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The inclusive J/ψ meson production in Pb–Pb collisions at a center-of-mass energy per nucleon–nucleon 
collision of √

sNN = 5.02 TeV at midrapidity (|y| < 0.9) is reported by the ALICE Collaboration. The 
measurements are performed in the dielectron decay channel, as a function of event centrality and J/ψ
transverse momentum pT, down to pT = 0. The J/ψ mean transverse momentum 〈pT〉 and rAA ratio, 
defined as 〈p2

T〉PbPb/〈p2
T〉pp, are evaluated. Both observables show a centrality dependence decreasing 

towards central (head-on) collisions. The J/ψ nuclear modification factor RAA exhibits a strong pT
dependence with a large suppression at high pT and an increase to unity for decreasing pT. When 
integrating over the measured momentum range pT < 10 GeV/c, the J/ψ RAA shows a weak centrality 
dependence. Each measurement is compared with results at lower center-of-mass energies and with 
ALICE measurements at forward rapidity, as well as to theory calculations. All reported features of the 
J/ψ production at low pT are consistent with a dominant contribution to the J/ψ yield originating from 
charm quark (re)combination.

© 2020 European Organization for Nuclear Research. Published by Elsevier B.V. This is an open access 
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The Quark-Gluon Plasma (QGP) is a state of strongly-interacting 
matter characterized by quark and gluon degrees of freedom pre-
dicted by Quantum Chromodynamics (QCD) to exist at high tem-
perature and energy density [1,2]. Such conditions are realized 
during the initial hot and dense stages of ultra-relativistic heavy-
ion collisions. The medium produced in these collisions has a short 
lifetime, which is of the order of 10 fm/c at the energies reached 
at the CERN Large Hadron Collider (LHC), see e.g. [3].

Due to their large masses, charm and beauty quarks are pro-
duced in hard partonic scatterings occurring during the early stage 
of the collision and therefore experience the full evolution of the 
medium. Charmonia, i.e. the bound states of charm and anti-charm 
quarks, are of particular interest for the understanding of the QGP, 
see e.g. [4,5]. In the framework of color-screening models, the sup-
pression of the charmonium state J/ψ is an unambiguous signature 
of the QGP [6,7]. The high density of color charges prevents charm 
and anti-charm quarks from forming bound states. Therefore, the 
J/ψ yield is expected to be suppressed compared to probes un-
affected by the hot and dense medium or from expectations of 
the incoherent superposition of nucleon–nucleon collisions at the 
same energy. This was experimentally observed in the most central 
heavy-ion collisions at SPS [8–10] and RHIC [11–13] energies.

� E-mail address: alice -publications @cern .ch.

At the significantly higher collision energies of the LHC, the 
suppression pattern of J/ψ mesons in heavy-ion collisions is 
fundamentally changed. In central Pb–Pb collisions at 

√
sNN =

2.76 TeV, where 
√

sNN is the center-of-mass collision energy 
per nucleon–nucleon pair, the suppression was found to be 
weaker [14–16] in comparison with the earlier measurements at 
lower energies mentioned above. The effect was measured by the 
ALICE Collaboration at both mid- and forward rapidity, dominantly 
for J/ψ mesons at a low transverse momentum (pT). This phe-
nomenon is understood as the result of the charmonium (re)gen-
eration due to copiously produced charm quarks, made possible 
by the deconfined nature of the QGP. In addition to the weaker 
nuclear suppression of charmonia, recent observations of non-zero 
elliptic flow of D [17,18] and J/ψ [19] mesons, suggest that charm 
quarks may thermalize and flow with the bulk particles during the 
QGP phase.

There are different phenomenological scenarios available for the 
description of charmonium production in heavy-ion collisions. In 
the framework of statistical hadronization, all charmonium states 
are created at chemical equilibrium at the phase boundary and 
their abundances are determined by thermal weights [20,21]. The 
transport approach considers a continuous production and disso-
ciation of charmonium states already during the QGP phase gov-
erned by a set of rate equations [22]. Another approach includes 
charmonium dissociation by the scattering of comoving partons 
and hadrons with a (re)generation component at LHC collision en-
ergies [23]. All current models implementing statistical hadroniza-
tion, microscopic transport approaches [24,25] or comover interac-
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tions take into account both the hot medium and the cold nuclear 
matter (CNM) [26] effects mainly originating from the modification 
of the gluon distribution function in the nucleus compared to the 
corresponding function of the free nucleon.

In this paper, we present the ALICE measurement of the inclu-
sive J/ψ production at midrapidity in Pb–Pb collisions at a center-
of-mass energy per nucleon pair of 5.02 TeV. The J/ψ mesons 
are reconstructed in the central barrel within the rapidity range 
|y| < 0.9 via the e+e− decay channel down to pT = 0 GeV/c. The 
J/ψ pT spectrum is measured in three centrality intervals. The 
J/ψ average transverse momentum 〈pT〉 and 〈p2

T〉 are evaluated 
as a function of collision centrality: the latter is shown in com-
parison with the J/ψ 〈p2

T〉 measured in pp collisions, via the ratio 
rAA = 〈p2

T〉PbPb/〈p2
T〉pp. The nuclear modification factor RAA, which 

is defined by the ratio of the production yield in Pb–Pb collisions 
and the production cross section in pp collisions normalized by 
the nuclear overlap function 〈TAA〉, as a function of event centrality 
and J/ψ pT, is obtained using the recent ALICE measurement of the 
inclusive J/ψ cross section in pp collisions at 

√
s = 5.02 TeV [27]. 

The new pp reference and the larger Pb–Pb data set allow for a sig-
nificant reduction of the uncertainties compared to our previous 
measurements at 

√
sNN = 2.76 TeV [14,28]. The results are com-

pared with statistical [20], microscopic parton transport [24,25], 
and comover [23] model calculations.

The measurements presented in this publication provide a sig-
nificant complement to results in Pb–Pb collisions at the same 
collision energy by the ALICE Collaboration at forward rapid-
ity [29], the measurements on J/ψ suppression at high pT by 
the ATLAS [30] and CMS [31] Collaborations around midrapidity, 
as well as to results at forward rapidity in Xe–Xe collisions at √

sNN = 5.44 TeV [32].

2. Apparatus and data sample

A detailed description of the ALICE detector and its performance 
can be found in Refs. [33,34]. The ALICE central barrel detector 
allows for high resolution tracking and particle identification over 
the full azimuthal angle in the pseudorapidity range |η| < 0.9. The 
entire setup is placed inside a solenoidal magnet, which creates a 
uniform axial magnetic field of B = 0.5 T along the beam direction.

The main detectors used for the J/ψ meson reconstruction in 
the e+e− decay channel are the Inner Tracking System (ITS) [35]
and the Time Projection Chamber (TPC) [36]. The ITS consists of 6 
cylindrical layers of silicon detectors placed at radial distances to 
the beam line from 3.9 cm to 43 cm and provides high-precision 
tracking close to the interaction point as well as the determination 
of the primary vertex of the event. The two innermost layers form 
the Silicon Pixel Detector (SPD), the intermediate two layers are 
the Silicon Drift Detector (SDD), and the outermost layers are the 
Silicon Strip Detector (SSD).

Placed around the ITS, the TPC detector is a large cylindrical 
drift chamber extending radially from 85 cm to 250 cm from the 
nominal interaction point (x = y = z = 0 cm) and longitudinally 
between −250 cm and +250 cm. In addition to being the main 
tracking detector, the TPC also provides particle identification via 
the measurement of the specific energy loss (dE/dx) of charged 
particles in the detector gas.

The V0 detectors [37] consist of two scintillator arrays, V0A and 
V0C, which are located on both sides of the nominal interaction 
point at z = 329 cm and z = −90 cm and cover the pseudorapid-
ity interval 2.8 ≤ η ≤ 5.1 and −3.7 ≤ η ≤ −1.7. The centrality of 
the events, expressed in fractions of the total inelastic hadronic 
cross section, is determined via a Glauber fit to the V0 amplitude 
as described in [38–40]. In addition, the V0 detectors are used to 
provide a minimum-bias trigger (MB), defined as the coincidence 
of signals in both V0 arrays and the beam crossing.

The results presented in this paper are obtained using the MB 
trigger data collected during the 2015 LHC Pb–Pb run at a center-
of-mass energy per nucleon pair of 5.02 TeV. Beam-gas events are 
rejected using timing selections on the signals from the V0 and 
Zero Degree Calorimeters [41]. Pileup events are rejected online 
based on V0, but also in the offline analysis based on the cor-
relation between the V0 multiplicity and the number of tracks 
reconstructed in the TPC. All events must have a reconstructed pri-
mary vertex with a longitudinal position within ±10 cm around 
the nominal interaction point. Only the events corresponding to 
the most central 90% of the Pb–Pb inelastic cross section (0–90%) 
are used in this analysis. For these events the MB trigger is fully 
efficient and the contamination by electromagnetic interactions is 
negligible. After all selections, a sample of 70 million events is 
available for analysis, corresponding to an integrated luminosity of 
Lint ≈ 10 μb−1.

3. Analysis methods

The J/ψ candidates are reconstructed using the e+e− decay 
channel. The selected electron candidates are tracks reconstructed 
using both the ITS and TPC detectors. They must have a min-
imum transverse momentum of 1 GeV/c and pseudorapidity in 
the range |η| < 0.9. Primary electrons are selected using a max-
imum distance-of-closest-approach to the event vertex of at most 
1 cm and 3 cm in the transverse and longitudinal directions, re-
spectively. Additionally, kink-daughters, i.e. secondary tracks from 
long-lived weak decays of charged particles, are removed from the 
analysis. In order to improve the resolution of track reconstruction 
and to reject secondary electrons from photon conversions in the 
detector material, the tracks are selected to have at least one hit in 
either of the two SPD layers. Electrons and positrons from photon 
conversions are further rejected using a prefilter method [27] in 
which track candidates forming pairs with an electron-positron in-
variant mass lower than 50 MeV/c2 are removed from any further 
pairing. In the TPC, the electron candidates are required to have 
at least 70 out of 159 possible space points attached to the track, 
which ensures good tracking and particle identification resolution.

Electrons are identified by requiring that the measured dE/dx
in the TPC lies within a ±3σe band around the expected value 
for electrons estimated from a parameterization of the Bethe for-
mula, where σe is the particle identification (PID) resolution in the 
TPC for electrons. The hadron contamination is reduced by exclud-
ing tracks compatible with the proton or pion hypothesis within 
±3.5σp,π .

The number of observed J/ψ is obtained by constructing the 
invariant mass distribution of all combinations of opposite-sign 
(OS) electron pairs from the same event. The top panels of Fig. 1
show the invariant mass distributions obtained in central (0–10%, 
left) and peripheral (60–90%, right) collisions together with the 
estimated background. The background is obtained using the dis-
tribution of OS pairs constructed by pairing electrons and positrons 
from different events, so-called mixed events (ME), which is scaled 
to match the same-event OS invariant mass distribution in two 
mass intervals on either side of the J/ψ signal region: 2.0 < mee <

2.5 GeV/c2 and 3.2 < mee < 3.7 GeV/c2, where the J/ψ contri-
bution is expected to be negligible. The raw J/ψ signal is then 
obtained by integrating the background-subtracted distribution in 
the mass window 2.92–3.16 GeV/c2. The lower panels of Fig. 1
show the OS invariant mass distribution after background subtrac-
tion. Good agreement with the J/ψ invariant mass distribution 
from Monte Carlo (MC) simulation, normalized to the integral of 
the raw signal, is observed. The potentially remaining correlated 
background from semi-leptonic decays of cc and bb pairs is in-
cluded in the systematic uncertainty.
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Fig. 1. Top panels: Invariant mass distribution of opposite-sign pairs from the same event and mixed events for the 0–10% (left) and 60–90% (right) centrality classes in 
Pb–Pb collisions at √sNN = 5.02 TeV. Bottom panels: Background-subtracted invariant mass distributions in comparison with the expected Monte Carlo signal shape.

The corrected J/ψ pT-differential production yield is obtained 
in a given centrality class as

d2N

dydpT
= NJ/ψ

Nev × BRJ/ψ→ee × (A × ε) × �y × �pT
, (1)

where NJ/ψ is the number of reconstructed J/ψ in the considered 
centrality class and pT and y intervals, Nev is the corresponding 
number of events, A ×ε is the acceptance and efficiency correction 
factor and BRJ/ψ→ee = (5.971 ± 0.032)% is the branching ratio of 
the J/ψ decaying into the dielectron channel [42].

MC simulations of Pb–Pb collisions with embedded unpolarized 
J/ψ mesons are used to obtain the A × ε factors. The Pb–Pb col-
lisions are generated using HIJING [43]. For the J/ψ , the prompt 
component is generated using a pT distribution tuned to the ex-
isting Pb–Pb measurements at forward rapidity while the non-
prompt component is obtained from bb pairs generated with 
PYTHIA forced to decay into channels with J/ψ in the final state. 
The J/ψ decays into the e+e− channel are handled using PHO-
TOS [44]. The transport of the simulated particles in the detector 
material is performed using a GEANT3 [45] model of the ALICE 
apparatus and the same algorithm as for the real data is used to 
reconstruct the simulated tracks. The acceptance times efficiency 
correction factors include the kinematic acceptance, the recon-
struction and PID efficiencies, and the fraction of signal in the 
integrated invariant mass window. The acceptance correction fac-
tor amounts to 33% and the fraction of the signal in the mass 
counting window is approximately 65%. Reconstruction and PID 
efficiencies are centrality dependent and together amount to ap-
proximately 24% in the most central collisions growing monoton-
ically to approximately 32% in the most peripheral collisions. The 
correction factors are also pT dependent which, for large pT in-
tervals, induces a dependence on the Monte Carlo pT distribution 
of the embedded J/ψ . This is taken as a source of systematic un-
certainty and is discussed in the following section. The inclusive 
pT-integrated J/ψ production is measured in 5 different central-
ity classes: 0–10%, 10–20%, 20–40%, 40–60% and 60–90% while 
the pT-differential cross sections are obtained in larger centrality 

classes to ensure sufficient statistical significance: 0–20%, 20–40% 
and 40–90%.

The average transverse momentum of J/ψ , 〈pT〉, is extracted 
using a binned log-likelihood fit of the 〈pee

T 〉 distribution of all 
electron pairs as a function of the invariant mass. Each pair con-
tribution is weighted by the (A × ε)−1 factor corresponding to its 
centrality and pT. The OS 〈pee

T 〉 distribution is fitted with the func-
tion:

〈pee
T 〉(mee) = Nbkg(mee) × 〈pbkg

T (mee)〉 + N J/ψ(mee) × 〈pT〉
Nbkg(mee) + N J/ψ(mee)

, (2)

where Nbkg(mee) and N J/ψ (mee) are the mass-dependent distri-
butions of background and signal pairs determined via the signal 
extraction procedure described above. The background mean trans-
verse momentum, 〈pbkg

T 〉, depends on the invariant mass and its 
shape is obtained from the ME technique, while its overall nor-
malization can vary in the fit. Fig. 2 illustrates the 〈pT〉 extraction 
procedure for the most central and most peripheral centrality in-
tervals using dielectron pairs in the transverse momentum interval 
0.15 < pT < 10 GeV/c. A similar procedure is employed also for 
the second moment of the transverse momentum distribution 〈p2

T〉.
A low-pT cut-off on the J/ψ candidates is applied due to the 

observation of a J/ψ excess for pT < 0.3 GeV/c at forward rapidity 
in peripheral Pb–Pb collisions at 

√
sNN = 2.76 TeV [46], which is 

found to originate from coherent photo-production. Since this pro-
duction mechanism is not normally included in hadro-production 
models, the low-pT interval is excluded for enabling comparisons 
with theoretical calculations. At midrapidity, mainly due to a better 
momentum resolution, nearly all of the coherent yield is contained 
in the range of reconstructed pT < 0.15 GeV/c, as shown by the 
ALICE measurements of J/ψ photo-production in ultra-peripheral 
collisions [47]. A small component of incoherently photo-produced 
J/ψ is still present in the range pT < 1 GeV/c, but for the central-
ity intervals considered in this work it is negligible. Thus, in the 
following, unless otherwise specified, all the results refer to J/ψ
with pT larger than 0.15 GeV/c.
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Fig. 2. Extraction of the J/ψ 〈pT〉 in Pb–Pb collisions at √sNN = 5.02 TeV for the 0–10% (left) and 60–90% (right) centrality classes in the transverse momentum interval 
0.15 < pT < 10 GeV/c. The background, obtained from event-mixing, is shown by the red line.

Table 1
Average number of participant nucleons 〈Npart〉 and average nu-
clear overlap function 〈TAA〉 for the centrality classes used in this 
analysis. The values are derived from [40].

Centrality (%) 〈Npart〉 〈TAA〉 (mb−1)

0–10 357.3 ± 0.8 23.26 ± 0.17
0–20 309.7 ± 0.9 18.83 ± 0.14
10–20 262.0 ± 1.2 14.40 ± 0.13
20–40 159.4 ± 1.3 6.97 ± 0.09
40–60 70.7 ± 0.9 2.05 ± 0.04
40–90 39.0 ± 0.7 1.00 ± 0.03
60–90 17.9 ± 0.3 0.31 ± 0.01

0–90 125.9 ± 1.0 6.28 ± 0.12

The inclusive J/ψ nuclear modification factor is computed for a 
given centrality class as

RAA = d2N/dydpT

〈TAA〉d2σpp/dydpT
, (3)

where d2N/dydpT is the inclusive J/ψ yield defined in Equation 1, 
the 〈TAA〉 is the average nuclear overlap function corresponding 
to the considered centrality class and d2σpp/dydpT is the in-
clusive J/ψ cross section measured by ALICE in pp collisions at √

s = 5.02 TeV [27]. The values used for the nuclear overlap func-
tion are shown in Table 1 and are obtained from [40].

4. Systematic uncertainties

The systematic uncertainties on the measured J/ψ yields, 〈pT〉, 
and 〈p2

T〉 originate from uncertainties on tracking, electron identifi-
cation, signal extraction procedure, the kinematics used in the MC 
simulation for estimating the A × ε corrections, and the J/ψ de-
cay branching ratio. For the RAA and the rAA, the uncertainties on 
the J/ψ cross section measurement in pp collisions [27] and (only 
in the case of the RAA) on the nuclear overlap function 〈TAA〉 [40]
need to be considered in addition. A summary of the uncertainties 
on the pT-integrated and pT-differential yields is given in Table 2.

The systematic uncertainty on the tracking of the candidate 
electrons is mainly due to uncertainties on the ITS-TPC track 
matching and on the track reconstruction efficiency in both the ITS 
and the TPC. These uncertainties, mainly due to differences in the 
reconstruction efficiency between data and MC, are estimated by 
varying the main track selection criteria and repeating the whole 
analysis chain. All variations which provide a corrected yield that 
deviates from the yield obtained with the standard selection cri-
teria by more than one standard deviation are considered [48]. 
The tracking uncertainty is then obtained as the root-mean-square 

Table 2
Systematic uncertainties on the pT-integrated and on pT-differential J/ψ yields for 
different centrality intervals. Only the ranges of uncertainty are quoted over the 
considered centrality intervals. The individual contributions and the total uncertain-
ties are given as percent values.

Source pT-integrated pT-differential 〈pT〉 rAA

Tracking 2–7 4–9 2–4 3–6
PID 3–6 1–6 1–2 2–4
Signal extraction 2–7 5–7 1–2 2–3
MC input 2 1–2 n.a. n.a.

〈TAA〉 2–5 2–5 n.a. n.a.
pp reference 7 9–12 3 5

of the distribution of all the valid variations, while the distribu-
tion mean is used as the central value. For the J/ψ yields, this 
uncertainty ranges between 2% and 7% as a function of central-
ity (integrated over pT) and between 4% and 9% as a function of 
transverse momentum. The tracking systematic uncertainty on the 
〈pT〉 and 〈p2

T〉 are smaller than those for the corrected yields and 
detailed in Table 2.

Uncertainties on the electron identification are due to the TPC 
electron PID response and the hadron rejection. A data-driven pro-
cedure is used to improve the matching between data and sim-
ulation for the electron selection by employing a pure sample of 
electrons from tagged photon conversions in the detector mate-
rial. The residual mismatches are estimated by varying all the PID 
selection criteria following a similar procedure as for the track-
ing systematic uncertainty. The extracted uncertainty on the J/ψ
yields ranges between 1% and 6%, depending on the centrality and 
transverse momentum interval.

The uncertainty from the signal extraction procedure includes 
two components, one due to the J/ψ signal shape and one due to 
the residual correlated dielectron background in the J/ψ mass re-
gion. In order to estimate the uncertainty on the signal shape, the 
corrected J/ψ yields are estimated using variations of the stan-
dard signal counting mass region, 2.92-3.16 GeV/c2. For this we 
used three additional values of the lower mass limit, between 
2.92 and 2.80 GeV/c2 and two additional values for the upper 
mass limit, namely 3.12 and 3.20 GeV/c2. The correlated dielec-
tron background in the invariant mass range used to extract the 
signal has generally a different shape compared to the combinato-
rial background. So matching the ME background in the sidebands 
of the same-event OS distribution may lead to a bias in the estima-
tion of the raw yields. This is taken as a systematic uncertainty and 
is estimated by varying the mass ranges of the sidebands where 
the ME background is matched. By these variations the width of 
the sidebands was modified between 400 and 800 MeV/c2. The 
total uncertainty on the signal extraction ranges between 2% to 7% 
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Fig. 3. Left panel: Transverse momentum dependence of the J/ψ production yields in Pb–Pb collisions at √sNN = 5.02 TeV at midrapidity in the centrality intervals 0–20%, 
20–40%, and 40–90%. Right panel: Comparison of the pT distribution in the centrality interval 0–20% with models [25,49].

as a function of centrality and between 5% and 7% as a function of 
pT.

The acceptance and efficiency correction is pT dependent which 
makes correction factors averaged over large pT intervals sensi-
tive to the J/ψ pT spectrum used in the simulation. Since precise 
measurements of the J/ψ transverse momentum spectra at midra-
pidity down to pT = 0 GeV/c are not available, the simulations 
used for corrections rely on the ALICE measurement at forward ra-
pidity (2.5 < y < 4.0) in Pb–Pb collisions at 

√
sNN = 5.02 TeV [29]. 

The measured spectrum including the statistical and systematic 
uncertainties is fitted using a power law function and the fit pa-
rameters are varied randomly within their allowed uncertainties 
taking into account their correlation matrix. The resulting uncer-
tainty amounts to 2% for the pT-integrated corrected yields and 
ranges between 1% to 2% in the considered pT intervals.

Systematic uncertainties on the extraction of 〈pT〉 and 〈p2
T〉 are 

obtained by repeating the fit procedure with similar variations of 
tracking and PID selections as for the yield estimation. Since for 
this measurement the A × ε correction is applied for each dielec-
tron pair using a fine-binned distribution of the correction factors, 
the systematic uncertainty due to the kinematics of the J/ψ used 
in the MC simulation is negligible. In addition, the 〈pT〉 and 〈p2

T〉
are also extracted by directly fitting the corrected J/ψ spectrum 
with a power law function and are found to be compatible to the 
values obtained from the fit with Equation 2.

Systematic uncertainties on the tracking, PID and MC kinemat-
ics are considered to be partly correlated over both the centrality 
and the transverse momentum. The systematic uncertainties on 
signal extraction are considered as uncorrelated. The uncertain-
ties on the nuclear overlap function are taken as uncorrelated 
over centrality and fully correlated over pT within a given cen-
trality interval. The uncertainty on the pT-integrated pp reference 
is considered to be fully correlated over centrality, while the un-
certainties on the pT-differential values are fully correlated over 
centrality and highly correlated over pT.

5. Results and discussions

The inclusive J/ψ pT-differential yields evaluated using Equa-
tion 1 are shown in the left panel of Fig. 3 (left) for the 0–20%, 
20–40%, and 40–90% centrality intervals. The vertical error bars in-
dicate statistical uncertainties while the systematic uncertainties, 
independently of their degree of correlation, are shown as boxes 
around the data points. The horizontal error bars show the evalu-
ated pT-range with the data point placed in the center.

The experimental results are compared with different phe-
nomenological models of the charmonium production in relativis-
tic heavy-ion collisions, i.e. the statistical hadronization model 

(SHM) by Andronic et al. [21], the comover interaction model (CIM) 
by Ferreiro [23,50] and two different microscopic transport mod-
els, by Zhao et al. (TM1) [24] and by Zhou et al.(TM2) [25].

In the SHM, all heavy quarks are produced during the initial 
hard partonic interactions followed by their thermalization in the 
QGP and the subsequent formation of bound states at the phase 
boundary according to their thermal weights. The pT-integrated 
charmed-hadron yields depend only on the total cc cross section 
in heavy-ion collisions and on the chemical freeze-out parameters, 
which are determined by fitting measured light-flavored hadron 
yields. In addition to the high-density core part in the QGP, a 
corona contribution is added for the case that the nuclear den-
sity decreases below 10% of its maximal value, where no QGP is 
assumed and the number of J/ψ is calculated from yields in pp
collisions scaled by the number of binary nucleon–nucleon colli-
sion. A recent update of the SHM [49] uses a MUSIC (3+1)D [51]
hydrodynamical simulation to extract the transverse flow velocity 
and the radial velocity profile of the freeze-out hyper-surface, such 
that the J/ψ pT can be extracted from a blast-wave parameteriza-
tion which follows a Hubble-like expansion [52].

The CIM [23] was developed specifically for the description of 
charmonium suppression in heavy-ion collisions via its interac-
tions with a comoving medium, either hadronic or partonic. The 
hot medium effects are modeled using a rate equation which con-
tains a loss term for charmonium dissociation, and a gain term 
for (re)generation. In this model, the charmonium dissociation rate 
depends on the density of comovers, obtained from experimental 
measurements and on the charmonium dissociation cross section 
which is an energy-independent parameter of the model, fixed 
from fits to low energy data. Charmonium dissociation is balanced 
by the (re)generation component which depends on the primordial 
charm-quark cross section.

Both microscopic transport models considered here, TM1 [24]
and TM2 [25], solve the Boltzmann equation for charmonia (J/ψ , 
χc and ψ ′) with dissociation and recombination terms. Each model 
considers the fireball evolution using implementations of ideal hy-
drodynamics which include both the deconfined and the hadronic 
phase separated by a first order phase transition. The dissocia-
tion rate in both models depends on the medium density and 
on a lattice-QCD-inspired charmonium binding energy (in TM1) 
or squared radius of the bound state (in TM2), all of them being 
functions of temperature. The (re)generation component is imple-
mented using different approaches. In the TM1 calculations, it is 
based on the assumption that the charm quarks reach statistical 
equilibration after a relaxation time of about a few fm/c, while in 
the TM2 calculations the charm quarks are recombined using the 
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Fig. 4. J/ψ 〈pT〉 (left) and rAA (right) at midrapidity as a function of the mean number of participant nucleons 〈Npart〉. The ALICE measurements at √sNN = 5.02 TeV are 
compared with previous results in pp and Pb–Pb collisions at 2.76 TeV [28], Pb–Pb collisions at 5.02 at forward rapidity [53], and with those at lower collision energies at 
SPS [54] and RHIC [11,55,56]. The red box around unity at Npart ≈ 400 in the right panel indicates the correlated uncertainty of the ALICE data points due to the 〈p2

T〉 in pp
collisions.

Fig. 5. Inclusive J/ψ 〈pT〉 (left) and rAA (right) in pp [27] and Pb–Pb collisions at √sNN = 5.02 TeV at midrapidity as a function of the mean number of participating nucleons. 
The ALICE results are compared with calculations from the transport models [57,58] and the SHM [49]. The colored bands represent model uncertainties. As in Fig. 4, the red 
box around unity at Npart ≈ 400 in the right panel indicates the correlated uncertainty of the ALICE data points due to the 〈p2

T〉 in pp collisions.

same cross section as for the dissociation process and a thermal-
ized distribution of charm quarks.

The primordial cc production cross section in Pb–Pb collisions 
is a common input for all of the above mentioned models. There is 
so far no measurement of the cc cross section in Pb–Pb or pp col-
lisions at 

√
sNN = 5.02 TeV at midrapidity, which lead dominantly 

to the uncertainty of the models. The cross section in Pb–Pb col-
lisions is obtained from the total cc cross section in pp collisions 
dσcc/dy scaled by the average number of nucleon–nucleon colli-
sions 〈Ncoll〉 in a given centrality class of Pb–Pb collisions with 
additional CNM effects taken into account. For the rapidity inter-
val used in this work, |y| < 0.9, the value of dσcc/dy estimated for 
MB Pb–Pb collisions is 0.53 ±0.10 mb for the SHM, 0.76 ±0.13 mb 
for TM1, 0.78 ± 0.09 mb for TM2 and 0.56 ± 0.11 mb for CIM.

The right panel of Fig. 3 shows a comparison of the inclu-
sive J/ψ transverse momentum spectrum in the 20% most central 
Pb–Pb collisions to calculations from the SHM and TM2 models. 
The bands indicate model uncertainties mainly due to the as-
sumptions on the dσcc/dy. Good agreement between data and 
the SHM predictions is observed in the low-pT region, while for 
pT � 5 GeV/c the calculations underestimate the data. The TM2 
calculations underestimate the measured yields over the measured 
pT range.

In order to facilitate the comparison of the J/ψ pT spectra 
obtained in this work with other measurements or theory calcu-
lations, the J/ψ 〈pT〉 and 〈p2

T〉 are extracted in several centrality 
intervals, using the method described in Sec. 3. The left panel 

of Fig. 4 shows the J/ψ 〈pT〉 dependence on the mean num-
ber of participant nucleons 〈Npart〉. The 〈pT〉 in Pb–Pb collisions 
at 

√
sNN = 5.02 TeV shows a monotonic decrease from the most 

peripheral collisions, where it is compatible to the measurement 
in pp collisions at 

√
s = 5.02 TeV, to the most central collisions, 

which hints towards a strong contribution from (re)combination 
processes. This trend is not clearly visible for the measurement at √

sNN = 2.76 TeV, which suffered from large statistical and system-
atic uncertainties.

The rAA ratio, defined as 〈p2
T〉PbPb/〈p2

T〉pp, which is shown in 
the right panel of Fig. 4, is a measure of the broadness of the 
pT spectra in heavy-ion collisions relative to pp collisions at the 
same energy. A strong decrease of the rAA is observed in Pb–Pb
collisions at 

√
sNN = 5.02 TeV between peripheral, where it is con-

sistent with unity, and central collisions where rAA reaches a value 
of 0.6 at midrapidity and 0.75 at forward rapidity [53]. When com-
paring with measurements at lower energies from RHIC [11,55,56]
and SPS [54], a very different picture emerges. While the RHIC 
measurements for both 〈pT〉 and rAA are compatible with a con-
stant trend as a function of 〈Npart〉 [25], the SPS results show a 
monotonic increase of both 〈pT〉 and rAA as a function of collision 
centrality which, at this energy, can be explained by a broadening 
of the pT distribution due to the Cronin effect [59].

The results for the 〈pT〉 and rAA in Pb–Pb collisions at 
√

sNN =
5.02 TeV are compared with model calculations in Fig. 5. The sta-
tistical hadronization model agrees with the data only for the most 
central collisions but underestimates the measurements for more 
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Fig. 6. Inclusive J/ψ nuclear modification factor at midrapidity, integrated over pT, as a function of 〈Npart〉 in Pb–Pb collisions at √sNN = 5.02 TeV compared with results at √
sNN = 2.76 TeV [14] (left panel) and with calculations from the CIM [23], SHM [49], TM1 [58] and TM2 [25] models (right panel). The yields in the left panel are shown 

without the low-pT cut-off in order to be able to compare with the lower energy data which are obtained for pT > 0. The calculations are shown as bands indicating the 
model uncertainties. Boxes around unity at Npart ≈ 400 in both panels indicate the correlated uncertainty of the data points due to the cross section in pp collisions.

peripheral collisions. A good description of the centrality trend is 
obtained with the transport model TM1 calculation, which includes 
a detailed implementation of the fireball evolution, with the excep-
tion of most central collisions where the model overestimates both 
the J/ψ 〈pT〉 and rAA.

The pT-integrated nuclear modification factor for inclusive J/ψ
in Pb–Pb collisions at 

√
sNN = 5.02 TeV obtained using Equation 3

is shown in the left panel of Fig. 6 as a function of the mean 
number of participants and compared with a measurement at √

sNN = 2.76 TeV [14]. The boxes shown around unity indicate 
the correlated systematic uncertainties and include the uncertain-
ties on the pp reference. Besides the most central collisions where 
there is a hint of an increase of the RAA with collision energy, 
the results at the two energies are compatible within uncertain-
ties. A comparison of the experimental results at 

√
sNN = 5.02 TeV 

with calculations based on the models described before is shown 
in the right panel of Fig. 6. The calculations are shown as bands 
that indicate model uncertainties, dominated by the uncertainties 
on the cc cross section and on the CNM effects. The SHM cal-
culation shows a good agreement with the data over the entire 
centrality range. CIM, TM1 and TM2 calculations underestimate the 
experimental results towards the data points corresponding to the 
most central collisions despite the fact that the total cc cross sec-
tion assumed in TM1 and TM2 is significantly larger compared to 
the SHM and the CIM. The large model uncertainties do not allow 
a conclusion to be made on the phenomenology of charmonium 
production in nuclear collisions. This emphasizes the importance 
of a precise measurement of the total cc cross section, but also the 
need of using consistent model inputs, including the total cc cross 
section, the pp reference J/ψ cross section and CNM effects.

The inclusive J/ψ nuclear modification factor in Pb–Pb colli-
sions as a function of pT is shown in the left panel of Fig. 7 for 
the centrality intervals 0–20%, 20–40% and 40–90%. The system-
atic uncertainties shown as boxes around the data points include 
the systematic uncertainties from the Pb–Pb analysis while the un-
certainties from the pp reference, correlated over centrality, are 
shown as the gray band around unity. The colored boxes at high 
pT around unity indicate the correlated uncertainties due to the 
〈TAA〉 values used for the RAA calculation. These results are com-
patible with binary scaling for pT < 3 GeV/c, with the exception of 
the data point around 2 GeV/c which shows a downward statisti-
cal fluctuation for 40–90% centrality, while the J/ψ production is 
suppressed at higher pT. With the current uncertainties it is diffi-
cult to extract a centrality trend except for the highest pT interval, 
5–10 GeV/c, where a stronger suppression is observed in the most 
central collisions relative to the more peripheral centrality inter-

vals at a significance level of about 3σ . The results for the 20% 
most central collisions are compared with model calculations and 
shown in the right panel of Fig. 7. Both the SHM and TM1 models 
describe qualitatively the data. In these models, the increasing RAA
towards low pT is a consequence of the dominant contribution of 
(re)generated J/ψ . At high pT, the contribution from recombina-
tion decreases, and the J/ψ production is suppressed due to color 
charges in the medium. The main J/ψ sources at high pT are pri-
mordial production and feed-down from beauty decays. The SHM, 
where the J/ψ at high pT are produced only in the corona, over-
estimates the degree of J/ψ suppression.

Since the charm quark density, i.e. the cc cross section, is ex-
pected to decrease towards larger rapidity, the comparison to the 
forward-rapidity measurements is a valuable source of information. 
In the left panel of Fig. 8, the pT dependence of the J/ψ RAA in the 
20% most central Pb–Pb collisions at midrapidity is compared with 
the ALICE results measured at forward rapidity (2.5 < y < 4) [29]. 
The boxes around the data points represent systematic uncertain-
ties, while the boxes drawn around RAA = 1 show global uncer-
tainties on the pp reference due to uncertainties on the beam lu-
minosity and 〈TAA〉. In the low-pT range (pT < 5 GeV/c) these data 
indicate larger RAA values at midrapidity compared to those at for-
ward rapidity, with a combined statistical significance of nearly 4σ , 
compatible with expectations from a (re)generation scenario due 
to the larger primordial cc density at midrapidity. The rapidity de-
pendence of the inclusive J/ψ suppression, integrated over pT, is 
shown in the right panel of Fig. 8 for the 0–90% centrality interval. 
The value of the RAA at midrapidity is 0.97 ±0.05(stat.) ±0.1(syst.), 
and a monothonic decrease is observed towards forward rapid-
ity [29,53].

6. Conclusions

The measurements of the inclusive J/ψ yields and nuclear mod-
ification factors at midrapidity (|y| < 0.9) were performed in the 
dielectron decay channel in Pb–Pb collisions at a center-of-mass 
energy 

√
sNN = 5.02 TeV using an integrated luminosity of Lint ≈

10 μb−1 collected by the ALICE Collaboration. The results were 
presented as a function of transverse momentum in different col-
lision centrality classes.

The J/ψ transverse momentum dependent yields in central 
Pb–Pb collisions are well reproduced in the low pT range by an 
updated SHM calculation [49] and underestimated for large pT. 
The TM2 [25] transport calculations underestimate the J/ψ yields 
over the entire measured pT range. The J/ψ 〈pT〉 and 〈p2

T〉 show a 
decrease from peripheral collisions, where they are similar to the 
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Fig. 7. Inclusive J/ψ RAA at midrapidity in Pb–Pb collisions at √sNN = 5.02 TeV as a function of pT for different centrality intervals (left) and compared with model 
calculations [49,58] for the centrality interval 0–20% (right).

Fig. 8. Left: Inclusive J/ψ RAA in the 20% most central Pb–Pb collisions at √sNN = 5.02 TeV as a function of pT, at midrapidity and at forward rapidity [29,53]. Right: Rapidity 
dependence of the inclusive J/ψ RAA in the centrality interval 0–90%. The error bars represent statistical uncertainties, while the boxes around the data points represent 
systematic uncertainties. The boxes around unity represent global uncertainties on the pp reference due to normalization and 〈TAA〉. In the right panel, the correlated 
uncertainty of the point at midrapidity is included in the box around the data point.

values observed in pp collisions, towards most central collisions. 
This centrality-dependent behavior is qualitatively different com-
pared to the observations at lower energies from RHIC and SPS and 
can be explained through the interplay between the (re)generation 
process, dominant at low pT for central events at the LHC, color 
screening, and CNM effects like gluon shadowing. A good descrip-
tion of the observed trends is provided by the TM1 calculations, 
while the SHM calculations agree with the data for central colli-
sions only.

The pT-integrated nuclear modification factor as a function of 
the number of participant nucleons shows a moderate level of 
suppression in the range 50 < 〈Npart〉 < 300, and indicates an in-
crease towards central collisions. In the most peripheral collisions, 
our results are compatible with binary scaling of the J/ψ produc-
tion. The nuclear modification factor as a function of the transverse 
momentum shows a strong suppression, centrality dependent, for 
pT > 3 GeV/c but is compatible with unity or with a small en-
hancement at small pT, suggestive of the large contribution from 
the (re)generation process. Furthermore, from these measurements 
we observe significantly larger values for RAA compared to the re-
sults at forward rapidity [29] for both the pT-integrated values in 
the 0–90% centrality interval and for the pT-differential RAA in the 
low pT region (pT < 5 GeV/c) in the centrality interval 0–20%.

Consequently, these results strenghten the hypothesis that char-
monium at low pT is produced predominantly via (re)generation in 
the late stages of the collision at the LHC. However, due to the re-
maining experimental and theoretical uncertainties, the exact phe-

nomenology leading to these observations cannot be determined 
yet.
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G. Scioli 26, E. Scomparin 58, M. Šefčík 37, J.E. Seger 15, Y. Sekiguchi 132, D. Sekihata 132, 
I. Selyuzhenkov 92,106, S. Senyukov 136, D. Serebryakov 62, E. Serradilla 71, A. Sevcenco 67, A. Shabanov 62, 
A. Shabetai 114, R. Shahoyan 33, W. Shaikh 109, A. Shangaraev 90, A. Sharma 99, A. Sharma 100, 
H. Sharma 118, M. Sharma 100, N. Sharma 99, A.I. Sheikh 141, K. Shigaki 45, M. Shimomura 82, 
S. Shirinkin 91, Q. Shou 39, Y. Sibiriak 87, S. Siddhanta 54, T. Siemiarczuk 84, D. Silvermyr 80, G. Simatovic 89, 
G. Simonetti 33,104, R. Singh 85, R. Singh 100, R. Singh 49, V.K. Singh 141, V. Singhal 141, T. Sinha 109, 
B. Sitar 13, M. Sitta 31, T.B. Skaali 20, M. Slupecki 126, N. Smirnov 146, R.J.M. Snellings 63, 
T.W. Snellman 43,126, C. Soncco 111, J. Song 60,125, A. Songmoolnak 115, F. Soramel 28, S. Sorensen 130, 
I. Sputowska 118, J. Stachel 103, I. Stan 67, P. Stankus 95, P.J. Steffanic 130, E. Stenlund 80, D. Stocco 114, 
M.M. Storetvedt 35, L.D. Stritto 29, A.A.P. Suaide 121, T. Sugitate 45, C. Suire 61, M. Suleymanov 14, 



ALICE Collaboration / Physics Letters B 805 (2020) 135434 13

M. Suljic 33, R. Sultanov 91, M. Šumbera 94, S. Sumowidagdo 50, S. Swain 65, A. Szabo 13, I. Szarka 13, 
U. Tabassam 14, G. Taillepied 134, J. Takahashi 122, G.J. Tambave 21, S. Tang 6,134, M. Tarhini 114, 
M.G. Tarzila 47, A. Tauro 33, G. Tejeda Muñoz 44, A. Telesca 33, C. Terrevoli 125, D. Thakur 49, S. Thakur 141, 
D. Thomas 119, F. Thoresen 88, R. Tieulent 135, A. Tikhonov 62, A.R. Timmins 125, A. Toia 68, N. Topilskaya 62, 
M. Toppi 51, F. Torales-Acosta 19, S.R. Torres 9,120, A. Trifiro 55, S. Tripathy 49, T. Tripathy 48, S. Trogolo 28, 
G. Trombetta 32, L. Tropp 37, V. Trubnikov 2, W.H. Trzaska 126, T.P. Trzcinski 142, B.A. Trzeciak 63, 
T. Tsuji 132, A. Tumkin 108, R. Turrisi 56, T.S. Tveter 20, K. Ullaland 21, E.N. Umaka 125, A. Uras 135, 
G.L. Usai 23, A. Utrobicic 98, M. Vala 37, N. Valle 139, S. Vallero 58, N. van der Kolk 63, 
L.V.R. van Doremalen 63, M. van Leeuwen 63, P. Vande Vyvre 33, D. Varga 145, Z. Varga 145, 
M. Varga-Kofarago 145, A. Vargas 44, M. Vasileiou 83, A. Vasiliev 87, O. Vázquez Doce 104,117, 
V. Vechernin 112, A.M. Veen 63, E. Vercellin 25, S. Vergara Limón 44, L. Vermunt 63, R. Vernet 7, 
R. Vértesi 145, L. Vickovic 34, Z. Vilakazi 131, O. Villalobos Baillie 110, A. Villatoro Tello 44, G. Vino 52, 
A. Vinogradov 87, T. Virgili 29, V. Vislavicius 88, A. Vodopyanov 75, B. Volkel 33, M.A. Völkl 102, 
K. Voloshin 91, S.A. Voloshin 143, G. Volpe 32, B. von Haller 33, I. Vorobyev 104, D. Voscek 116, J. Vrláková 37, 
B. Wagner 21, M. Weber 113, S.G. Weber 144, A. Wegrzynek 33, D.F. Weiser 103, S.C. Wenzel 33, 
J.P. Wessels 144, J. Wiechula 68, J. Wikne 20, G. Wilk 84, J. Wilkinson 10,53, G.A. Willems 33, E. Willsher 110, 
B. Windelband 103, M. Winn 137, W.E. Witt 130, Y. Wu 128, R. Xu 6, S. Yalcin 77, K. Yamakawa 45, S. Yang 21, 
S. Yano 137, Z. Yin 6, H. Yokoyama 63, I.-K. Yoo 17, J.H. Yoon 60, S. Yuan 21, A. Yuncu 103, V. Yurchenko 2, 
V. Zaccolo 24, A. Zaman 14, C. Zampolli 33, H.J.C. Zanoli 63, N. Zardoshti 33, A. Zarochentsev 112, 
P. Závada 66, N. Zaviyalov 108, H. Zbroszczyk 142, M. Zhalov 97, S. Zhang 39, X. Zhang 6, Z. Zhang 6, 
V. Zherebchevskii 112, D. Zhou 6, Y. Zhou 88, Z. Zhou 21, J. Zhu 6,106, Y. Zhu 6, A. Zichichi 10,26, 
M.B. Zimmermann 33, G. Zinovjev 2, N. Zurlo 140

1 A.I. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2 Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kiev, Ukraine
3 Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS), Kolkata, India
4 Budker Institute for Nuclear Physics, Novosibirsk, Russia
5 California Polytechnic State University, San Luis Obispo, CA, United States
6 Central China Normal University, Wuhan, China
7 Centre de Calcul de l’IN2P3, Villeurbanne, Lyon, France
8 Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
9 Centro de Investigación y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico
10 Centro Fermi - Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi”, Rome, Italy
11 Chicago State University, Chicago, IL, United States
12 China Institute of Atomic Energy, Beijing, China
13 Comenius University Bratislava, Faculty of Mathematics, Physics and Informatics, Bratislava, Slovakia
14 COMSATS University Islamabad, Islamabad, Pakistan
15 Creighton University, Omaha, NE, United States
16 Department of Physics, Aligarh Muslim University, Aligarh, India
17 Department of Physics, Pusan National University, Pusan, Republic of Korea
18 Department of Physics, Sejong University, Seoul, Republic of Korea
19 Department of Physics, University of California, Berkeley, CA, United States
20 Department of Physics, University of Oslo, Oslo, Norway
21 Department of Physics and Technology, University of Bergen, Bergen, Norway
22 Dipartimento di Fisica dell’Università ‘La Sapienza’ and Sezione INFN, Rome, Italy
23 Dipartimento di Fisica dell’Università and Sezione INFN, Cagliari, Italy
24 Dipartimento di Fisica dell’Università and Sezione INFN, Trieste, Italy
25 Dipartimento di Fisica dell’Università and Sezione INFN, Turin, Italy
26 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Bologna, Italy
27 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Catania, Italy
28 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Padova, Italy
29 Dipartimento di Fisica ‘E.R. Caianiello’ dell’Università and Gruppo Collegato INFN, Salerno, Italy
30 Dipartimento DISAT del Politecnico and Sezione INFN, Turin, Italy
31 Dipartimento di Scienze e Innovazione Tecnologica dell’Università del Piemonte Orientale and INFN Sezione di Torino, Alessandria, Italy
32 Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy
33 European Organization for Nuclear Research (CERN), Geneva, Switzerland
34 Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split, Split, Croatia
35 Faculty of Engineering and Science, Western Norway University of Applied Sciences, Bergen, Norway
36 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech Republic
37 Faculty of Science, P.J. Šafárik University, Košice, Slovakia
38 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
39 Fudan University, Shanghai, China
40 Gangneung-Wonju National University, Gangneung, Republic of Korea
41 Gauhati University, Department of Physics, Guwahati, India
42 Helmholtz-Institut für Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms-Universität Bonn, Bonn, Germany
43 Helsinki Institute of Physics (HIP), Helsinki, Finland
44 High Energy Physics Group, Universidad Autónoma de Puebla, Puebla, Mexico
45 Hiroshima University, Hiroshima, Japan
46 Hochschule Worms, Zentrum für Technologietransfer und Telekommunikation (ZTT), Worms, Germany



14 ALICE Collaboration / Physics Letters B 805 (2020) 135434

47 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
48 Indian Institute of Technology Bombay (IIT), Mumbai, India
49 Indian Institute of Technology Indore, Indore, India
50 Indonesian Institute of Sciences, Jakarta, Indonesia
51 INFN, Laboratori Nazionali di Frascati, Frascati, Italy
52 INFN, Sezione di Bari, Bari, Italy
53 INFN, Sezione di Bologna, Bologna, Italy
54 INFN, Sezione di Cagliari, Cagliari, Italy
55 INFN, Sezione di Catania, Catania, Italy
56 INFN, Sezione di Padova, Padova, Italy
57 INFN, Sezione di Roma, Rome, Italy
58 INFN, Sezione di Torino, Turin, Italy
59 INFN, Sezione di Trieste, Trieste, Italy
60 Inha University, Incheon, Republic of Korea
61 Institut de Physique Nucléaire d’Orsay (IPNO), Institut National de Physique Nucléaire et de Physique des Particules (IN2P3/CNRS), Université de Paris-Sud, Université Paris-Saclay, Orsay, 
France
62 Institute for Nuclear Research, Academy of Sciences, Moscow, Russia
63 Institute for Subatomic Physics, Utrecht University/Nikhef, Utrecht, Netherlands
64 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovakia
65 Institute of Physics, Homi Bhabha National Institute, Bhubaneswar, India
66 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
67 Institute of Space Science (ISS), Bucharest, Romania
68 Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
69 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City, Mexico
70 Instituto de Física, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil
71 Instituto de Física, Universidad Nacional Autónoma de México, Mexico City, Mexico
72 iThemba LABS, National Research Foundation, Somerset West, South Africa
73 Jeonbuk National University, Jeonju, Republic of Korea
74 Johann-Wolfgang-Goethe Universität Frankfurt Institut für Informatik, Fachbereich Informatik und Mathematik, Frankfurt, Germany
75 Joint Institute for Nuclear Research (JINR), Dubna, Russia
76 Korea Institute of Science and Technology Information, Daejeon, Republic of Korea
77 KTO Karatay University, Konya, Turkey
78 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble, France
79 Lawrence Berkeley National Laboratory, Berkeley, CA, United States
80 Lund University Department of Physics, Division of Particle Physics, Lund, Sweden
81 Nagasaki Institute of Applied Science, Nagasaki, Japan
82 Nara Women’s University (NWU), Nara, Japan
83 National and Kapodistrian University of Athens, School of Science, Department of Physics, Athens, Greece
84 National Centre for Nuclear Research, Warsaw, Poland
85 National Institute of Science Education and Research, Homi Bhabha National Institute, Jatni, India
86 National Nuclear Research Center, Baku, Azerbaijan
87 National Research Centre Kurchatov Institute, Moscow, Russia
88 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
89 Nikhef, National institute for subatomic physics, Amsterdam, Netherlands
90 NRC Kurchatov Institute IHEP, Protvino, Russia
91 NRC “Kurchatov Institute” - ITEP, Moscow, Russia
92 NRNU Moscow Engineering Physics Institute, Moscow, Russia
93 Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom
94 Nuclear Physics Institute of the Czech Academy of Sciences, Řež u Prahy, Czech Republic
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107 Rudjer Bošković Institute, Zagreb, Croatia
108 Russian Federal Nuclear Center (VNIIEF), Sarov, Russia
109 Saha Institute of Nuclear Physics, Homi Bhabha National Institute, Kolkata, India
110 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
111 Sección Física, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Lima, Peru
112 St. Petersburg State University, St. Petersburg, Russia
113 Stefan Meyer Institut für Subatomare Physik (SMI), Vienna, Austria
114 SUBATECH, IMT Atlantique, Université de Nantes, CNRS-IN2P3, Nantes, France
115 Suranaree University of Technology, Nakhon Ratchasima, Thailand
116 Technical University of Košice, Košice, Slovakia
117 Technische Universität München, Excellence Cluster ‘Universe’, Munich, Germany
118 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
119 The University of Texas at Austin, Austin, TX, United States
120 Universidad Autónoma de Sinaloa, Culiacán, Mexico
121 Universidade de São Paulo (USP), São Paulo, Brazil
122 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil
123 Universidade Federal do ABC, Santo Andre, Brazil
124 University of Cape Town, Cape Town, South Africa
125 University of Houston, Houston, TX, United States



ALICE Collaboration / Physics Letters B 805 (2020) 135434 15

126 University of Jyväskylä, Jyväskylä, Finland
127 University of Liverpool, Liverpool, United Kingdom
128 University of Science and Technology of China, Hefei, China
129 University of South-Eastern Norway, Tonsberg, Norway
130 University of Tennessee, Knoxville, TN, United States
131 University of the Witwatersrand, Johannesburg, South Africa
132 University of Tokyo, Tokyo, Japan
133 University of Tsukuba, Tsukuba, Japan
134 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
135 Université de Lyon, Université Lyon 1, CNRS/IN2P3, IPN-Lyon, Villeurbanne, Lyon, France
136 Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
137 Université Paris-Saclay Centre d’Etudes de Saclay (CEA), IRFU, Départment de Physique Nucléaire (DPhN), Saclay, France
138 Università degli Studi di Foggia, Foggia, Italy
139 Università degli Studi di Pavia, Pavia, Italy
140 Università di Brescia, Brescia, Italy
141 Variable Energy Cyclotron Centre, Homi Bhabha National Institute, Kolkata, India
142 Warsaw University of Technology, Warsaw, Poland
143 Wayne State University, Detroit, MI, United States
144 Westfälische Wilhelms-Universität Münster, Institut für Kernphysik, Münster, Germany
145 Wigner Research Centre for Physics, Budapest, Hungary
146 Yale University, New Haven, CT, United States
147 Yonsei University, Seoul, Republic of Korea

i Deceased.
ii Dipartimento DET del Politecnico di Torino, Turin, Italy.

iii M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear Physics, Moscow, Russia.
iv Department of Applied Physics, Aligarh Muslim University, Aligarh, India.
v Institute of Theoretical Physics, University of Wroclaw, Poland.


	Centrality and transverse momentum dependence of inclusive J/ψ production at midrapidity in Pb--Pb collisions at √sNN=5.02 TeV
	1 Introduction
	2 Apparatus and data sample
	3 Analysis methods
	4 Systematic uncertainties
	5 Results and discussions
	6 Conclusions
	Acknowledgements
	References
	ALICE Collaboration


