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Heavy-ion collisions are the tool we have to recreate in laboratory the plasma of quarks and glu-
ons. Studies of the QGP formation and properties have been carried on using several probes and
now, thirty years after the first measurements at SPS energies, a large wealth of data is available
from the high-energy experiments at RHIC and LHC. Heavy-flavour production is considered
among the most powerful tools to investigate the new state of matter and the new data can help
to sharpen the behaviour of such observables in the created medium. In this paper, an overview
of the most recent results on open and closed heavy-flavour will be presented, with particular
emphasis on the measurements from RHIC and LHC experiments.
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1. Heavy-ion collisions and quark gluon plasma

Quantum ChromoDynamics (QCD) predicts, at high temperatures and/or baryonic densities,
a phase transition between the hadronic matter and a state, named Quark Gluon Plasma (QGP),
where quarks and gluons are no more confined into hadrons. The production and the properties
of the QGP can be accessed experimentally by colliding heavy-ions at ultra-relativistic energies.
These studies have been performed, for the first time, thirty years ago at CERN SPS, where centre-
of-mass energies (

√
sNN ) of the order of 17 GeV/c were reached in Pb-Pb interactions. The higher

centre-of-mass energies obtained at RHIC (
√

sNN = 200 GeV) from year 2000 and, ten years later,
at LHC (up to

√
sNN = 5.02 TeV) allows us to explore a system in which even higher temperatures

and energy densities are reached. Heavy-flavour particles, being produced in the early stages of
the collisions in the initial high-Q2 scatterings, probe the entire medium evolution. Since their
production is modified by the presence of the QGP, they represent a valuable tool to characterize
the created medium.

In heavy-ion facilities, the production of open and closed heavy-flavour are usually studied
in three colliding systems, namely in pp, p-A and A-A interactions. The elementary collisions
are interesting for QCD studies and they provide a reference for the particle production in p-A or
A-A. Proton-nucleus collisions allow the investigation of effects not related to the creation of a
hot medium, i.e. the so called “cold nuclear matter” (CNM) effects, as the nuclear modification
of parton functions or the initial /final state energy loss of the parton/particle while crossing the
medium. Finally, A-A collisions allows the study of the modification induced by the hot QGP
medium on the probes. The separation between the expected properties of the three colliding
systems is, in reality, not so sharp. Recent results obtained at LHC energies indicate that some
behaviours observed in small systems as pp and p-A, in particular when high multiplicities are
reached, are reminescent of observations done in A-A (e.g. [1, 2]). A new interesting line of
research on the role of small systems in heavy-ion physics is now opening up.

A slightly different approach, in structuring the heavy-ion program, have been followed by the
RHIC and LHC facilities. At RHIC, the heavy-ion program focussed on the investigation of QGP
probes by varying the colliding ions (Cu, Au or U) and the energy of the collisions (from

√
sNN =

39 GeV/c to 200 GeV/c. At LHC, the peculiarity is not only the fact that top A-A collision energies
are reached (

√
sNN = 5.02 TeV for Pb-Pb and

√
sNN = 8.16 TeV for p-Pb), but also the fact that all

of the four main LHC experiments (ALICE, ATLAS, LHCb and CMS) take part to the heavy-ion
program. These experiments, being characterised by very different, but complementary, kinematic
coverages, provide an unique way to investigate heavy-flavour probes over a very broad transverse
momentum (pT) and rapidity (y) range.

All the experiments both at RHIC and LHC usually evaluate the modification of the heavy-
flavour production yields, induced by either hot or cold matter effects, through the nuclear mod-
ification factor (RAA). RAA is defined as the ratio of the particle yields in A-A or p-A collisions
(YAA) and the expected value obtained by scaling the pp yield (Ypp) by the average number of
nucleon-nucleon collisions, 〈Ncoll〉, evaluated through a Glauber model calculation:

RAA = YAA/(〈Ncoll〉×Ypp)

RAA is expected to be equal to unity if the particle yield in A-A scales with Ncoll, as it is the
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case for electroweak probes (direct γ , W, Z) which do not interact strongly. On the contrary, RAA

different from unity might imply that the particle production is affected by the medium, through
hot or cold matter effects. Furthermore, in A-A collisions, the modification induced by the created
medium is expected to be more important in head-on collisions. The centrality of the interaction,
usually obtained from the measurement of the particle multiplicity or the energy released at forward
rapidity through the Glauber model calculation, is therefore a crucial parameter to classify the
events for heavy-flavour studies.

2. Open heavy-flavours

Heavy-flavours are produced in high-Q2 hard-scattering, in the early collision stages. There-
fore, they probe the entire medium evolution in their path out of the colliding zone. They interact
strongly with the constituents of the medium, through parton energy loss processes (either of ra-
diative or collisional origin) and through the partecipation to the collective flow. The amount of
lost energy is influenced by several factors. First it depends on the path length of the particle inside
the medium and on the density of the medium itself. Secondly, the energy loss is influenced by the
color charge, being more important for gluons than for quarks, and by the mass of the quark (mq),
since the emission of the gluon radiation is expected to be suppressed in a cone of aperture angle
proportional to mq. In this scenario, a hierarchy in the amount of energy which is lost is expected,
being larger for open charm and smaller for the heavier open beauty mesons.

In Fig. 1 (left), the nuclear modification factor of D mesons is shown, as a function of the
transverse momentum [3]. A clear suppression, stronger in most central collisions, can be observed.
Such a suppression is similar in size at both

√
sNN = 2.76 TeV and 5.02 TeV. This is expected from

theory models combining the effect of the higher temperature reached at
√

sNN = 5.02 TeV, which
would decrease the RAA value, with the harder pT distribution of charm quarks at

√
sNN = 5.02

TeV, which would, on the contrary, increase the RAA [4].
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Figure 1: Left: ALICE RAA measurement for D mesons as a function of pT at
√

sNN = 5.02 and 2.76 TeV [3],
compared with theory curves [4]. Right: B mesons RAA [5], measured by CMS, shown as a function of pT [5]

The nuclear modification factor of B mesons is obtained either studying non-prompt J/ψ [6] or
by reconstructing the B→ J/ψK± decay [5]. A strong suppression, almost pT-independent can be
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observed in both cases. Models including different descriptions of the Pb-Pb medium and different
energy loss sources reasonably describe the data, but it is not possible yet to disentangle among
the various approaches, given the current statistical and systematic uncertainties. When the RAA

of open charm and open beauty mesons are compared, their behaviours differ depending on the pT

region under study. At low-pT (Fig. 2 left), the RAA of the B mesons (from non-prompt J/ψ [7])
is larger, over all centralities, than the one of the D mesons [8], confirming the aforementioned
mass-dependent energy loss. At high pT (pT>10 GeV/c), the flavour dependence tends to vanish
and the RAAof B and D mesons become similar and close to the one of light hadrons [9, 5].
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Figure 2: Comparison of the D and B mesons RAA at low pT (left) and high pT (right)

Further evidence of the interactions of charm quarks with the medium is provided by the obser-
vation of their elliptic flow, which measures the size of the collective flow imparted by the medium
to the charm. The collective dynamics of the medium, in fact, converts, during its expansion, the
initial spatial anisotropy into a final state particle momentum anisotropy. The coefficients of the
Fourier expansion of the azimuthal angle distribution, with respect to the event plane, characterize
this momentum anisotropy and the second coefficient, v2, corresponds to the so-called elliptic flow.
A positive elliptic flow was already observed at RHIC. The LHC results confirm the observation
(Fig. 3, right), with a higher accuracy [10]. The comparison of the D meson v2 to the one of the
pions and with model calculations indicates that the low-momentum charm quarks take part to the
collective QGP motion. The comparison with theory models suggests a thermalization time around
3-14 fm/c, representing a first step towards the characterization of the QGP with heavy quarks.

3. Quarkonium

Quarkonium is a bound state of a Q and a Q̄ pair, where Q can be either a charm quark or a
bottom quark, forming respectively a charmonium or a bottomonium state. In a hot and deconfined
medium, the production of quarkonium is expected to be significantly suppressed with respect to
the pp yield scaled by the number of nucleon-nucleon collisions. The mechanism driving this sup-
pression is the color screening of the force which binds the cc̄ (bb̄) state [11]. In this scenario,
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quarkonium suppression should happen in a sequential way, according to the binding energy of
the various resonances. In the quarkonium sector, strongly bound states as the J/ψ should melt
at higher temperatures with respect to the more loosely bound χc and ψ(2S) states. Similarly,
in the bottomonium sector, the ϒ(1S) will melt at higher temperatures with respect to the ϒ(2S)
and ϒ(3S). As a consequence, the in-medium dissociation probability of all these states should
reflect the temperature reached by the system [12]. However, the link between the dissociation
temperature and the disapperance of a given resonance is not yet settled in an univocal way. On
the theory side, large uncertainties are associated to the definition of such a temperature, depend-
ing on the adopted approach [13]. Experimentally, several competing mechanisms can affect the
sequential suppression pattern. The feed-down contributions from higher-masses resonances and
the B-hadron decay into charmonium should, for example, be considered. Furthermore, other cold
and hot matter effects can compete with the suppression mechanisms. Cold nuclear matter effects,
as the modification of the parton distributions into nuclei (known as shadowing), the formation of
a color glass condensate or energy loss processes can influence the quarkonium production. In-
creasing the centre-of-mass energy of nucleus-nucleus collisions, an increase in the production of
Q and Q̄ quarks is also expected. Therefore, at high

√
sNN , the abundance of Q and Q̄ quarks may

lead to (re)combination processes, either at the hadronization [14, 15] or during the collision his-
tory [16], which can counterbalance, partially or totally, the effect of the suppression mechanisms.
(Re)combination is more important for charmonium states than for the bottomonium ones, given
the higher number of cc̄ with respect to bb̄ pairs.

The first quarkonium measurements in heavy-ion collisions, performed at the CERN SPS [17,
18], indicate a clear suppression of the J/ψ yield, well beyond the expectations based just on cold
nuclear matter effects (the so-called “anomalous J/ψ suppression”). Results obtained at RHIC
indicate a J/ψ suppression similar to the one observed at SPS, in spite of the factor ten increase in√

sNN [19, 20]. Unexpectedly, a stronger J/ψ suppression was observed at forward with respect to
mid-rapidity, although the larger energy density reached at y∼ 0. These observations can be framed
in a scenario which includes the production of charmonia through (re)combination mechanisms,
more important at higher

√
sNN and playing a role in particular at mid-rapidity, where the density of

charm quarks is higher. At LHC, quarkonium studies have been carried on over a broad kinematic
coverage, provided by the complementarity of the four main experiments. The highest energies
reached at LHC create an ideal situation for testing the suppression and (re)combination scenarios,
which are both expected to be stronger at high

√
sNN , due to the increase of the energy density

reached in the collision and the increase in the charm quarks production cross section.
The centrality dependence of the J/ψ nuclear modification factor is shown in Fig. 3 (left),

where the ALICE measurements at
√

sNN = 2.76 and 5.02 TeV [21, 22] are compared to the RAA

measured, at RHIC energies, by PHENIX [20]. In both cases, the kinematic range is characterized
by the coverage of the low pT region. There is a clear evidence for a smaller J/ψ suppression
at LHC with respect to RHIC, with a hint for a slightly stronger suppression at

√
sNN = 2.76

TeV with respect to
√

sNN = 5.02 TeV. Furthermore, while PHENIX results shown a suppression
which increases with centrality, the LHC ones saturate for Npart> 100. Transport models, including
suppression and (re)combination contributions, predict such a behaviour [24, 25]. A similar trend
is expected also by the statistical model [15], where the J/ψ yield is completely determinated by
the abundance of cc̄ pairs and by the chemical freeze-out conditions. The comparison between data
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Figure 3: Left: ALICE [21, 22] and PHENIX [20] low pT J/ψ RAA versus the number of participant
nucleons at forward rapidity. Right: J/ψ and D v2 as a function of the transverse momentum [23, 10]

and theory models will clearly benefit by an experimental measurement of the charm production
cross section, which represents one of the largest uncertainties so far. The (re)combination process
dominates in central collisions and, for kinematical reasons, at low pT, becoming negligible as the
J/ψ pT increases. This is confirmed by the results obtained by CMS [26] and STAR [27] for high
pT J/ψ , i.e. for J/ψ measured in a kinematic region where the (re)combination contribution can
be neglected. In this case, the observed suppression is stronger at LHC energies, as expected in a
dissociation scenario.

The RAA study of the J/ψ is complemented by the measurement of the elliptic flow v2. The
ALICE result for Pb-Pb collisions at

√
sNN = 5.02 TeV shows that the J/ψ v2 is significantly differ-

ent from zero (∼ 7σ effect) at intermediate pT [23]. This indicates that the J/ψ flows, as expected
in a (re)combination scenario in which the J/ψ inherits the flow of the charm quark. The compari-
son of the D [10] and J/ψ flow, which turns out to be rather similar, as visible in Fig. 3 (right), can
provide insight on the interactions of heavy and light quarks in the medium.
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Figure 4: ϒ RAA versus centrality, measured by CMS[28](left) and by STAR (right)

Finally, the high energies reached at LHC allow a precise study of the bottomonium family.
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CMS results at
√

sNN = 5.02 TeV [28] confirm the ϒ RAA measurement at
√

sNN = 2.76 TeV [29].
Given the low expected level of (re)combination, the observed pattern, shown in Fig. 4 (left), can
be interpreted as the sequential suppression of ϒ(1S), ϒ(2S) and ϒ(3S). A similar ϒ(1S) RAA is
also observed in recent STAR results. To understand if the temperature reached in the medium
are indeed high enough to suppress also the most strongly bound resonance of the quarkonium
family, precise measurements of feed-down from excited states and of cold nuclear matter effects
at RHIC and LHC energies are needed. A precise knowledge of cold matter effects has, in fact, to
be achieved to quantify the size of hot matter effects. This is feasible through the study of p-A (or
d-A) collisions. Recent results from ALICE [30, 31] and LHCb [32] at top p-A collisions energy
(
√

sNN =8.16 TeV) show that the J/ψ production yield is strongly modified as a function of rapidity
and the modification is stronger in the most central collisions, as it can be seen in Fig. 5. The
results confirm, with a higher precision, those already obtained at

√
sNN = 5.02 TeV [33, 34]. As

shown in Fig. 5 (left), the y dependence of the J/ψ nuclear modification factor is in agreement with
theory models based on a pure cold nuclear matter effects as nuclear shadowing, as well as partonic
energy loss or color glass condensate.
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Figure 5: Left: RAA measured by LHCb at
√

sNN = 8.16 TeV compared to several theory calculations. Right:
nuclear modification factor (QpPb) measured by ALICE as a function of centrality at forward rapidity [31]

Similar studies in p-A collisions have been performed also for the ϒ states. In the rather large
rapidity range covered by the four LHC experiments, no clear rapidity dependence is observed and
the size of cold nuclear matter effects is weaker with respect to the J/ψ .

4. Conclusions

Open and closed heavy-flavour are confirmed to be crucial tools to investigate different aspects
of the plasma of quarks and gluons. The most recent results from RHIC and LHC have remarkably
increased the precision reached so far, allowing a very detailed study of both the nuclear modifica-
tion factor and the elliptic flow. A simultaneous description of those two aspects of the interaction
between particles and medium is now challenging for theoretical models. Futhermore, the accuracy
of the new results allow comparative studies of B and D mesons, in the open heavy-flavour sector,
and charmonia and bottomonia in the closed heavy-flavour one. These measurements, now within
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reach in a wide kinematic range and at several centre-of-mass energies, are going to sharpen our
knowledge, providing further insight in the characterization of the QGP.
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