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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.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

The ALICE Collaboration would like to thank all its engineers 
and technicians for their invaluable contributions to the construc-
tion of the experiment and the CERN accelerator teams for the 
outstanding performance of the LHC complex. The ALICE Collab-
oration gratefully acknowledges the resources and support pro-
vided by all Grid centres and the Worldwide LHC Computing Grid 
(WLCG) collaboration. The ALICE Collaboration acknowledges the 
following funding agencies for their support in building and run-
ning the ALICE detector: A. I. Alikhanyan National Science Labora-
tory (Yerevan Physics Institute) Foundation (ANSL), State Commit-
tee of Science and World Federation of Scientists (WFS), Armenia; 
Austrian Academy of Sciences, Austrian Science Fund (FWF): [M 
2467-N36] and Nationalstiftung für Forschung, Technologie und 
Entwicklung, Austria; Ministry of Communications and High Tech-
nologies, National Nuclear Research Center, Azerbaijan; Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Fi-
nanciadora de Estudos e Projetos (Finep), Fundação de Amparo à 



ALICE Collaboration / Physics Letters B 805 (2020) 135434 9

Pesquisa do Estado de São Paulo (FAPESP) and Universidade Fed-
eral do Rio Grande do Sul (UFRGS), Brazil; Ministry of Education of 
China (MOEC), Ministry of Science & Technology of China (MSTC) 
and National Natural Science Foundation of China (NSFC), China; 
Ministry of Science and Education and Croatian Science Founda-
tion, Croatia; Centro de Aplicaciones Tecnológicas y Desarrollo Nu-
clear (CEADEN), Cubaenergía, Cuba; Ministry of Education, Youth 
and Sports of the Czech Republic, Czech Republic; The Danish 
Council for Independent Research | Natural Sciences, the Villum 
Fonden and Danish National Research Foundation (DNRF), Den-
mark; Helsinki Institute of Physics (HIP), Finland; Commissariat à 
l’Énergie Atomique (CEA), Institut National de Physique Nucléaire 
et de Physique des Particules (IN2P3) and Centre National de la 
Recherche Scientifique (CNRS) and Région des Pays de la Loire, 
France; Bundesministerium für Bildung und Forschung (BMBF) 
and GSI Helmholtzzentrum für Schwerionenforschung GmbH, Ger-
many; General Secretariat for Research and Technology, Ministry of 
Education, Research and Religions, Greece; National Research De-
velopment and Innovation Office, Hungary; Department of Atomic 
Energy, Government of India (DAE), Department of Science and 
Technology, Government of India (DST), University Grants Com-
mission, Government of India (UGC) and Council of Scientific and 
Industrial Research (CSIR), India; Indonesian Institute of Science, 
Indonesia; Centro Fermi - Museo Storico della Fisica e Centro Studi 
e Ricerche Enrico Fermi and Istituto Nazionale di Fisica Nucle-
are (INFN), Italy; Institute for Innovative Science and Technology, 
Nagasaki Institute of Applied Science (IIST), Japanese Ministry of 
Education, Culture, Sports, Science and Technology (MEXT) and 
Japan Society for the Promotion of Science (JSPS) KAKENHI, Japan; 
Consejo Nacional de Ciencia (CONACYT) y Tecnología, through 
Fondo de Cooperación Internacional en Ciencia y Tecnología (FON-
CICYT) and Dirección General de Asuntos del Personal Academico 
(DGAPA), Mexico; Nederlandse Organisatie voor Wetenschappelijk 
Onderzoek (NWO), Netherlands; The Research Council of Norway, 
Norway; Commission on Science and Technology for Sustainable 
Development in the South (COMSATS), Pakistan; Pontificia Uni-
versidad Católica del Perú, Peru; Ministry of Science and Higher 
Education and National Science Centre, Poland; Korea Institute of 
Science and Technology Information and National Research Foun-
dation of Korea (NRF), Republic of Korea; Ministry of Education 
and Scientific Research, Institute of Atomic Physics and Ministry of 
Research and Innovation and Institute of Atomic Physics, Romania; 
Joint Institute for Nuclear Research (JINR), Ministry of Education 
and Science of the Russian Federation, National Research Centre 
Kurchatov Institute, Russian Science Foundation and Russian Foun-
dation for Basic Research, Russia; Ministry of Education, Science, 
Research and Sport of the Slovak Republic, Slovakia; National Re-
search Foundation of South Africa, South Africa; Swedish Research 
Council (VR) and Knut & Alice Wallenberg Foundation (KAW), 
Sweden; European Organization for Nuclear Research, Switzerland; 
Suranaree University of Technology (SUT), National Science and 
Technology Development Agency (NSDTA) and Office of the Higher 
Education Commission under NRU project of Thailand, Thailand; 
Turkish Atomic Energy Agency (TAEK), Turkey; National Academy 
of Sciences of Ukraine, Ukraine; Science and Technology Facilities 
Council (STFC), United Kingdom; National Science Foundation of 
the United States of America (NSF) and United States Department 
of Energy, Office of Nuclear Physics (DOE NP), United States of 
America.

References

[1] A. Bazavov, et al., Equation of state and QCD transition at finite temperature, 
Phys. Rev. D 80 (2009) 014504.

[2] S. Borsanyi, Z. Fodor, C. Hoelbling, S.D. Katz, S. Krieg, K.K. Szabo, Full result for 
the QCD equation of state with 2+1 flavors, Phys. Lett. B 730 (2014) 99–104, 
arXiv:1309 .5258 [hep -lat].

[3] ALICE Collaboration, S. Acharya, et al., Kaon femtoscopy in Pb-Pb collisions at √
sNN = 2.76 TeV, Phys. Rev. C 96 (6) (2017) 064613, arXiv:1709 .01731 [nucl -

ex].
[4] A. Andronic, et al., Heavy-flavour and quarkonium production in the LHC era: 

from proton-proton to heavy-ion collisions, Eur. Phys. J. C 76 (3) (2016) 107, 
arXiv:1506 .03981 [nucl -ex].

[5] A. Mocsy, P. Petreczky, M. Strickland, Quarkonia in the quark gluon plasma, Int. 
J. Mod. Phys. A 28 (2013) 1340012, arXiv:1302 .2180 [hep -ph].

[6] T. Matsui, H. Satz, J/ψ suppression by quark-gluon plasma formation, Phys. 
Lett. B 178 (1986) 416–422.

[7] F. Karsch, D. Kharzeev, H. Satz, Sequential charmonium dissociation, Phys. Lett. 
B 637 (2006) 75–80, arXiv:hep -ph /0512239 [hep -ph].

[8] NA38 Collaboration, C. Baglin, et al., ψ (2S) and J/ψ production in p-W, p-U 
and S-U interactions at 200-GeV/nucleon, Phys. Lett. B 345 (1995) 617–621.

[9] NA50 Collaboration, B. Alessandro, et al., A new measurement of J/ψ suppres-
sion in Pb–Pb collisions at 158-GeV per nucleon, Eur. Phys. J. C 39 (2005) 
335–345, arXiv:hep -ex /0412036 [hep -ex].

[10] NA60 Collaboration, R. Arnaldi, et al., J/ψ production in indium-indium colli-
sions at 158 GeV/nucleon, Phys. Rev. Lett. 99 (2007) 132302.

[11] PHENIX Collaboration, A. Adare, et al., J/ψ production vs centrality, transverse 
momentum, and rapidity in Au-Au collisions at √sNN = 200 GeV, Phys. Rev. 
Lett. 98 (2007) 232301, arXiv:nucl -ex /0611020 [nucl -ex].

[12] PHENIX Collaboration, A. Adare, et al., J/ψ suppression at forward rapidity in 
Au-Au collisions at √sN N = 200 GeV, Phys. Rev. C 84 (2011) 054912, arXiv:
1103 .6269 [nucl -ex].

[13] STAR Collaboration, L. Adamczyk, et al., J/ψ production at low pT in Au-Au and 
Cu-Cu collisions at √sNN = 200 GeV with the STAR detector, Phys. Rev. C 90 (2) 
(2014) 024906, arXiv:1310 .3563 [nucl -ex].

[14] ALICE Collaboration, B. Abelev, et al., Centrality, rapidity and transverse mo-
mentum dependence of J/ψ suppression in Pb-Pb collisions at √

sNN =
2.76 TeV, Phys. Lett. B 734 (2014) 314–327, arXiv:1311.0214 [nucl -ex].

[15] ALICE Collaboration, B. Abelev, et al., J/ψ suppression at forward rapidity in 
Pb-Pb collisions at √sN N = 2.76 TeV, Phys. Rev. Lett. 109 (2012) 072301, arXiv:
1202 .1383 [hep -ex].

[16] ALICE Collaboration, J. Adam, et al., Differential studies of inclusive J/ψ and 
ψ (2S) production at forward rapidity in Pb-Pb collisions at √sNN = 2.76 TeV, J. 
High Energy Phys. 05 (2016) 179, arXiv:1506 .08804 [nucl -ex].

[17] CMS Collaboration, A.M. Sirunyan, et al., Measurement of prompt D0 meson 
azimuthal anisotropy in Pb-Pb collisions at √sN N = 5.02 TeV, Phys. Rev. Lett. 
120 (20) (2018) 202301, arXiv:1708 .03497 [nucl -ex].

[18] ALICE Collaboration, S. Acharya, et al., D-meson azimuthal anisotropy in mid-
central Pb-Pb collisions at √sNN = 5.02 TeV, Phys. Rev. Lett. 120 (10) (2018) 
102301, arXiv:1707.01005 [nucl -ex].

[19] ALICE Collaboration, S. Acharya, et al., J/ψ elliptic flow in Pb-Pb collisions at √
sNN = 5.02 TeV, Phys. Rev. Lett. 119 (24) (2017) 242301, arXiv:1709 .05260

[nucl -ex].
[20] P. Braun-Munzinger, J. Stachel, (Non)thermal aspects of charmonium produc-

tion and a new look at J/ψ suppression, Phys. Lett. B 490 (2000) 196–202, 
arXiv:nucl -th /0007059 [nucl -th].

[21] A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Evidence for charmo-
nium generation at the phase boundary in ultra-relativistic nuclear collisions, 
Phys. Lett. B 652 (2007) 259–261, arXiv:nucl -th /0701079 [NUCL-TH].

[22] R.L. Thews, M. Schroedter, J. Rafelski, Enhanced J/ψ production in deconfined 
quark matter, Phys. Rev. C 63 (2001) 054905, arXiv:hep -ph /0007323 [hep -ph].

[23] E.G. Ferreiro, Charmonium dissociation and recombination at LHC: revisiting 
comovers, Phys. Lett. B 731 (2014) 57–63, arXiv:1210 .3209 [hep -ph].

[24] X. Zhao, R. Rapp, Transverse momentum spectra of J/ψ in heavy-ion collisions, 
Phys. Lett. B 664 (2008) 253–257, arXiv:0712 .2407 [hep -ph].

[25] K. Zhou, N. Xu, Z. Xu, P. Zhuang, Medium effects on charmonium production 
at ultrarelativistic energies available at the CERN Large Hadron Collider, Phys. 
Rev. C 89 (5) (2014) 054911, arXiv:1401.5845 [nucl -th].

[26] N. Armesto, Nuclear shadowing, J. Phys. G 32 (2006) R367–R394, arXiv:hep -ph /
0604108 [hep -ph].

[27] ALICE Collaboration, S. Acharya, et al., Inclusive J/ψ production at mid-rapidity 
in pp collisions at √s = 5.02 TeV, J. High Energy Phys. 10 (2019) 084, arXiv:
1905 .07211 [nucl -ex].

[28] ALICE Collaboration, J. Adam, et al., Inclusive, prompt and non-prompt J/ψ pro-
duction at mid-rapidity in Pb-Pb collisions at √sNN = 2.76 TeV, J. High Energy 
Phys. 07 (2015) 051, arXiv:1504 .07151 [nucl -ex].

[29] ALICE Collaboration, J. Adam, et al., J/ψ suppression at forward rapidity in Pb-
Pb collisions at √sNN = 5.02 TeV, Phys. Lett. B 766 (2017) 212–224, arXiv:
1606 .08197 [nucl -ex].

[30] ATLAS Collaboration, M. Aaboud, et al., Prompt and non-prompt J/ψ and 
ψ(2S) suppression at high transverse momentum in 5.02 TeV Pb-Pb collisions 
with the ATLAS experiment, arXiv:1805 .04077 [nucl -ex].

[31] CMS Collaboration, A.M. Sirunyan, et al., Measurement of prompt and non-
prompt charmonium suppression in Pb–Pb collisions at 5.02 TeV, Eur. Phys. 
J. C (2017), arXiv:1712 .08959 [nucl -ex].

[32] ALICE Collaboration, S. Acharya, et al., Inclusive J/ψ production in Xe–Xe colli-
sions at √sNN = 5.44 TeV, Phys. Lett. B 785 (2018) 419–428, arXiv:1805 .04383
[nucl -ex].

http://refhub.elsevier.com/S0370-2693(20)30238-0/bib9EE103FA1DCB89ADAA6315ED589CC562s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib9EE103FA1DCB89ADAA6315ED589CC562s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8B6A4EFA9CB7B3D9D1CBEE51E9FCB0BFs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8B6A4EFA9CB7B3D9D1CBEE51E9FCB0BFs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8B6A4EFA9CB7B3D9D1CBEE51E9FCB0BFs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibCCD927750AC352DA914ADE53A8CC0FF7s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibCCD927750AC352DA914ADE53A8CC0FF7s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibCCD927750AC352DA914ADE53A8CC0FF7s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibB3673105415D9E34BD731A0DFD2DD50Fs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibB3673105415D9E34BD731A0DFD2DD50Fs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibB3673105415D9E34BD731A0DFD2DD50Fs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8D5BC6A77A0490AD1F1AC4D48BCF656As1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8D5BC6A77A0490AD1F1AC4D48BCF656As1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib37BD40CE8466099CA0211602F881AE27s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib37BD40CE8466099CA0211602F881AE27s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib1788E110BFDE42712E82FA02E93D0094s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib1788E110BFDE42712E82FA02E93D0094s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib4D15EA52A38F34A85319BDF3D829AAA3s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib4D15EA52A38F34A85319BDF3D829AAA3s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib5EC350211658666CB07DDFA2AA88B6C2s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib5EC350211658666CB07DDFA2AA88B6C2s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib5EC350211658666CB07DDFA2AA88B6C2s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib1DC333F29AFB8A4E044F49769261A2B7s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib1DC333F29AFB8A4E044F49769261A2B7s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8B4B47F9E61BB8A31D54CCA4B7581A29s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8B4B47F9E61BB8A31D54CCA4B7581A29s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8B4B47F9E61BB8A31D54CCA4B7581A29s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib41BFC2E354CF43862354F2668E1CAD32s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib41BFC2E354CF43862354F2668E1CAD32s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib41BFC2E354CF43862354F2668E1CAD32s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibDA9DD3CEA0E659566826005A22BB542Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibDA9DD3CEA0E659566826005A22BB542Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibDA9DD3CEA0E659566826005A22BB542Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib7BB8AAE77E60DDF910AC11ACDEDA9124s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib7BB8AAE77E60DDF910AC11ACDEDA9124s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib7BB8AAE77E60DDF910AC11ACDEDA9124s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib18972DE649FEE4E0E15EE5F6399E2B78s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib18972DE649FEE4E0E15EE5F6399E2B78s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib18972DE649FEE4E0E15EE5F6399E2B78s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib3DF5E68B1CD440A88EDAAE4BBF7441E5s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib3DF5E68B1CD440A88EDAAE4BBF7441E5s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib3DF5E68B1CD440A88EDAAE4BBF7441E5s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib0489FABF899ECBC28140F09B77F063F9s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib0489FABF899ECBC28140F09B77F063F9s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib0489FABF899ECBC28140F09B77F063F9s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib99DCD8E3D246E15E184134865009B024s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib99DCD8E3D246E15E184134865009B024s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib99DCD8E3D246E15E184134865009B024s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib5BF8EC6F4849B92B4FBCE8781C6BE59Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib5BF8EC6F4849B92B4FBCE8781C6BE59Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib5BF8EC6F4849B92B4FBCE8781C6BE59Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib640A66B7EF309B45AAE4FBCC4A5181ECs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib640A66B7EF309B45AAE4FBCC4A5181ECs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib640A66B7EF309B45AAE4FBCC4A5181ECs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibE140BC8618D59826E7032F58B24C03AAs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibE140BC8618D59826E7032F58B24C03AAs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibE140BC8618D59826E7032F58B24C03AAs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib3C33DA89360794E53E15348CC727D30Cs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib3C33DA89360794E53E15348CC727D30Cs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib7FA59161CAA0D69914B05995D6501789s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib7FA59161CAA0D69914B05995D6501789s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8458F6F6E7413DA8DB77A69791D63D76s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib8458F6F6E7413DA8DB77A69791D63D76s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib99EFD9C248032FD3736DAEEF7873C562s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib99EFD9C248032FD3736DAEEF7873C562s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib99EFD9C248032FD3736DAEEF7873C562s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib15487CE43C795777B48DF592AF683272s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib15487CE43C795777B48DF592AF683272s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib433C874E89AA7AC1F23826A5BD8C2515s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib433C874E89AA7AC1F23826A5BD8C2515s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib433C874E89AA7AC1F23826A5BD8C2515s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib09FBF77A1D5AB032E41BCEA9F779E447s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib09FBF77A1D5AB032E41BCEA9F779E447s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib09FBF77A1D5AB032E41BCEA9F779E447s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib2F2040B03A7D89B601F6407B6711974As1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib2F2040B03A7D89B601F6407B6711974As1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib2F2040B03A7D89B601F6407B6711974As1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibE0D69685562560D3D5ACA6987E9771D4s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibE0D69685562560D3D5ACA6987E9771D4s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bibE0D69685562560D3D5ACA6987E9771D4s1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib12E6E322AC9DCFCE99F288F7C985F4FEs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib12E6E322AC9DCFCE99F288F7C985F4FEs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib12E6E322AC9DCFCE99F288F7C985F4FEs1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib966BDC5243DA6D46C4D8ADCEE725D54Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib966BDC5243DA6D46C4D8ADCEE725D54Ds1
http://refhub.elsevier.com/S0370-2693(20)30238-0/bib966BDC5243DA6D46C4D8ADCEE725D54Ds1


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

[33] ALICE Collaboration, K. Aamodt, et al., The ALICE experiment at the CERN LHC, 
J. Instrum. 3 (2008) S08002.

[34] ALICE Collaboration, B. Abelev, et al., Performance of the ALICE experiment at 
the CERN LHC, Int. J. Mod. Phys. A 29 (2014) 1430044, arXiv:1402 .4476 [nucl -
ex].

[35] ALICE Collaboration, K. Aamodt, et al., Alignment of the ALICE inner tracking 
system with cosmic-ray tracks, J. Instrum. 5 (2010) P03003, arXiv:1001.0502
[physics .ins -det].

[36] ALICE Collaboration, J. Alme, et al., The ALICE TPC, a large 3-dimensional track-
ing device with fast readout for ultra-high multiplicity events, Nucl. Instrum. 
Methods A 622 (2010) 316–367, arXiv:1001.1950 [physics .ins -det].

[37] ALICE Collaboration, E. Abbas, et al., Performance of the ALICE VZERO system, 
J. Instrum. 8 (2013) P10016, arXiv:1306 .3130 [nucl -ex].

[38] ALICE Collaboration, B. Abelev, et al., Centrality determination of Pb-Pb col-
lisions at √sN N = 2.76 TeV with ALICE, Phys. Rev. C 88 (4) (2013) 044909, 
arXiv:1301.4361 [nucl -ex].

[39] ALICE Collaboration, J. Adam, et al., Centrality dependence of the charged-
particle multiplicity density at midrapidity in Pb-Pb collisions at √sNN = 5.02
TeV, Phys. Rev. Lett. 116 (22) (2016) 222302, arXiv:1512 .06104 [nucl -ex].

[40] ALICE Collaboration, Centrality determination in heavy ion collisions, ALICE-
PUBLIC-2018–011, http://cds .cern .ch /record /2636623, 2018.

[41] ALICE Collaboration, G. Puddu, et al., The zero degree calorimeters for the ALICE 
experiment, Nucl. Instrum. Methods Phys. Res., Sect. A 581 (2007) 397–401.

[42] Particle Data Group Collaboration, C. Patrignani, et al., Review of particle 
physics, Chin. Phys. C 40 (10) (2016) 100001.

[43] X.-N. Wang, M. Gyulassy, HIJING: a Monte Carlo model for multiple jet produc-
tion in pp, pA and AA collisions, Phys. Rev. D 44 (1991) 3501–3516.

[44] P. Golonka, Z. Was, PHOTOS Monte Carlo: a precision tool for QED corrections 
in Z and W decays, Eur. Phys. J. C 45 (2006) 97, arXiv:hep -ph /0506026 [hep -
ph].

[45] R. Brun, F. Bruyant, M. Maire, A.C. McPherson, P. Zanarini, GEANT 3: User’s 
Guide Geant 3.10, Geant 3.11; rev. version, CERN, Geneva, 1987, https://cds .
cern .ch /record /1119728.

[46] ALICE Collaboration, J. Adam, et al., Measurement of an excess in the yield of 
J/ψ at very low pT in Pb-Pb collisions at √sNN = 2.76 TeV, Phys. Rev. Lett. 
116 (22) (2016) 222301, arXiv:1509 .08802 [nucl -ex].

[47] ALICE Collaboration, E. Abbas, et al., Charmonium and e+e− pair photoproduc-
tion at mid-rapidity in ultra-peripheral Pb-Pb collisions at √sNN = 2.76 TeV, 
Eur. Phys. J. C 73 (11) (2013) 2617, arXiv:1305 .1467 [nucl -ex].

[48] R. Barlow, Systematic errors: facts and fictions, arXiv:hep -ex /0207026.
[49] A. Andronic, P. Braun-Munzinger, M.K. Koehler, K. Redlich, J. Stachel, Transverse 

momentum distributions of charmonium states with the statistical hadroniza-
tion model, Phys. Lett. B 797 (2019) 134836, arXiv:1901.09200 [nucl -th].

[50] A. Capella, A. Kaidalov, A. Kouider Akil, C. Gerschel, J/ψ and ψ (2S) suppres-
sion in heavy-ion collisions, Phys. Lett. B 393 (1997) 431–436, arXiv:hep -ph /
9607265 [hep -ph].

[51] B. Schenke, S. Jeon, C. Gale, (3+1) D hydrodynamic simulation of relativistic 
heavy-ion collisions, Phys. Rev. C 82 (2010) 014903, arXiv:1004 .1408 [hep -ph].

[52] W. Florkowski, Phenomenology of Ultra-Relativistic Heavy-Ion Collisions, World 
Scientific Publishing Co. Pte. Ltd., 2010.

[53] ALICE Collaboration, S. Acharya, et al., Studies of J/ψ production at forward 
rapidity in Pb-Pb collisions at √sNN = 5.02 TeV, arXiv:1909 .03158 [nucl -ex].

[54] NA50 Collaboration, M.C. Abreu, et al., Transverse momentum distributions of 
J/ψ , ψ (2S), Drell-Yan and continuum dimuons produced in Pb–Pb interactions 
at the SPS, Phys. Lett. B 499 (2001) 85–96.

[55] PHENIX Collaboration, A. Adare, et al., Ground and excited charmonium state 
production in p + p collisions at √s = 200 GeV, Phys. Rev. D 85 (2012) 092004, 
arXiv:1105 .1966 [hep -ex].

[56] PHENIX Collaboration, A. Adare, et al., J/ψ production in √
sNN = 200-GeV 

Cu+Cu collisions, Phys. Rev. Lett. 101 (2008) 122301, arXiv:0801.0220 [nucl -ex].
[57] X. Zhao, R. Rapp, Medium modifications and production of charmonia at LHC, 

Nucl. Phys. A 859 (2011) 114–125, arXiv:1102 .2194 [hep -ph].
[58] X. Du, R. Rapp, Sequential regeneration of charmonia in heavy-ion collisions, 

Nucl. Phys. A 943 (2015) 147–158, arXiv:1504 .00670 [hep -ph].
[59] J.W. Cronin, H.J. Frisch, M.J. Shochet, J.P. Boymond, R. Mermod, P.A. Piroue, R.L. 

Sumner, Production of hadrons with large transverse momentum at 200, 300, 
and 400 GeV, Phys. Rev. D 11 (1975) 3105–3123.s

ALICE Collaboration

S. Acharya 141, D. Adamová 94, A. Adler 74, J. Adolfsson 80, M.M. Aggarwal 99, G. Aglieri Rinella 33, 
M. Agnello 30, N. Agrawal 10,53, Z. Ahammed 141, S. Ahmad 16, S.U. Ahn 76, A. Akindinov 91, 
M. Al-Turany 106, S.N. Alam 141, D.S.D. Albuquerque 122, D. Aleksandrov 87, B. Alessandro 58, 
H.M. Alfanda 6, R. Alfaro Molina 71, B. Ali 16, Y. Ali 14, A. Alici 10,26,53, A. Alkin 2, J. Alme 21, T. Alt 68, 
L. Altenkamper 21, I. Altsybeev 112, M.N. Anaam 6, C. Andrei 47, D. Andreou 33, H.A. Andrews 110, 
A. Andronic 144, M. Angeletti 33, V. Anguelov 103, C. Anson 15, T. Antičić 107, F. Antinori 56, P. Antonioli 53, 
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M. Krivda 64,110, F. Krizek 94, K. Krizkova Gajdosova 36, M. Krüger 68, E. Kryshen 97, M. Krzewicki 38, 
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95 Oak Ridge National Laboratory, Oak Ridge, TN, United States
96 Ohio State University, Columbus, OH, United States
97 Petersburg Nuclear Physics Institute, Gatchina, Russia
98 Physics Department, Faculty of Science, University of Zagreb, Zagreb, Croatia
99 Physics Department, Panjab University, Chandigarh, India
100 Physics Department, University of Jammu, Jammu, India
101 Physics Department, University of Rajasthan, Jaipur, India
102 Physikalisches Institut, Eberhard-Karls-Universität Tübingen, Tübingen, Germany
103 Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
104 Physik Department, Technische Universität München, Munich, Germany
105 Politecnico di Bari, Bari, Italy
106 Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
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