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The spectra measurements of charged hadrons produced in the shower of a parton originating in the same
hard scattering with a leptonically decaying Z boson are reported in lead-lead nuclei (Pb-Pb) and proton-
proton (pp) collisions at a nucleon-nucleon center-of-mass energy of 5.02 TeV. Both Pb-Pb and pp data
sets are recorded by the CMS experiment at the LHC and correspond to an integrated luminosity of
1.7 nb−1 and 320 pb−1, respectively. Hadronic collision data with one reconstructed Z boson candidate
with the transverse momentum pT > 30 GeV=c are analyzed. The Z boson constrains the initial energy and
direction of the associated parton. In heavy ion events, azimuthal angular distributions of charged hadrons
with respect to the direction of a Z boson are sensitive to modifications of the in-medium parton shower
and medium response. compared to reference data from pp interactions, the results for central Pb-Pb
collisions indicate a modification of the angular correlations. The measurements of the fragmentation
functions and pT spectra of charged particles in Z boson events, which are sensitive to medium
modifications of the parton shower longitudinal structure, are also reported. Significant modifications in
central Pb-Pb events compared to the pp reference data are also found for these observables.
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In relativistic heavy ion collisions, quantum chromody-
namics (QCD) predicts that a state of deconfined quarks
and gluons, known as quark-gluon plasma (QGP), can be
formed [1,2]. Parton scatterings with large momentum
transfer, which occur very early in the collision compared
to the timescale of QGP formation, can act as tomographic
probes of the plasma [3]. The outgoing partons interact
strongly with the QGP and lose energy [4,5], resulting in
showers with more particles of lower energy. This phe-
nomenon, known as “jet quenching,” has been observed
through measurements of hadrons with high transverse
momentum with respect to the beam direction (pT) [6–11]
and of jets [12–20], both created by the fragmentation of
energetic partons.
This Letter presents the measurement of charged hadrons

from the shower of a parton (quark or gluon) produced in
association with a Z boson in lead-lead nuclei (Pb-Pb) and
proton-proton (pp) collisions. Both Pb-Pb and pp data sets
are collected at a nucleon-nucleon center-of-mass energyffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV and correspond to integrated luminos-
ities of 1.7 nb−1 and 320 pb−1, respectively. The advantage
[21–23] of measuring jets produced in the same hard
scattering with an electroweak boson (e.g., photon, Z or

W bosons) arises because these do not interact strongly
with the QGP [24–27]. The initial direction and energy of
the associated parton that fragments into the jet, before any
medium-induced energy loss happens, is determined, in
the transverse plane, by the momentum of the electroweak
boson (the “tag”), on average (i.e., the kinematic balance of
the outgoing particles can be slightly distorted by processes
that happen even in the absence of a QGP). There are
several advantages to using a Z boson as a tag instead of a
photon: minimal contributions from other background
channels [23,28–30], absence of irreducible background
sources [25,31], and smaller uncertainties arising from
the experimental selection and identification of Z boson
candidates.
The goals of this measurement are the following: (i) to

study the medium modification of the hadron momentum
spectra coming from hard-scattered partons tagged by Z
bosons [23,32,33], (ii) to reveal possible angular decorre-
lations between the unmodified Z boson direction and the
charged hadrons because of pT broadening originating
from interactions of the parent parton with the medium
[34,35], and (iii) to study the possible effects of medium
recoil in the angular correlation functions between the
charged hadrons from the shower of a parton produced in
association with a Z boson [32,33,36]. This analysis
correlates Z bosons (reconstructed when decaying to pairs
of electrons or muons) and charged-particle tracks in the
relative azimuthal angle (ϕ). The Ntrk;Z=NZ, the number of
tracks normalized by the number of Z bosons, is measured
as a function of the difference between the ϕ angle of the
Z boson (ϕZ) and the angles (ϕtrk) of the other tracks
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reconstructed in the event, Δϕtrk;Z ¼ jϕtrk − ϕZj. This
Letter also presents measurements of the longitudinal
momentum distribution of Z-tagged jet constituents, i.e.,
the jet fragmentation variable ξtrk;ZT ¼ ln ½−j  pZ

T j2=ð  ptrk
T ·  pZ

TÞ�,
where  pZ

T and  ptrk
T are the pT vectors with respect to the

beam direction of the Z boson and charged-particle track,
respectively [29]. These results are distinct from previous ξ
measurements [37] in which the  pZ

T in the denominator is
replaced by the pT of a jet after it suffered medium-induced
energy loss. They are complementary to photon-tagged
measurements [38,39] (where effects were probed for
partons with higher initial pT) and to other Z-tagged
measurements [40] (where different pZ

T selections were
used to test the sensitivity of energy loss processes to
various initial pT of the partons).
The central feature of the CMS detector [41] is a

superconducting solenoid of 6 m internal diameter, provid-
ing 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. Hadron forward (HF) cal-
orimeters extend the pseudorapidity coverage up to
jηj ¼ 5.2. For Pb-Pb events, the HF signals are used to
determine the degree of overlap (“centrality”) of the two
colliding nuclei [18]. Muons are measured in gas-ionization
detectors located outside the solenoid.
The event samples are selected in real time with dedicated

lepton filters (“triggers”) [42], and offline by removing
noncollision events [11]. The Z → eþe− events are triggered
if one ECAL cluster has transverse energy greater than
20 GeV and jηj < 2.1, while the Z → μþμ− triggers require
one muon of pT > 12 GeV=c and jηj < 2.4 [42]. The
average pileup (the mean of the number of additional
collisions within the same bunch crossing) is 2 in pp, and
is negligible in Pb-Pb collisions. For Pb-Pb collisions, the
results are presented in four centrality intervals, 70%–90%,
50%–70%, 30%–50%, and 0%–30%. The centrality meas-
urement is based on percentiles of the distributions of the total
energy deposited in the HF calorimeters, which corresponds
to the fraction of the total inelastic hadronic cross section,
starting at 0% for the most central collisions [18].
The PYTHIA8.212 [43] Monte Carlo (MC) event generator

with the underlying event (UE) tune CP5 [44], and
MADGRAPH5_aMC@NLO8.212 [45] next-to-leading order
(NLO) program (interfaced with PYTHIA) are used to
simulate Z þ jet signal events. In the Pb-Pb case,
“embedded ” samples are created by overlapping PYTHIA

and MADGRAPH 5_aMC@NLO signal events with minimum
bias (MB) heavy ion events generated with the HYDJET1.9

MC event generator [46]. The generated embedded events
are propagated through the CMS apparatus using the
GEANT4 toolkit [47]. These MC samples are used to
evaluate reconstruction and selection efficiencies, calibra-
tions, and to study the background. All evaluations and
studies are carried separately for the pp and Pb-Pb data.

Electrons are identified as ECAL superclusters [48]
matched in position and energy to tracks reconstructed
in the tracker, using the particle-flow algorithm [49]. They
must have pT > 20 GeV=c, and their supercluster must be
within the acceptance of the trigger, jηj < 2.1. Muons are
selected by requiring reconstructed track segments in at
least two muon detector planes and a good-quality fit
when connecting them to tracker segments [50]. For both
pp and Pb-Pb data, the muons are required to have
pT > 20 GeV=c, and they must fall within the acceptance
of the muon detectors, jηj < 2.4.
The track reconstruction used in pp and Pb-Pb collisions

is described in Ref. [51]. Corrections for the tracking
efficiency, detector acceptance, and misreconstruction rate
are obtained following the procedure in Ref. [11].
Additional corrections are applied to account for a differ-
ence in tracking efficiency (∼1%), from a different particle
density, seen between HYDJET and embedded MADGRAPH

5_aMC@NLO samples. The selection criteria are the same as
in Ref. [11] for both the pp and Pb-Pb data.
The Z candidates are identified using an electron or

muon pair, with a reconstructed invariant mass in the
interval 60–120 GeV=c2 and pZ

T > 30 GeV=c. After all
selections, there are ∼5 K (23K) Z boson events in the
Pb-Pb (pp) data. Electron and muon pairs are corrected for
losses in acceptance and efficiency during reconstruction
and identification and trigger selections [48,50]. Each Z
candidate is paired with all tracks in the same event that
pass the ptrk

T > 1 GeV=c and jηtrkj < 2.4 selections. To
avoid including the tracks of the Z candidate decay
products, each track used in the correlations is required
to fall outside a cone radius [defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
]

of 0.02 (the smallest value for which no significant
contamination is observed) around the direction of a lepton
from the Z decay. Intermediate results, corrected for lepton
efficiencies only, are obtained separately for Z candidates
reconstructed from oppositely charged electron or muon
pairs. The residual (<3%) contamination from QCD jet
physics processes is estimated using same-charge lepton
pairs, whose distributions are subtracted from those of
opposite-charge leptons for each of the two decay channels.
Combinatorial background originating from tracks from

the UE in Pb-Pb collisions is subtracted to obtain the
correlation between the Z boson candidate and all tracks
coming from the shower of a parton produced in the same
nucleon-nucleon interaction. This background is estimated
from data with an event mixing procedure [38,52], where
the Z candidate is paired with tracks found in events chosen
randomly from an MB Pb-Pb dataset with similar event
characteristics (i.e., similar energy deposited in the HF, and
interaction vertex z position). Events are split into bins of
total HF calorimeter energy, EHF. To ensure that the Z
boson and MB events have the same size UE, an event with
a Z boson candidate and with EHF;Z is mixed with MB
events in the EHF bin containing events with HF energy
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equal to EHF;Z − hEHF;Z;ppi. The quantity hEHF;Z;ppi is the
average of EHF over events in the pp data selected such that
they contain a Z boson but no additional pp pileup. The bin
size is chosen such that it is narrow enough to have
“closure” during MC tests (i.e., an agreement between
generated charged particle yields from Z þ jet events, and
reconstructed track yields from background-subtracted
events). For the events within a given EHF bin, the variation
in the number of UE tracks before subtraction can be much
larger than the number of tracks after subtraction. In order
to reflect this statistical effect of the UE, the statistical
uncertainties of the Pb-Pb distributions are calculated using
the bootstrap method [53]. Dedicated tests based on control
samples in data show that the UE produced by a Z boson
process in a Pb-Pb collision is the same as in a pp collision,
within the statistical uncertainties of the present samples. It
was checked that the results obtained using information
only from the η < 0 or only from the η > 0 regions of the
HF calorimeters are consistent with the main result. The UE
subtraction procedure was validated by performing the
whole analysis on MC embedded samples. The results
obtained using the generated particles versus using the
reconstructed (after UE subtraction) particles were com-
pared, and any discrepancy was included in the systematic
uncertainties.
Several variations in the analysis are considered in order

to account for the uncertainties related to the tracking
efficiency and corrections, lepton efficiency and energy
scale, as well as pp pileup and Pb-Pb background sub-
traction. No significant differences are observed in the
results obtained with electron and muon pairs separately;
therefore, uncertainties are quoted after combining the two.
With the exception of the lepton energy scale and efficien-
cies, there are no assumed correlations between the pp
and Pb-Pb uncertainties. Unless noted otherwise, the
systematic uncertainties are evaluated as the differences
between the final results and results obtained with varied
settings. In the following, we list the variations considered,
and provide in the Supplemental Material [54] the numeri-
cal values for the average uncertainties corresponding to the
most extreme cases, i.e., the pp and most central 0%–30%
Pb-Pb collisions.
The uncertainty related to the tracking efficiency is

estimated as the difference in the track reconstruction
efficiency between data and simulation [11]. The uncer-
tainty related to the correction for the observed efficiency
difference between HYDJET and embedded MADGRAPH

5_aMC@NLO samples is obtained by comparing the correc-
tions obtained from MADGRAPH 5_aMC@NLO and PYTHIA

embedded samples. Lepton efficiencies are varied by the
uncertainty in their data-to-MC differences obtained using
the “tag-and-probe” method [55]. To assess the uncertainty
related to the lepton energy scale corrections, the pT of
leptons is shifted by their energy correction uncertainties.
No corrections are applied to remove the residual pileup

effects in pp data. Nominal distributions (no requirement
on pileup) are compared to those from events without
pileup, i.e., events with only one interaction vertex. The
uncertainty in the event-mixing procedure is obtained by
repeating the procedure after shifting the hEHF;Z;ppi by 5%,
the maximum difference in the HF response between the
Pb-Pb and pp data-taking periods. Because the difference
in the HF response between the beginning and end of the
Pb-Pb run was found to be negligible (<1%), no additional
uncertainty was assigned.
Three theoretical calculations are compared to the

results; they use the same kinematic selection as data
and incorporate the phenomenon of jet quenching, and
differ just in their treatment of the medium response to the
passing parton: SCETG [33,56,57], which does not con-
sider any medium response to jet propagation; Hybrid
[35,36], which considers the effects of a “wake,” induced
by the jet as it passes through and interacts with the QCD
medium; and CoLBT [32,58] in which the quenched jet
energy feeds into the hydrodynamic evolution.
Figure 1 shows 1=NZdNtrk;Z=dΔϕtrk;Z, i.e., the distribu-

tions of the ϕ angle difference between charged particles
and Z bosons, normalized by the number of Z bosons in
each dataset (and for the Pb-Pb case, in each centrality
interval). This type of angular correlation function could
reveal medium-induced modification of the away-side
(Δϕtrk;Z ∼ π) jet constituents, and effects of the medium
response (i.e., modification of the medium induced by the
jet traversing through), over all Δϕtrk;Z. Different pairs of
datasets were compared using χ2 tests. With a p value
cutoff of 0.05, the tests show that the 0–30% Pb-Pb
distribution is compatible (i.e., statistically indistinguish-
able) with all datasets except the most peripheral one. In
turn, the pp distribution is found to be compatible only
with the 70%–90% PbPb dataset. The distributions in both
pp and Pb-Pb collisions are peaked atΔϕtrk;Z ∼ π, which is
the signature of an away-side jet emitted back-to-back with
the Z boson. None of the Pb-Pb or pp distributions reach
zero even in the Δϕtrk;Z ∼ 0 region, around the tag Z boson,
in its direction of propagation. This happens even if (i) the
random combinations from UE (between the Z candidates
and tracks produced in nucleon-nucleon interactions that
are independent of the Z þ jet process) have been removed
using the event-mixing procedure, (ii) the Z boson does
not interact strongly with the medium in Pb-Pb collisions
while traversing it, and (iii) it is not produced during the
fragmentation of a parton in Pb-Pb or pp collisions
(processes that could create more particles in the direction
of propagation of the Z boson).
The difference in the number of associated particles,

between the Pb-Pb and pp results, is also shown in Fig. 1.
A χ2 test was done to assess the hypothesis that the excess
observed isΔϕtrk;Z-dependent: with the current precision of
the measurement this hypothesis is rejected at the 95%
confidence level (i.e., the data are consistent with an
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increase of the yield that is independent of Δϕtrk;Z). The
excess observed in all bins except the most peripheral (i.e.,
the most pp-like) could be caused by medium response,
where the traversing jet excites the medium around it.
Another possible contribution to the excess could be
medium modifications of partons originating from the
same nucleon-nucleon collision as the Z þ jet process,
but from a different parton-parton interaction, and which
would add a flat contribution over the entire Δϕtrk;Z range
[58]. The comparison with the CoLBTand the Hybrid (with
and without wake) models supports these scenarios,
although the Hybrid model fails to reproduce the magni-
tude of the difference between pp and Pb-Pb collisions, in
particular in the Δϕtrk;Z ∼ 0 region.
The fragmentation function of the parton emitted

back-to-back with the Z boson is studied via the
1=NZdNtrk;Z=dξ

trk;Z
T distributions, shown in Fig. 2. For

these results (as well as for those shown in Fig. 1 in the
Supplemental Material, tracks are required to satisfy
Δϕtrk;Z > 7π=8. Because the interest is in the shape
dissimilarities, the ratios of the pp and Pb-Pb distributions
are presented. All distributions are normalized by the
number of Z candidates found in each dataset.
In Fig. 2, the low and high ξtrk;ZT regions (i.e., below and

above ∼3) correspond to high- and low-pT particles (or
lower- and higher-pZ

T), respectively. For instance, for
pZ
T ∼ 30ð60Þ GeV=c, the high-ξtrk;ZT region corresponds

to ∼1.5ð3Þ GeV=c. No significant modification is observed

in the 70%–90% Pb-Pb collisions compared to the pp data.
In central collisions, charged particles are suppressed in the
<3 (high-energy particles) interval, and enhanced in the
>3 interval. These features are consistent with a scenario in
which the initial parton loses energy (i.e., jet quenching)
and the medium induces modification of the parton shower.
The enhancement is also consistent with a picture in which
additional low-energy particles are produced from the
recoil of the medium caused by the traversing parton.
To confirm the onset of medium-induced effects and

further help pinpoint the transition point in momentum
space for different parton-medium interactions, a compari-
son of the per-Z-boson associated yields in Pb-Pb and pp
collisions (1=NzdNtrk;Z=d) is needed. Figure 1 in the
Supplemental Material shows such a comparison, together
with the ratio of the Pb-Pb and pp distributions. In the most
peripheral event class, there is no significant modification
of the charged-particle pT spectrum in Pb-Pb collisions. In
central events and at high (>2–5 GeV=c), the particle
production is suppressed in Pb-Pb compared to the pp
reference data. At the same time, at low (1–2 GeV=c), an
enhancement is observed consistent with the one seen in the
Δϕtrk;Z results. Modifications of the ξtrk;ZT and ptrk;Z

T dis-
tributions are the largest in the 0%–30% centrality interval,
indicating the strongest medium effects. Qualitatively
similar observations were reported in photon- [38,39]
and Z-tagged [40] measurements.
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The medium response is not expected to play an
important role for the high-ptrk;Z

T and low-ξtrk;ZT regions,
as is illustrated in the Hybrid model, where calculations
with and without wake are indistinguishable. In this region,
there is good agreement between the data and the SCETG
and the Hybrid calculations. At low- and high-, the increase
in the charged particle yield can only be reproduced if a
feedback from the medium is considered. In these regions,
both the Hybrid with wake and CoLBT models capture the
general features seen in data, including the expected
weakening of medium effects at higher pT values from
0%–30% to 30%–50% Pb-Pb event centralities.
In summary, the measurements of charged hadrons

produced in the shower of a parton originating in the same
hard scattering with a Z boson, are reported in lead-lead
nuclei (Pb-Pb) and proton-proton (pp) collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Collision data with a Z boson candi-
date with transverse momentum pT > 30 GeV=c are ana-
lyzed. The Z-tagged fragmentation functions and spectra,
which probe the longitudinal structure of the parton shower
inside the medium, are measured, and significant modifi-
cations are observed. Particle yields, which are sensitive to
modification of the in-medium parton shower and medium
recoils, are measured for all charged particles as a function
of the azimuthal angle (ϕ) with respect to the Z boson
momentum vector. Comparison of the Pb-Pb and pp results
indicates a modification of the angular correlation functions
extending to ϕ angles close to the Z boson in central Pb-Pb
events. The data favor theoretical models that include the

response of the medium to the traversing parton in addition
to energy loss. These results represent the first studies of
parton-medium interactions over all ϕ angles, in which the
initial state of the scattered parton is known before it enters
the medium.
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S. K. Pflitsch,44 D. Pitzl,44 A. Raspereza,44 A. Saggio,44 A. Saibel,44 M. Savitskyi,44 V. Scheurer,44 P. Schütze,44

C. Schwanenberger,44 A. Singh,44 R. E. Sosa Ricardo,44 N. Tonon,44 O. Turkot,44 A. Vagnerini,44 M. Van De Klundert,44

R. Walsh,44 D. Walter,44 Y. Wen,44 K. Wichmann,44 C. Wissing,44 S. Wuchterl,44 O. Zenaiev,44 R. Zlebcik,44 R. Aggleton,45

S. Bein,45 L. Benato,45 A. Benecke,45 K. De Leo,45 T. Dreyer,45 A. Ebrahimi,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 A. Karavdina,45 G. Kasieczka,45 R. Klanner,45

R. Kogler,45 V. Kutzner,45 J. Lange,45 T. Lange,45 A. Malara,45 C. E. N. Niemeyer,45 A. Nigamova,45 K. J. Pena Rodriguez,45

O. Rieger,45 P. Schleper,45 S. Schumann,45 J. Schwandt,45 D. Schwarz,45 J. Sonneveld,45 H. Stadie,45 G. Steinbrück,45

B. Vormwald,45 I. Zoi,45 M. Baselga,46 S. Baur,46 J. Bechtel,46 T. Berger,46 E. Butz,46 R. Caspart,46 T. Chwalek,46

W. De Boer,46 A. Dierlamm,46 A. Droll,46 K. El Morabit,46 N. Faltermann,46 K. Flöh,46 M. Giffels,46 A. Gottmann,46

F. Hartmann,46,s C. Heidecker,46 U. Husemann,46 M. A. Iqbal,46 I. Katkov,46,x P. Keicher,46 R. Koppenhöfer,46 S. Maier,46

M. Metzler,46 S. Mitra,46 D. Müller,46 Th. Müller,46 M. Musich,46 G. Quast,46 K. Rabbertz,46 J. Rauser,46 D. Savoiu,46

D. Schäfer,46 M. Schnepf,46 M. Schröder,46 D. Seith,46 I. Shvetsov,46 H. J. Simonis,46 R. Ulrich,46 M. Wassmer,46

M. Weber,46 R. Wolf,46 S. Wozniewski,46 G. Anagnostou,47 P. Asenov,47 G. Daskalakis,47 T. Geralis,47 A. Kyriakis,47

D. Loukas,47 G. Paspalaki,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

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 S. Mallios,50 K. Manitara,50 N. Manthos,50

I. Papadopoulos,50 J. Strologas,50 M. Bartók,51,y R. Chudasama,51 M. Csanad,51 M.M. A. Gadallah,51,z S. Lökös,51,aa

P. Major,51 K. Mandal,51 A. Mehta,51 G. Pasztor,51 O. Surányi,51 G. I. Veres,51 G. Bencze,52 C. Hajdu,52 D. Horvath,52,bb

F. Sikler,52 V. Veszpremi,52 G. Vesztergombi,52,a,aa S. Czellar,53 J. Karancsi,53,y J. Molnar,53 Z. Szillasi,53 D. Teyssier,53

P. Raics,54 Z. L. Trocsanyi,54 G. Zilizi,54 T. Csorgo,55 F. Nemes,55 T. Novak,55 S. Choudhury,56 J. R. Komaragiri,56

D. Kumar,56 L. Panwar,56 P. C. Tiwari,56 S. Bahinipati,57,cc D. Dash,57 C. Kar,57 P. Mal,57 T. Mishra,57

V. K. Muraleedharan Nair Bindhu,57 A. Nayak,57,dd D. K. Sahoo,57,cc N. Sur,57 S. K. Swain,57 S. Bansal,58 S. B. Beri,58

V. Bhatnagar,58 S. Chauhan,58 N. Dhingra,58,ee R. Gupta,58 A. Kaur,58 S. Kaur,58 P. Kumari,58 M. Lohan,58 M. Meena,58

K. Sandeep,58 S. Sharma,58 J. B. Singh,58 A. K. Virdi,58 A. Ahmed,59 A. Bhardwaj,59 B. C. Choudhary,59 R. B. Garg,59

M. Gola,59 S. Keshri,59 A. Kumar,59 M. Naimuddin,59 P. Priyanka,59 K. Ranjan,59 A. Shah,59 M. Bharti,60,ff

R. Bhattacharya,60 S. Bhattacharya,60 D. Bhowmik,60 S. Dutta,60 S. Ghosh,60 B. Gomber,60,gg M. Maity,60,hh S. Nandan,60

P. Palit,60 A. Purohit,60 P. K. Rout,60 G. Saha,60 S. Sarkar,60 M. Sharan,60 B. Singh,60,ff S. Thakur,60,ff 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. Kumar,62 K. Naskar,62,ii P. K. Netrakanti,62 L. M. Pant,62 P. Shukla,62 T. Aziz,63 M. A. Bhat,63 S. Dugad,63

R. Kumar Verma,63 U. Sarkar,63 S. Banerjee,64 S. Bhattacharya,64 S. Chatterjee,64 M. Guchait,64 S. Karmakar,64 S. Kumar,64

G. Majumder,64 K. Mazumdar,64 S. Mukherjee,64 D. Roy,64 N. Sahoo,64 S. Dube,65 B. Kansal,65 A. Kapoor,65 K. Kothekar,65

S. Pandey,65 A. Rane,65 A. Rastogi,65 S. Sharma,65 H. Bakhshiansohi,66,jj S. Chenarani,67,kk S. M. Etesami,67 M. Khakzad,67

M. Mohammadi Najafabadi,67 M. Felcini,68 M. Grunewald,68 M. Abbrescia,69a,69b R. Aly,69a,69b,ll 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. 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,70b S. Braibant-Giacomelli,70a,70b

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 E. Fontanesi,70a,70b P. Giacomelli,70a L. Giommi,70a,70b C. Grandi,70a

L. Guiducci,70a,70b F. Iemmi,70a,70b S. Lo Meo,70a,mm 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 N. Tosi,70a S. Albergo,71a,71b,nn S. Costa,71a,71b,nn

A. Di Mattia,71a R. Potenza,71a,71b A. Tricomi,71a,71b,nn 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 F. Fiori,72a 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 A. Beschi,75a,75b

F. Brivio,75a,75b F. Cetorelli,75a,75b V. Ciriolo,75a,75b,s F. De Guio,75a,75b M. E. Dinardo,75a,75b P. Dini,75a S. Gennai,75a

PHYSICAL REVIEW LETTERS 128, 122301 (2022)

122301-9



A. Ghezzi,75a,75b P. Govoni,75a,75b L. Guzzi,75a,75b M. Malberti,75a S. Malvezzi,75a D. Menasce,75a F. Monti,75a,75b

L. Moroni,75a M. Paganoni,75a,75b D. Pedrini,75a S. Ragazzi,75a,75b T. Tabarelli de Fatis,75a,75b D. Valsecchi,75a,75b,s

D. Zuolo,75a,75b S. Buontempo,76a N. Cavallo,76a,76c A. De Iorio,76a,76b F. Fabozzi,76a,76c F. Fienga,76a A. O. M. Iorio,76a,76b

L. Layer,76a,76b L. Lista,76a,76b S. Meola,76a,76d,s P. Paolucci,76a,s B. Rossi,76a C. Sciacca,76a,76b E. Voevodina,76a,76b P. Azzi,77a

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

P. De Castro Manzano,77a T. Dorigo,77a F. Gasparini,77a,77b U. Gasparini,77a,77b S. Y. Hoh,77a,77b M. Margoni,77a,77b

A. T. Meneguzzo,77a,77b M. Presilla,77a,77b P. Ronchese,77a,77b R. Rossin,77a,77b F. Simonetto,77a,77b G. Strong,77a A. Tiko,77a

M. Tosi,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 M. Ressegotti,78a,78b C. Riccardi,78a,78b

P. Salvini,78a I. Vai,78a P. Vitulo,78a,78b M. Biasini,79a,79b G. M. Bilei,79a D. Ciangottini,79a,79b L. Fanò,79a,79b P. Lariccia,79a,79b

G. Mantovani,79a,79b V. Mariani,79a,79b M. Menichelli,79a F. Moscatelli,79a A. Rossi,79a,79b A. Santocchia,79a,79b D. Spiga,79a

T. Tedeschi,79a,79b K. Androsov,80a P. Azzurri,80a G. Bagliesi,80a V. Bertacchi,80a,80c L. Bianchini,80a T. Boccali,80a

R. Castaldi,80a M. A. Ciocci,80a,80b R. Dell’Orso,80a M. R. Di Domenico,80a,80d S. Donato,80a L. Giannini,80a,80c A. Giassi,80a

M. T. Grippo,80a F. Ligabue,80a,80c E. Manca,80a,80c G. Mandorli,80a,80c A. Messineo,80a,80b F. Palla,80a

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 F. Cavallari,81a

M. Cipriani,81a,81b 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,81b

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 C. Biino,82a A. Cappati,82a,82b 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

V. Monaco,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 R. Salvatico,82a,82b F. Siviero,82a,82b V. Sola,82a A. Solano,82a,82b

D. Soldi,82a,82b A. Staiano,82a D. Trocino,82a,82b S. Belforte,83a V. Candelise,83a,83b M. Casarsa,83a F. Cossutti,83a

A. Da Rold,83a,83b G. Della Ricca,83a,83b F. Vazzoler,83a,83b S. Dogra,84 C. Huh,84 B. Kim,84 D. H. Kim,84 G. N. 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 S. Ha,87 B. Hong,87 K. Lee,87 K. S. Lee,87

J. Lim,87 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 K. Lee,90 S. Lee,90 K. Nam,90 B. H. Oh,90 M. Oh,90 S. B. Oh,90

H. Seo,90 U. K. Yang,90 I. Yoon,90 D. Jeon,91 J. H. Kim,91 B. Ko,91 J. S. H. Lee,91 I. C. Park,91 Y. Roh,91 D. Song,91

I. J. Watson,91 H. D. Yoo,92 Y. Choi,93 C. Hwang,93 Y. Jeong,93 H. Lee,93 Y. Lee,93 I. Yu,93 Y. Maghrbi,94 V. Veckalns,95,oo

A. Juodagalvis,96 A. Rinkevicius,96 G. Tamulaitis,96 W. A. T. Wan Abdullah,97 M. N. Yusli,97 Z. Zolkapli,97 J. F. Benitez,98

A. Castaneda Hernandez,98 J. A. Murillo Quijada,98 L. Valencia Palomo,98 H. Castilla-Valdez,99 E. De La Cruz-Burelo,99

I. Heredia-De La Cruz,99,pp R. Lopez-Fernandez,99 A. Sanchez-Hernandez,99 S. Carrillo Moreno,100 C. Oropeza Barrera,100

M. Ramirez-Garcia,100 F. Vazquez Valencia,100 J. Eysermans,101 I. Pedraza,101 H. A. Salazar Ibarguen,101

C. Uribe Estrada,101 A. Morelos Pineda,102 J. Mijuskovic,103,e N. Raicevic,103 D. Krofcheck,104 S. Bheesette,105

P. H. Butler,105 A. Ahmad,106 M. I. Asghar,106 M. I. M. Awan,106 H. R. Hoorani,106 W. A. Khan,106 M. A. Shah,106

M. Shoaib,106 M. Waqas,106 V. Avati,107 L. Grzanka,107 M. Malawski,107 H. Bialkowska,108 M. Bluj,108 B. Boimska,108

T. Frueboes,108 M. Górski,108 M. Kazana,108 M. Szleper,108 P. Traczyk,108 P. Zalewski,108 K. Bunkowski,109 A. Byszuk,109,qq

K. Doroba,109 A. Kalinowski,109 M. Konecki,109 J. Krolikowski,109 M. Olszewski,109 M. Walczak,109 M. Araujo,110

P. Bargassa,110 D. Bastos,110 P. Faccioli,110 M. Gallinaro,110 J. Hollar,110 N. Leonardo,110 T. Niknejad,110 J. Seixas,110

K. Shchelina,110 O. Toldaiev,110 J. Varela,110 S. Afanasiev,111 P. Bunin,111 M. Gavrilenko,111 I. Golutvin,111 I. Gorbunov,111

A. Kamenev,111 V. Karjavine,111 A. Lanev,111 A. Malakhov,111 V. Matveev,111,rr,ss P. Moisenz,111 V. Palichik,111

V. Perelygin,111 M. Savina,111 V. Shalaev,111 S. Shmatov,111 S. Shulha,111 V. Smirnov,111 O. Teryaev,111 N. Voytishin,111

B. S. Yuldashev,111,tt A. Zarubin,111 I. Zhizhin,111 G. Gavrilov,112 V. Golovtcov,112 Y. Ivanov,112 V. Kim,112,uu

E. Kuznetsova,112,vv V. Murzin,112 V. Oreshkin,112 I. Smirnov,112 D. Sosnov,112 V. Sulimov,112 L. Uvarov,112 S. Volkov,112

A. Vorobyev,112 Yu. Andreev,113 A. Dermenev,113 S. Gninenko,113 N. Golubev,113 A. Karneyeu,113 M. Kirsanov,113

N. Krasnikov,113 A. Pashenkov,113 G. Pivovarov,113 D. Tlisov,113,a A. Toropin,113 V. Epshteyn,114 V. Gavrilov,114

N. Lychkovskaya,114 A. Nikitenko,114,ww V. Popov,114 G. Safronov,114 A. Spiridonov,114 A. Stepennov,114 M. Toms,114

PHYSICAL REVIEW LETTERS 128, 122301 (2022)

122301-10



E. Vlasov,114 A. Zhokin,114 T. Aushev,115 R. Chistov,116,xx M. Danilov,116,yy A. Oskin,116 P. Parygin,116 S. Polikarpov,116,xx

V. Andreev,117 M. Azarkin,117 I. Dremin,117 M. Kirakosyan,117 A. Terkulov,117 A. Belyaev,118 E. Boos,118 A. Ershov,118

A. Gribushin,118 A. Kaminskiy,118,zz O. Kodolova,118 V. Korotkikh,118 I. Lokhtin,118 S. Obraztsov,118 S. Petrushanko,118

V. Savrin,118 A. Snigirev,118 I. Vardanyan,118 V. Blinov,119,aaa T. Dimova,119,aaa L. Kardapoltsev,119,aaa I. Ovtin,119,aaa

Y. Skovpen,119,aaa I. Azhgirey,120 I. Bayshev,120 V. Kachanov,120 A. Kalinin,120 D. Konstantinov,120 V. Petrov,120

R. Ryutin,120 A. Sobol,120 S. Troshin,120 N. Tyurin,120 A. Uzunian,120 A. Volkov,120 A. Babaev,121 A. Iuzhakov,121

V. Okhotnikov,121 L. Sukhikh,121 V. Borchsh,122 V. Ivanchenko,122 E. Tcherniaev,122 P. Adzic,123,bbb P. Cirkovic,123

M. Dordevic,123 P. Milenovic,123 J. Milosevic,123 M. Aguilar-Benitez,124 J. Alcaraz Maestre,124 A. Álvarez Fernández,124

I. Bachiller,124 M. Barrio Luna,124 Cristina F. Bedoya,124 J. A. Brochero Cifuentes,124 C. A. Carrillo Montoya,124

M. Cepeda,124 M. Cerrada,124 N. Colino,124 B. De La Cruz,124 A. Delgado Peris,124 J. P. Fernández Ramos,124 J. Flix,124

M. C. Fouz,124 A. García Alonso,124 O. Gonzalez Lopez,124 S. Goy Lopez,124 J. M. Hernandez,124 M. I. Josa,124
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81bSapienza Università di Roma, Rome, Italy

82aINFN Sezione di Torino, Torino, Italy
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83bUniversità di Trieste, Trieste, Italy

PHYSICAL REVIEW LETTERS 128, 122301 (2022)

122301-15



84Kyungpook National University, Daegu, Korea
85Chonnam National University, Institute for Universe and Elementary Particles, Kwangju, Korea

86Hanyang University, Seoul, Korea
87Korea University, Seoul, Korea

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

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

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

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

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

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

101Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
102Universidad Autónoma de San Luis Potosí, San Luis Potosí, Mexico

103University of Montenegro, Podgorica, Montenegro
104University of Auckland, Auckland, New Zealand

105University of Canterbury, Christchurch, New Zealand
106National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan

107AGH University of Science and Technology Faculty of Computer Science, Electronics and Telecommunications,
Krakow, Poland

108National Centre for Nuclear Research, Swierk, Poland
109Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland

110Laboratório de Instrumentação e Física Experimental de Partículas, Lisboa, Portugal
111Joint Institute for Nuclear Research, Dubna, Russia

112Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia
113Institute for Nuclear Research, Moscow, Russia

114Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of NRC ‘Kurchatov Institute’, Moscow, Russia
115Moscow Institute of Physics and Technology, Moscow, Russia

116National Research Nuclear University ’Moscow Engineering Physics Institute’ (MEPhI), Moscow, Russia
117P.N. Lebedev Physical Institute, Moscow, Russia

118Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia
119Novosibirsk State University (NSU), Novosibirsk, Russia

120Institute for High Energy Physics of National Research Centre ‘Kurchatov Institute’, Protvino, Russia
121National Research Tomsk Polytechnic University, Tomsk, Russia

122Tomsk State University, Tomsk, Russia
123University of Belgrade: Faculty of Physics and VINCA Institute of Nuclear Sciences, Belgrade, Serbia
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