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In these proceedings, the latest charmonium measurements carried out by the ALICE collaboration
at midrapidity and forward rapidity in Pb–Pb collisions at √

𝑠NN = 5.02 TeV, are presented.
These include the recently published inclusive J/𝜓 yield and nuclear modification factor (𝑅AA)
at midrapidity and forward rapidity, as well as preliminary measurements of prompt and non-
prompt J/𝜓 𝑅AA at midrapidity. The measurements of the non-prompt J/𝜓 fraction extend down
to transverse momentum 𝑝T = 1.5 GeV/𝑐 with a significantly improved precision compared to
previous published results. Results are compared with model calculations.
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1. Introduction

Heavy quarks, such as charm and beauty, play a crucial role in studying quantum chromody-
namics (QCD) in high-energy hadronic collisions. They provide insights into various aspects of
QCD, ranging from production mechanisms in proton–proton collisions (pp) to the properties of
the hot and dense quark-gluon plasma (QGP) formed in nucleus–nucleus (AA) collisions.

In pp collisions, perturbative QCD calculations can accurately describe the partonic hard
scattering processes involving heavy quarks down to low transverse momentum (𝑝T) [1]. The
formation of quarkonia, involves non-perturbative effects due to long distances and soft momentum
scales. Therefore, studying quarkonium production provides valuable insights into both perturbative
and non-perturbative aspects of QCD [2].

In AA collisions, open and hidden heavy quark hadron production serves as a sensitive probe
of the QGP. Heavy-quark production occurs via hard scattering processes, at times scale that are
typically shorter than the QGP thermalization time. QGP formation modifies the potential between
heavy quarks, leading to color screening [3] and dynamical dissociation [4]. At high centre-of-mass
energies, the (re)combination mechanism could play an important role in the case of charmonium
either during the deconfined [5] or hadronization [6] stages. Additionally, heavy quarks experience
energy loss as they propagate in the QGP, which depends on the medium properties such as energy
density and temperature. Therefore, the study of the production of non-prompt J/𝜓 mesons,
originating from beauty hadron decays, provides valuable insights into energy loss mechanisms for
beauty quarks, as well as the transport properties of the QGP [2].

The inclusive J/𝜓 production has been extensively studied in heavy-ion collisions. Measure-
ments at LHC energies show less suppression compared to results from RHIC, particularly at low
𝑝T [7, 8]. This was the first evidence for charmonium (re)combination at LHC energies. These pro-
ceedings present the inclusive J/𝜓 production, covering a broad 𝑝T range at midrapidity (|𝑦 | < 0.9)
and forward rapidity (2.5 < 𝑦 < 4.0), utilizing the full sample of Pb–Pb collisions at √𝑠NN =
5.02 TeV collected by the ALICE detector during the LHC Run 2. In addition, contributions from
prompt and non-prompt J/𝜓 production are disentangled at midrapidity and results are discussed
together with model comparisons.

2. Inclusive J/𝜓 yields and nuclear modification factor

The inclusive J/𝜓 𝑝T-differential yields are obtained for different centrality intervals in Pb–Pb
collisions at √𝑠NN = 5.02 TeV at midrapidity and forward rapidity [9]. Figure 1 shows the J/𝜓
yields in the 0–10% and 0–20% centrality classes for midrapidity (left) and forward rapidity
(right), respectively. Statistical uncertainties are represented by vertical error bars, while systematic
uncertainties are indicated by open boxes. The results are compared to the statistical hadronization
model (SHMc) [6] and two microscopic transport models [10, 11]. The transport models describe
the 𝑝T-differential yields well in central collisions both at midrapidity and forward rapidity. The
SHMc calculations, incorporating a freezeout parameterization inspired by hydrodynamics, exhibit
good agreement with the data in the low-𝑝T region but underestimate the measurements at higher
𝑝T.
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Figure 1: J/𝜓 𝑝T-differential production yields in Pb–Pb collisions at √𝑠NN = 5.02 TeV at midrapidity in the
0–10% centrality interval (left panel) and at forward rapidity in the 0–20% centrality interval (right panel).

The nuclear modification factor (𝑅AA) is defined as the ratio of yields in AA collisions with
respect to pp collisions scaled by the number of binary nucleon–nucleon collisions. Figure 2 (left
panel) presents the 𝑝T-integrated J/𝜓 𝑅AA as a function of the average number of participant nucle-
ons, ⟨𝑁part⟩, in Pb–Pb collisions at √𝑠NN = 5.02 TeV [9]. The data are compared with the previously
published results at forward rapidity [12]. Low-𝑝T J/𝜓 contributions from photoproduction pro-
cesses are excluded, with a selection of 𝑝T > 0.15 GeV/𝑐 and 𝑝T > 0.3 GeV/𝑐 at midrapidity and
forward rapidity, respectively.

The 𝑅AA values are close to unity in most peripheral collisions, indicating no significant
medium modification, while a suppression of J/𝜓 production is observed in semi-central (and
central at forward rapidity) Pb–Pb collisions. Furthermore, the 𝑅AA at midrapidity is higher than
that at forward rapidity in central and semicentral collisions, reflecting the higher contribution from
(re)generation, due to the larger 𝑐𝑐 density at midrapidity.

In the right panel of Figure 2, the 𝑅AA is shown as a function of ⟨𝑁part⟩ at midrapidity, along
with calculations from SHMc [6] and two transport models [10, 11]. Within the uncertainties of the
models, all three predictions are consistent with the data. Notably, the data lie on the upper edge
of the transport model calculations, while they agree well with the central values from the SHMc
calculations for semicentral and central collisions.

Figure 3 displays the 𝑝T-differential 𝑅AA measurements for the 0–10% centrality interval at
midrapidity (left) and 0–20% at forward rapidity (right) [9], along with model calculations. The
SHMc model agrees well with the data at low 𝑝T in both rapidity ranges. However, for 𝑝T > 5
GeV/𝑐, it underestimates the 𝑅AA in all centrality intervals and rapidities. In contrast, the two
transport models show better quantitative agreement with the data. They provide a good description
of the 𝑅AA at both low and high 𝑝T. Moreover, energy-loss calculations from Ref. [13], available
for 𝑝T > 10 GeV/𝑐, agree well with the measurements in all centrality ranges. These calculations
suggest that energy loss is a dominant mechanism in this kinematic regime, consistently with
measurements of other charm hadrons at LHC energies.
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Figure 2: Inclusive J/𝜓 𝑅AA at midrapidity and forward rapidity as a function of ⟨𝑁part⟩ (left panel).
Inclusive J/𝜓 𝑅AA at midrapidity as a function of ⟨𝑁part⟩ [9, 12] compared to model calculations [6, 10, 11]
(right panel).

Figure 3: Inclusive J/𝜓 𝑅AA 𝑝T dependence at midrapidity in the 0–10% centrality interval (left) and
forward rapidity in 0–20% centrality interval (right) [9]. The results are compared with model calculations
from [6, 10, 11, 13].

3. Prompt and non-prompt J/𝜓 nuclear modification factors

The nuclear modification factor, 𝑅AA, of prompt and non-prompt J/𝜓 within a given 𝑝T range
are determined as:

𝑅
Prompt J/𝜓
AA =

1 − 𝑓 Pb−Pb
B

1 − 𝑓
pp
B

𝑅
Inclusive J/𝜓
AA , 𝑅

Non-prompt J /𝜓
AA =

𝑓 Pb−Pb
B

𝑓
pp
B

𝑅
Inclusive J/𝜓
AA (1)

where 𝑓 Pb−Pb
B and 𝑓

pp
B are the non-prompt J/𝜓 fractions and 𝑅

Inclusive J/𝜓
AA is the inclusive 𝐽/𝜓 𝑅AA

discussed in the previous section.
The results for prompt and non-prompt J/𝜓 𝑅AA in the most central collisions (0–10%) are

shown in Figures 4a and 4b, and for semicentral collisions (30–50%) in Figures 4c and 4d. In
addition, results from the non-prompt D0 meson in the 0–10% (30–50%) centrality interval are also
presented in Figure 4b (Figure 4d) and compared to the non-prompt J/𝜓 𝑅AA. The results show
a reasonable agreement between non-prompt D0 [14] and non-prompt J/𝜓 production within the
uncertainties, despite possible differences originating from different decay kinematics of beauty
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hadrons into J/𝜓 and D0. Additionally, the ALICE results are compared to CMS [15] and ATLAS
[16] measurements obtained at higher 𝑝T for Pb–Pb collisions at the same center-of-mass energy
and for similar centrality intervals. ALICE extends these measurements down to 𝑝T = 1.5 GeV/𝑐.

(a) (b)

(c) (d)

Figure 4: Prompt (left → a,c) and non-prompt (right → b,d) J/𝜓 𝑅AA as a function of 𝑝T in the centrality
bin 0–10% (top → a,b) and 30–50% (bottom → c,d). The results are compared with model calculations from
[6, 17–20].

The prompt J/𝜓 𝑅AA exhibits an increasing trend towards low 𝑝T both in semi-central and
central collisions (with a larger increase in central collisions,), which is reproduced by the SHMc
model calculations [6] for 𝑝T < 5 GeV/𝑐. The model by Vitev et al. [17, 18] reproduces the
prompt J/𝜓 suppression for 𝑝T > 5 GeV/𝑐 in central collisions. For non-prompt J/𝜓, a similar
trend of strong suppression is observed, as shown in Figures 4b and 4d, at high 𝑝T as well as an
increasing trend towards low 𝑝T similar to the one of non-prompt D0. The results for non-prompt
J/𝜓 production are consistent at high 𝑝T with energy-loss models incorporating both collisional
and radiative contributions [19, 20].

4. Conclusions

ALICE extends measurements on inclusive J/𝜓 production down to zero 𝑝T and prompt and
non-prompt J/𝜓 measurements down to 𝑝T = 1.5 GeV/𝑐 in Pb–Pb collisions at √𝑠NN = 5.02 TeV.
Effects of (re)generation in the QGP or at hadronization lead to an increasing trend of the inclusive
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and prompt J/𝜓 𝑅AA towards central collisions and low 𝑝T. The suppression factor 𝑅AA for non-
prompt D0 and non-prompt J/𝜓 exhibits a similar trend, showing a strong suppression at high 𝑝T

described by collisional and radiative energy loss models.
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