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Abstract We describe the propagation of charm quarks
in the quark-gluon plasma (QGP) by means of an event-
by-event transport approach. In our calculations the non-
perturbative interaction between heavy quarks and light par-
tons has been taken into account through a quasi-particle
approach with thermal light quark masses tuned to reproduce
1QCD thermodynamics. We found that the flow observables
v2 and v3 of D mesons are comparable with the experimental
measurements for Pb + Pb collisions at 5.02 TeV in different
ranges of centrality selections. The results are analyzed with
event-shape engineering technique. The comparison of the
anisotropic flow coefficients v, with experimental data show
a quite good agreement with experimental data for different
flow vector ¢ selections, which confirms the strong coupling
between charm quarks and light quarks in the QCD matter.
Furthermore, we present here a novel study of the event-by-
event correlations between flow harmonics of D mesons and
soft hadrons at LHC energy with the event-shape engineer-
ing technique that can put further constraints on heavy quark
transport coefficients toward a solid comparison between the
phenomenological determination and the lattice QCD calcu-
lations.

1 Introduction

Heavy quarks (HQs), mainly charm and bottom quarks, are
produced in the early stages of a ultra-relativistic heavy-ion
collision (uURHIC) by hard processes described by pertur-
bative QCD calculations. They have been identified as one
among the few probes which may allow for a direct study of
the QGP properties. This is manly due to the following rea-
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sons related to their large masses: (i) they have a very short
formation time (r ~ 0.1 fm/c), (ii) HQs are not expected
to reach a full thermalization. Therefore, they can probe the
entire space-time evolution of the matter created in these col-
lisions. Furthermore, due to their interaction with the medium
produced (quarks and gluons) they can keep this information
in their final state as constituent of heavy hadrons mainly D,
B mesons and A, Ap baryons. Among the several observ-
ables studied in uRHICs two of them have been long inves-
tigated for HF hadrons: the heavy mesons nuclear modifica-
tion factor R44(pr) [1-3], and the so called elliptic flow,
v2(pr). The first gives an information about the change of
the spectrum in AA collision with respect to a simple pp
superposition. The second gives a measure of the anisotropy
in the particle angular distribution and allows to investigate
the coupling of the HQs with the medium and their participa-
tion in the collective motion. Both these quantity have been
extensively used as probe of the Quark Gluon Plasma [4,5].
From a theoretical point of view, in recent years, several stud-
ies have done efforts in the direction of studying both of these
observables to understand the heavy quark dynamics in QGP
[6-22].

More recent measurements on the D mesons and A, pro-
duction in nuclear collisions unfolded the possibility to get
access to richer information. In particular, some studies have
opened the way to address the issue of medium-modification
of heavy-flavour hadronization making possible to get infor-
mation about the hadronization process and possibly validate
models based on the recombination [23]. Recently these stud-
ies have been extended to the case of small collision systems
like proton—nucleus and proton—proton collision providing
insight on the heavy flavor hadronization mechanism and the
possibility that also in such small systems the QGP can be
formed [24].
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More information about the interactions of heavy quarks with
the medium can be obtained through measurements of the
azimuthal distributions of heavy-flavour hadrons produced
in a HIC. Because of the interaction of heavy quarks with the
medium, the spatial anisotropy in the early stages of nucleus-
nucleus collisions is converted into an azimuthally aniso-
tropic distribution in momentum space for the final particles
produced from the QGP. The anisotropy is characterised in
terms of the Fourier coefficients v,, of the final distribution
respect to the symmetry-plane angles ¥, (for the harmonic
of order n). The second coefficient of this expansion is the
elliptic flow vy which is the dominant contribution in non-
central collisions. The higher order harmonics usually stud-
ied are the triangular flow v3, and the v4; the measurement
of odd harmonics of heavy-flavour hadrons or their event-
by-event fluctuations coming from the random nucleon posi-
tions can provide a richer information on the initial condi-
tions. Recently, the triangular flow v3 has been investigated
in studies based on Langevin or Boltzmann approaches on
an event-by-event analysis [25-29]. One of the new tools
that can be used to further investigate the dynamics of heavy
quarks in the medium is the Event-Shape-Engineering (ESE)
technique [30]. This technique enables to select events in
heavy-ion collisions characterized by an high or low eccen-
tricity, furnishing the chance to study the system evolution
dynamics and the role of the initial conditions. This technique
was first used by the ALICE Collaboration in the light-flavour
sector to study the interplay between the initial geometry of
the nucleus-nucleus collisions and the subsequent evolution
of the system [31] and recently it was extended to investigate
the sensitivity of the D meson v, to the event-shape selection
[32]. These measurements have shown a sizeable sensitive-
ness to the event-shape selection, confirming a correlation
between the D-meson azimuthal anisotropy and the underly-
ing collective expansion of the bulk matter. In this paper we
use an event-by-event transport approach for the evolution
of heavy quarks and we study the correlation of heavy-quark
anisotropic flows v, — v,, performing an analysis with the
ESE technique.

The paper is organized as follows. In Sect. 2 we briefly
discuss the Boltzmann transport approach used to describe
the HQs evolution and the hadronization model used, fur-
thermore we will describe the initial conditions employed in
the simulation. In Sect. 3 we discuss the comparison between
the simulation results and the experimental data for the ani-
sotropic flows coefficients v, at different centralities. In Sect.
4 we introduce the ESE technique and we show and discuss
the outcome for the anisotropic flows coefficients and their
correlations. Finally, Sect. 5 contains a summary and some
concluding remarks.
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2 Heavy quarks transport approach

We use a transport code developed to perform studies of the
dynamics of relativistic heavy-ion collisions at both RHIC
and LHC energies [33-43]. The space-time evolution of glu-
ons and light quarks as well as of charm quarks distribution
functions is described by mean of the relativistic Boltzmann
transport (RBT) equations given by

pgaufq(x,P) zc[fqvfg](xqqu) (1
Pgaufg(X,P) :C[fqvfg](xgapg) (2)
pua/lfQ(xvp)ZC[fqv fg’ fQ](va) (3)

where f;(x, p) is the on-shell phase space one-body distri-
bution function for i-¢h parton species and in the right-hand
side C[fy, fq, fol(x, p) is the relativistic Boltzmann-like
collision integral accounting for 2 — 2 scattering processes.
For the distribution functions of the quarks and gluons that
compose the QGP medium, the evolution is described by
Egs. (1) and (2) in this paper. We assume that these Egs.
are independent of fp, which correspond to discard colli-
sions between charm quarks and the bulk in the determina-
tion of light quarks and gluons distribution functions, which
is by far a solid approximation. In both collision integrals
the total cross section is determined in order to keep the
ratio n/s = 1/(4m) fixed during the evolution of the QGP,
see Refs. [36,40,42,44] for more details. Furthermore, in the
present paper we have employed a bulk with thermal massive
quarks and gluons according to a quasi-particle model (QPM)
such that the system has approximately the lattice QCD equa-
tion of state, with a softening of the equation of state consis-
tent with a decreasing speed of sound approaching the cross-
over region [45]. For the heavy quark interacting with the bulk
medium we consider a QPM whose main feature is that the
resulting coupling is significantly stronger than the one com-
ing from pQCD running coupling, particularly as T — T,
(see details in Refs. [17,41]). Numerically we solve the RBT
equation using the test particle method, where the collision
integral is solved by Monte Carlo method based on stochas-
tic interpretation of transition amplitude [33,46,47]. In our
calculations the viscosity is fixed by determining the total
isotropic cross section according to the Chapman—Enskog
approximation:

T
n=f@— “
o

where z = m/T while the function f(z) is defined by the
following expression

E (12K3(z))2
16 (1522 +2)K>(22) + (323 +492)K3(22)

f@= (35)
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where K, (z) are the modified Bessel functions. As shown in
Ref. [33] the above expression for the shear viscosity 7 is in
quite good agreement with the Green—Kubo formula.

At the end of the evolution at freeze-out temperature, we
use the hybrid hadronization approach via coalescence plus
fragmentation as shown in Refs. [23].

In our simulation for parton initial conditions, we have
employed a modified Monte Carlo Glauber model, used in
[43] and inspired by wounded quark model. In this model
each nucleon is composed by three constituent quarks that
are randomly distributed Within each nucleon according to
the distribution dN /dr = —e —r/r0 with rp = 0.3 fm and

the final center of mass of the three quarks is translated to
the position of the nucleon, which corresponds to a proton
charge RMS value of 0.84 fm. The positions of nucleons
in Pb nuclei are instead distributed according to the stan-
dard Woods—Saxon distribution. In this way we generate the
wounded quark profile using Monte-Carlo Glauber model
and we decide whether each quark pair from target and pro-
jectile can collide or not with a probability p = ¢™7" r? /04q
with 044 = 13.6 mb in 5.02 TeV Pb + Pb collision [48].
This procedure leads to an inelastic nucleon—nucleon cross
section of 70.3 mb at 5.02 TeV collisions.
Finally, the total initial parton distribution is given by:

Npart

dN
= E nipL (XL —x;)p(m) (6)
i=1

dZXLdn

where N4, is the number of participant quarks while x; and
n; are the transverse position of each participant quark and the
parameter that controls the contribution of the i-th wounded
quark to particle production respectively. The profile in the
transverse position p) (x ) is expressed as follows:

a1

se 3t (7

pL(X1) = 7ol

While the profile for the distribution of the spatial rapidity
p(n) is given by longitudinal boost invariance in pseudo-
rapidity. In Eq. 6 the numbers n; fix the number of partons
produced in each event. This number is given by ng N where
N is sampled according to a negative binomial distribution
given by

(N + k)nN ik
T'(k)N!(7 + k)N+k

where n is fixed in order to have that the final charged par-
ticle multiplicity is same as that measured in experiments.
This model is inspired by the distribution of the number of
particles produced in pp collisions that fluctuates according
to a negative binomial distribution. In order to reproduce the
distribution of charged particles measured by ALICE Col-
laboration the parameters have been fixed to k = 0.224,
n = 1.621 and np ~ 1.88.

P(N) =

®)

In momentum space we have considered a mixture of a soft
and an hard component, with the former consisting of quarks
and gluons with an initial thermal equilibrium distribution,
and the latter being equivalent to the products of initial binary
pQCD collision consisting of *minijets’. The soft partons are
distributed according to the following

dN g70 )
= ——=prm
Px,dy o2l
h —
« cosh (1 — y) exp <_w> dprdy
T(x1,n)

(10)

where g =2 x 8 43 x 2 x 6 = 52 is the degree of freedom
of partons (three flavor quarks and gluons), o = 0.4 fm/c

is the termalization time and my = ,/m? + p% is the trans-
verse mass of light partons. The transverse momentum distri-

butions of minijets at mid-rapidity are taken from pQCD cal-
culations and we have used the spectra of gluons and quarks
from CUJET Collaboration [49] for pp collisions at 5.02
TeV.

In coordinate space we initialize the charm quark distri-
bution in accordance with the number of binary nucleon—
nucleon collisions, Ny, from the Monte Carlo Glauber
model. Finally, for the charm quark initial distribution in
momentum space we use the production calculated at Fixed
Order + Next-to-Leading Log (FONLL) [50] which describes
the D-meson spectra in proton-proton collisions after frag-
mentation. For detail we refer to our earlier work in Ref.
[41].

In our simulation when the temperature of the QGP
phase goes below the quark-hadron transition temperature,
T, = 155 MeV, the light and heavy quarks can hadronize. For
the heavy quark hadronization process, we consider a hybrid
approach of hadronization by coalescence plus fragmenta-
tion. The fragmentation is implemented using the Peterson
fragmentation function [51]: f(z) o« [z[1 — = — ] 1!
where z = pp/p. is the momentum fraction of the D meson
fragmented from the charm quark and €. is a free parameter
to fix so that one can describe D-meson production in proton-
proton collisions [52]. For the coalescence model, it is based
on a Wigner formalism. In our calculation the Wigner func-
tion is assumed to be Gaussian where the widths are fixed by
the mean square charged radius of the D meson, for detail
we refer to our earlier work [23]. In the light sector, we con-
sider charged particles that come from an hadronization via
coalescence plus fragmentation, as in Ref. [53].

3 Heavy flavour anisotropic flows v, (pr)

In a non-central nucleus-nucleus collision, the interaction of
the QGP constituents, convert the initial eccentricity of the

@ Springer
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Fig. 1 v, and v3 of charms quarks (dashed lines) and D mesons (solid
lines) as a function of pry at mid-rapidity and for centrality classes
0—10% (upper panel) and 30 — 50% (lower panel) for Pb Pb collisions
at 5.02 TeV. Data are taken from ALICE measurements [56]

overlap region into a final anisotropy in momentum space,
characterised in terms of the Fourier coefficients v, (pr).

In our model, event-by-event fluctuations generate a pro-
file in the transverse plane p | (x ) that change with the event
and which determines in each event the initial anisotropy in
coordinate space. This is quantified in terms of different order
spatial asymmetries named €, and expressed by:

1} cos[n(¢ — ¥y)]

€y = o (11)
1 " sin

Y, = — arctan r’fﬂ (12)
n 'l cos(ng)

where r; = 1/x2 4+ y% and ¢ = arctan(y/x).

The results shown in this paper have been obtained using
the two particle correlation method to calculate elliptic (v2)
and triangular flow (v3) and v4 [54,55]. We have found that
the number of test particles Neg ~ 350 and the lattice dis-
cretization Ax = Ay = 0.3 fm in the simulations guarantee
a convergence for vy 3(pr) up to pr ~8 GeV/c.

In Fig. 1, we show the D mesons anisotropic flow coef-
ficients vy(pr) and v3(pr) at mid-rapidity for Pb + Pb
collisions at 5.02 TeV for central (0—10%) in the upper panel
and semi-peripheral (30-50%) collisions in the bottom panel,
where the centrality class is selected based on the charged-
particle multiplicity.

The red line corresponds to v (p7) and blue line to v3(pr)
both for charm quarks (dashed line) and D mesons(solid
line). The charm quarks v, and v3 are different from zero
in both centrality classes suggesting that charm quarks take
part in the collective motion. We observe that the v, is sensi-
tive to the centrality of the collisions while the v3 has a weak
dependence with the centrality and it is comparable for both
centralities. This suggests that the elliptic flow is mainly gen-

@ Springer

erated by the geometry of overlapping region and it is larger
for larger centrality collision while triangular flow is mainly
driven by the fluctuation of the triangularity €3 of overlap-
ping region , and similar results observed also for light quarks
[40,57]. The hadronization mechanism plays a role for the
v to describe D meson anisotropic flow at intermediate pr
range. The effect of coalescence corresponds to an increase
of the collective flows at pr > 2 GeV due to the fact that
D mesons are formed by the recombination of a light and a
heavy quarks. This effect is mainly due to the elliptic flow of
light quarks which is larger than the one of charm quarks. The
process of the couple recombination gives as a result a final
hadron elliptic flow larger respect to the simple anisotropy
of the initial charm, because it carries information from both
quarks anisotropies. On the other hand, D mesons coming
from fragmentation have always a smaller momentum with
respect to the original charm quark, as a result the fragmen-
tation contribution to the elliptic flow is similar to the one at
charm level but shifted to lower pr. As shown in Fig. 1, our
results are in good agreement with the ALICE experimen-
tal data [56] and capture the centrality dependence observed
experimentally.

4 Event-shape engineering technique

Further investigation into the dynamics of heavy quarks in
the medium can be performed with the event-shape engi-
neering (ESE) technique [30]. This technique is based on
the observation that the event-by-event variation of the ani-
sotropic flow coefficient v, at fixed centrality is very large
[58]. This technique allows for selection of events with the
same centrality but different initial geometry on the basis of
the magnitude of the average bulk flow ¢>. In this section, we
present the main features of the ESE selection and our results
with this approach focusing on the prediction for anisotropic
flows correlations v,, — v,, in the heavy flavor sector. In order
to apply the ESE technique, in our calculations the events in
each centrality class are divided according to the magnitude
of the second-order harmonic reduced flow vector g which
is defined as:

|1
q2 \/M

where Q, is a vector built from the azimuthal angles ¢y of
the considered particles and given by

(13)

M
Q=) (14)
k=1

while M is the number of charged particles in the specific
range of transverse momentum p7 and pseudorapidity 7.
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Fig. 2 Distribution of charged particles at mid-rapidity (|| < 0.8) as
a function of the reduced flow vector ¢;. In the transverse momentum
range 0.2 < pr < 5 GeV/c for the 30 — 50% centrality class in 5.02
TeV PbPb collisions, compared to the ALICE measurements taken
from [59]

In Fig. 2, it is shown ¢, distribution of charged parti-
cles with || < 0.8 and in the transverse momentum range
0.2 < pr < 5 GeV/c for 30-50% centrality class in PbPb
collisions at 5.02 TeV. The selection of the events according
to the average bulk flow ¢» was performed by using ¢» per-
centiles in 1%-wide centrality intervals to make our results
comparable with the experimental data [56].

Our results shown by the solid line are in in good agree-
ment with the ALICE measurements [59] (dashed line). This
kind of study can be performed with the implementation of
event-by-event initial state fluctuations, and we are perform-
ing one of the first calculation of this type concerning the
dynamics of heavy quark.

A first study on the heavy-light flavor correlations of aniso-
tropic flows at LHC energies with an event-by-event transport
approach has been performed by means of a full Boltzmann
transport approach in Ref. [29]. In this paper we extend that
work and evaluate the correlations between different order
anisotropic flows v, — vy, both in the light and heavy flavor
sectors with the ESE technique.

In Fig. 3, we have shown different spatial bulk eccentric-
ities €, as a function of reduced flow vector g, for Pb + Pb
collisions at ,/syn = 2.76 TeV in 30-50% centrality class.
The results show that large g, corresponds to events where
the fireball has a large initial eccentricity €;. The triangu-
larity €3 show a weak anti-correlation while €4 receives a
non linear contribution with respect to g>. The correlation
between the spatial eccentricities €,-¢€,, that is present in the
initial geometry gives rise to correlation between different
flow harmonics v,,-v;,.

Hydrodynamic and transport calculations have shown that
the response of the system to the initial spatial anisotropy is
essentially linear for the second and third harmonics, mean-

0.8 T T T T T T T T T T
| Pb+Pb@2.76 TeV
(30-50)%

oS04 -

q,

Fig. 3 Different order spatial eccentricities €,—7 3 4 as a function of
reduced flow vector g3 for \/syny = 2.76 TeV PbPb collisions

0.07 !
— ALICE centrality 15-20 %
: = v, QPM Catania
005 ¢ v,ALICE |
== v, QPM Catania 1
_0.04
> e s e ————
0.03 ’ '
0.02 |- _'_‘__‘_‘_‘_‘_._"_,-v-v“"—
0.01
0
0.05 0.1
Y

Fig. 4 Correlations between v, and v, (n = 2, m = 3, 4) for charged
particles in PbPb collisions at \/syy = 2.76 TeV for 15 — 20%
centrality class. The red and black points are experimental data taken
from ALICE Collaboration [63]

ing that the final state vo and vz are very well correlated
with the second and third order eccentricities in the initial
state, for small values of n/s [40,60-62]. In Fig. 4 the cor-
relations between vy and vz (solid black line), vy and vy
(red solid line) for charged particles in PbPb collisions at
/SNn = 2.76 TeV in 15-20% centrality class are shown in
comparison with the experimental data from ALICE Collab-
oration [63]. In these calculations, for a given centrality class,
every point is determined evaluating the v,, varying the ¢>.
The trend of the v,, — vy correlations is related to the initial
correlation (anti-correlation) between ¢, and ¢€,, because of
the strong linear correlations for each harmonic v,,  €,. The
initial anti-correlation between the €, and €3 can be under-
stood considering, for example, that having, for a determined
centrality, a specific number of participating nucleons can
be ideally arranged to have a large €3, the geometric con-

@ Springer
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Fig. 5 v, and v,, (n = 2, m = 3,4) correlations for D mesons in
PbPb collisions at \/syy = 5.02 TeV for both 0-0% (left panel) and
30-50% (right panel) centrality class

sequence of this configuration leads to a smaller €3. These
results are in agreement with other measurement performed
by the ATLAS Collaboration [64]. As shown in Fig. 4 the v4
has a non linear correlation with the vy. This behaviour can
be attributed to the fact that v4 receives a non-linear contribu-
tion from the initial €, that goes like (62)2 [57]. On the other
hand, the v4 can be parametrized as the quadrature sum of two
components: one proportional to v% (as v2  €2) that comes
from the non-linear hydrodynamics response of the medium,
and the other contribution that in principle could be a linear
component that should be independent of v, [65,66]. Our
results for charged particles are in good agreement with the
experimental data suggesting that our approach may capture
the initial spatial fluctuations of the bulk matter. In the same
scheme in Fig. 5 we have evaluated the v,-v,, correlations
in the charm sector giving predictions for v;-v3 and v-v4
for D mesons in PbPb collisions at \/syy = 5.02 TeV in
most central 0-0% and semi-peripheral 30-50% centrality
classes. As for the light quark sector, we can clearly see an
anti-correlation between v;-v3 and a non linear, quadratic
correlation between vy-v4. We observe a weak correlation
between vz — vy and vq4 — vy in the central collisions and
the correlation (or anti-correlation) becomes larger in more
peripheral collisions. Moreover, as shown in [29] the corre-
lation coefficient between the heavy and light quarks v is
about C ~ 0.95 and it remains almost flat and independent
of impact parameter, suggesting a very strong correlation
between the final charm quark v, and light quark v, for all
the centrality investigated. On the other hand, it was approxi-
mately observed the same degree of correlation for vy, v3 and
v4. This suggest that the building up of v, of heavy quarks is
driven by the v, of the bulk for n = 2, 3, 4. This can explain
why we predict a similar v,, — v, correlations of heavy quarks
like the ones of the bulk.

In order to perform a more systematic study we can now
introduce a new type of observable for anisotropic flow analy-
ses, the so-called Symmetric Cumulant (SC (m, n)), proposed
in [67]. This observable is particularly useful for systems in
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Fig. 6 Symmetric cumulant correlator SC (m, n) for both charged par-
ticles (left panel) and prediction for D mesons (right panel) as a function
of centrality class. In the left panel the experimental data taken from
ALICE Collaboration [68]

which flow harmonics fluctuate in magnitude event-by-event,
and it is defined as follows, starting from the 4-particle cor-
relation:

SC(m,n)
= ((cos(me + ndy —mp3 — ng4)))
—({cos(mepy —men)))({cos(ng) — ng2))) =

= (Vun) — (v (vy) (15)
where the ¢; are the particle azimuthal angles, while the dou-
ble averaging is a mean over all particles and over all events
for a given centrality class [67]. Notice that for fixed values of
v, and vy, over all events, the symmetric cumulant as defined
in Eq. 15, is zero. We can get this result not only when v,
and vy, are fixed for all events, but also when event-by-event
fluctuations of v,, and v,, are uncorrelated. Therefore, the
symmetric cumulant is non-zero only if the event-by-event
fluctuations of v,, and v,, are correlated.

In Fig. 6, SC(4, 2) (red line) and SC(3, 2) (black line)
are shown for PbPb collisions at \/syy = 5.02 TeV with
In] <0.8and 0.5 < pr < 5.0 GeV as a function of central-
ity. In the left panel we show the SC (m, n) for charged parti-
cles that we compare with the ALICE experimental data [68],
predictions for D mesons are shown in the right panel. The
results for charged particles are in good agreement with the
experimental measurements by ALICE Collaboration. The
SC(4,2) is positive, indicating that for a given centrality
interval, events with larger v, on average have larger v4. On
the other hand, the SC(3, 2) is negative indicating an anti-
correlation between v, and v3 at fixed centrality. This confirm
exactly what was observed within the event-shape selected
vp-vy, correlations. As shown in the right panel we predict
a weaker but similar behaviour with the centrality for the
symmetric cumulant correlator SC(m, n) for D mesons ani-
sotropic flows. For both cases we observe that SC (4, 2) and
SC (3, 2) decrease considerably in magnitude from periph-
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Fig. 7 Elliptic flow v, at mid-rapidity for D mesons as a function of pr
in the 20% large-q> and 20% small-g, events for the centrality classes
0-10% (upper panel) and 30-50% (lower panel) for PbPb collisions
at 5.02 TeV. Dashed lines refer to charm quarks v, while solid lines
refer to D mesons vy. The experimental data are taken from ALICE
measurements [56]
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Fig. 8 Ratio of the average D meson v, coefficients measured in the
20% large-q» (right panel) and 20% small-g, (left panel) events with
respect to that of the unbiased sample as a function of pr. These cal-
culation are for for PbPb collisions at 5.02 TeV for two centralities
0-10% (upper panels) and 30-50% (lower panels). The experimental
data are taken from ALICE measurements [56]

eral to central events. This large decrease does not imply that
the correlations between these harmonics becomes negligi-
ble for centrality class smaller then (0—10)%. This decreasing
in the magnitude of the correlation occurs since the SC ~ v
and for very central events the v, (especially v>) become
quite small.

In Fig. 7 we show the results for the D mesons vy at
mid-rapidity for two centralities and for different g» selec-
tions: 20% large-g> (red solid and dashed lines) and 20%
small-g, (blue solid and dashed lines) events. As shown in
Fig. 7, the vy of 20% large-g» (red solid line) events is quite
larger than the vy of 20% small-g, events (blue solid line)

for most central 0—-10% and semi-peripheral 30—-50% cen-
trality classes. This result suggests that the selection in ¢»
distinguish between the initial eccentricities, large (small) g2
means large (small) eccentricity, that consequently develop
in large or small transverse flow translated into the final
azimuthal anisotropy in momentum space for both bulk and
D-meson. This difference increases with the collision cen-
trality. Our results are compared to the ALICE measure-
ments [56], where the good agreement shows that our model
can essentially capture the strong coupling between the bulk
medium and heavy quark. Finally, in Fig. 8 we show the
ratio as a function of the transverse momentum between the D
meson v; in events characterized by large or small g, divided
by the v, in unbiased events. We find, for these ratios, a differ-
ence of about 50% between the ¢>-selected and the unbiased
events in both centrality class, with no dependence on the
transverse momentum, this behaviour might suggest that the
ESE selection is related to a global property of the events.

5 Conclusion

In this paper we have studied the propagation of charm quarks
in the quark-gluon plasma (QGP) by means of an event-by-
event transport approach. In particular we have solved the
relativistic Boltzmann transport equation with an event-by-
event fluctuating initial condition which allow us to access
the study of high order anisotropic flow coefficients v, for
charmed mesons. We have studied the D meson v,, at LHC
energies in different centrality class selection. In particu-
lar, we have evaluated for the first time the heavy flavor
v, — vy, correlations with the event-shape engineering (ESE)
technique consisting in selecting events in the same cen-
trality class but characterized by different average elliptic
anisotropy. With our approach we have a good agreement
with the available experimental data from ALICE Collab-
orations for the bulk. Furthermore, we have provided pre-
dictions for charmed hadrons v, — v, correlations and we
predict a weaker but similar correlations behaviour respect
to the light flavours reflected in a smaller symmetric cumu-
lant correlator SC(m, n) for D mesons. Like for the light
flavor we observe that SC (4, 2) is positive, indicating that
for a given centrality interval, events with larger v, on aver-
age have larger v4 while the SC (3, 2) is negative indicating
an anti-correlation between v, and v3 at fixed centrality. For
both cases we observe that SC (4, 2) and SC(3, 2) decrease
from peripheral to central events. Finally, we have found that
the selection based on the event-shape leads to a visible effect
on the final particle elliptic flow. We have shown that the v,
of 20% large-q» events is larger than the v, of 20% small-g»
events for both most central 0—10% and semi-peripheral 30—
50% centrality class, suggesting a correlation between the
D-meson azimuthal anisotropy and the collective expansion

@ Springer
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of the bulk matter. We notice that the sensitivity with the
event-shape selection increase with the collision centrality.
Our results are in good agreement with the experimental data
from the ALICE coll. [56].
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