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Charmonium production is highly sensitive to the hot and dense medium created in (ultra)-
relativistic heavy-ion collisions, known as the Quark–Gluon Plasma (QGP). Measurements of the
J/ψ production serve as important tools for studying the properties of this medium. In addition to
QGP effects, the J/ψ production is modified by the presence of cold nuclear matter (CNM) effects
such as shadowing or parton energy loss. These effects are studied in proton-nucleus collisions
where no QGP formation is expected. In order to quantify how the J/ψ production is modified
by the medium, the vacuum production is modelled in proton-proton (pp) collisions and used as a
reference for heavy-ion and proton-nucleus collisions. Measurements in pp collisions also serve
as important tools for testing Quantum Chromodynamic (QCD) based models in both perturbative
and non-perturbative regimes. The ALICE detector has the unique capability of measuring the
J/ψ at mid-rapidity through the di-electron channel down to zero transverse momentum. In this
contribution a selection of the newest J/ψ measurements at mid-rapidity performed by the ALICE
Collaboration during the LHC Run 2 period will be discussed.
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1. Physics motivations

It is predicted that the extreme conditions of temperature and pressure created in (ultra)-
relativistic heavy-ion collisions causes strongly interacting matter to undergo a phase transition
into a plasma of deconfined quarks and gluons (QGP) [1]. During the initial hard parton-parton
scattering heavy quarks, i.e. charm (c) and beauty (b), are produced and they therefore experience
the full evolution of the QGP. Measurements of bound states of heavy quarks, such as the J/ψ , can
therefore serve as sensitive probes of the strongly interacting medium. According to Ref. [2] the
presence of free color charges in the deconfined medium causes a screening of the binding energy
between quarks and anti-quarks suppressing the charmonium (cc̄) production in heavy-ion colli-
sions with respect to pp collisions. At high collision energies the production cross section of heavy
quarks becomes large and it is therefore argued that a (re)generation of charmonium states takes
place, either as a statistical recombination of uncorrelated heavy quark pairs at the phase boundary
[3] or through the coalescence of charm quarks [4].

The modification of charmonium production in nucleus-nucleus collisions includes contribu-
tions from Cold Nuclear Matter (CNM) effects, i.e. effects which arise in the absence of the QGP,
such as shadowing, parton energy loss, and gluon saturation as e.g. in the Color Glass Condensate
(CGC) [5]. In order to quantify these effects, charmonium production in proton-lead collisions are
studied.

Measuring the charmonium production in proton-proton collisions constitutes the baseline
for heavy-ion collisions. It also serves as a benchmark test for QCD-based production models.
The production of charmonium states can be seen as a two-fold process with the initial creation
of a charm pair evolving into a bound charmonium state. The initial creation can be described
by perturbative QCD calculations, while the evolution into a bound state is a non-perturbative
process. Currently none of the phenomenological models are able to successfully describe all the
physical observables simultaneously. Thus, precise production measurements may contribute to
better constraints on the production models and improve our understanding of how the charmonium
states are produced.

2. J/ψ measurements at mid-rapidity in ALICE

The ALICE detector [6] has a unique capability of measuring the J/ψ at mid-rapidity down to
zero transverse momentum (pT). At mid-rapidity (|y| < 0.9) the J/ψ is reconstructed through the
di-electron decay channel with the central barrel. In the central barrel, the main tracking detectors
are the Inner Tracking System (ITS) and the Time Projection Chamber (TPC). Situated around
the beam line, the ITS provides information about the primary and secondary vertex position. The
information of the secondary vertex position can be used to separate the contribution of J/ψ mesons
decaying from beauty hadrons (non-prompt). The TPC has full azimuthal coverage and provides
particle identification (PID) based on the specific energy loss of charged particles traversing the
detector with a resolution ranging from 5.5% in pp events to 6.5% in central Pb–Pb collisions. In
particular the TPC provides good momentum resolution for electrons up to about 10 GeV/c.
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3. Results: selected highlights

pp collisions: The inclusive J/ψ production cross section in pp collisions has been measured
by the ALICE Collaboration at several center-of-mass energies. The left panel of Fig. 1 shows the
preliminary results for the inclusive J/ψ cross section measured at

√
s = 13 TeV as a function of

transverse momentum (pT) together with measurements at
√

s = 5.02 TeV [7] and
√

s = 7 TeV [8].
The right panel of Fig. 1 shows the preliminary results for the inclusive J/ψ cross section

at
√

s = 13 TeV as a function of pT. The measured cross section is compared to several Non-
Relativistic QCD (NRQCD) calculations describing the contribution from prompt J/ψ mesons
[9, 10, 11], to which the non-prompt contribution calculated with Fixed-Order Next-To-Leading-
Logarithm (FONLL) [12] has been added. The model by Ma et al. is coupled to a CGC description
of the low-x gluons in the proton providing a good description down to pT = 0. There is good
agreement between the various model predictions and the measured cross section. It can be noted
that at low pT (up to about 4 GeV/c) the theoretical uncertainties are significantly larger than the
uncertainties of the measured data points.
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Figure 1: Left: Inclusive J/ψ cross section measurements at mid-rapidity in pp collisions for
√

s = 5.02 TeV
[7] in red,

√
s = 7 TeV [8] in black, and preliminary results at

√
s = 13 TeV in blue, scaled by 1, 10, and 100,

respectively. Right: pT-differential inclusive J/ψ cross section in pp collisions at
√

s = 13 TeV compared
with pompt J/ψ NRQCD calculations [9, 10, 11] combined with non-prompt J/ψ calculations from FONLL
[12].

The center-of-mass energy (
√

s) dependence of the pT-differential cross section has been stud-
ied by looking at the average transverse momentum 〈pT〉 and the squared average transverse mo-
mentum 〈p2

T〉 (see Ref. [7] and references therein). The inclusive J/ψ 〈pT〉 and 〈p2
T〉 are determined

by a fit to the pT spectrum using a power law function of the form

f (pT) =C× pT{
1+(pT/p0)

2
}n , (3.1)

where C, p0, and n are free fit parameters. Figure 2 shows the inclusive J/ψ 〈pT〉 and 〈p2
T〉 as

a function of
√

s where a steady increase with energy can be observed. The measurements are
described well using a linear and squared logarithmic increase with energy, respectively. The rising
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energy dependence originates from the fact that for a given Bjorken x, the momentum transfer
between the scattering partons increases with energy, leading to a hardening of the resulting pT

spectrum.
The left panel of Fig. 3 shows the pT-integrated inclusive J/ψ cross section as a function of

√
s

(see Ref. [7] and references therein). The error bars represent the quadratic sum of the statistical
and systematic uncertainties including the uncertainty of the luminosity. The measurements are
compared to a low-x CGC + NRQCD [11] prediction for prompt J/ψ . The contribution from
non-prompt J/ψ is less than 10% for the pT-integrated cross section and increases with increasing
energy. Taking this into account the predicted energy dependence agrees well with the data, but
with significant uncertainties.

ALI-PUB-318708

Figure 2: The inclusive J/ψ 〈pT〉 (upper panel) and 〈p2
T〉 (lower panel) in pp collisions as a function of

collision energy (see Ref. [7] and references therein).

p–Pb: Modifications of the J/ψ production in p–Pb collisions are quantified by the nuclear
modification factor

RpPb =
σpPb

ApPbσpp
, (3.2)

where the measured charmonium cross section in p–Pb collisions σpPb is normalized by the mea-
sured cross section in pp collisions σpp at the same collision energy scaled by the atomic number
of the lead nucleus ApPb. In the absence of nuclear effects, RpPb is expected to be unity.

The right panel of Fig. 3 shows the preliminary RpPb of inclusive J/ψ at
√

sNN = 8.16 TeV as a
function of pT. The measurement is compared to several calculations that include only shadowing
as a cold nuclear matter effect [13, 14, 15] and a model including also contributions from the final
state interactions between cc̄ pairs and the partonic/hadronic systems created in the collisions [16].
In the latter model the nuclear shadowing still plays the dominant role in determining the values of
the nuclear modification factors. The measured data and model predictions are compatible within
the current uncertainties.
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Figure 3: Right: Energy dependence of the inclusive J/ψ cross section in pp collisions compared with
CGC + NRQCD model calculations from [11]. The preliminary results at

√
s = 13 TeV are compared with

measurements from PHENIX, STAR, CDF and ALICE (See [7] and references therein). The data points
from PHENIX and STAR are slightly shifted for visibility. Left: RpPb of inclusive J/ψ as a function of pT in
p–Pb collsions at

√
sNN = 8.16 TeV. The results are compared to several model calculations [13, 14, 15, 16].

Pb–Pb: The nuclear modification factor in Pb–Pb collisions for a given centrality class i is
calculated as

Ri
PbPb (pT) =

dNi
PbPb/dpT

〈T i
AA〉×dσ i

pp/dpT

, (3.3)

where dNi
PbPb/dpT is the corrected yield in the Pb–Pb collisions normalized to the measured yield

in pp collisions at the same center-of-mass energy scaled by the nuclear overlap function, 〈T i
AA〉.

The left panel of Fig. 4 shows the preliminary RAA of the inclusive J/ψ at
√

sNN = 5.02 TeV
with centrality 0-20% as a function of pT in Pb–Pb collisions. An increase in the suppression
is observed with increasing pT. The measured RAA is compared to two different models. The
statistical hadronization model [17] assumes that the J/ψ formation only happens at the chemical
freeze-out based on their statistical weights, while the transport model [18] predicts continuous
dissociation and regeneration both inside the QGP and the hadronic phase. Both models describe
the measured trend within the current experimental and theoretical uncertainties. The large model
uncertainties originate from the choice of input parameters, in particular the charm production cross
section and the set of nuclear parton distribution functions (nPDFs).

The second harmonic of the J/ψ momentum azimuthal distribution with respect to the colli-
sions reaction plane (v2) quantifies the elliptic flow and is sensitive to the geometry and the dy-
namics of the early stages of the collisions. The J/ψ v2 in Pb–Pb collisions at

√
sNN = 5.02 TeV is

shown in the right panel of Fig. 4 measured at both forward- and mid-rapidity (see Ref. [19] and
references therein). In both rapidity regions there is evidence of a positive flow. Transport mod-
els implementing (re)generation components describe both measurements at low pT indicating that
(re)combined J/ψ inherit the elliptic flow from thermalized charm quarks. However, at high pT the
models underestimate the measured flow. The origin for this mismatch is currently not understood
suggesting that the models are missing some mechanism.
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Figure 4: Left: Inclusive J/ψ RAA with centrality 0-20% as a function of pT in Pb–Pb collisions at√
sNN = 5.02 TeV. The results are compared to statistical hadronization and transport models [17, 18].

Right: Inclusive Jψ v2 (pT) at forward and mid-rapidity for semicentral (20% - 40%) Pb–Pb collisions
at
√

s = 5.02 TeV with transport model calculations (See [19] and references therein.).

4. Conclusions and perspectives

Selected studies of J/ψ production at mid-rapidity in pp, p–Pb, and Pb–Pb collisions performed
by the ALICE collaboration are presented. In pp collisions, precise differential cross section mea-
surements extended down to pT = 0 are shown at several center-of-mass energies. NRQCD + CGC
calculations provide a fair description of the measured data. A hardening of the pT-differential cross
section is observed with increasing collision energy. In p–Pb the measured RpPb is compatible with
model predictions within the current uncertainties. The measured RAA in Pb–Pb collisions shows
that the suppression increases with increasing pT. This is consistent with a significant contribution
to the J/ψ yield from the (re)generation mechanism. However, a higher precision is needed both
for measurements and the theoretical predictions in order to distinguish between various models.
Indications of a positive J/ψ v2 both at forward and mid-rapidity in Pb–Pb collisions suggests ther-
malization of charm quarks within the medium. At high pT the different theoretical predictions
underestimate the measured flow indicating a missing mechanism in the models.

A significant improvement in the statistical uncertainties of the J/ψ measurements is expected
for the LHC Run 3 (starting in 2021) and Run 4 due to the scheduled upgrade of the ALICE
detector [20]. Moving to continuous readout will result in a high statistics minimum bias sample
which for Pb–Pb collisions is expected to give Lint = 10 nb−1. Upgrades on the ITS will improve
the tracking and vertex precision increasing significantly the ability to separate prompt and non-
prompt J/ψ . This will lead to precise measurements of their respective nuclear modification factors
and elliptic flow, down to almost zero pT. Larger experimental data samples and improved detector
performance will allow for new measurements at mid-rapidity, such as the ψ(2S) yielding very low
signal to background ratios.
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