the isolation variable sideband is evaluated by estimating the
nonprompt-photon fraction with alternative choices of the sideband [48]. The statistical un-
certainty in extracting the fake photon fraction is obtained from the template fits. The nonclo-
sure uncertainty is defined by performing the nonprompt-photon fraction fits using simulated
events and comparing the results with the predicted fractions from MC simulation. The nonclo-
sure uncertainty in the endcap region is larger than in the barrel region and increases with the
photon pT. The overall systematic uncertainty in the nonprompt-photon background ranges
from 7.8% to 12%, dominated by the nonclosure contribution.

Similarly, the uncertainty in the nonprompt-lepton estimate comes from the nonclosure that
is obtained using MC samples. The same misidentified lepton method used in the analysis
is applied to MC g+jets events, and the result is compared with the true number of g+jets
events falling into the SR. The difference of the two quantifies the nonclosure. The selection
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used is the same as in the nominal event selection, except that the m
W
T and p

miss
T requirements

are removed to increase the size of the selected sample. The uncertainty associated with the
nonprompt-lepton background is 30%.

The effects of the choice of µR and µF in the theoretical calculation for signal and background
cross sections are estimated by independently changing µR and µF up and down by a factor
of 2 from their nominal values in each event, satisfying 1/2 < µR/µF < 2. The uncertainties
are defined as the maximal differences from the nominal values. The PDF uncertainties are
evaluated according to the procedure described in Ref. [49] using the NNPDF set. For the
signal, the scale uncertainty varies within 0.7–5.4% and the PDF uncertainty varies within 0.06–
0.10% in the acceptance. The scale uncertainty in the QCD-induced Wgjj process corresponds
to a 0.08–12% uncertainty in the acceptance. It is constrained by the simultaneous fit to the
data in the CR. The PDF uncertainty in the acceptance of the QCD-induced Wg production is
0.05–1.40%.

A correction factor is applied to the simulated events to account for the first level trigger timing
drift in 2016 and 2017 data [11]. This mistiming results in a loss of trigger efficiency in the data
and is not modeled by the simulation. Uncertainties arising from these correction factors vary
within 0.9–3.4%, and are treated as correlated across various processes and bins of the 2016 and
2017 data analysis.

8 Observation of EW Wg production

The measurement of the total EW Wg production rate is performed using a binned likelihood
fit to the data of the two-dimensional (2D) distribution in mjj (four bins) and m`g (three bins).
Both mjj and m`g are highly discriminating variables between the EW signal and the QCD-
induced Wgjj background. Furthermore, the 2D analysis provides a larger expected signifi-
cance than using either variable alone.

Data in the SR and CR are both included in the fits to constrain the dominant background
(QCD-induced Wgjj). Table 1 shows the signal and background yields after the fit, as well as
the observed data yields. Figure 3 shows the observed and expected distributions of mjj–m`g

used in the total EW Wgjj cross section measurement. The expectation is given after the fit to
data.

The signal significance is quantified using a profile likelihood test statistic [50]. This test statistic
involves the ratio of two Poisson likelihood functions, one in which the signal strength is fixed
to zero and one in which the signal strength is allowed to have any positive value. The signal
strength represents the ratio of observed to expected signal yields. Systematic uncertainties
are included as nuisance parameters in the likelihood function that scale the relevant processes
using log-normal probability density functions. The distribution of the test statistic is assumed
to be in the asymptotic regime where there is a simple relationship between its value and the
significance of the result [51]. The observed (expected) significance is 6.0 (6.8) SD for the EW
Wg processes.

9 Fiducial cross section measurement

The fiducial cross section measurement for the EW Wg production at 13 TeV is extracted with
the same 2D mjj–m`g binning used for the signal significance. The fiducial region is defined
based on the particle-level (for leptons, photons, jets) quantities: one lepton p

`
T > 35 GeV and
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Table 1: Number of Wg events from the fit to the data in the signal region. The signal predic-
tions inside and outside the fiducial region defined in Section 9 are shown. The contributions
of various backgrounds are also shown. Statistical and systematic uncertainties are added in
quadrature.

Barrel Endcap
EW Wg inside fiducial region 316 ± 16 90.2 ± 5.5
EW Wg outside fiducial region 64.7 ± 2.0 20.4 ± 1.0
QCD Wg 1301 ± 28 362 ± 13
top, VV, Zg 402 ± 14 93.3 ± 7.2
Nonprompt photon 434 ± 13 120.2 ± 5.7
Nonprompt muon 134 ± 27 45 ± 11
Nonprompt electron 189 ± 20 86 ± 13
Nonprompt photon, nonprompt muon 43.0 ± 7.0 14.6 ± 3.4
Nonprompt photon, nonprompt electron 75.5 ± 5.5 25.0 ± 2.0
Total prediction 2960 ± 43 856 ± 21
Data 2959 ± 57 849 ± 32

0

200

400

600

800

1000

Ev
en

ts
 / 

bi
n

Barrel photons

 (13 TeV)-1138 fbCMS

           

 [30, 80) GeV∈ γlm  [80, 130) GeV∈ γlm ) GeV∞ [130, ∈ γlm

Data  in fiducialγEW W
 out fiducialγEW W γTop, VV, Z
γQCD W MisID photon

Double MisID MisID lepton
 syst⊕Stat 

[0
.5

,0
.6

]

[0
.6

,0
.7

]

[0
.7

,1
.0

]

>1
.0

[0
.5

,0
.6

]

[0
.6

,0
.7

]

[0
.7

,1
.0

]

>1
.0

[0
.5

,0
.6

]

[0
.6

,0
.7

]

[0
.7

,1
.0

]

>1
.0

 [TeV]jjm

0.5
0.7
0.9
1.1
1.3
1.5

D
at

a/
ex

p.

0

50

100

150

200

250

300

350

Ev
en

ts
 / 

bi
n

Endcap photons

 (13 TeV)-1138 fbCMS

           

 [30, 80) GeV∈ γlm  [80, 130) GeV∈ γlm ) GeV∞ [130, ∈ γlm

Data  in fiducialγEW W
 out fiducialγEW W γTop, VV, Z
γQCD W MisID photon

Double MisID MisID lepton
 syst⊕Stat 

[0
.5

,0
.6

]

[0
.6

,0
.7

]

[0
.7

,1
.0

]

>1
.0

[0
.5

,0
.6

]

[0
.6

,0
.7

]

[0
.7

,1
.0

]

>1
.0

[0
.5

,0
.6

]

[0
.6

,0
.7

]

[0
.7

,1
.0

]

>1
.0

 [TeV]jjm

0.5
0.7
0.9
1.1
1.3
1.5

D
at

a/
ex

p.

Figure 3: The 2D distributions used in the fit for the total EW Wg cross section measurement.
The hatched bands represent the combined statistical and systematic uncertainties in the pre-
dicted yields. The vertical bars on the data points represent the statistical uncertainties of data.
The expectation is shown after the fit to the data. EW Wg inside (outside) fiducial region stands
for the events of EW Wg falling inside (outside) the fiducial region defined in Section 9.

|h` | < 2.4, p
miss
T > 30 GeV, p

g
T > 25 GeV, |hg | < 1.444 or 1.566 < |hg | < 2.5, DR`g > 0.5,

m
W
T > 30 GeV, and two jets with p

j1(2)
T > 50 GeV, |hj| < 4.7, mjj > 500 GeV, DRjj > 0.5, DRj` >

0.5, DRjg > 0.5, and |Dhjj| > 2.5. The leptons are reconstructed at the particle level with fully
recovered final-state radiation. The acceptance is defined as the fraction of the signal events
passing the fiducial region selection, and is estimated using MG5. The theoretical uncertainty in
the extrapolation between the fiducial and SR is negligible (< 1%). We define the cross section
as sfid = sg µ̂ agf, where the cross section for the signal events is sg = 0.776 pb calculated
with MG5 at LO in QCD [12], the observed signal strength parameter µ̂ = 0.88+0.19

�0.18, and the
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acceptance of the fiducial region, agf = 0.034. The measured fiducial cross section is

sfid
EW = 23.5 ± 2.8 (stat)+1.9

�1.7 (theo)+3.5
�3.4 (syst) fb = 23.5+4.9

�4.7 fb. (1)

The observed signal strength is compatible with unity within one SD, and the measured fiducial
cross section agrees well with the SM prediction.

The cross section for the sum of the EW and QCD-induced Wgjj contributions is also measured.
The fiducial region definition is identical to that used for the EW Wgjj fiducial cross section
measurement and the formula for the cross section is sfid

EW+QCD = µ(sEW
g aEW

gf + sQCD
g aQCD

gf ). The
inputs used for the fit are similar to the ones for EW Wgjj production, with the difference that
EW and QCD-induced Wgjj contributions are combined as signal. The cross section for QCD-
induced Wgjj production is 192.3 pb calculated with MG5 at NLO in QCD [12], and aQCD

gf is
calculated to be 4.6 ⇥ 10�4. The measured signal strength for the EW+QCD Wgjj production is
0.98+0.12

�0.11 and the observed fiducial cross section is

sfid
EW+QCD = 113 ± 2.0 (stat)+2.5

�2.3 (theo)+13
�13 (syst) fb = 113 ± 13 fb. (2)

The observed signal strength is compatible unity within one SD, the measured fiducial cross
section agrees well with the SM prediction.

10 Differential cross section measurements

The differential cross sections for the EW only and for the EW+QCD Wgjj production processes
are measured for several characteristic variables using the same SR as defined in the fiducial
cross section measurement. For each unfolded variable, its generator-level values are mapped
to the reconstruction-level ones in binned histograms that account for the detector resolution
effects. The efficiencies for selecting events from the generator level to the reconstruction level
are calculated using the same binning as used in the fiducial region measurements, in order
to recover the limited acceptance and selection efficiencies. Signal events outside the fiducial
region are treated as background. Both the resolution and efficiency effects are evaluated using
signal simulation. A bin-by-bin unfolding is performed to obtain differential distributions,
in which the effects of detector resolution, limited acceptance, and selection efficiencies are
corrected.

The unfolded variables include the transverse momentum of the lepton p
`
T, of the photon p

g
T;

the invariant masses of the lepton and the photon m`g; the transverse momentum of the leading
jet (pT ordered) p

j1
T ; the invariant mass of the two jets mjj; and the separation in pseudorapidity

of the two jet Dhjj. Since the ranges of some variables extend to infinity, the last bins accom-
modate all the events above the last bin boundaries, but the bin widths that are used in the
denominator are finite and are (110, 400), (170 200), (160, 1000), (250, 500), and (1500, 2000) GeV
for p

`
T, p

g
T, m`g, p

j1
T and mjj, respectively.

The unfolded differential distributions are shown in Fig. 4 for the EW production and in Fig. 5
for EW+QCD production. Comparisons are shown with the theoretical predictions from MG5.
The predictions are in agreement with the unfolded data in general.

11 Limits on anomalous quartic gauge couplings

The effects of BSM physics can be parameterized in a generic way through a set of linearly in-
dependent higher-dimensional operators in an effective field theory [8]. As mentioned above,
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Figure 4: Differential cross sections for the EW Wgjj production as functions of p
l
T, p

g
T, p

j1
T , m`g,

mjj, and Dhjj. The highest bins in each plot have no upper bound and are normalized by the bin
boundaries of (110, 400), (170 200), (160, 1000), (250, 500), and (1500, 2000) GeV for p

l
T, p

g
T, m`g,

p
j1
T and mjj respectively. The blue bands stand for the systematic uncertainties and the black

bands represent the total uncertainties.
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Figure 5: Differential cross sections for the EW+QCD Wgjj production as functions of p
l
T, p

g
T,

p
j1
T , m`g, mjj, and Dhjj. The highest bins in each plot have no upper bound and are normalized

by the bin boundaries of (110, 400), (170 200), (160, 1000), (250, 500), and (1500, 2000) GeV for
p

l
T, p

g
T, m`g, p

j1
T and mjj respectively. The blue bands stand for the systematic uncertainties and

the black bands represent the total uncertainties.
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VBS is particularly suitable to constrain aQGCs. The lowest-dimension operators that mod-
ify quartic gauge couplings but do not exhibit two or three weak gauge boson vertices are
dimension-eight. Reference. [52] proposes nine independent charge-conjugate and parity-
conserving dimension-eight effective operators by assuming the SU(2)⇥U(1) symmetry of the
EW gauge field. The model includes a Higgs-field doublet to incorporate the presence of the
SM Higgs boson. The operators affecting the Wgjj channel can be divided into two categories.
The operators LM,0–LM,7 contain an SU(2) field strength, the U(1) field strength, and the covari-
ant derivative of the Higgs doublet field. The operators LT,0–LT,2 and LT,5–LT,7, contain only
the two field strengths. The coefficient of the operator LX,Y is denoted by fX,Y/L4, where L is
the unknown scale of BSM physics.

A simulation is performed that includes the effects of aQGCs in addition to the SM EW Wgjj
production, as well as the interference between the two contributions. Since a contribution from
aQGCs would enhance the production of events with large Wg mass, we therefore use this
observable to extract limits on the aQGC parameters. To obtain a continuous prediction for the
signal as a function of each anomalous coupling, a quadratic fit is performed to the SM+aQGC
yield as a function of the aQGC coefficient value, separately in each mWg bin. In addition to
the selection described in Section 5, further requirements are applied to exploit the fact that the
aQGC contributions arise from pure VBS diagrams, and are thus enhanced in the VBS phase
space region, and the anomalous operators lead to more energetic final-state particles. These
requirements are optimized to enhance the aQGC sensitivity, based on simulation studies, and
are: mjj > 800 GeV, |Dhjj| > 2.5, mWg > 150 GeV, and p

g
T > 100 GeV. As an example, Fig. 6

(left) shows the resulting mWg distribution in muon channel.

We set two-sided limits on the operator coefficients through a limit-setting procedure that in-
volves first obtaining the global maximum of the profile likelihood function, and then the max-
imum of the profile likelihood function at fixed coefficient values, which are compared with
the global maximum and converted to confidence level (CL) intervals. Figure 6 (right) shows
the likelihood scan for the fM,2/L4 parameter in the calculation of the observed limits.

The observed and expected 95% CL limits on the aQGC coefficients are summarized in Tab. 2.
These are the most stringent limits to date on the aQGC parameters fM,2–5/L4 and fT,6–7/L4.

They are obtained by varying the coefficient of one operator at a time, with all others set to
zero, i.e., the SM value. The yield of the EW signal in any bin is a quadratic function of the
coefficient, whose minimum in general does not occur at a coefficient value of zero because of
the interference with the SM operators. The constraints set on the aQGCs are compatible with
the SM predictions of zero. The NLO EW corrections to VBS Wg can be sizable and increase
as a function of mjj, which may bias the aQGC measurement. Although there is no NLO EW
calculation available yet for VBS Wg production, we have checked, using the numbers from
same-sign WW scattering [53, 54], that the effect on the aQGC limits is negligible. The unitarity
bound (Ubound) is defined as the scattering energy at which the aQGC coupling strength, when
set equal to the observed limit, would result in a scattering amplitude that violates unitarity.
The value of Ubound is determined using the analytical formulas from Ref. [55].

12 Summary

Measurements of the electroweak (EW) production of a W boson, a photon, and two jets in
proton-proton collisions at a center-of-mass energy of 13 TeV have been presented. The data
correspond to an integrated luminosity of 138 fb�1 in Run 2 collected with the CMS detector.
Events are selected by requiring one isolated lepton (electron or muon) with high transverse
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Figure 6: The mWg distribution for muon events satisfying the aQGC region selection and
used to set constraints on the anomalous gauge coupling parameters (left). Electron events,
not shown here, are also used. The gray line represents a nonzero fM,2/L4 setting. Events
with mWg > 1500 GeV are included in the last bin. The hatched bands represent the combined
statistical and systematic uncertainties on the predicted yields. The vertical bars on the data
points represent the statistical uncertainties of data. Likelihood scan and the observed 95% CL
interval for the aQGC parameter fM,2/L4 (right).

Table 2: Exclusion limits at the 95% CL for each aQGC coefficient, derived from the mWg distri-
bution, assuming all other coefficients are set to zero. Unitarity bounds corresponding to each
operator are also listed. All coupling parameter limits are in TeV�4, while Ubound values are in
TeV.

Expected limit Observed limit Ubound
-5.1 < fM,0/L4 < 5.1 �5.6 < fM,0/L4 < 5.5 1.7
-7.1 < fM,1/L4 < 7.4 �7.8 < fM,1/L4 < 8.1 2.1
-1.8 < fM,2/L4 < 1.8 �1.9 < fM,2/L4 < 1.9 2.0
-2.5 < fM,3/L4 < 2.5 �2.7 < fM,3/L4 < 2.7 2.7
-3.3 < fM,4/L4 < 3.3 �3.7 < fM,4/L4 < 3.6 2.3
-3.4 < fM,5/L4 < 3.6 �3.9 < fM,5/L4 < 3.9 2.7
-13 < fM,7/L4 < 13 �14 < fM7/L4 < 14 2.2

-0.43 < fT,0/L4 < 0.51 �0.47 < fT,0/L4 < 0.51 1.9
-0.27 < fT,1/L4 < 0.31 �0.31 < fT,1/L4 < 0.34 2.5
-0.72 < fT,2/L4 < 0.92 �0.85 < fT,2/L4 < 1.0 2.3
-0.29 < fT,5/L4 < 0.31 �0.31 < fT,5/L4 < 0.33 2.6
-0.23 < fT,6/L4 < 0.25 �0.25 < fT,6/L4 < 0.27 2.9
-0.60 < fT,7/L4 < 0.68 �0.67 < fT,7/L4 < 0.73 3.1

momentum (pT), a moderate missing transverse momentum, one high-pT isolated photon, and
two jets with a large rapidity separation and a large dijet mass. The signal is observed for the
first time at 13 TeV, with an observed (expected) significance of 6.0 (6.8) standard deviations,
where the expectation is based on the standard model predictions. In a restricted fiducial re-
gion, the cross section for the EW Wgjj production is 23.5+4.9

�4.7 fb and the cross section for the to-
tal EW+QCD Wgjj production is 113 ± 13 fb. Both measurements are consistent with standard
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model predictions. For the first time, differential cross sections for EW Wgjj and for EW+QCD
Wgjj production are measured. Constraints placed on anomalous quartic gauge couplings in
terms of dimension-8 effective field theory operators are extracted and are the most stringent
limits to date on the aQGC parameters fM,2–5/L4 and fT,6–7/L4.
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W.L. Aldá Júnior , M. Alves Gallo Pereira , M. Barroso Ferreira Filho , H. Bran-
dao Malbouisson , W. Carvalho , J. Chinellato5, E.M. Da Costa , G.G. Da Silveira6 ,
D. De Jesus Damiao , V. Dos Santos Sousa , S. Fonseca De Souza , J. Martins7 ,
C. Mora Herrera , K. Mota Amarilo , L. Mundim , H. Nogima , A. Santoro ,
S.M. Silva Do Amaral , A. Sznajder , M. Thiel , F. Torres Da Silva De Araujo8 ,
A. Vilela Pereira

Universidade Estadual Paulista, Universidade Federal do ABC, São Paulo, Brazil
C.A. Bernardes6 , L. Calligaris , T.R. Fernandez Perez Tomei , E.M. Gregores ,
P.G. Mercadante , S.F. Novaes , Sandra S. Padula

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia,
Bulgaria
A. Aleksandrov , G. Antchev , R. Hadjiiska , P. Iaydjiev , M. Misheva , M. Rodozov,
M. Shopova , G. Sultanov

University of Sofia, Sofia, Bulgaria

https://orcid.org/0009-0000-0684-6742
https://orcid.org/0000-0001-9099-4341
https://orcid.org/0000-0002-5786-0293
https://orcid.org/0000-0003-2660-0349
https://orcid.org/0000-0001-5389-2872
https://orcid.org/0000-0003-1967-6783
https://orcid.org/0000-0002-9702-6359
https://orcid.org/0000-0002-4825-5278
https://orcid.org/0000-0002-5141-9560
https://orcid.org/0000-0002-0548-0985
https://orcid.org/0000-0002-3065-1141
https://orcid.org/0000-0002-3380-473X
https://orcid.org/0000-0003-0385-2746
https://orcid.org/0000-0002-1058-8093
https://orcid.org/0000-0002-2332-8784
https://orcid.org/0000-0002-3821-7331
https://orcid.org/0000-0003-0510-7010
https://orcid.org/0000-0003-3137-5692
https://orcid.org/0000-0002-6215-7228
https://orcid.org/0000-0001-9226-5812
https://orcid.org/0000-0003-2894-2377
https://orcid.org/0000-0002-3998-4081
https://orcid.org/0000-0002-8731-9051
https://orcid.org/0000-0002-8564-8732
https://orcid.org/0000-0002-9598-6241
https://orcid.org/0000-0001-5964-1935
https://orcid.org/0000-0001-8206-1787
https://orcid.org/0000-0001-8894-2390
https://orcid.org/0000-0003-3984-9987
https://orcid.org/0000-0002-6612-3420
https://orcid.org/0000-0002-9919-3492
https://orcid.org/0000-0002-1752-4527
https://orcid.org/0000-0003-1505-1743
https://orcid.org/0000-0002-6792-9522
https://orcid.org/0000-0002-2747-5095
https://orcid.org/0000-0001-8547-8211
https://orcid.org/0000-0001-5124-7693
https://orcid.org/0000-0003-1645-7454
https://orcid.org/0000-0002-4760-1597
https://orcid.org/0000-0003-3885-6608
https://orcid.org/0000-0003-0808-4184
https://orcid.org/0000-0002-8265-3595
https://orcid.org/0000-0002-8553-4508
https://orcid.org/0000-0001-8645-9282
https://orcid.org/0000-0001-8487-9603
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-2756-3853
https://orcid.org/0000-0003-3392-7294
https://orcid.org/0000-0002-7931-4496
https://orcid.org/0000-0003-0012-4866
https://orcid.org/0000-0002-4781-5704
https://orcid.org/0000-0001-9108-1560
https://orcid.org/0000-0001-5745-2567
https://orcid.org/0000-0002-6469-959X
https://orcid.org/0000-0002-1160-0621
https://orcid.org/0000-0002-3990-2074
https://orcid.org/0000-0003-2973-4991
https://orcid.org/0000-0001-6952-891X
https://orcid.org/0000-0003-0252-3609
https://orcid.org/0000-0001-8857-8197
https://orcid.org/0000-0002-3077-2090
https://orcid.org/0000-0001-7522-4808
https://orcid.org/0000-0001-9260-9371
https://orcid.org/0000-0001-8707-6021
https://orcid.org/0000-0001-7485-412X
https://orcid.org/0000-0001-9640-8294
https://orcid.org/0000-0001-7419-4248
https://orcid.org/0000-0001-5078-3689
https://orcid.org/0000-0001-5967-1245
https://orcid.org/0000-0002-5119-6280
https://orcid.org/0000-0003-3060-350X
https://orcid.org/0000-0002-7088-8557
https://orcid.org/0000-0002-8645-3670
https://orcid.org/0000-0002-8369-1446
https://orcid.org/0000-0001-6114-9907
https://orcid.org/0000-0001-8874-7624
https://orcid.org/0000-0002-5157-5686
https://orcid.org/0000-0001-9029-8506
https://orcid.org/0000-0001-5855-9817
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0003-3904-0571
https://orcid.org/0000-0002-1326-318X
https://orcid.org/0000-0003-0738-6615
https://orcid.org/0000-0002-5016-6434
https://orcid.org/0000-0003-3514-7056
https://orcid.org/0000-0002-3769-1680
https://orcid.org/0000-0002-4681-9340
https://orcid.org/0000-0001-7830-0837
https://orcid.org/0000-0002-2120-2782
https://orcid.org/0000-0003-3915-3170
https://orcid.org/0000-0003-1707-3348
https://orcid.org/0000-0001-9964-7805
https://orcid.org/0000-0001-7705-1066
https://orcid.org/0000-0002-0568-665X
https://orcid.org/0000-0002-0209-9687
https://orcid.org/0000-0001-6998-1108
https://orcid.org/0000-0001-7139-7963
https://orcid.org/0000-0002-4785-3057
https://orcid.org/0000-0003-3177-4626
https://orcid.org/0000-0001-5790-9563
https://orcid.org/0000-0002-9951-9448
https://orcid.org/0000-0002-1809-5226
https://orcid.org/0000-0003-0205-1672
https://orcid.org/0000-0001-8333-4302
https://orcid.org/0000-0003-0471-8549
https://orcid.org/0000-0003-3071-0559
https://orcid.org/0000-0001-6934-2541
https://orcid.org/0000-0003-3210-5037
https://orcid.org/0000-0003-1824-1737
https://orcid.org/0000-0001-6330-0607
https://orcid.org/0000-0003-4854-5301
https://orcid.org/0000-0001-6664-2493
https://orcid.org/0000-0002-8030-3866


22

A. Dimitrov , T. Ivanov , L. Litov , B. Pavlov , P. Petkov , A. Petrov , E. Shumka

Instituto De Alta Investigación, Universidad de Tarapacá, Casilla 7 D, Arica, Chile
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C. Dziwok , G. Flügge , W. Haj Ahmad21 , O. Hlushchenko, T. Kress , A. Nowack ,
O. Pooth , A. Stahl , T. Ziemons , A. Zotz

Deutsches Elektronen-Synchrotron, Hamburg, Germany
H. Aarup Petersen , M. Aldaya Martin , P. Asmuss, S. Baxter , M. Bayatmakou ,
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A. Benagliaa , G. Boldrinia , F. Brivioa,b , F. Cetorellia,b , F. De Guioa,b ,
M.E. Dinardoa,b , P. Dinia , S. Gennaia , A. Ghezzia,b , P. Govonia,b , L. Guzzia,b ,

https://orcid.org/0000-0002-7953-4683
https://orcid.org/0009-0007-8848-6146
https://orcid.org/0009-0004-0928-7922
https://orcid.org/0000-0001-9715-5663
https://orcid.org/0000-0002-2405-915X
https://orcid.org/0000-0002-3815-5222
https://orcid.org/0000-0003-3136-1653
https://orcid.org/0000-0003-3122-0594
https://orcid.org/0000-0001-6545-0350
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0002-6407-6974
https://orcid.org/0000-0002-0870-8420
https://orcid.org/0000-0002-2121-3932
https://orcid.org/0000-0003-4671-815X
https://orcid.org/0000-0002-7716-4981
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0009-0007-8224-4664
https://orcid.org/0000-0003-3294-2345
https://orcid.org/0000-0002-5145-3777
https://orcid.org/0000-0002-6604-1011
https://orcid.org/0000-0001-9440-7028
https://orcid.org/0000-0003-0440-6019
https://orcid.org/0000-0003-1245-6710
https://orcid.org/0000-0001-6886-0726
https://orcid.org/0000-0001-5741-3357
https://orcid.org/0000-0001-9810-7743
https://orcid.org/0000-0001-8367-6257
https://orcid.org/0000-0002-1425-076X
https://orcid.org/0000-0001-6501-4137
https://orcid.org/0000-0002-2212-5715
https://orcid.org/0000-0001-6131-5987
https://orcid.org/0000-0002-5754-0388
https://orcid.org/0000-0001-8727-7544
https://orcid.org/0000-0001-6808-1335
https://orcid.org/0000-0001-9524-3264
https://orcid.org/0000-0002-0711-6319
https://orcid.org/0000-0001-6153-3044
https://orcid.org/0000-0002-0625-6811
https://orcid.org/0000-0001-8240-1913
https://orcid.org/0000-0003-3719-8041
https://orcid.org/0000-0001-7069-0252
https://orcid.org/0000-0001-8199-370X
https://orcid.org/0000-0002-9470-1320
https://orcid.org/0000-0003-2546-5341
https://orcid.org/0000-0001-6907-0195
https://orcid.org/0000-0001-5391-7689
https://orcid.org/0000-0002-8431-3922
https://orcid.org/0000-0002-3198-3025
https://orcid.org/0000-0002-9082-5924
https://orcid.org/0000-0002-9938-2680
https://orcid.org/0000-0003-1089-6317
https://orcid.org/0000-0003-3279-6114
https://orcid.org/0000-0003-1291-4005
https://orcid.org/0000-0001-5460-2638
https://orcid.org/0000-0002-1094-5038
https://orcid.org/0000-0002-7165-1017
https://orcid.org/0000-0001-7912-4062
https://orcid.org/0000-0003-0093-6741
https://orcid.org/0000-0002-8985-4891
https://orcid.org/0000-0002-1924-983X
https://orcid.org/0000-0001-6833-3758
https://orcid.org/0000-0003-1434-1968
https://orcid.org/0000-0001-6925-8649
https://orcid.org/0000-0002-9285-8631
https://orcid.org/0000-0003-4499-7562
https://orcid.org/0000-0002-3753-3068
https://orcid.org/0000-0002-0835-9574
https://orcid.org/0000-0001-8679-4443
https://orcid.org/0000-0002-2744-0597
https://orcid.org/0000-0003-4485-1897
https://orcid.org/0000-0003-2527-0456
https://orcid.org/0000-0002-0326-7515
https://orcid.org/0000-0003-2510-5039
https://orcid.org/0000-0002-8614-0420
https://orcid.org/0000-0003-0780-8785
https://orcid.org/0000-0002-8446-9660
https://orcid.org/0000-0003-2256-4117
https://orcid.org/0000-0002-6368-7220
https://orcid.org/0000-0003-3539-4313
https://orcid.org/0000-0001-5998-3070
https://orcid.org/0000-0002-6013-8293
https://orcid.org/0000-0003-3249-9208
https://orcid.org/0000-0002-8932-0283
https://orcid.org/0000-0002-1233-8100
https://orcid.org/0000-0002-6377-800X
https://orcid.org/0000-0001-7961-4889
https://orcid.org/0000-0002-7996-7139
https://orcid.org/0000-0001-6253-8656
https://orcid.org/0000-0002-5973-1305
https://orcid.org/0000-0002-9746-4842
https://orcid.org/0000-0002-3528-4125
https://orcid.org/0000-0001-9919-0569
https://orcid.org/0000-0002-9964-015X
https://orcid.org/0000-0002-5071-5501
https://orcid.org/0000-0003-0739-3153
https://orcid.org/0000-0002-1738-8676
https://orcid.org/0000-0002-4662-3305
https://orcid.org/0000-0002-6396-622X
https://orcid.org/0000-0003-3010-4516
https://orcid.org/0000-0003-3232-9380
https://orcid.org/0000-0003-1947-3396
https://orcid.org/0000-0002-4952-3799
https://orcid.org/0000-0001-7997-0306
https://orcid.org/0000-0002-3763-5267
https://orcid.org/0000-0002-4098-3502
https://orcid.org/0000-0002-6927-8807
https://orcid.org/0000-0001-7297-2624
https://orcid.org/0000-0002-9161-3990
https://orcid.org/0000-0003-3592-9509
https://orcid.org/0000-0002-3533-6191
https://orcid.org/0000-0002-0791-3350
https://orcid.org/0000-0002-1909-6343
https://orcid.org/0000-0002-2363-8889
https://orcid.org/0000-0002-8300-4124
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0001-5404-543X
https://orcid.org/0000-0002-1715-0457
https://orcid.org/0000-0002-4705-9582
https://orcid.org/0000-0002-7663-0805
https://orcid.org/0000-0003-2437-013X
https://orcid.org/0000-0001-9038-4500
https://orcid.org/0000-0002-7275-9193
https://orcid.org/0000-0003-1124-8450
https://orcid.org/0000-0001-5490-605X
https://orcid.org/0000-0001-9523-6451
https://orcid.org/0000-0002-3061-1553
https://orcid.org/0000-0001-5927-8865
https://orcid.org/0000-0002-8575-7250
https://orcid.org/0000-0001-7375-4899
https://orcid.org/0000-0001-5269-8517
https://orcid.org/0000-0002-8184-7953
https://orcid.org/0000-0002-0227-1301
https://orcid.org/0000-0002-3086-8260


27

M.T. Lucchinia,b , M. Malbertia , S. Malvezzia , A. Massironia , D. Menascea ,
L. Moronia , M. Paganonia,b , D. Pedrinia , B.S. Pinolinia, S. Ragazzia,b , N. Redaellia ,
T. Tabarelli de Fatisa,b , D. Zuoloa,b
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Trento, Italy
P. Azzia , N. Bacchettaa,51 , D. Biselloa ,b , P. Bortignona , A. Bragagnoloa,b ,
P. Checchiaa , T. Dorigoa , F. Gasparinia,b , U. Gasparinia,b , G. Govia, G. Grossoa,
L. Layera,52, E. Lusiania , M. Margonia,b , A.T. Meneguzzoa,b , J. Pazzinia,b ,
P. Ronchesea,b , R. Rossina,b , F. Simonettoa,b , G. Stronga , M. Tosia,b , H. Yarara,b,
M. Zanettia,b , P. Zottoa,b , A. Zucchettaa,b , G. Zumerlea,b

INFN Sezione di Paviaa, Università di Paviab, Pavia, Italy
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62Also at Universität Zürich, Zurich, Switzerland
63Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria
64Also at Laboratoire d’Annecy-le-Vieux de Physique des Particules, IN2P3-CNRS, Annecy-le-
Vieux, France
65Also at Near East University, Research Center of Experimental Health Science, Mersin,
Turkey
66Also at Konya Technical University, Konya, Turkey
67Also at Izmir Bakircay University, Izmir, Turkey
68Also at Adiyaman University, Adiyaman, Turkey
69Also at Istanbul Gedik University, Istanbul, Turkey
70Also at Necmettin Erbakan University, Konya, Turkey
71Also at Bozok Universitetesi Rektörlügü, Yozgat, Turkey
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