
https://helda.helsinki.fi

Search for Resonances Decaying to Three W Bosons in

Proton-Proton Collisions at root s=13 TeV

The CMS collaboration

2022-07-08

The CMS Collaboration , Tumasyan , A , Adam , W , Eerola , P , Forthomme , L ,

Kirschenmann , H , Österberg , K , Voutilainen , M , Bharthuar , S , Brücken , E , Garcia , F ,

Havukainen , J , Heikkilä , J , Kim , M , Kinnunen , R , Lampén , T , Lassila-Perini , K ,

Laurila , S , Lehti , S , Lindén , T , Lotti , M , Luukka , P , Martikainen , L , Myllymäki , M E J ,

Ott , J , Pekkanen , J , Siikonen , H , Tuominen , E , Tuominiemi , J , Viinikainen , J , Petrow

, H & Tuuva , T 2022 , ' Search for Resonances Decaying to Three W Bosons in

Proton-Proton Collisions at root s=13 TeV ' , Physical Review Letters , vol. 129 , no. 2 ,

021802 . https://doi.org/10.1103/PhysRevLett.129.021802

http://hdl.handle.net/10138/350072

https://doi.org/10.1103/PhysRevLett.129.021802

cc_by

publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.

This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Search for Resonances Decaying to Three W Bosons in
Proton-Proton Collisions at

ffiffi
s

p
= 13 TeV

A. Tumasyan et al.
*

(CMS Collaboration)

(Received 20 January 2022; accepted 31 May 2022; published 6 July 2022)

A search for resonances decaying into a W boson and a radion, where the radion decays into two
W bosons, is presented. The data analyzed correspond to an integrated luminosity of 138 fb−1 recorded in
proton-proton collisions with the CMS detector at

ffiffiffi
s

p ¼ 13 TeV. One isolated charged lepton is required,
together with missing transverse momentum and one or two massive large-radius jets, containing the decay
products of either two or one W bosons, respectively. No excess over the background estimation is
observed. The results are combined with those from a complementary channel with an all-hadronic final
state, described in an accompanying paper. Limits are set on parameters of an extended warped extra-
dimensional model. These searches are the first of their kind at the LHC.
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The existence of heavy resonances accessible at the
CERN LHC is suggested by various theoretical models that
try to address limitations of the standard model (SM).
Searching for these resonances in decays to boson pairs
(dibosons) has received much attention in recent years
[1–6]. In the context of such searches, merged jet recon-
struction and classification techniques that aim to identify
the origin of a large-radius jet from a Lorentz-boosted
hadronically decaying particle have been developed and
exploited extensively [7]. Nonetheless, a direct search for a
resonance decaying to three vector bosons, a triboson
resonance, has never been performed at the TeV scale.
In the sub-TeV range, a search for a heavy neutral Higgs
boson in the ZWW channel has recently been published [8].
The TeV-scale diboson resonance searches [3–6] are
potentially sensitive to a triboson signal. However, as only
two of the three bosons are reconstructed, they have not
been interpreted in this way. A search at the TeV scale is
motivated by various theoretical scenarios including
extended warped extra-dimensional models presented in
Refs. [9–17] indicating a discovery potential within LHC
reach. These models provide extensions of the SM that
simultaneously address the problems of the Planck-electro-
weak hierarchy and the origins of flavor structure.
In this Letter and in an accompanying paper [18], we

present the first searches for massive resonances decaying
to three W bosons in cascade through WKK → WR and

R → WW. The WKK is a Kaluza-Klein (KK) [19–22]
excited massive gauge boson and R is a scalar radion
[23]. TheWKK and R bosons are postulated in the Randall-
Sundrum extra-dimension scenario [19,20]. The size of the
extra dimension is stabilized by introducing a potential with
a modulus field [20], resulting in a bulk scalar boson, the
radion.
We concentrate on the final-state topology comprising

one isolated, charged lepton (l), either electron (e), or
muon (μ), missing transverse momentum (pmiss

T ), and one
or two massive large-radius jets. A similar topology with-
out an isolated l in the final state is considered in Ref. [18].
These two searches use common techniques for jet iden-
tification and calibration, which are detailed in Ref. [18],
while the combination of the two results is presented in this
Letter. The topology studied in this Letter originates from a
W boson decaying to an isolated l and its neutrino ν, and
two otherW bosons decaying into quarks forming hadrons,
which are either reconstructed as two individual merged W
boson jets, as shown in Fig. 1 (left), or—depending on the
relative masses of the WKK and R resonances—as a single
jet containing the decay products of both W bosons, as
shown in Fig. 1 (right). We also consider the case where one
of the two merged W bosons originating from the radion
decays leptonically, yielding a nonisolated l inside the jet
in addition to the isolated one from the separated W boson
decay. The main backgrounds in this analysis are from
W þ jets and top quark-antiquark pair (tt̄) production. They
are estimated using control regions (CRs) with kinematic
properties similar to the corresponding signal regions
(SRs). While the analysis is interpreted in terms of one
specific model, the search is generic as it is sensitive to
many resonant diboson and triboson signals. For example,
resonances decaying intoWW andWZ can also be detected
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through this search, although with a lower efficiency than in
the dedicated analyses [3,4]. Tabulated results are provided
in the HEPData record for this analysis [24].
The analysis is based on proton-proton (pp) collision

data at
ffiffiffi
s

p ¼ 13 TeV collected by the CMS experiment at
the LHC during 2016–2018, corresponding to an integrated
luminosity of 138 fb−1 [25–27].
The CMS apparatus [28] is a multipurpose, nearly

hermetic detector, designed to trigger on [29,30] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [31–34]. A global reconstruction
“particle-flow” (PF) algorithm [35] combines the informa-
tion provided by the all-silicon inner tracker and by the
crystal electromagnetic and brass-scintillator hadron
calorimeters, operating inside a 3.8 T superconducting
solenoid, with data from gas-ionization muon detectors
interleaved with the solenoid return yoke, to build τ leptons,
jets, pmiss

T , and other physics objects [36–38].
Signal events are simulated at leading order (LO) using

MADGRAPH5_aMC@NLO v2.4.2 [39] with the recommended
parameters according to Refs. [11–13,15], i.e., the KK gra-
vity coupling ggrav ¼ 6, the KK gauge couplings gWKK

¼ 3
and gZKK

¼ 6.708, and the confinement parameter ϵ ¼ 0.5.
In the two-dimensional parameter space, WKK masses
mWKK

from 1.5 to 5.0 TeV and R masses mR from 6 to
90% of mWKK

are covered. The decay branching fraction of
WKK → WR → WWW for these parameters typically
exceeds 50% [13]. For the background simulation, tt̄
production is modeled at next-to-LO (NLO) with
POWHEG v2 [40]. Quantum chromodynamics multijet pro-
duction and W þ jets production are simulated at LO with
MADGRAPH5_aMC@NLO. The other backgrounds are gener-
ated at NLO with MADGRAPH5_aMC@NLO (WW, s-channel
single t) and POWHEG (WZ, ZZ, t-channel single t, Wt).
The generated events are interfaced with PYTHIA 8.230

[41] to simulate the fragmentation, parton shower, and
hadronization of partons in the initial and final states,
along with the underlying event. The same simulation

settings as for Ref. [18], where further details can be found,
have been used. The interactions of all final-state particles
with the CMS detector are simulated using GEANT4 [42].
Simulated events include the contribution of particles from
additional pp interactions within the same or nearby bunch
crossings (pileup) and are corrected to reproduce the
distribution of the number of pileup interactions observed
in data.
The events are collected with single-electron or single-

muon triggers [29,30] and then undergo global event
reconstruction based on the PF algorithm [35]. The PF
candidates are corrected for the effect of pileup [43], and
are clustered into jets with the anti-kT algorithm [44] as
implemented in the FASTJET package [45]. Two distance
parameters are used: 0.4 for AK4 jets and 0.8 for large-
radius AK8 jets. The AK4 jets are required to be well
separated from any selected AK8 jet with ΔR ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
> 0.8, where η is the pseudorapidity

and ϕ the azimuthal angle. The quantity pmiss
T is defined

as the magnitude of the vector transverse momentum (pT)
sum of all reconstructed PF candidates in an event.
The AK4 jets arising from b quark hadronization and

decay (b jets) are identified using the deep neural network
(DNN) algorithm DEEPCSV, which takes as input tracks that
are displaced from the primary vertex, secondary vertices,
and jet kinematic variables [46]. A working point on the
output of the DEEPCSV algorithm is chosen such that the
efficiency of identifying a b jet is about 65%–75%, while
the probability of misidentifying a light-flavor (q) or gluon
(g) jet as a b jet is about 1%. To identify massive AK8 jets, a
“modified mass-drop” correction algorithm [47,48], known
as the “soft-drop” algorithm [49] (with parameters β ¼ 0
and zcut ¼ 0.1), is applied to remove soft and wide-angle
radiation from the jet, and the resulting “groomed jet mass”
(mj) is used.
Events with exactly one isolated e (μ) with pT >

55 GeV and jηeðμÞj < 2.5ð2.4Þ and no second isolated e (μ)
with pT > 35ð20Þ GeV are selected. Furthermore, we
require pmiss

T > 80ð40Þ GeV for the e (μ) channel. The
pT of the reconstructed leptonically decaying W boson
candidate must exceed 200 GeV. The neutrino is recon-
structed as in Ref. [50] using pmiss

T and requiring the
effective mass of the lν system to be consistent with the
W boson mass. Jets overlapping with the selected isolated
lepton within ΔRjl < 1.0 are removed. Selected events
need to have one or two AK8 jets with pj

T > 200 GeV and
jηjj < 2.4. For events with only one jet,mj is required to be
greater than 60 GeV, while for events with two jets the jet
with maximum mj is required to have 60 < mmax

j <
100 GeV and the other jet mass is referred to as mmin

j .
Events with identified b jets or more than two AK4 jets
are vetoed. The scalar pT sum of the reconstructed leptoni-
cally decaying W boson and the selected AK8 jets is
required to be greater than 1 TeV. The invariant mass
of the reconstructed lνþ jetðsÞ system, mjlν or mjjlν

FIG. 1. Schematic representation of the decay of a KK
excitation WKK to the final states considered in this analysis.
Left: three individually reconstructed W bosons with resolved R;
right: one individually reconstructedW boson and two mergedW
bosons reconstructed as a single large-radius jet.
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for one or two selected AK8 jets, respectively, must
exceed 1.1 TeV.
Several different radion decay topologies are considered.

A collimated radion decay into two merged hadronic W
boson jets (R → WW → 4q) yields a single jet containing
the decay products of either all four quarks (designated as
R4q) or only three of them (R3q). A merged radion decay
with one of the W bosons decaying leptonically
(R → WW → lνqq) yields a jet containing the decay
products of two quarks from the W → qq̄0 decay as well
as an overlapping nonisolated charged lepton. This topo-
logy is designated as Rlqq. In rare cases where the decay
R → WW → lνqq results in a lepton that still fulfills the
isolation criteria even though it is overlapping with a jet, we
remove the overlapping jet and consider the only remaining
jet to correspond to the W boson from the WKK resonance
decay. Possibilities other than these contribute less than 5%
of the signal yield and therefore are not considered.
To increase discrimination of signal from background,

the substructure of the selected AK8 jets is analyzed using
the DNN-based DEEPAK8 jet classification algorithm [51].
This algorithm has been trained using simulated events to
identify hadronic decays ofW and Higgs bosons (H, in the
4qmode), as well as top quarks, based on the reconstructed
particles and secondary vertices associated with the corre-
sponding jet. In the default training of the algorithm, the
masses of the signal jets are used, and therefore signals with
masses different to the ones mentioned above cannot be
identified. Thus, we make use of the algorithm’s mass-
decorrelated version to identify jets exhibiting substructure
compatible with a merged radion decay (R4q, R3q, and
Rlqq), but with arbitrary mass. For the identification of
merged radion jet candidates, we combine the algorithm’s
outputs to simultaneously discriminate W → qq̄0 jets and
signal jets similar to H → WW → 4q from jets originating
from the hadronization of a q or g. We call the resulting
discriminants for merged radion decays “deep-WH” and
for W bosons “deep-W.” Similarly, a discriminant named
“deep-t” is formed to distinguish top quarks from q=g jets.
The DEEPAK8 discriminant values peak towards unity for
the selected type of jets and towards zero for the rejected
q=g background jets. A detailed description of these
variables together with their performance for different jet
types can be found in Ref. [18].
Using the jet mass and the deep-WH and deep-W

discriminants, selected events are split into six SRs
based on the signal topology. Jets with mj > 100 GeV
(60 < mj < 100 GeV) are considered as radion (W boson)
candidates and thus required to pass a deep-WH (deep-W)
selection, while for lower-mass jets with mj < 60 GeV no
such condition is applied. For events with one selected
jet, targeting the merged radion jet topology, three
regions (SR1–3) are defined using different mj windows
of 60–100, 100–200, and >200 GeV, respectively. For
SR1 (SR2–3), we additionally demand deep-W > 0.7

(deep-WH > 0.7). Events with two jets, considered as
candidates for the resolved radion topology, are categorized
into SR4–6 as follows. The SR4 (SR5) categories have both
jets with 60 < mj < 100 GeV and require exactly two
(one) jets with deep-W > 0.5. Events with 60 < mmax

j <
100 GeV and deep-W > 0.7 for the higher-mass jet and
mmin

j < 60 GeV for the lower-mass jet are placed in SR6.
Requiring deep-Wðdeep-WHÞ > 0.7 results in a back-
ground rejection of approximately 74 (67)%, while main-
taining a signal selection efficiency of about 65 (70)%.
The deep-W and deep-WH variables are both calibrated

in the same data regions enriched in SM W þ jets and top
quark events. To serve as proxies, the SM events are split
into various W, q=g, and top quark categories mimicking
the signal decay structure. Both signal and proxy jets are
categorized by geometrically matching parton-level infor-
mation to the reconstructed jets. Jets from single W boson
decays in SM events are used as proxy jets for resolved
signal and merged Rlqq events. As there is no direct
correspondence to any SM event topology for R4q and
R3q events, fully merged top quark jets (t → bqq) serve as
proxies in this case. By performing a simultaneous fit of the
proxy templates to the data in regions with different relative
compositions, we derive corresponding scale factors (SFs)
and associated uncertainties. These SFs are applied per
matched jet category to correct selection efficiencies in
simulation for the deep-W and deep-WH spectra. This
calibration procedure is validated in various jet samples.
The detailed procedure is presented in Ref. [18].
The main backgrounds, W þ jets, and tt̄ production, are

estimated using CRs. The tt̄ CRs are defined by inverting
the b jet veto, removing the deep-Wðdeep-WHÞ discrimi-
nant selection criteria defined for the SRs, and allowing for
up to four additional AK4 jets to increase the number of
selected events. Similarly, for the W þ jets CRs, the
deep-Wðdeep-WHÞ selection criteria are inverted, and tt̄
events are vetoed by requiring deep-t < 0.4. All other
backgrounds are estimated using simulation and are sub-
tracted from the data for this procedure. A linear fit is
performed to the ratio of the data to the background of
interest (W þ jets or tt̄), using the mjlν or mjjlν distribu-
tions, depending on the region, to extract a correction
function for the background shape and normalization in the
corresponding SR.
The final signal and background yields are determined

simultaneously by performing a maximum likelihood fit to
the mjlν and mjjlν distributions in data for SR1–3 and
SR4–6, respectively. Systematic uncertainties affecting
signal and background yields are treated as nuisance
parameters and profiled in the statistical interpretation
using log-normal and Gaussian constraints for rate and
shape uncertainties, respectively.
Uncertainties in the background normalization and shape

are derived from the data in the CRs. In particular, the
statistical uncertainty in the CR fits to the mjlν and mjjlν
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distributions is propagated to the SRs through constraints
on modeling parameters common to the SR and CR. Both
rate and shape uncertainties are evaluated separately for the
W þ jets and top quark backgrounds, and are treated as
uncorrelated across the SRs.
Several uncertainties are taken into account for the

DEEPAK8 discriminants and are evaluated as functions of
mj and pj

T. Residual differences between data and simu-
lation observed in the validation regions result in a 10%
uncertainty for all jet types. Additional uncertainties are
derived by considering an alternative parton shower sim-
ulation and evaluating the effect on the SFs for signal and
background jets. Since the objects used in the calibration
procedure have a similar decay structure to the signal, but
can exhibit features such as different color flow and quark
flavor that affect the DEEPAK8 performance, additional
uncertainties are considered for the signal. These uncer-
tainties are evaluated based on the shape differences
between signal and SM proxy jets in the deep-W and
deep-WH spectra. They amount to 10%–40% for Rlqq,
R3q, and R4q events, and to 100% for signal events not
matching these categories. To further account for the
different pj

T regimes of signal and proxy jets used in the
derivation of the SFs, signal events are simulated with the
HERWIG2.7 parton shower program [52]. The resulting
differences in the SR yields of up to 25% are assigned
as rate uncertainties. A detailed description of the uncer-
tainty evaluation procedure can be found in Ref. [18].
Uncertainties due to pileup, integrated luminosity, trigger,
lepton reconstruction, parton distribution functions (PDFs),
renormalization and factorization scales, and jet energy
scale and resolution, largely affecting signal only, are in
total found to be less than 3% in the rate. They have
negligible effect on the shape of the lνþ jets mass
distributions.
The results of this search are statistically combined with

those from the search in the fully hadronic final state [18].
The SF uncertainties are treated as correlated among the
two channels. Uncertainties in pileup modeling, PDFs,
renormalization and factorization scales, as well as the jet
energy scale and resolution are also treated as correlated.
All other uncertainties are treated as uncorrelated.
The background-only post-fit distribution of the recon-

structed lνþ jets system mjjlν for the most sensitive
region for the resolved signal, SR4, is shown in Fig. 2.
The results for the six SRs of this search are presented in the
form of pull distributions [(Data-PredictionÞ=σstat] of the
background-only fit in Fig. 3. Selected signals have been
added on top of the background. The data are consistent
with the background expectation.
The asymptotic approximation [53] of the CLs technique

[54,55] is used to set limits. The lower mass limits at
95% confidence level (CL) of the lνþ jets analysis are
shown in Fig. 4. An excess of events in data aroundmjjlν ¼
3.5 TeV in SR6 results in a weaker than expected observed

limit for the resolved signal. For the combination with the
fully hadronic analysis [18], lower mass limits are also
shown as well as upper limits on the product of the signal
cross section and the branching fraction to three W bosons
for a resonance with decay width significantly smaller than
the detector resolution. For radion masses between 0.2 and
1.2 TeV, triboson resonances are excluded up to mWKK

¼
3.3 and 3.7 TeV by the lνþ jets analysis and the combi-
nation, respectively.
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In summary, a search has been presented for resonances
decaying in cascade throughWKK → WR and R → WW to
three W bosons, where WKK is a massive Kaluza-Klein
excitation of a gauge boson and R is a scalar radion. The
analysis is performed using proton-proton collision data at
a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 138 fb−1. The final states consid-
ered contain one isolated charged lepton, missing trans-
verse momentum, and one or two massive large-radius jets.
Radion decay configurations with twoW bosons merged in
a single jet and those with two separated W boson jets are
simultaneously probed by combining jet substructure
algorithms. These novel radion identification and calibra-
tion techniques are also applicable to Lorentz-boosted
Higgs boson decays. Results agree with the predictions
of the standard model and are combined with those of the
analysis in the fully hadronic final state [18]. Limits are set
on an extended warped extra-dimensional model. These are
the first searches for the production of TeV-scale triboson
resonances at the LHC.
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M. Meyer,44 J. Mnich,44 A. Mussgiller,44 Y. Otarid,44 D. Pérez Adán,44 D. Pitzl,44 A. Raspereza,44 B. Ribeiro Lopes,44

J. Rübenach,44 A. Saggio,44 A. Saibel,44 M. Savitskyi,44 M. Scham,44 V. Scheurer,44 C. Schwanenberger,44,y A. Singh,44

R. E. Sosa Ricardo,44 D. Stafford,44 N. Tonon,44 O. Turkot,44 M. Van De Klundert,44 R. Walsh,44 D. Walter,44 Y. Wen,44

K. Wichmann,44 L. Wiens,44 C. Wissing,44 S. Wuchterl,44 R. Aggleton,45 S. Albrecht,45 S. Bein,45 L. Benato,45

A. Benecke,45 P. Connor,45 K. De Leo,45 M. Eich,45 F. Feindt,45 A. Fröhlich,45 C. Garbers,45 E. Garutti,45 P. Gunnellini,45

J. Haller,45 A. Hinzmann,45 G. Kasieczka,45 R. Klanner,45 R. Kogler,45 T. Kramer,45 V. Kutzner,45 J. Lange,45 T. Lange,45

A. Lobanov,45 A. Malara,45 A. Nigamova,45 K. J. Pena Rodriguez,45 O. Rieger,45 P. Schleper,45 M. Schröder,45

J. Schwandt,45 D. Schwarz,45 J. Sonneveld,45 H. Stadie,45 G. Steinbrück,45 A. Tews,45 B. Vormwald,45 I. Zoi,45 J. Bechtel,46

T. Berger,46 E. Butz,46 R. Caspart,46 T. Chwalek,46 W. De Boer,46,a A. Dierlamm,46 A. Droll,46 K. El Morabit,46

N. Faltermann,46 M. Giffels,46 J. o. Gosewisch,46 A. Gottmann,46 F. Hartmann,46,w C. Heidecker,46 U. Husemann,46

I. Katkov,46,bb P. Keicher,46 R. Koppenhöfer,46 S. Maier,46 M. Metzler,46 S. Mitra,46 Th. Müller,46 M. Neukum,46

A. Nürnberg,46 G. Quast,46 K. Rabbertz,46 J. Rauser,46 D. Savoiu,46 M. Schnepf,46 D. Seith,46 I. Shvetsov,46 H. J. Simonis,46

R. Ulrich,46 J. Van Der Linden,46 R. F. Von Cube,46 M. Wassmer,46 M. Weber,46 S. Wieland,46 R. Wolf,46 S. Wozniewski,46

S. Wunsch,46 G. Anagnostou,47 G. Daskalakis,47 T. Geralis,47 A. Kyriakis,47 D. Loukas,47 A. Stakia,47

M. Diamantopoulou,48 D. Karasavvas,48 G. Karathanasis,48 P. Kontaxakis,48 C. K. Koraka,48 A. Manousakis-Katsikakis,48

A. Panagiotou,48 I. Papavergou,48 N. Saoulidou,48 K. Theofilatos,48 E. Tziaferi,48 K. Vellidis,48 E. Vourliotis,48 G. Bakas,49

K. Kousouris,49 I. Papakrivopoulos,49 G. Tsipolitis,49 A. Zacharopoulou,49 I. Evangelou,50 C. Foudas,50 P. Gianneios,50

P. Katsoulis,50 P. Kokkas,50 N. Manthos,50 I. Papadopoulos,50 J. Strologas,50 M. Csanad,51 K. Farkas,51

M. M. A. Gadallah,51,cc S. Lökös,51,dd P. Major,51 K. Mandal,51 A. Mehta,51 G. Pasztor,51 A. J. Rádl,51 O. Surányi,51

G. I. Veres,51 M. Bartók,52,ee G. Bencze,52 C. Hajdu,52 D. Horvath,52,ff F. Sikler,52 V. Veszpremi,52 G. Vesztergombi,52,a,gg

S. Czellar,53 J. Karancsi,53,ee J. Molnar,53 Z. Szillasi,53 D. Teyssier,53 P. Raics,54 Z. L. Trocsanyi,54,gg B. Ujvari,54

T. Csorgo,55,hh F. Nemes,55,hh T. Novak,55 J. R. Komaragiri,56 D. Kumar,56 L. Panwar,56 P. C. Tiwari,56 S. Bahinipati,57,ii

C. Kar,57 P. Mal,57 T. Mishra,57 V. K. Muraleedharan Nair Bindhu,57,jj A. Nayak,57,jj P. Saha,57 N. Sur,57 S. K. Swain,57

D. Vats,57,jj S. Bansal,58 S. B. Beri,58 V. Bhatnagar,58 G. Chaudhary,58 S. Chauhan,58 N. Dhingra,58,kk R. Gupta,58 A. Kaur,58

M. Kaur,58 S. Kaur,58 P. Kumari,58 M. Meena,58 K. Sandeep,58 J. B. Singh,58 A. K. Virdi,58 A. Ahmed,59 A. Bhardwaj,59

B. C. Choudhary,59 M. Gola,59 S. Keshri,59 A. Kumar,59 M. Naimuddin,59 P. Priyanka,59 K. Ranjan,59 A. Shah,59

PHYSICAL REVIEW LETTERS 129, 021802 (2022)

021802-8



M. Bharti,60,ll R. Bhattacharya,60 S. Bhattacharya,60 D. Bhowmik,60 S. Dutta,60 S. Dutta,60 B. Gomber,60,mm M. Maity,60,nn

P. Palit,60 P. K. Rout,60 G. Saha,60 B. Sahu,60 S. Sarkar,60 M. Sharan,60 B. Singh,60,ll S. Thakur,60,ll P. K. Behera,61

S. C. Behera,61 P. Kalbhor,61 A. Muhammad,61 R. Pradhan,61 P. R. Pujahari,61 A. Sharma,61 A. K. Sikdar,61 D. Dutta,62

V. Jha,62 V. Kumar,62 D. K. Mishra,62 K. Naskar,62,oo P. K. Netrakanti,62 L. M. Pant,62 P. Shukla,62 T. Aziz,63 S. Dugad,63

M. Kumar,63 U. Sarkar,63 S. Banerjee,64 R. Chudasama,64 M. Guchait,64 S. Karmakar,64 S. Kumar,64 G. Majumder,64

K. Mazumdar,64 S. Mukherjee,64 K. Alpana,65 S. Dube,65 B. Kansal,65 A. Laha,65 S. Pandey,65 A. Rane,65 A. Rastogi,65

S. Sharma,65 H. Bakhshiansohi,66,pp M. Zeinali,66,qq S. Chenarani,67,rr S. M. Etesami,67 M. Khakzad,67

M. Mohammadi Najafabadi,67 M. Grunewald,68 M. Abbrescia,69a,69b R. Aly,69a,69b,ss C. Aruta,69a,69b A. Colaleo,69a

D. Creanza,69a,69c N. De Filippis,69a,69c M. De Palma,69a,69b A. Di Florio,69a,69b A. Di Pilato,69a,69b W. Elmetenawee,69a,69b

L. Fiore,69a A. Gelmi,69a,69b M. Gul,69a G. Iaselli,69a,69c M. Ince,69a,69b S. Lezki,69a,69b G. Maggi,69a,69c M. Maggi,69a

I. Margjeka,69a,69b V. Mastrapasqua,69a,69b J. A. Merlin,69a S. My,69a,69b S. Nuzzo,69a,69b A. Pellecchia,69a,69b A. Pompili,69a,69b

G. Pugliese,69a,69c A. Ranieri,69a G. Selvaggi,69a,69b L. Silvestris,69a F. M. Simone,69a,69b R. Venditti,69a P. Verwilligen,69a

G. Abbiendi,70a C. Battilana,70a,70b D. Bonacorsi,70a,70b L. Borgonovi,70a L. Brigliadori,70a R. Campanini,70a,70b

P. Capiluppi,70a,70b A. Castro,70a,70b F. R. Cavallo,70a M. Cuffiani,70a,70b G. M. Dallavalle,70a T. Diotalevi,70a,70b F. Fabbri,70a

A. Fanfani,70a,70b P. Giacomelli,70a L. Giommi,70a,70b C. Grandi,70a L. Guiducci,70a,70b S. Lo Meo,70a,tt L. Lunerti,70a,70b

S. Marcellini,70a G. Masetti,70a F. L. Navarria,70a,70b A. Perrotta,70a F. Primavera,70a,70b A. M. Rossi,70a,70b T. Rovelli,70a,70b

G. P. Siroli,70a,70b S. Albergo,71a,71b,uu S. Costa,71a,71b,uu A. Di Mattia,71a R. Potenza,71a,71b A. Tricomi,71a,71b,uu C. Tuve,71a,71b

G. Barbagli,72a A. Cassese,72a R. Ceccarelli,72a,72b V. Ciulli,72a,72b C. Civinini,72a R. D’Alessandro,72a,72b E. Focardi,72a,72b

G. Latino,72a,72b P. Lenzi,72a,72b M. Lizzo,72a,72b M. Meschini,72a S. Paoletti,72a R. Seidita,72a,72b G. Sguazzoni,72a L. Viliani,72a

L. Benussi,73 S. Bianco,73 D. Piccolo,73 M. Bozzo,74a,74b F. Ferro,74a R. Mulargia,74a,74b E. Robutti,74a S. Tosi,74a,74b

A. Benaglia,75a F. Brivio,75a,75b F. Cetorelli,75a,75b V. Ciriolo,75a,75b,w F. De Guio,75a,75b M. E. Dinardo,75a,75b P. Dini,75a

S. Gennai,75a A. Ghezzi,75a,75b P. Govoni,75a,75b L. Guzzi,75a,75b M. Malberti,75a S. Malvezzi,75a A. Massironi,75a

D. Menasce,75a L. Moroni,75a M. Paganoni,75a,75b D. Pedrini,75a S. Ragazzi,75a,75b N. Redaelli,75a T. Tabarelli de Fatis,75a,75b

D. Valsecchi,75a,75b,w D. Zuolo,75a,75b S. Buontempo,76a F. Carnevali,76a,76b N. Cavallo,76a,76c A. De Iorio,76a,76b

F. Fabozzi,76a,76c A. O. M. Iorio,76a,76b L. Lista,76a,76b S. Meola,76a,76d,w P. Paolucci,76a,w B. Rossi,76a C. Sciacca,76a,76b

P. Azzi,77a N. Bacchetta,77a D. Bisello,77a,77b P. Bortignon,77a A. Bragagnolo,77a,77b R. Carlin,77a,77b P. Checchia,77a

T. Dorigo,77a U. Dosselli,77a F. Gasparini,77a,77b U. Gasparini,77a,77b S. Y. Hoh,77a,77b L. Layer,77a,vv M. Margoni,77a,77b

A. T. Meneguzzo,77a,77b J. Pazzini,77a,77b M. Presilla,77a,77b P. Ronchese,77a,77b R. Rossin,77a,77b F. Simonetto,77a,77b

G. Strong,77a M. Tosi,77a,77b H. YARAR,77a,77b M. Zanetti,77a,77b P. Zotto,77a,77b A. Zucchetta,77a,77b G. Zumerle,77a,77b

C. Aime`,78a,78b A. Braghieri,78a S. Calzaferri,78a,78b D. Fiorina,78a,78b P. Montagna,78a,78b S. P. Ratti,78a,78b V. Re,78a

C. Riccardi,78a,78b P. Salvini,78a I. Vai,78a P. Vitulo,78a,78b P. Asenov,79a,ww G. M. Bilei,79a D. Ciangottini,79a,79b L. Fanò,79a,79b

P. Lariccia,79a,79b M. Magherini,79a,79b G. Mantovani,79a,79b V. Mariani,79a,79b M. Menichelli,79a F. Moscatelli,79a,ww

A. Piccinelli,79a,79b A. Rossi,79a,79b A. Santocchia,79a,79b D. Spiga,79a T. Tedeschi,79a,79b P. Azzurri,80a G. Bagliesi,80a

V. Bertacchi,80a,80c L. Bianchini,80a T. Boccali,80a E. Bossini,80a,80b R. Castaldi,80a M. A. Ciocci,80a,80b V. D’Amante,80a,80d

R. Dell’Orso,80a M. R. Di Domenico,80a,80d S. Donato,80a A. Giassi,80a F. Ligabue,80a,80c E. Manca,80a,80c G. Mandorli,80a,80c

A. Messineo,80a,80b F. Palla,80a S. Parolia,80a,80b G. Ramirez-Sanchez,80a,80c A. Rizzi,80a,80b G. Rolandi,80a,80c

S. Roy Chowdhury,80a,80c A. Scribano,80a N. Shafiei,80a,80b P. Spagnolo,80a R. Tenchini,80a G. Tonelli,80a,80b N. Turini,80a,80d

A. Venturi,80a P. G. Verdini,80a M. Campana,81a,81b F. Cavallari,81a D. Del Re,81a,81b E. Di Marco,81a M. Diemoz,81a

E. Longo,81a,81b P. Meridiani,81a G. Organtini,81a,81b F. Pandolfi,81a R. Paramatti,81a,81b C. Quaranta,81a,81b S. Rahatlou,81a,81b

C. Rovelli,81a F. Santanastasio,81a,81b L. Soffi,81a R. Tramontano,81a,81b N. Amapane,82a,82b R. Arcidiacono,82a,82c

S. Argiro,82a,82b M. Arneodo,82a,82c N. Bartosik,82a R. Bellan,82a,82b A. Bellora,82a,82b J. Berenguer Antequera,82a,82b

C. Biino,82a N. Cartiglia,82a S. Cometti,82a M. Costa,82a,82b R. Covarelli,82a,82b N. Demaria,82a B. Kiani,82a,82b F. Legger,82a

C. Mariotti,82a S. Maselli,82a E. Migliore,82a,82b E. Monteil,82a,82b M. Monteno,82a M. M. Obertino,82a,82b G. Ortona,82a

L. Pacher,82a,82b N. Pastrone,82a M. Pelliccioni,82a G. L. Pinna Angioni,82a,82b M. Ruspa,82a,82c K. Shchelina,82a,82b

F. Siviero,82a,82b V. Sola,82a A. Solano,82a,82b D. Soldi,82a,82b A. Staiano,82a M. Tornago,82a,82b D. Trocino,82a,82b

A. Vagnerini,82a S. Belforte,83a V. Candelise,83a,83b M. Casarsa,83a F. Cossutti,83a A. Da Rold,83a,83b G. Della Ricca,83a,83b

G. Sorrentino,83a,83b F. Vazzoler,83a,83b S. Dogra,84 C. Huh,84 B. Kim,84 D. H. Kim,84 G. N. Kim,84 J. Kim,84 J. Lee,84

S. W. Lee,84 C. S. Moon,84 Y. D. Oh,84 S. I. Pak,84 B. C. Radburn-Smith,84 S. Sekmen,84 Y. C. Yang,84 H. Kim,85

D. H. Moon,85 B. Francois,86 T. J. Kim,86 J. Park,86 S. Cho,87 S. Choi,87 Y. Go,87 B. Hong,87 K. Lee,87 K. S. Lee,87 J. Lim,87

PHYSICAL REVIEW LETTERS 129, 021802 (2022)

021802-9



J. Park,87 S. K. Park,87 J. Yoo,87 J. Goh,88 A. Gurtu,88 H. S. Kim,89 Y. Kim,89 J. Almond,90 J. H. Bhyun,90 J. Choi,90 S. Jeon,90

J. Kim,90 J. S. Kim,90 S. Ko,90 H. Kwon,90 H. Lee,90 S. Lee,90 B. H. Oh,90 M. Oh,90 S. B. Oh,90 H. Seo,90 U. K. Yang,90

I. Yoon,90 W. Jang,91 D. Jeon,91 D. Y. Kang,91 Y. Kang,91 J. H. Kim,91 S. Kim,91 B. Ko,91 J. S. H. Lee,91 Y. Lee,91 I. C. Park,91

Y. Roh,91 M. S. Ryu,91 D. Song,91 I. J. Watson,91 S. Yang,91 S. Ha,92 H. D. Yoo,92 M. Choi,93 Y. Jeong,93 H. Lee,93 Y. Lee,93

I. Yu,93 T. Beyrouthy,94 Y. Maghrbi,94 T. Torims,95 V. Veckalns,95,xx M. Ambrozas,96 A. Carvalho Antunes De Oliveira,96

A. Juodagalvis,96 A. Rinkevicius,96 G. Tamulaitis,96 N. Bin Norjoharuddeen,97 W. A. T. Wan Abdullah,97 M. N. Yusli,97

Z. Zolkapli,97 J. F. Benitez,98 A. Castaneda Hernandez,98 M. León Coello,98 J. A. Murillo Quijada,98 A. Sehrawat,98

L. Valencia Palomo,98 G. Ayala,99 H. Castilla-Valdez,99 E. De La Cruz-Burelo,99 I. Heredia-De La Cruz,99,yy

R. Lopez-Fernandez,99 C. A. Mondragon Herrera,99 D. A. Perez Navarro,99 A. Sánchez Hernández,99 S. Carrillo Moreno,100

C. Oropeza Barrera,100 M. Ramírez García,100 F. Vazquez Valencia,100 I. Pedraza,101 H. A. Salazar Ibarguen,101

C. Uribe Estrada,101 J. Mijuskovic,102,zz N. Raicevic,102 D. Krofcheck,103 S. Bheesette,104 P. H. Butler,104 A. Ahmad,105

M. I. Asghar,105 A. Awais,105 M. I. M. Awan,105 H. R. Hoorani,105 W. A. Khan,105 M. A. Shah,105 M. Shoaib,105

M. Waqas,105 V. Avati,106 L. Grzanka,106 M. Malawski,106 H. Bialkowska,107 M. Bluj,107 B. Boimska,107 M. Górski,107

M. Kazana,107 M. Szleper,107 P. Zalewski,107 K. Bunkowski,108 K. Doroba,108 A. Kalinowski,108 M. Konecki,108

J. Krolikowski,108 M. Walczak,108 M. Araujo,109 P. Bargassa,109 D. Bastos,109 A. Boletti,109 P. Faccioli,109 M. Gallinaro,109

J. Hollar,109 N. Leonardo,109 T. Niknejad,109 M. Pisano,109 J. Seixas,109 O. Toldaiev,109 J. Varela,109 S. Afanasiev,110

D. Budkouski,110 I. Golutvin,110 I. Gorbunov,110 V. Karjavine,110 V. Korenkov,110 A. Lanev,110 A. Malakhov,110

V. Matveev,110,aaa,bbb V. Palichik,110 V. Perelygin,110 M. Savina,110 D. Seitova,110 V. Shalaev,110 S. Shmatov,110 S. Shulha,110

V. Smirnov,110 O. Teryaev,110 N. Voytishin,110 B. S. Yuldashev,110,ccc A. Zarubin,110 I. Zhizhin,110 G. Gavrilov,111

V. Golovtcov,111 Y. Ivanov,111 V. Kim,111,ddd E. Kuznetsova,111,eee V. Murzin,111 V. Oreshkin,111 I. Smirnov,111 D. Sosnov,111

V. Sulimov,111 L. Uvarov,111 S. Volkov,111 A. Vorobyev,111 Yu. Andreev,112 A. Dermenev,112 S. Gninenko,112 N. Golubev,112

A. Karneyeu,112 D. Kirpichnikov,112 M. Kirsanov,112 N. Krasnikov,112 A. Pashenkov,112 G. Pivovarov,112 D. Tlisov,112,a

A. Toropin,112 V. Epshteyn,113 V. Gavrilov,113 N. Lychkovskaya,113 A. Nikitenko,113,fff V. Popov,113 A. Spiridonov,113

A. Stepennov,113 M. Toms,113 E. Vlasov,113 A. Zhokin,113 T. Aushev,114 R. Chistov,115,ggg M. Danilov,115,ggg A. Oskin,115

P. Parygin,115 S. Polikarpov,115,ggg V. Andreev,116 M. Azarkin,116 I. Dremin,116 M. Kirakosyan,116 A. Terkulov,116

A. Belyaev,117 E. Boos,117 V. Bunichev,117 M. Dubinin,117,hhh L. Dudko,117 A. Ershov,117 A. Gribushin,117 V. Klyukhin,117

O. Kodolova,117 I. Lokhtin,117 S. Obraztsov,117 S. Petrushanko,117 V. Savrin,117 V. Blinov,118,iii T. Dimova,118,iii

L. Kardapoltsev,118,iii A. Kozyrev,118,iii I. Ovtin,118,iii Y. Skovpen,118,iii I. Azhgirey,119 I. Bayshev,119 D. Elumakhov,119

V. Kachanov,119 D. Konstantinov,119 P. Mandrik,119 V. Petrov,119 R. Ryutin,119 S. Slabospitskii,119 A. Sobol,119 S. Troshin,119

N. Tyurin,119 A. Uzunian,119 A. Volkov,119 A. Babaev,120 V. Okhotnikov,120 V. Borshch,121 V. Ivanchenko,121

E. Tcherniaev,121 P. Adzic,122,jjj M. Dordevic,122 P. Milenovic,122 J. Milosevic,122 M. Aguilar-Benitez,123

J. Alcaraz Maestre,123 A. Álvarez Fernández,123 I. Bachiller,123 M. Barrio Luna,123 Cristina F. Bedoya,123

C. A. Carrillo Montoya,123 M. Cepeda,123 M. Cerrada,123 N. Colino,123 B. De La Cruz,123 A. Delgado Peris,123

J. P. Fernández Ramos,123 J. Flix,123 M. C. Fouz,123 O. Gonzalez Lopez,123 S. Goy Lopez,123 J. M. Hernandez,123

M. I. Josa,123 J. León Holgado,123 D. Moran,123 Á. Navarro Tobar,123 A. Pérez-Calero Yzquierdo,123 J. Puerta Pelayo,123
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80bUniversità di Pisa, Pisa, Italy
80cScuola Normale Superiore di Pisa, Pisa, Italy
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83aINFN Sezione di Trieste, Trieste, Italy
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