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The first observation of the concurrent production of two J=ψ mesons in proton-nucleus collisions
is presented. The analysis is based on a proton-lead (pPb) data sample recorded at a nucleon-nucleon
center-of-mass energy of 8.16 TeV by the CMS experiment at the CERN LHC and corresponding
to an integrated luminosity of 174.6 nb−1. The two J=ψ mesons are reconstructed in their μþμ− decay
channels with transverse momenta pT > 6.5 GeV and rapidity jyj < 2.4. Events where one of the J=ψ
mesons is reconstructed in the dielectron channel are also considered in the search. The pPb →
J=ψJ=ψ þ X process is observed with a significance of 5.3 standard deviations. The measured
inclusive fiducial cross section, using the four-muon channel alone, is σðpPb → J=ψJ=ψ þ XÞ ¼
22.0% 8.9ðstatÞ % 1.5ðsystÞ nb. A fit of the data to the expected rapidity separation for pairs of J=ψ

mesons produced in single (SPS) and double (DPS) parton scatterings yields σpPb→J=ψJ=ψþX
SPS ¼ 16.5%

10.8ðstatÞ % 0.1ðsystÞ nb and σpPb→J=ψJ=ψþX
DPS ¼ 5.4% 6.2ðstatÞ % 0.4ðsystÞ nb, respectively. This

latter result can be transformed into a lower bound on the effective DPS cross section, closely
related to the squared average interparton transverse separation in the collision, of σeff > 1.0 mb at
95% confidence level.

DOI: 10.1103/PhysRevD.110.092002

I. INTRODUCTION

High-energy collisions of protons and nuclei at the
CERN LHC are characterized by multiple interactions of
their underlying partonic constituents (quarks and gluons).
Such multiple parton interactions can lead to the simulta-
neous production of several particles with values of trans-
verse momentum and/or mass above a few GeV, much
larger than the typical nonperturbativeOð0.2 GeVÞ scale of
quantum chromodynamics (QCD). Research on multipar-
ton interactions has attracted an increasing interest at
hadron colliders as a means to probe the generalized parton
densities of the proton, to determine the unknown energy
evolution of the partonic transverse profile of the proton,
and to study the role of partonic correlations (in position
and momentum phase space, as well as in flavor, color, and
spin quantum numbers) in the hadronic wave functions
[1,2]. A good understanding of multiple hard scatterings of
partons is also crucial to describe the continuum back-
grounds in studies of rare standard model resonance

decays, as well as in searches for new physics, in final
states where various heavy particles are produced [3–5].
Following a purely geometric approach, i.e., ignoring

any parton correlations, the probability to produce n high-
pT particles in a given hadron-hadron collision is propor-
tional to the nth product of the probabilities to independ-
ently produce each of them [6]. Thus, the probability to
produce two high-pT particles in a double parton scattering
(DPS) would scale with the square of the corresponding
single parton scattering (SPS) probabilities. The occurrence
of DPS processes is therefore more likely for final states
with large SPS cross sections, as is the case for quarkonium
mesons compared to rarer heavy particles such as electro-
weak bosons [7]. Under this approximation, the cross
section to produce two charmonium mesons, ψ1 and ψ2,
via DPS in a proton-proton (pp) collision can be expressed
as the product of the SPS cross sections for the production
of each individual meson (calculated using perturbative
QCD or directly measured using collision data) normalized
by an effective cross section (σeff ) to ensure the proper units
of the ratio,

σpp→ψ1ψ2þX
DPS ¼

"
m
2

#
σpp→ψ1þX
SPS σpp→ψ2þX

SPS

σeff
: ð1Þ

Here,m is a combinatorial factor to avoid double counting
the same process, m ¼ 1ð2Þ if ψ1 ¼ ψ2 (ψ1 ≠ ψ2). In a
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purely geometric approach, the σeff value can be deter-
mined via

σeff ¼
$Z

d2bT2ðbÞ
%−1

; ð2Þ

where TðbÞ is the pp transverse overlap function at the
vector impact parameter b of the collision [6]. In terms of
the transverse parton density of the proton, ρðbÞ, the
overlap function is given by TðbÞ¼

R
ρðb1Þρðb1−bÞd2b1,

and the σeff parameter can be interpreted as the squared
average interparton distance in the pp collision where the
two hard scatterings take place. Thus, a smaller value of σeff
implies larger DPS yields. For the typical proton transverse
density profiles implemented in common Monte Carlo
(MC) event generators used at collider energies, e.g.,
PYTHIA [8] or Herwig++ [9], σeff ≈ 20–30 mb. These values
are about a factor of 2 larger than those experimentally
derived via Eq. (1) for a variety of different pairs of
particles measured at the Tevatron and the LHC [2].
This discrepancy points to the presence of various types
of parton correlations in the proton [10] not accounted for
in the purely geometrical approach, as represented in
Eq. (2). In addition, the experimentally extracted values
of σeff seemingly depend on the particular final state under
consideration, with multiquarkonium production processes
yielding lower values, σeff ≈ 5–10 mb from J=ψJ=ψ [11–
15], J=ψJ=ψJ=ψ [16], J=ψϒ [17], and ϒϒ [4,18] studies,
than the σeff ≈ 15 mb obtained from final states involving
pairs of high-pT jets and/or electroweak bosons [19–26].
Such process-dependent σeff determinations appear con-
sistent with flavor-dependent correlations that follow the
different quark or gluon densities in the parton distribution
functions (PDFs) probed at varying values of the momen-
tum fraction by each scattering [27].
To advance understanding of multiple hard scatterings, it

has been suggested to study DPS processes in proton-
nucleus (pA) collisions [28–30] in which the large trans-
verse parton density of the nucleus significantly enhances

the DPS contributions compared to the pp case.
Measurements of DPS processes in pA collisions have
also been proposed as a means to shed light on the impact-
parameter dependence of nuclear PDFs (nPDFs) [31]. For
pPb collisions, the equivalent of Eq. (1) for the inclusive
production of two J=ψ mesons is

σpPb→J=ψJ=ψþX
DPS ¼

"
1

2

#
σpPb→J=ψþX
SPS σpPb→J=ψþX

SPS

σeff;pPb
; ð3Þ

where the effective pPb cross section in the denominator
accounts now for two possible DPS contributions coming
from collisions of partons of the “projectile” proton with
partons of one or two nucleons of the “target” lead ion
(center and right diagrams of Fig. 1, respectively). Under
the same assumptions of factorization of hard-scattering
probabilities that lead to Eq. (2) in the pp case, the value of
σeff;pPb can be connected to that of σeff through the
relationship [6,30]

σeff;pPb ¼
Aσeff

1þ σeffFpPb=A
; ð4Þ

where A ¼ 208 is the Pb mass number, and the quantity
FpPb ¼ ðA − 1Þ=A

R
d2bT2ðbÞ ≈ A1=3=14π mb−1, simi-

larly to Eq. (2), is the integral over impact parameter of
the squared pPb transverse profile, which can be deter-
mined through a Glauber MC model [32]. In this approxi-
mation, the value of σeff;pPb is expected to be about half the
total hadronic pPb cross section that amounts to σpPb ≈ 2 b
at the LHC [33,34]. Using Eq. (4), measurements of the
DPS cross sections in pPb collisions can therefore provide
alternative extractions of the σeff parameter, independently
of pp data. Such studies with pPb collisions extend the
physics reach of the heavy ion program at the LHC [35].
A first study of DPS in pPb collisions was carried

out by the LHCb experiment through measurements of the
simultaneous production of different pairs of charmed
hadrons at nucleon-nucleon center-of-mass energy

FIG. 1. Representative diagrams of SPS (left) and DPS (center and right) contributions to the production of two J=ψ mesons in
pPb collisions.
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p ¼ 8.16 TeV [36]. This paper reports the measure-
ment of the concurrent production of two J=ψ vector
mesons in pPb collisions at the same center-of-mass
energy. This process has not been previously observed
and is of interest to clarify the SPS production of multiple
quarkonium states [7,37], to improve our understanding
of DPS processes [6,10], as well as to study nPDF
properties [31]. The generic types of partonic scatterings
contributing to prompt J=ψJ=ψ þ X production are
schematically shown in Fig. 1. In SPS processes (Fig. 1,
left), the two vector mesons are produced by a single
pair of interacting partons, whereas two different pairs of
partons produce the final J=ψJ=ψ þ X state in DPS (Fig. 1,
center and right). The relatively high mass (mJ=ψ ¼
3.1GeV), combined with the experimental requirement
of pT

J=ψ > 6.5 GeV, ensure that both charmonium mesons
are produced in hard partonic scatterings with virtualities

above Q ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

J=ψ þ p2
T

q
≈ 7 GeV, which can be well

described theoretically with perturbative calculations
based, e.g., on the nonrelativistic QCD approach [38].
This analysis studies DPS in double charmonium pro-

duction in pPb collisions at the LHC, following an
approach similar to that used in the triple-J=ψ observation
in pp collisions [16]. Exploiting the pPb data sample
collected at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV in 2016, we measure the
fiducial cross section for the rare final state of interest. The
J=ψJ=ψ þ X cross section is measured in the fiducial
volume of the detector, defined in Table I, correcting for
experimental inefficiencies. There is no extrapolation of the
cross section for the final state beyond the fiducial
acceptance, thus avoiding potential systematic uncertainties
coming, e.g., from the polarization of the J=ψ mesons. The
tabulated results of this study are provided in a HEPData
record [39].

II. THE CMS DETECTOR AND DATA SELECTION

The CMS apparatus [40] is a multipurpose, nearly
hermetic detector, designed to trigger on [41,42] and
identify electrons, muons, photons, and charged and neutral
hadrons [43–45]. A global “particle-flow” algorithm [46]
aims to reconstruct all individual particles in an event,

combining information 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 the gas-ioniza-
tion muon detectors embedded in the flux-return yoke
outside the solenoid. The silicon tracker measures charged
particles within the pseudorapidity range jηj < 2.5. During
the LHC running period when the data used in this article
were recorded, the silicon tracker consisted of 1440 silicon
pixel and 15 148 silicon strip detector modules. For non-
isolated particles of 1 < pT < 10 GeV and jηj < 1.4, the
track resolutions are typically 1.5% in pT and 25–90
ð45–150Þ μm in the transverse (longitudinal) impact
parameter [45]. The electromagnetic calorimeter (ECAL)
consists of 75 848 lead tungstate crystals, which provide
coverage in pseudorapidity jηj < 1.48 in a barrel region and
1.48 < jηj < 3.0 in two end cap regions. Muons are mea-
sured in the pseudorapidity range jηj < 2.4, with detection
planes made using three technologies: drift tubes, cathode
strip chambers, and resistive plate chambers. The forward
hadron (HF) calorimeter extends the pseudorapidity cover-
age provided by the barrel and end cap detectors, and uses
steel as an absorber and quartz fibers as the sensitive
material. The two halves of the HF are located 11.2 m from
the interaction region, one on each end, and together they
provide coverage in the range 3.0 < jηj < 5.2. They also
serve as luminositymonitors. Amore detailed description of
the CMS detector, together with a definition of the coor-
dinate system used and the relevant kinematic variables, can
be found in Ref. [40].
Events are filtered using a two-tiered trigger system [42].

The first level, composed of custom hardware processors,
uses information from the calorimeters and muon detectors
[41]. 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 processing,
and reduces the event rate to around 1 kHz before data
storage [42].
The events are collected with a trigger requiring two

muon candidates found in the muon detectors at level-1. In
order to maximize the detection efficiency [47], no explicit
selection is made on their transverse momentum or pseu-
dorapidity. During the 2016 pPb run, this trigger was
operated without any prescale, recording an integrated
luminosity of 174.6 nb−1.
For the offline analysis, events have to pass a set of

selection criteria designed to reject events from background
processes (beam-gas collisions) as described in Ref. [48].
Events are required to have at least one reconstructed
interaction vertex, formed by two or more associated tracks,
with a distance from the center of the nominal interaction
region of less than 25 cm along the beam direction and
0.2 cm in the plane transverse to the beam direction. The
primary vertex is taken to be the vertex corresponding to the
hardest scattering in the event, evaluated using tracking

TABLE I. Definition of the fiducial phase space for the pPb →
J=ψJ=ψ þ X cross section measurement in pPb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV.

Particle Fiducial requirement

Muons pT > 3.4 GeV for jηj < 0.3
pT > 3.3 GeV for 0.3 < jηj < 1.1
pT > 5.5 − 2.0jηj GeV for 1.1 < jηj < 2.1
pT > 1.3 GeV for 2.1 < jηj < 2.4

J=ψ mesons pT > 6.5 GeV and jyj < 2.4
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information alone, as described in Sec. 9.4.1 of Ref. [49]. In
order to select inelastic hadronic collisions, the pPb events
are also required to have at least one tower in each of the HF
detectors with energy deposits of more than 3 GeV per
tower. Any potential event containing more than one pPb
interaction (pileup) is removed by the offline requirement
of a common vertex for the four selected muons, as
described below.

III. EVENT RECONSTRUCTION AND
EFFICIENCY

Muons are reconstructed by combining information from
the silicon tracker and the muon system composed of four
layers of detectors (muon “stations”) [44]. The matching
between tracks reconstructed in each of the subsystems
proceeds either outside-in, starting from a track in the muon
system, or inside-out, starting from a track provided by the
silicon tracker. In the latter case, charged particles in the
tracker that match track segments in only one or two muon
stations are also considered in the analysis to collect low-pT
muons that may not have sufficient energy to traverse the
entire muon system. The muons are selected from the
reconstructed track candidates that match with at least one
segment in any muon station in both x and y coordinates.
Furthermore, the muon candidates are required to be
identified as “soft,” as defined in Ref. [44]. Matching
muons to tracks measured in the silicon tracker results in a
relative transverse momentum resolution, for muons with
pT up to 100 GeV, of 1% in the barrel and 3% in the end
caps [44,47].
All muons are required to pass a variable minimum pT

value based on their pseudorapidity, as described in Table I.
Muons with opposite-sign charge are combined into pairs
with invariant masses 2.6 < mμμ < 3.6 GeV to form a J=ψ

candidate. No pair ambiguities (namely, cases where the
two J=ψ mesons can be simultaneously reconstructed with
two different combinations of the four muons), nor events
with more than four muons satisfying the selection criteria,
are found in data. The reconstructed J=ψ candidates are
required to have pT > 6.5 GeV and jyj < 2.4. The four
muons are fit to a common vertex, and the χ2 probability of
the fit is required to be larger than 0.1% [50]. A total of 16
candidate di-J=ψ events pass all selection criteria (Fig. 2).
The requirement of the four muons to share the same vertex
suppresses contributions from nonprompt J=ψ mesons
originating from the decays of b quark hadrons. All
selected events have vertices consistent with the primary
vertex within 100 μm and, therefore, the nonprompt single
J=ψ meson contribution is expected to be, at most, a few
percent of the prompt one within the selected kinematical
range [51,52]. This feature further confirms that the J=ψ
mesons considered in this analysis are promptly produced.
Simulations based on the PYTHIA 8.303 [53] and EPOS-LHC

[54] MC event generators are used to determine the overall
efficiency of the analysis including the impact of the
dimuon triggers, as well as of the single muon and J=ψ
meson reconstruction within the fiducial volume defined in
Table I. The generated prompt J=ψ mesons are produced
unpolarized in agrement with LHC data [55–57]. Generated
PYTHIA-8 pp → J=ψ þ X events are embedded into pPb
events simulated with EPOS-LHC that replicate the hadronic
activity from the underlying event. To improve the agree-
ment between the simulated and measured charged particle
multiplicities, a weighting procedure based on the number
of tracks per event is applied when combining both MC
samples. The generated events are then processed through a
detailed simulation of the CMS detector based on the Geant4

[58] package. The overall reconstruction efficiency is
calculated as the ratio of the number of reconstructed

FIG. 2. Dimuon invariant mass distributions of the pPb events passing all selection criteria, shown as a 2D map (left panel, with the
numbers indicating the counts per bin and the red circle indicating the double J=ψ meson signal region) and its 1D projections for each
pair (center and right panels). In the 1D projections, the measured data are represented by the points (with vertical bars showing their
Poisson statistical uncertainties), the solid curve shows the overall signalþ background fit to the data, and the red hashed area shows the
signal yields for the J=ψJ=ψ þ X process.
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events in the MC simulation (after all selection criteria are
applied) to the number of generated events (after generator-
level filters) within the fiducial phase space of the analysis.

IV. SIGNAL EXTRACTION

The signal is extracted from all events passing the
fiducial requirements listed in Table I, with a two-dimen-
sional (2D) unbinned extended maximum likelihood fit that
exploits the invariant masses of the two J=ψ meson
candidates as variables. The signal J=ψ mass distribution
is modeled with a Crystal Ball function [59] and the
combinatorial background is described by an exponential
function. Both probability density functions (pdfs) are used
twice, for the J=ψ1 and J=ψ2 states, per event, where the
indices 1 and 2 indicate, respectively, the leading (i.e.,
highest pT) and subleading J=ψ meson. The parameters
describing the Crystal Ball J=ψ signal model are fixed (for
both J=ψ mesons) to values obtained from fits of the
simulated distributions, the mean being essentially identical
to the world-average J=ψ mass, mJ=ψ ¼ 3.1 GeV [60], and
the relative dimuon mass resolution being close to 1%
(δmJ=ψ ≈ 30 MeV). The parameters of the exponential
background are left free in the fit. The per-event 2D
map of the two measured dimuon invariant mass distribu-
tions is shown in Fig. 2 (left) with the red circle indicating
the double-J=ψ signal region within %5δmJ=ψ around the
two J=ψ meson masses.
In total, four parameters representing the four combina-

tion of yields, NðJ=ψ1
sig;bkg; J=ψ2

sig;bkgÞ for each of the
two J=ψ meson candidates to be either signal or back-
ground, are incorporated into the likelihood fit. The number
of signal and background events derived from the fit
procedure are listed in Table II.
The projection of the result of the 2D fit in the two

variables, mμμ;1 and mμμ;2, is shown in Fig. 2 (center and
right panels). The data points indicate the measured counts,
and the red hashed area shows the fitted signal component.
The derived signal yield is Nsig ≡ NðJ=ψ1

sig; J=ψ2
sigÞ ¼

8.5% 3.4 events. The difference between the red area and
the fit (solid black curve) indicates the size of the back-
grounds, listed in Table II, from events with four uncorre-
lated muons (mostly filling the area to the left of the J=ψ
peaks) and with two uncorrelated muons coming from the
J=ψ1;2 þ μþμ− combination (filling the empty area below
the peaks).
The signal has a significance of 4.9 standard deviations,

obtained from the likelihood ratio of the default signal-
plus-background fit and the background-only fit (imposing
Nsig ¼ 0), using the standard asymptotic formula [61]
assuming that the Wilks theorem conditions apply [62].
As discussed below, the systematic uncertainties are small
(6.1%, with a fraction of them impacting equally signal and
background) and do not alter the statistical significance

evaluation. This significance was also validated with MC
pseudoexperiments.
To fully confirm the observation of the double-J=ψ

process, events are also analyzed where the leading J=ψ
meson is reconstructed in its μþμ− decay mode and the
other decays via J=ψ → eþe−. This channel has a larger
background than the 4-muon one, but increases the total
size of the data sample and provides a cross-check of the
latter. The electron momentum is estimated by combining
the ECAL energy measurement (including the energy sum
of all bremsstrahlung photons spatially compatible with
originating from the electron trajectory) with the momen-
tum measurement in the tracker. The momentum resolution
is typically smaller than 5% for electrons in the range
2 < pT < 10 GeV. It is generally better in the barrel region
than in the end caps, and also depends on the fraction of the
electron energy emitted through bremsstrahlung (fbrem) as
it traverses the material in front of the ECAL [43,63]. Both
electrons are required to have fbrem > 0.01 (to remove
any potential charged-pion contamination) and to be of
opposite-sign charge.
For the μþμ− þ eþe− channel, the selection of the

dimuon candidates remains the same as for the double-
μþμ− analysis, and the candidate e% are required to have
pT > 2.5 GeV and jηj < 2.5 and to share the same
common vertex. The parameters of the Crystal Ball J=ψ
meson signal are derived from the MC simulation, with the
resulting mass resolution of the dielectron decay mode
being δmJ=ψ ≈ 70 MeV. A total number of 21 events pass
the ðμþμ−; eþe−Þ criteria with both dileptons having
invariant masses over mμμ;ee ¼ 2.6–3.6 GeV. No events
passing the selection criteria of the dimuon-dielectron
channel are present in the double-dimuon sample.
The fit procedure followed is the same as for the four-

muon final state. The per-event 2D map of the dimuon-
dielectron invariant mass distributions is shown in Fig. 3
(left) with the red circle indicating the double-J=ψ signal
region within %5δmJ=ψ around the masses of the two J=ψ
mesons. The projection of the result of the 2D fit in the
two variables, mμμ;1 and mee;2, is shown in Fig. 3 (center
and right panels). The signal yield (red hashed area) is
5.7% 4.0 events.

TABLE II. Signal and background yields obtained from the
likelihood fit procedure in the four-muon and dimuon-dielectron
analyses over the mμμ;ee ¼ 2.6–3.6 GeV mass range.

Final state

Yield μþμ−μþμ− μþμ−eþe−

NðJ=ψ1
sig; J=ψ2

sigÞ 8.5% 3.4 5.7% 4.0

NðJ=ψ1
bkg; J=ψ2

sigÞ 0.9% 1.6 4.9% 3.8

NðJ=ψ1
sig; J=ψ2

bkgÞ 5.2% 3.0 4.5% 3.4

NðJ=ψ1
bkg; J=ψ2

bkgÞ 1.4% 1.9 6.0% 3.5
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The significance of the ðJ=ψ → eþe− þ J=ψ → μþμ−Þ
mode, calculated in the same way as for the ðJ=ψ →
μþμ− þ J=ψ → μþμ−Þ channel, is 2.3 standard
deviations. The combination of the two decay
modes, using the Fisher formalism [64] with pvalue ¼
pvalue
1 pvalue

2 ð1 − logðpvalue
1 pvalue

2 ÞÞ, where the pvalues
1;2 are

the p values of each independent analysis, gives a total
statistical significance of 5.3 standard deviations.

V. RESULTS

The cross section of the double-J=ψ production recon-
structed in the four-muon decay mode is obtained through
the expression

σðpPb → J=ψJ=ψ þ XÞ ¼
Nsig

ϵLintB2
J=ψ→μþμ−

; ð5Þ

where Nsig ¼ 8.5% 3.4 is the number of signal events
reconstructed with an overall efficiency ϵ in the fiducial
region defined in Table I, L ¼ 174.6% 6.1 nb−1 is the total
integrated luminosity, and BJ=ψ→μþμ− ¼ ð5.961% 0.033Þ%
is the dimuon decay branching fraction [60]. We
do not compute the cross section corresponding to the
ðJ=ψ → eþe− þ J=ψ → μþμ−Þ decay mode because it has
much larger backgrounds and is not precise enough to
quantitatively improve the overall cross section extraction.
To determine the number of signal events corrected
for the reconstruction efficiency, we use the expression
Nsig=ϵ ¼

P
i Nsig

i=ϵi, where Ni
sig are statistical per-event

weights (having a value between 1 and 0, indicating events
being more or less signal-like) obtained using the SPlot

technique [65]. Based on the kinematics of each J=ψ
meson in the pT and rapidity plane, the ϵi values are

calculated from a 2D efficiency map obtained from the
simulated signal. At central rapidities (jyj < 1), the effi-
ciency is approximately constant at ≈90%, decreasing
towards higher rapidities. The pT dependence of ϵi features
a fast rise at low pT, becoming unity at pT ≈ 15 GeV. Any
mismatches on the reconstruction and trigger efficiency
observed between the MC simulation and the measured
data are corrected by applying the scale factors described in
Ref. [44]. The double-J=ψ efficiency is ϵ ¼ 62.1%, con-
sistent with the squared single-J=ψ efficiency, as expected,
given that it is driven by the kinematics of the two
individual J=ψ mesons.
The systematic uncertainties in the cross section deter-

mined with Eq. (5) are listed in Table III. The dependence
of the measured cross section on the modeling of the J=ψ
meson signal and background subtraction is examined by
replacing the Crystal Ball pdf of the nominal model by a
Crystal-Ball-plus-Gaussian function, as well as the expo-
nential background by a first-order polynomial distribution.
The differences observed in the signal yields are 4.0 and
2.5%, for the variations of the signal and background pdfs,

FIG. 3. Dilepton invariant mass distributions of the pPb events passing all selection criteria, shown as a 2D map (left panel, with the
numbers indicating the counts per bin and the red circle indicating the double J=ψ meson signal region) and its 1D projections for each
pair (center and right panels). In the 1D projections, the measured data are represented by the points (vertical bars showing their Poisson
statistical uncertainties), the solid curve shows the overall signalþ background fit to the data, and the red hashed area shows the signal
yields for the J=ψJ=ψ þ X process.

TABLE III. Relative contributions to the systematic uncertainty
in the σðpPb → J=ψJ=ψ þ XÞ measurement. The last row lists
the sum in quadrature of all components.

Source of uncertainty σðpPb → J=ψJ=ψ þ XÞ (%)

J=ψ meson signal shape 4.0
Dimuon continuum
background shape

2.5

Integrated luminosity 3.5
Efficiency scale factors 1.3
Branching fraction 1.1

Total 6.1
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respectively. Releasing the constraint of the J=ψ signal
mean and width parameters from the MC simulation results
in a negligible difference (0.1%) and is not considered as a
source of systematic uncertainty. A 3.5% uncertainty is
added from the integrated luminosity measurement [66,67].
The uncertainty in the scale factors applied to the MC
simulation to correct for possible data/MC differences
amounts to 1.3%. Finally, the uncertainty of BJ=ψ→μþμ−

propagates into an uncertainty of 1.1% in the cross section
measurement.
The resulting fiducial cross section is σðpPb→J=ψJ=ψÞ¼

22.0%8.9ðstatÞ%1.5ðsystÞnb. Such a cross section contains
in principle contributions from the SPS and DPS production
channels shown in Fig. 1. Namely, the result is σðpPb →
J=ψJ=ψ þ XÞ ¼ σpPb→J=ψJ=ψþX

SPS þ σpPb→J=ψJ=ψþX
DPS , and the

size of each contribution is estimated from theoretical
calculations (matched to existing LHC experimental J=ψ
data) and the measured double J=ψ meson differential
distributions, as explained in the next section.

VI. DISCUSSION

In the simplest factorized approach represented by
Eq. (1), the DPS double J=ψ meson cross section can
be derived from the squared single J=ψ meson cross section
divided by σeff. The single-J=ψ cross sections in pPb and
pp collisions are well understood both experimentally and
theoretically thanks to multiple measurements and calcu-
lations that agree with each other within less than 10% [7].
We use here the perturbative QCD calculation at next-to-
leading order (NLO) accuracy from HELAC-Onia [68,69]
using the CT14NLO PDF [70] for the proton and the
EPPS16 nPDF for the Pb nucleus [71], reweighted as
discussed in Refs. [72,73]. The predicted SPS cross section
(Table IV, first row) is normalized so as to reproduce the
inclusive J=ψ measurements in pPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
8.16 TeV [74], and thus it does not have any theoretical
scale uncertainties assigned but only a ≈6% data normali-
zation uncertainty. The proton-nucleon (pN) cross section
(obtained by dividing the pPb cross section by A ¼ 208)
within the fiducial requirements of Table I amounts to

σpPb→J=ψþX
SPS BðJ=ψ → μþμ−Þ=A ¼ 21.7 % 1.4ðnPDFÞ%

1.4ðnormÞ nb, to be compared with the corresponding pp
cross section of σpp→J=ψþX

SPS BðJ=ψ → μþμ−Þ ¼ 25.0%
1.8ðPDFÞ nb, indicating a ≈10% reduction due to nPDF
shadowing. The theoretical prediction for the prompt double
J=ψ meson SPS cross section (Table IV, second row) is
obtained using the color singlet model at approximately
NLO accuracy [75,76] computed with HELAC-Onia using the
CT14NLO proton PDF and the reweighted EPPS16 nPDF
for the Pb nucleus. The double J=ψ meson SPS cross section
in pN collisions within the fiducial phase space of
Table I amounts to σpPb→J=ψJ=ψþX

SPS B2ðJ=ψ→μþμ−Þ=A¼
0.097þ0.185

−0.063ðscaleÞ%0.004ðnPDFÞpb, to be compared
with a pp cross section of σpp→J=ψJ=ψþX

SPS B2ðJ=ψ →
μþμ−Þ ¼ 0.105þ0.200

−0.068ðscaleÞ % 0.004ðPDFÞ pb, indicating
about 8% nPDF shadowing corrections.
The theoretical SPS single J=ψ meson cross section has

an overall uncertainty of %9%, and thus so will have the
corresponding DPS cross section (for a given σeff ).
However, the SPS double J=ψ meson cross section is
poorly constrained, and can vary within a þ200%, −65%
range [76]. Therefore, we use our own data in order to
constrain the SPS and DPS contributions to the measured
double-J=ψ cross section. The most discriminating varia-
bles to distinguish SPS from DPS processes are the
separation in azimuth Δϕ and rapidity Δy between the
two produced particles [2]. The J=ψ mesons produced by
DPS processes are expected to be completely decorrelated
in their production and, thus, should feature flatter dis-
tributions in their relative azimuthal and rapidity separa-
tions (blue histograms in Fig. 4). On the other hand, the
SPS mechanism leads to a correlated production of both
J=ψ mesons that prefer to be produced closer in rapidity
and with a small or a maximum separation in azimuthal
angle. Theoretical expectations based on contributions
from multiple SPS channels, computed up to Oðα6SÞ
perturbative accuracy and cross-checked with existing data
[76], indicate that the distributions of the two J=ψ mesons
from SPS processes tend to have a rapidity separation
peaked at Δy ¼ 0 and maxima at Δϕ ≈ 0; π (Fig. 4).
Due to the limited size of our signal data sample, it is not

possible to perform a 2D template fit of the measuredΔϕ −
Δy distributions with shapes dictated by the theoretical
expectations to extract the absolute normalization of the
poorly known SPS double J=ψ meson yields. Instead, we
identify a phase space region where the SPS contribution is
expected to be minimal, and constrain there the expected
size of the DPS yield. For this purpose, we use the predicted
shape of the Δy distribution, which shows that the Δy≳ 2
region is free from SPS contributions (red histogram in
Fig. 4, left) and, therefore, any signal count measured there
is dominated by DPS production.
To extract the number of DPS events, we perform a 1D

fit to the Δy variable. Using a DPS template built by

TABLE IV. Predictions for single and double J=ψ meson
production cross sections in SPS processes in pPb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV within the fiducial phase space of Table I,
obtained with the HELAC-Onia code using the CT14NLO proton
PDF and the reweighted EPPS16 lead nPDF, as explained in the
text. The quoted uncertainty of the single (double) J=ψ meson
cross section includes nPDF and normalization (nPDF and scale)
uncertainties, added in quadrature.

Process Theoretical cross section

σpPb→J=ψþX
SPS BðJ=ψ → μþμ−Þ 4.51% 0.42 μb

σpPb→J=ψJ=ψþX
SPS B2ðJ=ψ → μþμ−Þ 20.2þ38.5

−13.1 pb
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combining J=ψ mesons from different events, we fit the
weighted data in the DPS dominated region of Δy > 2.
The fit results in a yield of 2.1 DPS events and
σeff ¼ 4.0 mb, as explained in more detail below, shown
as a blue histogram in Fig. 4. The left plot shows the fit
result of the Δy distribution compared with the data
(markers). We also overlay the combined SPSþ DPS

distribution shown with the red histogram (and hashed
uncertainty bands in red). Figure 4 (right) shows the
corresponding Δϕ distribution, with the DPS and SPSþ
DPS distributions having the same normalization as in the
left plot.
This fit procedure allows the extraction of the number

of SPS and DPS signal counts: NSPS ¼ 6.4% 4.2
and NDPS ¼ 2.1% 2.4, respectively. The corresponding
SPS and DPS fiducial cross sections, derived using
Eq. (5), amount to σpPb→J=ψJ=ψþX

SPS ¼ 16.5% 10.8ðstatÞ%
0.1ðsystÞ nb and σpPb→J=ψJ=ψþX

DPS ¼ 5.4% 6.2ðstatÞ%
0.4ðsystÞ nb. From this latter value, we can extract the
effective σeff;pPb cross section via Eq. (3). Using the
theoretical predictions (constrained by existing data) for
σpPb→J=ψþX
SPS from Table IV, we obtain σeff;pPb ¼ 0.53þ∞

−0.2 b.
The extracted σeff;pPb value has an arbitrarily large upper
uncertainty that indicates that the SPS yield alone would be
compatible with the data.
By neglecting parton correlations, and assuming that

the double PDF of the nucleons can be factorized in
longitudinal and transverse components, the effective
DPS cross section for pPb collisions can be converted
into a pp equivalent σeff one, through Eq. (4). Using A ¼
208 for a Pb nucleus and a factor FpPb ¼ 29.5 mb−1

derived from the pPb thickness function with a Glauber
MC model, a value σeff ¼ 4.0þ∞

−1.5 mb is obtained, where
the unbound upper uncertainty indicates that the double
J=ψ meson yields could in principle be produced without
DPS contributions. Therefore, the final result is better
expressed as a limit on the maximum amount of DPS
allowed by the data, which translates into a lower limit on
the effective DPS cross section of σeff > 1.0 mb at
95% confidence level (CL).
In Fig. 5, the lower σeff bound determined in this work

is compared with other extractions of the effective DPS
cross section derived from double- and triple-quarkonium
production measurements [12,12,14,14,15,15–17,37,77–
80] (blue circles), as well as from processes with jets,
photons, and W bosons [19,26,81–84] (black squares). A
few of the quarkonium σeff values plotted (indicated with
an asterisk in the legend) are those derived by more recent
phenomenological studies [37,77,79,80] of the experi-
mental data, with an improved evaluation of the SPS
contributions. Overall, the effective cross sections
obtained from multiquarkonium production favor a
smaller value of σeff ≈ 3–10 mb compared with the σeff ≈
10–20 mb result of the other types of multiple hard
scattering processes. Our measurement of σeff > 1.0 mb
at 95% CL calls for larger pPb datasets to confirm, or not,
its consistency with the σeff values derived from pp data
and, eventually, better constrain the average effective
interparton distance squared (σeff ) involved in the pro-
duction of a pair of quarkonium mesons in hadronic
collisions.
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FIG. 4. Distribution of rapidity separation (top) between the
two J=ψ mesons in data (black markers), fitted template of
the expected DPS contribution (blue histogram) normalized to the
data outside of the SPS-dominated region (as described in the
text), and fitted SPSþ DPS distribution (red histogram). Dis-
tribution of azimuthal separation (bottom) between the two J=ψ
mesons measured in data (black markers) and expected DPS
contribution (blue histogram), and SPSþ DPS sum (red histo-
gram), with the relative normalization derived from the Δy
distribution (left panel), as explained in the text.
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VII. SUMMARY

The first observation of the concurrent production of two
J=ψ mesons in proton-lead (pPb) collisions has been
reported. Events with two J=ψ mesons, each decaying
into two muons, have been reconstructed in pPb collisions
at a nucleon-nucleon center-of-mass energy offfiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV. The data sample corresponds to an
integrated luminosity of 174.6 nb−1 collected by the CMS
experiment at the CERN LHC. After all selection require-
ments, 8.5% 3.4 events are found that confirm the pro-
duction of the J=ψJ=ψ þ X final state. Events where the
least energetic J=ψ meson is reconstructed in the dielectron
channel are also considered in the search, leading to a
signal yield of 5.7% 4.0 events. The statistical significance
of the signal, relative to the background-only expectation,
corresponds to 5.3 standard deviations (4.9 standard
deviations in the four-muon channel alone). The fiducial
cross section for J=ψJ=ψ þ X production is σðpPb →
J=ψJ=ψ þ XÞ ¼ 22.0% 8.9ðstatÞ % 1.5ðsystÞ nb. This
result is compared with the theoretical expectations for
J=ψJ=ψ þ X production via the sum of contributions from
single- and double-parton scatterings (SPS and DPS,
respectively). Under the simplest assumption of factoriza-
tion of multiple hard scattering probabilities in terms of
SPS cross sections, the measured J=ψJ=ψ þ X cross

section is consistent with the production of SPSþ DPS
processes with fiducial cross sections σpPb→J=ψJ=ψþX

SPS ¼
16.5% 10.8ðstatÞ % 0.1ðsystÞ nb and σpPb→J=ψJ=ψþX

DPS ¼
5.4% 6.2ðstatÞ % 0.4ðsystÞ nb. The derived DPS cross
section can be transformed into a lower bound on the
effective DPS cross section parameter (σeff ) that is closely
related to the squared average interparton transverse sep-
aration in the collision. A limit of σeff > 1.0 mb at
95% confidence level is set, which is consistent with σeff
values obtained from double and triple quarkonium mea-
surements in pp collisions. The present analysis supports
the interest of exploiting the production of multiple heavy
and/or high-pT particles in pPb collisions at the LHC as a
novel means to study the dynamics of multiple independent
hard scatterings.
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Investigación Científica y Técnica de Excelencia María de
Maeztu, grant MDM-2017-0765 and Programa Severo
Ochoa del Principado de Asturias (Spain); the
Chulalongkorn Academic into Its 2nd Century Project
Advancement Project, and the National Science, Research
and Innovation Fund via the ProgramManagement Unit for
Human Resources & Institutional Development, Research
and Innovation, Grant No. B37G660013 (Thailand); the
Kavli Foundation; the Nvidia Corporation; the SuperMicro
Corporation; the Welch Foundation, Contract No. C-1845;
and the Weston Havens Foundation (USA).

[1] M. Diehl and J. R. Gaunt, Double parton scattering
theory overview, Adv. Ser. Dir. High Energy Phys. 29, 7
(2018).

[2] Multiple Parton Interactions at the LHC, edited by P.
Bartalini and J. R. Gaunt (World Scientific, Singapore,
2019), Vol. 29.

[3] CMS Collaboration, Search for Higgs and Z boson decays
to J=ψ or Y pairs in the four-muon final state in proton-
proton collisions at

ffiffiffi
s

p
¼ 13 TeV, Phys. Lett. B 797,

134811 (2019).

[4] CMS Collaboration, Measurement of the ϒð1SÞ pair pro-
duction cross section and search for resonances decaying to
ϒð1SÞμþμ− in proton-proton collisions at

ffiffiffi
s

p
¼ 13 TeV,

Phys. Lett. B 808, 135578 (2020).
[5] CMS Collaboration, New structures in the J=ψJ=ψ mass

spectrum in proton-proton collisions at
ffiffiffi
s

p
¼ 13 TeV,

Phys. Rev. Lett. 132, 111901 (2024).
[6] D. d’Enterria and A. Snigirev, Double, triple, and n-parton

scatterings in high-energy proton and nuclear collisions,
Adv. Ser. Dir. High Energy Phys. 29, 159 (2018).

A. HAYRAPETYAN et al. PHYS. REV. D 110, 092002 (2024)

092002-10

https://doi.org/10.1142/ASDHEP
https://doi.org/10.1142/ASDHEP
https://doi.org/10.1016/j.physletb.2019.134811
https://doi.org/10.1016/j.physletb.2019.134811
https://doi.org/10.1016/j.physletb.2020.135578
https://doi.org/10.1103/PhysRevLett.132.111901
https://doi.org/10.1142/ASDHEP


[7] E. Chapon et al., Prospects for quarkonium studies at the
high-luminosity LHC, Prog. Part. Nucl. Phys. 122, 103906
(2022).

[8] T. Sjöstrand, The development of MPI modeling in PYTHIA,
Adv. Ser. Dir. High Energy Phys. 29, 191 (2019).

[9] M. H. Seymour and A. Siodmok, Constraining MPI models
using σeff and recent Tevatron and LHC underlying event
data, J. High Energy Phys. 10 (2013) 113.

[10] B. Blok and M. Strikman, Multiparton pp and pA collisions:
From geometry to parton–parton correlations, Adv. Ser. Dir.
High Energy Phys. 29, 63 (2018).

[11] LHCb Collaboration, Observation of J=ψ pair production
in pp collisions at

ffiffiffi
s

p
¼ 7 TeV, Phys. Lett. B 707, 52 (2012).

[12] V. M. Abazov et al. (D0 Collaboration), Observation and
studies of double J=ψ production at the Tevatron, Phys. Rev.
D 90, 111101 (2014).

[13] CMS Collaboration, Measurement of prompt J=ψ pair
production in pp collisions at

ffiffiffi
s

p
¼ 7 TeV, J. High Energy

Phys. 09 (2014) 094.
[14] ATLAS Collaboration, Measurement of the prompt J=ψ pair

production cross-section in pp collisions at
ffiffiffi
s

p
¼ 8 TeV

with the ATLAS detector, Eur. Phys. J. C 77, 76 (2017).
[15] LHCb Collaboration, Measurement of the J=ψ pair pro-

duction cross-section in pp collisions at
ffiffiffi
s

p
¼ 13 TeV, J.

High Energy Phys. 06 (2017) 047; 10 (2017) 068(E).
[16] CMS Collaboration, Observation of triple J=ψ meson

production in proton-proton collisions, Nat. Phys. 19,
338 (2023); 19, 461 (2023).

[17] V. M. Abazov et al. (D0 Collaboration), Evidence for
simultaneous production of J=ψ and ϒ mesons, Phys.
Rev. Lett. 116, 082002 (2016).

[18] CMS Collaboration, Observation of ϒð1SÞ pair production
in proton-proton collisions at

ffiffiffi
s

p
¼ 8 TeV, J. High Energy

Phys. 05 (2017) 013.
[19] ATLAS Collaboration, Measurement of hard double-parton

interactions in Wð→ lνÞ þ 2 jet events at
ffiffiffi
s

p
¼ 7 TeV with

the ATLAS detector, New J. Phys. 15, 033038 (2013).
[20] CMS Collaboration, Study of double parton scattering

using Wþ 2-jet events in proton-proton collisions atffiffiffi
s

p
¼ 7 TeV, J. High Energy Phys. 03 (2014) 032.

[21] ATLAS Collaboration, Study of hard double-parton scatter-
ing in four-jet events in pp collisions at

ffiffiffi
s

p
¼ 7 TeVwith the

ATLAS experiment, J. High Energy Phys. 11 (2016) 110.
[22] CMS Collaboration, Constraints on the double-parton scat-

tering cross section from same-sign W boson pair produc-
tion in proton-proton collisions at

ffiffiffi
s

p
¼ 8 TeV, J. High

Energy Phys. 02 (2018) 032.
[23] ATLAS Collaboration, Study of the hard double-parton

scattering contribution to inclusive four-lepton production
in pp collisions at

ffiffiffi
s

p
¼ 8 TeV with the ATLAS detector,

Phys. Lett. B 790, 595 (2019).
[24] CMS Collaboration, Evidence for WW production from

double-parton interactions in proton–proton collisions atffiffiffi
s

p
¼ 13 TeV, Eur. Phys. J. C 80, 41 (2020).

[25] CMS Collaboration, Measurement of double-parton scatter-
ing in inclusive production of four jets with low transverse
momentum in proton-proton collisions at

ffiffiffi
s

p
¼ 13 TeV, J.

High Energy Phys. 01 (2022) 177.
[26] CMS Collaboration, Observation of same-sign WW pro-

duction from double parton scattering in proton-proton

collisions at
ffiffiffi
s

p
¼ 13 TeV, Phys. Rev. Lett. 131, 091803

(2023).
[27] E. Huayra, J. V. C. Lovato, and E. G. de Oliveira, Valence

and sea parton correlations in double parton scattering from
data, J. High Energy Phys. 09 (2023) 177.

[28] M. Strikman and D. Treleani, Measuring double parton
distributions in nucleons at proton nucleus colliders, Phys.
Rev. Lett. 88, 031801 (2002).

[29] E. Cattaruzza, A. Del Fabbro, and D. Treleani, Heavy-quark
production in proton-nucleus collision at the CERN LHC,
Phys. Rev. D 70, 034022 (2004).

[30] D. d’Enterria and A. M. Snigirev, Same-sign WW produc-
tion in proton-nucleus collisions at the LHC as a signal
for double parton scattering, Phys. Lett. B 718, 1395
(2013).

[31] H.-S. Shao, Probing impact-parameter dependent nuclear
parton densities from double parton scatterings in heavy-ion
collisions, Phys. Rev. D 101, 054036 (2020).

[32] D. d’Enterria and C. Loizides, Progress in the Glauber
model at collider energies, Annu. Rev. Nucl. Part. Sci. 71,
315 (2021).

[33] CMS Collaboration, Measurement of the inelastic cross
section in proton-lead collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV,
Phys. Lett. B 759, 641 (2016).

[34] C. Loizides, J. Kamin, and D. d’Enterria, Improved
Monte Carlo Glauber predictions at present and future
nuclear colliders, Phys. Rev. C 97, 054910 (2018); 99,
019901 (2019).

[35] CMS Collaboration, Overview of high-density QCD studies
with the CMS experiment at the LHC, arXiv:2405.10785.

[36] LHCb Collaboration, Observation of enhanced double
parton scattering in proton-lead collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
8.16 TeV, Phys. Rev. Lett. 125, 212001 (2020).

[37] J.-P. Lansberg, New observables in inclusive production of
quarkonia, Phys. Rep. 889, 1 (2020).

[38] G. T. Bodwin, E. Braaten, and G. P. Lepage, Rigorous QCD
analysis of inclusive annihilation and production of heavy
quarkonium, Phys. Rev. D 51, 1125 (1995); 55, 5853
(1997).

[39] HEPData record for this analysis (2024), 10.17182/hep-
data.152618.

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

[41] CMS Collaboration, Performance of the CMS level-1
trigger in proton-proton collisions at

ffiffiffi
s

p
¼ 13 TeV, J.

Instrum. 15, P10017 (2020).
[42] CMS Collaboration, The CMS trigger system, J. Instrum.

12, P01020 (2017).
[43] CMS Collaboration, Electron and photon reconstruction and

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

[44] CMS Collaboration, Performance of the CMS muon
detector and muon reconstruction with proton-proton
collisions at

ffiffiffi
s

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

[45] CMS Collaboration, Description and performance of track
and primary-vertex reconstruction with the CMS tracker, J.
Instrum. 9, P10009 (2014).

[46] CMS Collaboration, Particle-flow reconstruction and global
event description with the CMS detector, J. Instrum. 12,
P10003 (2017).

OBSERVATION OF DOUBLE J=ψ MESON … PHYS. REV. D 110, 092002 (2024)

092002-11

https://doi.org/10.1016/j.ppnp.2021.103906
https://doi.org/10.1016/j.ppnp.2021.103906
https://doi.org/10.1007/JHEP10(2013)113
https://doi.org/10.1142/ASDHEP
https://doi.org/10.1142/ASDHEP
https://doi.org/10.1016/j.physletb.2011.12.015
https://doi.org/10.1103/PhysRevD.90.111101
https://doi.org/10.1103/PhysRevD.90.111101
https://doi.org/10.1007/JHEP09(2014)094
https://doi.org/10.1007/JHEP09(2014)094
https://doi.org/10.1140/epjc/s10052-017-4644-9
https://doi.org/10.1007/JHEP06(2017)047
https://doi.org/10.1007/JHEP06(2017)047
https://doi.org/10.1007/JHEP10(2017)068
https://doi.org/10.1038/s41567-022-01838-y
https://doi.org/10.1038/s41567-022-01838-y
https://doi.org/10.1038/s41567-023-01992-x
https://doi.org/10.1103/PhysRevLett.116.082002
https://doi.org/10.1103/PhysRevLett.116.082002
https://doi.org/10.1007/JHEP05(2017)013
https://doi.org/10.1007/JHEP05(2017)013
https://doi.org/10.1088/1367-2630/15/3/033038
https://doi.org/10.1007/JHEP03(2014)032
https://doi.org/10.1007/JHEP11(2016)110
https://doi.org/10.1007/JHEP02(2018)032
https://doi.org/10.1007/JHEP02(2018)032
https://doi.org/10.1016/j.physletb.2019.01.062
https://doi.org/10.1140/epjc/s10052-019-7541-6
https://doi.org/10.1007/JHEP01(2022)177
https://doi.org/10.1007/JHEP01(2022)177
https://doi.org/10.1103/PhysRevLett.131.091803
https://doi.org/10.1103/PhysRevLett.131.091803
https://doi.org/10.1007/JHEP09(2023)177
https://doi.org/10.1103/PhysRevLett.88.031801
https://doi.org/10.1103/PhysRevLett.88.031801
https://doi.org/10.1103/PhysRevD.70.034022
https://doi.org/10.1016/j.physletb.2012.12.032
https://doi.org/10.1016/j.physletb.2012.12.032
https://doi.org/10.1103/PhysRevD.101.054036
https://doi.org/10.1146/annurev-nucl-102419-060007
https://doi.org/10.1146/annurev-nucl-102419-060007
https://doi.org/10.1016/j.physletb.2016.06.027
https://doi.org/10.1103/PhysRevC.97.054910
https://doi.org/10.1103/PhysRevC.99.019901
https://doi.org/10.1103/PhysRevC.99.019901
https://arXiv.org/abs/2405.10785
https://doi.org/10.1103/PhysRevLett.125.212001
https://doi.org/10.1016/j.physrep.2020.08.007
https://doi.org/10.1103/PhysRevD.51.1125
https://doi.org/10.1103/PhysRevD.55.5853
https://doi.org/10.1103/PhysRevD.55.5853
https://doi.org/10.17182/hepdata.152618
https://doi.org/10.17182/hepdata.152618
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/16/05/P05014
https://doi.org/10.1088/1748-0221/13/06/P06015
https://doi.org/10.1088/1748-0221/9/10/P10009
https://doi.org/10.1088/1748-0221/9/10/P10009
https://doi.org/10.1088/1748-0221/12/10/P10003
https://doi.org/10.1088/1748-0221/12/10/P10003


[47] CMS Collaboration, Performance of CMS muon
reconstruction from proton-proton to heavy ion collisions,
J. Instrum. 19, P09012 (2024).

[48] CMS Collaboration, Charged-particle nuclear modification
factors in PbPb and pPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, J.
High Energy Phys. 04 (2017) 039.

[49] CMS Collaboration, Technical proposal for the phase-II
upgrade of the compact muon solenoid, CMS Technical
Proposal, Report No. CERN-LHCC-2015-010, CMS-TDR-
15-02, 2015.

[50] R. Frühwirth, Application of Kalman filtering to track and
vertex fitting, Nucl. Instrum. Methods Phys. Res., Sect. A
262, 444 (1987).

[51] CMS Collaboration, Measurement of quarkonium produc-
tion cross sections in pp collisions at

ffiffiffi
s

p
¼ 13 TeV, Phys.

Lett. B 780, 251 (2018).
[52] ATLAS Collaboration, Measurement of the differential

cross-sections of inclusive, prompt and non-prompt J=ψ
production in proton-proton collisions at

ffiffiffi
s

p
¼ 7 TeV,

Nucl. Phys. B850, 387 (2011).
[53] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,

P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[54] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K.
Werner, EPOS LHC: Test of collective hadronization with data
measured at the CERN Large Hadron Collider, Phys. Rev. C
92, 034906 (2015).

[55] CMS Collaboration, Measurement of the prompt J=ψ and
ψð2SÞ polarizations in pp collisions at

ffiffiffi
s

p
¼ 7 TeV, Phys.

Lett. B 727, 381 (2013).
[56] LHCb Collaboration, Measurement of J=ψ polarization in

pp collisions at
ffiffiffi
s

p
¼ 7 TeV, Eur. Phys. J. C 73, 2631

(2013).
[57] ALICE Collaboration, First measurement of quarkonium

polarization in nuclear collisions at the LHC, Phys. Lett. B
815, 136146 (2021).

[58] S. Agostinelli et al. (GEANT4 Collaboration), Geant4—A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[59] M. J. Oreglia, A study of the reactions ψ 0 → γγψ , Ph.D.
thesis, Stanford University, 1980; SLAC Report SLAC-R-
236.

[60] R. L.Workman et al. (ParticleDataGroup), Review of particle
physics, Prog. Theor. Exp. Phys. 2022, 083C01 (2022).

[61] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); 73, 2501 (2013).

[62] S. S. Wilks, The large-sample distribution of the likelihood
ratio for testing composite hypotheses, Ann. Math. Stat. 9,
60 (1938).

[63] CMS Collaboration, ECAL 2016 refined calibration and
Run2 summary plots, CMS Detector Performance Note,
CMS-DP-2020-021, 2020, https://cds.cern.ch/record/
2717925.

[64] F. Mosteller and R. A. Fisher, Questions and answers, Am.
Stat. 2, 30 (1948).

[65] M. Pivk and F. R. Le Diberder, sPlot: A statistical tool to
unfold data distributions, Nucl. Instrum. Methods Phys.
Res., Sect. A 555, 356 (2005).

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

ffiffiffi
s

p
¼ 13 TeV in 2015 and 2016

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

2018 data-taking period at
ffiffiffi
s

p
¼ 13 TeV, CMS Physics

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

[68] H.-S. Shao, HELAC-Onia: An automatic matrix element
generator for heavy quarkonium physics, Comput. Phys.
Commun. 184, 2562 (2013).

[69] H.-S. Shao, HELAC-Onia 2.0: An upgraded matrix-element
and event generator for heavy quarkonium physics, Comput.
Phys. Commun. 198, 238 (2016).

[70] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P.
Nadolsky, J. Pumplin, C. Schmidt, D. Stump, and C. P.
Yuan, New parton distribution functions from a global
analysis of quantum chromodynamics, Phys. Rev. D 93,
033006 (2016).

[71] K. J. Eskola, P. Paakkinen, H. Paukkunen, and C. A.
Salgado, EPPS16: Nuclear parton distributions with LHC
data, Eur. Phys. J. C 77, 163 (2017).

[72] A. Kusina, J.-P. Lansberg, I. Schienbein, and H.-S. Shao,
Gluon shadowing in heavy-flavor production at the LHC,
Phys. Rev. Lett. 121, 052004 (2018).

[73] A. Kusina, J.-P. Lansberg, I. Schienbein, and H.-S. Shao,
Reweighted nuclear PDFs using heavy-flavor production
data at the LHC, Phys. Rev. D 104, 014010 (2021).

[74] J.-P. Lansberg and H.-S. Shao, Towards an automated tool to
evaluate the impact of the nuclear modification of the gluon
density on quarkonium, D and B meson production in
proton–nucleus collisions, Eur. Phys. J. C 77, 1 (2017).

[75] J.-P. Lansberg and H.-S. Shao, Production of J=ψ þ ηc
versus J=ψ þ J=ψ at the LHC: Importance of real α5s
corrections, Phys. Rev. Lett. 111, 122001 (2013).

[76] J.-P. Lansberg and H.-S. Shao, J/ψ-pair production at large
momenta: Indications for double parton scatterings and
large α5s contributions, Phys. Lett. B 751, 479 (2015).

[77] J.-P. Lansberg, H.-S. Shao, and N. Yamanaka, Indication for
double parton scatterings in Wþ prompt J=ψ production at
the LHC, Phys. Lett. B 781, 485 (2018).

[78] ATLAS Collaboration, Observation and measurements of
the production of prompt and non-prompt J=ψ mesons in
association with a Z boson in pp collisions at

ffiffiffi
s

p
¼ 8 TeV

with the ATLAS detector, Eur. Phys. J. C 75, 229
(2015).

[79] H.-S. Shao and Y.-J. Zhang, Complete study of hadropro-
duction of a ϒ meson associated with a prompt J=ψ , Phys.
Rev. Lett. 117, 062001 (2016).

[80] J.-P. Lansberg and H.-S. Shao, Phenomenological analysis
of associated production of Z0 þ b in the b → J=ψX decay
channel at the LHC, Nucl. Phys. B916, 132 (2017).

[81] J. Alitti et al. (UA2 Collaboration), A study of multi-jet
events at the CERN p̄p collider and a search for double
parton scattering, Phys. Lett. B 268, 145 (1991).

[82] F. Abe et al. (CDF Collaboration), Study of four jet events
and evidence for double parton interactions in p̄p collisions
at

ffiffiffi
s

p
¼ 1.8 TeV, Phys. Rev. D 47, 4857 (1993).

[83] F. Abe et al. (CDF Collaboration), Double parton scattering
in p̄p collisions at

ffiffiffi
s

p
¼ 1.8 TeV, Phys. Rev. D 56, 3811

(1997).

A. HAYRAPETYAN et al. PHYS. REV. D 110, 092002 (2024)

092002-12

https://doi.org/10.1088/1748-0221/19/09/P09012
https://doi.org/10.1007/JHEP04(2017)039
https://doi.org/10.1007/JHEP04(2017)039
https://doi.org/10.1016/0168-9002(87)90887-4
https://doi.org/10.1016/0168-9002(87)90887-4
https://doi.org/10.1016/j.physletb.2018.02.033
https://doi.org/10.1016/j.physletb.2018.02.033
https://doi.org/10.1016/j.nuclphysb.2011.05.015
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1016/j.physletb.2013.10.055
https://doi.org/10.1016/j.physletb.2013.10.055
https://doi.org/10.1140/epjc/s10052-013-2631-3
https://doi.org/10.1140/epjc/s10052-013-2631-3
https://doi.org/10.1016/j.physletb.2021.136146
https://doi.org/10.1016/j.physletb.2021.136146
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1214/aoms/1177732360
https://cds.cern.ch/record/2717925
https://cds.cern.ch/record/2717925
https://cds.cern.ch/record/2717925
https://cds.cern.ch/record/2717925
https://doi.org/10.2307/2681650
https://doi.org/10.2307/2681650
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1140/epjc/s10052-021-09538-2
https://cds.cern.ch/record/2676164/
https://cds.cern.ch/record/2676164/
https://cds.cern.ch/record/2676164/
https://doi.org/10.1016/j.cpc.2013.05.023
https://doi.org/10.1016/j.cpc.2013.05.023
https://doi.org/10.1016/j.cpc.2015.09.011
https://doi.org/10.1016/j.cpc.2015.09.011
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1103/PhysRevLett.121.052004
https://doi.org/10.1103/PhysRevD.104.014010
https://doi.org/10.1140/epjc/s10052-016-4575-x
https://doi.org/10.1103/PhysRevLett.111.122001
https://doi.org/10.1016/j.physletb.2015.10.083
https://doi.org/10.1016/j.physletb.2018.04.020
https://doi.org/10.1140/epjc/s10052-015-3406-9
https://doi.org/10.1140/epjc/s10052-015-3406-9
https://doi.org/10.1103/PhysRevLett.117.062001
https://doi.org/10.1103/PhysRevLett.117.062001
https://doi.org/10.1016/j.nuclphysb.2017.01.002
https://doi.org/10.1016/0370-2693(91)90937-L
https://doi.org/10.1103/PhysRevD.47.4857
https://doi.org/10.1103/PhysRevD.56.3811
https://doi.org/10.1103/PhysRevD.56.3811


[84] V. M. Abazov et al. (D0 Collaboration), Double parton
interactions in γ þ 3 jet events in p̄p collisionsffiffiffi
s

p
¼ 1.96 TeV, Phys. Rev. D 81, 052012 (2010).

[85] V. M. Abazov et al. (D0 Collaboration), Study of double
parton interactions in diphotonþ dijet events in p̄p
collisions at

ffiffiffi
s

p
¼ 1.96 TeV, Phys. Rev. D 93, 052008

(2016).

[86] V.M. Abazov et al. (D0 Collaboration), Double parton
interactions in γþ3 jet and γ þ b=c jet þ2 jet events in p̄p
collisions at

ffiffiffi
s

p
¼ 1.96 TeV, Phys. Rev. D 89, 072006 (2014).

[87] V. Khachatryan et al., Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76, 155 (2016).

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

M. Dragicevic ,2 P. S. Hussain ,2 M. Jeitler ,2,c N. Krammer ,2 A. Li ,2 D. Liko ,2 I. Mikulec ,2 J. Schieck ,2,c

R. Schöfbeck ,2 D. Schwarz ,2 M. Sonawane ,2 S. Templ ,2 W. Waltenberger ,2 C.-E. Wulz ,2,c M. R. Darwish ,3,d

T. Janssen ,3 T. Van Laer,3 P. Van Mechelen ,3 N. Breugelmans,4 J. D’Hondt ,4 S. Dansana ,4 A. De Moor ,4

M. Delcourt ,4 F. Heyen,4 S. Lowette ,4 I. Makarenko ,4 D. Müller ,4 S. Tavernier ,4 M. Tytgat ,4,e

G. P. Van Onsem ,4 S. Van Putte ,4 D. Vannerom ,4 B. Bilin ,5 B. Clerbaux ,5 A. K. Das,5 G. De Lentdecker ,5

H. Evard ,5 L. Favart ,5 P. Gianneios ,5 J. Jaramillo ,5 A. Khalilzadeh,5 F. A. Khan ,5 K. Lee ,5

M. Mahdavikhorrami ,5 A. Malara ,5 S. Paredes ,5 M. A. Shahzad,5 L. Thomas ,5 M. Vanden Bemden ,5

C. Vander Velde ,5 P. Vanlaer ,5 M. De Coen ,6 D. Dobur ,6 G. Gokbulut ,6 Y. Hong ,6 J. Knolle ,6 L. Lambrecht ,6

D. Marckx ,6 K. Mota Amarilo ,6 A. Samalan,6 K. Skovpen ,6 N. Van Den Bossche ,6 J. van der Linden ,6

L. Wezenbeek ,6 A. Benecke ,7 A. Bethani ,7 G. Bruno ,7 C. Caputo ,7 J. De Favereau De Jeneret ,7 C. Delaere ,7

I. S. Donertas ,7 A. Giammanco ,7 A. O. Guzel ,7 Sa. Jain ,7 V. Lemaitre,7 J. Lidrych ,7 P. Mastrapasqua ,7

T. T. Tran ,7 S. Wertz ,7 G. A. Alves ,8 M. Alves Gallo Pereira ,8 E. Coelho ,8 G. Correia Silva ,8 C. Hensel ,8

T. Menezes De Oliveira ,8 A. Moraes ,8 P. Rebello Teles ,8 M. Soeiro,8 A. Vilela Pereira ,8,f W. L. Aldá Júnior ,9

M. Barroso Ferreira Filho ,9 H. Brandao Malbouisson ,9 W. Carvalho ,9 J. Chinellato,9,g E. M. Da Costa ,9

G. G. Da Silveira ,9,h D. De Jesus Damiao ,9 S. Fonseca De Souza ,9 R. Gomes De Souza,9 M. Macedo ,9 J. Martins ,9,i

C. Mora Herrera ,9 L. Mundim ,9 H. Nogima ,9 J. P. Pinheiro ,9 A. Santoro ,9 A. Sznajder ,9 M. Thiel ,9

C. A. Bernardes ,10,h L. Calligaris ,10 T. R. Fernandez Perez Tomei ,10 E. M. Gregores ,10 I. Maietto Silverio ,10

P. G. Mercadante ,10 S. F. Novaes ,10 B. Orzari ,10 Sandra S. Padula ,10 A. Aleksandrov ,11 G. Antchev ,11

R. Hadjiiska ,11 P. Iaydjiev ,11 M. Misheva ,11 M. Shopova ,11 G. Sultanov ,11 A. Dimitrov ,12 L. Litov ,12

B. Pavlov ,12 P. Petkov ,12 A. Petrov ,12 E. Shumka ,12 S. Keshri ,13 S. Thakur ,13 T. Cheng ,14 T. Javaid ,14

L. Yuan ,14 Z. Hu ,15 Z. Liang,15 J. Liu,15 K. Yi ,15,j,k G. M. Chen ,16,l H. S. Chen ,16,l M. Chen ,16,l F. Iemmi ,16

C. H. Jiang,16 A. Kapoor ,16,m H. Liao ,16 Z.-A. Liu ,16,n R. Sharma ,16,o J. N. Song,16,n J. Tao ,16 C. Wang,16,l

J. Wang ,16 Z. Wang,16,l H. Zhang ,16 J. Zhao ,16 A. Agapitos ,17 Y. Ban ,17 S. Deng ,17 B. Guo,17 C. Jiang ,17

A. Levin ,17 C. Li ,17 Q. Li ,17 Y. Mao,17 S. Qian,17 S. J. Qian ,17 X. Qin,17 X. Sun ,17 D. Wang ,17 H. Yang,17

L. Zhang ,17 Y. Zhao,17 C. Zhou ,17 S. Yang ,18 Z. You ,19 K. Jaffel ,20 N. Lu ,20 G. Bauer,21,p B. Li,21 J. Zhang ,21

X. Gao ,22,q Z. Lin ,23 C. Lu ,23 M. Xiao ,23 C. Avila ,24 D. A. Barbosa Trujillo,24 A. Cabrera ,24 C. Florez ,24

J. Fraga ,24 J. A. Reyes Vega,24 F. Ramirez ,25 C. Rendón,25 M. Rodriguez ,25 A. A. Ruales Barbosa ,25

J. D. Ruiz Alvarez ,25 D. Giljanovic ,26 N. Godinovic ,26 D. Lelas ,26 A. Sculac ,26 M. Kovac ,27 A. Petkovic,27

T. Sculac ,27 P. Bargassa ,28 V. Brigljevic ,28 B. K. Chitroda ,28 D. Ferencek ,28 K. Jakovcic,28 S. Mishra ,28

A. Starodumov ,28,r T. Susa ,28 A. Attikis ,29 K. Christoforou ,29 A. Hadjiagapiou,29 C. Leonidou,29 J. Mousa ,29

C. Nicolaou,29 L. Paizanos,29 F. Ptochos ,29 P. A. Razis ,29 H. Rykaczewski,29 H. Saka ,29 A. Stepennov ,29

M. Finger ,30 M. Finger Jr.,30 A. Kveton ,30 E. Carrera Jarrin ,31 B. El-mahdy,32 S. Khalil ,32,s E. Salama ,32,t,u

A. Lotfy ,33 M. A. Mahmoud ,33 K. Ehataht ,34 M. Kadastik,34 T. Lange ,34 S. Nandan ,34 C. Nielsen ,34 J. Pata ,34

M. Raidal ,34 L. Tani ,34 C. Veelken ,34 H. Kirschenmann ,35 K. Osterberg ,35 M. Voutilainen ,35 S. Bharthuar ,36

N. Bin Norjoharuddeen ,36 E. Brücken ,36 F. Garcia ,36 P. Inkaew ,36 K. T. S. Kallonen ,36 T. Lampén ,36

K. Lassila-Perini ,36 S. Lehti ,36 T. Lindén ,36 L. Martikainen ,36 M. Myllymäki ,36 M. m. Rantanen ,36

H. Siikonen ,36 J. Tuominiemi ,36 P. Luukka ,37 H. Petrow ,37 M. Besancon ,38 F. Couderc ,38 M. Dejardin ,38

D. Denegri,38 J. L. Faure,38 F. Ferri ,38 S. Ganjour ,38 P. Gras ,38 G. Hamel de Monchenault ,38 M. Kumar ,38

V. Lohezic ,38 J. Malcles ,38 F. Orlandi ,38 L. Portales ,38 A. Rosowsky ,38 M. Ö. Sahin ,38 A. Savoy-Navarro ,38,v

OBSERVATION OF DOUBLE J=ψ MESON … PHYS. REV. D 110, 092002 (2024)

092002-13

https://doi.org/10.1103/PhysRevD.81.052012
https://doi.org/10.1103/PhysRevD.93.052008
https://doi.org/10.1103/PhysRevD.93.052008
https://doi.org/10.1103/PhysRevD.89.072006
https://doi.org/10.1140/epjc/s10052-016-3988-x
https://orcid.org/0009-0000-0684-6742
https://orcid.org/0000-0001-9099-4341
https://orcid.org/0000-0002-5786-0293
https://orcid.org/0000-0003-0185-9872
https://orcid.org/0000-0001-5389-2872
https://orcid.org/0000-0003-1967-6783
https://orcid.org/0000-0002-4825-5278
https://orcid.org/0000-0002-5141-9560
https://orcid.org/0000-0002-0548-0985
https://orcid.org/0000-0002-4547-116X
https://orcid.org/0000-0002-3380-473X
https://orcid.org/0000-0003-0385-2746
https://orcid.org/0000-0002-1058-8093
https://orcid.org/0000-0002-2332-8784
https://orcid.org/0000-0002-3821-7331
https://orcid.org/0000-0003-0510-7010
https://orcid.org/0000-0003-3137-5692
https://orcid.org/0000-0002-6215-7228
https://orcid.org/0000-0001-9226-5812
https://orcid.org/0000-0003-2894-2377
https://orcid.org/0000-0002-3998-4081
https://orcid.org/0000-0002-8731-9051
https://orcid.org/0000-0002-9598-6241
https://orcid.org/0000-0002-7752-7471
https://orcid.org/0000-0001-5964-1935
https://orcid.org/0000-0001-8206-1787
https://orcid.org/0000-0003-3984-9987
https://orcid.org/0000-0002-8553-4508
https://orcid.org/0000-0002-1752-4527
https://orcid.org/0000-0002-6792-9522
https://orcid.org/0000-0002-3990-2074
https://orcid.org/0000-0002-1664-2337
https://orcid.org/0000-0003-1559-3606
https://orcid.org/0000-0002-2747-5095
https://orcid.org/0000-0003-1439-7128
https://orcid.org/0000-0001-8547-8211
https://orcid.org/0000-0001-5124-7693
https://orcid.org/0009-0005-5039-1462
https://orcid.org/0000-0003-1645-7454
https://orcid.org/0009-0003-7233-0738
https://orcid.org/0000-0003-3885-6608
https://orcid.org/0009-0002-2039-277X
https://orcid.org/0000-0003-0808-4184
https://orcid.org/0000-0002-8265-3595
https://orcid.org/0000-0001-8645-9282
https://orcid.org/0000-0001-8487-9603
https://orcid.org/0000-0002-2756-3853
https://orcid.org/0009-0000-7725-7945
https://orcid.org/0000-0003-3392-7294
https://orcid.org/0000-0002-7931-4496
https://orcid.org/0000-0002-5854-7442
https://orcid.org/0000-0003-0012-4866
https://orcid.org/0000-0002-0175-6454
https://orcid.org/0000-0003-4752-2458
https://orcid.org/0000-0002-4781-5704
https://orcid.org/0000-0001-9108-1560
https://orcid.org/0000-0001-6752-2290
https://orcid.org/0000-0003-1707-3348
https://orcid.org/0000-0002-1160-0621
https://orcid.org/0000-0003-2973-4991
https://orcid.org/0000-0002-7174-781X
https://orcid.org/0000-0001-6952-891X
https://orcid.org/0000-0003-0252-3609
https://orcid.org/0000-0002-8150-7043
https://orcid.org/0000-0001-8857-8197
https://orcid.org/0000-0001-7522-4808
https://orcid.org/0000-0003-1775-8574
https://orcid.org/0000-0001-8707-6021
https://orcid.org/0000-0001-7485-412X
https://orcid.org/0000-0001-9640-8294
https://orcid.org/0000-0002-9404-5933
https://orcid.org/0000-0001-5078-3689
https://orcid.org/0000-0003-1439-0196
https://orcid.org/0000-0002-2043-2367
https://orcid.org/0000-0003-3060-350X
https://orcid.org/0000-0002-8645-3670
https://orcid.org/0000-0002-8369-1446
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0001-6114-9907
https://orcid.org/0000-0001-6232-3591
https://orcid.org/0000-0001-8874-7624
https://orcid.org/0009-0009-4729-8354
https://orcid.org/0000-0002-5157-5686
https://orcid.org/0000-0001-9029-8506
https://orcid.org/0000-0003-3177-4626
https://orcid.org/0000-0001-5855-9817
https://orcid.org/0000-0003-3904-0571
https://orcid.org/0000-0002-1326-318X
https://orcid.org/0000-0003-0738-6615
https://orcid.org/0000-0002-5016-6434
https://orcid.org/0000-0003-3514-7056
https://orcid.org/0000-0002-3769-1680
https://orcid.org/0000-0001-7830-0837
https://orcid.org/0000-0002-6173-9859
https://orcid.org/0000-0002-2120-2782
https://orcid.org/0000-0003-3915-3170
https://orcid.org/0000-0001-9964-7805
https://orcid.org/0000-0001-7705-1066
https://orcid.org/0000-0002-3233-8247
https://orcid.org/0000-0002-0568-665X
https://orcid.org/0000-0001-6998-1108
https://orcid.org/0000-0001-7139-7963
https://orcid.org/0000-0001-5790-9563
https://orcid.org/0000-0002-9951-9448
https://orcid.org/0000-0002-1809-5226
https://orcid.org/0000-0003-0205-1672
https://orcid.org/0000-0003-3852-0266
https://orcid.org/0000-0001-8333-4302
https://orcid.org/0000-0003-0471-8549
https://orcid.org/0000-0003-4232-4743
https://orcid.org/0000-0003-3071-0559
https://orcid.org/0000-0001-6934-2541
https://orcid.org/0000-0003-3210-5037
https://orcid.org/0000-0003-1824-1737
https://orcid.org/0000-0001-6330-0607
https://orcid.org/0000-0003-4854-5301
https://orcid.org/0000-0001-6664-2493
https://orcid.org/0000-0002-8030-3866
https://orcid.org/0000-0003-2899-701X
https://orcid.org/0000-0002-8511-6883
https://orcid.org/0000-0003-3635-0646
https://orcid.org/0000-0002-0420-9480
https://orcid.org/0009-0003-8899-1514
https://orcid.org/0000-0002-0104-2574
https://orcid.org/0000-0003-3280-2350
https://orcid.org/0000-0002-1647-0360
https://orcid.org/0000-0003-2954-9315
https://orcid.org/0009-0007-2757-4054
https://orcid.org/0000-0002-6719-5397
https://orcid.org/0000-0001-8209-4343
https://orcid.org/0000-0002-2459-1824
https://orcid.org/0000-0002-2629-5420
https://orcid.org/0000-0001-8672-8227
https://orcid.org/0000-0003-0489-9669
https://orcid.org/0000-0001-5911-4051
https://orcid.org/0000-0002-1844-1504
https://orcid.org/0000-0002-0124-6999
https://orcid.org/0000-0002-2896-1386
https://orcid.org/0000-0003-1181-1426
https://orcid.org/0000-0003-2006-3490
https://orcid.org/0000-0002-3103-1083
https://orcid.org/0000-0001-8843-5209
https://orcid.org/0000-0001-8365-7726
https://orcid.org/0000-0002-8953-1232
https://orcid.org/0000-0002-1912-0374
https://orcid.org/0000-0002-2999-1843
https://orcid.org/0009-0008-6986-388X
https://orcid.org/0000-0001-9565-4186
https://orcid.org/0000-0002-6339-8154
https://orcid.org/0000-0002-8290-0517
https://orcid.org/0000-0002-0630-481X
https://orcid.org/0000-0003-4409-4574
https://orcid.org/0000-0002-0050-612X
https://orcid.org/0000-0001-7947-9007
https://orcid.org/0000-0001-5904-7258
https://orcid.org/0000-0001-6905-6553
https://orcid.org/0000-0001-8324-3291
https://orcid.org/0000-0001-7419-4248
https://orcid.org/0000-0002-2631-6770
https://orcid.org/0000-0003-3314-2534
https://orcid.org/0000-0001-7205-2318
https://orcid.org/0000-0003-1812-3474
https://orcid.org/0000-0002-7421-0313
https://orcid.org/0000-0001-9628-9336
https://orcid.org/0000-0002-5610-2693
https://orcid.org/0000-0002-0486-6296
https://orcid.org/0000-0002-3222-0249
https://orcid.org/0000-0002-5137-8543
https://orcid.org/0000-0002-7178-0484
https://orcid.org/0000-0002-9480-213X
https://orcid.org/0000-0003-0826-0803
https://orcid.org/0000-0002-3306-0363
https://orcid.org/0009-0005-6792-6881
https://orcid.org/0000-0002-4674-9450
https://orcid.org/0000-0002-8269-5760
https://orcid.org/0000-0001-7938-7559
https://orcid.org/0000-0002-2391-4599
https://orcid.org/0000-0002-9578-4105
https://orcid.org/0000-0001-8612-3332
https://orcid.org/0000-0001-5847-0062
https://orcid.org/0000-0002-0220-8441
https://orcid.org/0000-0001-9116-1202
https://orcid.org/0000-0002-3510-4833
https://orcid.org/0000-0001-9570-9255
https://orcid.org/0000-0001-7430-2552
https://orcid.org/0000-0002-4443-3794
https://orcid.org/0000-0003-2205-1100
https://orcid.org/0000-0002-2978-2718
https://orcid.org/0000-0002-3432-3452
https://orcid.org/0000-0002-4855-0162
https://orcid.org/0000-0001-7616-2573
https://orcid.org/0000-0001-7747-6582
https://orcid.org/0000-0002-7828-9970
https://orcid.org/0000-0001-8197-1914
https://orcid.org/0000-0002-0857-8507
https://orcid.org/0000-0003-1950-4674
https://orcid.org/0000-0002-9282-9806
https://orcid.org/0000-0003-4681-0079
https://orcid.org/0000-0001-8692-5458
https://orcid.org/0000-0002-2387-4777
https://orcid.org/0000-0001-6242-7331
https://orcid.org/0000-0002-9380-8919
https://orcid.org/0000-0002-3532-8132
https://orcid.org/0000-0002-5191-5759
https://orcid.org/0000-0001-7040-9491
https://orcid.org/0000-0002-6552-7255
https://orcid.org/0000-0002-3364-916X
https://orcid.org/0000-0001-7369-2536
https://orcid.org/0000-0003-4807-0414
https://orcid.org/0000-0002-5200-6477
https://orcid.org/0000-0001-5871-9622
https://orcid.org/0000-0002-8818-7476
https://orcid.org/0000-0001-6066-8756
https://orcid.org/0000-0002-4023-7964
https://orcid.org/0000-0003-4491-8983
https://orcid.org/0000-0001-9769-7163
https://orcid.org/0000-0002-8398-4249
https://orcid.org/0000-0002-5502-1795
https://orcid.org/0000-0003-1370-5598
https://orcid.org/0009-0002-4847-8882
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0000-0003-0510-3810
https://orcid.org/0000-0002-6764-0016
https://orcid.org/0000-0003-2039-5874
https://orcid.org/0000-0003-0386-8633
https://orcid.org/0000-0003-2340-4641
https://orcid.org/0000-0002-1133-5485
https://orcid.org/0000-0003-3278-3671
https://orcid.org/0000-0003-2040-4099
https://orcid.org/0009-0008-2784-615X
https://orcid.org/0000-0002-9860-101X
https://orcid.org/0000-0003-3090-9744
https://orcid.org/0000-0002-3932-5967
https://orcid.org/0000-0002-3872-3592
https://orcid.org/0000-0003-0312-057X
https://orcid.org/0009-0008-7976-851X
https://orcid.org/0000-0002-5388-5565
https://orcid.org/0009-0001-0547-7516
https://orcid.org/0000-0002-9860-9185
https://orcid.org/0000-0001-7803-6650
https://orcid.org/0000-0001-6402-4050
https://orcid.org/0000-0002-9481-5168


P. Simkina ,38 M. Titov ,38 M. Tornago ,38 F. Beaudette ,39 G. Boldrini ,39 P. Busson ,39 A. Cappati ,39 C. Charlot ,39

M. Chiusi ,39 F. Damas ,39 O. Davignon ,39 A. De Wit ,39 I. T. Ehle ,39 B. A. Fontana Santos Alves ,39 S. Ghosh ,39

A. Gilbert ,39 R. Granier de Cassagnac ,39 A. Hakimi ,39 B. Harikrishnan ,39 L. Kalipoliti ,39 G. Liu ,39

M. Nguyen ,39 C. Ochando ,39 R. Salerno ,39 J. B. Sauvan ,39 Y. Sirois ,39 L. Urda Gómez ,39 E. Vernazza ,39

A. Zabi ,39 A. Zghiche ,39 J.-L. Agram ,40,w J. Andrea ,40 D. Apparu ,40 D. Bloch ,40 J.-M. Brom ,40

E. C. Chabert ,40 C. Collard ,40 S. Falke ,40 U. Goerlach ,40 R. Haeberle ,40 A.-C. Le Bihan ,40 M. Meena ,40

O. Poncet ,40 G. Saha ,40 M. A. Sessini ,40 P. Van Hove ,40 P. Vaucelle ,40 A. Di Florio ,41 D. Amram,42

S. Beauceron ,42 B. Blancon ,42 G. Boudoul ,42 N. Chanon ,42 D. Contardo ,42 P. Depasse ,42 C. Dozen ,42,x

H. El Mamouni,42 J. Fay ,42 S. Gascon ,42 M. Gouzevitch ,42 C. Greenberg,42 G. Grenier ,42 B. Ille ,42 E. Jourd‘huy,42

I. B. Laktineh,42 M. Lethuillier ,42 L. Mirabito,42 S. Perries,42 A. Purohit ,42 M. Vander Donckt ,42 P. Verdier ,42

J. Xiao ,42 D. Lomidze ,43 I. Lomidze ,43 Z. Tsamalaidze ,43,r V. Botta ,44 S. Consuegra Rodríguez ,44 L. Feld ,44

K. Klein ,44 M. Lipinski ,44 D. Meuser ,44 A. Pauls ,44 D. Pérez Adán ,44 N. Röwert ,44 M. Teroerde ,44
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80bUniversità di Perugia , Perugia, Italy

81aINFN Sezione di Pisa, Pisa, Italy
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