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Abstract.
Heavy quarks are important tools to study the properties of the hot and dense nuclear matter

created in heavy ion collisions. They are produced very early, in the initial interactions with large
momentum transfer, and are expected to interact differently from light quarks with the nuclear
medium. Measurements of heavy flavor production can provide insights into transport and
thermodynamics properties of the created system. In this paper, I give as a brief introduction
to the experimental studies of heavy flavor production in relativistic heavy ion collisions and
discuss related challenges.

Introduction
Relativistic heavy ion collisions provide a unique opportunity for studying Quark-Gluon Plasma
(QGP), a new state of nuclear matter with properties determined by quark and gluon degrees
of freedom. In heavy ion collisions, we use an approach analogous to tomography for studying
the QGP: We select an external probe, whose properties (production mechanism) are under
experimental and theoretical control, which propagates through the medium. Then we can infer
properties of the analyzed system from modification of the probe. Heavy quarks, charm and
bottom, serve as such external-to-QGP probes. Because of their large masses, they are produced
very early in the collision, in the initial interactions with large momentum transfer, before the
QGP phase. Their production, both total and differential cross-sections, are well described by
perturbative QCD (pQCD). Energy loss and elliptic flow of open heavy flavor are sensitive to
the dynamics of the medium; such measurements could be used to determine the fundamental
properties of the QGP, for instance transport coefficients (for details, see Ref. [1] and references
therein). Elliptic flow of heavy quarks can shed new light on possible collective behavior and
degree of thermalization of the created nuclear matter. Measurements of the production of
various quarkonium states can provide insight into thermodynamic properties of the QGP ([2]
and references therein).

In this paper, I give a brief introduction to the experimental studies of heavy flavor production
in relativistic heavy ion collisions and challenges related to these measurements. I present
experimental techniques and selected results and discuss their implications.

1. Quarkonium and open heavy flavors are different tools
Quarkonium and open heavy flavors are considered different tools for probing the QGP
properties. Quarkonium, which is a bound state of cc or bb quarks, is a color-neutral object.



Its production can proceed via intermediate color-octet states [3, 4], but after a sufficiently long
time a charmonium or bottomonium is formed. Quarkonium production is anticipated to be
suppressed in the presence of the QGP, compared to yields in p+p collisions scaled by the number
of binary nucleon-nucleon collisions, due to the Debye screening of the quark-antiquark potential
in the deconfined, partonic medium [5]. The Debye screening length depends on the temperature
of the QGP. Different quarkonium states have different binding energies and thus different radii.
Therefore, they are expected to disassociate at different temperatures [6, 7]. Thus measurements
of production of various quarkonium states can provide insight into thermodynamic properties
of the QGP i.e. its temperature. However, there are other effects that may affect the observed
production, such as modifications of a parton distribution function in a nucleus, final state
nuclear absorption or secondary production in the QGP, which I discuss in next sections.

Open heavy flavor hadrons are proxies for a single heavy quark, which carry a color charge and
thus is expected to interact differently than quarkonium with the QGP. A fast parton traversing
QGP will lose its energy due to interaction with the medium. The transport properties of the
medium are extracted by comparing energy loss dE/dx observed in the data with models, where
dE/dx is related to transport properties of the nuclear medium, for instance mean momentum
transfer squared q̂ [1].

2. We cannot measure heavy flavor quarks directly
Main complication in using heavy quarks for the QGP research is that we cannot study heavy
quark production directly: we measure final state particles. Thus open heavy flavor measurement
is always “contaminated” by light quarks. The best case scenario is a direct reconstruction
of heavy flavor mesons which gives an access to the kinematics of the parent meson. Such
measurement of D-mesons via their hadronic decay channels is feasible both at RHIC and
LHC, but it is more difficult for bottom mesons and other means are used for that purpose
(however, there are first measurements of exclusive B decays by the CMS collaboration in p+Pb
collisions [8]). The B → J/ψ (so-called non-prompt J/ψ) is a popular approach, where J/ψ
from B decays are separated from a direct J/ψ production using a pseudo-lifetime discriminating
variable. Measurement of electrons from semi-leptonic decays of heavy flavor hadrons, eHF

(sometime called non-photonic electrons for historical reasons) is an alternative way to access
heavy quarks’ production. Such electrons are obtained by first selecting inclusive electron yields
and then subtracting electrons from γ conversion (real photons conversion) or Dalitz decays of
π0 and η mesons (virtual photons conversion), called photonic background. Remaining electrons
are dominated by open heavy flavor hadron decay, but contain other contributions as well. Hence
a conservative name ”non-photonic electrons” was invented for such sample, which has to be
further corrected for contributions from weak kaon, Drell-Yan and quarkonium decays.

In the case of quarkonium, the main issue is a feed-down from excited states to ground state.
Such decays amount to 40% of J/ψ ( 10% comes from ψ′ and 30% from χc(1P)) and ∼ 40% for
Υ(1S) mostly due to χb1, χb2 decays. This feed-down is extremely difficult to measure in heavy
ion collisions because χ decays involve soft photons (energy ∼ 0.5 GeV) that are lost in a large
background from the underlying event.

3. It is crucial to understand the reference
We use nuclear modification factors RpA and RAA to quantify modification of the production in
p+A and A+A collisions (such as p+ Pb, d + Au, Pb+Pb or Au+Au), respectively, compared
to p+p interactions. They are defined as

RpA(RAA)(pT ) =
σinel
〈Ncoll〉

d2NpA(AA)/dydpT

d2σpp/dydpT
(1)



where σinel is the inelastic cross section in p+p collisions, NpA(AA) is a yield in p+A or A+A
collisions, respectively, σpp is the corresponding cross section in p+p collisions, and 〈Ncoll〉 is an
average number of binary collisions.

In the case of p+A collisions, we generally do not expect a formation of a hot and
dense matter. Thus p+Pb or d+Au measurements were introduced as a null experiments
to quantify modification of the particle yields not related to the QGP formation, so called
cold nuclear matter (CNM) effects. These include initial and final state effects. The former
affect parton distributions in a nucleus (for instance shadowing) and thus the initial production
yields. The latter modify yields or momentum distributions of final state particles. A Cronin
effect (an enhancement of transverse momentum in p+A with respect to p+p collisions) is
an example of such effect. These effects play an important role at SPS, RHIC and LHC. A
significant quarkonium suppression was observed at midrapidity and forward rapidity at SPS [9],
RHIC [10, 2] and at LHC [11, 12, 13, 14]. Overall, the suppression for J/ψ and Υ(nS) as
a function of rapidity at LHC is consistent with model calculations based on a pure nuclear
shadowing scenario [15, 16] and with models including a contribution from coherent partonic
energy loss [17, 18]. An additional final breakup cross section is needed to explain the SPS [19]
and RHIC data [10].

Experiments at RHIC and LHC recently reported collective behavior of light hadrons in
high multiplicity d+Au [20] and p+Pb collisions [21], where these hadrons have significant
elliptic flow v2 with a characteristic mass-splitting pattern [22]. These observations triggered
speculations that an enhancement of the eHF production in central and minimum bias d+Au
collisions at midrapidity at RHIC [23] could indicate a collective phenomena (radial flow) of
heavy quarks in d+Au [24]. However, this phenomenon could also be owing to the CNM
effects: The enhancement at low pT is reproduced assuming Cronin effect for charm quarks [25].
No significant suppression/enhancement for open charmed and bottom hadrons is observed at
LHC [26, 8, 11]: nuclear modification factor RpPb for D-mesons measured by ALICE is shown
in Fig. 4 (right panel).

For quarkonium, the most surprising CNM results are the strong suppression of ψ′ production
in d+Au collisions at

√
sNN = 200 GeV [27] (Fig. 1) and p+Pb at

√
sNN = 5.02 TeV [28]

and event activity dependence of Υ(nS) production in p+p and p+Pb interactions [13]. The ψ′

production is significantly more suppressed compared to J/ψ in p+Pb and d+Au collisions. One
possible explanation is a breakup in the final state, either due to interaction with nuclear matter
or with co-moving hadrons. Since this effect is significant in central p+Pb collisions at

√
sNN =

5.02 TeV, it has to be understood and taken into account in the interpretation of the quarkonium
suppression pattern in heavy ion collisions. In the case of of Υ(nS) production in p+Pb (and
also in p+p) interactions, the excited-to-ground-states cross section ratios Υ(nS)/Υ(1S) decrease
with increasing charged-particle multiplicity measured at midrapidity (Fig. 2, left panel). The
double ratios measured by the CMS collaborations, [Υ(nS)/Υ(1S)]pPb/[Υ(nS)/Υ(1S)]p+p points
to final-state suppression effects in the p+Pb which affect more strongly the excited states than
the ground state [13]. Another piece of the puzzle is Υ(1S) production in d+Au at 200 GeV
collisions. A suppression of magnitude similar to that in central Au+Au collisions is observed
there, which is difficult to explain by models.

Overall, the CNM effects are difficult to quantify because they depend on the kinematic range
(longitudinal momentum fraction x1,2 carried by the initial parton), energy and production
mechanism (i.e. kinematics) [29]. The NA60 results for J/ψ production [9] provide an
example how important it is to have a good handle on the reference measurement. Moreover,
extrapolation of these effects from p+A to A+A is not straightforward [30].
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Figure 1. Cold nuclear matter effects at RHIC. Left panel: RdAu for heavy flavor decay electrons
compared to calculations which assume a Cronin effect for charm quarks [25]. Right panel: RdAu

for charmonium (ψ′ and J/ψ) [27].

4. Color screening is a hypothesis
Quarkonium production is anticipated to be suppressed in the presence of the QGP and
measurement of different quarkonium states in A+A collisions gives a handle on the QGP
temperature. This is a well established and popular idea, which served as a motivation for J/ψ
measurements at SPS, RHIC and LHC and can be found in any conference talk on this topic.
However, this hypothesis is still to be validated, because there are other possible scenarios. For
the comprehensive review see [2, 31], here I list a few approaches successfully applied to describe
the experimental data.

In the statistical hadronization model [32], the charm and bottom quarks thermalize in
QGP and no quarkonium state is present in the deconfined state. All quarkonium states are
produced during hadronization stage, together with all other hadrons. The comovers interaction
model [33] does not assume thermal equilibrium and it does not use thermodynamical concepts.
The quarkonium suppression is caused by the final state interactions of the cc pairs with the
dense medium created in the collision. Quarkonium could be also created in the QGP, by
(re)combination charm or bottom quarks [34, 35, 36]. In the transport approach [37, 38], the
evolution of the quarkonium yield and spectrum is described by a transport relation, which
includes terms for both quarkonium dissociation and formation reactions in the deconfined stage.

RHIC data for J/ψ production at
√
sNN = 200 GeV [39] were surprising because the level

of suppression is similar as at SPS (
√
sNN = 17.3 GeV) and suppression at forward rapidity

was larger than at midrapidity (Fig. 3, right panel). This observation was consistent with the
hypothesis that there is a significant secondary production of J/ψ via coalescence of uncorrelated
charm quarks, which is now an important ingredient of various models [2, 31]. Such a trend with
rapidity can be also explained by Debye screening mechanism together with a larger suppression
due to stronger shadowing (or other CNM effects) at forward rapidity compared to midrapidity.

The J/ψ suppression as a function of pT has different trends at RHIC (
√
sNN = 200 GeV) and

LHC (
√
sNN = 2.76 TeV). At RHIC, J/ψ is strongly suppressed at low pT and then RAA increases

with transverse momentum, with a hint of suppression at high pT in central collisions [40, 39]. At
LHC, J/ψ is less suppressed at low pT than at RHIC, and suppression increases with pT [41, 42].
Such a trend is consistent with a significant contribution from J/ψ regeneration to the measured
yields.

Upsilon states are better probes of the color screening hypothesis because they are less
susceptible to CNM effects: Shadowing and final state absorption are expected to be smaller
than in the case of J/ψ (the absorption due to interaction with co-moving hadrons was predicted



to be minimal [43]). Moreover, the Υ(nS) regeneration is expected to be small and the initial-
state effects are likely to cancel in a double ratio of excited-to-ground state in heavy ion and
p+p collisions. Quarkonium suppression pattern in heavy ion collisions at RHIC and LHC is
consistent with the color screening scenario: there is a larger suppression for loosely bound
excited states compared to ground states J/ψ and Υ(1S) (Fig. 2(right panel)). However, there
are observations which cannot be explained by color screening alone. Firstly, a ratio of excited-
to-ground state as a function of event activity in p+p, p + Pb and Pb + Pb follows the same
trend (Fig. 2(left panel)), which may suggest that there is a significant final state adsorption
due to interactions with co-moving hadrons. Then, the nuclear modification factor Υ(1S) as a
function of rapidity at LHC [44] (Fig. 3, left panel) exhibits a similar trend as J/ψ at RHIC: there
is a larger suppression at forward rapidity than at midrapidity. These data present a challenge
to models which successfully described J/ψ production at RHIC and LHC assuming a color
screening and regeneration scenario [44] (Fig. 3) because secondary production of Υ(1S) via b-
quarks coalescence is expected to be small. Such a trend could also originate from stronger CNM
effects (shadowing) at forward rapidity compared to midrapidity (where even an anti-shadowing
i.e. enhancement could be expected).

The jury is still out on the question of the nature of the quarkonium interactions with a hot
nuclear matter.

Figure 2. Left panel: Single cross section ratios Υ(2S)/Υ(1S) versus charged-particle
multiplicity p+p collisions at

√
s = 2.76 TeV, p+Pb collisions at

√
sNN = 5.02 TeV and Pb+Pb

collisions at
√
sNN = 2.76 TeV. Right panel: Nuclear modification factor as a function of binding

energy for various quarkonium states at LHC [45].

5. Open heavy flavor production at high pT is suppressed at RHIC and LHC
Heavy flavor production at RHIC (D0 and eHF ) in Au+Au collisions at

√
sNN = 200 GeV and

at LHC (D-mesons and B → J/ψ in Pb+Pb collisions at
√
sNN = 2.7 TeV) is suppressed at

high pT (Fig. 4 and Fig. 5). This suppression is comparable to that for light hadrons. This
was a surprising result. Models, which described the light flavor data well assuming gluon
radiation (radiative energy loss, dE/dxrad) predicted that the heavy quark production will be
less suppressed than light partons [46]. This lead to introduction of collisional energy loss
dE/dxcoll due to binary interactions of partons with other objects in the QGP. Moreover, D-
mesons at LHC and eHF at RHIC have a significant positive elliptic flow [47, 48, 49]. These



Figure 3. Nuclear modification factor as a function of rapidity for Υ(1S) at LHC [44] and J/ψ
at RHIC [39].

observations suggest that charm quarks are strongly coupled with the medium: heavy quarks
loose a large amount of energy and acquire a significant elliptic flow during interaction with
matter created at top RHIC energy and at LHC.

At the moment it is challenging for models to describe the heavy flavor elliptic flow and
high pT suppression simultaneously. One difficulty is that the relative contributions of dE/dxcoll
and dE/dxrad is unknown. To overcome this problem, multiplication factors for dE/dxcoll and
dE/dxrad are adjusted based on the comparison with data. To understand better the interplay
of these two processes, precise measurements of suppression of charm and bottom separately are
necessary. New observables (for instance azimuthal correlations of charmed mesons [50]) could
also help to address this issue.

Figure 4. Charmed meson suppression at RHIC [51] and LHC [26].



The Beam Energy Scan (BES) program at RHIC was carried out recently to study the phase
diagram of nuclear matter and search for a phase transition and a critical point. BES results show
that elliptic flow of inclusive charged hadrons is approximately independent of beam energy (the
difference is less than 10% for 0.5 < pT < 3 GeV/c) and light hadron production is suppressed
at high pT in the energy range of 39 − 200 GeV. In Au+Au collisions at

√
sNN = 62.4 GeV,

production of eHF is not suppressed (Fig. 5, right panel). Moreover, contrary to results for light
hadrons, where a positive v2 is observed and the difference between 200 GeV and 39 GeV is
small, STAR measurements in Au+Au collisions at

√
sNN = 62.4 and 39 GeV [48] indicate that

the v2 of eHF is consistent with zero. Furthermore, the difference between 200 GeV and results
at those lower energies is statistically significant for pT < 1 GeV/c.

These results indicate that there is a difference in the interactions of the heavy quarks with
the surrounding nuclear matter at 200 GeV compared to the two lower energies and there is
already a change of the nuclear matter properties in the energy range of 62.4− 200 GeV.

Figure 5. Nuclear modification factor for electrons from semi-leptonic heavy flavor hadron
decays in Au+Au collisions at

√
sNN = 200 GeV [23] and 62.4 GeV [52].

Summary
Heavy quarks are important tools to study the properties of the nuclear matter under extreme
conditions but their measurements in heavy ion collisions are challenging and interpretation
of the results is model dependent. Precision measurements of elliptic flow and production
for charmed and bottom hadrons separately are necessary to further constrain models and to
advance our understanding of the partonic medium properties. New vertex detectors at RHIC
(Heavy Flavor Tracker at STAR and Silicon Vertex Tracker and Forward Silicon Vertex Detector
at PHENIX) and LHC (new Inner Tracking System at ALICE) will provide data which will allow
to address these issues.
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