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A search for Wγ resonances in the mass range between 0.7 and 6.0 TeV is presented. The W boson 
is reconstructed via its hadronic decays, with the final-state products forming a single large-radius 
jet, owing to a high Lorentz boost of the W boson. The search is based on proton-proton collision 
data at 

√
s = 13 TeV, corresponding to an integrated luminosity of 137 fb−1, collected with the CMS 

detector at the LHC in 2016–2018. The Wγ mass spectrum is parameterized with a smoothly falling 
background function and examined for the presence of resonance-like signals. No significant excess above 
the predicted background is observed. Model-specific upper limits at 95% confidence level on the product 
of the cross section and branching fraction to the Wγ channel are set. Limits for narrow resonances and 
for resonances with an intrinsic width equal to 5% of their mass, for spin-0 and spin-1 hypotheses, range 
between 0.17 fb at 6.0 TeV and 55 fb at 0.7 TeV. These are the most restrictive limits to date on the 
existence of such resonances over a large range of probed masses. In specific heavy scalar (vector) triplet 
benchmark models, narrow resonances with masses between 0.75 (1.15) and 1.40 (1.36) TeV are excluded 
for a range of model parameters. Model-independent limits on the product of the cross section, signal 
acceptance, and branching fraction to the Wγ channel are set for minimum Wγ mass thresholds between 
1.5 and 8.0 TeV.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Searches for new resonances predicted in theories beyond the 
standard model (SM) are among the key components of the physics 
program at the CERN LHC. Many of these searches have been 
carried out in the past decade, since the start of the LHC op-
eration, and have helped to reshape the landscape of allowed 
beyond-the-SM physics. Experimental searches for the production 
of new resonances decaying into a pair of SM particles are a 
notable aspect of this program. In the case of a new resonance 
with significant couplings to quarks and gluons, it would be pro-
duced in quark-antiquark, quark-gluon, or gluon-gluon interactions 
in proton-proton (pp) collisions at the LHC and subsequently decay 
into a pair of jets. On the other hand, if the couplings to quarks 
and gluons were suppressed, other decay channels, including de-
cays into pairs of vector bosons (diboson decays), would become 
dominant.

Diboson decays involving photons, i.e., Wγ , Zγ , Hγ , and γγ chan-
nels, are important parts of this search program, owing to the 
excellent detection efficiency and photon energy resolution of the 

� E-mail address: cms -publication -committee -chair @cern .ch.

ATLAS and CMS detectors. For example, searches in the γγ chan-
nel contributed significantly to the discovery of the Higgs boson 
by the ATLAS and CMS Collaborations in 2012 [1–3]. Nevertheless, 
the above-mentioned decay modes involving photons, in particu-
lar the Wγ decay mode, are generally less studied over a large 
range of masses than other diboson signatures. There are multi-
ple beyond-the-SM theories that predict Wγ resonances, including 
new particles in models with an extended Higgs sector [4], such as 
charged Higgs bosons in generic two Higgs doublet models [5,6], 
as well as particles predicted in technicolor [7–10], heavy vector 
triplet [11], and electroweak singlet [12] models, or scalar “quirk-
s” in folded supersymmetry [13]. A number of nonresonant Wγ
analyses that mainly probe anomalous WWγ couplings have been 
conducted at the CERN SppS, LEP, and LHC, as well as at the Fer-
milab Tevatron. However, searches for Wγ resonances at high mass 
have been conducted only by the ATLAS experiment, in the lep-
tonic decay channel of the W boson at the center-of-mass energies 
of 7 TeV [14] and 8 TeV [15], and in the hadronic decay channel 
at 13 TeV [16]. The best 95% confidence level (CL) upper limits on 
the product of the cross section and branching fraction to Wγ for 
narrow spin-1 resonances in the leptonic channel are 6.0–0.5 fb
in the 0.2–1.6 TeV mass range [15], while the analogous limits in 
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the hadronic channel [16] vary between 12 and 0.14 fb within the 
1.0–6.8 TeV mass range probed.

In this Letter, we describe a search for Wγ resonances in the 
hadronic decay channel of the W boson using pp collision data at √

s = 13 TeV delivered by the LHC in 2016–2018. The results of 
the search are interpreted in terms of limits on narrow and broad, 
spin-0 and spin-1 resonances in a mass range between 0.7 and 
6.0 TeV. Narrow resonances are taken to be those with widths 
�X that are negligible compared to the experimental resolution, 
while for broad resonances we consider the representative case for 
which �X/mX = 5%, where mX is the resonance mass. Given the 
large mass of the resonances probed in this analysis, the W bo-
son is produced with a high Lorentz boost and is reconstructed 
as a single large-radius jet. The two-prong structure and mass of 
this jet are established using jet substructure techniques, allowing 
for the reduction of the dominant background from direct photon 
production, where a jet recoiling against a photon originates from 
quantum chromodynamics (QCD) radiation.

Digitized versions of tables and plots from this paper can be 
found in the HEPData database [17].

2. The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing 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 com-
posed of a barrel and two endcap sections. Forward calorimeters 
extend the pseudorapidity (η) coverage provided by the barrel and 
endcap detectors. Muons are detected in gas-ionization chambers 
embedded in the steel flux-return yoke outside the solenoid.

In the region |η| < 1.74, the HCAL cells have widths of 0.087 in 
η and 0.087 in azimuth (φ). In the η-φ plane, and for |η| < 1.48, 
the HCAL cells map on to 5×5 arrays of ECAL crystals to form 
calorimeter towers projecting radially outwards from close to the 
nominal interaction point. For |η| > 1.74, the coverage of the tow-
ers increases progressively to a maximum of 0.174 in �η and �φ. 
Within each tower, the energy deposits in ECAL and HCAL cells 
are summed to define the calorimeter tower energies, and subse-
quently used to provide the energies and directions of hadronic 
jets.

Events of interest are selected using a two-tiered trigger sys-
tem [18]. The first level (L1), composed of custom hardware pro-
cessors, uses information from the calorimeters and muon detec-
tors to select events at a rate of around 100 kHz within a fixed 
latency of about 4 μs [19]. The second level, known as the high-
level trigger, consists of a farm of processors running a version 
of the full event reconstruction software optimized for fast pro-
cessing, and reduces the event rate to around 1 kHz before data 
storage [18].

A more detailed description of the CMS detector, together with 
a definition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [20].

3. Data sets and event selection

The data used in this search correspond to an total integrated 
luminosity of 137 fb−1 and were recorded by the CMS experiment 
at 

√
s = 13 TeV in 2016–2018 (36, 41, and 60 fb−1 in 2016, 2017, 

and 2018, respectively) [21–23]. The high instantaneous luminosity 
delivered by the LHC results in additional interactions in the same 
or neighboring bunch crossings as the hard scattering interactions 
(pileup). The average number of pileup interactions in the 2016 
(2017 and 2018) data set is around 23 (32).

The data are selected via single-photon triggers that require the 
photon candidate to be within |η| < 2.5, and to have transverse 
momentum pT > 165 or 175 GeV in 2016 and pT > 200 GeV in 
2017–2018. We determine the selection efficiencies for these trig-
gers using unbiased data samples collected with single-muon trig-
gers. The single-photon triggers are found to be 98–100% efficient 
with respect to the offline selection described below, for the entire 
mass range used in the analysis. The small residual inefficiency is 
taken into account when calculating the signal acceptance.

Simulated Monte Carlo (MC) signal samples are produced at 
leading order (LO) in perturbative QCD. They are used to optimize 
the analysis selection and to calculate the signal efficiency. Simu-
lated signal events of spin-0 resonances decaying to Wγ are gen-
erated using electroweak triplet pseudo-Goldstone bosons π3 [24]
and a heavy (pseudo-)scalar SU (2)L triplet [25], while for spin-1 
resonances, a heavy vector SU (2)L triplet [25] is used. Several sig-
nal samples are generated with masses ranging from 0.7 to 6.0 TeV. 
Two resonance width assumptions are used in the simulation: one, 
termed “narrow”, has a width which is significantly smaller than 
the detector resolution that ranges between 3.75 and 5%, and the 
second, referred to as “broad”, has �X/mX = 5%. The latter choice 
is representative of broad resonances, for which the impact of the 
off-shell production on the signal efficiency becomes sizable.

Simulated background events do not enter the analyses directly, 
as the background is obtained from a fit to data. They are only 
used to assess the accuracy of the background model and to op-
timize the event selection. The dominant background from γ+jet 
production as well as the QCD multijet background from SM events 
composed uniquely of jets produced through the strong interaction 
which have a jet misidentified as a photon are generated at LO us-
ing MadGraph5_amc@nlo. Smaller backgrounds from W+jets and 
W+γproduction, as well as top quark backgrounds, are not simu-
lated, as their contribution is far less than that of the dominant 
backgrounds and does not affect the search optimization proce-
dure.

Both the signal and background samples are generated using
MadGraph5_amc@nlo 2.2.2 (2.4.2) [26] with NNPDF3.0 NLO [27]
(NNPDF3.1 NNLO [28]) parton distribution functions (PDFs) for 
2016 (2017 and 2018) conditions. Fragmentation and hadroniza-
tion are simulated with pythia 8.205 (8.230) [29] with the 
CUETP8M1 [30,31] (CP5 [32]) underlying event tune for 2016 
(2017 and 2018) samples. All simulated samples are processed 
with the full CMS detector model based on Geant4 [33] and re-
constructed with the same suite of programs as used for collision 
data. Pileup effects are taken into account by superimposing simu-
lated minimum bias events on the hard scattering interaction, with 
the multiplicity distribution matching that observed in data.

A particle-flow (PF) event algorithm [34] is used, which aims 
to reconstruct and identify each individual particle in an event, 
with an optimized combination of information from the various 
elements of the CMS detector. The energy of photons is obtained 
from the ECAL measurement. The energy of electrons is deter-
mined from a combination of the electron momentum at the 
primary interaction vertex as determined by the tracker, the en-
ergy 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 cur-
vature of the corresponding track. The energy of charged hadrons 
is determined from a combination of their momentum measured 
in the tracker and the matching ECAL and HCAL energy deposits, 
corrected for the response function of the calorimeters to hadronic 
showers. Finally, the energy of neutral hadrons is obtained from 
the corresponding corrected ECAL and HCAL energies.

The events must contain at least one reconstructed primary 
vertex with at least four associated tracks, with transverse (lon-
gitudinal) coordinates required to be within 2 (24) cm of the nom-
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inal collision point. The candidate vertex with the largest value of 
summed physics-object p2

T is taken to be the primary pp interac-
tion vertex. The physics objects are the jets, clustered using the 
jet finding algorithm [35,36] with the tracks assigned to candidate 
vertices as inputs, and the associated missing transverse momen-
tum, taken as the negative vector sum of the pT of those jets.

Since the dominant background in the analysis is from di-
rect photon production (γ+jets), rather than from sources with 
a misidentified photon, we chose a “loose” photon identification 
working point of a standard CMS sequential-selection algorithm, 
which maximizes the photon efficiency at the cost of a slightly 
higher misidentification rate compared to other available working 
points [37]. The identification is based on photon shower shape 
and isolation variables. The latter are computed from various types 
of PF candidates in a cone of radius �R =

√
(�η)2 + (�φ)2 = 0.3

around the photon candidate, corrected for the pileup effects. In 
addition, a conversion-safe electron veto [37] is applied. The loose 
working point gives an efficiency of approximately 90% that does 
not depend on the photon pT up to the highest values explored 
in the analysis, while reducing the background from misidentified 
photons by approximately a factor of 7. The photon candidates are 
required to have pT > 225 GeV and to be within the barrel fiducial 
region of the ECAL (|η| < 1.44). Since events with a photon recon-
structed in the endcap region suffer from high background from 
γ+jets, which peaks in the forward direction, they do not add to 
the sensitivity of the analysis and therefore are not included.

Large-radius jets (J) are used to reconstruct hadronically de-
caying, highly Lorentz-boosted W boson candidates. These jets are 
reconstructed from PF candidates clustered using the anti-kT algo-
rithm [35,36] with a distance parameter of 0.8. Charged hadrons 
not originating from the primary vertex are not considered in 
the jet clustering. The pileup per particle identification algorithm 
(PUPPI) [38,39] is used to mitigate the effect of pileup at the re-
constructed particle level, making use of local energy distribution, 
event pileup properties, and tracking information. Charged parti-
cles identified to be originating from pileup vertices are discarded. 
The momenta of the neutral particles are rescaled according to 
their probability to originate from the primary interaction vertex 
deduced from the local shape variable, superseding the need for 
jet-based pileup corrections [38]. Jet energy corrections are derived 
from simulation studies so that the average measured energy of 
jets becomes identical to that of particle-level jets. In situ measure-
ments of the momentum balance in dijet, γ+jet, Z+jet, and multijet 
events are used to determine any residual differences between the 
jet energy scale in data and in simulation, and appropriate correc-
tions are applied [40]. Additional quality criteria [41] are used to 
remove jets due to rare spurious noise patterns in the calorimeters, 
and also to suppress leptons misidentified as jets. The jet energy 
resolution typically amounts to 15% at 10 GeV, 8% at 100 GeV, and 
4% at 1 TeV. In each event, the jet selected to be the hadronic W
candidate must have pT > 225 GeV, to balance the pT of the se-
lected photon, and is required to be separated from the photon by 
a distance of �R > 1.1 to reduce the contamination of the photon 
isolation cone with the jet constituents.

Since the signal jets are merged products of the W boson decay, 
we require the jet mass to be within a certain range of the W
boson mass to reduce the very large background from QCD jets, 
which have steeply falling jet mass distribution. To improve the 
signal and background separation, a jet grooming algorithm known 
as “soft drop” (SD) [42], with parameters β = 0 and zcut = 0.1, 
is applied to recursively remove soft, wide-angle radiation from 
anti-kT jets. The groomed jet mass (mSD

J ) is then computed from 
the four-momentum sum of the remaining jet constituents, whose 
energies are corrected with the same factor that has already been 
used in the generic jet reconstruction described above. The typical 
mass resolution for a W boson jet is 10% [43]. Finally, in order to 

avoid the region of rapidly varying efficiency near threshold, we 
require the invariant mass of the selected jet and photon (mJγ ) to 
exceed 0.6 TeV.

4. Analysis optimization

The analysis is optimized using a sequential selection on 
a number of kinematic variables. These variables fall into two 
classes: those related to the resonance decay kinematics and those 
related to the properties of a large-radius jet. The former are: pseu-
dorapidities of the photon ηγ and the jet ηJ , the cosine of the 
polar decay angle in the center-of-mass frame of the Jγ system 
with respect to the beam axis cos θ∗

γ , and the ratio of the photon 
transverse momentum pγ

T to mJγ . The last two variables mentioned 
are highly correlated and are both used to separate the mostly 
central s-channel signal events from the mostly forward t-channel 
direct photon background. For the purpose of tagging jets originat-
ing from the W boson decay (W jet tagging), selections are also 
applied on two variables related to the properties of a large-radius 
jet, which are the jet mass mSD

J and the jet substructure variable 
τ21. mSD

J peaks at the W mass for the signal and falls rapidly for 
the QCD background. The variable τ21 is defined as the ratio of τ2
to τ1, where τN is a set of N-subjettiness [44] variables. Such vari-
ables are measures of how likely it is that a large-radius jet has 
a substructure of N subjets. For a jet with exactly N subjets, τN
tends to small values, while τM values for M �= N are shifted to 
larger values. Thus, τ21 is expected to be generally smaller for a 
signal, which contains a jet produced by an overlap of the quark 
jets from a two-prong W boson decay, than for the background, 
which mostly consists of structureless QCD jets.

The optimization aims at maximizing the expected signal sig-
nificance for a large range of tested masses, where the background 
yield (B) is typically much larger than that of the signal we probe 
(S), and is large enough to use the Gaussian approximation, i.e., 
maximizing S/

√
B . This figure of merit (FOM) has the advantage 

that its maximum is independent of the signal cross section. The 
optimization is based on the events in the control region (CR) 
in data, defined as the lower sideband of the W boson jet mass 
40 < mSD

J < 65 GeV, which has negligible signal contamination for 
the range of the signal cross sections probed in this analysis, as 
well as events in the signal region (SR) in signal simulation sam-
ples, which is defined as 68 < mSD

J < 94 GeV, as determined via the 
optimization using the FOM described above. The CR and SR are 
illustrated in Fig. 1, which also shows the expected distributions 
in mSD

J for the benchmark narrow spin-0 signals. It was demon-
strated that the differences in this distribution between different 
signal spin and width hypotheses are negligible.

The optimization of the FOM uses simulated signal events and 
two different estimates of the background in the signal region. The 
first background estimate uses data events in the CR, which are ex-
pected to have similar distributions in the main analysis variables 
to those in the SR. To ensure the same normalization, a scale fac-
tor of approximately 0.86 is applied to the CR event yield to match 
that in the SR. This procedure was justified by comparing the kine-
matic distributions of simulated background events in the SR and 
CR and finding that they are quite similar. The second background 
sample uses simulated background events that have been rescaled 
to account for the missing higher-order effects, as well as for an 
imperfect description of the misidentification of jets as photons in 
the QCD multijet simulation. This is done by fitting the pγ

T spec-
trum in data with the sum of these two backgrounds, with the 
normalizations allowed to float in the fit. Fig. 2 shows that before 
the optimization an adequate description of the SR data is achieved 
in the main kinematic variables used for the analysis optimiza-
tion by using either MC simulation or CR data, with the exception 
of the τ21 variable, which has a different shape in the data CR 
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Fig. 1. Definitions of the signal and control regions in data, based on the jet mass 
mSD

J . The stacked filled histograms represent dominant backgrounds from simula-

tion, normalized to the pγ
T spectrum in the signal region. The red circles (black 

squares) correspond to data in the signal (control) region. Benchmark narrow spin-
0 signal distributions, normalized to a cross section of 2 pb for two masses, 1.0 and 
3.5 TeV, are shown by the solid orange and dashed magenta lines, respectively. The 
lower panel shows the data-to-simulation ratio in the control and signal regions. 
The gray hatched band shows the statistical uncertainty in the background estima-
tion, stemming from the limited size of the simulated samples.

due to a strong correlation of the τ21 variable with mSD
J . Conse-

quently, the optimization of the τ21 selection is performed only 
using simulated backgrounds. The residual discrepancies seen in 
other distributions are due to missing minor backgrounds and the 
limitations of the MC simulation modeling of the data. They are 
typically present near the kinematic limits of the corresponding 
variables, far from the region of optimal selections, and conse-
quently do not bias the optimization procedure. Since neither the 
simulated backgrounds nor data CR events are used in the final 
analysis, beyond the optimization step, we find that the level of 
agreement between the data and simulated backgrounds is ad-
equate. Fig. 2 also shows several benchmark signal points and, 
given the similarity of signal shapes for various spin and width 
combinations, the spin-0, narrow-width hypothesis is used, unless 
indicated otherwise in the legend.

For most of the variables, and the signal masses, widths, and 
spins probed, the maxima of the FOM distributions are fairly broad, 
which justifies using a single set of selections for all signal masses 
and spin/width hypotheses, without compromising the search per-
formance. We have tested whether combining the input variables 
into a multivariate discriminant using a boosted decision tree with 
adaptive boosting, instead of selecting on individual variables, re-
sults in a gain in performance. However, the best gain we were 
able to achieve was only a 5% increase in the FOM value, which 
required separate discriminants constructed for each signal mass 
point. Consequently, a single set of selections on the individual 
variables was chosen, which simplifies the analysis without intro-
ducing a noticeable performance loss. The best selections chosen 
as a result of the above procedure are: |ηγ | < 1.44 (i.e., the pho-
ton in the ECAL barrel), |ηJ| < 2.0, τ21 < 0.35, 68 < mSD

J < 94 GeV, 
pγ

T/mJγ > 0.37, and cos θ∗
γ < 0.6. The use of these optimal selec-

tions combined improves the FOM by up to 90% for signals with 
masses ranging from 0.7 TeV to 3.5 TeV. The requirement on the 
τ21 variable alone improves the FOM by 40%, making it the most 
discriminating variable.

5. Signal and background modeling

We describe the shape of the mJγ distributions for the signals 
probed by fitting simulated signal samples with analytic functions. 
For narrow resonances, we use a sum of Crystal Ball (CB) [45] and 
Gaussian functions with different means. For broad resonances, we 
use a sum of CB and two Gaussian functions, where the two Gaus-
sian functions have a common mean that may be different from 
that of the CB function. In order to obtain the signal shapes for the 
mass points where no simulated samples were generated, we use 
linear morphing between the adjacent simulated signal points [46]. 
The simulated signal samples for each of the three years of data 
taking reflect changes in MC tunes, pileup and trigger conditions, 
selection criteria, and detector performance along with time. We 
verify that the signal shape in simulation is consistent for the 
three years and use samples produced with the 2017 conditions 
as the signal model for all three data-taking years. Consequently, 
we also combine the mJγ spectra for the three data-taking periods 
and search for the presence of signal in this combined data set.

The overall signal acceptance A, and the product of the accep-
tance and signal efficiency Aε for the optimal selection for spin-0 
and spin-1 resonances, are shown as functions of the resonance 
mass in Fig. 3 (upper row). The latter ranges between 6.1 (10.0)% 
and 12.3 (16.4)% for spin-0 (spin-1) signals over the mass range 
probed. It was verified that for both A and Aε the differences be-
tween three years of data taking are small; thus the values for the 
2017 data taking are used as the nominal ones. The efficiencies for 
narrow resonances are generally 1–2% higher than for the broad 
ones, mainly because of the long low-mass tail in the mJγ distri-
bution for broad resonances, caused by the quickly falling PDFs 
convoluted with the Breit–Wigner resonant shape. In order to be 
less sensitive to the exact description of this tail, which depends 
on both the PDF choice and the parameterization of the signal res-
onance line-shape, we use a window of ±25% of the resonance 
mass, centered on the mass. The size of the window corresponds 
to roughly ±5 effective widths of a broad resonance. The window 
requirement is included in the definition of the signal acceptance. 
The W jet tagging efficiency (εW-tag, which is a part of the overall 
efficiency) is shown in Fig. 3 (lower), which illustrate that a slight 
decrease in the overall product of the acceptance and efficiency at 
high masses is due to a less effective W tagging for very energetic 
jets.

After the final selection, the background shape of the mJγ
spectrum in the SR is modeled by a background-only fit with 
a smooth, monotonically falling function. A variety of functional 
forms are considered for the background fit, and for each function, 
a goodness-of-fit (GOF) test based on the Kolmogorov–Smirnov 
statistic is performed in the SR. The nominal background fit func-
tion is chosen as the one with the best GOF achieved with the 
minimal number of parameters:

dN

dm
= p0(m/

√
s)p1+p2 log(m/

√
s)+p3 log2(m/

√
s) (1)

where pi (with i = 0–3) are the free parameters of the fit. The best 
fit to data with the background-only hypothesis is shown in Fig. 4. 
This smooth background function provides an adequate description 
of the data in the entire mass range probed.

6. Systematic uncertainties

In order to prove that no systematic bias arises from the choice 
of the background fit function, an alternative fit function that per-
formed relatively well in the GOF test is used to generate a large 
number of mJγ spectra, with or without signal injection. The spec-
tra are then fit to the sum of the chosen background function 
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Fig. 2. Distributions of some of the kinematic variables used in the analysis. Upper row: mJγ (left), τ21 (right); middle row: ηγ (left), ηJ (right); lower row: pγ
T/mJγ (left), 

cos θ∗
γ (right), except that the yield in the control region is normalized to that in the signal region. Several benchmark signals are also shown, as indicated by the legend. 

By default, the spin-0, narrow width hypothesis is used unless indicated otherwise. Signals are normalized to a cross section of 5 fb, except for the τ21 distribution, for 
which the normalization is 2 pb. Optimized selections are indicated with the black arrows. The two lower panels show the data-to-simulation ratio in the control and signal 

regions, respectively. The gray hatched band shows the statistical uncertainty in the background estimation, stemming from the limited size of the simulated samples.
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Fig. 3. Signal acceptance A (upper left), the product of the signal acceptance and selection efficiency Aε (upper right), and the W tagging efficiency (lower) for spin-0 (solid 
lines) and spin-1 (dashed lines) resonances, for the narrow (pink) and broad (blue) hypotheses. The curves are obtained by fitting fourth-order polynomials to the set of 
discrete mass points, for which simulated signal samples are available. For the W tagging efficiency, the average value obtained for the different spin and width hypotheses 
and the spread of the individual efficiencies about the average are shown with the solid line and the shaded band, respectively.

and a signal template with the mass and normalization allowed 
to float. The signal significance is extracted from each fit and the 
distributions of the pull of the signal yield are constructed, where 
the pull is defined as the difference between the injected and ex-
tracted signal normalizations, divided by the statistical uncertainty 
in the extracted signal normalization from the fit. We observe that 
the distributions of the pulls are consistent with a Gaussian func-
tion with a zero mean and a standard deviation of unity, and thus 
conclude that any systematic bias from the background fitting pro-
cedure is negligible compared to the statistical uncertainties in the 
fit. We therefore use the latter as the only uncertainties associated 
with the background estimate.

The systematic uncertainty associated with the background 
shape is evaluated via likelihood profiling. This procedure refits for 
the optimal values of the background parameters for each signal 
mass hypothesis with the parameters of the background function 
allowed to vary freely in the fit, thus accounting for the uncer-
tainty in the background prediction.

There are several sources of uncertainties in the description 
of the signal. Most of the uncertainties mainly affect the signal 
yield and have only a small impact on the shape of the signal 
mass distribution. These include the integrated luminosity, trigger 
plateau efficiency, photon identification efficiency, pileup descrip-
tion, choice of PDFs, and the efficiency of tagging the W boson jet, 
including the efficiencies of the SR selection on the mSD

J and of 
the τ21 requirement. Uncertainties affecting both the yield and the 
shape of the signal distributions include the jet and photon energy 
scales and resolutions.

The uncertainties in the integrated luminosity are 2.5% [21], 
2.3% [22], and 2.5% [23] in 2016, 2017, and 2018, respectively. The 
efficiency of the trigger is obtained using an independent suite of 
triggers. A systematic uncertainty of 1.0 (2.3)% is assigned to the 
trigger efficiency in 2016 and 2018 (2017) data taking, based on 
the difference between the observed plateau value and unity. The 
uncertainty due to the photon identification efficiency is obtained 
by comparing the efficiency in simulation with that in Z → ee
events, where electrons are reconstructed as photons. It amounts 
to a 3–6% uncertainty in the signal yield.

The uncertainty due to the description of pileup in the sim-
ulated samples is estimated by changing the value of the total 
inelastic cross section by ±4.6% [47] and recalculating the signal 
efficiency after the corresponding change in the pileup distribution. 
The resulting uncertainty is 1.0–1.5 (1.0–2.0)% for narrow (broad) 
resonances. The PDF uncertainty is determined using the PDF4LHC 
prescription [48]. Only the effect on the signal acceptance is in-
cluded as a source of the experimental uncertainty, and amounts 
to 2%. The uncertainty in the W jet tagging efficiency mainly orig-
inates from the τ21 selection efficiency. It amounts to an uncer-
tainty of 3.2–11% in the signal yield.

The uncertainty in the jet energy scale is obtained by varying 
the energy scale of the jet corresponding to the W candidate by a 
pT- and η-dependent correction [40]. The uncertainty due to the 
jet energy resolution is obtained by smearing the momentum of 
the W jet in simulation to match that in data. The combined ef-
fect on the signal yield is 1.3%, which is the major source of the 
uncertainty in the signal shapes. The effects of the photon energy 
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Fig. 4. Background-only fit to data (black points) with the chosen background func-
tion. The green (inner) and yellow (outer) bands show, respectively, the 68 and 95% 
confidence level statistical uncertainties in the fit. The lower panel contains the pull 
distribution, defined as the difference between the data yield and the background 
prediction, divided by their combined uncertainty. Expected signal shapes are also 
shown in the lower panel for three different resonance mass hypotheses, 1.0 TeV
(red), 2.6 TeV (magenta), and 4.0 TeV (green), and for both the narrow (solid) and 
broad (dashed) cases. Signal normalizations are set to 15, 1.0, and 0.30 fb, respec-
tively, for illustrative purposes.

scale and resolution are accounted for in a similar fashion; they 
are significantly less important than those stemming from the jets, 
because of a much higher precision of the photon energy recon-
struction [37].

Given that the signal is extracted from the mJγ spectrum com-
bined over the three data-taking periods, we take into account cor-
relations between the uncertainties across the three years, and use 
the luminosity-weighted linear (quadratic) average for correlated 
(uncorrelated) uncertainties. The integrated luminosity uncertainty 
has both correlated and uncorrelated components, resulting in the 
overall uncertainty of 1.8% when applied to the full data set. The 
trigger and W tagging efficiencies, as well as the jet energy scale 
and resolution uncertainties, are treated as uncorrelated across the 
three years, while the rest are treated as fully correlated. A sum-
mary of the systematic uncertainties, as well as the effect of the 
year-to-year correlations, is given in Table 1.

7. Results

We set model-specific upper limits on the product of the cross 
section and branching fraction for both narrow and broad, spin-0 
and spin-1 resonances using the modified frequentist CLs crite-
rion [49–51], with a likelihood ratio in the asymptotic approxima-
tion [52] used as a test statistic. The yield (shape) uncertainties are 
incorporated as nuisance parameters with log-normal (Gaussian) 
priors. These limits, at 95% CL, are shown in Fig. 5, separately for 
the spin-0 and spin-1 hypotheses, as well as for narrow and broad 
resonances, and are the most restrictive limits to date on the ex-
istence of Wγ resonances over the majority of the masses probed. 
The p-values for the background-only fit are shown in Fig. 6 for 
the narrow (left) and broad (right) resonances for both spin hy-
potheses. The largest excess seen in the limit plots has a mass 
around 1.58 TeV, with a local significance of 2.8 (3.1) standard 

Table 1
Systematic uncertainties affecting the signal description. Uncertainties marked with 
“†” affect both the yield and the shape of the signal distribution, while the rest 
only affect the signal yield. In cases where the uncertainty is different for various 
data-taking periods, the three numbers given in the second column correspond to 
the 2016/2017/2018 data taking, while the third column shows the combined un-
certainties across the three years, taking into account the year-to-year correlations. 
The effect on the signal yield is the same for all the signal hypotheses studied.

Source Effect on the signal yield (%) Combined (%)

Integrated luminosity 2.5/2.3/2.5 1.8
Trigger efficiency 1.0/2.3/1.0 0.9
Photon ident. efficiency 4.7/6.0/3.0 4.4
Pileup 1.0/2.0/1.0 1.3
PDF 2.0 2.0
W tagging efficiency 11/7.4/3.2 3.9
Jet energy scale and 
resolution†

1.3 0.8

Photon energy scale and 
resolution†

0.5/1.0/1.0 0.9

Total 12.6/10.6/5.8 6.7

deviations for narrow (broad) signals for both spin hypotheses. Af-
ter taking into account the look-elsewhere effect [53], the global 
significance of the excess is estimated to be 1.1 (1.7) standard devi-
ations, favoring its interpretation as a statistical fluctuation in data.

In the case of narrow resonances, we compare these limits 
with the predictions of two of the models described in Ref. [25], 
which we use as benchmarks. In the spin-0 case, a scalar or pseu-
doscalar SU (2)L triplet φα that couples to the SM vector boson 
fields via anomaly-induced interactions φa W a

μν
˜Bμν/� and to the 

SM fermionic fields with an effective coupling ym/�, is consid-
ered. Here, � is the ultraviolet cutoff of the model, chosen to be 2, 
4, or 5 times the resonance mass, while ym is set to 0.10 or 0.15 
to suppress fermionic decays. In the spin-1 case, a vector SU (2)L
triplet V a

μ that couples to the SM vector boson fields via a higher-

dimensional operator cW V aν
μ W aα

ν Bμ
α /�2 and to the SM fermionic 

fields directly with the coupling gm is considered. Similar to the 
scalar triplet case, we set � to 4 or 5 times the resonance mass, 
cW to 1, and gm to 0.10 or 0.15. Additionally, we set the coupling 
of the vector triplet to the Higgs boson ch to zero. These choices of 
parameters assure narrow resonances in the mass range of interest, 
with sizable branching fractions to Wγ . As a result of this search, 
benchmark heavy scalar (vector) triplet bosons with masses be-
tween 0.75 (1.15) and 1.40 (1.36) TeV are excluded at 95% CL, as 
shown in Fig. 5. Spin-0 π3 states of Ref. [24] are beyond the sen-
sitivity of this search, as they decay predominantly into hadronic 
final states and the branching fraction into the Wγ channel is sup-
pressed.

The asymptotic CLs approach tends to overestimate the limits 
in the bins with low event count. For the narrow (broad) spin-0 
signal hypothesis, it is found that the asymptotic approximation 
yields more stringent cross section limits compared to a full CLs
approach above 2.6 (3.2) TeV. The limits are 10 (16)% more strin-
gent at 3.5 TeV and the difference increases to 31% at 6.0 TeV in 
both cases. Similar behavior is expected for the spin-1 signal hy-
pothesis. The asymptotic approximation has negligible impact on 
the mass exclusions in the benchmark models, as these limits are 
well below 2.6 TeV.

Model-independent upper limits on the product of the cross 
section, branching fraction, and signal acceptance are set in the 
context of a simple counting experiment that considers the num-
ber of events observed and expected above a variable Jγ invariant 
mass threshold. These limits allow the interpretation of our results 
in nonresonant and other resonant models by estimating their ac-
ceptance for the selections used in this analysis. Since the exact 
description of the signal shape is no longer important in the region 
where little background is expected, these limits are continued up 
to the mass threshold of 8.0 TeV, thus extending the mass range of 
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Fig. 5. Expected and observed 95% confidence level limits on σB(X → Wγ) for the spin-0 (upper row) and spin-1 (lower row) resonances for the narrow (left column) and 
broad (right column) resonance cases. Also shown, for spin-0 (spin-1) narrow-resonance case, theoretical cross sections for heavy scalar (vector) triplet resonance production 
in the benchmark model of Ref. [25], which can be probed by this search.

Fig. 6. Observed local p-values for spin-0 (left) and spin-1 (right) resonance hypotheses. The largest excess observed at 1.58 TeV corresponds to a local significance of 2.8 
(3.1) standard deviations (s.d.) for narrow (broad) signals, for both spin hypotheses.
8
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Fig. 7. Expected and observed 95% confidence level model-independent limits on σB(X → Wγ)A (left) and σB(X → Jγ)AεW-tag (right), as a function of the minimum 
invariant mass requirement on the Jγ system.

phenomena that can be investigated. To make this interpretation 
possible for a broad set of models, we treat the W tagging effi-
ciency as a part of either the experimental efficiency or the signal 
acceptance. The former case, shown in Fig. 7 (left), would apply to 
models yielding signatures with a hadronically decaying Lorentz-
boosted W boson, as the W tagging efficiency in this case should 
be very similar to that in the model-specific analysis. The latter 
case, shown in Fig. 7 (right), would apply to an even broader set 
of models, e.g., the ones predicting Zγ signatures, by accounting 
for the efficiency of tagging a Z boson using our W tagging re-
quirements as a part of the signal acceptance.

8. Summary

A search for Wγ resonances in the mass range between 0.7 and 
6.0 TeV has been presented. The W boson is reconstructed from 
its hadronic decay, in which the final-state products form a single 
large-radius jet owing to the large Lorentz boost of the W boson. 
The search is based on proton-proton collision data collected at √

s = 13 TeV with the CMS detector at the LHC in 2016–2018, 
corresponding to an integrated luminosity of 137 fb−1. No signif-
icant excess above the smoothly falling background is observed. 
Limits at 95% confidence level on the product of the cross section 
and branching fraction for Wγ resonances are set, ranging from 37 
(55) to 0.21 (0.30) fb for the narrow (broad) spin-0 hypothesis, 
and from 29 (51) to 0.17 (0.19) fb for the narrow (broad) spin-
1 hypothesis. The results reported are the most restrictive limits 
to date on the existence of such resonances over a large range 
of probed masses. In specific narrow-resonance benchmark mod-
els, heavy scalar (vector) triplet resonances with masses between 
0.75 (1.15) and 1.40 (1.35) TeV are excluded for a range of model 
parameters probed. In addition, model-independent limits are set 
on the product of the cross section, branching fraction, and sig-
nal acceptance, as functions of the minimum invariant mass of the 
jet-photon system, making possible the interpretation of these re-
sults in the context of a broader class of models predicting similar 
signatures.
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Bogazici University, Istanbul, Turkey

A. Cakir, K. Cankocak 64, Y. Komurcu, S. Sen 78

Istanbul Technical University, Istanbul, Turkey

F. Aydogmus Sen, S. Cerci 69, B. Kaynak, S. Ozkorucuklu, D. Sunar Cerci 69

Istanbul University, Istanbul, Turkey

B. Grynyov

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov, Ukraine

L. Levchuk

National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine

E. Bhal, S. Bologna, J.J. Brooke, A. Bundock, E. Clement, D. Cussans, H. Flacher, J. Goldstein, G.P. Heath, 
H.F. Heath, L. Kreczko, B. Krikler, S. Paramesvaran, T. Sakuma, S. Seif El Nasr-Storey, V.J. Smith, 
N. Stylianou 79, J. Taylor, A. Titterton

University of Bristol, Bristol, United Kingdom

K.W. Bell, A. Belyaev 80, C. Brew, R.M. Brown, D.J.A. Cockerill, K.V. Ellis, K. Harder, S. Harper, J. Linacre, 
K. Manolopoulos, D.M. Newbold, E. Olaiya, D. Petyt, T. Reis, T. Schuh, C.H. Shepherd-Themistocleous, 
A. Thea, I.R. Tomalin, T. Williams

Rutherford Appleton Laboratory, Didcot, United Kingdom

R. Bainbridge, P. Bloch, S. Bonomally, J. Borg, S. Breeze, O. Buchmuller, V. Cepaitis, G.S. Chahal 81, 
D. Colling, P. Dauncey, G. Davies, M. Della Negra, S. Fayer, G. Fedi, G. Hall, M.H. Hassanshahi, G. Iles, 
J. Langford, L. Lyons, A.-M. Magnan, S. Malik, A. Martelli, J. Nash 82, V. Palladino, M. Pesaresi, 
D.M. Raymond, A. Richards, A. Rose, E. Scott, C. Seez, A. Shtipliyski, A. Tapper, K. Uchida, T. Virdee 18, 
N. Wardle, S.N. Webb, D. Winterbottom, A.G. Zecchinelli

Imperial College, London, United Kingdom

J.E. Cole, A. Khan, P. Kyberd, C.K. Mackay, I.D. Reid, L. Teodorescu, S. Zahid

Brunel University, Uxbridge, United Kingdom

S. Abdullin, A. Brinkerhoff, B. Caraway, J. Dittmann, K. Hatakeyama, A.R. Kanuganti, B. McMaster, 
N. Pastika, S. Sawant, C. Smith, C. Sutantawibul, J. Wilson

22



The CMS Collaboration Physics Letters B 826 (2022) 136888

Baylor University, Waco, USA

R. Bartek, A. Dominguez, R. Uniyal, A.M. Vargas Hernandez

Catholic University of America, Washington, DC, USA

A. Buccilli, O. Charaf, S.I. Cooper, D. Di Croce, S.V. Gleyzer, C. Henderson, C.U. Perez, P. Rumerio 83, 
C. West

The University of Alabama, Tuscaloosa, USA

A. Akpinar, A. Albert, D. Arcaro, C. Cosby, Z. Demiragli, D. Gastler, J. Rohlf, K. Salyer, D. Sperka, 
D. Spitzbart, I. Suarez, A. Tsatsos, S. Yuan, D. Zou

Boston University, Boston, USA

G. Benelli, B. Burkle, X. Coubez 19, D. Cutts, Y.t. Duh, M. Hadley, U. Heintz, J.M. Hogan 84, E. Laird, 
G. Landsberg, K.T. Lau, J. Lee, J. Luo, M. Narain, S. Sagir 85, E. Usai, W.Y. Wong, X. Yan, D. Yu, W. Zhang

Brown University, Providence, USA

C. Brainerd, R. Breedon, M. Calderon De La Barca Sanchez, M. Chertok, J. Conway, P.T. Cox, R. Erbacher, 
F. Jensen, O. Kukral, R. Lander, M. Mulhearn, D. Pellett, B. Regnery, D. Taylor, M. Tripathi, Y. Yao, F. Zhang

University of California, Davis, Davis, USA

M. Bachtis, R. Cousins, A. Dasgupta, A. Datta, D. Hamilton, J. Hauser, M. Ignatenko, M.A. Iqbal, T. Lam, 
N. Mccoll, W.A. Nash, S. Regnard, D. Saltzberg, C. Schnaible, B. Stone, V. Valuev

University of California, Los Angeles, USA

K. Burt, Y. Chen, R. Clare, J.W. Gary, G. Hanson, G. Karapostoli, O.R. Long, N. Manganelli, 
M. Olmedo Negrete, W. Si, S. Wimpenny, Y. Zhang

University of California, Riverside, Riverside, USA

J.G. Branson, P. Chang, S. Cittolin, S. Cooperstein, N. Deelen, J. Duarte, R. Gerosa, L. Giannini, D. Gilbert, 
J. Guiang, R. Kansal, V. Krutelyov, R. Lee, J. Letts, M. Masciovecchio, S. May, S. Padhi, M. Pieri, 
B.V. Sathia Narayanan, V. Sharma, M. Tadel, A. Vartak, F. Würthwein, Y. Xiang, A. Yagil

University of California, San Diego, La Jolla, USA

N. Amin, C. Campagnari, M. Citron, A. Dorsett, V. Dutta, J. Incandela, M. Kilpatrick, J. Kim, B. Marsh, 
H. Mei, M. Oshiro, A. Ovcharova, M. Quinnan, J. Richman, U. Sarica, D. Stuart, S. Wang

University of California, Santa Barbara – Department of Physics, Santa Barbara, USA

A. Bornheim, O. Cerri, I. Dutta, J.M. Lawhorn, N. Lu, J. Mao, H.B. Newman, J. Ngadiuba, T.Q. Nguyen, 
M. Spiropulu, J.R. Vlimant, C. Wang, S. Xie, Z. Zhang, R.Y. Zhu

California Institute of Technology, Pasadena, USA

J. Alison, M.B. Andrews, T. Ferguson, T. Mudholkar, M. Paulini, I. Vorobiev

Carnegie Mellon University, Pittsburgh, USA

J.P. Cumalat, W.T. Ford, E. MacDonald, R. Patel, A. Perloff, K. Stenson, K.A. Ulmer, S.R. Wagner

University of Colorado Boulder, Boulder, USA

J. Alexander, Y. Cheng, J. Chu, D.J. Cranshaw, K. Mcdermott, J. Monroy, J.R. Patterson, D. Quach, 
J. Reichert, A. Ryd, W. Sun, S.M. Tan, Z. Tao, J. Thom, P. Wittich, M. Zientek

Cornell University, Ithaca, USA

23



The CMS Collaboration Physics Letters B 826 (2022) 136888

M. Albrow, M. Alyari, G. Apollinari, A. Apresyan, A. Apyan, S. Banerjee, L.A.T. Bauerdick, A. Beretvas, 
D. Berry, J. Berryhill, P.C. Bhat, K. Burkett, J.N. Butler, A. Canepa, G.B. Cerati, H.W.K. Cheung, F. Chlebana, 
M. Cremonesi, K.F. Di Petrillo, V.D. Elvira, J. Freeman, Z. Gecse, L. Gray, D. Green, S. Grünendahl, 
O. Gutsche, R.M. Harris, R. Heller, T.C. Herwig, J. Hirschauer, B. Jayatilaka, S. Jindariani, M. Johnson, 
U. Joshi, P. Klabbers, T. Klijnsma, B. Klima, M.J. Kortelainen, K.H.M. Kwok, S. Lammel, D. Lincoln, 
R. Lipton, T. Liu, J. Lykken, C. Madrid, K. Maeshima, C. Mantilla, D. Mason, P. McBride, P. Merkel, 
S. Mrenna, S. Nahn, V. O’Dell, V. Papadimitriou, K. Pedro, C. Pena 53, O. Prokofyev, F. Ravera, 
A. Reinsvold Hall, L. Ristori, B. Schneider, E. Sexton-Kennedy, N. Smith, A. Soha, L. Spiegel, S. Stoynev, 
J. Strait, L. Taylor, S. Tkaczyk, N.V. Tran, L. Uplegger, E.W. Vaandering, H.A. Weber, A. Woodard

Fermi National Accelerator Laboratory, Batavia, USA

D. Acosta, P. Avery, D. Bourilkov, L. Cadamuro, V. Cherepanov, F. Errico, R.D. Field, D. Guerrero, 
B.M. Joshi, M. Kim, J. Konigsberg, A. Korytov, K.H. Lo, K. Matchev, N. Menendez, G. Mitselmakher, 
D. Rosenzweig, K. Shi, J. Sturdy, J. Wang, E. Yigitbasi, X. Zuo

University of Florida, Gainesville, USA

T. Adams, A. Askew, D. Diaz, R. Habibullah, S. Hagopian, V. Hagopian, K.F. Johnson, R. Khurana, 
T. Kolberg, G. Martinez, H. Prosper, C. Schiber, R. Yohay, J. Zhang

Florida State University, Tallahassee, USA

M.M. Baarmand, S. Butalla, T. Elkafrawy 13, M. Hohlmann, R. Kumar Verma, D. Noonan, M. Rahmani, 
M. Saunders, F. Yumiceva

Florida Institute of Technology, Melbourne, USA

M.R. Adams, L. Apanasevich, H. Becerril Gonzalez, R. Cavanaugh, X. Chen, S. Dittmer, O. Evdokimov, 
C.E. Gerber, D.A. Hangal, D.J. Hofman, C. Mills, G. Oh, T. Roy, M.B. Tonjes, N. Varelas, J. Viinikainen, 
X. Wang, Z. Wu, Z. Ye

University of Illinois at Chicago (UIC), Chicago, USA

M. Alhusseini, K. Dilsiz 86, S. Durgut, R.P. Gandrajula, M. Haytmyradov, V. Khristenko, O.K. Köseyan, 
J.-P. Merlo, A. Mestvirishvili 87, A. Moeller, J. Nachtman, H. Ogul 88, Y. Onel, F. Ozok 89, A. Penzo, 
C. Snyder, E. Tiras 90, J. Wetzel

The University of Iowa, Iowa City, USA

O. Amram, B. Blumenfeld, L. Corcodilos, J. Davis, M. Eminizer, A.V. Gritsan, S. Kyriacou, P. Maksimovic, 
J. Roskes, M. Swartz, T.Á. Vámi

Johns Hopkins University, Baltimore, USA

C. Baldenegro Barrera, P. Baringer, A. Bean, A. Bylinkin, T. Isidori, S. Khalil, J. King, G. Krintiras, 
A. Kropivnitskaya, C. Lindsey, N. Minafra, M. Murray, C. Rogan, C. Royon, S. Sanders, E. Schmitz, 
J.D. Tapia Takaki, Q. Wang, J. Williams, G. Wilson

The University of Kansas, Lawrence, USA

S. Duric, A. Ivanov, K. Kaadze, D. Kim, Y. Maravin, T. Mitchell, A. Modak, K. Nam

Kansas State University, Manhattan, USA

F. Rebassoo, D. Wright

Lawrence Livermore National Laboratory, Livermore, USA

E. Adams, A. Baden, O. Baron, A. Belloni, S.C. Eno, Y. Feng, N.J. Hadley, S. Jabeen, R.G. Kellogg, T. Koeth, 
A.C. Mignerey, S. Nabili, M. Seidel, A. Skuja, S.C. Tonwar, L. Wang, K. Wong

University of Maryland, College Park, USA

24



The CMS Collaboration Physics Letters B 826 (2022) 136888

D. Abercrombie, G. Andreassi, R. Bi, S. Brandt, W. Busza, I.A. Cali, Y. Chen, M. D’Alfonso, 
G. Gomez Ceballos, M. Goncharov, P. Harris, M. Hu, M. Klute, D. Kovalskyi, J. Krupa, Y.-J. Lee, B. Maier, 
A.C. Marini, C. Mironov, C. Paus, D. Rankin, C. Roland, G. Roland, Z. Shi, G.S.F. Stephans, K. Tatar, J. Wang, 
Z. Wang, B. Wyslouch

Massachusetts Institute of Technology, Cambridge, USA

R.M. Chatterjee, A. Evans, P. Hansen, J. Hiltbrand, Sh. Jain, M. Krohn, Y. Kubota, Z. Lesko, J. Mans, 
M. Revering, R. Rusack, R. Saradhy, N. Schroeder, N. Strobbe, M.A. Wadud

University of Minnesota, Minneapolis, USA

J.G. Acosta, S. Oliveros

University of Mississippi, Oxford, USA

K. Bloom, M. Bryson, S. Chauhan, D.R. Claes, C. Fangmeier, L. Finco, F. Golf, J.R. González Fernández, 
C. Joo, I. Kravchenko, M. Musich, J.E. Siado, G.R. Snow †, W. Tabb, F. Yan

University of Nebraska-Lincoln, Lincoln, USA

G. Agarwal, H. Bandyopadhyay, L. Hay, I. Iashvili, A. Kharchilava, C. McLean, D. Nguyen, J. Pekkanen, 
S. Rappoccio, A. Williams

State University of New York at Buffalo, Buffalo, USA

G. Alverson, E. Barberis, C. Freer, Y. Haddad, A. Hortiangtham, J. Li, G. Madigan, B. Marzocchi, 
D.M. Morse, V. Nguyen, T. Orimoto, A. Parker, L. Skinnari, A. Tishelman-Charny, T. Wamorkar, B. Wang, 
A. Wisecarver, D. Wood

Northeastern University, Boston, USA

S. Bhattacharya, J. Bueghly, Z. Chen, A. Gilbert, T. Gunter, K.A. Hahn, N. Odell, M.H. Schmitt, K. Sung, 
M. Velasco

Northwestern University, Evanston, USA

R. Band, R. Bucci, N. Dev, R. Goldouzian, M. Hildreth, K. Hurtado Anampa, C. Jessop, K. Lannon, 
N. Loukas, N. Marinelli, I. Mcalister, F. Meng, K. Mohrman, Y. Musienko 47, R. Ruchti, P. Siddireddy, 
M. Wayne, A. Wightman, M. Wolf, M. Zarucki, L. Zygala

University of Notre Dame, Notre Dame, USA

B. Bylsma, B. Cardwell, L.S. Durkin, B. Francis, C. Hill, A. Lefeld, B.L. Winer, B.R. Yates

The Ohio State University, Columbus, USA

F.M. Addesa, B. Bonham, P. Das, G. Dezoort, P. Elmer, A. Frankenthal, B. Greenberg, N. Haubrich, 
S. Higginbotham, A. Kalogeropoulos, G. Kopp, S. Kwan, D. Lange, M.T. Lucchini, D. Marlow, K. Mei, 
I. Ojalvo, J. Olsen, C. Palmer, D. Stickland, C. Tully

Princeton University, Princeton, USA

S. Malik, S. Norberg

University of Puerto Rico, Mayaguez, USA

A.S. Bakshi, V.E. Barnes, R. Chawla, S. Das, L. Gutay, M. Jones, A.W. Jung, S. Karmarkar, M. Liu, G. Negro, 
N. Neumeister, G. Paspalaki, C.C. Peng, S. Piperov, A. Purohit, J.F. Schulte, M. Stojanovic 15, J. Thieman, 
F. Wang, R. Xiao, W. Xie

Purdue University, West Lafayette, USA

J. Dolen, N. Parashar

25



The CMS Collaboration Physics Letters B 826 (2022) 136888

Purdue University Northwest, Hammond, USA

A. Baty, S. Dildick, K.M. Ecklund, S. Freed, F.J.M. Geurts, A. Kumar, W. Li, B.P. Padley, R. Redjimi, 
J. Roberts †, W. Shi, A.G. Stahl Leiton

Rice University, Houston, USA

A. Bodek, P. de Barbaro, R. Demina, J.L. Dulemba, C. Fallon, T. Ferbel, M. Galanti, A. Garcia-Bellido, 
O. Hindrichs, A. Khukhunaishvili, E. Ranken, R. Taus

University of Rochester, Rochester, USA

B. Chiarito, J.P. Chou, A. Gandrakota, Y. Gershtein, E. Halkiadakis, A. Hart, M. Heindl, E. Hughes, 
S. Kaplan, O. Karacheban 22, I. Laflotte, A. Lath, R. Montalvo, K. Nash, M. Osherson, S. Salur, S. Schnetzer, 
S. Somalwar, R. Stone, S.A. Thayil, S. Thomas, H. Wang

Rutgers, The State University of New Jersey, Piscataway, USA

H. Acharya, A.G. Delannoy, S. Spanier

University of Tennessee, Knoxville, USA

O. Bouhali 91, M. Dalchenko, A. Delgado, R. Eusebi, J. Gilmore, T. Huang, T. Kamon 92, H. Kim, S. Luo, 
S. Malhotra, R. Mueller, D. Overton, D. Rathjens, A. Safonov

Texas A&M University, College Station, USA

N. Akchurin, J. Damgov, V. Hegde, S. Kunori, K. Lamichhane, S.W. Lee, T. Mengke, S. Muthumuni, 
T. Peltola, S. Undleeb, I. Volobouev, Z. Wang, A. Whitbeck

Texas Tech University, Lubbock, USA

E. Appelt, S. Greene, A. Gurrola, W. Johns, C. Maguire, A. Melo, H. Ni, K. Padeken, F. Romeo, P. Sheldon, 
S. Tuo, J. Velkovska

Vanderbilt University, Nashville, USA

M.W. Arenton, B. Cox, G. Cummings, J. Hakala, R. Hirosky, M. Joyce, A. Ledovskoy, A. Li, C. Neu, 
B. Tannenwald, E. Wolfe

University of Virginia, Charlottesville, USA

P.E. Karchin, N. Poudyal, P. Thapa

Wayne State University, Detroit, USA

K. Black, T. Bose, J. Buchanan, C. Caillol, S. Dasu, I. De Bruyn, P. Everaerts, F. Fienga, C. Galloni, H. He, 
M. Herndon, A. Hervé, U. Hussain, A. Lanaro, A. Loeliger, R. Loveless, J. Madhusudanan Sreekala, 
A. Mallampalli, A. Mohammadi, D. Pinna, A. Savin, V. Shang, V. Sharma, W.H. Smith, D. Teague, 
S. Trembath-reichert, W. Vetens

University of Wisconsin – Madison, Madison, WI, USA

† Deceased.
1 Also at TU Wien, Wien, Austria.
2 Also at Institute of Basic and Applied Sciences, Faculty of Engineering, Arab Academy for Science, Technology and Maritime Transport, Alexandria, Egypt, Alexandria, 

Egypt.
3 Also at Université Libre de Bruxelles, Bruxelles, Belgium.
4 Also at Universidade Estadual de Campinas, Campinas, Brazil.
5 Also at Federal University of Rio Grande do Sul, Porto Alegre, Brazil.
6 Also at University of Chinese Academy of Sciences, Beijing, China.
7 Also at Department of Physics, Tsinghua University, Beijing, China, Beijing, China.
8 Also at UFMS, Nova Andradina, Brazil.
9 Also at Nanjing Normal University Department of Physics, Nanjing, China.

10 Now at The University of Iowa, Iowa City, USA.
11 Also at Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of NRC ‘Kurchatov Institute’, Moscow, Russia.

26



The CMS Collaboration Physics Letters B 826 (2022) 136888

12 Also at Joint Institute for Nuclear Research, Dubna, Russia.
13 Also at Ain Shams University, Cairo, Egypt.
14 Now at British University in Egypt, Cairo, Egypt.
15 Also at Purdue University, West Lafayette, USA.
16 Also at Université de Haute Alsace, Mulhouse, France.
17 Also at Erzincan Binali Yildirim University, Erzincan, Turkey.
18 Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland.
19 Also at RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany.
20 Also at University of Hamburg, Hamburg, Germany.
21 Also at Department of Physics, Isfahan University of Technology, Isfahan, Iran, Isfahan, Iran.
22 Also at Brandenburg University of Technology, Cottbus, Germany.
23 Also at Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia.
24 Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt.
25 Also at Karoly Robert Campus, MATE Institute of Technology, Gyongyos, Hungary.
26 Also at Institute of Physics, University of Debrecen, Debrecen, Hungary, Debrecen, Hungary.
27 Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary.
28 Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University, Budapest, Hungary, Budapest, Hungary.
29 Also at Wigner Research Centre for Physics, Budapest, Hungary.
30 Also at IIT Bhubaneswar, Bhubaneswar, India, Bhubaneswar, India.
31 Also at Institute of Physics, Bhubaneswar, India.
32 Also at G.H.G. Khalsa College, Punjab, India.
33 Also at Shoolini University, Solan, India.
34 Also at University of Hyderabad, Hyderabad, India.
35 Also at University of Visva-Bharati, Santiniketan, India.
36 Also at Indian Institute of Technology (IIT), Mumbai, India.
37 Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany.
38 Also at Sharif University of Technology, Tehran, Iran.
39 Also at Department of Physics, University of Science and Technology of Mazandaran, Behshahr, Iran.
40 Now at INFN Sezione di Bari a , Università di Bari b , Politecnico di Bari c , Bari, Italy.
41 Also at Italian National Agency for New Technologies, Energy and Sustainable Economic Development, Bologna, Italy.
42 Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy.
43 Also at Università di Napoli ‘Federico II’, NAPOLI, Italy.
44 Also at Riga Technical University, Riga, Latvia, Riga, Latvia.
45 Also at Consejo Nacional de Ciencia y Tecnología, Mexico City, Mexico.
46 Also at IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France.
47 Also at Institute for Nuclear Research, Moscow, Russia.
48 Now at National Research Nuclear University ‘Moscow Engineering Physics Institute’ (MEPhI), Moscow, Russia.
49 Also at St. Petersburg State Polytechnical University, St. Petersburg, Russia.
50 Also at University of Florida, Gainesville, USA.
51 Also at Imperial College, London, United Kingdom.
52 Also at P.N. Lebedev Physical Institute, Moscow, Russia.
53 Also at California Institute of Technology, Pasadena, USA.
54 Also at Budker Institute of Nuclear Physics, Novosibirsk, Russia.
55 Also at Faculty of Physics, University of Belgrade, Belgrade, Serbia.
56 Also at Trincomalee Campus, Eastern University, Sri Lanka, Nilaveli, Sri Lanka.
57 Also at INFN Sezione di Pavia a , Università di Pavia b , Pavia, Italy, Pavia, Italy.
58 Also at National and Kapodistrian University of Athens, Athens, Greece.
59 Also at Ecole Polytechnique Fédérale Lausanne, Lausanne, Switzerland.
60 Also at Universität Zürich, Zurich, Switzerland.
61 Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria, Vienna, Austria.
62 Also at Laboratoire d’Annecy-le-Vieux de Physique des Particules, IN2P3-CNRS, Annecy-le-Vieux, France.
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