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This contribution summarizes a selection of recent results from the AL-
ICE experiment. We show the cross section of beauty jets in pp collisions,
as well as the charmed baryon-to-meson production ratios, down to un-
precedentedly low momenta at /syn = 5.02 and 13 TeV collision energies.
We present the nuclear modification of D° jets and the vy of non-prompt
DY in Pb—Pb collisions at VsnN = 5.02 TeV. We also discuss the implica-
tions and constraints from comparing these data to some of the most recent
theoretical models.
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1. Introduction

Heavy-flavor quarks (charm and beauty) are produced in early partonic
processes of high-energy collisions, thus they provide a unique opportunity
to probe the entire evolution of the strongly interacting system [1]. Heavy-
flavor production in proton—proton (pp) collisions serves as a fundamental
benchmark for quantum-chromodynamics (QCD) calculations and fragmen-
tation in the mesonic and baryonic sectors. The production of heavy flavor
in small collision systems is generally described using the factorization ap-
proach, where the production cross section of a certain hadron is described
in terms of three independent factors: (i) the parton distribution functions
of the incoming hadrons, (i) the cross section of the elementary parton—
parton scattering in which the heavy quarks are produced, and (i) the
heavy-quark fragmentation function into the given hadron. Since the mass
of heavy quarks is significantly above the QCD energy scale (mp . > Aqcn),
their production can be used to test perturbative QCD models down to low
momenta. To the contrary to the light jets which are mostly initiated by
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gluons, heavy-flavor jets are initiated by quarks (¢ or b). By the compar-
ison of their production, the effect of different color charges of quarks and
gluons can be tested. On the other hand, fragmentation of massive heavy
quarks is generally harder due to the dead-cone effect [2, 3]. In addition,
heavy-flavor probes in proton on heavy-ion (p—A) collisions test cold nuclear
matter effects. Conversely, heavy-ion (A-A) collisions allow for the detailed
mapping of transport properties, collective motion, and the thermalization
of the quark—gluon plasma (QGP).

In the measurements recapitulated here, heavy-flavor hadrons are recon-
structed via their hadronic decay channels using the ALICE Inner Tracking
System (ITS) and the Time Projection Chamber (TPC) at central rapidity
(In] < 0.9). Electrons from the semi-leptonic decays are identified with the
Electromagnetic Calorimeter. Since the lifetime of heavy flavor is long, the
sample purity is enhanced using the I'TS based on the identification of the
displaced decay vertex (c7. ~ 100-300 pm, c1, ~ 400-500 pm compared to
the ITS secondary vertex resolution that is less than 100 pum) [4]. Charged-
particle identification is done in the TPC using specific energy loss (dE/dx)
aided by precise time-of-flight measurements by the TOF detector, while
the VO detectors at forward rapidity are used for event characterization.
A detailed description of the ALICE apparatus can be found elsewhere [5].

2. Heavy-flavor production in proton—proton collisions

ALICE has measured the production of both the prompt and the non-
prompt (beauty-hadron decay) contributions to the non-strange D° and D+
meson yields down to very low momenta (pr = 0), as well as the yields
of the strange D [6]. The yields of both charm and beauty hadrons are
typically well-described by several models based on factorization [7, 8], al-
though GM-VFNS tends to underestimate the non-prompt D-meson yields.
The left panel of Fig. 1 shows the fraction of heavy-flavor decay electrons
stemming from beauty hadrons, compared to FONLL [7] calculations. Cur-
rently available data on heavy-flavor meson and electron production already
provide strong constraints for models.

Jets containing heavy flavor serve as a direct proxy for the heavy quark.
In ALICE, charm jets are identified by tagging a D° meson within a jet [9],
while b-jets are tagged using different methods based on the displacement
of secondary vertex [10]. The current data already strongly restrict models
and provide a unique opportunity to study flavor-dependent jet properties.
The right panel of Fig. 1 shows the cross section of b-jet production at
Vs =5.02 TeV and 13 TeV. A hardening of the pp-spectrum can be observed
at higher collision energies.
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Fig. 1. Left: The ratio of electrons from beauty-hadron decays to those from heavy-
flavor hadron decays in pp collisions at /s = 13 TeV, for 1.3 < pr < 8 GeV/c.
Right: Comparison of the fully corrected b-jet spectra for pp collisions at /s =
13 TeV and 5.02 TeV.

The comparison of charm-baryon production to that of charm mesons is
specific to charm hadronization. ALICE measured the A} /DO ratios down
to pr = 0, for collisions at /s = 5.02 TeV as well as 13 TeV as shown in
Fig. 2.
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Fig.2. The A} /D baryon-to-meson ratio in pp collisions at /s = 5.02 TeV (left)
and 13 TeV (right), down to pt = 0, compared with model calculations [11-14].

The ratios are underestimated by models based on the factorization
approach with fragmentation functions from ete™ collisions [15], which
suggests that the universality of heavy-flavor fragmentation is broken in
hadronic collisions. While several scenarios have been suggested, includ-
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ing color reconnection beyond leading order [11], coalescence of charm and
light quarks [12, 13|, and the presence of an augmented set of charmed reso-
nances |[14], the current understanding is far from complete, as heavier charm
states (201, 20 20) still pose a challenge for these models [16-18]. Fu-
ture event-shape-dependent measurements as well as heavy-flavor jet and
correlation measurements will help clarify this question [19].

3. Toward larger systems

Heavy-flavor measurements in larger (p—A and A-A) systems probe the
energy loss and collectivity effects caused by hot and cold nuclear matter. In
p—Pb collisions, cold nuclear effects are not significant by the current exper-
imental precision [10]. On the other hand, a significant nuclear modification
is visible in the case of Pb—Pb collisions. Figure 3 (left) shows the nuclear
modification factor Ra4 for DY-tagged jets at /s = 5.02 TeV. The D jets
are less suppressed than DY mesons, which may be caused by the sensitivity
of jets to different energy loss of quarks and gluons (color-charge effect), and
possibly to the mass (dead cone) effect. Note also that the measurements
of both the D meson and the A} baryon indicate a higher Ra4 value at

intermediate pt values, which suggests that the hadronization mechanisms
are also modified by the QGP [20].
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Fig.3. Left: The Ra4 of D° jets compared to that of inclusive charged-particle
jets and the average of D mesons in Pb—Pb events from the 0-10% centrality class
at y/s = 5.02 TeV. Right: Non-prompt D° vy in Pb-Pb collisions at /s = 5.02 TeV
in the 30-50% centrality class.

In the pp < 8 GeV/crange, the non-strange D-meson R 4 4 is significantly
higher than that of light hadrons. On the other hand, D mesons exhibit
positive elliptic flow vy [21]. These two observations can be simultaneously
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understood by transport models that assume charm-light quark coalescence
and require that charm quarks take part in the collective motion [22, 23]. An-
other model interprets the results with a modified Boltzmann and radiative
energy loss [24]. Figure 3 (right) shows the vy of non-prompt D® mesons
from beauty decays. These results are consistent with model calculations
(e.g. in [24]) that predict that a vy for beauty is non-zero but substantially
smaller than charm vy. More precise data will provide important constraints
on the extent to which beauty participates in the collective motion.

4. Summary and outlook

ALICE performed a set of measurements of the production and fragmen-
tation of charm and beauty in pp collisions. These include the first direct
measurement of the QCD dead cone, and serve as the precision pQCD bench-
mark as well as tests of parton shower and fragmentation via jet substructure
measurements. Detailed studies of fragmentation with charmed mesons and
baryons showed that fragmentation is not universal. In p—Pb collisions, cold
nuclear effects do not play a strong role in the case of heavy flavor. Measure-
ment of the nuclear modification and collectivity of different charm hadrons
in heavy-ion collisions can be interpreted with models based on charm-light
quark coalescence. The first low-pp D-jet measurement in Pb—Pb shows less
suppression than for D mesons. From the recently started Run 3 phase,
we expect two orders of magnitude more minimum-bias data with upgraded
detectors, which will allow for unprecedented differential measurements and
provide us with a golden opportunity to study the charm-baryon sector and
beauty production.
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