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ALICE is devoted to the study of the properties of the Quark—Gluon
Plasma (QGP). This state of matter is created in ultra-relativistic heavy-
ion collisions at the LHC. Heavy quarks are considered effective probes
of the QGP since, due to their large masses, they are produced in hard-
scattering processes and experience the full evolution of the hot and dense
medium while interacting with its constituents. The heavy-quark measure-
ments provide insights into processes such as in-medium energy loss and
hadronization. Measurements in proton—proton collisions provide the base-
line for interpreting heavy-ion collision results and constitute an excellent
test of pQCD calculations. In addition, proton—nucleus collisions allow
for separating cold nuclear matter effects from those created in heavy-ion
collisions due to the deconfined strongly interacting matter. In this con-
tribution, an overview of recent ALICE results for open heavy flavours,
quarkonia, and heavy-flavour jets is presented.
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1. Introduction

At the extremely high temperatures reached in heavy-ion collisions,
a phase transition occurs from ordinary nuclear matter to a QGP state in
which quarks and gluons are not confined into hadrons. The quark formation
time during the collision is proportional to the inverse of the quark mass [1].
Therefore, heavy quarks are generated early during the collision and can
experience the full evolution of the medium [2]. The quarks lose energy
while moving through the medium by collisional and radiative processes.
This energy loss is expected to depend on the path length, the QGP den-
sity, the parton colour charge (Casimir factor), and the quark mass (dead-
cone effect) [3, 4]. Thus, the following energy loss hierarchy is expected:
AFEss(9) > ABoss(u, d) > AFjgss(c) > AEloss(b).

* Presented at Ezcited QCD 2020, Krynica Zdro6j, Poland, February 2-8, 2020.
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The nuclear modification factor (R44) quantifies the medium effects that
affect the heavy quarks when they traverse the medium. This factor, de-
fined as

R — 1 dNA4/dpr
AT INARY AN Jdpr

is obtained from the ratio of the transverse-momentum-differential yields
measured in Pb-Pb and pp collisions. The scaling factor (N £ﬁ> represents
the average number of binary nucleon—nucleon collisions in Pb—Pb collisions
for a given centrality interval. If heavy quarks do not lose energy in the
medium, R44 = 1, while it drops below unity if they do. Heavy quarks are
also expected to be affected by the collective motion of the medium. This
gives rise to an anisotropic flow usually described by the components of
a Fourier expansion of the azimuthal distribution of the outgoing particles.
The second coefficient of this expansion is called elliptic flow (vg).

2. Open heavy flavour

The left panel in Fig. 1 shows a comparison of the R4 of non-strange
D mesons in central Pb—Pb collisions with theoretical calculations. The
low momentum reached in central collisions allows for setting stringent con-
straints on energy-loss models for central Pb—Pb collisions. Models without
shadowing, like the BAMPS model [5], overestimate the R4 spectrum at
low pr.
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Fig.1. Left: Ra4 of non-strange D mesons in central Pb—Pb collisions compared
with theoretical calculations. Right: Ratio of R4 of non-prompt D° mesons over
the R4 of prompt D° mesons. The data is compared with models with different
energy loss for charm and beauty. Copyright CERN, reused with permission.
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The models can be tested more rigorously by requiring a description
of multiple observables, such as R44 and vy, at the same time, over a wide
momentum range, and in different centrality intervals [6, 7]. This shows that
accurate modelling of data requires a combination of collisional and radiative
energy loss, hadronization via coalescence, cold-nuclear-matter effects, and
a realistic description of the medium evolution.

The right panel shows the ratio of the R44 of non-prompt D° mesons
over the Rya for prompt D° mesons. Prompt D° mesons, which come
directly from the charm quarks produced in the initial collision, and non-
prompt D° mesons, which are produced later by the decay of beauty hadrons,
show a different R44 at intermediate pr. Models with different energy loss
for charm and beauty can describe within uncertainties the ratio of non-
prompt over prompt DY meson R44. This is an indication that energy loss
depends on the quark mass.

The left panel in Fig. 2 shows the R44 for different particle species with
a hierarchy that is consistent with the expected difference in energy loss for
charm wversus light flavour and gluons. Strange D mesons and A, baryons
show a hint of lower suppression, compared to non-strange D mesons that
may point at recombination effects. Models that include hadronization via
coalescence reproduce D, data within uncertainties.
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Fig.2. Left: Ra4 in central Pb—Pb collisions for multiple types of particle species.
Right: A} / DU ratio as a function of multiplicity for several pr intervals. Copyright
CERN, reused with permission.

The right panel in Fig. 2 shows the A} /D ratio as a function of mul-
tiplicity in pp, p—Pb, and Pb—Pb collisions for several pr intervals. This
ratio shows an enhancement at low pr compared to ete™ collider measure-
ments in which A} /D® ~ 0.1 [8]. The multiplicity dependence of the A} /D°
ratio shows that the enhancement remains higher than electron—positron col-
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lider measurements even for low-multiplicity pp collisions, suggesting that
charm-quark recombination with quarks from the surrounding hadronic en-
vironment may already occur in small systems.

3. Quarkonium

At high temperatures, colour screening in the QGP results in the sup-
pression of quarkonium production [9]. Different quarkonium states have
different binding energies, which results in the expectation of a sequential
melting of states when colliding nuclei at higher energies [10]. On the other
hand, the c¢ multiplicity increases at higher collision energies. This leads to
the expectation of an enhancement of quarkonia production via recombina-
tion at hadronization.

The left panel of Fig. 3 shows the R4 as a function of multiplicity for
inclusive J/v¢ mesons in two rapidity intervals. This R44 measurement has
a significantly improved precision and pr reach compared to previous mea-
surements [11]. At higher multiplicities, the R44 at midrapidity is higher
than at forward rapidity. This observation may suggest that recombination
effects are stronger at midrapidity, where the charm-quark density is higher.
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Fig.3. Left: Raa as a function of multiplicity for inclusive J/v in two rapidity
intervals. Right: Ra4 as a function of (Npa) for two 7 states along with model
predictions. Copyright CERN, reused with permission.

The centrality dependence of the R4 is shown in the right panel of
Fig. 3. The data show a slight bottomonium centrality dependence and
match well with the model predictions [12]. A stronger suppression of 7°(25)
than 7°(15) is observed.
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For J/1) mesons, measurements show a positive v in a large-pr range
at forward rapidity. This is illustrated in the left panel of Fig. 4. The
bottomonium vy is consistent with zero, however, more data are needed
for a conclusive interpretation on the difference between .J/v¢ and bottomo-
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Fig. 4. Left: vy as a function of pr for inclusive J/¢. Right: 7°(15) vy as a function
of pr compared with inclusive J/1 vy and different models [13]. Copyright CERN,
reused with permission.

4. Heavy-flavour jets

Jets originate from hard parton—parton interactions. In ALICE, heavy-
flavour tagged jets are measured down to low jet pt (5 GeV/c). The study of
jets provides experimental data for gluon-to-hadron fragmentation functions
and gluon PDF at low-z. The study of jet quenching provides additional
information to further characterise parton energy loss in the QGP.

Figure 5 shows the first measurement of the A} probability density dis-
tribution of the parallel jet momentum fraction (zﬁh) compared to data. The
PYTHIA 8 SoftQCD model has the best agreement with data.

Jets with beauty hadrons were reconstructed exploiting the displaced
impact parameter of b-hadron decay tracks to the primary vertex. The ob-
served yields are consistent with POWHEG. The nuclear modification factor
in p-Pb (Rppy,) for B-tagged jets is shown in the right panel of Fig. 5. No
cold-nuclear-matter effects are observed within uncertainties using B-tagged
jets.
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Fig.5. Left: Probability density distribution of the parallel jet momentum fraction
(zﬁh) for Af-tagged jets compared to expectations from Monte Carlo generators.
Right: R,py for B-tagged jets with a comparison of measurements by ALICE and

CMS [14]. Copyright CERN, reused with permission.
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