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Abstract. The use of probes containing heavy quarks is one of the pillars for the study of
medium formed in high energy nuclear collisions. The conceptual ideas formulated more
than two decades ago, such as quark mass hierarchy of the energy that the probe lose in
the media and color screening of bound heavy quarkonia states, have being challenged
by the measurements performed at RHIC and LHC. A summary of the most recent ex-
perimental observations involving charm and bottom quarks in pp, pA, and AA collisions
from collisions energies extending from

√
sNN =200 GeV to 8 TeV is presented. This

manuscript also discuss possibilities of new measurements which can be at reach with
increased statistics and detector upgrades.

1 Open heavy flavor: Charm and Bottom Quarks

The characterization of media formed in high energy collisions, such as the Quark-Gluon-Plasma
(QGP), relies on the use of a probe which is produced and do not shower in the vacuum before the
medium formation. Probes with different rest masses are required, and measurements may extend in a
broad transverse momentum range. Charm(bottom)-quarks have formation times of 0.07(0.01) fm/c,
much earlier than any prediction for QGP formation. The number of charm and bottom quarks, once
created by a hard scattering, is preserved when crossing the medium [1–3]. Two main steps are needed
to understand the heavy flavor (HF) probe before use it to make QGP tomography: 1) understand the
production mechanisms and cross-sections in p+p collisions; and 2) understand how the HF sources
are affected when the nucleon is in a nucleus.

Heavy flavor cross-section measurements reached a level of precision much better than the state-
of-the-art perturbative Quantum Cromodynamics calculations, some examples can be found in [4–6].
Heavy flavor is mainly produced from gluons at RHIC and LHC. According to PYTHIA simulations
of hard processes [7], heavy-quark pair creation and next-to-leading-order flavor excitation are the
dominant production sources at RHIC energies (

√
sNN =200 GeV). Figure 1 shows how these pro-

cesses produce different azimuthal correlations of muons from cc̄ and bb̄ pairs. As the energy increases
at Tevatron and LHC, the gluon splitting contribution becomes dominant [8]. This is a fundamental
difference between HF production at RHIC and LHC.

Initial state effects must be considered for HF production in collisions involving nucleus. Data
from d+Au collisions taken at RHIC shows a significant enhancement of HF yield relative to p+p
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Figure 1: Azimuthal correlation of charm and bottom pairs from PHENIX at RHIC described by
different heavy flavor production processes obtained from PYTHIA [7].

collisions at mid- and backward-rapidities [9, 10], corresponding to moderated to large fractional mo-
mentum x. Measurements from p+Pb collisions at LHC typically show no significant yield modifica-
tion at mid- and backward rapidities [11, 12], however ALICE also reports a significant enhancement
for the most central collisions. One explanation for these enhancements is incoherent multiple scat-
tering of the initial gluon in the nucleus matter [13] and Cronin pT broadening [14]. A significant
HF suppression is observed at the forward direction of p+Pb collisions by LHCb [12], covering par-
tons with small fractional momentum x. This suppression is attributed to shadowing [15], energy loss
before the hard scattering [16], and gluon saturation [17, 18].

Heavy quarks lose energy ∆E when crossing the QGP medium through collisional scattering and
gluon radiation [19]. Between 80-70% of high pT mesons are consistently suppressed in central heavy
ion collisions at RHIC and LHC, regardless its mass or collision energy [20]. Data from STAR (D-
mesons) [1], PHENIX(c+b → e) [21], ALICE(D-mesons) [22] and CMS(D-meson, B-meson and
B→J/ψ) [23, 24] indicate that quark mass dependency on the energy loss in the QGP (∆E(u, d) >
∆E(c) > ∆E(b)), caused by the suppression of gluon radiation in a cone ∆θ < mq/E [25] where mq

is the quark mass and E its energy, is apparently relevant only for pT � mq. Figure 2 compares the
nuclear modification fraction RAA of charm and bottom decays at RHIC using unfolding of electron
decays on the left panel; D-mesons, B-meson and B → J/ψ at LHC are shown on the right panel.
It is still not evident the maximum pT where the meson suppression has a flavor dependency. Extra
caution is also needed to interpret the data sets to account for the presence of initial state effects, such
as the yield enhancements observed in d+Au collisions at RHIC.

Direct access to the initial heavy quark can be done with jets. CMS reported that b-jets with
pT >80 GeV/c have the same suppression as inclusive jets dominated by light quarks and gluons
[26]. One possible explanation for the similar behavior between light and heavy quarks in the QGP
medium is that heavy quarks are mainly produced in gluon splittings at LHC. Heavy quarks from
these processes behave like gluons crossing the medium [27]. A preliminary study performed by CMS
selects back-to-back b-jet pairs, minimizing the contribution of gluon splittings. The modification of
the momentum imbalance between the b-jet pair in Pb+Pb collisions, relative to p+p collisions, still
shows the same behavior as inclusive jets.

The second (elliptic flow) and third (triangular flow) Fourier components vn of D-meson azimuthal
asymmetry relative to the event reaction plane, measured at RHIC [28] and LHC [29, 30], indicate that
charm quarks are strongly coupled to the medium with a significant diffusion coefficient. However,
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Figure 2: Nuclear modification factor of charm and bottom quarks versus transverse momentum mea-
sured by PHENIX at RHIC (left) and CMS at LHC (right).

significant v2 have also been seen in many small system measurements, such as d+Au and p+Pb
collisions.
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Figure 3: (left) Binding energy of several quarkonium states in vacuum [31] along with an esti-
mation for the quark-gluon plasma peak temperature at RHIC [32] as hashed area. (right) Relative
Υ(2S)/Υ(1S) yields versus particle multiplicity in p+p, p+Pb and Pb+Pb collisions measured by CMS
[33].

Quarkonia states have a broad range of binding energies (Fig.3-left). The suppression (or not) of
these different states depends on the local free energy of the medium. Recent experimental studies
started to emphasize on the relative nuclear modifications between different quarkonia states, cancel-
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ing out initial state effects. Examples are the suppression of the ψ(2S) relative to J/ψ in small system
collisions at RHIC and LHC [34–36].

According to charm cross section measurements, each central Au+Au collision at RHIC produce
around 20 cc̄ pairs. In LHC this number is ten times larger. There is a significant probability for these
charm quarks to recombine and form a new source of bound state charmonia in heavy ion collisions.
PHENIX measurements indicate that J/ψ is less suppressed at mid-rapidity, where the number of cc̄
pairs is the largest, compared to large rapidity [37]. Measurements in ALICE shows a nuclear modi-
fication similar to the large rapidity reported by PHENIX only at high pT . The suppression is largely
reduced towards low pT [38]. These two observations can be evidences of charm recombination. A
significant J/ψ elliptic flow v2 is observed by ALICE [39], suggesting that the charm flow is transfered
to J/ψ produced from coalescence.

Because of the much smaller number of bb̄ pairs available per event, bottomonium states are ex-
pected to have small contribution from bottom recombination, even at LHC. A sequential suppression
of Υ states has been observed by CMS in several collision systems. A pattern emerges when looking
at Figure 3-right, which shows the ratio between Υ(2S)/Υ(1S) yields versus particle activity in the
event at the same rapidity range of the measured Υ yields. The relative suppression of the weaker
bounded 2S state increases with local particle density, regardless the collision system (p+p, p+Pb or
Pb+Pb) [33]. This observation challenges the long standing picture of color screening of quarkonia
states only in QGP medium [40].

3 Conclusions, Future Studies and Facilities

More than 15 years of data from RHIC and LHC shows that the QGP medium formed in high-energy
nuclear collisions is opaque to high pT hard probes, and the energy the hig-pT probe lose in the
medium does not depends on its constituent quark mass. The transition where the quark mass matters
for the energy that the probe lose in the medium is still to be determined. Caution is also needed to
correctly account for nuclear effects before the probe cross the medium. More studies are also needed
for a conclusion on the diffusion coefficients obtained from charm flow measurements. The questions
raised above drive the interest on low-pT heavy quark measurements in the near future. New results
will emerge from the data being analyzed from the recent high luminosity RHIC runs and LHC.

Higher harmonics vn > 2 are starting to be available for D-mesons. Preliminary results on B-
meson v2 started to be available by CMS collaboration. The set of HF vn measurements will help
to elucidate how heavy quarks couple with the medium, and indicate how geometrical aspects of
the collisions affect these results. Heavy quark correlations using semi-leptonics decays, mesons or
jets have also a potential to select different production processes and even quantify the magnitude of
collisional and radiative energy loss in QGP. Several detector upgrades are expected in LHC accessing
a new level of precision in HF measurement. The sPHENIX upgrade at RHIC [41] will dedicates to
jets and HF measurements, including D-, B-mesons and b-jets.

We are seeing a new wave of measurements now focusing in the excited state charmonia and bot-
tomonium. Yield modifications relative to ground states reduces misinterpretations caused by initial
state effects. Recent measurements of Υ indicate that states with weaker binding have a suppression
relative to ground states which mainly depends on the local particle densities, regardless the collision
system. New Υ measurements are expected from RHIC with different particle densities. Measure-
ment of radiative decays of χC states is a promise from LHCb, which would greatly expands the
understanding of charmonium breaking in heavy ion collisions.
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