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Measurements of inclusive J/𝜓 production at midrapidity and forward 

rapidity in Pb–Pb collisions at 
√
𝑠NN = 5.02 TeV

.ALICE Collaboration ⋆

A R T I C L E I N F O A B S T R A C T

Editor: M. Doser

Dataset link: https://
www .hepdata .net /record /ins2648616

The measurements of the inclusive J∕𝜓 yield at midrapidity (|𝑦| < 0.9) and forward rapidity (2.5 < 𝑦 < 4) in 
Pb–Pb collisions at √𝑠NN = 5.02 TeV with the ALICE detector at the LHC are reported. The inclusive J∕𝜓
production yields and nuclear modification factors, 𝑅AA, are measured as a function of the collision centrality, 
J∕𝜓 transverse momentum (𝑝T), and rapidity. The J∕𝜓 average transverse momentum and squared transverse 
momentum (⟨𝑝T⟩ and ⟨𝑝2T⟩) are evaluated as a function of the centrality at midrapidity. Compared to the previous 
ALICE publications, here the entire Pb–Pb collisions dataset collected during the LHC Run 2 is used, which 
improves the precision of the measurements and extends the 𝑝T coverage. The 𝑝T-integrated 𝑅AA shows a hint of 
an increasing trend towards unity from semicentral to central collisions at midrapidity, while it is flat at forward 
rapidity. The 𝑝T-differential 𝑅AA shows a strong suppression at high 𝑝T with less suppression at low 𝑝T where it 
reaches a larger value at midrapidity compared to forward rapidity. The ratio of the 𝑝T-integrated yields of J∕𝜓
to those of D0 mesons is reported for the first time for the central and semicentral event classes at midrapidity. 
Model calculations implementing charmonium production via the coalescence of charm quarks and antiquarks 
during the fireball evolution (transport models) or in a statistical approach with thermal weights are in good 
agreement with the data at low 𝑝T. At higher 𝑝T, the data are well described by transport models and a model 
based on energy loss in the strongly-interacting medium produced in nuclear collisions at the LHC.

1. Introduction

Quantum chromodynamics (QCD) is the theory describing the strong 
interaction. Lattice QCD, i.e. the discrete formulation of QCD, predicts 
the existence of a state of deconfined matter at high energy density 
that is characterised by quark and gluon degrees of freedom [1,2]. This 
quark–gluon plasma (QGP) is created during the early hot and dense 
stage of heavy-ion collisions at ultra-relativistic energies.

The heavy quarks, charm (c) and beauty (b), are unique probes for 
this phase of matter [3,4]. Due to their large masses, they are produced 
as quark–antiquark pairs in hard partonic scattering processes in the 
early stage of the collision, and they thus experience the full evolution 
of the system. While the majority of the produced heavy quarks and 
antiquarks hadronise independently into open heavy-flavour hadrons, 
bound quarkonium states can also be formed [5]. However, it has been 
predicted that the formation of bound states should be suppressed due 
to the mechanism of colour screening where the large density of colour 
charges in the QGP hinders the production of bound quarkonia [6,7]. 
The degree of suppression of the various quarkonium states depends 
on their binding energy along with the medium properties, such as its 
temperature. Consequently, the measurements of quarkonium produc-

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

tion rates in heavy-ion collisions have been considered as a potential 
thermometer of the medium.

The production of J∕𝜓 , the charmonium ground state with quan-
tum numbers 𝐽𝑃𝐶 = 1−−, has been studied extensively in heavy-ion 
collisions over the last several decades. Suppression of the J∕𝜓 yield 
was observed in nucleus–nucleus collisions with respect to the expec-
tation from proton–proton collisions at the SPS (up to centre-of-mass 
energy per nucleon pair 

√
𝑠NN = 17 GeV) [8–10], at RHIC (

√
𝑠NN

up to 200 GeV) [11–14] and at the LHC (
√
𝑠NN = 2.76 TeV [15–18]

and 5.02 TeV [19–24]). However, contrary to the prediction from the 
colour-screening scenario, the measured suppression does not increase 
with increasing collision energy from RHIC to LHC despite of an in-
creased energy density of the produced QGP. At LHC energies, J∕𝜓 pro-
duction is found to be less suppressed than at the lower RHIC energies, 
in particular at low transverse momentum, 𝑝T, of the J∕𝜓 [18,25–27]. 
In addition, a significant azimuthal anisotropy in the J∕𝜓 production 
was observed via the elliptic and triangular flow measurements re-
ported in Refs. [28,29]. These observations are explained by an addi-
tional J∕𝜓 production mechanism, referred to as (re)generation in the 
following, in which copiously produced uncorrelated charm quarks and 
antiquarks bind into J∕𝜓 mesons [30,31]. This process can only take 
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place in a deconfined medium, and its contribution to the measured J∕𝜓
yield increases with the density of cc pairs and, therefore, with increas-
ing collision energy and decreasing 𝑝T [32–34]. With increasing 𝑝T, 
(re)generation becomes less relevant for J∕𝜓 production and, instead, 
charmonium dissociation and the fragmentation of high-energy partons 
into charmonia become dominant. In the latter case, the suppression of 
high-𝑝T J∕𝜓 yields should reflect the energy loss of partons [35], which 
is mostly of radiative nature in this kinematic regime.

The formation process of charmonia in heavy-ion collisions is com-
plex and various phenomenological approaches are considered. In the 
statistical hadronization scenario, the relative abundances of char-
momium states with respect to other charmed hadrons are determined 
by thermal weights [30,32] at the system chemical freeze-out. In mi-
croscopic transport and comover interaction models, charmonia are 
continuously produced and broken up during their propagation through 
the QGP [31,33,34,36]. Furthermore, it is important to consider cold 
nuclear matter (CNM) effects. In particular, the modification of the par-
ton distribution functions in nuclei with respect to nucleons [37] has to 
be taken into account for the interpretation of the results. These CNM 
effects were investigated in ALICE especially with proton–nucleus colli-
sions [38–44].

For a better assessment of the production mechanisms, systematic 
measurements of the centrality, 𝑝T, and rapidity dependence of J∕𝜓
production are pivotal. In this article, the ALICE results on inclusive 
J∕𝜓 production at midrapidity (|𝑦| < 0.9) for 0.15 < 𝑝T < 15 GeV/c and 
forward rapidity (2.5 < 𝑦 < 4) for 0.3 < 𝑝T < 20 GeV/c, from the full 
Run 2 data sample at the LHC, are reported. Inclusive J∕𝜓 measure-
ments contain a prompt J∕𝜓 contribution from direct J∕𝜓 and decay 
from heavier charmonium states, and a non-prompt J∕𝜓 contribution 
from the decay of beauty hadrons. The precision of the measurements, 
using the entire Run 2 data sample, improved significantly compared 
to previous ones [20,21] and the measurements could be extended up 
to 15 GeV/c and 20 GeV/c at mid and forward rapidity, respectively. 
The 𝑝T-differential J∕𝜓 yields in Pb–Pb collisions at 

√
𝑠NN = 5.02 TeV 

are measured in various centrality classes. At midrapidity, the average 
transverse momentum ⟨𝑝T⟩ as well as squared transverse momentum 
⟨𝑝2T⟩ is determined, which provide a quantitative estimation of the 
evolution of the 𝑝T spectra as a function of centrality. The nuclear 
modification factor 𝑅AA defined, as the ratio of the yield in Pb–Pb
to the corresponding yield in pp collisions scaled by the number of 
binary nucleon–nucleon collisions is calculated. The results as a func-
tion of 𝑝T and collision centrality are compared with model calculations 
employing the statistical hadronisation [32], microscopic parton trans-
port [33,34], comover [36], and energy loss [35] approaches.

2. Apparatus and data sample

A complete description of the ALICE apparatus and its performance 
is given in Refs. [45,46]. The central barrel detectors, for the dielectron 
analysis, and the muon spectrometer, for the dimuon analysis, covering 
midrapidity and forward rapidity, respectively, were used in the analy-
ses reported in this paper.

At midrapidity, the main detectors employed in the analysis are the 
Time Projection Chamber (TPC) [47] and the Inner Tracking System 
(ITS) [48], both immersed in a uniform magnetic field of 0.5 T pro-
vided by a solenoid magnet. The TPC is used for tracking and particle 
identification. It covers the pseudorapidity range |𝜂| < 0.9 for tracks 
with full radial length and has full coverage in azimuth. It provides ex-
cellent momentum resolution and electron–hadron separation in a wide 
range of track transverse momentum. The ITS is a cylindrical six-layer 
silicon detector, with the innermost layer located at 3.9 cm from the 
beam pipe, providing additional space points for tracking that enhance 
the spatial resolution in the reconstruction of primary and secondary 
vertices.

At forward rapidity, the muon spectometer [49,50] detects muons 
in the range −4 < 𝜂 < −2.5. It consists of a 3 Tm dipole associated with 

a tracking and a trigger system. A front absorber with a thickness of 10 
interaction lengths is placed before the tracking system in order to filter 
out hadrons produced in the interaction. The tracking system consists 
of five tracking stations, each one made of two planes of cathode pad 
chambers. An iron wall with 7.2 interaction length thickness is located 
between the tracking and trigger stations in order to stop secondary 
hadrons escaping the front absorber and low momentum muons pro-
duced predominantly from 𝜋 and 𝐾 decays. The trigger system consists 
of two stations, each one made of two planes of resistive plate chambers. 
Finally, a conical absorber around the beam pipe protects the spectrom-
eter against secondary particles produced by the interaction of primary 
particles with large pseudorapidity at the beam pipe. In the analysis at 
forward rapidity, the determination of the primary vertex of the colli-
sion is provided by the Silicon Pixel Detector (SPD) that constitutes the 
two innermost layers of the ITS.

Both analyses, at midrapidity and forward rapidity, use the V0 [51]
and Zero Degree Calorimeter (ZDC) [52] detectors. The V0 detector 
consists of two scintillator detector arrays and covers the full azimuth 
in the pseudorapidity regions −3.7 < 𝜂 < −1.7 and 2.8 < 𝜂 < 5.1, re-
spectively. It is used for triggering, beam–gas background rejection, and 
characterisation of the event centrality. The ZDC detectors are located 
at a distance of 112.5 m on both sides of the interaction region along 
the beam direction, and they detect spectator nucleons emitted at zero 
degree with respect to the LHC beam axis. They are used to reject elec-
tromagnetic Pb–Pb interactions.

The trigger for minimum-bias (MB) events was provided by the co-
incidence of signals in the two scintillator arrays of the V0 detector. 
The dimuon analysis relies on a dimuon trigger which requires, in ad-
dition to the MB trigger, the detection of two opposite-sign tracks in 
the muon trigger system. The muon trigger selects muon candidates 
with a 𝑝T larger than a threshold of ∼ 1 GeV/𝑐. The trigger efficiency 
reaches 50% at this threshold value and a plateau value of 98% at 
𝑝T ∼ 2.5 GeV/𝑐 [53].

The results presented in this article are based on the data sample 
collected by ALICE from Pb–Pb collisions at 

√
𝑠NN = 5.02 TeV in 

2015 and 2018 during Run 2 at the LHC. During the 2018 data tak-
ing, the Pb–Pb dataset for the central barrel was enhanced with central 
(0–10%) and semicentral (30–50%) events. In total, the integrated lumi-
nosity corresponding to the analysed data sample was about 105 𝜇b−1
and 51 𝜇b−1 for the central and semicentral events, respectively. For the 
other centrality intervals, the integrated luminosity of the data sample 
was 22 𝜇b−1. For the analysis at forward rapidity, the dimuon triggered 
sample corresponds to an integrated luminosity of 756 𝜇b−1. At midra-
pidity, triggered events containing collisions that overlap within a time 
window smaller than the readout time of the TPC were removed to pre-
serve a uniform particle identification performance of the TPC, which is 
sensitive to the total charge produced by the ionising tracks in the sensi-
tive volume. Only events with the primary vertex, reconstructed within 
±10 cm from the nominal interaction point in the beam direction, were 
considered for further analysis at midrapidity. In the forward analysis, 
there was no selection on the primary vertex.

3. Analysis details

The primary observable is the 𝑝T-differential J∕𝜓 yield per unit of 
rapidity d2𝑁∕(d𝑦 d𝑝T). For a given interval of centrality, rapidity (Δ𝑦), 
and transverse momentum (Δ𝑝T), this is obtained as

d2𝑁
d𝑦 d𝑝T

=
𝑁J∕𝜓

𝑁ev × BRJ∕𝜓→l+l− × (𝐴 × 𝜖) × Δ𝑦 ×Δ𝑝T
, (1)

where 𝑁J∕𝜓 is the number of reconstructed J∕𝜓 mesons, 𝑁ev is the 
number of events corresponding to the analysed centrality interval, and 
(𝐴 × 𝜖) is the acceptance times efficiency factor. The branching ratio 
(BR) corresponds to either the dielectron or the dimuon J∕𝜓 decay 
channel. Since the analysis at forward rapidity was based on a sam-
ple of dimuon-triggered events, the equivalent 𝑁ev was obtained as the 
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Table 1

Average nuclear overlap function ⟨𝑇AA⟩ and 
the average number of participants ⟨𝑁part ⟩
in Pb–Pb collisions at √𝑠NN = 5.02 TeV for 
the centrality classes used in the analyses 
at midrapidity (upper) and forward rapidity 
(lower).

Centrality ⟨𝑇AA⟩ (1/mb) ⟨𝑁part ⟩
0–5% 26.08 ± 0.18 383.40 ± 0.57
5–10% 20.44 ± 0.17 331.20 ± 1.03
10–20% 14.4 ± 0.13 262.00 ± 1.15
20–30% 8.77 ± 0.10 187.90 ± 1.34
30–40% 5.09 ± 0.08 130.80 ± 1.33
40–50% 2.75 ± 0.05 87.14 ± 0.93
50–70% 0.98 ± 0.02 42.65 ± 0.69
70–90% 0.16 ± 0.004 11.34 ± 0.16

0–20% 18.83 ± 0.14 309.7 ± 0.89
20–40% 6.93 ± 0.09 159.4 ± 1.32
40–90% 1.00 ± 0.02 39.03 ± 0.53

product of the number of dimuon-triggered events times the inverse of 
the probability of having a dimuon trigger in a MB triggered event, 
𝐹norm [40,54]. The number of equivalent 𝑁ev was first obtained for the 
0–90% centrality class and was then scaled to the centrality classes con-
sidered in the analysis.

The nuclear modification factor, 𝑅AA, is obtained as

𝑅AA =
d2𝑁∕(d𝑦 d𝑝T)

⟨𝑇AA⟩d2𝜎pp∕(d𝑦 d𝑝T)
, (2)

where ⟨𝑇AA⟩ is the average nuclear overlap function as described in 
Ref. [55] and given in Table 1 for the centrality intervals used for the 
analyses at midrapidity and forward rapidity. The 𝑅AA is evaluated as 
a function of the average number of participant nucleons, 𝑁part , cor-
responding to a given centrality class (as shown in Table 1), and as a 
function of the J∕𝜓 𝑝T. The differential J∕𝜓 production cross section 
in pp collisions, d2𝜎pp∕(d𝑦 d𝑝T), was measured at both midrapidity and 
forward rapidity as reported in Refs. [56] and [57], respectively. At 
midrapidity, the data sample size does not allow to obtain the cross sec-
tion for 𝑝T > 10 GeV/c and an extrapolation is applied for the last 𝑝T
interval (10 < 𝑝T < 15 GeV/𝑐), the result of the extrapolation is 6.82 ±
0.91 nb. The details of this approach are described in Ref. [58,59], and 
the corresponding 𝑅AA is shown as the open points in Figs. 6, 7 and 9.

The 𝑝T-differential J∕𝜓 yields at midrapidity were studied further 
by extracting the ⟨𝑝T⟩ and ⟨𝑝2T⟩ in fine centrality intervals, as described 
later in this section. For quantitative comparisons of the 𝑝T distribu-
tions, the ratio 𝑟AA of the J∕𝜓 ⟨𝑝2T⟩ measured in Pb–Pb collisions to the 
one obtained in pp collisions at the same energy is calculated as

𝑟AA =
⟨𝑝2T⟩PbPb
⟨𝑝2T⟩pp

. (3)

3.1. J/𝜓 raw yield extraction

The J∕𝜓 mesons are reconstructed employing the e+e− decay chan-
nel at midrapidity and the 𝜇+𝜇− decay channel at forward rapidity. The 
analysis techniques are discussed in detail in Refs. [18,20,21]. Here, 
only a brief overview is given and differences with respect to previous 
analyses are highlighted.

Electron candidates for the analysis at midrapidity are tracks recon-
structed in both the ITS and TPC in the pseudorapidity range |𝜂| < 0.9 
and with a 𝑝T > 1 GeV/𝑐 to suppress combinatorial background. All 
tracks are required to have at least one hit in the SPD layers and at least 
70 out of a maximum of 159 clusters reconstructed in the TPC. These 
and other quality criteria that were applied in addition (see Ref. [20]) 
ensure good tracking resolution and particle identification. They reduce 

the background electrons from the conversion of photons in the de-
tector material or from long lived weakly-decaying hadrons as well as 
tracks from pileup collisions, occuring within the readout time of the 
TPC. Electrons and positrons are identified using selections on the spe-
cific energy loss, d𝐸∕d𝑥, in the TPC gaseous volume. The measured 
d𝐸∕d𝑥 is required to be within 3 standard deviations (𝜎) relative to 
the expected electron specific energy loss corresponding to the track 
momentum, and more than 3.5𝜎 different from either the 𝜋 or proton 
specific energy loss hypotheses. Electrons from photon conversions sur-
viving the track quality criteria are rejected using a technique where 
candidate electrons are paired with other electrons selected with less 
strict criteria to enhance the probability of finding the conversion part-
ner, as described in detail in Ref. [21].

Muon candidates were selected such that the track pseudorapid-
ity is within the geometrical acceptance of the muon spectrometer, 
−4 < 𝜂 < −2.5, and that the reconstructed track matches a track seg-
ment reconstructed in the trigger system. The transverse position of the 
tracks at the end of the absorber is required to be 17.6 < 𝑅abs < 89.5 cm 
in order to reject tracks crossing the thickest part of the absorber. In ad-
dition, a selection was applied on the product of the track momentum 
and the transverse distance to the primary vertex in order to reduce 
the contamination produced by particles that do not originate from the 
interaction point.

The number of reconstructed J∕𝜓 mesons, i.e. the raw J∕𝜓 yield, 
was obtained by constructing the invariant-mass distribution of all the 
possible opposite-sign dileptons with rapidity selections of 2.5 < 𝑦 < 4
for dimuons and |𝑦| < 0.9 for dielectrons. At midrapidity, the signal 
extraction was performed in two steps. First, the combinatorial back-
ground was estimated using an event-mixing technique [21] and sub-
tracted from the invariant-mass distribution. In the second step, the 
remaining distribution was fitted with a two-component function, one 
corresponding to the J∕𝜓 signal and the other to the residual back-
ground, which mainly arises from correlated semileptonic decays of 
heavy-flavour hadrons. The J∕𝜓 signal line shape was obtained from 
Monte Carlo (MC) simulations of J∕𝜓 mesons decaying in the dielectron 
channel embedded in simulated Pb–Pb collisions, as described below, 
while for the residual background a second-order polynomial function 
was employed. The raw J∕𝜓 yield was obtained by first counting the 
dielectron pairs in the mass range 2.92 < 𝑚e+e− < 3.16 GeV/𝑐2 in the 
combinatorial-background subtracted invariant-mass distribution, and 
then subtracting the residual background based on a two-component fit. 
Finally, the raw J∕𝜓 -meson yield is corrected for the fraction of J∕𝜓 re-
constructed outside of the counting mass interval, as described in more 
detail in Section 3.3. This procedure is illustrated in the left panels of 
Fig. 1 for the collision centrality interval 0–5% and 𝑝T > 0.15 GeV/𝑐. 
The upper left panel shows the invariant-mass distributions for the 
opposite-sign dielectrons constructed from the same event (black) and 
mixed events (red). The fitting procedure of the combinatorial back-
ground subtracted invariant-mass distribution discussed above is illus-
trated in the lower left panel.

At forward rapidity, two different methods were used to extract the 
number of J∕𝜓 counts. In the first method, the invariant-mass distri-
butions were fitted with a sum of a signal and a background function, 
while in the second method the event-mixing technique was employed, 
as described in Ref. [18]. The fit functions corresponding to the sig-
nal are either a double-sided Crystal Ball function (CB2) or a pseudo-
Gaussian with a mass-dependent width [60]. In both cases, the J∕𝜓
pole mass and width were free parameters of the fit, while the non-
Gaussian tail parameters were fixed. Two sets of tail parameters were 
obtained, one based on MC simulations and one extracted from a large 
data sample of pp collisions at 

√
𝑠 = 13 TeV [61]. The MC simula-

tions were embedded into real MB events in order to properly account 
for the effect of the detector occupancy. The 𝜓(2S) resonance was also 
included in the fit to the invariant-mass spectrum, using the same sig-
nal function as for the J∕𝜓 with mass and width bound to those of the 
J∕𝜓 [61,62]. The background functions employed in the first method 



Physics Letters B 849 (2024) 138451

4

ALICE Collaboration

Fig. 1. Upper panels: invariant-mass distribution of opposite-sign lepton pairs from the same event (black points) and mixed events (red histograms) at midrapidity 
(left) and forward rapidity (right) in Pb–Pb collisions at √𝑠NN = 5.02 TeV. Lower panels: invariant-mass distribution after the background subtraction with the 
event-mixing technique. The fit curves, shown in red, represent the sum of the signal and background shapes and the blue curves correspond to the residual 
background.

were either a variable-width Gaussian [60] or a ratio of a second or-
der to a third order polynomial. The residual background in the second 
method was parameterised with a sum of two exponential functions. Fi-
nally, two invariant-mass ranges were considered for the fit procedure: 
2.2 <𝑚𝜇+𝜇− < 4.5 and 2.4 <𝑚𝜇+𝜇− < 4.7 GeV/𝑐2. An example of the sig-
nal extraction fit is shown in the right panel of Fig. 1 before (upper plot) 
and after (lower plot) the subtraction of the combinatorial background 
estimated with the event-mixing technique. For each 𝑝T and centrality 
interval, several fits were performed with the two different approaches, 
different combinations of signal and background functions, signal tail 
parameters, and fitting ranges. The number of J∕𝜓 was obtained as the 
average of the results from the various fitting methods [57]. These var-
ious fitting methods are used to determine the systematic uncertainties 
on the yield extraction as described in Section 3.4.

About 9.0×105 and 8.2×104 raw J∕𝜓 counts are measured at for-
ward rapidity and midrapidity, respectively, integrated over all avail-
able centrality and 𝑝T intervals.

3.2. J/𝜓 ⟨𝑝T⟩ and ⟨𝑝2T⟩ extraction

At midrapidity, a quantitative study of the J∕𝜓 𝑝T spectrum in 
fine centrality intervals is conducted by extracting the J∕𝜓 mean 𝑝T, 
⟨𝑝T⟩J∕𝜓 , and mean 𝑝T squared, ⟨𝑝2T⟩J∕𝜓 . For a given centrality inter-
val, these quantities are obtained based on a fit to the mass dependent 
⟨𝑝T⟩ and ⟨𝑝2T⟩ distributions after efficiency correction, using a function 
defined as:

𝑋(𝑚e+e− ) = 𝑓 (𝑚e+e− ) ×𝑋J∕𝜓 + (1 − 𝑓 (𝑚e+e− )) ×𝑋bkg(𝑚e+e− ) (4)

where 𝑋 stands for either the ⟨𝑝T⟩ or ⟨𝑝2T⟩, and 𝑓 is the invariant-mass 
dependent fraction of J∕𝜓 signal determined in the signal-extraction 
procedure explained above. The invariant-mass dependent background 
component 𝑋bkg(me+e−)

is determined from the event-mixing procedure 
plus a second order polynomial function for the residual background. 
Examples of these fits for the ⟨𝑝T⟩ observable are shown in Fig. 2.

3.3. Acceptance and efficiency correction

The acceptance times reconstruction efficiency factor (A × 𝜖), which 
enters into Eq. (1), was computed employing both MC and data-driven 
methods. At midrapidity, this factor includes the kinematic accep-
tance, track-reconstruction and particle-identification efficiencies, and 
the fraction of J∕𝜓 with an invariant mass in the signal counting range. 
With the exception of the particle identification, obtained with a data-
driven method, the corrections were obtained using a MC simulation of 
J∕𝜓 embedded in simulated Pb–Pb collisions. The Pb–Pb collisions were 
generated using the HIJING 1.0 model [63], while the J∕𝜓 were gener-
ated using a cocktail of prompt J∕𝜓 with a kinematic distribution tuned 
to existing measurements and non-prompt J∕𝜓 from beauty hadrons 
forced to decay into channels containing J∕𝜓 , using PYTHIA 6.4 [64]. 
The e+e− decay of the embedded J∕𝜓 was handled using PHOTOS [65]. 
Both the prompt J∕𝜓 and the beauty hadrons forced to decay into non-
prompt J∕𝜓 were assumed to be unpolarised, in agreement with existing 
measurements, which indicate small or no polarisation [66,67]. All 
generated particles were transported through the ALICE detector setup 
using GEANT3 [68], taking into account the time dependence of detec-
tor conditions during the 2015 and 2018 data-taking periods. For the 
determination of the particle-identification efficiency, a clean sample of 
electrons from photon conversions, passing similar quality selection cri-
teria as primary electrons in the TPC, is used to compute differential 
maps in pseudorapidity, azimuthal angle 𝜑 and momentum 𝑝 for the 
single-electron selection efficiency. These were then propagated to the 
J∕𝜓 dielectron pairs using the phase-space distribution of the J∕𝜓 decay 
simulated in the above mentioned MC simulations. The total (𝐴 × 𝜀) for 
the 𝑝T-integrated J∕𝜓 yields is about 6.5% in the 0–10% centrality in-
terval, and it slightly increases towards more peripheral collisions. As a 
function of 𝑝T, the (𝐴 × 𝜀) has a non-monotonic behaviour, with a min-
imum value of 5.6% around 𝑝T = 2 GeV/𝑐, and a maximum of about 
9% towards zero and high 𝑝T.

At forward rapidity, the acceptance and reconstruction efficiency 
values were determined using simulated J∕𝜓 mesons forced to decay 
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Fig. 2. J∕𝜓 ⟨𝑝T⟩ extraction in Pb–Pb collisions at √𝑠NN = 5.02 TeV at midrapidity for the 0–5% (left panel) and the 70–90% (right panel) centrality interval. The 
data points correspond to opposite-sign e+e− pairs from the same event, the blue line to the e+e− pairs from mixed events, and the red line is the combined fit that 
includes the mixed events and residual background which is described by the polynomial function.

Table 2

Systematic uncertainties on the 𝑝T-integrated (0.15 < 𝑝T < 15 GeV/𝑐) measurement at midrapidity for 
different centrality intervals. The individual contributions and the total uncertainties are given in per-
centage. It is considered that all the uncertainties are correlated over centrality and 𝑝T to a very large 
extent.

Centrality (%) 0–5 5–10 10–20 20–30 30–40 40–50 50–70 70–90

Signal extraction 2.5 2.7 1.9 6.6 2.5 1.0 1.8 2.5
MC input 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Tracking 10.1 10.1 8.5 8.5 8.0 8.0 7.9 7.9
PID 1.6 1.3 1.4 1.4 1.1 1.2 1.1 1.3
Centrality limit 1.0 1.0 1.0 1.0 1.0 1.0 5.7 6.0

Total 10.6 10.5 8.8 10.8 9.0 8.2 10.0 10.3

𝑇AA(only on 𝑅AA) 0.7 0.8 0.9 1.2 1.6 1.7 2.0 2.3
pp reference (only on 𝑅AA) 5.8
Branching ratio (only on yield) 0.5

via the dimuon channel, embedded into real events. The J∕𝜓 𝑝T- and 
𝑦-differential distributions used in the simulation were adjusted to mea-
surements via an iterative procedure, and separately for all centrality 
intervals employed in this analysis. The J∕𝜓 were assumed to be un-
polarised, in agreement with the small polarisation, compatible with 
zero, measured in Pb–Pb collisions for 2 < 𝑝T < 10 GeV/𝑐 [67]. As in 
the analysis at midrapidity, the simulations take into account the time 
dependence of the detector conditions, such as the status of the tracking 
chambers and the residual detector element misalignment. The trigger-
chamber efficiency was determined from data and used as input in the 
simulations. The (A × 𝜖) reaches a minimum of 11% at 𝑝T ≈ 2 GeV/c 
and increases up to 13% at low 𝑝T and up to 46% at high 𝑝T in the 
0–20% centrality interval. It increases towards peripheral collisions by 
a few percent [46].

3.4. Systematic uncertainties

The considered sources of systematic uncertainty for the analysis 
at midrapidity include central-barrel tracking, electron identification, 
signal extraction, and the kinematics of the J∕𝜓 injected in the MC 
simulations. For the analysis at forward rapidity, the main systematic 
uncertainties originate from the signal extraction, the muon tracking 
and trigger efficiencies, and the kinematics of the J∕𝜓 used in the em-
bedded MC simulations. In addition, for the 𝑅AA, uncertainties on the 
pp reference and the nuclear overlap function are included in both anal-
yses [55]. The uncertainty on the J∕𝜓 decay branching ratio and the 
evaluated systematic uncertainties are summarised in Table 2 and Ta-
ble 3 for the analysis at midrapidity and forward rapidity, respectively.

Table 3

Systematic uncertainties on the 𝑝T-differential measurement at forward ra-
pidity for various centrality intervals. The individual contributions are given 
in percentage. When a range is given, it corresponds to the minimum and 
maximum values obtained in the 𝑝T interval. Values marked with an aster-
isk correspond to the uncertainties correlated over 𝑝T . These uncertainties are 
considered as global ones for 𝑅AA and added in quadrature to the uncorrelated 
uncertainties for the yields.

Centrality (%) 0–20% 20–40% 40–90%

𝐹norm 0.7*

Signal extraction 1.5–5.8 1.9–4.5 1.6–10.7
MC input 1.8–4.1 0.2–2.1 0.9–1.8
Tracking efficiency 3.0 + 1.0* 3.0 + 0.5* 3.0
Trigger efficiency 1.5–2.0 + 1.0* 1.5–2.0 + 0.5* 1.5–2.0
Matching efficiency 1.0 1.0 1.0
Centrality limit – 0.8* 2.8*

𝑇AA (only on 𝑅AA) 0.8* 1.3* 2.0*
pp reference (only on 𝑅AA) 3.5–5.6 + 1.9*
Branching ratio (only on yield) 0.5*

At midrapidity, the tracking uncertainty is the largest source of sys-
tematic uncertainty and it is dominated by the ITS–TPC track matching. 
This was determined based on the difference in the matching efficiency 
observed for single tracks between data and MC simulations. The sys-
tematic uncertainty due to the electron identification takes into account 
the residual miscalibration of the TPC particle identification (PID) re-
sponse and also the statistical uncertainty of the clean electron sample 
used to compute the identification efficiency. For its estimation, the PID 
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selection criteria (both electron inclusion and hadron rejection) are var-
ied, each time obtaining a new set of raw yields and corresponding PID 
efficiencies. The assigned systematic uncertainty is taken as the stan-
dard deviation of the distribution of the corrected results obtained in 
this procedure. The systematic uncertainty of the signal extraction in-
cludes one component from the J∕𝜓 signal shape obtained from MC 
simulations and one component related to the description of the di-
electron background. The former was determined by varying the mass 
range in which the signal is counted and recomputing each time the 
corresponding signal fraction correction, while the latter was deter-
mined by repeating the fit to the invariant-mass distribution in different 
mass ranges. The standard deviation of the corrected yield distribution 
was then taken as the systematic uncertainty. Since the J∕𝜓 efficiency 
depends on 𝑝T, the average efficiency computed over wide 𝑝T inter-
vals depends in turn on the underlying J∕𝜓 𝑝T distribution used in the 
MC simulations. The corresponding uncertainty was minimised by iter-
atively tuning the injected 𝑝T spectrum to match the corrected spectrum 
measured in this analysis. A systematic uncertainty which takes into ac-
count possible variations of the 𝑝T spectrum, statistically compatible 
with the finally measured 𝑝T spectrum, was assigned and it is typically 
below 1%. The total systematic uncertainty on the J∕𝜓 corrected yield 
varies in the range 6–10% in different 𝑝T and centrality intervals. The 
systematic uncertainties, which are dominated by the tracking uncer-
tainties, are correlated over centrality and 𝑝T to a very large extent. 
The systematic uncertainties for ⟨𝑝T⟩ and ⟨𝑝2T⟩ are evaluated via similar 
procedures as for the 𝑝T integrated yields. The uncertainties from sig-
nal extraction and track selection criteria range, respectively, from 0.2 
to 1.2% and from 0.5 to 1.3%. The electron identification and ITS–TPC 
matching systematic uncertainties are calculated by propagating the 𝑝T-
differential systematic uncertainties to the ⟨𝑝T⟩ based on the measured 
𝑝T-differential spectrum.

In the analysis at forward rapidity, the systematic uncertainty cor-
responding to the signal extraction was determined using several vari-
ations of the fit to the invariant-mass spectra, including the fit method, 
the signal and background functions, and the fitted mass range. This 
uncertainty varies in the range 1.5–10.7% depending on the 𝑝T inter-
val and centrality class. The systematic uncertainty on (A × 𝜖) depends 
on the uncertainty on the 𝑝T and 𝑦 distributions of the simulated J∕𝜓 , 
and on the tracking, trigger, and matching efficiency. The first two were 
evaluated by varying the 𝑝T and 𝑦 spectrum for each centrality interval, 
taking into account the correlations between the 𝑝T and 𝑦 distributions. 
The systematic uncertainty was estimated as the largest difference be-
tween the nominal (A × 𝜖) and the one estimated from the variations. 
It ranges between 0.2% and 4.1%. The systematic uncertainty on the 
muon tracking efficiency was estimated based on the difference be-
tween the single-muon tracking efficiency obtained in data and MC with 
a method that uses the redundancy of the tracking information in each 
station. The corresponding uncertainty for dimuons was evaluated to 
be 3% and constant over 𝑝T. An additional systematic uncertainty is as-
cribed to the loss of tracking efficiency due to occupancy effects in the 
most central events and was estimated to range between 0.5 and 1%, 
increasing towards more central events. The systematic uncertainty on 
the trigger efficiency has two components, one due to the intrinsic ef-
ficiency of the trigger chambers and another one due to the trigger 
response. The first component was estimated from the uncertainties on 
the single-muon trigger efficiency measured from data and used in the 
simulations. The second component was evaluated by comparing the 𝑝T
dependence of the trigger response function of the single muon between 
data and MC. The two sources were added in quadrature and the ob-
tained uncertainty ranges between 1.5 and 2%. Finally, a 1% systematic 
uncertainty is assigned, related to the choice of the 𝜒2 selection used 
to define the matching between the tracks reconstructed in the track-
ing system and the track segments reconstructed in the trigger system. 
The uncertainty on 𝐹norm was estimated by using two methods. First, 
the opposite-sign dimuon trigger condition was applied when analysing 
recorded MB events and, second, the counting rate of the dimuon and 

MB triggers were compared. The estimated uncertainty on 𝐹norm was 
obtained by comparing the two methods and it amounts to 0.7%.

The systematic uncertainties on ⟨𝑇AA⟩ were obtained as described 
in Ref. [55] and the values are listed in Table 1 for both analyses, at 
midrapidity and forward rapidity. The systematic uncertainty on the 
definition of the centrality interval was estimated using variations of 
±1% of the V0 signal amplitude corresponding to 90% of the hadronic 
Pb–Pb cross section and redefining correspondingly the centrality inter-
vals. The systematic uncertainty of the centrality limit depends on the 
width of the centrality classes and it ranges from 1 to 6% and from 0 to 
2.8%, as shown in Tables 2 and 3 for the analyses at midrapidity and 
forward rapidity, respectively.

The systematic uncertainties on the J∕𝜓 reference cross section in pp 
collisions at 

√
𝑠 = 5.02 TeV as obtained in Refs. [57,69] are provided 

in Table 2 and Table 3. The correlations of the systematic uncertainties 
over centrality and 𝑝T depend on the mid and forward rapidity analysis 
and they are indicated in Table 2 and 3.

4. Results

4.1. Inclusive J/𝜓 yields

The fully corrected inclusive J ∕𝜓 𝑝T-differential yields, d2𝑁∕(d𝑦d𝑝T), 
were obtained according to Eq. (1) in centrality intervals in Pb–Pb col-
lisions at 

√
𝑠NN = 5.02 TeV at midrapidity (|𝑦| < 0.9) and at forward 

rapidity (2.5 < 𝑦 < 4). Fig. 3 shows the J∕𝜓 yields obtained at midrapid-
ity for the 0–10% and 30–50% centrality intervals, while Fig. 4 shows 
the yields measured at forward rapidity in the 0–20%, 20–40% and 
40–90% centrality intervals. For all of the results, the statistical and 
systematic uncertainties are indicated by the vertical error bars and the 
open boxes around the data points, respectively. These results are com-
pared with calculations performed using the statistical hadronisation 
model (SHMc) by Andronic et al. [32], and two microscopic transport 
models by Rapp et al. [70] and Zhuang et al. [33]. The physics assump-
tions in these model calculations are discussed in more detail in the 
next section. The lower panels of the Figs. 3 and 4 depict the ratio be-
tween the experimental data and the different model calculations, with 
the width of the bands representing the model uncertainties. These un-
certainties are due to uncertainties on input parameters, mainly the 
total charm-quark production cross section and CNM effects. The filled 
boxes around unity represent the uncertainties of the measured results, 
shown as the quadratic sum of statistical and systematic uncertainties. 
Both transport models describe the 𝑝T-differential yields in central and 
semicentral collisions, while they overestimate them at forward rapidity 
in peripheral collisions. The SHMc calculations coupled with a hydro-
dynamics inspired freeze-out parameterisation are in good agreement 
with the data in the low-𝑝T region, but underestimate the measurements 
at higher 𝑝T.

4.2. The J/𝜓 nuclear modification factor 𝑅AA

The nuclear modification factor 𝑅AA was obtained using the mea-
sured yields, according to Eq. (2). Fig. 5 shows the 𝑝T-integrated J∕𝜓
𝑅AA as a function of 𝑁part in Pb–Pb collisions at 

√
𝑠NN = 5.02 TeV, 

obtained in the current analysis at midrapidity in comparison to the 
results at forward rapidity, previously reported by the ALICE Collab-
oration in Ref. [19]. Global uncertainties represented the centrality-
correlated uncertainties, shown as filled boxes around unity, and are 
largely uncorrelated between the forward and midrapidity analyses. 
Both results exclude low-𝑝T J∕𝜓 , with a selection of 𝑝T > 0.15 GeV/𝑐
and 𝑝T > 0.3 GeV/𝑐 at midrapidity and forward rapidity, respectively, 
in order to reject J∕𝜓 produced via photoproduction processes [71–73], 
which contribute significantly to the J∕𝜓 yield in particular in pe-
ripheral collisions [74,75]. The 𝑅AA is compatible with unity in the 
most peripheral collisions, while a suppression of the J∕𝜓 production in 
Pb–Pb collisions with respect to binary scaled pp collisions is observed 



Physics Letters B 849 (2024) 138451

7

ALICE Collaboration

Fig. 3. J∕𝜓 𝑝T-differential production yields in Pb–Pb collisions at √𝑠NN = 5.02 TeV at midrapidity in the 0–10% (left panel) and 30–50% (right panel) centrality 
intervals. The statistical and systematic uncertainties are indicated, respectively, by the vertical error bars and the open boxes. The horizontal bars indicate the 
𝑝T intervals. Data are compared to model calculations from Refs. [32,33,70]. The ratios between data and models are shown in the lower panels. The filled boxes 
around unity depict the quadratic sum of statistical and systematic uncertainties from the measurement, while the bands indicate model uncertainties.

in semicentral and central collisions, in particular at forward rapidity. 
At midrapidity, 𝑅AA exhibits a slightly increasing trend from approxi-
mately ⟨𝑁part⟩ = 100 towards the most central collisions, with slightly 
larger 𝑅AA values at midrapidity than at forward rapidity, which con-
firms previous observations reported by ALICE [21]. The results at 
midrapidity are larger than those measured at forward rapidity, with a 
significance of the difference of 2.2𝜎 when considering the data points 
in the centrality range 0–10%. The larger 𝑅AA in central collisions at 
midrapidity is expected in phenomenological models due to the larger 
d𝜎cc∕d𝑦 at midrapidity which leads to larger fraction of J∕𝜓 produced 
via (re)generation [32,33,76].

The 𝑝T-differential 𝑅AA results are shown in Fig. 6 for midrapid-
ity (left panel) and forward rapidity (right panel) in various centrality 
intervals. The main feature of these measurements is that the 𝑅AA val-
ues are relatively large at low 𝑝T (𝑝T < 5 GeV/𝑐), in contrast with the 
strong suppression in the 𝑝T > 5 GeV/𝑐 range, for central and semicen-
tral collisions. A weaker 𝑝T dependence of the 𝑅AA values is observed 
from central to peripheral collisions, up to a constant 𝑅AA, within un-
certainties, in the 40–90% centrality interval at forward rapidity. Such a 
behaviour in the data can be qualitatively understood by the dominance 
of hot nuclear matter effects for central and semicentral collisions, act-
ing on top of the CNM ones, which were discussed in Refs. [39,44]. 
In the low-𝑝T region and in particular in central and semicentral col-
lisions, where the density of charm quarks is larger, the coalescence 
of charm quark pairs has an important contribution counterbalancing 
the impact of quarkonium suppression in the QGP. At higher 𝑝T, the 
J∕𝜓 production is dominated by effects such as dissociation and energy 
loss, which are expected to be stronger in the most central collisions. A 
comparison of the J∕𝜓 𝑝T-differential 𝑅AA in the most central Pb–Pb 
collisions at 

√
𝑠NN = 5.02 TeV between midrapidity and forward ra-

pidity is shown in Fig. 7. Neglecting the slight difference in centrality 
intervals, the 𝑅AA is higher at midrapidity with respect to forward ra-
pidity at low 𝑝T (𝑝T < 3 GeV/𝑐) with a 2.7𝜎 significance, highlighting 
the strong dependence of 𝑅AA on the local charm quark density, further 
supporting the picture of quarkonium production via coalescing charm 
quarks. The two measurements converge to similar values at higher 𝑝T
suggesting a weaker dependence on rapidity for the suppression effects.

The measurements presented so far are discussed in the rest of 
this section in comparison to calculations which employ different ap-

proaches in modelling the collision fireball and the hot medium effects 
having an impact on J∕𝜓 production in Pb–Pb collisions.

The statistical hadronisation model by Andronic et al. [32] assumes 
that all charm quarks are produced during the initial hard partonic in-
teractions and then thermalize in the QGP. The relative yields of the 
charmed hadrons are then determined solely by the equilibrium ther-
modynamical parameters at the chemical freeze-out, which are fixed 
from fits to the yields of light-flavoured hadrons. A recent extension of 
the model [30,32] implements a hydro-inspired freeze-out hypersurface 
which allows the calculation of 𝑝T-differential yields in addition to the 
integrated ones.

The microscopic transport model of Zhuang et al. [33,77] imple-
ments a real time evolution of the J∕𝜓 , 𝜓(2𝑆) and 𝜒c production 
using a Boltzmann-type rate equation that includes both dissociation 
and coalescence terms. The dissociation term includes contributions 
from the temperature dependent colour screening effect and scatter-
ings with thermal partons, i.e. gluon dissociation. The (re)generation 
of charmonia is implemented by exploiting the detailed balance of 
the gluon dissociation process. The space–time evolution of the fire-
ball is described using the equations for (2+1)D ideal hydrodynamics. 
This model includes also the production of non-prompt J∕𝜓 , with the 
precursor beauty quarks being propagated through the QGP using the 
Langevin equation.

Similarly to the previously described model, the transport model 
proposed by Rapp et al. [76,78–81], is also based on a kinetic rate 
equation to compute the time evolution of charmonium (J∕𝜓 , 𝜓(2𝑆), 
and 𝜒𝑐 ) yields. The dissociation term of the rate equation employs an 
inelastic parton scattering cross section of charmonia in the QGP, com-
puted using next-to-leading order perturbative QCD Feynman diagrams, 
and also includes the effect of in-medium reduced binding energy. The 
(re)generation rate depends on the charmonium dissociation tempera-
ture, which is extracted from lattice QCD calculations, and equilibrium 
limits computed based on the thermal model. The space–time evolution 
of heavy-ion collisions is simulated by a cylindrically expanding fireball 
model with the regenerated charmonium 𝑝T-spectra being calculated in 
a thermal blast-wave approximation at a temperature and flow velocity 
reflecting the average production time of each charmonium state [82].

All of the models described above consider the initial state of the nu-
clear collisions by making assumptions on the total charm quark density 
produced during the hard partonic collisions and modified by the CNM 
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Fig. 4. J∕𝜓 𝑝T-differential production yields in Pb–Pb collisions at √𝑠NN = 5.02 TeV at forward rapidity in the 0–20%, 20–40%, and 40–90% centrality intervals. 
The statistical and systematic uncertainties are indicated, respectively, by the vertical error bars and the open boxes. The horizontal bars indicate the 𝑝T intervals. 
Data are compared to model calculations from Refs. [32,33,70]. The ratio between data and models is shown in the lower panels. The filled boxes around unity 
depict the quadratic sum of statistical and systematic uncertainties from the measurement, while the bands indicate model uncertainties.

Fig. 5. Inclusive J∕𝜓 nuclear modification factor at midrapidity and forward 
rapidity [19], integrated over 𝑝T , as a function of the number of participants 
in Pb–Pb collisions at √𝑠NN = 5.02 TeV. The statistical and systematic un-
certainties are indicated, respectively, by the vertical error bars and the open 
boxes around the data points. The filled boxes around unity show the global 

effects. The two transport models obtain the total charm density based 
on the measured total charm cross section in pp collisions [83] mul-
tiplied by the number of binary nucleon–nucleon collisions. The CNM 
effects are introduced via different approaches. The microscopic trans-
port model of Rapp et al. [78,79] estimates CNM effects using fits of the 
measured p–A data, while the transport model of Zhuang et al. [80,81]
uses the nuclear parton distribution functions and their uncertainties 
from EPS09 [84]. The SHMc extracts the total charm cross section 
from the ALICE measurements of D meson production in Pb–Pb colli-
sions [85]. The large uncertainty on the estimation of CNM effects is 
inherited by these model calculations.

At large 𝑝T, the fragmentation of high-energy partons may become 
the main mechanism for J∕𝜓 production. In that case, energy loss of 
partons due to multiple scattering in the QGP leads to J∕𝜓 suppression 
at high 𝑝T. In the model by Arleo et al. [35], the quenching of large-𝑝T
particles (𝑝T > 10 GeV/𝑐) is assumed to be mostly due to radiative par-
ton energy loss. In this approach, the 𝑝T dependence of 𝑅AA is fully 
predicted from the model proposed by Baier et al. [86,87], which em-
ployed a medium-induced gluon spectrum. The 𝑅AA value is computed 
from the mean energy loss, which is extracted from a fit to the charged 
8

uncertainties. hadron 𝑅AA, measured in various collision systems, the average frag-
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Fig. 6. Inclusive J∕𝜓 𝑝T-differential 𝑅AA in Pb–Pb collisions at √𝑠NN = 5.02 TeV in various centrality intervals. The left panel shows the comparison of 𝑅AA
measured in central (0–10%) and semicentral (30–50%) collisions at midrapidity. For the data point in the 𝑝T bin 10 < 𝑝T < 15 GeV/𝑐 an open symbol is used 
to highlight the usage of pp reference from the extrapolation approach. The right panel shows the measured 𝑅AA in three centrality classes, 0–20%, 20–40%, and 
40–90%, at forward rapidity. The statistical and systematic uncertainties are indicated, respectively, by the vertical error bars and the open boxes around the data 
points. The filled boxes around unity show the global uncertainties.

Fig. 7. Inclusive J∕𝜓 𝑅AA as a function of 𝑝T in Pb–Pb collisions at √
𝑠NN = 5.02 TeV at midrapidity and forward rapidity, in the 0–10% cen-

trality class and 0–20% centrality class, respectively.For the data point in the 
𝑝T bin 10 < 𝑝T < 15 GeV/𝑐 an open symbol is used to highlight the usage of pp 
reference from the extrapolation approach. The statistical and systematic un-
certainties are indicated, respectively, by the vertical error bars and the open 
boxes around the data points. The filled boxes around unity show the global 
uncertainties.

mentation function, and the colour coupling factor of the parton. At 
forward rapidity, the mean energy loss is further corrected for the 
charged-hadron multiplicity difference between midrapidity and for-
ward rapidity. The model uncertainties arise from the uncertainties on 
these inputs. This model does not include the production of non-prompt 
J∕𝜓 , but the 𝑅AA variation, when accounting for this contribution, is 
expected to lie within the theoretical uncertainties.

The 𝑝T-integrated nuclear modification factor measured in this anal-
ysis in Pb–Pb collisions at 

√
𝑠NN = 5.02 TeV at midrapidity is shown in 

Fig. 8 in comparison with results from the SHMc and the two transport-
model calculations. The calculations are shown as coloured bands, il-
lustrating the uncertainties on the initial effects, mainly CNM effects, 
described above. Within the model uncertainties, all three predictions 
agree with the data. One can note though that the data lie on the upper 
edge of the transport-model calculations, while they are in good agree-
ment with the central values from the SHMc calculations for semicentral 
and central collisions.

Figs. 9 and 10 show the 𝑝T-differential 𝑅AA measurements for 
various centrality intervals at midrapidity and forward rapidity, re-
spectively, in comparison with the available model calculations. With 
the exception of the energy-loss calculations, available only for 𝑝T >

Fig. 8. Inclusive J∕𝜓 𝑅AA at midrapidity, integrated over 𝑝T , as a function 
of 𝑁part in Pb–Pb collisions at √𝑠NN = 5.02 TeV and compared to model 
calculations from Refs. [32,33,70].

10 GeV/𝑐, all of the models cover the full 𝑝T range in which these mea-
surements were performed. The SHMc model calculations are in good 
agreement with the data at low 𝑝T at both midrapidity and forward 
rapidity. However, the 𝑅AA is underestimated for 𝑝T > 5 GeV/𝑐 in all 
centrality intervals in both rapidity ranges. This might be attributed 
to physical sources missing in this approach, such as the contributions 
from surviving primordial J∕𝜓 or non-prompt J∕𝜓 from beauty-hadron 
decays, but also to an underestimated amount of radial flow acquired 
by the charm quarks during the system evolution. A similar conclusion 
can also be drawn from the comparison of the 𝑝T-differential yields in 
Pb–Pb collisions shown in Fig. 3 where the measured spectrum is harder 
than the one from the SHMc calculations. The two transport models are 
in better quantitative agreement with data than the SHMc model. Both 
of the transport models provide a good description of the 𝑅AA at both 
low and high 𝑝T. However, the model calculations in the low-𝑝T region, 
where J∕𝜓 production is dominated by coalescence in these models, 
do not describe the detailed shape of the 𝑝T dependence of 𝑅AA, in 
particular in semicentral collisions, which points to a still not perfectly 
understood dynamics of charm-quark coalescence.

The energy-loss calculations by Arleo et al [35], performed in all 
studied centrality ranges for 𝑝T > 10 GeV/𝑐, are in good agreement with 
the measurements, which, based on the model assumptions, suggests 
that the dominant mechanism in this kinematic regime is indeed energy 
loss, similar to that of the other hadrons measured at LHC energies.
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Fig. 9. Transverse-momentum dependence of the J∕𝜓 𝑅AA in Pb–Pb collisions at √𝑠NN = 5.02 TeV at midrapidity in the 0–10% (left panel) and 30–50% (right 
panel) centrality intervals. For the data point in the 𝑝T bin 10 < 𝑝T < 15 GeV/𝑐 an open symbol is used to highlight the usage of pp reference from the extrapolation 
approach. The data are compared with model calculations from Refs. [32,33,35,70].

Fig. 10. Transverse-momentum dependence of the J∕𝜓 𝑅AA at forward rapidity in the 0–20%, 20–40% and 40–90% centrality intervals. The data are compared with 
model calculations from Refs. [32,33,35,70].

4.3. The inclusive J/𝜓 ⟨𝑝T⟩ and ⟨𝑝2T⟩

Observables that allow for a more differential study of the J∕𝜓 𝑝T
spectrum with respect to the centrality of the collisions are the J∕𝜓
⟨𝑝T⟩ and ⟨𝑝2T⟩. The latter is typically quantified using the 𝑟AA, defined 
in Eq. (3), which is related to the broadening or narrowing of the J∕𝜓
𝑝T spectrum relative to that in pp collisions. The ⟨𝑝T⟩ and the 𝑟AA mea-
sured at midrapidity are shown in Fig. 11 in the left and right panels, 
respectively, as a function of ⟨𝑁part⟩. Similar measurements were done 
at the forward rapidity as well [20]. These results are compared with 
similar measurements in heavy-ion collisions at RHIC [11,26,88] and 
SPS [89] energies. The ⟨𝑝T⟩ results are also compared with the value 
reported by the ALICE Collaboration in pp collisions at midrapidity at √
𝑠 = 5.02 TeV [69], showing a good agreement with the value mea-

sured in the most peripheral Pb–Pb collisions. The data show that for a 
given 𝑁part , the J∕𝜓 ⟨𝑝T⟩ grows with increasing collision energy. How-
ever, while the data indicate no centrality dependence of the ⟨𝑝T⟩ at 
the SPS and RHIC energies, a monotonically decreasing trend from the 
most peripheral to the most central collisions is observed in the AL-
ICE measurements, which reflects the gradual increase of the low 𝑝T
(re)generation component. The 𝑟AA results support the observations for 
the ⟨𝑝T⟩, showing a decrease from unity towards central collisions for 
the ALICE measurements. The RHIC results are compatible with unity 
over the whole covered centrality range, while the SPS data indicate 
a strong increase from peripheral to central collisions, suggesting that 
CNM effects such as the Cronin effect [90] have an impact on the J∕𝜓
𝑝T shape.
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Fig. 11. Left panel: Inclusive J∕𝜓 ⟨𝑝T⟩ as a function of the mean number of participants in Pb–Pb collisions at √𝑠NN = 5.02 TeV at midrapidity. Right panel: 
Inclusive J∕𝜓 𝑟AA as a function of centrality at √𝑠NN = 5.02 TeV and compared with measurements at lower energies from RHIC [11,88,91] and the SPS [89]. The 
statistical and systematic uncertainties are indicated, respectively, by the vertical error bars and the open boxes around the data points. The filled box around unity 
on the right panel shows the global uncertainty.

Fig. 12. Inclusive J∕𝜓 ⟨𝑝T⟩ as a function of the mean number of participants in Pb–Pb collisions at √𝑠NN = 5.02 TeV at midrapidity (left panel), and J∕𝜓 𝑟AA as a 
function of centrality (right panel). The results are compared with transport model calculations [33,70].

The ⟨𝑝T⟩ and ⟨𝑝2T⟩ results are also compared with the aforemen-
tioned transport model calculations, which show a good agreement with 
the trends observed in data as demonstrated in Fig. 12. Although overall 
in good quantitative agreement, the calculations by Rapp et al. overesti-
mate the J∕𝜓 ⟨𝑝T⟩ for the most central collisions, while the ⟨𝑝2T⟩ results 
are slightly underestimated by both models in the semicentral and pe-
ripheral range (50 <𝑁part < 150).

4.4. The J/𝜓 to D0 yield ratio

A long awaited measurement which helps understanding the details 
of the J∕𝜓 production in heavy-ion collisions is the ratio between the 
J∕𝜓 and the D0 yields, both measured in the same collision system. Such 
a measurement provides a tight constraint to models because some of 
the model parameters and most model uncertainties related to the cc
cross section cancel in the ratio. This ratio is sensitive to the hadro-
nisation mechanisms of the different charm hadrons. While a model 
independent measurement of the cc production density in heavy-ion 
collisions is not available, it is still useful to compare the J∕𝜓 yield 
with the recently published ALICE measurements of the D0 yield down 
to zero 𝑝T [85].

Fig. 13 shows the measured 𝑝T-integrated J∕𝜓 to D0 yield ratio 
in central (0–10%) and semicentral (30–50%) collisions. The largest 
source of systematic uncertainty for both measurements comes from 
tracking efficiency and it is considered correlated between the D0 and 
J∕𝜓 measurements, and consequently cancels in the ratio. Without 
this uncertainty, the numerical values of the J∕𝜓 yields are 0.12 ±

0.005 (stat.) ±0.012 (syst.) and 0.016 ±0.0008 (stat.) ±0.0004 (syst.) for 
(0–10%) and (30–50%) centrality intervals, respectively. The statistical 
(systematical) uncertainty of the ratio is the quadratic sum of the statis-
tical (systematical) uncertainties of the two measurements. The results 
suggest a higher value for this ratio in central compared to semicentral 
collisions. This is supported by the SHMc calculations [32], which sug-
gests both the J∕𝜓 and D0 are produced via the coalescence of charm 
quarks at the phase boundary, the ratio being determined by the charm 
fugacity. The SHMc model gives a good description of the data. The 
model uncertainty from the SHMc model is due to uncertainties on the 
charm fugacity parameter, which is fitted to the ALICE D0 data [85].

5. Conclusions

The J∕𝜓 𝑝T-differential yields and nuclear modification factors 𝑅AA
measured from 𝑝T = 0.15 GeV/c up to 15 GeV/c in the 0–10% and 
30–50% centrality ranges at midrapidity and from 𝑝T = 0.3 GeV/c up to 
𝑝T = 20 GeV/c in the 0–20%, 20–40% and 40–90% centrality ranges at 
forward rapidity, and the centrality dependent J∕𝜓 ⟨𝑝T⟩ and 𝑟AA mea-
sured at midrapidity, are reported and discussed in comparison with 
model calculations.

The centrality dependent 𝑝T-integrated 𝑅AA in peripheral collisions 
shows similar values at both midrapidity and forward rapidity, while 
a hint of an increasing trend of the 𝑅AA is observed at midrapidity 
towards central collisions. When looking at the 𝑝T-differential 𝑅AA, rel-
atively large values are observed at low 𝑝T, which are compatible with 
unity for 𝑝T < 3 GeV/𝑐 in the 0–10% centrality interval at |𝑦| < 0.9, 
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Fig. 13. Inclusive J∕𝜓 to 𝐷0 yield [85] ratio at √𝑠NN = 5.02 TeV at midra-
pidity for the 0–10% and 30–50% centrality intervals. Vertical lines and open 
boxes represent the statistical and systematical uncertainties, respectively. The 
measurements are compared with SHMc model predictions [32].

while a strong nuclear suppression is seen at higher 𝑝T in central and 
semicentral collisions. In addition, 𝑅AA is higher at midrapidity than 
at forward rapidity for 𝑝T < 3 GeV/c in the most central collisions. 
A weaker 𝑝T dependence of the 𝑅AA values is observed for more pe-
ripheral collisions. Such a behaviour, for the central and semicentral 
collisions, can be explained by a large contribution from (re)genera-
tion to the J∕𝜓 yields. This is supported by the statistical hadronisation 
model and by two microscopic transport model calculations when com-
pared to the data. However, the large model uncertainties, which are 
mainly due to the assumptions on the collision initial conditions, pre-
vent from drawing a clear conclusion on the phenomenology of the J∕𝜓
production in heavy-ion collisions at LHC energies. The J∕𝜓 nuclear 
modification factor at high 𝑝T is well described by the transport models 
and also by a J∕𝜓 energy loss model, while it is largely underestimated 
in the hydro-inspired freeze-out approach implemented together with 
the SHMc model. For most central events, the 𝑅AA converge to simi-
lar values at high 𝑝T at mid and forward rapidity suggesting a weaker 
dependence on rapidity for the suppression effects. The centrality de-
pendent J∕𝜓 ⟨𝑝T⟩ and 𝑟AA measurements are compared with similar 
results at lower energies from RHIC [11,88,91] and SPS [89], with the 
centrality trends showing an opposite behaviour between the LHC and 
the lower energy results. This behaviour is compatible with a strong 
contribution from the regeneration component which tends to soften 
the 𝑝T distributions. The two microscopic transport models describe the 
data within the uncertainties.

The ratio of inclusive 𝑝T-integrated J∕𝜓 to D0 yields measured by 
ALICE at midrapidity in Pb–Pb collisions is presented for the first time in 
the 0–10% and 30–50% centrality ranges. The data shows a larger value 
of this ratio in 0–10% compared to 30–50% collisions, which is in good 
agreement with the expectation from the SHMc model that fixes the 
charm fugacity parameter based on the D0 yields measured by ALICE.

The large improvements in experimental accuracy expected for the 
LHC Run 3 and 4 for charmonium measurements and more in general 
for heavy-quark production, the improved measurements of total charm 
quark cross section and CNM effects are critical to constrain the phe-
nomenological model calculations, will allow to settle the longstanding 
questions regarding the mechanisms behind charmonium production in 
heavy-ion collisions.

Declaration of competing interest

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

Data availability

This manuscript has associated data in a HEPData repository at: 
https://www .hepdata .net /record /ins2648616.

Acknowledgements

We would like to thank the theory groups who kindly provided us 
with their calculations and for the fruitful discussions.

The ALICE Collaboration would like to thank all its engineers and 
technicians for their invaluable contributions to the construction of the 
experiment and the CERN accelerator teams for the outstanding per-
formance of the LHC complex. The ALICE Collaboration gratefully ac-
knowledges the resources and support provided 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 running the ALICE detector: A. I. Alikhanyan 
National Science Laboratory (Yerevan Physics Institute) Foundation 
(ANSL), State Committee of Science and World Federation of Scientists 
(WFS), Armenia; Austrian Academy of Sciences, Austrian Science Fund 
(FWF): [M 2467-N36] and Nationalstiftung für Forschung, Technolo-
gie und Entwicklung, Austria; Ministry of Communications and High 
Technologies, National Nuclear Research Center, Azerbaijan; Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Finan-
ciadora de Estudos e Projetos (Finep), Fundação de Amparo à Pesquisa 
do Estado de São Paulo (FAPESP) and Universidade Federal do Rio 
Grande do Sul (UFRGS), Brazil; Bulgarian Ministry of Education and Sci-
ence, within the National Roadmap for Research Infrastructures 2020-
2027 (object CERN), Bulgaria; Ministry of Education of China (MOEC), 
Ministry of Science & Technology of China (MSTC) and National Natu-
ral Science Foundation of China (NSFC), China; Ministry of Science and 
Education and Croatian Science Foundation, Croatia; Centro de Apli-
caciones Tecnológicas y Desarrollo Nuclear (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), Denmark; Helsinki Institute of Physics (HIP), Finland; Com-
missariat à l’Energie Atomique (CEA) and Institut National de Physique 
Nucléaire et de Physique des Particules (IN2P3) and Centre National 
de la Recherche Scientifique (CNRS), France; Bundesministerium für 
Bildung und Forschung (BMBF) and GSI Helmholtzzentrum für Schwe-
rionenforschung GmbH, Germany; General Secretariat for Research and 
Technology, Ministry of Education, Research and Religions, Greece; 
National Research, Development and Innovation Office, Hungary; De-
partment of Atomic Energy, Government of India (DAE), Department 
of Science and Technology, Government of India (DST), University 
Grants Commission, Government of India (UGC) and Council of Sci-
entific and Industrial Research (CSIR), India; National Research and 
Innovation Agency - BRIN, Indonesia; Istituto Nazionale di Fisica Nu-
cleare (INFN), Italy; Japanese Ministry of Education, Culture, Sports, 
Science and Technology (MEXT) and Japan Society for the Promo-
tion of Science (JSPS) KAKENHI, Japan; Consejo Nacional de Ciencia 
(CONACYT) y Tecnología, through Fondo de Cooperación Internacional 
en Ciencia y Tecnología (FONCICYT) and Dirección General de Asun-
tos del Personal Académico (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; Pon-
tificia Universidad Católica del Perú, Peru; Ministry of Education and 
Science, National Science Centre and WUT ID-UB, Poland; Korea In-
stitute of Science and Technology Information and National Research 
Foundation of Korea (NRF), Republic of Korea; Ministry of Education 
and Scientific Research, Institute of Atomic Physics, Ministry of Re-
search and Innovation and Institute of Atomic Physics and Universitatea 
Nationala de Stiinta si Tehnologie Politehnica Bucuresti, Romania; Min-
istry of Education, Science, Research and Sport of the Slovak Republic, 

https://www.hepdata.net/record/ins2648616


Physics Letters B 849 (2024) 138451

13

ALICE Collaboration

Slovakia; National Research Foundation of South Africa, South Africa; 
Swedish Research Council (VR) and Knut & Alice Wallenberg Foun-
dation (KAW), Sweden; European Organization for Nuclear Research, 
Switzerland; Suranaree University of Technology (SUT), National Sci-
ence and Technology Development Agency (NSTDA) and National Sci-
ence, Research and Innovation Fund (NSRF via PMU-B B05F650021), 
Thailand; Turkish Energy, Nuclear and Mineral Research Agency (TEN-
MAK), Turkey; National Academy of Sciences of Ukraine, Ukraine; 
Science and Technology Facilities Council (STFC), United Kingdom; Na-
tional 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. In addition, individual groups or mem-
bers have received support from: European Research Council, Strong 
2020 - Horizon 2020 (grant nos. 950692, 824093), European Union; 
Academy of Finland (Center of Excellence in Quark Matter) (grant nos. 
346327, 346328), Finland; Programa de Apoyos para la Superación del 
Personal Académico, UNAM, Mexico.

References

[1] A. Bazavov, et al., Equation of state and QCD transition at finite temperature, Phys. 
Rev. D 80 (2009) 014504, arXiv :0903 .4379 [hep -lat].

[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] F. Prino, R. Rapp, Open heavy flavor in QCD matter and in nuclear collisions, J. 
Phys. G 43 (2016) 093002, arXiv :1603 .00529 [nucl -ex].

[4] A. Rothkopf, Heavy quarkonium in extreme conditions, Phys. Rep. 858 (2020) 
1–117, arXiv :1912 .02253 [hep -ph].

[5] N. Brambilla, et al., Heavy quarkonium: progress, puzzles, and opportunities, Eur. 
Phys. J. C 71 (2011) 1534, arXiv :1010 .5827 [hep -ph].

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

[7] S. Digal, P. Petreczky, H. Satz, Quarkonium feed down and sequential suppression, 
Phys. Rev. D 64 (2001) 094015, arXiv :hep -ph /0106017.

[8] NA38 Collaboration, C. Baglin, et al., 𝜓 ′ and J∕𝜓 production in pW, pU and SU 
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 suppression 
in Pb–Pb collisions at 158-GeV per nucleon, Eur. Phys. J. C 39 (2005) 335–345, 
arXiv :hep -ex /0412036.

[10] NA60 Collaboration, R. Arnaldi, et al., J∕𝜓 production in indium-indium collisions 
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.

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

[13] STAR Collaboration, B.I. Abelev, et al., J∕𝜓 production at high transverse momen-
tum in p+p and Cu+Cu collisions at √𝑠NN = 200 GeV, Phys. Rev. C 80 (2009) 
041902, arXiv :0904 .0439 [nucl -ex].

[14] 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 
(2014) 024906, arXiv :1310 .3563 [nucl -ex].

[15] CMS Collaboration, S. Chatrchyan, et al., Suppression of non-prompt J∕𝜓 , prompt 
J∕𝜓 , and Y(1S) in PbPb collisions at √𝑠NN = 2.76 TeV, J. High Energy Phys. 05 
(2012) 063, arXiv :1201 .5069 [nucl -ex].

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

[17] ALICE Collaboration, B. Abelev, et al., Centrality, rapidity and transverse momen-
tum 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].

[18] 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].

[19] 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].

[20] ALICE Collaboration, S. Acharya, et al., Studies of J∕𝜓 production at forward rapid-
ity in Pb–Pb collisions at √𝑠NN = 5.02 TeV, J. High Energy Phys. 02 (2020) 041, 
arXiv :1909 .03158 [nucl -ex].

[21] ALICE Collaboration, S. Acharya, et al., Centrality and transverse momentum de-
pendence of inclusive J∕𝜓 production at midrapidity in Pb–Pb collisions at √𝑠NN
= 5.02 TeV, Phys. Lett. B 805 (2020) 135434, arXiv :1910 .14404 [nucl -ex].

[22] ALICE Collaboration, The ALICE experiment – A journey through QCD, arXiv :2211 .
04384 [nucl -ex].

[23] 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, Eur. Phys. J. C 78 (2018) 762, arXiv :1805 .04077 [nucl -ex].

[24] CMS Collaboration, A.M. Sirunyan, et al., Measurement of prompt and nonprompt 
charmonium suppression in PbPb collisions at 5.02 TeV, Eur. Phys. J. C 78 (2018) 
509, arXiv :1712 .08959 [nucl -ex].

[25] STAR Collaboration, L. Adamczyk, et al., Energy dependence of J∕𝜓 production in 
Au+Au collisions at √𝑠NN = 39, 62.4 and 200 GeV, Phys. Lett. B 771 (2017) 13–20.

[26] PHENIX Collaboration, A. Adare, et al., J∕𝜓 production in √𝑠NN = 200 GeV Cu–Cu 
collisions, Phys. Rev. Lett. 101 (Sep 2008) 122301.

[27] PHENIX Collaboration, A. Adare, et al., Forward J∕𝜓 production in U+U collisions 
at √𝑠NN = 193 GeV, Phys. Rev. C 93 (Mar 2016) 034903.

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

[29] ALICE Collaboration, S. Acharya, et al., J/𝜓 elliptic and triangular flow in Pb-Pb 
collisions at √𝑠NN = 5.02 TeV, J. High Energy Phys. 10 (2020) 141, arXiv :2005 .
14518 [nucl -ex].

[30] P. Braun-Munzinger, J. Stachel, (Non)thermal aspects of charmonium production 
and a new look at J∕𝜓 suppression, Phys. Lett. B 490 (2000) 196–202, arXiv :nucl -
th /0007059.

[31] 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.

[32] A. Andronic, P. Braun-Munzinger, M.K. Koehler, K. Redlich, J. Stachel, Transverse 
momentum distributions of charmonium states with the statistical hadronization 
model, Phys. Lett. B 797 (2019) 134836, arXiv :1901 .09200 [nucl -th].

[33] 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 (2014) 054911, arXiv :1401 .5845 [nucl -th].

[34] X. Du, R. Rapp, Sequential regeneration of charmonia in heavy-ion collisions, Nucl. 
Phys. A 943 (2015) 147–158, arXiv :1504 .00670 [hep -ph].

[35] F. Arleo, Quenching of hadron spectra in heavy ion collisions at the LHC, Phys. Rev. 
Lett. 119 (2017) 062302, arXiv :1703 .10852 [hep -ph].

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

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

[38] ALICE Collaboration, B. Abelev, et al., J∕𝜓 production and nuclear effects in p–
Pb collisions at √𝑠NN = 5.02 TeV, J. High Energy Phys. 02 (2014) 073, arXiv :
1308 .6726 [nucl -ex].

[39] ALICE Collaboration, J. Adam, et al., Rapidity and transverse-momentum depen-
dence of the inclusive J/𝜓 nuclear modification factor in p–Pb collisions at √𝑠NN
= 5.02 TeV, J. High Energy Phys. 06 (2015) 055, arXiv :1503 .07179 [nucl -ex].

[40] ALICE Collaboration, J. Adam, et al., Centrality dependence of inclusive J/𝜓 pro-
duction in p-Pb collisions at √𝑠NN = 5.02 TeV, J. High Energy Phys. 11 (2015) 127, 
arXiv :1506 .08808 [nucl -ex].

[41] ALICE Collaboration, S. Acharya, et al., Inclusive J/𝜓 production at forward and 
backward rapidity in p-Pb collisions at √𝑠NN = 8.16 TeV, J. High Energy Phys. 07 
(2018) 160, arXiv :1805 .04381 [nucl -ex].

[42] ALICE Collaboration, S. Acharya, et al., Prompt and non-prompt J∕𝜓 production 
and nuclear modification at mid-rapidity in p–Pb collisions at √𝑠NN = 5.02 TeV, 
Eur. Phys. J. C 78 (2018) 466, arXiv :1802 .00765 [nucl -ex].

[43] ALICE Collaboration, S. Acharya, et al., Centrality dependence of J/𝜓 and 𝜓(2S) 
production and nuclear modification in p-Pb collisions at √𝑠NN = 8.16 TeV, J. High 
Energy Phys. 02 (2021) 002, arXiv :2008 .04806 [nucl -ex].

[44] ALICE Collaboration, S. Acharya, et al., Inclusive, prompt and non-prompt J/𝜓 pro-
duction at midrapidity in p-Pb collisions at √𝑠NN = 5.02 TeV, J. High Energy Phys. 
06 (2022) 011, arXiv :2105 .04957 [nucl -ex].

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

[46] 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].

[47] ALICE Collaboration, J. Alme, et al., The ALICE TPC, a large 3-dimensional tracking 
device with fast readout for ultra-high multiplicity events, Nucl. Instrum. Methods 
A 622 (2010) 316–367, arXiv :1001 .1950 [physics .ins -det].

[48] 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].

[49] ALICE Collaboration, ALICE dimuon forward spectrometer: Technical Design Re-
port, CERN, Geneva, 1999, http://cds .cern .ch /record /401974.

[50] ALICE Collaboration, ALICE dimuon forward spectrometer: addendum to the Tech-
nical Design Report, CERN, Geneva, 2000, https://cds .cern .ch /record /494265.

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

[52] ALICE Collaboration, B. Abelev, et al., Measurement of the cross section for electro-
magnetic dissociation with neutron emission in Pb–Pb collisions at √𝑠NN = 2.76 
TeV, Phys. Rev. Lett. 109 (2012) 252302, arXiv :1203 .2436 [nucl -ex].

[53] ALICE Collaboration, F. Bossu, et al., Performance of the RPC-based ALICE muon 
trigger system at the LHC, J. Instrum. 7 (2012) T12002, arXiv :1211 .1948 [physics .
ins -det].

http://refhub.elsevier.com/S0370-2693(24)00010-8/bib1F0B7D9DF1AE10C0CF358159CF7FDE76s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib1F0B7D9DF1AE10C0CF358159CF7FDE76s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8B6A4EFA9CB7B3D9D1CBEE51E9FCB0BFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8B6A4EFA9CB7B3D9D1CBEE51E9FCB0BFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8B6A4EFA9CB7B3D9D1CBEE51E9FCB0BFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib23994E33F6224D96C17C9AB4BBBBCC52s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib23994E33F6224D96C17C9AB4BBBBCC52s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib4500BA238E038F69F7809CA2E10944CEs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib4500BA238E038F69F7809CA2E10944CEs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE96C2BAE79CDB2A540807DB24EEA643Es1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE96C2BAE79CDB2A540807DB24EEA643Es1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib37BD40CE8466099CA0211602F881AE27s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib37BD40CE8466099CA0211602F881AE27s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib469186B868D2746087EB8222AB29F52Es1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib469186B868D2746087EB8222AB29F52Es1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFD879418FAA16F9536538E40FDFAE338s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFD879418FAA16F9536538E40FDFAE338s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3860D7D9A98B4BE2EA3154217108C41Bs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3860D7D9A98B4BE2EA3154217108C41Bs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3860D7D9A98B4BE2EA3154217108C41Bs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib32062CC14807E2283CD3A62CA2067566s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib32062CC14807E2283CD3A62CA2067566s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibB1F3D7471BC84BCF3542E3B34E9DDC62s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibB1F3D7471BC84BCF3542E3B34E9DDC62s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibB1F3D7471BC84BCF3542E3B34E9DDC62s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib6C7ACE7194CC862CB5004A447CC28D4As1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib6C7ACE7194CC862CB5004A447CC28D4As1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib6C7ACE7194CC862CB5004A447CC28D4As1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib981DC1A64F135E48BC16DC82758B1221s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib981DC1A64F135E48BC16DC82758B1221s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib981DC1A64F135E48BC16DC82758B1221s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibAB36C2F9837F3F5A07041F91788C2485s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibAB36C2F9837F3F5A07041F91788C2485s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibAB36C2F9837F3F5A07041F91788C2485s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibCA008939F6BC3383B545305D18F0FF97s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibCA008939F6BC3383B545305D18F0FF97s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibCA008939F6BC3383B545305D18F0FF97s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2D9CC28AFCFBBE8AE592D979E1FE004Ds1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2D9CC28AFCFBBE8AE592D979E1FE004Ds1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2D9CC28AFCFBBE8AE592D979E1FE004Ds1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib97EAD58C069E53742227431C34198802s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib97EAD58C069E53742227431C34198802s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib97EAD58C069E53742227431C34198802s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib62BC295523494BEBAEA179A3FA5A93EFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib62BC295523494BEBAEA179A3FA5A93EFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib62BC295523494BEBAEA179A3FA5A93EFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib14BABE7BD966E264AFDD18E252AD648Fs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib14BABE7BD966E264AFDD18E252AD648Fs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib14BABE7BD966E264AFDD18E252AD648Fs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC73EC6363C708F15958B7205147380ABs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC73EC6363C708F15958B7205147380ABs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC73EC6363C708F15958B7205147380ABs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9D06FE7635DF4EB7C31C313393860F52s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9D06FE7635DF4EB7C31C313393860F52s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9D06FE7635DF4EB7C31C313393860F52s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2F1414D43CEA12EA1953A1B96A32A446s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2F1414D43CEA12EA1953A1B96A32A446s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibEFBA91EF4C0ABB3AC7CB8A5FCF31F561s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibEFBA91EF4C0ABB3AC7CB8A5FCF31F561s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibEFBA91EF4C0ABB3AC7CB8A5FCF31F561s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC01343989BB2CEA68714DF69D6202712s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC01343989BB2CEA68714DF69D6202712s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC01343989BB2CEA68714DF69D6202712s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib62B2D1E4081232ECD50168DCA368CF05s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib62B2D1E4081232ECD50168DCA368CF05s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA59B14F1CE1B95065CD00198CD558492s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA59B14F1CE1B95065CD00198CD558492s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibB9EF14420DE0AFFCF2B4A51A0C4FE71Es1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibB9EF14420DE0AFFCF2B4A51A0C4FE71Es1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib4E7E87A78DDC0E8D22524C0D50A04F85s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib4E7E87A78DDC0E8D22524C0D50A04F85s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE50374458DDFE6ECCB324929648F4014s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE50374458DDFE6ECCB324929648F4014s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE50374458DDFE6ECCB324929648F4014s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFC1199682068797826AC6B4CAC8E74CCs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFC1199682068797826AC6B4CAC8E74CCs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFC1199682068797826AC6B4CAC8E74CCs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3C33DA89360794E53E15348CC727D30Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3C33DA89360794E53E15348CC727D30Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib574529459024B7780DE584088FE74601s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib574529459024B7780DE584088FE74601s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib574529459024B7780DE584088FE74601s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib99EFD9C248032FD3736DAEEF7873C562s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib99EFD9C248032FD3736DAEEF7873C562s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib99EFD9C248032FD3736DAEEF7873C562s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib4DE1407D1771D0E1A2F04C09D48BE192s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib4DE1407D1771D0E1A2F04C09D48BE192s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA203EBD9019843AA6E7306772BBAB111s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA203EBD9019843AA6E7306772BBAB111s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7FA59161CAA0D69914B05995D6501789s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7FA59161CAA0D69914B05995D6501789s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib15487CE43C795777B48DF592AF683272s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib15487CE43C795777B48DF592AF683272s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA3BE08E7526F814681BB5F94EC054C1Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA3BE08E7526F814681BB5F94EC054C1Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA3BE08E7526F814681BB5F94EC054C1Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibBEF2E6BAC4A17A96D13303EFD5BF1787s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibBEF2E6BAC4A17A96D13303EFD5BF1787s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibBEF2E6BAC4A17A96D13303EFD5BF1787s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib19F4B9A5AC6DECC7A5BDE64CDDFF5BC2s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib19F4B9A5AC6DECC7A5BDE64CDDFF5BC2s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib19F4B9A5AC6DECC7A5BDE64CDDFF5BC2s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD3AD4FE3F6997FF1F47F3EBA2EF0E947s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD3AD4FE3F6997FF1F47F3EBA2EF0E947s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD3AD4FE3F6997FF1F47F3EBA2EF0E947s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9E2BB09CFD311733AC331EA22D93B7BCs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9E2BB09CFD311733AC331EA22D93B7BCs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9E2BB09CFD311733AC331EA22D93B7BCs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib221CB63F70D4AF78D6487631840AA183s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib221CB63F70D4AF78D6487631840AA183s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib221CB63F70D4AF78D6487631840AA183s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA8E88ECBE3DAEE06596DBE438FA15690s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA8E88ECBE3DAEE06596DBE438FA15690s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibA8E88ECBE3DAEE06596DBE438FA15690s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib74324F3A25C36872BACFC3C10296A2D0s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib74324F3A25C36872BACFC3C10296A2D0s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib1C40B21E544639126654DEEB3C9BBDA7s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib1C40B21E544639126654DEEB3C9BBDA7s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC4A67AF0E5CF82A778D5A75CE3164E33s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC4A67AF0E5CF82A778D5A75CE3164E33s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC4A67AF0E5CF82A778D5A75CE3164E33s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFCDB76644228E946CE4CBED84D141A38s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFCDB76644228E946CE4CBED84D141A38s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFCDB76644228E946CE4CBED84D141A38s1
http://cds.cern.ch/record/401974
https://cds.cern.ch/record/494265
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibDB53B877DCFB467D8C5FE60D7515A55Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibDB53B877DCFB467D8C5FE60D7515A55Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibAD596D16A7453F1400FD6FB1A2941CEFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibAD596D16A7453F1400FD6FB1A2941CEFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibAD596D16A7453F1400FD6FB1A2941CEFs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC8D0BBD385A07094D4633899F8F9DD23s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC8D0BBD385A07094D4633899F8F9DD23s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibC8D0BBD385A07094D4633899F8F9DD23s1


Physics Letters B 849 (2024) 138451

14

ALICE Collaboration

[54] ALICE Collaboration, S. Acharya, et al., Z-boson production in p-Pb collisions at √
𝑠NN = 8.16 TeV and Pb–Pb collisions at √𝑠NN = 5.02 TeV, J. High Energy Phys. 

09 (2020) 076, arXiv :2005 .11126 [nucl -ex].
[55] ALICE Collaboration, Centrality determination in heavy ion collisions, ALICE-

PUBLIC-2018-011, https://cds .cern .ch /record /2636623.
[56] 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].

[57] ALICE Collaboration, S. Acharya, et al., Inclusive quarkonium production in pp col-
lisions at √𝑠= 5.02 TeV, Eur. Phys. J. C 83 (2023) 61, arXiv :2109 .15240 [nucl -ex].

[58] F. Bossu, Z.C. del Valle, A. de Falco, M. Gagliardi, S. Grigoryan, G. Martinez Garcia, 
Phenomenological interpolation of the inclusive J/𝜓 cross section to proton-proton 
collisions at 2.76 TeV and 5.5 TeV, arXiv :1103 .2394 [nucl -ex].

[59] ALICE Collaboration, S. Acharya, et al., J/𝜓 production at midrapidity in p−Pb 
collisions at √𝑠NN = 8.16 TeV, J. High Energy Phys. 07 (2023) 137, arXiv :2211 .
14153 [nucl -ex].

[60] ALICE Collaboration, Quarkonium signal extraction in ALICE, ALICE-PUBLIC-2015-
006, https://cds .cern .ch /record /2060096.

[61] ALICE Collaboration, S. Acharya, et al., Energy dependence of forward-rapidity J∕𝜓
and 𝜓(2S) production in pp collisions at the LHC, Eur. Phys. J. C 77 (2017) 392, 
arXiv :1702 .00557 [hep -ex].

[62] ALICE Collaboration, 𝜓(2𝑆) suppression in Pb-Pb collisions at the LHC, arXiv :2210 .
08893 [nucl -ex].

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

[64] T. Sjöstrand, S. Mrenna, P. Skands, A brief introduction to PYTHIA 8.1, Comput. 
Phys. Commun. 178 (2008) 852–867.

[65] 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].

[66] ALICE Collaboration, S. Acharya, et al., Measurement of the inclusive J∕𝜓 polariza-
tion at forward rapidity in pp collisions at √𝑠NN = 8 TeV, Eur. Phys. J. C 78 (2018) 
562.

[67] ALICE Collaboration, S. Acharya, et al., First measurement of quarkonium po-
larization in nuclear collisions at the LHC, Phys. Lett. B 815 (2021) 136146, 
arXiv :2005 .11128 [nucl -ex].

[68] 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.

[69] 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].

[70] 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].

[71] ALICE Collaboration, B. Abelev, et al., Coherent J∕𝜓 photoproduction in ultra-
peripheral Pb–Pb collisions at √𝑠NN = 2.76 TeV, Phys. Lett. B 718 (2013) 
1273–1283, arXiv :1209 .3715 [nucl -ex].

[72] ALICE Collaboration, S. Acharya, et al., Coherent J∕𝜓 photoproduction at forward 
rapidity in ultra-peripheral Pb–Pb collisions at √𝑠NN = 5.02 TeV, Phys. Lett. B 798 
(2019) 134926, arXiv :1904 .06272 [nucl -ex].

[73] ALICE Collaboration, S. Acharya, et al., Coherent J∕𝜓 and 𝜓 ′ photoproduction at 
midrapidity in ultra-peripheral Pb–Pb collisions at √𝑠NN = 5.02 TeV, Eur. Phys. J. 
C 81 (2021) 712, arXiv :2101 .04577 [nucl -ex].

[74] 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 (2016) 
222301, arXiv :1509 .08802 [nucl -ex].

[75] ALICE Collaboration, S. Acharya, et al., Photoproduction of low-𝑝T J/𝜓 from pe-
ripheral to central Pb−Pb collisions at 5.02 TeV, Phys. Lett. B 846 (2023) 137467, 
arXiv :2204 .10684 [nucl -ex].

[76] B. Wu, X. Du, M. Sibila, R. Rapp, 𝑋(3872)transport in heavy-ion collisions, Eur. 
Phys. J. A 57 (2021) 122, arXiv :2006 .09945 [nucl -th]; Erratum: Eur. Phys. J. A 57 
(2021) 314.

[77] B. Chen, Thermal production of charmonia in Pb–Pb collisions at √𝑠NN = 5.02
TeV, Chin. Phys. C 43 (2019) 124101, arXiv :1811 .11393 [nucl -th].

[78] L. Grandchamp, R. Rapp, Thermal versus direct J∕𝜓 production in ultrarelativistic 
heavy ion collisions, Phys. Lett. B 523 (2001) 60–66, arXiv :hep -ph /0103124.

[79] L. Grandchamp, R. Rapp, G.E. Brown, In medium effects on charmonium production 
in heavy ion collisions, Phys. Rev. Lett. 92 (2004) 212301, arXiv :hep -ph /0306077.

[80] X. Zhao, R. Rapp, Charmonium in medium: from correlators to experiment, Phys. 
Rev. C 82 (2010) 064905, arXiv :1008 .5328 [hep -ph].

[81] X. Zhao, R. Rapp, Medium modifications and production of charmonia at LHC, Nucl. 
Phys. A 859 (2011) 114–125, arXiv :1102 .2194 [hep -ph].

[82] E. Schnedermann, J. Sollfrank, U. Heinz, Thermal phenomenology of hadrons from 
200A GeV S+S collisions, Phys. Rev. C 48 (Nov 1993) 2462–2475, https://link .aps .
org /doi /10 .1103 /PhysRevC .48 .2462.

[83] ALICE Collaboration, S. Acharya, et al., Charm-quark fragmentation fractions and 
production cross section at midrapidity in pp collisions at the LHC, Phys. Rev. D 
105 (2022) L011103, arXiv :2105 .06335 [nucl -ex].

[84] K.J. Eskola, H. Paukkunen, C.A. Salgado, EPS09: a new generation of NLO and LO 
nuclear parton distribution functions, J. High Energy Phys. 04 (2009) 065, arXiv :
0902 .4154 [hep -ph].

[85] ALICE Collaboration, S. Acharya, et al., Prompt D0 , D+ , and D∗+ production in Pb–
Pb collisions at √𝑠NN = 5.02 TeV, J. High Energy Phys. 01 (2022) 174, arXiv :
2110 .09420 [nucl -ex].

[86] R. Baier, Y.L. Dokshitzer, A.H. Mueller, S. Peigné, D. Schiff, Radiative energy loss of 
high-energy quarks and gluons in a finite volume quark - gluon plasma, Nucl. Phys. 
B 483 (1997) 291–320, arXiv :hep -ph /9607355.

[87] R. Baier, Y.L. Dokshitzer, A.H. Mueller, S. Peigne, D. Schiff, Radiative energy loss 
and p(T) broadening of high-energy partons in nuclei, Nucl. Phys. B 484 (1997) 
265–282, arXiv :hep -ph /9608322.

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

[89] 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.

[90] B.Z. Kopeliovich, J. Nemchik, A. Schäfer, A.V. Tarasov, Cronin effect in hadron 
production off nuclei, Phys. Rev. Lett. 88 (May 2002) 232303, https://link .aps .org /
doi /10 .1103 /PhysRevLett .88 .232303.

[91] 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].

ALICE Collaboration

S. Acharya 127, , D. Adamová 87, , A. Adler 71, G. Aglieri Rinella 33, , M. Agnello 30, , N. Agrawal 52, , 

Z. Ahammed 135, , S. Ahmad 16, , S.U. Ahn 72, , I. Ahuja 38, , A. Akindinov 141, , M. Al-Turany 98, , 

D. Aleksandrov 141, , B. Alessandro 57, , H.M. Alfanda 6, , R. Alfaro Molina 68, , B. Ali 16, , A. Alici 26, , 

N. Alizadehvandchali 116, , A. Alkin 33, , J. Alme 21, , G. Alocco 53, , T. Alt 65, , I. Altsybeev 141, , 

J.R. Alvarado 45, , M.N. Anaam 6, , C. Andrei 46, , A. Andronic 126, , V. Anguelov 95, , F. Antinori 55, , 

P. Antonioli 52, , N. Apadula 75, , L. Aphecetche 104, , H. Appelshäuser 65, , C. Arata 74, , S. Arcelli 26, , 

M. Aresti 53, , R. Arnaldi 57, , J.G.M.C.A. Arneiro 111, , I.C. Arsene 20, , M. Arslandok 138, , 

A. Augustinus 33, , R. Averbeck 98, , M.D. Azmi 16, , A. Badalà 54, , J. Bae 105, , Y.W. Baek 41, , X. Bai 120, , 

R. Bailhache 65, , Y. Bailung 49, , A. Balbino 30, , A. Baldisseri 130, , B. Balis 2, , D. Banerjee 4, , 

Z. Banoo 92, , R. Barbera 27, , F. Barile 32, , L. Barioglio 96, , M. Barlou 79, G.G. Barnaföldi 47, , 

L.S. Barnby 86, , V. Barret 127, , L. Barreto 111, , C. Bartels 119, , K. Barth 33, , E. Bartsch 65, , N. Bastid 127, , 

S. Basu 76, , G. Batigne 104, , D. Battistini 96, , B. Batyunya 142, , D. Bauri 48, J.L. Bazo Alba 102, , 

I.G. Bearden 84, , C. Beattie 138, , P. Becht 98, , D. Behera 49, , I. Belikov 129, , A.D.C. Bell Hechavarria 126, , 

http://refhub.elsevier.com/S0370-2693(24)00010-8/bib35E091CE62413AFD68D1E67511819120s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib35E091CE62413AFD68D1E67511819120s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib35E091CE62413AFD68D1E67511819120s1
https://cds.cern.ch/record/2636623
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE8B0F80460493CA952E39754B8C9D9A6s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE8B0F80460493CA952E39754B8C9D9A6s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE8B0F80460493CA952E39754B8C9D9A6s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibF10AF32020825194E859998C7AEF04B9s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibF10AF32020825194E859998C7AEF04B9s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib15D281AE9A26C70AC5FBD36489A7401Fs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib15D281AE9A26C70AC5FBD36489A7401Fs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib15D281AE9A26C70AC5FBD36489A7401Fs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2821A4203E3F82D9A78C69F3DD6851EEs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2821A4203E3F82D9A78C69F3DD6851EEs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2821A4203E3F82D9A78C69F3DD6851EEs1
https://cds.cern.ch/record/2060096
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibF9ED81E316F66302158F76960CA53207s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibF9ED81E316F66302158F76960CA53207s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibF9ED81E316F66302158F76960CA53207s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib456E194BCD27B00051CD0501EB4261A1s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib456E194BCD27B00051CD0501EB4261A1s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib903B777E79687CAE61171DDE8C682993s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib903B777E79687CAE61171DDE8C682993s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2256B7E52E04FEEC43F7E9AAAB78BDF0s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib2256B7E52E04FEEC43F7E9AAAB78BDF0s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD68F0B43ACF6D58599009D506A6F9C78s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD68F0B43ACF6D58599009D506A6F9C78s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib6677EE0234EF34064B0D64436421646Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib6677EE0234EF34064B0D64436421646Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib6677EE0234EF34064B0D64436421646Cs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD29AB93B3CCB83BF7EAA0C3FA8F23D20s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD29AB93B3CCB83BF7EAA0C3FA8F23D20s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibD29AB93B3CCB83BF7EAA0C3FA8F23D20s1
https://cds.cern.ch/record/1119728
https://cds.cern.ch/record/1119728
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib433C874E89AA7AC1F23826A5BD8C2515s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib433C874E89AA7AC1F23826A5BD8C2515s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib433C874E89AA7AC1F23826A5BD8C2515s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8458F6F6E7413DA8DB77A69791D63D76s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8458F6F6E7413DA8DB77A69791D63D76s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7BB5D5CA3E6ADC5A274558C7B2829499s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7BB5D5CA3E6ADC5A274558C7B2829499s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7BB5D5CA3E6ADC5A274558C7B2829499s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib580EF3FBFF13EB201506C175FDA71618s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib580EF3FBFF13EB201506C175FDA71618s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib580EF3FBFF13EB201506C175FDA71618s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFA578D0A1996D73D82D150C7F17B9055s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFA578D0A1996D73D82D150C7F17B9055s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFA578D0A1996D73D82D150C7F17B9055s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib114E815EB64C6D803B9442A5D52C83A1s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib114E815EB64C6D803B9442A5D52C83A1s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib114E815EB64C6D803B9442A5D52C83A1s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9EF0328B54A7D3AAFF7A51646B497FC6s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9EF0328B54A7D3AAFF7A51646B497FC6s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib9EF0328B54A7D3AAFF7A51646B497FC6s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibCB03709C4266A1C9080BD91652DE8AC0s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibCB03709C4266A1C9080BD91652DE8AC0s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibCB03709C4266A1C9080BD91652DE8AC0s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFED06BEB5A2D47D8ADC405DF0D85A7C4s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibFED06BEB5A2D47D8ADC405DF0D85A7C4s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7F5D5F2D1E94A9AEEA27671DFAA669FEs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7F5D5F2D1E94A9AEEA27671DFAA669FEs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibDEE176015F4E2C0ACC83A8E805A32B48s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibDEE176015F4E2C0ACC83A8E805A32B48s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibBED10F5C6F48A70B7A913F20F70866F2s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibBED10F5C6F48A70B7A913F20F70866F2s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibB7E28B201CD13859EC7BB8357355B510s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibB7E28B201CD13859EC7BB8357355B510s1
https://link.aps.org/doi/10.1103/PhysRevC.48.2462
https://link.aps.org/doi/10.1103/PhysRevC.48.2462
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib68E93FC08CE2D43FBB0F93D21632ACC4s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib68E93FC08CE2D43FBB0F93D21632ACC4s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib68E93FC08CE2D43FBB0F93D21632ACC4s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3AC6EA9D723C8FDCC0EFC074474ECAA7s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3AC6EA9D723C8FDCC0EFC074474ECAA7s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib3AC6EA9D723C8FDCC0EFC074474ECAA7s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib031EB9FB84453605BC88F3450DBC54ADs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib031EB9FB84453605BC88F3450DBC54ADs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib031EB9FB84453605BC88F3450DBC54ADs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8A64163687FDBE43EA922655C3F4004Bs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8A64163687FDBE43EA922655C3F4004Bs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib8A64163687FDBE43EA922655C3F4004Bs1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib51A1F760C1B98F999DC0526BEFEAE4C8s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib51A1F760C1B98F999DC0526BEFEAE4C8s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib51A1F760C1B98F999DC0526BEFEAE4C8s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE126090EB418FF7741AE2782F2A42C02s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE126090EB418FF7741AE2782F2A42C02s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bibE126090EB418FF7741AE2782F2A42C02s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7855C8BBE98A9539B9EEC07CDA8448D5s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7855C8BBE98A9539B9EEC07CDA8448D5s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib7855C8BBE98A9539B9EEC07CDA8448D5s1
https://link.aps.org/doi/10.1103/PhysRevLett.88.232303
https://link.aps.org/doi/10.1103/PhysRevLett.88.232303
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib0F4543F986829791D9A8AAC53B350B89s1
http://refhub.elsevier.com/S0370-2693(24)00010-8/bib0F4543F986829791D9A8AAC53B350B89s1
http://orcid.org/0000-0002-9213-5329
http://orcid.org/0000-0002-0504-7428
http://orcid.org/0000-0002-9611-3696
http://orcid.org/0000-0002-0760-5075
http://orcid.org/0000-0003-0348-9836
http://orcid.org/0000-0001-5241-7412
http://orcid.org/0000-0003-0497-5705
http://orcid.org/0000-0001-8847-489X
http://orcid.org/0000-0002-4417-1392
http://orcid.org/0000-0002-7388-3022
http://orcid.org/0000-0002-8071-4497
http://orcid.org/0000-0002-9719-7035
http://orcid.org/0000-0001-9680-4940
http://orcid.org/0000-0002-5659-2119
http://orcid.org/0000-0002-4713-7069
http://orcid.org/0000-0002-0877-7979
http://orcid.org/0000-0003-3618-4617
http://orcid.org/0009-0000-7365-1064
http://orcid.org/0000-0002-2205-5761
http://orcid.org/0000-0003-0177-0536
http://orcid.org/0000-0001-8910-9173
http://orcid.org/0009-0005-4862-5370
http://orcid.org/0000-0002-8079-7026
http://orcid.org/0000-0002-5038-1337
http://orcid.org/0000-0002-6180-4243
http://orcid.org/0000-0001-8535-0680
http://orcid.org/0000-0002-2372-6117
http://orcid.org/0009-0006-0236-2680
http://orcid.org/0000-0002-7366-8891
http://orcid.org/0000-0001-7516-3726
http://orcid.org/0000-0002-5478-6120
http://orcid.org/0000-0001-7662-3878
http://orcid.org/0000-0003-0614-7671
http://orcid.org/0009-0002-1990-7289
http://orcid.org/0000-0001-6367-9215
http://orcid.org/0000-0003-3142-6787
http://orcid.org/0000-0001-6698-9577
http://orcid.org/0000-0002-5194-2079
http://orcid.org/0000-0003-2316-9565
http://orcid.org/0000-0002-3888-8303
http://orcid.org/0009-0008-5460-6805
http://orcid.org/0000-0003-4277-4963
http://orcid.org/0000-0002-2501-6856
http://orcid.org/0000-0002-0569-4828
http://orcid.org/0009-0008-4806-8019
http://orcid.org/0000-0002-4343-4883
http://orcid.org/0009-0009-9085-079X
http://orcid.org/0000-0001-7987-4592
http://orcid.org/0000-0003-1172-0225
http://orcid.org/0000-0002-0359-1403
http://orcid.org/0000-0002-6186-289X
http://orcid.org/0000-0002-3082-4209
http://orcid.org/0000-0001-5743-7578
http://orcid.org/0000-0002-7178-3001
http://orcid.org/0000-0001-5971-6415
http://orcid.org/0000-0003-2088-1290
http://orcid.org/0000-0002-7328-9154
http://orcid.org/0000-0001-9223-6480
http://orcid.org/0000-0001-7357-9904
http://orcid.org/0000-0003-0611-9283
http://orcid.org/0000-0002-6454-0052
http://orcid.org/0009-0002-3371-4483
http://orcid.org/0000-0001-7633-1189
http://orcid.org/0009-0006-7928-4203
http://orcid.org/0000-0002-6905-8345
http://orcid.org/0000-0003-0687-8124
http://orcid.org/0000-0001-8638-6300
http://orcid.org/0009-0000-0199-3372
http://orcid.org/0009-0009-2974-6985
http://orcid.org/0000-0001-9148-9101
http://orcid.org/0000-0003-2784-3094
http://orcid.org/0000-0001-7431-4051
http://orcid.org/0000-0002-7908-3288
http://orcid.org/0000-0002-2599-7957
http://orcid.org/0009-0005-5922-8936
http://orcid.org/0000-0002-0442-6549


Physics Letters B 849 (2024) 138451

15

ALICE Collaboration

F. Bellini 26, , R. Bellwied 116, , S. Belokurova 141, , G. Bencedi 47, , S. Beole 25, , Y. Berdnikov 141, , 

A. Berdnikova 95, , L. Bergmann 95, , M.G. Besoiu 64, , L. Betev 33, , P.P. Bhaduri 135, , A. Bhasin 92, , 

M.A. Bhat 4, , B. Bhattacharjee 42, , L. Bianchi 25, , N. Bianchi 50, , J. Bielčík 36, , J. Bielčíková 87, , 

J. Biernat 108, , A.P. Bigot 129, , A. Bilandzic 96, , G. Biro 47, , S. Biswas 4, , N. Bize 104, , J.T. Blair 109, , 

D. Blau 141, , M.B. Blidaru 98, , N. Bluhme 39, C. Blume 65, , G. Boca 22,56, , F. Bock 88, , T. Bodova 21, , 

A. Bogdanov 141, S. Boi 23, , J. Bok 59, , L. Boldizsár 47, , M. Bombara 38, , P.M. Bond 33, , G. Bonomi 134,56, , 

H. Borel 130, , A. Borissov 141, , A.G. Borquez Carcamo 95, , H. Bossi 138, , E. Botta 25, , Y.E.M. Bouziani 65, , 

L. Bratrud 65, , P. Braun-Munzinger 98, , M. Bregant 111, , M. Broz 36, , G.E. Bruno 97,32, , 

M.D. Buckland 24, , D. Budnikov 141, , H. Buesching 65, , S. Bufalino 30, , P. Buhler 103, , Z. Buthelezi 69,123, , 

A. Bylinkin 21, , S.A. Bysiak 108, M. Cai 6, , H. Caines 138, , A. Caliva 29, , E. Calvo Villar 102, , 

J.M.M. Camacho 110, , P. Camerini 24, , F.D.M. Canedo 111, , S.L. Cantway 138, , M. Carabas 114, , 

A.A. Carballo 33, , F. Carnesecchi 33, , R. Caron 128, , L.A.D. Carvalho 111, , J. Castillo Castellanos 130, , 

F. Catalano 33,25, , C. Ceballos Sanchez 142, , I. Chakaberia 75, , P. Chakraborty 48, , S. Chandra 135, , 

S. Chapeland 33, , M. Chartier 119, , S. Chattopadhyay 135, , S. Chattopadhyay 100, , T. Cheng 98,6, , 

C. Cheshkov 128, , B. Cheynis 128, , V. Chibante Barroso 33, , D.D. Chinellato 112, , E.S. Chizzali 96, ,II, 

J. Cho 59, , S. Cho 59, , P. Chochula 33, , P. Christakoglou 85, , C.H. Christensen 84, , P. Christiansen 76, , 

T. Chujo 125, , M. Ciacco 30, , C. Cicalo 53, , F. Cindolo 52, , M.R. Ciupek 98, G. Clai 52,III, F. Colamaria 51, , 

J.S. Colburn 101, D. Colella 97,32, , M. Colocci 26, , M. Concas 57, ,IV, G. Conesa Balbastre 74, , Z. Conesa del 

Valle 131, , G. Contin 24, , J.G. Contreras 36, , M.L. Coquet 130, , T.M. Cormier 88,I, P. Cortese 133,57, , 

M.R. Cosentino 113, , F. Costa 33, , S. Costanza 22,56, , C. Cot 131, , J. Crkovská 95, , P. Crochet 127, , 

R. Cruz-Torres 75, , P. Cui 6, , A. Dainese 55, , M.C. Danisch 95, , A. Danu 64, , P. Das 81, , P. Das 4, , 

S. Das 4, , A.R. Dash 126, , S. Dash 48, , A. De Caro 29, , G. de Cataldo 51, , J. de Cuveland 39, A. De 

Falco 23, , D. De Gruttola 29, , N. De Marco 57, , C. De Martin 24, , S. De Pasquale 29, , R. Deb 134, , 

S. Deb 49, , K.R. Deja 136, R. Del Grande 96, , L. Dello Stritto 29, , W. Deng 6, , P. Dhankher 19, , D. Di 

Bari 32, , A. Di Mauro 33, , B. Diab 130, , R.A. Diaz 142,7, , T. Dietel 115, , Y. Ding 6, , R. Divià 33, , 

D.U. Dixit 19, , Ø. Djuvsland 21, U. Dmitrieva 141, , A. Dobrin 64, , B. Dönigus 65, , J.M. Dubinski 136, , 

A. Dubla 98, , S. Dudi 91, , P. Dupieux 127, , M. Durkac 107, N. Dzalaiova 13, T.M. Eder 126, , R.J. Ehlers 75, , 

F. Eisenhut 65, , D. Elia 51, , B. Erazmus 104, , F. Ercolessi 26, , F. Erhardt 90, , M.R. Ersdal 21, 

B. Espagnon 131, , G. Eulisse 33, , D. Evans 101, , S. Evdokimov 141, , L. Fabbietti 96, , M. Faggin 28, , 

J. Faivre 74, , F. Fan 6, , W. Fan 75, , A. Fantoni 50, , M. Fasel 88, , P. Fecchio 30, A. Feliciello 57, , 

G. Feofilov 141, , A. Fernández Téllez 45, , L. Ferrandi 111, , M.B. Ferrer 33, , A. Ferrero 130, , C. Ferrero 57, , 

A. Ferretti 25, , V.J.G. Feuillard 95, , V. Filova 36, , D. Finogeev 141, , F.M. Fionda 53, , F. Flor 116, , 

A.N. Flores 109, , S. Foertsch 69, , I. Fokin 95, , S. Fokin 141, , E. Fragiacomo 58, , E. Frajna 47, , U. Fuchs 33, , 

N. Funicello 29, , C. Furget 74, , A. Furs 141, , T. Fusayasu 99, , J.J. Gaardhøje 84, , M. Gagliardi 25, , 

A.M. Gago 102, , C.D. Galvan 110, , D.R. Gangadharan 116, , P. Ganoti 79, , C. Garabatos 98, , T. García 

Chávez 45, , E. Garcia-Solis 9, , C. Gargiulo 33, , K. Garner 126, P. Gasik 98, , A. Gautam 118, , M.B. Gay 

Ducati 67, , M. Germain 104, , A. Ghimouz 125, C. Ghosh 135, M. Giacalone 52,26, , P. Giubellino 98,57, , 

P. Giubilato 28, , A.M.C. Glaenzer 130, , P. Glässel 95, , E. Glimos 122, , D.J.Q. Goh 77, V. Gonzalez 137, , 

M. Gorgon 2, , K. Goswami 49, , S. Gotovac 34, V. Grabski 68, , L.K. Graczykowski 136, , E. Grecka 87, , 

A. Grelli 60, , C. Grigoras 33, , V. Grigoriev 141, , S. Grigoryan 142,1, , F. Grosa 33, , 

J.F. Grosse-Oetringhaus 33, , R. Grosso 98, , D. Grund 36, , G.G. Guardiano 112, , R. Guernane 74, , 

M. Guilbaud 104, , K. Gulbrandsen 84, , T. Gündem 65, , T. Gunji 124, , W. Guo 6, , A. Gupta 92, , 

http://orcid.org/0000-0003-3498-4661
http://orcid.org/0000-0002-3156-0188
http://orcid.org/0000-0002-4862-3384
http://orcid.org/0000-0002-9040-5292
http://orcid.org/0000-0003-4673-8038
http://orcid.org/0000-0003-0309-5917
http://orcid.org/0000-0003-3705-7898
http://orcid.org/0009-0004-5511-2496
http://orcid.org/0000-0001-5253-2517
http://orcid.org/0000-0002-1373-1844
http://orcid.org/0000-0001-7883-3190
http://orcid.org/0000-0002-3687-8179
http://orcid.org/0000-0002-3643-1502
http://orcid.org/0000-0002-3755-0992
http://orcid.org/0000-0003-1664-8189
http://orcid.org/0000-0001-6861-2810
http://orcid.org/0000-0003-4940-2441
http://orcid.org/0000-0003-1659-0394
http://orcid.org/0000-0001-5613-7629
http://orcid.org/0009-0001-0415-8257
http://orcid.org/0000-0003-0002-4654
http://orcid.org/0000-0003-2849-0120
http://orcid.org/0000-0003-3578-5373
http://orcid.org/0009-0008-5850-0274
http://orcid.org/0000-0002-4681-3002
http://orcid.org/0000-0002-4266-8338
http://orcid.org/0000-0002-8085-8597
http://orcid.org/0000-0002-6800-3465
http://orcid.org/0000-0002-2829-5950
http://orcid.org/0000-0003-4185-2093
http://orcid.org/0009-0001-4479-0417
http://orcid.org/0000-0002-5942-812X
http://orcid.org/0000-0001-6283-2927
http://orcid.org/0009-0009-8669-3875
http://orcid.org/0000-0001-7333-224X
http://orcid.org/0009-0004-0514-1723
http://orcid.org/0000-0003-1618-9648
http://orcid.org/0000-0001-8879-6290
http://orcid.org/0000-0003-2881-9635
http://orcid.org/0009-0009-3727-3102
http://orcid.org/0000-0001-7602-6432
http://orcid.org/0000-0002-5054-1521
http://orcid.org/0000-0003-3468-3164
http://orcid.org/0000-0002-3069-5822
http://orcid.org/0000-0003-2527-0720
http://orcid.org/0000-0001-9610-5218
http://orcid.org/0000-0002-3075-1556
http://orcid.org/0000-0001-6247-9633
http://orcid.org/0009-0008-2547-0419
http://orcid.org/0009-0009-7215-3122
http://orcid.org/0009-0009-4284-8943
http://orcid.org/0000-0002-0413-9478
http://orcid.org/0000-0003-2049-1380
http://orcid.org/0000-0002-8880-1608
http://orcid.org/0000-0001-6286-120X
http://orcid.org/0009-0001-3424-1553
http://orcid.org/0000-0002-1595-411X
http://orcid.org/0000-0002-2543-0336
http://orcid.org/0000-0002-5269-9779
http://orcid.org/0000-0001-5945-3424
http://orcid.org/0000-0002-9261-9497
http://orcid.org/0000-0003-0604-2044
http://orcid.org/0000-0001-5405-3480
http://orcid.org/0000-0002-4008-9922
http://orcid.org/0000-0002-8024-9441
http://orcid.org/0000-0001-9981-7536
http://orcid.org/0000-0001-7610-8673
http://orcid.org/0000-0001-9822-0463
http://orcid.org/0000-0002-5187-2779
http://orcid.org/0000-0002-0722-7692
http://orcid.org/0000-0002-0985-4155
http://orcid.org/0000-0002-9614-4046
http://orcid.org/0000-0002-3311-1175
http://orcid.org/0000-0003-4238-2302
http://orcid.org/0000-0003-4511-4784
http://orcid.org/0000-0003-0578-5567
http://orcid.org/0000-0003-1097-8806
http://orcid.org/0000-0002-8789-0004
http://orcid.org/0009-0004-0724-7003
http://orcid.org/0009-0002-8368-9407
http://orcid.org/0000-0002-4891-5168
http://orcid.org/0000-0001-6837-3362
http://orcid.org/0000-0002-9982-9577
http://orcid.org/0009-0009-7059-0601
http://orcid.org/0009-0001-4181-8891
http://orcid.org/0000-0003-0000-2674
http://orcid.org/0009-0009-5292-9579
http://orcid.org/0000-0002-4325-0646
http://orcid.org/0000-0002-1850-0121
http://orcid.org/0000-0001-7066-3473
http://orcid.org/0000-0001-5433-969X
http://orcid.org/0000-0002-8804-1100
http://orcid.org/0000-0001-5129-1723
http://orcid.org/0000-0002-4255-7347
http://orcid.org/0000-0003-2677-7961
http://orcid.org/0000-0001-9102-9500
http://orcid.org/0000-0001-7804-0721
http://orcid.org/0000-0003-4167-9665
http://orcid.org/0000-0001-5283-3520
http://orcid.org/0000-0002-7602-2930
http://orcid.org/0000-0001-9504-2702
http://orcid.org/0000-0002-9677-5294
http://orcid.org/0000-0002-8343-8758
http://orcid.org/0000-0003-2778-6421
http://orcid.org/0000-0002-7880-8611
http://orcid.org/0000-0001-6955-3314
http://orcid.org/0000-0002-5860-585X
http://orcid.org/0000-0001-5845-6500
http://orcid.org/0000-0002-7946-7580
http://orcid.org/0000-0001-7528-6523
http://orcid.org/0000-0001-6359-0608
http://orcid.org/0000-0001-5140-9816
http://orcid.org/0000-0002-2166-1874
http://orcid.org/0000-0002-5165-6638
http://orcid.org/0000-0002-8899-3654
http://orcid.org/0009-0002-3904-8872
http://orcid.org/0000-0003-2771-9069
http://orcid.org/0000-0002-2678-6780
http://orcid.org/0000-0001-6632-7741
http://orcid.org/0000-0001-5008-6859
http://orcid.org/0000-0002-7865-4202
http://orcid.org/0000-0002-3220-4505
http://orcid.org/0000-0002-0830-4872
http://orcid.org/0000-0002-7055-6181
http://orcid.org/0000-0002-5884-4404
http://orcid.org/0000-0002-0711-4022
http://orcid.org/0000-0001-9236-0748
http://orcid.org/0009-0002-6200-0391
http://orcid.org/0000-0002-0175-3712
http://orcid.org/0000-0002-7599-2716
http://orcid.org/0000-0001-6700-7950
http://orcid.org/0000-0003-2860-9881
http://orcid.org/0000-0002-6562-5082
http://orcid.org/0000-0002-5559-8906
http://orcid.org/0000-0003-0348-092X
http://orcid.org/0000-0002-6669-1698
http://orcid.org/0000-0002-4886-6052
http://orcid.org/0000-0002-2065-6256
http://orcid.org/0009-0005-3775-1945
http://orcid.org/0000-0002-6357-7857
http://orcid.org/0009-0000-1217-7768
http://orcid.org/0000-0001-6853-8905
http://orcid.org/0000-0003-4432-4026
http://orcid.org/0000-0003-0739-0120
http://orcid.org/0000-0002-2568-0132
http://orcid.org/0000-0002-9582-8948
http://orcid.org/0009-0007-4091-5327
http://orcid.org/0000-0002-0207-2871
http://orcid.org/0009-0008-9752-4391
http://orcid.org/0000-0002-3897-0876
http://orcid.org/0009-0006-9458-8723
http://orcid.org/0000-0001-6351-2378
http://orcid.org/0009-0003-4464-3366
http://orcid.org/0000-0001-7873-0968
http://orcid.org/0000-0001-9410-246X
http://orcid.org/0000-0003-2449-3172
http://orcid.org/0000-0003-1795-6212
http://orcid.org/0000-0002-8427-322X
http://orcid.org/0000-0002-4239-6424
http://orcid.org/0000-0002-2325-8368
http://orcid.org/0000-0003-2202-5906
http://orcid.org/0009-0007-8219-3334
http://orcid.org/0000-0003-3573-3389
http://orcid.org/0000-0002-0844-3282
http://orcid.org/0000-0001-6270-9283
http://orcid.org/0009-0005-4586-0930
http://orcid.org/0000-0001-5823-9733
http://orcid.org/0000-0003-3700-8623
http://orcid.org/0000-0003-0152-4220
http://orcid.org/0000-0001-7107-2325
http://orcid.org/0000-0001-9723-1291
http://orcid.org/0000-0003-1089-6632
http://orcid.org/0009-0008-5359-761X
http://orcid.org/0000-0001-9084-5784
http://orcid.org/0009-0002-0542-4454
http://orcid.org/0000-0002-6444-4669
http://orcid.org/0000-0002-7104-7477
http://orcid.org/0000-0002-8632-5580
http://orcid.org/0000-0002-0194-1318
http://orcid.org/0009-0006-6140-676X
http://orcid.org/0009-0007-2053-4869
http://orcid.org/0000-0003-0642-2047
http://orcid.org/0000-0002-2136-778X
http://orcid.org/0000-0001-8216-396X
http://orcid.org/0000-0002-3420-6301
http://orcid.org/0009-0005-2155-0460
http://orcid.org/0000-0001-7814-319X
http://orcid.org/0009-0004-9666-7156
http://orcid.org/0000-0002-2582-1927
http://orcid.org/0000-0003-1148-0428
http://orcid.org/0000-0001-6122-4698
http://orcid.org/0000-0002-6314-7419
http://orcid.org/0000-0002-0019-9692
http://orcid.org/0000-0001-5496-8533
http://orcid.org/0000-0002-8698-3647
http://orcid.org/0000-0003-4871-4064
http://orcid.org/0009-0007-2395-8130
http://orcid.org/0000-0002-6224-1577
http://orcid.org/0000-0002-6847-8671
http://orcid.org/0009-0001-4753-577X
http://orcid.org/0000-0001-9840-6460
http://orcid.org/0000-0001-7039-535X
http://orcid.org/0000-0002-8450-5318
http://orcid.org/0000-0001-7382-1609
http://orcid.org/0000-0002-4831-5808
http://orcid.org/0000-0002-1383-6160
http://orcid.org/0000-0003-4358-5355
http://orcid.org/0000-0001-7400-7019
http://orcid.org/0000-0003-3793-5291
http://orcid.org/0009-0008-1162-7067
http://orcid.org/0000-0002-7607-3965
http://orcid.org/0000-0003-1746-1279
http://orcid.org/0000-0002-0476-1005
http://orcid.org/0000-0002-9581-0879
http://orcid.org/0000-0002-4442-5727
http://orcid.org/0009-0002-9826-4989
http://orcid.org/0000-0003-0562-9820
http://orcid.org/0009-0006-9035-556X
http://orcid.org/0000-0002-0661-5220
http://orcid.org/0000-0002-0658-5949
http://orcid.org/0000-0002-1469-9022
http://orcid.org/0000-0001-8372-5135
http://orcid.org/0000-0001-9960-2594
http://orcid.org/0000-0001-9785-2215
http://orcid.org/0000-0002-5298-2881
http://orcid.org/0000-0003-0626-9724
http://orcid.org/0000-0001-5990-482X
http://orcid.org/0000-0002-3809-4984
http://orcid.org/0009-0003-0647-8128
http://orcid.org/0000-0002-6769-599X
http://orcid.org/0000-0002-2843-2556
http://orcid.org/0000-0001-6178-648X


Physics Letters B 849 (2024) 138451

16

ALICE Collaboration

R. Gupta 92, , R. Gupta 49, , K. Gwizdziel 136, , L. Gyulai 47, , M.K. Habib 98, C. Hadjidakis 131, , 

F.U. Haider 92, , H. Hamagaki 77, , A. Hamdi 75, , M. Hamid 6, Y. Han 139, , B.G. Hanley 137, , 

R. Hannigan 109, , J. Hansen 76, , M.R. Haque 136, , J.W. Harris 138, , A. Harton 9, , H. Hassan 88, , 

D. Hatzifotiadou 52, , P. Hauer 43, , L.B. Havener 138, , S.T. Heckel 96, , E. Hellbär 98, , H. Helstrup 35, , 

M. Hemmer 65, , T. Herman 36, , G. Herrera Corral 8, , F. Herrmann 126, S. Herrmann 128, , K.F. Hetland 35, , 

B. Heybeck 65, , H. Hillemanns 33, , B. Hippolyte 129, , F.W. Hoffmann 71, , B. Hofman 60, , 

B. Hohlweger 85, , G.H. Hong 139, , M. Horst 96, , A. Horzyk 2, , Y. Hou 6, , P. Hristov 33, , C. Hughes 122, , 

P. Huhn 65, L.M. Huhta 117, , T.J. Humanic 89, , A. Hutson 116, , D. Hutter 39, , R. Ilkaev 141, H. Ilyas 14, , 

M. Inaba 125, , G.M. Innocenti 33, , M. Ippolitov 141, , A. Isakov 87, , T. Isidori 118, , M.S. Islam 100, , 

M. Ivanov 13, M. Ivanov 98, , V. Ivanov 141, , K.E. Iversen 76, , M. Jablonski 2, , B. Jacak 75, , N. Jacazio 26, , 

P.M. Jacobs 75, , S. Jadlovska 107, J. Jadlovsky 107, S. Jaelani 83, , C. Jahnke 112, , M.J. Jakubowska 136, , 

M.A. Janik 136, , T. Janson 71, M. Jercic 90, S. Ji 17, , S. Jia 10, , A.A.P. Jimenez 66, , F. Jonas 88,126, , 

J.M. Jowett 33,98, , J. Jung 65, , M. Jung 65, , A. Junique 33, , A. Jusko 101, , M.J. Kabus 33,136, , 

J. Kaewjai 106, P. Kalinak 61, , A.S. Kalteyer 98, , A. Kalweit 33, , V. Kaplin 141, , A. Karasu Uysal 73, , 

D. Karatovic 90, , O. Karavichev 141, , T. Karavicheva 141, , P. Karczmarczyk 136, , E. Karpechev 141, , 

U. Kebschull 71, , R. Keidel 140, , D.L.D. Keijdener 60, M. Keil 33, , B. Ketzer 43, , S.S. Khade 49, , 

A.M. Khan 120,6, , S. Khan 16, , A. Khanzadeev 141, , Y. Kharlov 141, , A. Khatun 118, , A. Khuntia 108, , 

M.B. Kidson 115, B. Kileng 35, , B. Kim 105, , C. Kim 17, , D.J. Kim 117, , E.J. Kim 70, , J. Kim 139, , 

J.S. Kim 41, , J. Kim 59, , J. Kim 70, , M. Kim 19, , S. Kim 18, , T. Kim 139, , K. Kimura 93, , S. Kirsch 65, , 

I. Kisel 39, , S. Kiselev 141, , A. Kisiel 136, , J.P. Kitowski 2, , J.L. Klay 5, , J. Klein 33, , S. Klein 75, , 

C. Klein-Bösing 126, , M. Kleiner 65, , T. Klemenz 96, , A. Kluge 33, , A.G. Knospe 116, , C. Kobdaj 106, , 

T. Kollegger 98, A. Kondratyev 142, , N. Kondratyeva 141, , E. Kondratyuk 141, , J. Konig 65, , 

S.A. Konigstorfer 96, , P.J. Konopka 33, , G. Kornakov 136, , M. Korwieser 96, , S.D. Koryciak 2, , 

A. Kotliarov 87, , V. Kovalenko 141, , M. Kowalski 108, , V. Kozhuharov 37, , I. Králik 61, , A. Kravčáková 38, , 
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