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Abstract

The transverse momentum (pT) and centrality dependence of the nuclear modification factor RAA of
prompt and non-prompt J/ψ , the latter originating from the weak decays of beauty hadrons, have
been measured by the ALICE collaboration in Pb–Pb collisions at

√
sNN = 5.02 TeV. The measure-

ments are carried out through the e+e− decay channel at midrapidity (|y| < 0.9) in the transverse
momentum region 1.5 < pT < 10 GeV/c. Both prompt and non-prompt J/ψ measurements indicate a
significant suppression for pT > 5 GeV/c, which becomes stronger with increasing collision central-
ity. The results are consistent with similar LHC measurements in the overlapping pT intervals, and
cover the kinematic region down to pT = 1.5 GeV/c at midrapidity, not accessible by other LHC ex-
periments. The suppression of prompt J/ψ in central and semicentral collisions exhibits a decreasing
trend towards lower transverse momentum, described within uncertainties by models implementing
J/ψ production from recombination of c and c quarks produced independently in different partonic
scatterings. At high transverse momentum, transport models including quarkonium dissociation are
able to describe the suppression for prompt J/ψ . For non-prompt J/ψ , the suppression predicted by
models including both collisional and radiative processes for the computation of the beauty-quark
energy loss inside the quark–gluon plasma is consistent with measurements within uncertainties.

*See Appendix A for the list of collaboration members
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1 Introduction

Quantum chromodynamics (QCD) calculations on the lattice [1–4] predict the existence of the quark–
gluon plasma (QGP), a state of strongly-interacting matter characterised by quark and gluon degrees
of freedom, expected to be produced at extremely high temperatures and energy densities. Such con-
ditions can be realised in the laboratory by colliding heavy ions at ultra-relativistic energies, enabling
the study of the properties of this state of matter, as shown by multiple measurements carried out at the
SPS [5, 6], RHIC [7–10] and LHC [11]. Heavy quarks, i.e. charm and beauty, are mainly produced in
hard parton–parton scatterings and on a shorter time scale than the QGP formation time at LHC energies
(τQGP ≈ 1.5fm/c) [12, 13], thus experiencing the full QGP evolution. Charmonia, bound states of a
charm and an anti-charm quark, are interesting probes of the QGP. In fact, it was predicted that their pro-
duction would be suppressed in this medium due to static colour screening resulting from the high density
of colour charges inside it [14] or due to dynamical dissociation [15]. A suppression of the J/ψ yield in
heavy-ion collisions relative to proton–proton collisions was observed at the SPS [16, 17], RHIC [18–21]
and LHC [22–31]. However, at LHC energies, the J/ψ suppression is significantly reduced compared
to lower energy results, in particular at low transverse momentum (pT) and in more central collisions.
These findings are interpreted by considering an additional contribution to the J/ψ production, known as
regeneration, according to which the abundantly produced charm and anti-charm quarks from different
hard partonic scatterings can recombine to form charmonium states [32, 33]. Previous ALICE inclusive
J/ψ measurements at both central and forward rapidity, which have revealed significantly less suppres-
sion of J/ψ at low transverse momentum compared to lower energies [27, 28, 31] as well as non-zero
elliptic flow [34, 35], have clearly demonstrated the relevance of this mechanism.

Different phenomenological scenarios are assumed for the description of charmonium production in
heavy-ion collisions. In the Statistical Hadronisation model [32, 36], the abundances of all charmonium
states are determined by thermal weights at the chemical freeze-out. By contrast, according to several
partonic transport models [33, 37, 38] the charmonium states can be produced via regeneration through-
out the full evolution of the QGP phase. Recent inclusive J/ψ results in Pb–Pb collisions at

√
sNN =

5.02 TeV indicate that both approaches can provide a description of the measured suppression within
uncertainties in the low-pT region [27, 28, 31]. Results of ψ(2S) suppression recently released by the
ALICE collaboration [39] show that transport models better reproduce charmonium measurements for
central events compared to the Statistical Hadronisation model. Besides providing a good description of
the production, transport models are also able to describe the elliptic flow of inclusive J/ψ [34, 40]. As
the pT of the J/ψ increases, the contribution from regeneration becomes less relevant, while charmonium
dissociation and fragmentation of high-energy partons into charmonia become dominant.

Inclusive J/ψ production in high-energy hadronic collisions consists of several contributions: the J/ψ

produced directly and from the decays of higher mass charmonium states (e.g. ψ(2S) or χc), known
as the “prompt” contribution, and J/ψ originating from the weak decays of beauty hadrons. The latter
component, referred to as “non-prompt”, is characterised by a production vertex displaced with respect
to the primary vertex of the collision, and this feature is exploited experimentally to separate the two
contributions. The measurement of prompt J/ψ production enables a direct comparison with prompt
charmonium models. In addition, the non-prompt J/ψ production measurement grants a direct insight
into the suppression of beauty hadrons, which are expected to be sensitive to the properties of the medium
created in heavy-ion collisions as ancestor beauty quarks experience energy loss by interacting with QGP
constituents. The energy loss of partons inside the medium is expected to happen via both radiative [41,
42] and elastic collisional processes [43–45]. The relative contribution of the former is expected to
increase with pT. The energy loss strongly depends on the colour charge of the parton, being larger for
gluons than for quarks, as well as on the parton mass [46–48]. The production of open heavy-flavour
hadrons in nuclear collisions is also affected by in-medium hadronisation effects. Due to the high quark
density in the QGP, heavy quarks can also hadronise via coalescence, by recombining with other light
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flavour quarks inside the medium [49–51].

In order to interpret both prompt and non-prompt J/ψ results in nuclear collisions, cold nuclear matter
(CNM) effects need to be considered. The main effect at LHC energies is represented by the modification
of the parton distribution functions of protons and neutrons inside nuclei compared to the ones of the free
nucleons [52]. These effects are usually addressed through measurements in proton–nucleus collisions
at the same centre-of-mass energy and are expected to be effective below 3 GeV/c for prompt J/ψ , as
shown by recent J/ψ results in p–Pb collisions at

√
sNN = 5.02 TeV [53]. For non-prompt J/ψ , a small

suppression with no significant pT dependence is observed, although with large uncertainties [53].

At LHC energies in heavy-ion collisions, the production of prompt and non-prompt J/ψ was measured
at midrapidity by the CMS [22] and ALICE [54] collaborations in Pb–Pb collisions at

√
sNN = 2.76 TeV.

At the centre-of-mass energy of
√

sNN = 5.02 TeV in the central rapidity region, the ATLAS [29] and
CMS [30] collaborations measured the suppression of prompt and non-prompt J/ψ at high transverse
momentum. At low pT, inclusive J/ψ measurements were carried out by the ALICE collaboration [28,
31]. In this article, pT and centrality dependent measurements of prompt and non-prompt J/ψ production
at midrapidity in Pb–Pb collisions at

√
sNN = 5.02 TeV are presented. These results, obtained down

to pT = 1.5 GeV/c, have a unique kinematic coverage at the LHC compared to existing midrapidity
measurements at the same centre-of-mass energy, which are available only at high transverse momentum.
Furthermore, they have a significantly improved precision compared to previous published ALICE results
at lower energy.

This article is organised as follows: the ALICE apparatus and data samples are described in Section 2,
the analysis technique is presented in Section 3, results and comparison with similar measurements from
other experiments and model calculations are discussed in Section 4, and finally the summary is provided
in Section 5.

2 Experimental apparatus and data sample

The ALICE detector consists of a central barrel with a pseudorapidity coverage of |η | < 0.9 and a for-
ward rapidity muon spectrometer with a pseudorapidity coverage for muons of −4 < η < −2.5. It also
includes forward and backward pseudorapidity detectors employed for triggering, background rejection,
and event characterisation. Central barrel detectors are placed inside a magnetic field B = 0.5 T provided
by a solenoidal magnet. A complete description of the detector and an overview of its performance are
discussed in Refs. [55, 56]. The main detectors employed for the analysis described in this article are the
Inner Tracking System (ITS) [56], the Time Projection Chamber (TPC) [57] and the V0 detector [58].
Both ITS and TPC detectors enable the measurement of inclusive J/ψ mesons via the dielectron decay
channel in the central rapidity region down to zero pT. The ITS consists of six layers of silicon detec-
tors, with the two innermost layers composed of silicon pixel detectors (SPD) which provide the spatial
resolution to separate prompt and non-prompt J/ψ on a statistical basis. The TPC is the main tracking
detector of the central barrel. In addition, it allows for particle identification via the measurement of
the specific ionisation energy loss dE/dx in the detector gas. The V0 detector consists of two scintilla-
tor arrays placed on each side of the interaction point (with pseudorapidity coverage 2.8 < η < 5.1 and
−3.7 < η <−1.7), and it is used to reject offline beam-induced background events, to define a minimum
bias trigger, and to characterise the event centrality. The zero degree calorimeters [59], located at±112.5
m on both sides of the interaction point, are used to reject electromagnetic interactions and beam-induced
background in Pb–Pb collisions. The results presented in this article are based on the same data samples
of Pb–Pb collisions at

√
sNN = 5.02 TeV employed for the inclusive J/ψ analysis [31]. In particular,

it consist of a combination of the data samples collected during the years 2015 and 2018 of the LHC
Run 2. In order to obtain a uniform acceptance of the detectors, only events with a reconstructed primary
vertex position along the beam line located within ±10 cm from the centre of the detector were consid-
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ered. In addition, consecutive events triggered within a time interval smaller than the readout time of
the TPC were discarded as these are expected to have a high total charge deposition in the active volume
and consequently significantly worse particle identification performance of the TPC. The datasets are
collected with a minimum bias triggered event sample, provided by the coincidence of signals in the two
scintillator arrays of the V0 detector. The corresponding integrated luminosity is about 24 µb−1 [60].
In addition, centrality triggered samples, whose trigger definition is based on the amplitude of the signal
collected in the V0 detector, were used. These correspond to central (0–10%) and semicentral (30–50%)
events, equivalent to an integrated luminosity of 105 and 51 µb−1 [60], respectively.

3 Data analysis

In order to estimate hot nuclear matter effects, the nuclear modification factor can be defined as the
production yield in Pb–Pb collisions at

√
sNN = 5.02 TeV normalised to the reference production cross

section in pp collisions at the same energy and scaled by the average nuclear overlap function ⟨TAA⟩ [60]:

RAA =
dN/dpTdy

⟨TAA⟩×dσpp/dpTdy
. (1)

Inclusive J/ψ measurements with no separation between prompt and non-prompt contributions are car-
ried out by the ALICE collaboration at midrapidity (|y|< 0.9) in Pb–Pb collisions at

√
sNN = 5.02 TeV,

as discussed in Ref. [31]. The nuclear modification factors of prompt and non-prompt J/ψ at midrapidity
can be obtained by combining inclusive J/ψ RAA measurements with non-prompt J/ψ fractions ( fB), the
latter defined as the ratios of the production yields of J/ψ mesons originating from beauty-hadron decays
to that of inclusive J/ψ , estimated in both Pb–Pb collisions and pp collisions at the same centre-of-mass
energy.

3.1 Non-prompt J/ψ analysis in Pb–Pb collisions

Selection of J/ψ candidates

The event selection and track quality requirements used in the analysis discussed in this article are iden-
tical to those used for the corresponding midrapidity inclusive J/ψ RAA analysis in Pb–Pb collisions at√

sNN = 5.02 TeV [31]. Prompt and non-prompt J/ψ measurements are carried out in the J/ψ transverse
momentum interval 1.5–10 GeV/c and in four different centrality classes, namely 0–10%, 10–30%, 30–
50%, and 50–90%. The results are presented as a function of the transverse momentum of the J/ψ , as
well as of the average number of participants (⟨Npart⟩). The latter can be estimated via Glauber model
calculations [61–64] for the different centrality intervals [60].

J/ψ candidates are reconstructed at midrapidity (|y| < 0.9) through the dielectron decay channel. Elec-
tron candidates, reconstructed using both ITS and TPC detectors, are required to have a pseudorapidity
in the interval |η | < 0.9, a minimum transverse momentum of 1 GeV/c, and a minimum of 70 space
points out of a maximum of 159 in the TPC. A hit in at least one of the two SPD layers is also required to
improve the tracking and the spatial resolution. Several quality selection criteria, also employed for the
inclusive J/ψ analysis [31], are considered in order to ensure good track resolution, as well as to reduce
the contribution of electrons and positrons originating from photon conversion in the detector material
and to reject secondary tracks originating from weak decays. The electron identification relies on the
measurement of dE/dx in the TPC, using stricter requirements than those considered for the inclusive
J/ψ analysis in order to increase the signal-to-background ratio, in particular at low transverse momen-
tum and in central events. For tracks reconstructed in more peripheral centrality classes, namely 30–50%
and 50–90%, the TPC dE/dx signal is required to lie within the interval [−3,3]σe relative to the expec-
tation for electrons, where σe represents the specific energy-loss resolution for electrons in the TPC. In
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addition, tracks consistent with the pion and proton assumptions within 3.5σ are rejected. For the cen-
trality classes 0–10% and 10–30%, the electron inclusion is requested to be [−2,3]σe ([−1,3]σe) for the
pT of the electron below (above) 5 GeV/c. A 4.5σ rejection for protons and pions is applied only below
5 GeV/c of the electron momentum at the inner wall of the TPC, while above 5 GeV/c the rejection is not
applied to avoid reductions in the electron reconstruction efficiency. J/ψ candidates are then obtained by
considering all opposite-sign charged electron pairs. In 0–10% most central collisions, only candidates
where both electron decay tracks have a hit in the first layer of the SPD are considered to optimise both
the spatial resolution and signal-to-background ratio. For other centrality classes as well as in the highest
pT interval (7–10 GeV/c) in the 0–10% centrality class, where the signal-to-background ratio is better,
the condition is released to increase the efficiency. Pair candidates where neither of the decay products
has a hit in the first layer of the SPD are excluded due to the poor resolution of the secondary vertex.

Separation of prompt and non-prompt J/ψ

The measurement of the non-prompt J/ψ fraction is obtained through an unbinned two-dimensional
likelihood fit procedure applied to reconstructed J/ψ candidate pairs, following the same techniques
employed in previous publications [53, 54, 65–67]. A simultaneous unbinned log-likelihood fit of the
J/ψ candidate distribution as a function of invariant mass (mee) and pseudoproper decay length (x) values
is performed. The pseudoproper decay length is defined as x = c×Lxy×mJ/ψ/pT, where Lxy = (⃗L×
p⃗T)/pT represents the projection in the transverse plane of the vector pointing from the primary vertex
to the J/ψ decay vertex (⃗L) and mJ/ψ is the J/ψ mass provided by the Particle Data Group (PDG) [68].
The fit procedure maximises the logarithm of a likelihood function

lnL =
N

∑
i=1

ln
[

fSig×FSig(xi)×MSig(mi
ee)+(1− fSig)×FBkg(xi)×MBkg(mi

ee)
]
, (2)

where N is the number of J/ψ candidates within the invariant mass interval 2.72 < mee < 3.40 GeV/c2

(2.60 < mee < 3.60 GeV/c2) in the centrality interval 0–10% (10–90%). A tighter invariant mass window
is considered in most central collisions in order to increase the signal-to-background ratio in the fitting
region, but still with a large enough sample of candidates to constrain the background probability density
functions (PDFs). The relative amount of signal candidates, both prompt and non-prompt J/ψ , with
respect to the total number of candidates is quantified by the fit parameter fSig. The PDFs entering in
Eq. 2, namely FSig(x) and FBkg(x) (MSig(x) and MBkg(x)), are used to describe the pseudoproper decay
length (invariant mass) distributions of signal and background, respectively. The pseudoproper decay
length PDF of the signal is defined as

FSig(x) = f ′B×FB(x)+(1− f ′B)×Fprompt(x), (3)

where FB(x) and Fprompt(x) are the x PDFs for non-prompt and prompt J/ψ , respectively, while f ′B rep-
resents the fraction of J/ψ originating from beauty-hadron decays in the sample of selected dielectron
candidates. Both f ′B and fSig are left as free parameters in the fitting procedure. A correction to the
f ′B fraction obtained from the fit is applied to take into account the different average acceptance-times-
efficiencies of prompt and non-prompt J/ψ , which is a consequence of two effects: (i) different J/ψ

pT distributions inside the wide pT intervals where the measurements are provided; (ii) different J/ψ

polarisation, which can modify angular distributions of decay products and thus the J/ψ acceptance. The
corrected fraction of non-prompt J/ψ , fB, is obtained as

fB =

(
1+

1− f ′B
f ′B
× ⟨A× ε⟩B
⟨A× ε⟩prompt

)−1

, (4)
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where ⟨A×ε⟩prompt and ⟨A×ε⟩B represent the average acceptance-times-efficiency values for prompt and
non-prompt J/ψ , respectively, in the considered pT interval. The functional forms of the different PDFs
in Eq. 2 are determined either based on data or on Monte Carlo (MC) simulations, and are computed
using the same procedures as in previous analyses [53, 54, 65, 66]. The PDFs corresponding to the signal
component, namely Fprompt(x), FB(x), and MSig(mee), as well as acceptance-times-efficiency corrections
of prompt and non-prompt J/ψ in Eq. 4, are determined from MC simulations. These simulations consist
of prompt and non-prompt J/ψ meson signals embedded in a background sample of Pb–Pb collisions
at
√

sNN = 5.02 TeV produced with HIJING [69]. The intervals of centrality for the Pb–Pb collisions
considered in MC simulations are the same as those selected in experimental data. The prompt J/ψ

component is simulated with a pT spectrum based on existing inclusive J/ψ Pb–Pb measurements at
midrapidity, while PYTHIA 6.4 [70] is used to generate beauty hadrons for non-prompt J/ψ simulations.
The decays of beauty hadrons into final states containing a J/ψ meson are handled by the EvtGen [71]
package, while the J/ψ decay into the dielectron channel is performed using the EvtGen package coupled
with the PHOTOS model [72] for the treatment of radiative decays (J/ψ → e+e−γ). Prompt J/ψ are
assumed to be unpolarised, while for the non-prompt J/ψ a small residual polarisation as predicted by
EvtGen [71] is considered. No further assumptions on the polarisation of both components are accounted,
considering that existing measurements indicate small or no polarisation [73, 74]. The particle transport
through the ALICE apparatus is handled by GEANT3 [75], considering a detailed description of the
detector material and geometry. Detector responses and calibrations in MC simulations are tuned to data,
taking into account time-dependent running conditions of all detectors included in the data acquisition.

The pT spectrum of prompt J/ψ in simulations is tuned to match experimentally observed distributions,
taking into account the centrality dependence. In particular, the fits to measured inclusive J/ψ yields
from earlier publications [28, 31] are considered. To propagate the associated experimental uncertainties
to the systematic uncertainties on acceptance-times-efficiency, all possible variations of the pT shape
within the envelope obtained by varying the fitting parameters according to their uncertainties are also
considered. For non-prompt J/ψ , different hypotheses are considered for the pT distributions, including
or excluding shadowing or suppression effects predicted by model calculations, such as those discussed
in Sec. 4. Taking into account all hypotheses discussed above for prompt and non-prompt J/ψ pT spec-
tra, an average correction factor for f ′B is evaluated. As the acceptance-times-efficiency corrections are
weakly dependent on pT, the resulting correction applied on f ′B according to Eq. 4 is small, being ∼5%
for the pT integrated case, while for the different pT intervals it ranges between 1% to 3%, depending on
the width of the interval.

The resolution function, Fprompt(x) in Eq. 3, defines the accuracy of x in the reconstruction, and affects
all different PDFs related to the pseudoproper decay length. It is described by the sum of two Gaussians
and a symmetric power law function. It is determined as a function of both pT and centrality from MC
simulations. A tuning procedure is applied in MC simulations to minimise the residual discrepancy with
respect to data in the average distance of closest approach (DCA) of the track to the reconstructed in-
teraction vertex in a plane perpendicular to the beam direction. A small centrality dependence is found
for the x resolution, in particular the RMS of the resolution function changes by about 5% across dif-
ferent centrality classes, getting worse towards more central collisions. For the non-prompt J/ψ , the
pseudoproper decay length distribution FB(x) is modelled by the kinematic distribution of J/ψ from
beauty-hadron decays obtained from the MC simulation described above, and convoluted with the res-
olution function. Finally, MC simulations are also employed to determine the shape of the invariant
mass signal MSig(mee), which is parametrised using a Crystal Ball function [76]. Background PDFs, for
both invariant mass and pseudoproper decay length distributions, are built from data. The invariant mass
background shape MBkg(mee), parametrised by a third order polynomial function, is estimated using the
event-mixing technique, already used for the inclusive J/ψ analysis at midrapidity [31], which also takes
into account the residual background originating from correlated semileptonic decays of heavy-flavour
hadrons. For the pseudoproper decay length background function, FBkg(x), the same functional form and
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Figure 1: Invariant mass (left panel) and pseudoproper decay length (right panel) distributions of J/ψ candidates
with maximum likelihood fit projections superimposed. The distributions in the figures correspond to selected
candidates with 1.5 < pT < 3.0 GeV/c in the centrality class 30–50%. The pseudoproper decay length distribution
is shown for J/ψ candidates reconstructed under the J/ψ mass peak, i.e. for 2.92 < mee < 3.16 GeV/c2, for display
purposes only. The χ2 values, obtained by comparing the binned distributions of data points and the corresponding
projections of the total fit function, are also reported.

Table 1: Invariant mass and pT intervals considered for the definition of FBkg(x) in different centrality classes
(see text for details).

Centrality class mee sidebands (GeV/c2) pT intervals (GeV/c)
0–10% 2.72−2.8, 2.8−2.9, 3.2−3.3, 3.3−3.4 1.5−3, 3−5, 5−7, 7−10

10–30%,30–50%,50–90% 2.64−2.75, 2.75−2.85, 3.2−3.35, 3.35−3.52 1.5−3, 3−5, 5−10

strategy described in Ref. [54] is used. The function is determined for each centrality class by a fit to the
data in four invariant mass regions on the sidebands of the J/ψ mass peak and in different pT intervals,
as summarised in Table 1. In each pT interval, the x background function in the invariant mass region
which contains the nominal J/ψ mass value is obtained by an interpolation procedure as the weighted
combination of the PDFs determined in the other four invariant mass regions. The weights are chosen
inversely proportional to the absolute or squared difference between the mean of the invariant mass dis-
tribution in the given mass interval and that in the interpolated region. Both hypotheses for the weights
are considered for the study of the systematic uncertainty on the pseudoproper decay length background
PDF. Additionally, the internal edges that define the invariant mass windows in Table 1 are shifted by
± 20 MeV/c, either in the same or opposite directions, and the interpolation procedure inside the signal
region is repeated. For each pT interval, a total of 9 (variations of mass intervals)× 2 (linear or quadratic
weights) = 18 attempts are obtained for FBkg(x), which are used in turn in the unbinned likelihood fit pro-
cedure to determine f ′B. As the choice of a specific definition of mass intervals is in principle arbitrary,
the central value of f ′B is computed considering the average of all the different attempts. Figure 1 shows
an example of invariant mass (left panel) and pseudoproper decay length (right panel) distributions, cor-
responding to the centrality class 30–50% and transverse momentum range 1.5 < pT < 3.0 GeV/c, with
superimposed projections of the total maximum likelihood fit functions. The non-prompt J/ψ fraction
is measured in four (three) pT intervals in the centrality class 0–10% (10–30% and 30–50%), as well as
in the pT integrated case (1.5 < pT < 10 GeV/c) in the centrality classes 0–10%, 10–30%, 30–50%, and
50–90%.
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Table 2: Systematic uncertainties on fB, expressed in %, for the pT integrated case, as well as for the lowest and
the highest pT interval in each centrality class.

Cent. 0–10% Cent. 10–30% Cent. 30–50% Cent. 50–90%
pT (GeV/c) 1.5–10 1.5–3 7–10 1.5–10 1.5 5–10 1.5–10 1.5–3 5–10 1.5–10
Resolution function 2.5 5.0 1.0 3.5 5.0 1.0 2.5 3.5 1.0 2.5
x PDF of background 11.0 15.0 5.0 6.0 14.0 5.0 5.0 8.0 3.0 4.0
MC pT distribution 6.0 1.5 3.0 6.0 1.5 4.0 6.0 1.5 3.0 6.0
x PDF of non-prompt J/ψ 2.0 2.0 1.5 2.0 4.0 1.0 2.0 2.5 1.0 3.0
mee PDF of signal 0.5 1.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
mee PDF of background 0.5 2.5 0.5 1.0 2.5 0.5 0.5 1.5 0.5 0.5
Total 13.0 16.3 6.1 9.6 15.3 6.6 8.5 9.3 4.5 8.2

Systematic uncertainties

The systematic uncertainties on the measured non-prompt J/ψ fractions in different pT intervals and
centrality classes are summarised in Table 2. Most of the contributions are due to the incomplete knowl-
edge of the different PDFs of mee and x in the likelihood fit. An additional contribution originates from
the assumptions of the pT distributions of J/ψ in MC simulations.

The dominant uncertainty is represented by the PDF of the pseudoproper decay length background,
especially towards low pT and more central collisions. Other contributions which become dominant in
some cases are those originating from the resolution function, in particular in the lowest pT intervals
of each centrality, and the assumptions of the pT distributions of J/ψ used in simulations, the latter
particularly relevant for the pT integrated case.

The uncertainty on the resolution function is computed by considering the residual mismatch between
data and MC simulations observed on the single track DCA resolution after the tuning procedure. The
RMS of the resolution function is changed accordingly and the relative variation on fB is taken as system-
atic uncertainty. The corresponding values are found to be larger at low pT due to the worse pseudoproper
decay length resolution and weakly dependent on centrality.

The uncertainty due to the pseudoproper decay length background PDF is estimated by computing the
RMS of non-prompt J/ψ fraction values obtained after changing the FBkg(x) in the likelihood fit, con-
sidering the eighteen attempts previously mentioned, which depend on the choice of the mee sidebands.
The uncertainty on fB due to the FBkg(x) is the major contribution, especially at low-pT and more central
collisions where the signal-to-background ratio gets worse.

The systematic uncertainty related to the pT distributions of prompt and non-prompt J/ψ mesons in
MC simulations, mainly affecting the acceptance-times-efficiency correction on fB according to Eq. 4,
is evaluated by varying the prompt and non-prompt J/ψ pT shape considering the variations previously
discussed in this section. Taking into account all combinations, an average correction factor for f ′B
is evaluated, while the maximum variation with respect to the average value is used to estimate the
corresponding systematic uncertainty. This contribution increases for wider pT intervals, reaching about
6% for the pT integrated interval, and is relatively independent of centrality.

To quantify the systematic uncertainty related to the shape of the x PDF of non-prompt J/ψ , the pT
distribution of non-prompt J/ψ is changed according to the same hypotheses considered for the estimate
of the systematic uncertainty on the ⟨A× ε⟩ correction on fB. Furthermore, the systematic uncertainty
of the non-prompt J/ψ x PDF originating from the description of the hb → J/ψ +X decay kinematic,
with hb representing any beauty mesons or baryons, is evaluated by considering PYTHIA 6.4 instead of
EvtGen for decaying beauty hadrons.

The uncertainty on the invariant mass PDF of the J/ψ signal is evaluated by changing the width of the
Crystal Ball function in order to vary the fraction of candidates within the signal interval 2.92 < mee <
3.16 GeV/c2 by ± 2.5%. The latter variation corresponds to the systematic uncertainty on the MC signal
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Table 3: Fraction of non-prompt J/ψ with the corresponding uncertainties in pp collisions at
√

s = 5.02 TeV,
obtained through the interpolation procedure, in different pT intervals (see text for details).

pT (GeV/c) f pp
B at

√
s = 5.02 TeV

1.5–10 0.183 ± 0.004
1.5–3 0.110 ± 0.007
3–5 0.142 ± 0.004
5–7 0.190 ± 0.003
7–10 0.257 ± 0.005
5–10 0.227 ± 0.004

shape assigned in the inclusive J/ψ analysis [31].

The uncertainty related to the invariant mass background PDF is evaluated by taking the maximum vari-
ation obtained for fB after using in the likelihood fit procedure alternative functions, namely fourth and
fifth order polynomial functions, for fitting the event mixing based distribution used for the determination
of MBkg(x).

The overall systematic uncertainty on fB reaches a maximum of about 16% in the lowest pT interval and
in 0–10% centrality class, mostly as a consequence of both the increasing combinatorial background in
more central collisions and the worsening of the x resolution at low transverse momenta.

3.2 Non-prompt J/ψ fractions in pp collisions at
√

s = 5.02 TeV

In pp collisions at
√

s = 5.02 TeV, non-prompt J/ψ fractions are measured at midrapidity by the ALICE
collaboration [67] down to pT = 2 GeV/c. However, as the corresponding uncertainties are large and
the pT intervals in pp collisions do not match those of the Pb–Pb measurements, the pT-differential fB
fractions are obtained via an interpolation procedure, already used in previous p–Pb and Pb–Pb analy-
ses [53, 54, 65, 66]. This procedure is based on available non-prompt J/ψ fraction measurements in pp
and pp collisions at midrapidity at several centre-of-mass energies, namely

√
s = 1.96 TeV (CDF [77]),

5.02 TeV (ALICE [67], CMS [78]), 7 TeV (ALICE [79], ATLAS [80, 81], CMS [82]) and 8 TeV (AT-
LAS [80]). In particular, using the semi-phenomenological function described in Ref. [54], which em-
ploys FONLL to describe the non-prompt J/ψ production cross section, the non-prompt J/ψ fraction in
pp collisions at

√
s = 5.02 TeV ( f pp

B ) as a function of pT, needed for the computation of the reference for
prompt and non-prompt J/ψ RAA measurements, is derived via an energy interpolation. The average f pp

B
in each pT interval considered in the Pb–Pb analysis is obtained by reweighting the pT-differential f pp

B
values by the inclusive pT-differential J/ψ cross section in pp collisions at

√
s = 5.02 TeV [83].

The values of f pp
B in the pT intervals considered in the Pb–Pb analysis are summarised in Table 3. The

uncertainty, which amounts to about 6.5% in the lowest pT interval and decreases to about 1.5% at higher
pT, includes the contribution from experimental data and FONLL predictions, as well as the systematic
uncertainty due to the choice of the functional form assumed for the energy interpolation (namely linear,
exponential, and power law function).

4 Results and discussion

4.1 Non-prompt J/ψ fractions and J/ψ yields

The non-prompt J/ψ fraction measured by the ALICE collaboration in 0–10% Pb–Pb collisions as a
function of pT in |y| < 0.9 is shown in the left hand panel of Fig. 2. It is compared with similar results
obtained by the ATLAS collaboration [29] at midrapidity, and available for pT above 9.5 GeV/c. In the
right hand panel, the pT-differential non-prompt J/ψ fractions measured by the ALICE collaboration
in different centrality classes are compared with CMS results [30] available for pT > 6.5 GeV/c in
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Figure 2: Non-prompt J/ψ fraction as a function of transverse momentum measured by the ALICE collaboration
in 0–10% most central Pb–Pb collisions (left panel) and in all centrality classes (right panel). Results in the
left panel are compared with ATLAS midrapidity measurements [29] in the centrality class 0–10%, and with
ALICE [67] and CMS [30] measurements in pp collisions at

√
s = 5.02 TeV. The ALICE measurements in the

right panel are compared with similar midrapidity measurements from CMS [30], performed in the centrality class
0–100%. In both panels, the error bars represent the quadratic sum of statistical and systematic uncertainties.

the centrality class 0–100%. The ALICE results complement the existing high-pT measurements from
ATLAS and CMS, matching the decreasing trend observed from high towards low pT. The results in
the centrality interval 0–10% suggest a smaller fB compared to other centralities, in particular at low
transverse momentum. In the left panel, non-prompt J/ψ fraction measurements in pp collisions at

√
s

= 5.02 TeV obtained by the ALICE [67] and CMS [30] collaborations are also shown for comparison,
and exhibit a trend similar to the one observed in Pb–Pb collisions. In the pT range 10 to 20 GeV/c, the
non-prompt J/ψ fractions are clearly higher in Pb–Pb compared to pp collisions, possibly suggesting a
stronger nuclear suppression of prompt charmonia compared to beauty hadrons. On the other hand, at
low-pT results in the two systems exhibit similar values within uncertainties.

Figure 3 presents the non-prompt J/ψ fraction as a function of centrality, expressed in terms of the aver-
age number of participants ⟨Npart⟩, measured by ALICE in Pb–Pb collisions at

√
sNN = 5.02 TeV in the

transverse momentum interval 1.5 < pT < 10 GeV/c. Within uncertainties, no centrality dependence is
observed between peripheral and semicentral collisions, while the measured fB in 0–10% most central
collisions decreases in comparison to an average value computed by considering all other centralities
with a significance of about 2.5σ considering both statistical and systematic uncertainties. This is con-
sistent with the observations for the pT-dependent results shown in Fig. 2 and is compatible with the
hypothesis of a strong contribution of prompt J/ψ originating from regeneration, which is expected to
be larger in central compared to peripheral collisions. Current results are compared with earlier ALICE
measurements based on Pb–Pb collisions at

√
sNN = 2.76 TeV [54]. The statistical precision is signif-

icantly improved thanks to the larger event sample available from LHC Run 2. In the same figure, the
pT-integrated non-prompt J/ψ fraction in pp collisions at

√
s = 5.02 TeV obtained by the interpolation

procedure described in Section 3.2 is also shown. The corresponding value is found to be comparable
with the non-prompt J/ψ fractions measured in peripheral and semicentral Pb–Pb collisions.

The pT-differential production yields of prompt and non-prompt J/ψ in a given centrality interval are
computed by combining the non-prompt J/ψ fractions with the measured yields of inclusive J/ψ [31],
dNincl. J/ψ/dydpT, as
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Figure 3: Centrality dependence (expressed in terms of average number of participants) of the non-prompt J/ψ

fraction measured by ALICE in Pb–Pb collisions at
√

sNN = 5.02 TeV in the transverse momentum interval 1.5 <

pT < 10 GeV/c. Results are compared with previous ALICE measurements performed in Pb–Pb collisions at
√

sNN

= 2.76 TeV [54]. The pT-integrated non-prompt J/ψ fraction in pp collisions at
√

s = 5.02 TeV obtained from an
interpolation procedure (see text for details) is also shown. Statistical and systematic uncertainties are shown by
error bars and boxes, respectively.

dNJ/ψ←hB

dydpT
= fB×

dNincl. J/ψ

dydpT
,

dNprompt J/ψ

dydpT
= (1− fB)×

dNincl. J/ψ

dydpT
. (5)

Figure 4 shows the pT-differential production yields of prompt and non-prompt J/ψ in the centrality
interval 0–10%. Statistical and systematic uncertainties on prompt and non-prompt J/ψ yields are eval-
uated by adding in quadrature the corresponding uncertainties on fB and inclusive J/ψ yields, the latter
discussed in detail in Ref. [31]. The statistical uncertainties of inclusive J/ψ yields vary from about 5%
to 10%, depending on the pT and the centrality of the collision. Regarding the systematic uncertainty of
the inclusive J/ψ yield, it ranges within 10–12% (8–10%) in the centrality class 0–10% (30–50%) and
shows no significant pT dependence. The measurements from ALICE are compared with pT-differential
production yields obtained by the ATLAS collaboration [29], as well as with inclusive J/ψ measure-
ments performed by the ALICE collaboration [31]. As already observed for the non-prompt J/ψ frac-
tion, the ALICE measurements provide complementary pT coverage to ATLAS results, and they extend
the measurement down to pT = 1.5 GeV/c. In addition, the ALICE and ATLAS results are qualitatively
compatible in the overlapping region and show similar slopes, which result in an overall smooth trend
over the full pT range. Given the relatively small non-prompt J/ψ fraction below 10 GeV/c, the inclusive
J/ψ yield and that of the prompt J/ψ , both measured by the ALICE collaboration, are found to be com-
parable. However, the inclusive J/ψ yield is measured in finer pT intervals and subtends a wider range
in pT.

4.2 J/ψ nuclear modification factors

The nuclear modification factor RAA of prompt and non-prompt J/ψ is obtained by combining the RAA of
inclusive J/ψ [31], with the non-prompt J/ψ fractions measured in Pb–Pb collisions at

√
sNN = 5.02 TeV

normalised to those in pp collisions obtained at the same centre-of-mass energy through the interpolation
procedure described in Section 3.2:
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Figure 4: Prompt and non-prompt J/ψ pT-differential production yields measured by ALICE in the 0–10% cen-
trality class at midrapidity, compared with similar measurements from the ATLAS collaboration [29] in the same
centrality class. Inclusive J/ψ yields measured by the ALICE collaboration in 0–10% [31] are shown for compar-
ison. Error bars and boxes represent statistical and systematic uncertainties, respectively.

RJ/ψ←hB
AA =

f Pb−Pb
B

f pp
B
×Rinclusive J/ψ

AA , Rprompt J/ψ

AA =
1− f Pb−Pb

B

1− f pp
B
×Rinclusive J/ψ

AA . (6)

Statistical and systematic uncertainties on prompt and non-prompt J/ψ RAA are obtained by adding in
quadrature the corresponding uncertainties on inclusive J/ψ RAA [31] and non-prompt J/ψ fractions in
Pb–Pb and in pp collisions, assuming all of them uncorrelated from each other. Uncertainties on inclu-
sive J/ψ RAA, both statistical and systematic, include the corresponding contributions due to inclusive
J/ψ yields previously mentioned and inclusive J/ψ cross section in pp collisions at

√
s = 5.02 TeV [83],

the latter used as reference in the inclusive J/ψ RAA computation. The statistical uncertainty on the
pp reference cross section increases with pT from about 7% to 18%, while the systematic uncertainty
is poorly dependent on pT and it amounts to about 6%. The latter value do not include the normalisa-
tion uncertainty due to luminosity determination, which is 2.2% and it is considered within the global
uncertainties when computing RAA.

The pT-differential nuclear modification factor of prompt J/ψ is shown in Fig. 5 in different centrality
classes, namely 0–10% (top left panel), 10–30% (top right panel) and 30–50% (bottom left panel). Global
uncertainties, shown as boxes around unity, include correlated uncertainties on the pp reference due to
normalisation as well as on the ⟨TAA⟩ [31]. The latter uncertainty decreses with the collision centrality,
varying from 0.7% in 0–10% most central collisions to 2% in the 50–90% centrality class. The RAA
of prompt J/ψ in 1.5 < pT < 10 GeV/c and as a function of centrality is shown in the bottom right
panel of the same figure. The global uncertainty includes the contributions from the inclusive J/ψ cross
section and from f pp

B in pp collisions, both integrated over pT (1.5 < pT < 10 GeV/c). For pT > 5 GeV/c,
the prompt J/ψ RAA in the centrality classes 10–30% and 30–50% reaches a value of about 0.4, while
in 0–10% collisions it decreases to about 0.2, indicating a stronger suppression. The prompt J/ψ RAA
increases towards low pT and it exceeds unity in the lowest pT interval (1.5−3 GeV/c) of the 0–10% most
central collisions. As a consequence, the pT integrated prompt J/ψ RAA (1.5 < pT < 10 GeV/c) also
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Figure 5: Nuclear modification factor of prompt J/ψ as a function of pT in 0–10% (upper left panel), 10–30% (top
right panel) and 30–50% (bottom left panel) centrality classes. Results are compared with similar measurements
from the ATLAS [29] and CMS [30] collaborations. The centrality dependent prompt J/ψ RAA in 1.5 < pT < 10
GeV/c is shown in the bottom right panel (centrality is expressed in terms of average number of participants). Error
bars and boxes represent, respectively, statistical and systematic uncertainties uncorrelated with pT (centrality, for
the bottom right panel). Global uncertainties are shown as boxes around unity.

rises towards most central collisions, as shown in the bottom right panel of Fig. 5. According to prompt
J/ψ measurements performed by the ALICE collaboration in p–Pb collisions at

√
sNN = 5.02 TeV [53],

the RpPb is found to be lower than unity within 1 < pT < 3 GeV/c, suggesting significant CNM effects
at play in Pb–Pb collisions in this transverse momentum region, while it becomes compatible with unity
for pT > 3 GeV/c. The results from the ALICE collaboration are compared with similar measurements
carried out by the ATLAS [29] and CMS [30] collaborations in the rapidity intervals |y| < 2.0 and
|y| < 2.4, respectively. In the centrality interval 0–10%, the results from CMS and ATLAS are in good
agreement with the ALICE measurements in the overlapping pT interval, while in semicentral collisions
the agreement is better with CMS than with ATLAS. It is worth noting that a smaller suppression for
ATLAS measurements is expected in semicentral events, as the corresponding results use a significantly
more peripheral collision sample compared to ALICE and CMS.

Figure 6 shows the nuclear modification factor of non-prompt J/ψ as a function of pT in the same cen-
trality classes discussed previously for the prompt J/ψ RAA, namely 0–10%, 10–30% and 30–50%. The
boxes around unity represent global uncertainties due to the normalisation of the pp reference cross
section and ⟨TAA⟩. Unlike the prompt J/ψ RAA, the pT-differential nuclear modification factors of

13



Prompt and non-prompt J/ψ production in Pb–Pb collisions ALICE Collaboration

0 5 10 15 20 25 30
)c (GeV/

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
A

A
R

10%− = 5.02 TeV, 0NNsPb, −Pb
ψNon-prompt J/

| < 0.9y, |−e+ e→ ψALICE, J/
| < 2.4y, |−µ+µ → ψCMS, J/

| < 2.0y, |−µ+µ → ψATLAS, J/
0Non-prompt D

| < 0.5y, |+π− K→ 0ALICE, D

0 5 10 15 20 25 30
)c (GeV/

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

A
A

R

 = 5.02 TeVNNsPb, −, PbψNon-prompt J/
| < 0.9y, |−e+ e→ ψ30%, J/−ALICE, 10

| < 2.4y, |−µ+µ → ψ30%, J/−CMS, 10
| < 2.0y, |−µ+µ → ψ40%, J/−ATLAS, 20

0 5 10 15 20 25 30
)c (GeV/

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

A
A

R

 = 5.02 TeVNNsPb, −Pb
ψNon-prompt J/

| < 0.9y, |−e+ e→ ψ50%, J/−ALICE, 30
| < 2.4y, |−µ+µ → ψ100%, J/−CMS, 30
| < 2.0y, |−µ+µ → ψ80%, J/−ATLAS, 40

0Non-prompt D
| < 0.5y, |+π− K→ 050%, D−ALICE, 30

0 50 100 150 200 250 300 350 400
〉 

part
N 〈

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

A
A

R ALICE
−e+ e→ ψ = 5.02 TeV, J/NNsPb, −, PbψNon-prompt J/

| < 0.9y,  |c < 10.0 GeV/
T

p1.5 < 

Figure 6: Nuclear modification factor of non-prompt J/ψ as a function of pT in the 0–10% (upper left panel),
10–30% (top right panel) and 30–50% (bottom left panel). Results are compared with similar measurements from
the ATLAS [29] and CMS [30] collaborations. Results in 0–10% and 30–50% are also compared to non-prompt D0

RAA measurements [84] in the same centrality classes. The centrality dependent non-prompt J/ψ RAA in 1.5 < pT

< 10 GeV/c is shown in the bottom right panel (centrality is expressed in terms of average number of participants).
Error bars and boxes represent statistical and systematic uncertainties uncorrelated with pT (centrality, for the
bottom right panel). Global uncertainties are shown as boxes around unity.

non-prompt J/ψ are similar in the different centrality classes within experimental uncertainties below 5
GeV/c, while at higher pT the suppression is larger in 0–10% most central collisions. The pT-integrated
RAA in the bottom right panel of Fig. 6 hints at a decreasing trend towards more central collisions, reach-
ing an RAA value of about 0.6 in the 0–10% centrality class. In the case of non-prompt J/ψ , CNM effects
are found to be small in the full measured pT interval, as non-prompt J/ψ RpPb measurements at

√
sNN

= 5.02 TeV [53] are everywhere compatible with unity, although uncertainties are large. Therefore, the
observed modification can be attributed to the QGP formation in Pb–Pb collisions. Results as a function
of pT are shown together with non-prompt J/ψ RAA measurements from the ATLAS [29] and CMS [30]
collaborations, which are in good agreement with ALICE measurements in the overlapping pT region.
In 0–10% most central collisions, the RAA from ALICE in the highest pT interval shows a small tension
of about 1.4σ and 2.5σ with respect to ATLAS and CMS, respectively. The non-prompt J/ψ RAA mea-
surements in 0–10% and 30–50% centrality classes are also compared with non-prompt D0 results [84]
measured at midrapidity by the ALICE collaboration. The results are compatible within uncertainties,
despite possible differences that might originate from different decay kinematics of beauty hadrons to
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Figure 7: Prompt J/ψ yields as a function of pT in the 0–10% (left panel) and 30–50% (right panel) centrality
classes compared with models [36, 37, 85]. Vertical error bars and boxes represent statistical and systematic
uncertainties, respectively. Shaded bands in the top panels represent model uncertainties. Bottom panels show the
ratios between models and data, with the bands representing the relative uncertainties of the models. Error bars
around unity are the quadratic sum of statistical and systematic uncertainties on the measured yields.

J/ψ and D0.

4.3 Comparison with models for prompt J/ψ production

In the following, prompt J/ψ measurements are compared with different phenomenological models in
relativistic heavy-ion collisions.

Figure 7 shows the pT-differential yields of prompt J/ψ in the centrality classes 0–10% (left) and 30–
50% (right), compared with different models, namely the statistical hadronisation model (SHMc) by
Andronic et al. [36] and the Boltzmann transport model (BT) by Zhuang et al. [37, 85]. The bottom
panels present the ratio of models to data, with the error bands representing the relative uncertainties
originating from the models. For the computation of the ratio, an average value of the model is com-
puted within the corresponding pT intervals where the measurements are performed. Error bars around
unity are the sum in quadrature of statistical and systematic uncertainties on the measured yields. In
the SHMc model, the totality of charm quarks are produced in the initial hard parton–parton scatterings
and thermalise inside the QGP. The total charm cross section employed in the SHMc calculations is the
one measured by the ALICE collaboration in Pb–Pb collisions at

√
sNN = 5.02 TeV, extracted from open-

charm meson production measurements [84]. Effects from CNM are taken into account when calculating
the total number of charm quarks in Pb–Pb using rapidity dependent measurements of the nuclear mod-
ification factor of D mesons in proton–nucleus collisions [86], where interpolations, if necessary, are
done via model calculations. The yield of the different bound states is determined by thermal weights
computed at a common chemical freeze-out. The relative abundances of open and hidden charm hadrons
are determined using the equilibrium thermodynamical parameters obtained from fits to the measured
yields of light-flavoured hadrons and D-mesons, with the latter being used to extract the charm fugacity.
The spectra in the SHMc model are obtained by coupling the hadron yields with a modified blast-wave
function with input from hydrodynamical calculations for the flow profiles [36]. In the BT model, the
total charm cross section in Pb–Pb collisions is evaluated from the charm-production cross section mea-
sured in pp collisions [87] scaled by the number of binary collisions, while to estimate CNM effects the
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EPS09 [88] gluon distributions are used. The dynamical evolution of the prompt charmonium states in
the hot medium is described with a Boltzmann-type transport equation, including terms of dissociation
and regeneration. The dissociation of charmonia inside the medium arises from the melting of the bound
states due to colour Debye screening, as well as from collisional processes of charmonia with the medium
constituents, and in particular from gluon dissociation. The regeneration cross section is connected to the
dissociation cross section via the detailed balance between the gluon dissociation and reversed process.
The model employs the (2+1)-dimensional version of the ideal hydrodynamic equations, including both a
deconfined and a hadronic phase with a first order phase transition between these two. The uncertainties
plotted in Fig. 7 for all models include contributions from total cc cross section, as well as uncertain-
ties from CNM assumptions. Both SHMc and BT models show an overall good agreement with data
within uncertainties, in particular for pT below 5 GeV/c. At higher pT, both models tend to underpredict
the data, with the SHMc model showing a larger discrepancy, which is mainly due to the fact that in
the SHMc model most of the produced J/ψ yields are thermal, with only a small contribution from the
collision corona.
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Figure 8: Prompt J/ψ RAA as a function of pT in the 0–10% (left panel) and 30–50% (right panel) centrality classes
compared with models [36, 37, 85, 89, 90]. Error bars and boxes represent statistical and uncorrelated systematic
uncertainties, respectively. Shaded bands represent model uncertainties. The global uncertainty is shown around
unity.

Figure 8 presents the prompt J/ψ nuclear modification factor as a function of pT in the centrality class
0–10% (left panel) and 30–50% (right panel) compared with model calculations. In addition to the
SHMc and BT models, prompt J/ψ RAA measurements are also compared with the dissociation model by
Vitev et al. [89]. In this model, which employs rate equations, the collisional dissociation of charmonia
includes thermal effects on the wave function due to the screening of the cc attractive potential from the
free colour charges in the QGP. The medium is modelled by a (2+1)-dimensional viscous hydrodynamic
model. Non-relativistic quantum chromodynamics (NRQCD) theory [91] is used to obtain the baseline
nucleon–nucleon cross sections for charmonia and the pT-dependent feed-down from excited states. As
this model provides predictions for pT > 5 GeV/c, the contribution from CNM effects is assumed to be
negligible. The SHMc model reproduces the prompt J/ψ RAA results at low pT in both centrality classes,
while it is significantly below the data for pT > 5 GeV/c. The BT model provides a good description of
the measurements in the full pT range in 0–10% most central collisions, while the model underpredicts
the data in the centrality class 30–50%. The dissociation model, available only above 5 GeV/c, provides
a good description of prompt J/ψ RAA measurements within uncertainties.

The centrality dependence of the pT-integrated (1.5 < pT < 10 GeV/c) RAA of prompt J/ψ is compared
with calculations from BT model in Fig. 9. The BT model, which shows a rising trend with increasing
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Figure 9: Centrality dependence (expressed in terms of average number of participants) of prompt J/ψ RAA

measured by ALICE in Pb–Pb collisions at
√

sNN = 5.02 TeV in the transverse momentum interval 1.5 < pT <

10 GeV/c. Results are compared with the BT model by Zhuang et al. [37, 85]. Error bars and boxes represent
statistical and uncorrelated systematic uncertainties, respectively. Shaded bands represent model uncertainties.
The global uncertainty is shown around unity.

number of participants from ⟨Npart⟩ ∼ 50, is in good agreement with experimental results in 0–10% and
10–30% centrality classes. Below ⟨Npart⟩ ∼ 50, both the data and the model exhibit a similar increasing
trend towards more peripheral collisions, however the agreement between data and model worsens.

4.4 Comparison with models for non-prompt J/ψ production

In the following, the comparison of non-prompt J/ψ measurements with models describing open heavy-
flavour production is discussed. As both the production mechanisms and the interaction with the medium
are significantly different for prompt charmonia and open heavy-flavour hadrons, non-prompt J/ψ mea-
surements are compared with a different set of models with respect to those considered for prompt J/ψ

results.

In Fig. 10, the yields of non-prompt J/ψ measured in the centralities 0–10% (left panel) and 30–50%
(right panel), are compared with partonic transport model calculations [92–96]. The ratios of the mod-
els to data are depicted in the bottom panels, where the error bands are the model uncertainties. For
computing the ratio, an average value of the model is considered within the corresponding pT intervals
where the measurements are performed. Error bars around unity are the quadratic sum of statistical and
systematic uncertainties on the measured yields. In the transport model by Chen et al. [92] (LT1), as
well as in the POWLANG transport model by Monteno et al. [93, 94], the Langevin equation is used
for describing the evolution of the ancestor beauty quarks through the QGP. In POWLANG, transport
coefficients are obtained either through perturbative calculations using the hard thermal loop (HTL) ap-
proach or calculations based on lattice QCD (LatQCD) simulations. The medium expansion is described
by ideal (2+1)-dimensional hydrodynamic equations in LT1. In POWLANG, the background medium
description is done via a (3+1)-dimensional hydrodynamic model, assuming no invariance for longi-
tudinal boosts as considered in the (2+1)-dimensional case. The initial distribution of bottom quarks
is parametrised according to perturbative-QCD calculations at fixed order with next-to-leading-log re-
summation (FONLL) [97] in LT1 and with the POWHEG-BOX package [98] in POWLANG. In both
models, CNM effects are accounted for by using the EPS09 [88] gluon parton distribution functions,
and at the hadronisation hypersurface, bottom and light-flavour quarks hadronise into beauty mesons
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Figure 10: Non-prompt J/ψ yields as a function of pT in the 0–10% (left panel) and 30–50% (right panel)
centrality classes compared with models [92–96]. Vertical error bars and boxes represent statistical and systematic
uncertainties, respectively. Shaded bands in the top panels represent model uncertainties where applicable. Bottom
panels show the ratios between models and data, with the bands representing the relative uncertainties from the
models. Error bars around unity are the quadratic sum of statistical and systematic uncertainties on the measured
yields.

via the coalescence model. In LT1, medium-induced gluon radiation is also included in the energy loss
of heavy quarks, and becomes the dominant mechanism at large momentum, while in POWLANG the
interactions of the heavy quarks with the medium constituents happen solely via collisional processes.
In the calculations by Shi et al. [95, 96], the CUJET3.1 framework is used to evaluate the jet energy
loss in a (2+1)-dimensional hydrodynamic background, implementing the contributions from collisional
as well as from radiative processes. A set of RAA and elliptic flow results from light hadrons in cen-
tral and semicentral heavy-ion collisions is used to constrain the model, which is then used to predict
heavy-flavour observables. For the initial pT distribution of beauty quarks, FONLL calculations [97]
with CTEQ6M [99] parton distribution functions are used. The formation of beauty hadrons happens via
the classical vacuum-like fragmentation using the Peterson parametrisation in Ref. [100]. The LT1 and
POWLANG models show systematically higher values compared to data, for both centrality classes in
the full measured transverse momentum range. The discrepancy looks larger for POWLANG, especially
in centrality class 0–10% and at higher pT, which could be related to the absence of radiative processes
in this model. The CUJET3.1 model, available only for pT above 5 GeV/c, is compatible with the data
within uncertainties.

The nuclear modification factor of non-prompt J/ψ is compared with models in Fig. 11 in 0–10% (left
panel) and 30–50% (right panel) centrality intervals. The results are compared with the LT1, CUJET3.1,
and POWLANG models previously described as well as with additional ones [101–104]. In these ad-
ditional calculations, the space–time evolution of the QGP is simulated using a (3+1)-dimensional vis-
cous hydrodynamic model and both collisional and radiative energy loss mechanisms inside a thermal
medium are considered. In the calculation by Li et al. [101], marked as LT2, the interactions between
heavy quarks and the QGP are described by an improved Langevin approach. The transport model by
Xing et al. [102] employs an extended linear Boltzmann transport (LBT) equation, which includes both
short and long-range interactions of heavy quarks with the QGP. In both LT2 and LBT models, the ini-
tial heavy quark pT distribution is simulated according to FONLL calculations using CT14NLO [105]
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Figure 11: Non-prompt J/ψ RAA as a function of pT in the 0–10% (left panel) and 30–50% (right panel) centrality
classes compared with models [92, 95, 96, 101–104]. Error bars and boxes represent statistical and uncorrelated
systematic uncertainties, respectively. Shaded bands represent model uncertainties where applicable. The global
uncertainty is shown around unity.
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Figure 12: Centrality dependence (expressed in terms of average number of participants) of non-prompt J/ψ

RAA measured by ALICE in Pb–Pb collisions at
√

sNN = 5.02 TeV in the transverse momentum interval 1.5 < pT

< 10 GeV/c. Results are compared with several partonic transport models [92]. Error bars and boxes represent
statistical and uncorrelated systematic uncertainties, respectively. Shaded bands represent model uncertainties
where applicable. The global uncertainty is shown around unity

parton distribution functions modified according to the EPPS16 [106] next-to-leading-order parametri-
sation, while beauty hadrons are produced through a hybrid fragmentation–coalescence model [107].
The calculation by Djordjevic et al. [103, 104] employs a framework (DREENA-A) which combines the
state-of-the-art dynamical energy loss model with hydrodynamical simulations. The initial heavy-quark
spectrum is computed using next-to-leading-order calculations described in Ref. [108] and KLP [109]
fragmentation functions are used for the formation of beauty mesons. In both centralities all available
model predictions except POWLANG show compatible values for pT above 5 GeV/c, and within uncer-
tainties are in an overall good agreement with the data. The POWLANG model overpredicts the RAA in
the centrality class 0–10% and at high pT, which might be a consequence of the lack of radiative energy
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loss contributions in this model. Below 5 GeV/c, the LT1 and POWLANG models sit on the upper side
of the data points in both centrality classes, still being compatible with them within uncertainties. Both
LBT and LT2 models are compatible with the measured RAA within uncertainties in the full measured
pT range, and in both centrality classes.

Figure 12 depicts the non-prompt J/ψ RAA, integrated over pT in the interval 1.5 < pT < 10 GeV/c, as
a function of the number of participants in comparison with transport models. The LT1 model shows
a slightly decreasing trend moving towards central collisions, and is compatible with data within un-
certainties for all centrality classes. The LBT and LT2 models predict a similar decreasing trend for
the non-prompt J/ψ RAA towards larger ⟨Npart⟩. Both models show good agreement with RAA results
in 0–10% most centrality class, while for other centrality classes both models slightly underpredict the
data.

5 Summary

Prompt and non-prompt J/ψ production is measured by the ALICE collaboration in Pb–Pb collisions
at
√

sNN = 5.02 TeV in the rapidity interval |y| < 0.9 as a function of pT and centrality. In particular,
pT-differential measurements of non-prompt J/ψ fractions, production yields, and nuclear modification
factors are carried out. The ALICE results extend the existing CMS and ATLAS measurements at midra-
pidity, available only at high pT, down to pT = 1.5 GeV/c, and all measurements look compatible within
uncertainties in the common pT intervals. Non-prompt J/ψ fractions show a rising trend with increas-
ing pT, similar to the one observed in pp collisions, while no significant dependence on the centrality
is observed within uncertainties, with the exception of most central collisions where fB exhibits a sig-
nificant decrease with respect to other centrality classes. The comparison with earlier measurements in
Pb–Pb collisions at

√
sNN = 2.76 TeV shows compatible results at the two centre-of-mass energies and

highlights a significantly improved precision with Run 2 data.

For pT > 5 GeV/c, the prompt J/ψ RAA decreases with increasing centrality, while at lower pT the
suppression is smaller in 0–10% most central collisions, in particular in the lowest pT interval where the
prompt J/ψ RAA exceeds unity. These results are consistent with pT-integrated measurements of prompt
J/ψ RAA, which rises with ⟨Npart⟩, hinting at an increasing contribution from regeneration at low pT and
more central collisions. In 0–10% most central collisions, the SHMc model and transport microscopic
calculations that include a contribution from regeneration are compatible with experimental data for
pT < 5 GeV/c. However, at higher pT, transport models are compatible with the measurements within
uncertainties, while the SHMc model significantly underpredicts the data. In semicentral collisions there
is less agreement between data and models. In particular, for pT above 3 GeV/c the models either
underpredict the data or sit at the lower edge of the experimental uncertainty.

The non-prompt J/ψ RAA integrated over pT hints at a decreasing trend towards more central collisions.
As a function of pT, the non-prompt J/ψ RAA in different centrality classes are compatible within uncer-
tainties below 5 GeV/c, while at higher pT the suppression is larger in the centrality interval 0–10%. Re-
sults are consistent within uncertainties with non-prompt D0 RAA measurements in the centrality classes
0–10% and 30–50%. Several transport models are able to describe the data within uncertainties. All
calculations, but POWLANG, implement both collisional and radiative energy loss processes combined
with a dynamically expanding QGP, considering different hypotheses on transport dynamics, CNM ef-
fects, pT distributions and hadronisation of beauty quarks. Above 5 GeV/c, all calculations predict a
similar suppression for non-prompt J/ψ and are consistent with the data within uncertainties, with the
exception of POWLANG, which overpredicts the data in most central events. This points to the impor-
tance of radiative energy loss contributions in the high-pT region. At lower pT and for the pT-integrated
case, theoretical calculations predict different magnitudes of the suppression. However, due to the cur-
rent precision of the measurements it is not possible to discriminate among them as all calculations are
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compatible with the data within uncertainties.

Both prompt and non-prompt J/ψ measurements will improve significantly taking advantage of the larger
expected data sample and the better spatial resolution provided at midrapidity by the upgraded ITS [110]
in the next LHC runs. In particular, further differential measurements in the non-prompt charmonium
sector, in addition to yet unmeasured observables such as the elliptic flow, could allow further constrain-
ing different open beauty hadron production models.
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J. Bielčíková 86, J. Biernat 107, A.P. Bigot 128, A. Bilandzic 95, G. Biro 138, S. Biswas 4, N. Bize 103,
J.T. Blair 108, D. Blau 142, M.B. Blidaru 97, N. Bluhme39, C. Blume 64, G. Boca 22,55, F. Bock 87,
T. Bodova 21, A. Bogdanov142, S. Boi 23, J. Bok 58, L. Boldizsár 138, M. Bombara 38, P.M. Bond 33,
G. Bonomi 133,55, H. Borel 129, A. Borissov 142, A.G. Borquez Carcamo 94, H. Bossi 139, E. Botta 25,
Y.E.M. Bouziani 64, L. Bratrud 64, P. Braun-Munzinger 97, M. Bregant 110, M. Broz 36,
G.E. Bruno 96,32, M.D. Buckland 24, D. Budnikov 142, H. Buesching 64, S. Bufalino 30, P. Buhler 102,
N. Burmasov 142, Z. Buthelezi 68,122, A. Bylinkin 21, S.A. Bysiak107, M. Cai 6, H. Caines 139,
A. Caliva 29, E. Calvo Villar 101, J.M.M. Camacho 109, P. Camerini 24, F.D.M. Canedo 110,
M. Carabas 125, A.A. Carballo 33, F. Carnesecchi 33, R. Caron 127, L.A.D. Carvalho 110, J. Castillo
Castellanos 129, F. Catalano 33,25, C. Ceballos Sanchez 143, I. Chakaberia 74, P. Chakraborty 47,
S. Chandra 134, S. Chapeland 33, M. Chartier 118, S. Chattopadhyay 134, S. Chattopadhyay 99,
T.G. Chavez 45, T. Cheng 97,6, C. Cheshkov 127, B. Cheynis 127, V. Chibante Barroso 33,
D.D. Chinellato 111, E.S. Chizzali I,95, J. Cho 58, S. Cho 58, P. Chochula 33, D. Choudhury42,
P. Christakoglou 84, C.H. Christensen 83, P. Christiansen 75, T. Chujo 124, M. Ciacco 30, C. Cicalo 52,
F. Cindolo 51, M.R. Ciupek97, G. ClaiII,51, F. Colamaria 50, J.S. Colburn100, D. Colella 96,32,
M. Colocci 26, M. Concas III,33, G. Conesa Balbastre 73, Z. Conesa del Valle 130, G. Contin 24,
J.G. Contreras 36, M.L. Coquet 129, P. Cortese 132,56, M.R. Cosentino 112, F. Costa 33, S. Costanza 22,55,
C. Cot 130, J. Crkovská 94, P. Crochet 126, R. Cruz-Torres 74, P. Cui 6, A. Dainese 54,
M.C. Danisch 94, A. Danu 63, P. Das 80, P. Das 4, S. Das 4, A.R. Dash 137, S. Dash 47,
R.M.H. David45, A. De Caro 29, G. de Cataldo 50, J. de Cuveland39, A. De Falco 23, D. De Gruttola 29,
N. De Marco 56, C. De Martin 24, S. De Pasquale 29, R. Deb 133, R. Del Grande 95, L. Dello Stritto 29,
W. Deng 6, P. Dhankher 19, D. Di Bari 32, A. Di Mauro 33, B. Diab 129, R.A. Diaz 143,7, T. Dietel 113,
Y. Ding 6, J. Ditzel 64, R. Divià 33, D.U. Dixit 19, Ø. Djuvsland21, U. Dmitrieva 142, A. Dobrin 63,
B. Dönigus 64, J.M. Dubinski 135, A. Dubla 97, S. Dudi 90, P. Dupieux 126, M. Durkac106,
N. Dzalaiova13, T.M. Eder 137, R.J. Ehlers 74, F. Eisenhut 64, R. Ejima92, D. Elia 50, B. Erazmus 103,
F. Ercolessi 26, B. Espagnon 130, G. Eulisse 33, D. Evans 100, S. Evdokimov 142, L. Fabbietti 95,
M. Faggin 28, J. Faivre 73, F. Fan 6, W. Fan 74, A. Fantoni 49, M. Fasel 87, A. Feliciello 56,
G. Feofilov 142, A. Fernández Téllez 45, L. Ferrandi 110, M.B. Ferrer 33, A. Ferrero 129, C. Ferrero 56,
A. Ferretti 25, V.J.G. Feuillard 94, V. Filova 36, D. Finogeev 142, F.M. Fionda 52, E. Flatland33,
F. Flor 115, A.N. Flores 108, S. Foertsch 68, I. Fokin 94, S. Fokin 142, E. Fragiacomo 57, E. Frajna 138,
U. Fuchs 33, N. Funicello 29, C. Furget 73, A. Furs 142, T. Fusayasu 98, J.J. Gaardhøje 83,
M. Gagliardi 25, A.M. Gago 101, T. Gahlaut47, C.D. Galvan 109, D.R. Gangadharan 115, P. Ganoti 78,
C. Garabatos 97, A.T. Garcia 130, J.R.A. Garcia 45, E. Garcia-Solis 9, C. Gargiulo 33, P. Gasik 97,
A. Gautam 117, M.B. Gay Ducati 66, M. Germain 103, A. Ghimouz124, C. Ghosh134, M. Giacalone 51,
G. Gioachin 30, P. Giubellino 97,56, P. Giubilato 28, A.M.C. Glaenzer 129, P. Glässel 94, E. Glimos 121,
D.J.Q. Goh76, V. Gonzalez 136, P. Gordeev142, M. Gorgon 2, K. Goswami 48, S. Gotovac34, V. Grabski 67,
L.K. Graczykowski 135, E. Grecka 86, A. Grelli 59, C. Grigoras 33, V. Grigoriev 142, S. Grigoryan 143,1,
F. Grosa 33, J.F. Grosse-Oetringhaus 33, R. Grosso 97, D. Grund 36, N.A. Grunwald94,
G.G. Guardiano 111, R. Guernane 73, M. Guilbaud 103, K. Gulbrandsen 83, T. Gündem 64, T. Gunji 123,

29

https://orcid.org/0000-0002-9213-5329
https://orcid.org/0000-0002-0504-7428
https://orcid.org/0000-0002-9611-3696
https://orcid.org/0000-0002-0760-5075
https://orcid.org/0000-0003-0348-9836
https://orcid.org/0000-0001-5241-7412
https://orcid.org/0000-0001-8847-489X
https://orcid.org/0000-0002-4417-1392
https://orcid.org/0000-0002-7388-3022
https://orcid.org/0000-0002-8071-4497
https://orcid.org/0000-0002-9719-7035
https://orcid.org/0000-0001-9680-4940
https://orcid.org/0000-0002-5659-2119
https://orcid.org/0000-0002-4713-7069
https://orcid.org/0000-0002-0877-7979
https://orcid.org/0000-0003-3618-4617
https://orcid.org/0009-0000-7365-1064
https://orcid.org/0000-0002-2205-5761
https://orcid.org/0000-0003-0177-0536
https://orcid.org/0000-0001-8910-9173
https://orcid.org/0009-0005-4862-5370
https://orcid.org/0000-0001-8048-5500
https://orcid.org/0000-0002-8079-7026
https://orcid.org/0000-0002-6180-4243
https://orcid.org/0000-0001-8535-0680
https://orcid.org/0009-0009-7457-6866
https://orcid.org/0000-0002-2372-6117
https://orcid.org/0009-0006-0236-2680
https://orcid.org/0000-0002-7366-8891
https://orcid.org/0000-0001-7516-3726
https://orcid.org/0000-0002-5478-6120
https://orcid.org/0000-0001-7662-3878
https://orcid.org/0000-0003-0614-7671
https://orcid.org/0009-0002-1990-7289
https://orcid.org/0000-0001-6367-9215
https://orcid.org/0000-0003-3142-6787
https://orcid.org/0000-0001-6698-9577
https://orcid.org/0000-0002-5194-2079
https://orcid.org/0000-0003-2316-9565
https://orcid.org/0000-0002-3888-8303
https://orcid.org/0009-0008-5460-6805
https://orcid.org/0000-0003-4277-4963
https://orcid.org/0000-0002-0569-4828
https://orcid.org/0009-0008-4806-8019
https://orcid.org/0000-0002-4343-4883
https://orcid.org/0009-0009-9085-079X
https://orcid.org/0000-0001-7987-4592
https://orcid.org/0000-0003-1172-0225
https://orcid.org/0000-0002-0359-1403
https://orcid.org/0000-0002-6186-289X
https://orcid.org/0000-0002-3082-4209
https://orcid.org/0000-0001-5743-7578
https://orcid.org/0000-0002-7178-3001
https://orcid.org/0000-0001-5971-6415
https://orcid.org/0000-0003-2088-1290
https://orcid.org/0000-0002-7328-9154
https://orcid.org/0000-0001-9223-6480
https://orcid.org/0000-0001-7357-9904
https://orcid.org/0000-0003-0611-9283
https://orcid.org/0000-0002-6454-0052
https://orcid.org/0009-0002-3371-4483
https://orcid.org/0000-0001-7633-1189
https://orcid.org/0009-0006-7928-4203
https://orcid.org/0000-0002-6905-8345
https://orcid.org/0000-0003-0687-8124
https://orcid.org/0000-0001-8638-6300
https://orcid.org/0009-0000-0199-3372
https://orcid.org/0009-0009-2974-6985
https://orcid.org/0000-0001-9148-9101
https://orcid.org/0000-0003-2784-3094
https://orcid.org/0000-0001-7431-4051
https://orcid.org/0000-0002-7908-3288
https://orcid.org/0000-0002-2599-7957
https://orcid.org/0009-0005-5922-8936
https://orcid.org/0000-0002-0442-6549
https://orcid.org/0000-0003-3498-4661
https://orcid.org/0000-0002-3156-0188
https://orcid.org/0000-0002-4862-3384
https://orcid.org/0009-0002-8212-4789
https://orcid.org/0000-0002-9040-5292
https://orcid.org/0000-0003-4673-8038
https://orcid.org/0000-0003-0309-5917
https://orcid.org/0000-0003-3705-7898
https://orcid.org/0009-0004-5511-2496
https://orcid.org/0000-0001-5253-2517
https://orcid.org/0000-0002-1373-1844
https://orcid.org/0000-0001-7883-3190
https://orcid.org/0000-0002-3687-8179
https://orcid.org/0000-0002-3643-1502
https://orcid.org/0000-0002-3755-0992
https://orcid.org/0000-0003-1664-8189
https://orcid.org/0000-0001-6861-2810
https://orcid.org/0000-0003-4940-2441
https://orcid.org/0000-0003-1659-0394
https://orcid.org/0000-0001-5613-7629
https://orcid.org/0009-0001-0415-8257
https://orcid.org/0000-0003-0002-4654
https://orcid.org/0000-0003-2849-0120
https://orcid.org/0000-0003-3578-5373
https://orcid.org/0009-0008-5850-0274
https://orcid.org/0000-0002-4681-3002
https://orcid.org/0000-0002-4266-8338
https://orcid.org/0000-0002-8085-8597
https://orcid.org/0000-0002-6800-3465
https://orcid.org/0000-0002-2829-5950
https://orcid.org/0000-0003-4185-2093
https://orcid.org/0009-0001-4479-0417
https://orcid.org/0000-0002-5942-812X
https://orcid.org/0000-0001-6283-2927
https://orcid.org/0009-0009-8669-3875
https://orcid.org/0000-0001-7333-224X
https://orcid.org/0009-0004-0514-1723
https://orcid.org/0000-0003-1618-9648
https://orcid.org/0000-0001-8879-6290
https://orcid.org/0000-0003-2881-9635
https://orcid.org/0009-0009-3727-3102
https://orcid.org/0000-0001-7602-6432
https://orcid.org/0000-0002-5054-1521
https://orcid.org/0000-0003-3468-3164
https://orcid.org/0000-0002-3069-5822
https://orcid.org/0000-0003-2527-0720
https://orcid.org/0000-0001-9610-5218
https://orcid.org/0000-0002-3075-1556
https://orcid.org/0000-0001-6247-9633
https://orcid.org/0009-0008-2547-0419
https://orcid.org/0009-0009-7215-3122
https://orcid.org/0009-0009-4284-8943
https://orcid.org/0000-0002-0413-9478
https://orcid.org/0000-0003-2049-1380
https://orcid.org/0000-0002-9962-1880
https://orcid.org/0000-0002-8880-1608
https://orcid.org/0000-0001-6286-120X
https://orcid.org/0009-0001-3424-1553
https://orcid.org/0000-0002-1595-411X
https://orcid.org/0000-0002-2543-0336
https://orcid.org/0000-0002-5269-9779
https://orcid.org/0000-0001-5945-3424
https://orcid.org/0000-0002-9261-9497
https://orcid.org/0000-0003-0604-2044
https://orcid.org/0000-0002-4008-9922
https://orcid.org/0000-0002-8024-9441
https://orcid.org/0000-0001-9981-7536
https://orcid.org/0000-0001-7610-8673
https://orcid.org/0000-0001-9822-0463
https://orcid.org/0000-0002-5187-2779
https://orcid.org/0000-0002-0722-7692
https://orcid.org/0000-0002-0985-4155
https://orcid.org/0000-0002-9614-4046
https://orcid.org/0000-0002-3311-1175
https://orcid.org/0000-0003-4238-2302
https://orcid.org/0000-0003-4511-4784
https://orcid.org/0000-0003-0578-5567
https://orcid.org/0000-0003-1097-8806
https://orcid.org/0000-0002-8789-0004
https://orcid.org/0000-0002-6224-1577
https://orcid.org/0009-0004-0724-7003
https://orcid.org/0009-0002-8368-9407
https://orcid.org/0000-0002-4891-5168
https://orcid.org/0000-0001-6837-3362
https://orcid.org/0000-0002-9982-9577
https://orcid.org/0009-0009-7059-0601
https://orcid.org/0009-0001-4181-8891
https://orcid.org/0000-0003-0000-2674
https://orcid.org/0009-0009-5292-9579
https://orcid.org/0000-0002-4325-0646
https://orcid.org/0000-0002-1850-0121
https://orcid.org/0000-0001-7066-3473
https://orcid.org/0000-0001-5433-969X
https://orcid.org/0000-0002-8804-1100
https://orcid.org/0000-0001-5129-1723
https://orcid.org/0000-0002-4255-7347
https://orcid.org/0000-0003-2677-7961
https://orcid.org/0000-0001-9102-9500
https://orcid.org/0000-0001-7804-0721
https://orcid.org/0000-0003-4167-9665
https://orcid.org/0000-0001-5283-3520
https://orcid.org/0000-0002-7602-2930
https://orcid.org/0000-0001-9504-2702
https://orcid.org/0000-0002-9677-5294
https://orcid.org/0000-0002-8343-8758
https://orcid.org/0000-0003-2778-6421
https://orcid.org/0000-0002-7880-8611
https://orcid.org/0000-0001-6955-3314
https://orcid.org/0000-0002-5860-585X
https://orcid.org/0000-0001-5845-6500
https://orcid.org/0000-0002-7946-7580
https://orcid.org/0000-0001-7528-6523
https://orcid.org/0000-0001-6359-0608
https://orcid.org/0000-0001-5140-9816
https://orcid.org/0000-0002-2166-1874
https://orcid.org/0000-0002-5165-6638
https://orcid.org/0000-0002-8899-3654
https://orcid.org/0009-0002-3904-8872
https://orcid.org/0000-0003-2771-9069
https://orcid.org/0000-0002-2678-6780
https://orcid.org/0000-0001-6632-7741
https://orcid.org/0000-0001-5008-6859
https://orcid.org/0000-0002-7865-4202
https://orcid.org/0000-0002-3220-4505
https://orcid.org/0000-0002-0830-4872
https://orcid.org/0000-0002-7055-6181
https://orcid.org/0000-0002-5884-4404
https://orcid.org/0000-0002-0711-4022
https://orcid.org/0000-0001-9236-0748
https://orcid.org/0009-0002-6200-0391
https://orcid.org/0000-0002-7599-2716
https://orcid.org/0000-0001-6700-7950
https://orcid.org/0000-0003-2860-9881
https://orcid.org/0000-0002-6562-5082
https://orcid.org/0000-0002-5559-8906
https://orcid.org/0000-0003-0348-092X
https://orcid.org/0000-0002-6669-1698
https://orcid.org/0000-0002-4886-6052
https://orcid.org/0000-0002-2065-6256
https://orcid.org/0009-0005-3775-1945
https://orcid.org/0009-0002-9000-0815
https://orcid.org/0000-0002-6357-7857
https://orcid.org/0009-0000-1217-7768
https://orcid.org/0000-0001-6853-8905
https://orcid.org/0000-0003-4432-4026
https://orcid.org/0000-0003-0739-0120
https://orcid.org/0000-0002-2568-0132
https://orcid.org/0000-0002-9582-8948
https://orcid.org/0009-0007-4091-5327
https://orcid.org/0000-0002-0207-2871
https://orcid.org/0009-0008-9752-4391
https://orcid.org/0000-0002-3897-0876
https://orcid.org/0009-0006-9458-8723
https://orcid.org/0000-0001-6351-2378
https://orcid.org/0009-0003-4464-3366
https://orcid.org/0000-0001-7873-0968
https://orcid.org/0000-0003-2449-3172
https://orcid.org/0000-0003-1795-6212
https://orcid.org/0000-0002-8427-322X
https://orcid.org/0000-0002-4239-6424
https://orcid.org/0000-0002-2325-8368
https://orcid.org/0000-0003-2202-5906
https://orcid.org/0009-0007-8219-3334
https://orcid.org/0000-0003-3573-3389
https://orcid.org/0000-0002-0844-3282
https://orcid.org/0000-0001-6270-9283
https://orcid.org/0009-0005-4586-0930
https://orcid.org/0000-0001-5823-9733
https://orcid.org/0000-0003-3700-8623
https://orcid.org/0000-0003-0152-4220
https://orcid.org/0000-0001-7107-2325
https://orcid.org/0000-0001-9723-1291
https://orcid.org/0000-0003-1089-6632
https://orcid.org/0009-0008-5359-761X
https://orcid.org/0000-0001-9084-5784
https://orcid.org/0009-0002-0542-4454
https://orcid.org/0000-0002-6444-4669
https://orcid.org/0000-0002-7104-7477
https://orcid.org/0000-0002-8632-5580
https://orcid.org/0000-0002-0194-1318
https://orcid.org/0009-0006-6140-676X
https://orcid.org/0009-0007-2053-4869
https://orcid.org/0000-0003-0642-2047
https://orcid.org/0000-0002-2136-778X
https://orcid.org/0000-0001-8216-396X
https://orcid.org/0000-0002-3420-6301
https://orcid.org/0009-0005-2155-0460
https://orcid.org/0000-0001-7814-319X
https://orcid.org/0009-0004-9666-7156
https://orcid.org/0000-0002-2582-1927
https://orcid.org/0000-0003-1148-0428
https://orcid.org/0000-0001-6122-4698
https://orcid.org/0000-0002-6314-7419
https://orcid.org/0000-0002-0019-9692
https://orcid.org/0000-0001-5496-8533
https://orcid.org/0000-0002-8698-3647
https://orcid.org/0000-0003-4871-4064
https://orcid.org/0009-0007-2395-8130
https://orcid.org/0000-0001-6241-1321
https://orcid.org/0000-0002-5038-1337
https://orcid.org/0000-0002-6847-8671
https://orcid.org/0009-0001-4753-577X
https://orcid.org/0000-0001-9840-6460
https://orcid.org/0000-0001-7039-535X
https://orcid.org/0000-0002-8450-5318
https://orcid.org/0000-0001-7382-1609
https://orcid.org/0000-0002-4831-5808
https://orcid.org/0009-0000-5731-050X
https://orcid.org/0000-0002-1383-6160
https://orcid.org/0000-0003-4358-5355
https://orcid.org/0000-0001-7400-7019
https://orcid.org/0000-0003-3793-5291
https://orcid.org/0009-0008-1162-7067
https://orcid.org/0000-0002-7607-3965
https://orcid.org/0000-0003-1746-1279
https://orcid.org/0000-0002-0476-1005
https://orcid.org/0000-0002-9581-0879
https://orcid.org/0000-0002-4442-5727
https://orcid.org/0009-0002-9826-4989
https://orcid.org/0000-0003-0562-9820
https://orcid.org/0009-0006-9035-556X
https://orcid.org/0000-0002-0661-5220
https://orcid.org/0000-0002-0658-5949
https://orcid.org/0000-0002-1469-9022
https://orcid.org/0000-0001-8372-5135
https://orcid.org/0000-0001-9960-2594
https://orcid.org/0000-0001-9785-2215
https://orcid.org/0000-0002-5298-2881
https://orcid.org/0000-0003-0626-9724
https://orcid.org/0000-0001-5990-482X
https://orcid.org/0000-0002-3809-4984
https://orcid.org/0009-0003-0647-8128
https://orcid.org/0000-0002-6769-599X


Prompt and non-prompt J/ψ production in Pb–Pb collisions ALICE Collaboration

W. Guo 6, A. Gupta 91, R. Gupta 91, R. Gupta 48, S.P. Guzman 45, K. Gwizdziel 135, L. Gyulai 138,
C. Hadjidakis 130, F.U. Haider 91, S. Haidlova 36, H. Hamagaki 76, A. Hamdi 74, Y. Han 140,
B.G. Hanley 136, R. Hannigan 108, J. Hansen 75, M.R. Haque 135, J.W. Harris 139, A. Harton 9,
H. Hassan 116, D. Hatzifotiadou 51, P. Hauer 43, L.B. Havener 139, S.T. Heckel 95, E. Hellbär 97,
H. Helstrup 35, M. Hemmer 64, T. Herman 36, G. Herrera Corral 8, F. Herrmann137, S. Herrmann 127,
K.F. Hetland 35, B. Heybeck 64, H. Hillemanns 33, B. Hippolyte 128, F.W. Hoffmann 70, B. Hofman 59,
G.H. Hong 140, M. Horst 95, A. Horzyk2, Y. Hou 6, P. Hristov 33, C. Hughes 121, P. Huhn64,
L.M. Huhta 116, T.J. Humanic 88, A. Hutson 115, D. Hutter 39, R. Ilkaev142, H. Ilyas 14, M. Inaba 124,
G.M. Innocenti 33, M. Ippolitov 142, A. Isakov 84,86, T. Isidori 117, M.S. Islam 99, M. Ivanov 97,
M. Ivanov13, V. Ivanov 142, K.E. Iversen 75, M. Jablonski 2, B. Jacak 74, N. Jacazio 26, P.M. Jacobs 74,
S. Jadlovska106, J. Jadlovsky106, S. Jaelani 82, C. Jahnke 110, M.J. Jakubowska 135, M.A. Janik 135,
T. Janson70, S. Ji 17, S. Jia 10, A.A.P. Jimenez 65, F. Jonas 87, D.M. Jones 118, J.M. Jowett 33,97,
J. Jung 64, M. Jung 64, A. Junique 33, A. Jusko 100, M.J. Kabus 33,135, J. Kaewjai105, P. Kalinak 60,
A.S. Kalteyer 97, A. Kalweit 33, V. Kaplin 142, A. Karasu Uysal 72, D. Karatovic 89, O. Karavichev 142,
T. Karavicheva 142, P. Karczmarczyk 135, E. Karpechev 142, U. Kebschull 70, R. Keidel 141,
D.L.D. Keijdener59, M. Keil 33, B. Ketzer 43, S.S. Khade 48, A.M. Khan 119, S. Khan 16,
A. Khanzadeev 142, Y. Kharlov 142, A. Khatun 117, A. Khuntia 36, B. Kileng 35, B. Kim 104,
C. Kim 17, D.J. Kim 116, E.J. Kim 69, J. Kim 140, J.S. Kim 41, J. Kim 58, J. Kim69, M. Kim 19,
S. Kim 18, T. Kim 140, K. Kimura 92, S. Kirsch 64, I. Kisel 39, S. Kiselev 142, A. Kisiel 135,
J.P. Kitowski 2, J.L. Klay 5, J. Klein 33, S. Klein 74, C. Klein-Bösing 137, M. Kleiner 64,
T. Klemenz 95, A. Kluge 33, A.G. Knospe 115, C. Kobdaj 105, T. Kollegger97, A. Kondratyev 143,
N. Kondratyeva 142, E. Kondratyuk 142, J. Konig 64, S.A. Konigstorfer 95, P.J. Konopka 33,
G. Kornakov 135, S.D. Koryciak 2, A. Kotliarov 86, V. Kovalenko 142, M. Kowalski 107,
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