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Open heavy flavor and quarkonia have long been identified as ideal probes for understanding
the quark-gluon plasma (QGP). Heavy quarks are produced in the early stage of the heavy-
ion collisions. Therefore they experience the evolution of the medium produced, providing an
important tool to investigate the properties of the QGP. In particular, the magnitude of the elliptic
flow measured at the LHC is interpreted as a signature of the charm-quark thermalization in
the QGP. This is reflected in the azimuthal anisotropies of the final particles. In addition, the
observation of collective-like effects in high-multiplicity pp and p-Pb collisions provides new
insights on the evolution of QGP-related observables going from large to small collision systems.
A better understanding of heavy-quark energy loss, quarkonium dissociation, and production
mechanism can therefore be obtained with those system-size dependent observables. We present
recent results of the J/¢ and open heavy-flavor hadrons flow in pp, p—Pb, and Pb—Pb collisions
carried out by the ALICE collaboration.
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Introduction

The production of heavy quarks, which occurs during initial hard-scattering processes of
hadronic collisions, can be described using perturbative Quantum Chromodynamics (pQCD) cal-
culations. In heavy-ion collisions, heavy-quark production is sensitive to the entire evolution of the
QGP. Investigating the thermalization of heavy quarks within the QGP provides valuable insights
into its physical properties. By measuring open heavy-flavor hadrons and quarkonia, one can deter-
mine whether heavy quarks inherit flow from the QGP. Heavy quarks are also produced in smaller
systems, where notable similarities have been observed at high pt between high-multiplicity p—Pb
and Pb-Pb collisions for observables typically associated with QGP signatures, such as long-range
azimuthal correlations. These findings suggest the presence of collective phenomena in small sys-
tems [1]. Thus, investigating flow observables in the heavy-flavor sector is crucial for establishing
and characterizing the collective behavior of charm and beauty quarks in small systems. This can be
done using azimuthal correlations of emitted particles, through the measurement of the elliptic flow
,V2, in various colliding systems such as pp, p—Pb, and Pb—Pb. In this contribution, we present the
latest flow measurements of D mesons, of inclusive muons from hadron decays, and of quarkonia
at different collision energies. We will also compare those results with theorical models.

The ALICE apparatus measures inclusive charmonia at forward rapidity (2.5 < y < 4) through
the dimuon decay channel. At midrapidity, prompt and non-prompt heavy-flavor hadrons (with
non-prompt originating from b-hadron decays) can be well distinguished. The key detectors at
midrapidity include the Inner Tracking System (ITS), which is essential for tracking, vertexing, and
measuring charged-particle multiplicity, and the Time Projection Chamber (TPC), which is utilized
for tracking and particle identification by measuring specific energy loss. At forward rapidity,
the muon spectrometer, consisting of a system of absorbers, a dipole magnet, and tracking and
triggering stations, is used for reconstructing and identifying muon tracks. The VO detector, which
ensures a minimum-bias trigger, measures particle multiplicity, centrality and event-plane angle for
the flow measurements. Additionally, inclusive hadrons at both forward and midrapidity can be
measured down to zero pr. A detailed description of the ALICE detector is available in Ref. [2].

Results

The following section presents the v, measurements of heavy-flavor hadrons across various
collision systems. These results provide new constraints on theoretical models in order to understand
heavy-quark collectivity. Open heavy-flavor hadrons, composed of light and heavy quarks, are
crucial for studying the transport coefficients of QGP. In the left panel of Fig. 1, the average v, of
prompt D°, D*, and D** mesons is compared with the non-prompt D°-meson v,. The non-prompt
D -meson v, is lower than the prompt non-strange D mesons with 3.20" significance in 2 < pr <
8 GeV/c, indicating different degrees of thermalization between charm and beauty quarks in QGP.
The weighted mean of the non-prompt D%-meson v, in the measured prrange (2 < pr < 12GeV/c¢)
is 2.70 above zero [3]. In the right panel of Fig. 1, the same non-prompt D°-meson v, (blue) is
compared with the v, of electrons from beauty-hadron decays (b— ¢ — e) [4]. Both measurements
are also compared with theoretical models. The Linearized Boltzmann with diffusion model (LIDO)
[5] provides reasonable descriptions for these measurements, implementing beauty-quark transport
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in a hydrodynamically expanding QGP, including collisional and radiative processes. Beauty-quark
hadronisation via coalescence is considered in addition to the fragmentation mechanism. The good
agreement between the predictions for B-meson and non-prompt D°-meson v, from LIDO indicates
that the decay kinematics do not play a significant role in the beauty-hadron v, measurements.
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Figure 1: Left: v, of non-prompt D mesons (blue) and prompt non-strange D mesons (red) as a function
of pt [3]. Right: v, of non-prompt DY mesons [3] (blue) and electrons from beauty-hadron decays [4] (red)
as a function of pr. Both measurements are measured in the 30-50% centrality class in Pb—Pb collisions
and are compared with LIDO model predictions [5], [6].

These measurements will provide important constraints to model predictions, allowing to
extract accurately the spatial diffusion coefficient of beauty quark in QGP. Another way to study
experimentally the flow in the heavy-quark sector is by using inclusive muons from heavy-flavor
hadron decays. Figure 2 presents the pr-differential elliptic flow coefficient, v’z‘ , of inclusive muons,
with non-flow effects subtracted in the 0-20% multiplicity class for p—Pb collisions at \/syn = 8.16
TeVv.
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Figure 2: Flow of inclusive muon v
collisions at \/syn = 8.16 TeV.

5 as a function of pr at forward rapidity in high-multiplicity p-Pb

This new measurement covers for the first time a wide transverse momentum range of 0.5 <
pt < 10 GeV/c in the forward rapidity region. The data reveal an initial increase in v'g with rising
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pr, reaching a peak value of approximately 0.07 at pt ~ 2 GeV/c, followed by a decrease as pr
continues to increase. The region of particular interest for studying the flow in the heavy-quark
sector is pt > 2 GeV/c, where muons predominantly originate from heavy-flavor hadron decays
and surpass contributions from light-hadron decays (such as charged-pion and -kaon decays at low
pt).- The results are compared to a multi-phase transport (AMPT) [7] and color-glass condensate
(CGC) [8] models in the left and right panel, respectively. Both models describe the data within
uncertainties. The measurements were performed using two-particle correlations v’; {2PC} [9].
Statistical uncertainties (represented by vertical bars) were estimated using the Fourier fit method,
while systematic uncertainties are depicted by empty boxes. These results suggest that heavy quarks
exhibit significant flow at mid-to-high pt in p—Pb collisions.

In order to study the contribution of charmonia in collective effects in hadronic collisions, the
elliptic flow v, of J/iy was measured across various colliding systems.
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Figure 3: The pt dependence of vg/ Yin pp, p—Pb [10], and Pb—Pb [11] collision systems.

In Fig. 3, the flow measurement in pp is presented and compared with p—Pb [10] and Pb—Pb
[11] flow data. The v, measurement in high-multiplicity pp and p—Pb collisions is obtained using
azimuthal correlations between inclusive dimuons and charged hadrons. The Pb—Pb measurement is
obtained using the scalar product method (SP). For p—Pb collisions, the elliptic flow of J/i exhibits
similar values to those observed in Pb—Pb collisions when pt > 4 GeV/c, suggesting a shared
mechanism for generating flow in both collision systems. Nonetheless, the TAMU transport model
[12], which successfully describes v, in Pb—Pb collisions, interprets this observation as a result of
energy loss. At low pr, the flow contribution is understood to result from the regeneration of J/iy.
Alternatively, other theoretical frameworks based on initial-state models, like CGC, predict that
correlations among final-state particles could produce flow-like effects [13]. In pp collisions, the
I/ vy does not significantly deviate from zero as a function of pt. This finding holds true even when
considering the v, integrated over pr in the range 1 < pt < 12 GeV/c, where the deviation from
zero is within 1o-. Therefore, within the current uncertainties, no collective behavior is observed for
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the J/y in high-multiplicity pp collisions at the LHC. Finally, the significantly larger Run 3 dataset
as compared to Run 1 and 2 will enable more precise flow measurements, providing unprecedented
breakthrough for the understanding of the flow of heavy quarks in hadronic collisions.
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Figure 4: Left: Fit of the invariant mass distribution 7., at midrapidity in pp collisions at 4/s = 13.6 TeV,
showing the extracted inclusive J/¢ and y(2S) signals. Right: Fits of m,,,, v4* {2} and vj* {4} distributions

at forward-rapidity in Pb—Pb collisions at y/syy = 5.36 TeV, where the inclusive J/y, v;/ w{Z} and v;/ w{4}
are also extracted (fraction of the total Pb—Pb statistics).

The left panels of Fig. 4 show the signal extraction of inclusive J/¢ and ¢ (2S) from the m,,
distribution at midrapidity (]y| < 0.9) in pp collisions at v/s = 13.6 TeV, with tracks selected by
pt > 1 GeV/c. An event-mixing technique was applied for unlike-sign di-electrons. In the right
panels of Fig. 4, the signal extraction of inclusive J/i from the m ,, distribution at forward rapidity
(2.5 < y < 4) in Pb-Pb collisions at 4/syn = 5.36 TeV is presented on top. Additionally, the two
bottom right panels show the multi-particle cumulant coefficients v';‘ H{2} and v’; H{4} as function
of myy.

Summary

We have shown that non-prompt D° mesons exhibit a lower v, compared to prompt D mesons
in Pb—Pb collisions, indicating different degrees of thermalization between charm and beauty
quarks within the QGP. In p—Pb collisions, a notable elliptic flow is observed for inclusive muons
at pt > 2 GeV/c, highlighting the contribution of heavy quarks to collective effects. For J/y
mesons, the elliptic flow in p—Pb collisions shows similarities to Pb—Pb collisions, suggesting a
shared mechanism for generating flow. However, in high-multiplicity pp collisions, the J/y v
remains close to zero, indicating the absence of significant collective behavior in these smaller
collision systems. Finally, using Run 3 data, we present the first signal extraction of J /¢ at mid and
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forward rapidity in pp and Pb—Pb collisions, respectively. At forward-rapidity, a new "multiparticle

Iy

cumulant” method is shown for the first time to extract vy'" with improved precision, reducing

non-flow effects.
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