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Heavy flavor probes provide important information about the in-medium properties of the quark-gluon plasma
produced in heavy-ion collisions. In this work, we investigate the effects of 2D + 1 event-by-event fluctuating
hydrodynamic backgrounds on the nuclear suppression factor and momentum anisotropies of heavy flavor
mesons and nonphotonic electrons. Using the state-of-the-art D and B mesons modular simulation code (called
“DAB-MOD”), we perform a systematic comparison of different transport equations in the same background,
including a few energy-loss models—with and without energy-loss fluctuations—and a relativistic Langevin
model with different drag parametrizations. We present the resulting D and B mesons R44, V2, v3, and vy as well
as multiparticle cumulants, in AuAu collisions at ,/syy = 200 GeV and PbPb collisions at /syy = 2.76 TeV and
A/Svnv = 5.02 TeV, and compare them to the available experimental data. The v,{4}/v,{2} ratio, which is known
to be a powerful probe of the initial conditions and flow fluctuations in the soft sector, is also studied in the context
of heavy flavor. We also investigate the correlations between the transverse anisotropies of heavy mesons and all
charged particles to better understand how heavy quarks couple to the hydrodynamically expanding quark-gluon
plasma. We study the influence that different initial conditions and the implementation of heavy-light quark

coalescence has on our results.
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I. INTRODUCTION

The quark-gluon plasma (QGP)—a deconfined state of
matter composed of strongly interacting quarks and gluons—
has been successfully reproduced in the laboratory both at the
Large Hadron Collider (LHC) and at the Relativistic Heavy
Ton Collider (RHIC). While it remains unknown how the
strongly fluctuating color fields present in the initial stages
of heavy-ion collisions [1] may later evolve to a state that
displays hydrodynamic behavior (for a review, see Ref. [2]),
it is well established by now that the soft, low-transverse-
momentum pr sector of the QGP determined by the particle
spectra and flow harmonics of light hadrons can be generally
well described by event-by-event relativistic viscous hydrody-
namic simulations [3-8]. Some of the properties of the early
stages of heavy-ion collisions can be investigated using hard
probes, such as light flavor jets and heavy flavor hadrons,
which are created at very early times via hard scattering
processes and then propagate through the evolving medium.
Because of the large mass of the heavy quarks, many times
larger than the crossover temperature from the QGP to the
hadron resonance gas [9], they are not likely to be created
within the hydrodynamic evolution of the QGP and, thus,
heavy flavor content is preserved from the initial stages well
into hadronization [10]. Therefore, heavy flavor observables
can provide key information about the early time dynamics of
heavy-ion collisions.
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Furthermore, heavy mesons in the intermediate- and
high-pr region lose energy mostly from radiative processes
whereas the low-pr regime is dominated by collisional pro-
cesses that may be described via Langevin-like equations
[10,11]. The two main experimental measurements involving
open heavy flavor D and B mesons that we are interested in
are the nuclear modification factor, R44, and the azimuthal
anisotropies, v,(pr). R4a mainly encodes how much energy
is lost in the medium compared to elementary pp collisions
and, since the farther the heavy quark travels through the
QGP medium the more energy it loses, one expects that heavy
quarks lose more energy in media formed by heavy-ion col-
lisions at high energies. Additionally, because each event has
on average certain geometrical features (an almond-like shape
especially for midcentral collisions), one expects that heavy
quarks lose more energy along the long axis of the almond
shape (in plane) versus the short axis (out of plane), which
leads to a final elliptical azimuthal anisotropy v, defined by
the second Fourier coefficient of the particle spectra [12,13].

However, quantum mechanical fluctuations involving the
position of the incoming nucleons, and likely also the fluctu-
ations of quark and gluon fields, lead to other initial geomet-
rical patterns such as, e.g., a triangular geometry, producing
v3 and other even higher order harmonics [14,15], which have
been measured in the heavy flavor sector at RHIC [16] and the
LHC [17]. Furthermore, we note that the overall flow of the
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medium has been shown to influence energy-loss mechanisms
[18] and hard probes can provide important information about
the properties of the initial state [19,20]. More specifically,
it was recently shown in Ref. [20] that the time 7 after
which hard probes begin to lose energy appears to be larger
than was initially expected. Further proof of the influence
of event-by-event fluctuations of the initial conditions on the
heavy flavor sector can be seen in event-shape engineering
calculations [15] and measurements [21] of heavy flavor flow
harmonics.

Theoretical comparisons to the measured nuclear mod-
ification factor demonstrate that energy-loss models alone
significantly underpredict R44 in the low-pt sector (azimuthal
anisotropies experience the same issue) though they can de-
scribe the high-pr regime quite well [15]. On the other hand,
Langevin- or Boltzmann-based models perform quite well in
the low-pr sector but the addition of coalescence is needed
to reproduce experimental data [14,22-27]. In this manner,
the pr dependence of Ry4 can be a useful tool to understand
different regimes of heavy flavor energy loss. The heavy flavor
v,’s depend on the assumptions regarding the heavy flavor
model as well but they are also sensitive to the choice of initial
conditions, which are strongly related to the final result for the
flow harmonics (proven by the strong correlation quantified by
the Pearson coefficient between the initial eccentricity vector
and the final V,, vector). There is likely also a sensitivity to
the choice of shear viscosity to entropy density ratio, n/s; see
Refs. [28] and [29]. Thus, special care must be taken to first
fully constrain the initial conditions and medium viscosity
using the soft sector before calculating heavy flavor flow
harmonic observables. This has been done in recent years
in Ref. [15] and also by DUKE/SUBATECH [14,30], which
has led to a better theoretical understanding of heavy flavor
momentum anisotropies.

It is important to note that event-by-event initial-state
fluctuations are not the only source of fluctuations that
can affect heavy flavor R44 and v,. In fact, energy-loss
fluctuations can also occur in a given event and that has
already been shown to affect light flavor high-pr flow
harmonics [28,31,32]. Thus, a systematic study of the effect
of energy-loss fluctuations should also be performed in the
heavy flavor sector. Furthermore, the advent of multiparticle
flow cumulants involving hard probes (where the hard probe
particle of interest is correlated with other reference soft
particles [28,33]) provides a unique opportunity to study
heavy flavor from a different angle.

In order to confront this complicated emerging picture
of the heavy flavor sector where experimental observables
are influenced by multiple competing factors, in this paper
we systematically study the effects of 2D + 1 (i.e., longitu-
dinally boost invariant) event-by-event fluctuating hydrody-
namic backgrounds on the nuclear suppression factor and mo-
mentum anisotropies of heavy flavor mesons and nonphotonic
electrons. The bulk dynamics of the medium is simulated
using the event-by-event relativistic viscous hydrodynamic
model, v-USPhydro [34,35], coupled to either Monte Carlo
Kharzeev-Levin-Nardi (MCKLN) initial conditions [36-38]
or Trento initial conditions (tuned to impact parameter (sat-
uration) - (classical Yang Mills) Glasma (IP-Glasma) [7])

[39], with hydrodynamic parameters constrained to describe
the relevant properties of the soft sector. The heavy flavor
sector is described using the state-of-the-art D and B mesons
modular simulation code (called “DAB-MOD”),! with which
we perform a systematic study of different transport equa-
tions, including a few energy-loss models (with and without
energy-loss fluctuations) and a relativistic Langevin model
with different drag parametrizations, and investigate their ef-
fect on R44 and v,. We present calculations of D and B meson
Rua, v2, v3, and vy as well as multiparticle flow cumulants in
AuAu collisions at /syy = 200GeV and PbPb collisions at
/Svv = 2.76TeV and ,/syy = 5.02TeV, and compare them
to the available experimental data. Heavy flavor multiparticle
flow cumulants are investigated via the v,{4}/v,{2} ratio,
which plays an important role in determining the initial
conditions and flow fluctuations in the soft sector. We also
study the correlations between the momentum anisotropies
of heavy mesons and the flow of all charged particles to
better understand how heavy quarks couple to the expanding
medium.

This paper is organized as follows. In the next section, we
explain the different assumptions and details regarding the
modeling of heavy flavor dynamics included in DAB-MOD.
Section III investigates how the transport model assumptions
and variations in the decoupling temperature affect the ob-
servables considering the case of MCKLN initial conditions
without coalescence. We study how the results change when
one replaces MCKLN by Trento initial conditions in Sec. IV.
Section V describes how coalescence is now implemented in
DAB-MOD and how it affects our results. Our final remarks
are presented in Sec. VI.

II. DETAILS OF THE DAB-MOD SIMULATION

To study the propagation of charm and bottom quarks
inside the medium created in high-energy heavy-ion colli-
sions, we developed a modular Monte Carlo simulation, DAB-
MOD, that allows for a variety of backgrounds and transport
models to be implemented.

A. The hydrodynamically expanding background

Heavy quark transport models require background medium
profiles that provide the temperature and flow velocity of the
fluid cells at each time step along the heavy quark trajectories.
In this work, we use either the event-by-event MCKLN initial
conditions—an implementation of a color glass condensate
kr-factorization model [36—38]—or the event-by-event Trento
initial conditions (p = 0) tuned to IP-Glasma [39].

In the original Trento paper [39], it was found that
p=0 (e, «/TyTp) closely matched Eskola-Kajantie-
Ruuskanen-Tuominen (EKRT)/IP-Glasma. This was later
confirmed in Ref. [8], where similar results were found
for eccentricities. In Ref. [40], the flow fluctuations, i.e.,
v2{4}/v2{2}, were compared between Trento p =0 and
IP-Glasma and they are similar but not quite identical

A preliminary version of DAB-MOD, which did not yet include
coalescence and Langevin dynamics, was used in Ref. [15].
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(although it is difficult to say for sure because IP-Glasma did
not have enough publicly available events online such that
the statistical error bars are large). However, one should be
careful to note that IP-Glasma incorporates a full 7" which is
not available in Trento. Additionally, more recent papers have
suggested [41,42] that Ty Ty is a closer match to dense-dense
CGC calculations, i.e., IP-Glasma.

These initial profiles are evolved from an initial time 7o =
0.6 fm using the v-USPhydro code [34,35,49], a 2D + 1 rel-
ativistic viscous hydrodynamical model (with a Cooper-Frye
freeze-out prescription) that has passed the standard accuracy
tests of the field [50]. The viscous hydrodynamic evolution is
encoded in a shear viscosity to entropy density ratio that we
set for MCKLN (Trento) initial conditions to be 1/s = 0.08
(n/s = 0.05) for AuAu collisions at ,/syy = 200 GeV and to
n/s =0.11 (/s = 0.05) and n/s = 0.05 (n/s = 0.047) for
PbPb collisions at \/syy = 2.76TeV and /syy = 5.02TeV
collisions, respectively, following Refs. [49,51] for MCKLN
and [52] for Trento. This model describes experimental data in
the soft sector reasonably well and, thus, all the hydrodynamic
parameters that involve the medium description are fixed in
the present study and are not seen as free parameters of our
heavy quark analysis. To obtain sufficient statistics for the
heavy quark observables, we use ~1000—2000 hydrodynamic
events per 10% centrality range. Finally, we neglect the possi-
ble effects of heavy quark energy loss on the evolution of the
medium [53].

We note that in the extraction of n/s for MCKLN initial
conditions across beam energy we found a nonmonotonic
behavior on its dependence with beam energy. We believe
this is likely due to the outdated Equation of State (EOS)
and particle resonance list used in those simulations. For the
Trento + v-USPhydro calculations, it is based on the most
recent lattice QCD calculations for the EOS and the particle
resonance list (see Refs. [52,54] for discussion comparing
the EOS/particle lists). Additionally, because the MCKLN
v, fluctuations on event-by-event basis are too narrow (i.e.,
v2{4}/v2{2} is closer to 1 than the experimental data), we do
not read any significance in this finding. Rather, we find that
Trento p = 0 reproduces experimental data better, which has a
nearly constant 7/s behavior across beam energies. However,
this does demonstrate how the extraction of transport coef-
ficients is highly dependent on the initial conditions. It was
previously shown in Ref. [52] that the (pr) fits reasonably
well for Trento+v-USPhydro with identified particles and that
the spectra for MCKLN [49] also works well. We note that
further improvements may be made with the inclusion of bulk
viscosity [55]; however, we do not include bulk viscosity due
to the uncontrolled assumptions regarding the § f correction at
freeze-out that can also affect (pr) [56].

In Fig. 1, we show the results for the pr-integrated two
particle flow cumulant, v,{2}, computed using either MCKLN
or Trento initial conditions coupled to v-USPhydro for PbPb
5.02-TeV, PbPb 2.76-TeV, and AuAu 200-GeV collisions.
We find that MCKLN initial conditions work best at RHIC
energies but they can work reasonably well even at LHC if one
is interested only in two particle correlations. Additionally,
at RHIC MCKLN leads to a slightly smaller v3{2} compared
to Trento, which in turn is slightly closer to the experimental
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FIG. 1. Centrality dependence of v,{2} (n=2,3) for AuAu
200 GeV, PbPb 2.76 TeV, and PbPb 5.02 TeV comparing MCKLN
and Trento initial conditions coupled to v-USPhydro. Experimental
data from STAR [43], ATLAS [44,45], and ALICE [46-48].

data from STAR [43]. This small difference may be alleviated
with a temperature-dependent 7/s. Considering the results
for PbPb 2.76-TeV collisions compared to ATLAS data, we
find a reasonably good agreement to experimental data for
both MCKLN and Trento initial conditions. However, at the
top LHC energy more deviations from experimental data are
seen for MCKLN initial conditions while Trento’s descrip-
tion improves. Figure 1 shows a comparison between these
results and LHC run 2 PbPb data from ALICE at 5.02 TeV
[46—48]. Trento initial conditions provide the best fit to
ALICE/ATLAS data, although, again, MCKLN is relatively
near the data for v,{2} and v3{2}.

The main caveat is that four-particle correlations and,
more specifically, the ratio between v, {4} and v,{2}, which is
known to be a good constraint on initial conditions [40] (and is
nearly medium independent), paint a different story. In Fig. 2,
the ratio v, {4}/v,{2} for n = 2, 3 is plotted for different beam
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FIG. 2. Centrality dependence of wv,{4}/v,{2} for AuAu
200 GeV, PbPb 2.76 TeV, and PbPb 5.02 TeV comparing MCKLN
and Trento initial conditions coupled to v-USPhydro. Experimental
data from STAR [43] and ALICE [46-48].

energies across centrality for Trento versus MCKLN initial
conditions [52]. The ratio v,{4}/v,{2} approaches 1 when
there are less v, fluctuations (i.e., a narrower distribution) and
it decreases with increasing v, fluctuations. Thus, we find that
MCKLN generally predicts less fluctuations than Trento tuned
to IP-Glasma. At RHIC, this appears to be a good predictor for
v2{4}/v2{2} and MCKLN captures the fluctuations data from
STAR well, whereas Trento predicts too much fluctuations. In
contrast, at LHC energies we find that MCKLN predicts too
few fluctuations whereas Trento provides a nearly perfect fit
to experimental data.? Thus, we conclude that MCKLN works

“Note that we are avoiding issues found in ultracentral collisions
since we do not expect heavy flavor observables to have sufficient
statistics to be considered in that case.

best at RHIC and reasonably well at LHC run 1 but it misses
LHC run 2 data, whereas Trento manages to do the best job on
a global analysis level. However, we note that its predictions
for the v,{4}/v,{2} fluctuations at RHIC are on the low side.
Finally, we compare our results for v3{4}/v3{2} as well.
Even with ~35 000+ events, statistical error bars (computed
using jack-knife resampling) are an issue on our side. That
being said, we find that both MCKLN and Trento are within
error bars of each other. It does appear that MCKLN may have
less vz fluctuations compared to Trento but it is difficult to say
from hydrodynamics at this level. In Ref. [40], it was found
that £3{4}/e3{2} was consistently larger for MCKLN as well.

B. Heavy quark initial conditions

Because of their large masses, heavy quarks are produced
at the very beginning of the collisions in parton scatterings that
can be described by perturbative QCD (pQCD). Neglecting
the possible effects of shadowing at midrapidities, which are
observed to be non-negligible for pr < 10 GeV [57-59], we
assume that the amount of heavy quarks produced per binary
nucleon-nucleon collisions and their initial momentum distri-
butions to be the same as in the reference proton-proton col-
lisions. Using Monte Carlo, we then sample the heavy quark
initial transverse momenta by using the distributions coming
from pQCD fixed-order next-to-leading-logs (FONLL) cal-
culations [60,61] in proton-proton collisions, choosing their
central predictions in the renormalization scale range. The
initial azimuthal directions of the heavy quark momenta are
chosen randomly. We also sample the spatial distribution of
the heavy quarks following the medium initial energy density
of each hydrodynamic event, which reflects the initial parton
scatterings of the considered collision. Even though in reality
the number of heavy quarks at midrapidities per heavy-ion
collision is on the order of 10, we largely oversample the
number of heavy quarks to 107 for each hydrodynamic
event. This large oversampling is necessary for the statistics
of some of the observables under study (e.g., the higher order
particle cumulants) and it can be justified by the limited
number of hydrodynamic events used in the simulation as
compared to the large number of collisions in the experiments.
Each of our hydrodynamic events can then be seen as a typical
event with geometrical properties that correspond to a large
number of collisions in the experiment.

C. Evolution of the heavy quarks in the medium

During the first stage of the collision (t < 1 fm/c), we ne-
glect the effects of heavy quark energy loss in the cold nuclear
matter of the colliding ions [62]. During the deconfined stage
of the collision (1 < v < 10 fm/c), because the heavy quark
typical energy scale (such as its mass m > 1 GeV) is much
larger than the medium scale (temperature 7' ~ 100—400
MeV), we assume each heavy quark to propagate and interact
inside the expanding medium either through an energy-loss
process along a straight line or via Brownian motion described
by relativistic Langevin dynamics.
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FIG. 3. Prompt D° meson (a) and B meson (b) nuclear modification factor in the 0-10% centrality class of ,/syy = 2.76 TeV PbPb
collisions obtained with different energy-loss models, compared to CMS data [65]. The shaded area corresponds to the region of pr where

other effects may be important.

1. Energy-loss models
To easily study the dependence of the observables on some
common variables, we use a simple parametric model for the
heavy quark energy loss per unit length previously introduced
in Refs. [32,63], which is given by

dE T = T I3 1
E( 9UQ)__f( 7UQ)§ flow s ()

where T is the local medium temperature experienced by the
heavy quark, vg is the heavy quark velocity in the global
laboratory frame, f (7', vq) is a function encoding the energy-
loss parametrization, ¢ is a random variable related to the

J

energy-loss fluctuations, and Iy, takes into account the boost
from the rest frame of the moving medium cell to the global
laboratory frame [64]. The If,,, factor is given by

Fﬂow = V[l — Vflow COS((PQ - (pﬂow)]a (2)

where y = 1/,/1 — v2

fow: Viow and @poy are respectively the

local medium cell velocity and azimuthal angle, and ¢q is the
azimuthal angle defined by the propagating heavy quark in the
transverse plane. Note that the relation (2) is a light quark jet
(p > m) approximation to the general formula,

1" exact

flow

which can be derived following a procedure similar to the one
used in Ref. [64] but without assuming vg — 1. Discrepan-
cies between the two expressions appear when pg < 2mg, i.e.,
when p. <3 GeV for charm and p, < 10 GeV for bottom
quarks. The consequences of this generalized formula on the
observables will be investigated in a future work.

As shown in Fig. 3, we have tested a few parametrizations
of the f(T,vq) function in order to select the ones that
can roughly reproduce Ru4 data in /syy = 2.76 TeV PbPb
collisions in the 0-10% centrality range. The parametriza-
tions f = £T2 and f = SyquaT? (with yg = 1/, /1 — vé) are
inspired by conformal anti-de Sitter/conformal field theory
(AdS/CFT) calculations [66], whereas f = « and f = Byqug
are inspired by Ref. [67], which showed that a nondecreasing
drag coefficient near the crossover transition is favored for a
simultaneous description of heavy flavor R4 (pr) and vo(pr)
(this is also supported by 7-matrix calculations [68,69]).

v
= V\/l — 22— cos(pq — Pfiow) +
vQ

2

flow _ 2

U2 vﬂow
Q

v

Sinz(wQ - (pﬂow), (3)

(

Finally, we also consider the temperature-dependent non-
conformal drag-force-dependent model f = ATderag, where
Fyrag has been evaluated using holographic models that de-
scribe lattice QCD thermodynamics [70]. The «, B, 8, A, and &
factors are proportionality coefficients. Figure 3 shows that the
two energy-loss models which are independent of the heavy
quark velocity lead to very similar R44, which increases with
increasing pr. Their temperature dependence does not seem to
play any important role for R44. The two energy-loss models
which are velocity dependent give also similar results but lead
to Ras continuously decreasing with pr. The nonconformal
drag force model has a strong dependence on the parton
masses, leading to different trends for D and B mesons. Thus,
the nonconformal drag force and velocity-dependent models
are favored by the low-pr R44 data. Nevertheless, as the high-
pr data favors energy-loss models which lead to increasing
Ra4 with increasing pr, we limit our study in this paper to the
two velocity-independent energy-loss models defined above.
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FIG. 4. Energy-loss fluctuation distributions used in this work.

As further explained in Sec. I E, their two factors « and & are
tuned in this work via a single experimental observable.

To test the effects of energy-loss fluctuations on the ob-
servables, we adopt a description put forward in Ref. [32]
where energy-loss fluctuations in Eq. (1) are implemented
via a random variable ¢ for each heavy quark propagating
in the medium. Three different probability distributions for
¢ have been implemented for the constant energy-loss model

(f = @) in this work: a Gaussian distribution ffau“(g) =

1/(ma)exp[—(§ — 1)?/20?*] with the o parameter taken
to be 0.3, a uniform distribution f™°™(¢) = 1/2 with 0 <
¢ <2, and finally a linear distribution f;mear(g) =2/3 -
2/9¢ with 0 < ¢ < 3 (see Fig. 4).

2. Relativistic Langevin dynamics

Because of the large separation of scales, T < mgq, one can
also describe the propagation of heavy quarks in the decon-
fined medium as a stochastic Brownian motion. The Brownian
approximation is particularly valid for bottom quarks but only
partially valid for charm quarks when the temperature exceeds
250 MeV [71]. Brownian motion is commonly described
via the Fokker-Planck equation and simulated in practice for
each individual heavy quark through a relativistic Langevin
equation, which naturally encodes both some energy gain
through a fluctuating force and some energy loss through a
drag term [10,30,72-80]. Assuming the diffusion coefficients
to be isotropic and the momentum space diffusion coefficient
Kk to be independent of the heavy quark momentum p, one can
write the relativistic Langevin equation as

Di
dx; = — dt, 4
E )

dp; = ~T(p)pidt + NdtJxp;, ©)

where the index i = x, y corresponds to transverse plane co-
ordinates, I" is the drag coefficient, and p; is the fluctuating
force described classically by white noise in a Markovian
process. For the heavy quarks to be able to reach the correct
thermal equilibrium [74], the relativistic Einstein fluctuation-
dissipation relation between the diffusion coefficients sets

k =2ETT =2T?/D, (6)

where D is the spatial diffusion coefficient. As the decon-
fined medium is rapidly expanding, one needs to perform the
necessary Lorentz boosts between the local rest frame of
the moving medium (in which the heavy quark interacts) and
the global laboratory frame (where it propagates). To do so,
we first boost the heavy quark 4-momentum from the global
frame p = (E, p) to the local rest frame of the medium cell
P = (E’, p’), where we calculate the momentum update via
the Langevin equation with a prepoint Ito implementation of
the stochastic scheme,

pi = p; = T@piAt + VA Vicp;, @)
for a time step At’ of the implementation in the local rest
frame of the medium, given by

;/_Uﬂow
At = 20z
E

Ipllvaow I
= y[l — T c0s(9q — ¢row) [A1 - (8)
where At is the related time step in the global frame, v 1oV =
(¥, Y viow) 1s the local 4-velocity of the medium cell, and

y=1/,/1— vﬁow is the corresponding Lorentz factor. We

then boost the heavy quark 4-momentum back to the global
frame, where we compute its propagation in the transverse
plane via

Xt + AL = x:(1) + %At. 9)

Finally, we repeat these operations until reaching the
hadronization temperature.

In this work, two parametrizations of the diffusion coef-
ficients have been chosen. The first one, denoted by “M&T”
in the following, is inspired by Moore and Teaney’s leading-
order QCD description of the scattering process and a Debye
mass correction of the gluon propagator [10]. In this model,
the spatial diffusion coefficient reduces to

Dyt = kmsar/2rT), (10)

where kygt 1S a factor—estimated to be around 6 in their
work—that we use in this paper as a tunable parameter.
The second parametrization adopted in this work, denoted by
“G&A” in the following, comes from Gossiaux and Aiche-
lin’s collisional model based on a running coupling constant
and an optimized hard thermal loop correction of the gluon
propagator [81]. To obtain a tunable parameter as in the other
transport models explored in this work, we multiply the drag
Agea(T, p) [c/fm] directly obtained from this model by a
factor kgga, such that we obtain

Fgea = kcaa Aca- (11)

A comparison between the two corresponding drag coef-
ficients can be found in Fig. 5 (right). At fixed temperature
T = 0.3 GeV, the M&T parametrization gives a significantly
larger drag at low momentum, whereas it saturates at larger
momentum where the G&A becomes larger and increases
linearly. Figure 5 (left) illustrates the temperature dependence
of the dimensionless quantity D(27 T ) computed at zero mo-
mentum in the two models. While this quantity is constant by
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FIG. 5. Comparison of the spatial diffusion coefficients D; = D(p = 0) as a function of temperature (left) and of the drags as a function
of momentum (right) obtained with the two chosen parametrizations of the diffusion coefficients. Here we use kygr = 0.5 and kgga = 0.62
which correspond to ,/syy = 5.02 TeV PbPb collisions with decoupling temperature 7y = 120 MeV (see definition below and Table I).

definition in the M&T parametrization, for G&A it acquires a
temperature dependence approaching the results found using
M&T from below. As compared to other models [11,82,83],
the present drag and diffusion coefficients are rather small.

D. Fragmentation and decay

We assume each heavy quark to propagate until it reaches a
cell where the temperature of the medium is lower or equal to
a decoupling temperature 7. Inspired by other works [28,84]
and by lattice QCD results on the crossover transition [9,85—
87], we choose a range of Ty from 120 to 160 MeV in order
to assess part of the uncertainties related to the complicated
process of hadronization. In this work, fragmentation is as-
sumed to be the same as in pp collisions (for medium modified
fragmentation functions, see Refs. [88,89]). To perform the
fragmentation, we use the Peterson fragmentation function

1
21— 1/z = eq/(1 = 2))?

as a probability distribution to obtain the fraction z of the frag-
menting heavy quark Eq + pq taken by the daughter hadron
Ey + pu = z(Eq + pq). The Peterson function parameters .
and €, are chosen such as to reproduce prompt D° and B
meson FONLL spectra in pp collisions [60,61]. The inclusion

f(2)

12)

of heavy-light quark coalescence and its effect are discussed
in detail in Sec. V. Following the fragmentation, we do not
consider the possible interactions between the produced heavy
mesons and the hadronic gas [90]. Finally, we perform the
decays of the D° and B mesons using PYTHIA 8 [91], focusing
only on their semileptonic channels.

E. Determination of the tunable coupling factor
of each transport model

In each of the transport models described above, there is
a free parameter, i.e., the coupling factors « and & for the
chosen energy-loss models and the factors kyig and kgga for
the Langevin models, which must be fixed. This is done by
finding the value that gives the best description of differential
Raa for pr 2 10 GeV at LHC energies or pr = 5 GeV at
RHIC obtained from the simulation compared to available
experimental data for each model, heavy quark type, limiting
values of the decoupling temperature considered (73 = 120
and 160 MeV), and collision energy. To set the factors for the
charm quark simulations, we use D° meson differential R4
data in one centrality range (0-10% unless specified other-
wise). The obtained values of these constants are summarized
in Table I. As almost no data for B mesons is available, to
obtain the constants for bottom quarks we use heavy flavor

TABLE 1. Values of the coupling factors for charm quarks determined for each transport model, collision energy, and decoupling

temperature. These values are obtained using MCKLN initial conditions.

Coupling factors for charm quarks at
Ty = 120 \ 160 MeV

RHIC AuAu /syy = 200 GeV

LHC PbPb /55y = 2.76TeV  LHC PbPb /syx = 5.02 TeV

o without fluctuations 0.393\0.623
o with uniform fluct. 0.649\none
o with linear fluct. 0.77\none
« with gaussian fluct. 0.43\none
& 11.57\15.16
kmar 0.48\0.34
kG 0.639\0.921

1.0\1.624 0.708\1.011

1.7\none 0.993\none
2.024\none 1.130\none

1.1\none 0.751\none
30.28\40.05 14.76\17.16
0.227\0.169 0.5\0.41
1.039\1.577 0.622\0.828
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TABLE II. Values of the coupling factors for bottom quarks determined for each transport model, collision energy, and decoupling

temperature. These values are obtained using MCKLN initial conditions.

Coupling factors for bottom quarks at
Ty = 120 \ 160 MeV

RHIC AuAu /syy = 200 GeV

LHC PbPb /syy = 2.76TeV  LHC PbPb /syy = 5.02 TeV

o without fluctuations 0.264\0.4
o with uniform fluct. 0.316\none
o with linear fluct. 0.339\none
o with gaussian fluct. 0.265\none
& 7.6\10
kver 0.648\0.486
kcea 0.606\0.808

0.72\1.12 0.667\0.823
0.857\none 0.824\none
0.921\none 0.913\none
0.76\none 0.624\none
21.52\27.06 none\none
0.32\0.226 0.516\0.411
3.21\2.26 0.681\0.884

electron differential R44 data in most central collisions. The
idea is to use the already fixed coupling factor for charm
quarks and vary the bottom factor to find its value such
that the total contribution to the electron R44 matches the
data. Note that here we use more recent experimental data
in PbPb collisions at /syy = 5.02TeV than in our previous
paper [15]. The values of the constants for bottom quarks
can be found in Table II. The values for the overall coupling
factors for charm and bottom quarks are of the same order of
magnitude and their ratios are not related to the quark mass
ratio. For the energy-loss models, bottom quark constants
are generally smaller than charm quark factors, i.e., bottom
quarks require a smaller coupling to the medium to fit the most
central R44 data than charm quarks.

F. Examples of heavy quark spatial evolution

As explained above, in DAB-MOD we oversample each
initial condition with a large number of heavy quarks. An
example of the heavy quark’s initial coordinates in the trans-
verse plane for a central collision is shown at the top-left
plot of Fig. 6. The distribution of heavy quarks follows
the spatial fluctuations in energy density of the underlying
medium. Each heavy quark then evolves and interacts with
the bulk following a given transport model until it reaches a
cell where the temperature of the medium is lower or equal
to the decoupling temperature Ty. The corresponding final
distributions for the decoupling temperatures 7y = 160 MeV
and Ty = 120 MeV are shown, respectively, on the center-top
and right-top of Fig. 6. At Ty = 160 MeV, the heavy quark
spatial distribution has a size similar to the initial distribution
and is quite homogeneous. One can also note the presence of
a relatively thick peripheral area including some high density
“filaments” which are mainly composed of high-pt heavy
quarks and which density patterns are clearly correlated to the
initial density patterns. At Ty = 120 MeV, the distribution is
wider and mainly homogeneous. The peripheral area is now
thinner and more ring-shaped with the filaments being closer
to each other as compared to Ty = 160 MeV. Going to smaller
Ty seems therefore to partially wash out the initial density
fluctuations. The same observations can be made in the case
of a more peripheral event as shown at the bottom of Fig. 6
and with other transport models.

III. EFFECT OF TRANSPORT MODEL AND DECOUPLING
TEMPERATURE ON OBSERVABLES IN THE CASE OF
MCKLN INITIAL CONDITIONS AND NO COALESCENCE

In this section, we use MCKLN initial conditions and only
fragmentation as the hadronization mechanism. A systematic
study is performed where we do the following steps:

(1) compare different energy loss parametrizations versus
different diffusion coefficients within the Langevin
model,

(2) vary the distributions of energy-loss fluctuations,

(3) determine the effect of the decoupling temperature Ty,

(4) investigate the differences between D and B mesons,
e*, and muons, and

(5) study the centrality and beam energy dependence of
our calculations.

A. Nuclear modification factor

The nuclear modification factor is essentially the ratio
between the particle spectrum in AA collisions, dNaa/ dpr,
and the spectrum in pp collisions, dN,,/ d pr, with a normal-
ization factor A defined in terms of the number of binary
collisions [92]. This gives

idNAA/dPT d¢

Raa(pr, @) = NW,

13)

where we leave our calculations dependent on ¢ (the az-
imuthal angle in the plane transverse to the beam direction)
in order to calculate the Fourier harmonics. Here, in practice,
the N x dN,,/ dpt spectrum is obtained using the same in-
gredients as described in Sec. II but in this case one turns
off the heavy quark transport equations while hadronization
is still done via fragmentation. In this work, the calculations
are assumed to be boost invariant so comparisons are made
only to midrapidity experimental data. Integrating over ¢
then reproduces the typical Raqs(pr) that can be compared
to experiment. Because we oversample the number of heavy
quarks for each hydrodynamic background, we are able to
reconstruct the entire Ra4(pr, ¢) for each event.

As explained in Sec. ITE, the values of the free parameters
of the transport models are determined by the best fit to most
central high pr differential R44 experimental data and, thus,
the magnitude of R44(pr) in most central collisions obtained
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FIG. 6. Examples for a chosen central 0-10% event (top) and a more peripheral 40-50% event (bottom) of the heavy quarks initial spatial
distribution (left) and final distribution at 7y = 160 MeV (center) and Ty = 120 MeV (right). The evolution of the heavy quarks is here obtained

via the Langevin equation with the M&T parametrization.

with DAB-MOD is not a prediction. However, its centrality
and py dependence are legitimate predictions of the model.

1. D° meson

In Fig. 7, we compare the results from different transport
models for D° mesons in the 0-10% centrality of AuAu
200 GeV (left) and PbPb 5.02 TeV (right) collisions. At
first sight, the four chosen transport models exhibit correct

0-10%, Au-Au, /syxy = 200 GeV
T — T T T
—— Langevin M&T ]
Langevin G&A

I arﬂow
. STZFﬁow

o STAR 4
o 0.9 (a) ]
<< 4
5 06 band: 120 < T3 < 160 MeV _
A ]
0:3 %‘
Y i
0 L " 1 P | 1 "
1 10 40
pr (GeV)

trends at intermediate and high pr when compared to data.
However, at low pr, the energy-loss and Langevin models
lead to very different behaviors, clearly favoring Langevin
models in the comparison to data. This difference originates
in the fluctuating force within the Langevin approach: The
balance between this force and the energy loss brought by the
drag term maintains a certain amount of heavy quarks within
the typical momentum range of the plasma particles. On the

0-10%, Pb-Pb, /snN = 5.02 TeV

12) eCMS —alf,, ~— Langevin M&T ]
— T T 0w Langevin G&A ]
09 T
< - -
éﬂ L d
0.6 1 |
Ak 1]
03 -
- band: 120 < Ty < 160 MeV

1 10 100

pr (GeV)

FIG. 7. Prompt D° meson nuclear modification factor Ry, in the 0—10% centrality class of ,/syy = 200GeV AuAu (a) and /syy =
5.02 TeV PbPb (b) collisions, computed using different transport models. The gray area indicates the pr region where coalescence and initial-
and final-state effects may be important. Experimental data from the STAR (]y| < 1) [93] and CMS (|y| < 1) [94] Collaborations.
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FIG. 8. Comparison between the constant energy loss model with and without different types of energy-loss fluctuations to experimental

data (as in Fig. 7).

other hand, the energy-loss models, where there is no energy
gain, lead to a continuous decrease of R4 toward lower pr
until a certain value (much) smaller than 1 GeV where a
large amount of heavy quarks “accumulate” (not shown in the
present figures).

Looking more carefully at Fig. 7, one can see that in
Langevin models the choice of the diffusion coefficient leads
to different results at high pr. M&T is able to reasonably
capture the high-pr behavior of Ra(pr) data, whereas G&A
is found to be below the data.®> At low pr, they exhibit nearly
identical behavior. While the results are somewhat lower than
experimental data, we find (see Sec. V) that the addition
of coalescence shifts the R4 (pr) curve upward at low pr,
matching experimental data. The results for the transport
models for different beam energies are also shown in Fig. 7.
As explained in Sec. IIC 1, for the energy-loss models we
consider either a constant energy loss function, f(7, vq) =
a, or a temperature-dependent one where (T, vq) = ;TZ.
Despite this difference, the D Ry4(pr) results are almost
identical, which shows that this temperature dependence is not

3If we would have compared these predictions to the ALICE
Collaboration Ras(pr) data [95], the conclusion might have been
different since those data are significantly lower at high pr.

10— 40%, Au-Au, /sny = 200 GeV
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| (@) -
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0 * ] * -
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actually realized in practice in our calculations. Additionally,
we do not find a strong dependence with beam energy when it
comes to the qualitative differences between different types of
heavy quark evolution. We consistently find that the Langevin
model produces the largest R4 (pr) at low pr and that all the
transport models behaves correctly at high pr.

The point where a heavy quark decouples from the medium
is still a source of uncertainty in heavy flavor modeling. In
this work, we investigate this issue by considering a range of
decoupling temperatures between 120 and 160 MeV, which
creates the bands in our theoretical calculations in following
sections. In Fig. 7, Raa(pr) is plotted4 for Ty = 120 MeV
and Ty = 160 MeV. R44(pr) for both beam energies does not
exhibit a strong dependence on the decoupling temperature,
which can be explained within our model by the magnitude
of the high-pr Rss being calibrated with the data for each
decoupling temperature. Nevertheless, a significant difference
can be seen between the decoupling temperatures at low pr
within the Langevin model: R4y at Ty = 120 MeV is larger
than at 75 = 160 MeV. In other words, in this situation the

4We have checked that all experimental observables show either a
monotonic increase or decrease with 7j so it is sufficient to plot just
the extrema to obtain the bands.

30 50%, Pb-Pb, \/snx = 5.02 TeV

— —
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) +
band: 120 < Td < 160 MeV

0 M|
100

(Ge\/)

FIG. 9. Prompt D° meson nuclear modification factor R4, in the 10-40% centrality range of \/syy = 200 GeV AuAu collisions (a) and in
the 30-50% centrality range of ,/syy = 5.02 TeV PbPb collisions (b), computed using different transport models. Experimental data from the
STAR (]y| < 1) [93] and ALICE (Jy| < 0.5) [95] Collaborations, respectively.
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FIG. 10. B meson R4, in the 0-50% centrality range of /syy =
5.02 TeV PbPb collisions. Experimental data for BT meson from the
CMS Collaboration (y| < 2.4) [96].

low-pr heavy quarks are less suppressed if they are coupled to
the plasma for longer. This ordering can be explained by the
fluctuating force having a longer time to act when 7y = 120
MeV to increase the momenta of (the larger amount of) heavy
quarks initially at lower pt. This effect outclasses an expected
countereffect: At lower temperatures, the thermal distribution
of the heavy quarks shifts toward lower momenta, such that
the R44 at Ty = 120 MeV should be smaller than at 7y = 160
MeV. This shows that quasiequilibrium is far from being
reached for the heavy quarks when Ty = 160 MeV. As we
will see below, the flow harmonics exhibit a different behavior
and, in general, one finds that lower decoupling temperatures
produce larger azimuthal anisotropies.

We also include different types of energy-loss fluctuations
in the case of the constant energy-loss model (see Sec. IIC 1
for details). As shown in Fig. 8, Gaussian fluctuations do
not make a significant difference. However, linear or uniform
fluctuations suppress R4 at high pr, showing a disagreement
with the experimental data, although they increase Ry4 at low
and intermediate pr, improving the overall agreement with
the data. However, all the energy-loss results are within the
error bars of the experimental data points so, unfortunately,
no conclusion can be drawn for now regarding the specific
form of the distribution of energy-loss fluctuations within our
model.

0-10%, Au-Au, \/sxy = 200 GeV

B — al'gow —— Langevin M&T |
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1 10 40
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To test if the calibration made in the most central collisions
gives reasonable results for the different models in other cen-
tralities, some predictions for more peripheral collisions are
shown in Fig. 9. The different models show similar features
found in 0-10% central collisions and fit correctly the less
suppressed Ry data at intermediate and high pr.

2. B meson

Because B production is less subject to initial-state effects
and final hadronic rescaterings compared to D, its observables
are cleaner probes of the deconfined medium, making it pos-
sible to study how changing the heavy quark mass affects its
dynamics and hadronization. As explained in Sec. [T E, we use
heavy flavor electron R44 data in the most central collisions to
calibrate the bottom quark transport model coupling factors,
such that all the B-meson results are predictions of the model.
As shown in Fig. 10, the (limited) comparison between BT
0-100% experimental data and the B meson R4 (pr) obtained
with DAB-MOD in 0-50% centrality range illustrates the
consistency of our calibration.

In Fig. 11, we compare different energy-loss parametriza-
tions to Langevin results for B mesons in the 0-10% centrality
class of AuAu 200 GeV (left) and PbPb 5.02 TeV (right)
collisions. Comparing to Fig. 7, one can see that the B and
the D° meson R4 (pr) exhibit similar qualitative behavior.
Nevertheless, at low and intermediate pr, the B Ry, is gen-
erally less suppressed by a factor ~2 while its value at high
pr is larger than that found for the D° meson. We note
that in this pr regime the discrepancy between energy loss
and Langevin approaches is much larger for B than for D°
mesons (there is also a larger difference between different
Langevin parametrizations). At very high pr, the values for
B and D° Ry, are very similar since their mass difference be-
comes negligible when compared to the momentum. Finally,
since the heavy quark mass has no impact on energy-loss
fluctuations, Rys(pr) of both B and D° mesons computed
within the constant energy-loss model are similarly modified
by energy-loss fluctuations.

3. e* and p* from heavy flavor

Since very limited B meson data are available, one can
instead study electrons (or muons) from heavy flavor decays

0-10%, Pb-Pb, \/sxx = 5.02 TeV
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FIG. 11. B meson R44 in the 0-10% centrality class of ,/syy = 200 GeV AuAu (a) and ,/syy = 5.02 TeV PbPb (b) collisions.
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FIG. 12. Heavy flavor electron R4, in the 0—10% centrality class of ,/syy = 200 GeV AuAu (a) and /syy = 5.02 TeV PbPb (b) collisions.
Experimental data from the PHENIX (]y| < 0.35) [97] and ALICE (|y| < 0.6) [98] Collaborations, respectively.

since those are more commonly measured. In Fig. 12, the
results for the heavy flavor electron R44 from semileptonic
decays, c,b — e*, are shown for two beam energies. As
with the D and B meson Ras(pr), the same hierarchy in-
volving the heavy quark evolution is seen in the electrons
and the results fit reasonably well the data at intermediate
and high pr for different beam energies and centralities (see
Fig. 13). An exception can be observed in AuAu collisions at
/Snnv = 200 GeV where the models have trouble reproducing
the sudden increase of R44 in the data found around pr = 6
GeV. However, we note that those points are located at pr <
10 GeV, which is a regime that can be affected by coalescence
and other initial and final hadronic effects. Additionally, the
error bars in that region are quite large.

The ATLAS Collaboration recently compared our results
to muon data in PbPb /syy = 2.76 TeV collisions [17] and
found that our constant energy loss results were able to
reproduce Ry for pr 2 10 GeV (at that point we did not have
Langevin evolution in DAB-MOD). Note that the results ob-
tained in the electron and muon semileptonic decay channels
are almost identical down to 1 GeV as the mass of the leptons
that stem from heavy flavor decays is negligible compared to
their momentum (see, for instance, Fig. 14).
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FIG. 13. Heavy flavor electron R44 in the 30-40% centrality
class of \/syxy = 5.02TeV PbPb collisions. Experimental data from
the ALICE (]y| < 0.6) [98] Collaboration.

Figure 15 shows a comparison of the separated charm
and bottom hadron decay electrons ¢ — e* and b — e,
respectively, for two different centrality ranges. Similarly
to RHIC data, we observe that the electrons from bottom
hadrons are less suppressed than those from charmed hadrons
in the low-intermediate pr regime. The electron R44 from
D° mesons reproduces reasonably well RHIC data in both
centrality ranges, but we underestimate the b — et Ry, data.
Part of this discrepancy might originate from the difficult
calibration of the bottom quark transport model coefficients
using the heavy flavor data at RHIC (because of the sudden
Ry4 increase and large error bars shown in Fig. 12). In Fig. 16,
we show a comparison to the (low-pr) b — ¢* LHC data at
/svnv = 5.02 TeV where the heavy flavor electron data can be
used with more confidence for the calibration. As for the D°
data in Fig. 7, the Langevin models give a better agreement.

If one puts aside the effects of hadronization and ini-
tial and final hadronic stages on heavy meson production,
a comparison between ¢ — et and b — e* Ry, illustrates
the mass dependence of the energy exchanges between the
heavy quarks and the QGP medium. Within the usual energy-
loss framework, the experimental observation RS, < R}, is
in agreement with the theoretical prediction of the quark
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FIG. 14. Heavy flavor electron and muon Ry4 in the 30-40%
centrality class of \/syy = 2.76 TeV PbPb collisions.
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FIG. 15. Electron R4 from charm and bottom in AuAu collisions at /syy = 200 GeV for 0-10% (a) and 0-70% (b) centrality classes.
Experimental data from the PHENIX [99] (0-10% centrality) and STAR [100] (0-80% centrality) collaborations, respectively.

mass hierarchy for radiative energy loss, AE, > AE}, mainly
due to the dead cone effect increasing with mass [102]. In
DAB-MOD, the heavy quark mass plays roles in different
parts of the simulation: (1) inherently in the formalism of the
transport models: the evolution depends on mass even without
any direct mass dependence in the Langevin and energy-loss
parametrizations, (2) in the values of the transport model free
coupling factors for the charm and bottom quarks, although
since they are in general of the same order (Tables I and II) this
is only a small effect, (3) in the initial spectra from FONLL,
and (4) embedded in the hadronization process (both in the
case of fragmentation and coalescence; see Sec. V).

B. Azimuthal anisotropy and multiparticle camulants

In a previous work involving all charged high-py hadrons,
multiparticle cumulants were predicted [28] and later mea-
sured by CMS [33]. For a correlation of m particles, because
of the low statistics at high pT, one hard particle is correlated
with m — 1 soft particles. The soft particle is a charged particle
from the reference bin (in our case, we consider particles
between 0.2 < pr[GeV] < 3) where one can write the flow
vectors V,,, accounting for both real and imaginary parts, as

V, = v, "V, (14)

— al'gow B — € ]
—— Langevin M&T B — e
o ALICE b(—c¢) — e ]

band: 120 < Ty < 160 MeV _|
- 0-10 %, Pb-Pb, ./sNN =5.02 TeV -

1 10 100
7 (GeV)

FIG. 16. Electron R44 from bottom in the 0—10% centrality class
of PbPb collisions at /syy = 5.02 TeV. Experimental data from the
ALICE Collaboration (|y| < 0.8) [101].

Here we use the same notation as in Refs. [28,103,104] for
the sake of consistency. However, in the hard sector we are
considering the particle of interest from separate pr bins so a
pr dependence appears:

Vo(pr) = vau(pr) "V, (15)

This leads to a pr-dependent two-particle correlation that uses
the complex conjugate to produce a real-valued result as in

Re{V,V, (p1)} = vyu.(pr) cos[n(y, — ¥ (pr)l.  (16)

We then consider the typical two-particle correlations by
taking one hard and one soft particle and the four-particle
correlation by taking one hard particle and three soft particles
that are averaged over events within a fixed centrality window.
They are defined by

v{2}(pr) = % (17)
w4} (pr) = % (1s)
where
du(2}(pr) = (VuV, (p1));)

= (Wata(pr) cOS[n(, — Yu(pr)));). (19)
enjf2h = (Vv ) = (o)) (20)

du{4)(pr) = 2 (V,V,5); Vi (pr)); — (VaVi ViV (o))
= (2¢,,j{2V o/ 2)(pr) — (VY (pD))), D)

—cu {4 = QVWV,DT — (VWVIVVH))

= (2(ca ;1217 — (v;‘)j). (22)

Here, the outer bracket (. ..) is an artifact of centrality rebin-
ning, where in experiments finer centrality bins are taken, e.g.,
0.5% centralities, which we indicate as j, that are then recom-
bined using multiplicity weighing in a wider centrality bin
of a width of 10%, for example. The inner brackets indicate
averaging over the events within the jth fine centrality bin.
Initially, in Ref. [28] it was expected that v,{4}/
v2{2}(pT) ~ constant at low pr. This is because the ratio of
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DY meson B meson soft sector, i.e., in the context of relativistic hydrodynamics.
, T . . | i The only term that contains contributions from the hard sector
-40%, Pb- o< = 2. [ -
0.1 [20-40%, Pb-Pb \/sxx = 2 TV Alfow = AT"Tpon | is then M’ which can be interpreted as a measure
AT fow AT Doy () (VuVi(pr))
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FIG. 17. Elliptic flow v, of D° mesons (a) and B mesons (b) in
the 20-40% centrality class of PbPb collisions at ,/syy = 2.76 TeV
obtained with different energy-loss models.

v2{4}/v2{2}(p1) encapsulates a nontrivial interplay between
the event-by-event fluctuations of energy loss and the initial
condition fluctuations, with the latter being typically associ-
ated only with the soft sector (though it was found in Ref. [28]
that these fluctuations also influence the multiparticle cumu-
lants at high pr as well). In fact, in Eq. (A2) of Ref. [28],
it was shown that the exact interplay between event-by-event
initial condition fluctuations and hard physics fluctuations is
given by

v, {4}(p1)
Un{z}(PT)
v, {4} w2\ () (v2Va Vi (pr)
= 1+ 5 —
vn{2} v {4} (U%) (U%>(ann*(pT))
——— —
soft fluctuations hard fluctuations
(23)
where the terms <(v”2:))2 and w2

condition fluctuations, which are translated into the final flow
harmonics via linear + cubic response [105,106] within the

0*70(%)7 AU—AH \/SNN = 200 Ge\/

—al'gow —— Langevm M&T
02F — (T T ow Langevin G&A 4
-~ band: 120 < Ty < 160 MeV
~ .
=
E @ |
@)

T ® STAR 0-80%
" MR | . .

1 10 40
T (GeV)

0

of azimuthal anisotropy fluctuations associated with hard
physics. When there are only soft fluctuations,

(v2V, Vi (pr))

N

Only soft fluctuations: , (24
(v2)(V,V (pr)) <v3)2
which implies that Eq. (23) then becomes
{4 {4
Only soft fluctuations: ot} (pr) Ond }. (25)
vaf2}(pr)  vaf2}

In fact, g iEﬁT; is only sensitive to hard physics fluctuations

when the soft and hard sectors have different sources of
fluctuations. At that point, one can write

(v2V, V. (pr))
(v2)(VaV(pr))

(o)
(v2)

(26)

£

soft + hard fluctuations:

and the term in parentheses in Eq. (23) is nonzero. We
should note that it is not known a priori if soft fluctuations
are larger gr smaller than hard fluctuations and, thus, the
2 *
Mm&%nﬁz—%%%%—
negatively to the total ””{ }EZT) However, when a deviation
from Eq. (25) occurs, this implies that some other type of
physics is occurring that does not stem from the soft sector.
Therefore, this illustrates the importance of direct theory to
experiment comparisons of 2 gg T; in the hard sector.
Previous work had 1nvest1gated two-particle correlations
coming from the same pt bin [107], for instance, two-particle
correlations up to ~10GeV [108-110]. However, when it
comes to energy-loss models that are not fully integrated

into hydrodynamics, they only typically become valid above

) may contribute positively or

30 50%7 Pb-Pb, /snn = 5. ()2 TeV

— Langevm M&T
Langevin G&A S

® CMS

— aFHow
I £T2Fﬂow

band: 120 < Ty < 160 MeV

DO UQ{Z}

FIG. 18. D° meson elliptic flow v, in the 0-70% centrality range of ./syy = 200 GeV AuAu collisions (a) and in the 30-50% centrality
range of \/syy = 5.02 TeV PbPb collisions (b). The gray area indicates the pr region where coalescence may be important. Experimental data
from the STAR (|y| < 1) [112] and CMS (Jy| < 1) [113] Collaborations, respectively.
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FIG. 19. D° meson elliptic flow v, in the 0-70% centrality range of ./syy = 200 GeV AuAu collisions (a) and in the 30-50% centrality
range of /syy = 5.02 TeV PbPb collisions (b). Comparison of the constant energy-loss model with and without different types of energy-loss
fluctuations. Experimental data from the STAR (Jy| < 1) [112] and CMS (|y| < 1) [113] Collaborations, respectively.

pr > 10GeV so those previous measurements require addi-
tional physics to interpret their results. More recently, mul-
tiparticle cumulant calculations have been extended to the
heavy flavor sector [15] by correlating heavy flavor particles
with low-pr charged particles. However, they have not yet
been systematically studied in the heavy flavor sector nor
have they been measured experimentally. In the following,
we systematically compare the influence of different medium
transport properties and initial conditions on heavy flavor
multiparticle cumulants.’

1. Elliptic flow from two-particle cumulants

First we test the influence of different energy-loss models.
As a test bed, we use PbPb collisions at /syy = 5.02TeV
with MCKLN initial conditions, which are the same hydrody-
namic backgrounds used in Ref. [28]. In Fig. 17, results for
D and B mesons are shown for the same energy-loss models
previously shown in Fig. 3 for R44. We notice that the different
models can lead to a variety of different curves for v,. At the

SWe note that in Ref. [111] a systematic study was done with
different energy-loss models for Ry4 and v, but higher order flow
harmonics and multiparticle cumulants were not yet considered.

0-10%, Au-Au, \/sxy = 200 GeV

—— Lang. M&T

o STAR 0-10% — algoy
0.2} Event PlaneT —— ¢TTyoy Lang. G&A 4
s band: 120 < Ty < 160 MeV
~ - ]
5 E ()
= a
L -

1 10 40
pPr (GGV)

same time, models that are indistinguishable using only the
Ra4 calculations are clearly separated when considering the v,
results, as is the case for the two energy-loss parametrizations
f =a and f = £T2. These two particular models differ from
the other three in that they do not have an explicit dependence
on the heavy quark momentum and lead to a bump in the
low-pr region as is expected from experimental data. This
observation agrees with the previous choice of energy-loss
parametrizations made using R44 data.

The selected energy-loss models are compared with the
two different parametrizations within the Langevin formalism
in Fig. 18 for a range of decoupling temperatures. On the
left side, we observe that the M&T parametrization seems to
better capture the characteristic bump in the low-pt regime
present in the experimental data while other models seem to
overlap in AuAu collisions at RHIC with ,/syy = 200 GeV.
In the case of PbPb ,/syny = 5.02 TeV collisions at LHC, the
different models seem to be more distinguishable with the
constant energy-loss model leading to the largest values of v,
at large pt, while the Langevin model with M&T parametriza-
tion remains closest to experimental data at low pr. Results
for v, show better agreement with data for the lowest collision
energy overall, while being slightly underestimated in the
other case.

0-10%, Pb-Pb, /sy = 5.02 TeV

—— Langevin M&T
Langevin G&A 4

e CMS

— arﬁow

0.2 - §T2Fﬂow

band: 120 < T4 < 160 MeV

(b)

0.1 ;@g‘l@;

DO U2{2}

0

1 0

pr (Ge\/’)

FIG. 20. D° meson elliptic flow v, in the 0-10% centrality class of /syy = 200 GeV AuAu collisions (a) and in the 0-10% centrality
class of \/syn = 5.02TeV PbPb collisions (b). Preliminary experimental data from STAR (Jy| < 1) [93] and data from the CMS (|y| < 1)

[113] Collaborations are shown.
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FIG. 21. B meson elliptic flow v, in the 0-70% centrality range of ,/syy = 200 GeV AuAu collisions (a) and in the 30-50% centrality

range of ,/syy = 5.02 TeV PbPb collisions (b).

We take a special look at how the three parametrizations of
energy-loss fluctuations affect the results for the anisotropic
flow coefficient. These results are shown in Fig. 19. The Gaus-
sian fluctuation ansatz leads to a more subtle effect by slightly
lowering v, at low pt. The other two models lead to stronger
effects and, even though they have very different functional
forms, the v, results do not show much difference among
them. These results suggest that energy-loss fluctuations are
more relevant to the calculation of the low-pr regime of the
elliptic flow coefficient.

It is also possible to compare the simulation results with
experimental data for central collisions, as shown in Fig. 20.
The same behavior observed in Fig. 18 is also found in
this case when comparing the different models. However,
the experimental data comparison shows a better agreement
with LHC collisions rather than RHIC’s, in which case
the results from the simulation underestimate the data ex-
cept for very low-pr regime. Since these comparisons very
much rely on the low-pr region, we expect that the intro-
duction of coalescence in the simulations to change these
results.

In Fig. 21, we show predictions for v, of B mesons ob-
tained from our simulations, using only the constant energy-
loss parametrization and the M&T parametrization within the

0-20%, Au-Au, /sxy = 200 GeV

0.2 ——ry .
PHENIX alfiow —— Langevin M&T
Event Plane  —— ¢TI, Langevin G&A
. L 4
QL band: 120 < Ty < 160 MeV
g
©0.1F (a) .
n
Q
UF =
0 A | L L MR | 1 L
1 10 40
pr (GeV)

Langevin formalism, for the same collision setup that was
used for the D meson results. We notice a similar behavior
between both models with Langevin’s leading to a larger v, at
low pr though it becomes lower at high pr.

Having both results for B and D° mesons, we can now
obtain the elliptic flow coefficient for heavy flavor electrons
from decays. The comparison between the different transport
models for this case is shown in Fig. 22. We observe that the
Langevin parametrizations tend to better reflect the features
of the experimental data, especially for noncentral collisions,
shown in the right plot of the figure. In the case of central
collisions, although the results for the D° meson underesti-
mated the data, a good agreement with data is observed for
the heavy flavor electrons for both Langevin parametrizations.
Also, the difference between the models in the mid-pt range
up to &30 GeV is not as pronounced for electrons as it is for
the heavy mesons.

We further explore the role of each heavy quark, bottom
or charm, in building up the elliptic flow of heavy flavor
electrons in Fig. 23 where the results for AuAu collisions
at /syy =200GeV are shown compared to experimental
data from the PHENIX Collaboration. A good agreement is
obtained considering the large uncertainties in the measured
values. Unfortunately, the comparison is limited to the lower

20-40%, Au-Au, /sny = 200 GeV

0.2 —— .
PHENIX alfow —— Langevin M&T
Event Plane  —— ¢T2Ig,,, Langevin G&A
i L J
&Y, band: 120 < Ty < 160 MeV
g
© 0.1 .
1
e}
S J
0 A | 1 1 MR A | L L
1 10 40
pTr (GeV)

FIG. 22. Heavy flavor electron elliptic flow coefficient v, in the 0-20% centrality class of ,/syxy = 200 GeV AuAu collisions (a) and also
in the 20-40% centrality class (b). The gray area indicates the pr region where coalescence may be important. Experimental data from the

PHENIX (]y| < 0.35) collaboration [97].
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FIG. 23. Electron elliptic flow coefficient v, from charm and
bottom in the 0-70% centrality range of /syy = 200GeV AuAu
collisions. Experimental data from the PHENIX Collaboration [93].

pr range where the physics is considerably more complex and
other effects might be important.

2. Elliptic flow from multiparticle cumulants

Up to this point, we only explored the correlation between
the particles using two-particle cumulants. We now test the
influence of different energy loss and Langevin diffusion
coefficients on the calculation of the four-particle cumulants.
For the 30—40% centrality class in the soft sector MCKLN,
initial conditions produce v,{4}/v,{2} ~ 0.91. In Fig. 24, the
corresponding heavy flavor predictions are shown. Similar to
the high-pr particles’ result in Ref. [28], the heavy flavor
predictions are v,{4}/v2{2} = 0.95. There is a slight down-
ward shift if a higher decoupling temperature is considered,
which may provide some insight into the optimal values of the
decoupling temperature parameter. Additionally, energy-loss
fluctuations have an opposite trend in the pr dependence
compared to Langevin results. In the energy-loss approach,
a peak in v2{4}/v2{2}(pr) is seen at low pr whereas in the
Langevin scenario v,{4}/v2{2}(pr) increases at high pr.

Furthermore, it is also instructive to investigate the cen-
trality dependence of this observable. Thus, we also con-
sider v{4}/v,2{2} integrated in the range 8 < pr < 40 GeV.
In Fig. 25, different types of energy-loss fluctuations and

Langevin diffusion transport coefficients are shown (left) for
a fixed decoupling temperature. On the right, the decoupling
temperatures are compared for our two best-fit setups. One of
the biggest takeaways from Fig. 25 is that the central collision
region is the most sensitive regime in the description of heavy
flavor dynamics. More peripheral collisions are predicted to
have nearly identical results regardless of the underlying
assumptions made in the heavy flavor modeling. However,
peripheral collisions are more sensitive to the decoupling
temperature (and less sensitive to the heavy flavor description)
so by investigating 0—10% and 40-50% centrality classes one
may be able to constrain both simultaneously. The caveat
relies on the ability of experiments to obtain these results with
reasonable error bars since the differences are small.

It is also interesting to consider possible mass effects on
the v, fluctuations of heavy flavor mesons. Up to this point,
our previous results only considered D° mesons but here we
compare D and B mesons in Fig. 26. We find that B mesons
have a slightly larger v,{4}/v,{2} in central collisions but the
effect is very small. Finally, we show how the D’ meson
v2{4}/v2{2} changes with collision energy and system size
in Fig. 27. Again, the largest difference occurs in central
collisions while, for peripheral collisions, results at LHC
energies become similar though still distinct from the RHIC
result.

3. Triangular flow with two-particle cumulants

As done previously for the elliptic flow coefficient, we
first test how the different parametrizations of Langevin and
the selected energy-loss models affect the triangular flow
coefficient vy using the correlation between two particles.
From the plots of Fig. 28, one can observe much larger bands
when studying the same 7y range in comparison with the
results for v,. This wider band effect is consistent with a
time hierarchy where v, is built up first in the evolution of
the system and v; would be generated later. In this sense, a
larger value of Ty would hadronize the heavy quarks before
they had enough time to build up a significant v; flow. Despite
this difference, the general behavior is maintained among the
different models with the constant energy-loss model leading
to higher values of vs in the high-py regime, while the low-pr
region is dominated by the M&T Langevin parametrization,
leading to the best agreement with experimental data at

— 7 —r—
—— alfow  ===uniform —— 7Ty —— alfew  —— Langevin M&T
U Y R 0=0.3 ='=1linear —— Langevin M&T T — ETThow Langevin G&A ]
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2
-
5 0.95 g poury
o U. B .
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0.9 1 | " | " 1 " 1 " " | 1 1 1 1 " | 1
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FIG. 24. v,{4}/v2{2}(pr) of D° mesons as a function of py for the two decoupling temperatures Ty = 120 MeV (a) and Ty = 160 MeV (b).
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FIG. 25. Centrality dependence of the D° meson v,{4}/v,{2} integrated over 8 < pr < 40 GeV for /syy = 5.02 TeV PbPb collisions. The
figures focus on the dependence with the transport model assumptions (a) and on the dependence with the decoupling temperature parameter
T4 (b).
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FIG 26. Comparison between the D? and B meson v,{4}/v,{2} FIG. 27. Comparison between the integrated v,{4}/v,{2} ratio in
ratlg ?ntegrated over 8 < pr <40 GeV in /syy = 5.02TeV PbPb Jsyn = 200 GeV AuAu collisions and in PbPb collisions at /syy =
collisions. 2.76 TeV and /syy = 5.02 TeV.
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FIG. 28. D° meson triangular flow coefficient v3 in the 0~70% centrality range of ,/syy = 200 GeV AuAu (a) and in the 30-50% centrality
range of ,/syy = 5.02 TeV PbPb collisions (b). Experimental data from the STAR (|y| < 1) [114] and CMS (]y| < 1) [113] Collaborations,
respectively.
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FIG. 29. D meson triangular flow coefficient v; in the 0-70% centrality range of /syy = 200 GeV AuAu collisions (a) and in the 30-50%
centrality range of ,/syy = 5.02TeV PbPb collisions (b). Results for the constant energy-loss model with and without different types of
energy-loss fluctuations. Experimental data from the STAR (]y| < 1) [114] and CMS (|y| < 1) [113] Collaborations, respectively.

/Svnv = 200 GeV despite the low number of data points. As
with the v, results, the models tend to underestimate the data
at \/syvy = 5.02TeV.

Energy-loss fluctuations are also studied and the corre-
sponding results are shown in Fig. 29, in which we observe
a trend similar to that found for v,. While the Gaussian
fluctuations slightly decrease the flow coefficient values in
the lower pr regime, stronger fluctuations such as the linear
and the constant ones seem to have a much bigger effect. In
addition, even though their functional form differ greatly, the
overall effect of energy-loss fluctuations on v; is not very
different for the different cases considered. In the large-pr
regime, the effect of the fluctuations seems to be negligible.

The corresponding results for vs in central collisions are
shown in Fig. 30. We notice the scales between the different
models remain unchanged, in agreement with all the calcu-
lations for v, and v; shown before. The simulation results
still underestimate the experimental data for the largest beam
energy collisions, in agreement with the results observed in
Fig. 28. One feature that is specific for these v3 calculations is
that there seems to be very little centrality dependence for this
observable, differing from the v, observations. In that respect,
all models seem to agree with the observed conclusion from
data.
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In Fig. 31, we show a prediction for the triangular flow
of B mesons using the constant energy-loss model and the
M&T Langevin parametrization. We observe a much lower
v3 in comparison with the results for the D meson, which
also occurs for v,, suggesting that the mass hierarchy may
propagate throughout the higher flow harmonics.

4. Fourth-order flow coefficient from two-particle cumulants

In Fig. 32, we compare the results for the fourth-order flow
coefficient from two-particle correlations, v4{2}, involving
heavy flavor electrons and muons in the 0-10% (left) and
30—40% (right) centrality classes of PbPb 2.76-TeV colli-
sions, obtained using the constant energy loss and the M&T
Langevin model. As already observed for the R44 in Fig. 14,
one can first note that the electron and muon channels give
equivalent results down to 1 GeV, so that comparing our
electron results with muon data at midrapidities is fine. The
vy results behave similarly to v, and v;: They all decrease
with increasing pr for pr 2 2 GeV and, compared to the
energy-loss models, the Langevin framework leads to higher
(smaller) values at low (high) pr. Both models lie within the
experimental data uncertainties although, as for the other flow
coefficients, the vy results seem to slightly underestimate the
data. We observe almost no variation of v4 with centrality, as

0 10%, Pb Pb 1/9NN = 5. OQTCV

0.12
° CMS —_ Langcvm M&T 7

Langevin G&A

— aFﬂow
I §T2 1_‘ﬂuw

0.1

band: 120 < Ty < 160 MeV  _|

= 0.08
5’ 0.06
0.04

DO

0.02

1 10 100
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FIG. 30. D° meson triangular flow coefficient v; in the 0-10% centrality class of /syy = 200 GeV AuAu collisions (a) and in /syy =
5.02 TeV PbPb collisions (b). Experimental data from the CMS (|y| < 1) Collaboration [113].

024906-19



ROLAND KATZ et al.

PHYSICAL REVIEW C 102, 024906 (2020)

0-70%, Au-Au, /sxy = 200 GeV
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FIG. 31. B meson triangular flow coefficient v; in the 0-70%
centrality range of ,/syy = 200 GeV AuAu collisions.

we did for vz in the previous section, which shows that v, and
v3 stem from geometrical fluctuations.

Despite the similarities with the other coefficients, vy ex-
hibits a new feature in /syy =2.76 TeV PbPb collisions:
For the decoupling temperature 7y = 160 MeV, the heavy
flavor electron/muon vy4 is negative on the whole pr range
for both transport models. The corresponding experimental
data are either positive or negative but are mostly compatible
with zero within the error bands [17]. As shown in Fig. 33,
this is also the case in 200-GeV AuAu collisions but not
in ./syv = 5.02 TeV PbPb collisions. Additionally, as shown
in Fig. 34 for 200-GeV AuAu collisions (note the different
situation in Fig. 35 for 5.02-TeV PbPb collisions), both the
D° and B meson vy are negative when Ty = 160 MeV with
the DY meson v, being larger in absolute values.

The reason for these negative values is an anticorre-
lation between the heavy flavor and the bulk azimuthal
anisotropy angles when Ty = 160 MeV, "™ and y{*",
respectively. Indeed, as shown in Fig. 36, the event-by-event
YY) (g 5oy distributions are anticorrelated when Ty =

160 MeV (centered on "™ = +7/2 when " = 0),

whereas they are correlated when 7Ty = 120 MeV (centered on

eay) — 0 with a linear correlation to ¥{*°™). For Ty = 160

MeV in 200-GeV AuAu and 2.76-TeV PbPb collisions, the

0*10%, Pb—Pb7 \/SNN = 2.76 TeV

- — T T T —
—— Langevin M&T ¢,b — e
0.05 F— al'aow ¢,b — e —
&L 0.03 T ]
I
= - —o— 1
0
- @ ATLAS ¢,b — p band: 120 < Ty < 160 MeV
L " M | 1 L 1
1 10
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heavy quark interaction with the bulk medium is therefore
not long enough for the heavy quark flow vector V4(heavy)

to be in phase with the bulk V.*°™. This phenomenon was
also observed in light quark models for n > 3 [115]. The 4
observable will be further explored in the next section. Finally,
by comparing the different flow harmonics, we see a clear
hierarchy v, > v3 > v4 for any collision energy as was also
observed by the experiments [17].

5. Correlation between the flows of heavy mesons
and all charged particles

In addition to looking at the correlations between the heavy
and the soft sectors from the point of view of the cumulants,
it is also interesting to study the direct correlation between
these sectors on an event-by-event basis using event-shape
engineering techniques. Since the soft sector flow coefficients
are directly related to the event eccentricities, this study
can provide information on the role of the initial anisotropy
on final observables for the heavy flavor sector. This work
uses the same approach that has been previously used in
Ref. [51] when investigating soft and hard sector correlations.
We define the correlations by binning the distribution of
integrated flow harmonics in the soft sector, v, and then
evaluating the corresponding flow coefficient of B and D°
mesons for each bin, v, The result can be understood
as the probability that an event within a given soft sector flow
class will correspond to a particular value of v, One can
study the slope of these correlations with respect to different
collision conditions leading to v, fluctuations. In that respect,
if no v, fluctuations were to be observed, the plot would show
a flat horizontal line.

Figure 37 shows the correlation between the DY meson
vy and the corresponding quantity for all charged particles
computed using different transport models and different beam
energies. We first notice that, regardless of the transport model
used for the calculation, all results indicate that the correlation
between the heavy and soft sectors is linear, although the
slope of the lines might be different, reflecting the different
v, already observed in previous sections for a given pr range.

30-40%, Pb-Pb, \/snx = 2.76 TeV

——— Langevin M&T ¢,b — e
0.05 F— al'aow c,b — € -
===alaew ¢,b = p

band: 120 < Ty < 160 MeV

M SR | L P

1 10
pr (GeV)

- @ ATLAS ¢,b — p

FIG. 32. Heavy flavor electron (muon) flow coefficient v, in the 0-10% (a) and 30—40% (b) centrality classes of \/syy = 2.76 TeV PbPb
collisions. The gray area indicates the pr region where coalescence may be important. Experimental data from the ATLAS (|y| < 2)

Collaboration [17].
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FIG. 33. Heavy flavor electron flow coefficient v, in the 30-40% centrality class of ,/syy = 200 GeV AuAu collisions (a) and /syy =

5.02 TeV PbPb collisions (b).
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FIG. 34. D° (a) and B (b) meson flow coefficient v, in the 30-40% centrality class of ,/syy = 200 GeV AuAu collisions.
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FIG. 35. D° (a) and B (b) meson flow coefficient v, in the 30-40% centrality class of \/syy = 5.02 TeV PbPb collisions.
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FIG. 36. Event-by-event heavy flavor electron event plane angles wiheavw obtained with the constant energy-loss model vs all charged

particle event plane angles /{*".

It is worth noticing that the hierarchy between the different
transport models is not maintained for different energies,
which may be due to the specific implementation details of
each model.

The same approach can be used to investigate the same
type of correlations involving higher order flow coefficients
to check if the linear correlation observed for v, is still
maintained at higher orders. In Fig. 38, it is possible to
observe the same effect, although a deviation occurs when
the soft v3 becomes large. These deviations are related to the
limited statistics of the event leading to a wider distribution of
the heavy flavor sector v, Furthermore, we note that the
hierarchy among the values obtained for the different transport
models is similar to that found in the case of elliptic flow,
except for the constant energy-loss model at 200 GeV.

One of the main questions involving heavy flavor quarks in
the QGP concerns their coupling with the expanding medium.
In our framework, this is also encoded in the decoupling
parameter 7y, which defines a temperature scale below which
heavy quarks are considered to not be coupled with the
medium anymore. This parameter affects the path length expe-

30-50%, Au-Au, /syy = 200 GeV

0.15 f— alflow === uniform |
...... o = 0.3 === linear
— T Ty = M&T

G&A

0.1

0.05

Ty = 120 MeV
Or T T T
0 0.1 0.2
UéSOft)

D vgheaVY) (8 < pr < 13GeV

rienced by the heavy quark and can therefore greatly affect the
results obtained for the flow coefficients. Lower decoupling
temperatures are correlated with longer times in which the
heavy quarks are under the influence of the medium in the
transport models considered in this paper. In Fig. 39, a range
of decoupling temperatures is studied for every transport
model considering the flow of D° mesons. We notice that a
variation of the decoupling temperature affects v3 more than
it affects v,. Since v, is built up quickly, the difference in
the slopes due to the decoupling temperature is very small,
especially at very large collision energies, which require more
time to cool down below Tj. On the other hand, higher order
harmonics and lower collision energies are more strongly
affected by this parameter. In Fig. 40, the correlation between
the v4 of D® mesons and that of all charged particles is shown
for the two collision energies considered. We obtain even
wider bands compared with the v; correlation results, further
indicating the hierarchy described before. These results also
agree with previous observations regarding the hierarchy of
flow harmonics determined using the different models.

30-50%, Pb-Pb, \/sxx = 5.02 TeV
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FIG. 37. Correlations between the elliptic flow of D° mesons and the elliptic flow of all charged particles in /syy = 200 GeV AuAu

collisions (a) and

syv = 5.02 TeV PbPb collisions (b), computed using the different transport models.
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FIG. 38. Correlations between triangular flow of D° mesons and that of all charged particles in ./syy = 200 GeV AuAu collisions (a) and
in \/syy = 5.02 TeV PbPb collisions (b), computed using different transport models.
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FIG. 39. Decoupling temperature dependence of the correlations between D° mesons and all charged particles in the 30-40% centrality
class of \/syy = 5.02 TeV PbPb collisions. Elliptic flow (a) is shown on the left and triangular flow (b) on the right.
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FIG. 40. Correlations between the v, of D° mesons and the v, of all charged particles in /syy = 200GeV AuAu collisions (a) and
sxy = 5.02TeV PbPb collisions (b), computed using different transport models.
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collisions. Elliptic flow is shown in panel (a) and triangular flow in panel (b).

All the analysis performed on D° mesons can also be per-
formed on B mesons and the results are very similar. The plots
in Fig. 41 show results for B mesons at different decoupling
temperatures and for different models. In comparison with
previous results for D° mesons, we notice that the difference
between transport models for B mesons is less pronounced,
though the decoupling temperature seems to play a bigger role
in this case. Since this observable is integrated over pr, both
of these effects may be due to the mass difference between the
mesons and a direct comparison in the same py range may be
misleading.

Not only the flow harmonics correlations are worth looking
into. One can also study the correlations between their respec-
tive event plane angles v,,. This quantity gives information
about the alignment between the event plane angles of the
soft and the heavy sector. It is convenient to represent this
correlation as a cosine term such as the ones that appear on
the equations for the cumulants so they can be easily related
to the pr-differential results introduced earlier.

We first introduce a comparison for different collision
energies of the event plane angles correlations in Fig. 42 in
which both B and D° mesons are studied using different values
of the parameter 7y. The second-order event plane angle is
consistently aligned with (cos[n(lpésom - wéheavy))]) > 0.95
across most of the centrality range. This is observed for all the
different settings using the constant energy-loss model. The
triangular event plane correlations show a different picture,
though. While the alignment is maintained for the low decou-
pling temperature 7y = 120 MeV, deviations for noncentral
collisions are found if this temperature is increased to Ty =
160 MeV. This effect is not observed for the highest collision
energy, but it does not seem to depend on the collision energy
otherwise. Furthermore, this result is consistent with the large
suppression of vs observed previously for 7y = 160 MeV.

Turning to the M&T Langevin parametrization, the same
analysis for the event plane angles is shown in Fig. 43.
The elliptic flow event plane angles are shown to be heavily
aligned with those of charged particles, in the same manner

as the previous results for the constant energy-loss model.
In this case, however, the result for the triangular flow event
plane angles is lower even for Ty = 120 MeV. For the larger
decoupling temperature, the correlation behaves similarly to
the results for the constant energy loss in which the angles are
less correlated for noncentral collisions. The collision energy
dependence is different in this case and the curves do not
overlap in the same way we observe in Fig. 42. Looking back
at Figs. 38, 39, and 41, we notice that this parametrization

B meson
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FIG. 42. Correlation of the event plane angles v, between the
heavy and soft sectors obtained with the constant energy loss model
for B (left) and D° mesons (right) as a function of centrality. Results
for different collision energies are compared for decoupling tempera-
tures Ty = 120 MeV (top) and Ty = 160 MeV (bottom) and for n = 2
andn = 3.
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FIG. 43. Correlation of the event plane angles v, between the
heavy and soft sectors obtained with the Langevin dynamics (Moore
and Teaney parametrization) for B (left) and D° mesons (right) as
a function of centrality. Results for different collision energies are
compared for decoupling temperatures 7y = 120 MeV (top) and Ty =
160 MeV (bottom) and forn = 2 and n = 3.

leads to the lowest values of v3 and the low event plane angle
correlation is therefore consistent with that observation.

It is interesting to check if the decorrelation keeps increas-
ing when considering event plane angles of higher order flow
harmonics. The plots in Fig. 44 summarize the results for
the fourth-order flow harmonics for both transport models
studied. It is noticeable how these event plane angles are
shown to be much less correlated with that of charged particles
in comparison to the results found using lower order event
plane angles shown before. In addition, the same general trend
is maintained for D° mesons: The results are less correlated
for the highest decoupling temperature and for the Langevin
parametrization in contrast to the constant energy-loss model.
Results for B mesons, however, do not discriminate the trans-
port models in the same manner and there seems to be no
collision energy dependence as well.

Our previous results show the presence of linear scaling
between v and v™**Y. Considering that the former is
also related to the eccentricities in the initial conditions, it
is expected that this would also hold for the heavy sector. In
Fig. 45, we show the results for the centrality dependence
of the Pearson coefficients O, and Q3 [28] associated with
D° mesons computed using the constant energy-loss model
and the M&T parametrization of the Langevin model in
PbPb collisions at \/syy = 5.02 TeV for Ty = 120-160 MeV.
We find that the centrality dependence of these quantities
is generally weak. Concerning elliptic flow, we see that
both models display large values of Q,, with the constant
energy-loss model giving larger values than the Langevin

APIN 02T = BT

0.5 AuAu @ 200 GeV _':
[ ===-PbPb @ 2.76 TeV
| — PbPb @ 5.02 TeV

<COS { A8 _ iheavy))]>

APIN 09T = BT,
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FIG. 44. Correlation of the event plane angles v, between the
heavy and soft sectors obtained with the constant energy-loss model
and Langevin dynamics (using the Moore and Teaney parametriza-
tion) for B (left) and D° mesons (right) as a function of centrality.
Results for different collision energies are compared for decoupling
temperatures 7y = 120 MeV (top) and 73 = 160 MeV (bottom).

description. In this case, the results do not vary appreciably
when the decoupling temperature is varied in the range
120-160 MeV. However, while Q5 displays large values >0.8
for the constant energy-loss model, the same cannot be said
about the Langevin result where Q3 drops to =0.6. This
shows that in general v is more strongly correlated to
v in the constant energy-loss model than in the Langevin
description. This may be expected due to the noise term in

1.0; 7
n=
0.8 =
S g6l "3 o
f(T,v)=a Ty=120MeV MCKLN PbPl[::Drun 2
04 ==== f(T,v)=a T,=160MeV En—>Vp,
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0.2 :
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FIG. 45. Centrality dependence of the Pearson coefficients Q,
and Qj; for the constant energy-loss model and the Langevin model
(Moore and Teaney parametrization) in PbPb collisions at \/syy =
5.02 TeV for Ty = 120-160 MeV. The integrated vf:eavy is defined in
the range 8 GeV < pr < 13 GeV.
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the Langevin description. Moreover, we see that the results
do not change significantly with the decoupling temperature,
unless in the case of more peripheral collisions.

IV. THE EFFECT OF INITIAL CONDITIONS:
TRENTO VERSUS MCKLN

As discussed in Sec. IT A, while MCKLN and Trento can
both reproduce v,{2} of the soft sector well, Trento generally
does best when one considers multiple beam energies when it
comes to the ratio vy{4}/v2{2} (specifically at LHC energies,
whereas for RHIC energies MCKLN does quite well). This
implies that MCKLN initial conditions can capture the mean
of the v, distribution well but they do not have a wide enough
v distribution compared to experimental data. On the other
hand, Trento can capture both the mean and the width of the
distribution well.

The question still remains of how these differences trans-
late into the heavy flavor sector. Previous studies have looked
at the influence of the choice of initial conditions on (v,) for
smoothed, averaged initial conditions in Ref. [116] and on
v2{2} [51,111] defined using event-by-event initial conditions
but the influence on the actual v, fluctuations has not yet been
considered. However, as shown in Sec. I A, this is precisely
the sector where we expect the largest differences in the initial
conditions.

In Sec. ITE, it was explained how the heavy flavor parame-
ters are tuned using the calculation of R44 in central collisions.
Thus, there are slight differences in the parameters for Trento
versus MCKLN initial conditions. Additionally, as already
mentionned in Sec. II A, Trento and MCKLN are associated
with different equations of state and particle resonance lists
that can partially lead to the differences observed in the figures
below. Finally, we note that in the figures below coalescence
has not been included, which will be done in Sec. V, so we
do not anticipate a perfect match to experimental data. Rather,
we focus here on the qualitative aspects of the results.

A. Nuclear modification factor

Based on the previous study in Ref. [51], we did not expect
large differences in R44 when comparing different initial con-
ditions and indeed, in Fig. 46, we find that to be true. We note,
however, in Ref. [51] that only the energy-loss scenario was
considered, which we find to have essentially no dependence
on the initial conditions. However, the Langevin model does
see a slight enhancement in R44 at low pt when Trento initial
conditions are considered. Since there is a tuning parameter
to the R4y, and Trento initial conditions do exhibit a slightly
different behavior in the Langevin model, we anticipate that
the Langevin model may see differences in the v,’s as well.

B. Two-particle v, cumulants

Figure 47 shows v,{2}(pr) at a fixed decoupling tem-
perature. In general, we find that MCKLN initial conditions
produce a larger v,{2} than Trento initial conditions and that
this effect is clearest in the low- pr sector. Given that MCKLN
initial conditions have a slightly larger ¢, than that found
in Trento, one might conclude that this is why we see an
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L2 © - - Lang. M&T with MCKLN — with Trento |
i 0-10%, Pb-Pb, /sxn = 5.02 TeV
< 09 7]
=V ]
St L
(=) —
n 06T
0.3 o CMS
I Ty = 160 MeV |
PR | L 1 MR A A
0
1 10 100

pr (GeV)

FIG. 46. D° meson nuclear modification factor Ry, in the 0-10%
centrality class of /syy = 5.02TeV PbPb collisions obtained with
MCKLN (dashed lines) or Trento (solid lines) initial conditions.
The gray area indicates the pr region where coalescence and initial-
and final-state effects may be important. Experimental data from the
CMS (Jy| < 1) [94] Collaboration.

enhancement in v,{2}(prt) for MCKLN initial conditions. We
would like to point out, however, that the origin of this result
is more complicated than that. In Fig. 1, we demonstrated
that by varying the hydrodynamic parameters we were able to
find similar v,{2} for MCKLN and Trento initial conditions
in the soft sector. This affect is achieved by including a
larger /s in the hydrodynamic backgrounds for the MCKLN
initial conditions compared to those from Trento. Thus, initial
conditions with similar results in the soft sector can lead to
different results in the heavy flavor sector.

In Fig. 48, v3{2} results for Trento and MCKLN initial
conditions are shown. While the energy-loss scenario for
heavy quarks shows no sensitivity to the initial conditions, we
find that Trento enhances v3{2} for Langevin.

C. Elliptic flow from multiparticle camulants

While there are certain caveats to the two-particle v,
correlation when it comes to differences in the initial con-
ditions, we do not expect those to strongly affect the ratio

0.3 ———rrr ——rr
=== al'gow with MCKLN — with Trento
r---Lang. M&T with MCKLN —— with Trento T
0-10%, Pb-Pb, /snN = 5.02 TeV
,—C\»T 0.2 F =
| E»—@ Ta =160 MeV |
% S # * CMS

1 10 100
pr (GeV)

FIG. 47. D° meson elliptic flow coefficient v, in the 30-50%
centrality class of \/syy = 5.02TeV PbPb collisions obtained with
MCKLN (dashed lines) or Trento (solid lines) initial conditions.
Experimental data from the CMS (|y| < 1) [113] Collaboration.
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FIG. 48. D° meson triangular flow coefficient v; in the 30-50%
centrality class of \/syy = 5.02TeV PbPb collisions obtained with
MCKLN (dashed lines) or Trento (solid lines) initial conditions.
Experimental data from the CMS (|y| < 1) [113] Collaboration.

between the four-particle and the two-particle correlations.
Thus, differences that arise in v{4}/v,{2} from the initial
conditions may be very useful to constrain initial conditions
(as was previously done in the soft sector in Ref. [40]). In
Fig. 49, a comparison between the integrated v,{4}/v,{2} for
MCKLN versus Trento initial conditions is shown for our
two best-fitting dynamical models. As previously discussed in
Sec. III B 2, central collisions and peripheral collisions appear
to be the best testing beds for different model parameters. This
holds true for the initial conditions as well. In fact, central
collisions are especially interesting because v{4}/v,{2} > 1
for MCKLN initial conditions (regardless of all dynamical
parameters) and v,{4}/v2{2} < 1 for Trento initial conditions.
Thus, we find that one must incorporate the correct initial
conditions first before being able to determine systematic dif-
ferences from the dynamics of heavy quarks. Because of such
a dramatic effect, we strongly encourage experimentalists to
investigate these observables in upcoming runs.

V. THE EFFECT OF COALESCENCE

In this section, we explore the effect of heavy-light
quark coalescence on D meson production. We use a hy-
brid coalescence plus fragmentation model [30] based on
the widely used “instantaneous approach” of coalescence
[25,26,117-119]. Within this approach, the probability distri-
bution P.yy[qg, O — M] that a heavy meson of momentum p,,
is formed by coalescence of a heavy quark with momentum
po and a light quark of momentum p, is given by

PCO&][Q? Q g M](an u) = N / d3pq fM(pq’ pQ)nq(p(p u, Td)

X 8(Pm — Py — Po)> 27

where N is a global normalization factor discussed below, n,
is the momentum distribution of the light quarks at the time
of hadronization, and fj, is the probability density obtained
from the projection of the two quark states onto the meson
state. The different meson states are obtained from a simple
harmonic oscillator model. Because the quarks are relativistic,
the projection is performed in their center-of-mass frame
following a Lorentz boost of their phase-space coordinates
from the global frame to the center-of-mass frame. Assuming
that the light quarks have a uniform spatial distribution in
the medium cell where the heavy quark is located, one can
average the probability density over the spatial coordinates,
which then gives

(2\/50 )3 _pz o2
W e el S

where gy, is the usual color-spin-isospin statistical factor for
the two spin-1/2 quarks to form a color-neutral meson M,
and hy, are “thermal” factors discussed below. The width o =
1//n@ is given by the angular frequency of the harmonic
oscillator @ and the reduced mass of the two-quark system
w = mgmg/(my + mp). The mass of the light quarks are
assumed to be their constituent masses® my.q = 300 MeV and
my; = 460 MeV [122] to take into account the nonperturbative
effects of QCD near the crossover transition temperature 7,
while the heavy quark masses are taken to m, = 1.27 GeV
and my, = 4.19 GeV. The value of the angular frequency is
evaluated to be 0.3 GeV for D°, D, D,, and B~ mesons’
from their vacuum charge radii obtained within the light
cone model [123]. Nevertheless, it is known that at T ~ T,
the charge radii must be (much) larger than in the vacuum.
Motivated by a (limited) comparison to the case of quarkonia
in which the radii of the J/¢ and Y(1S) are evaluated from
lattice QCD potentials to be A3 times larger at 7, than in the
vacuum, we set w = 0.1 GeV (w being inversely proportional
to the radius) and assume this value to be valid for all the

Su(Pg, Po) = gm hu (28)

~ 1.08 ‘ ‘ ‘
0 e PO, (5, =502 TV
= 1oaE 8 <p_<40 GeV integrated 7
S 102E - T E
S g dashed: MCKLN 3
A 0.98F Trow solid: Trento 3
0.96f- =
0'94; . R : . HHHH T T——— é
092} LRRARRAANNS ;j
0.9F =
0.88f T, =160 MeV -
0'860 1b Zb 3‘0 4‘0 50
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FIG. 49. D v,{4}/v,{2} ratio integrated over 8 < pr < 40 GeV
for /syn =5.02TeV PbPb collisions obtained with MCKLN
(dashed lines) or Trento (solid lines) initial conditions.

°If the effective or quasiparticle masses [120,121] for the light
quarks is taken to be in the range m, 4, ~ 300-600 MeV, no sig-
nificant differences in the final values of P,,, are found.

"Note that for B and B, we obtain @ ~ 0.5 GeV and ~0.6 GeV,
respectively, which is quite different from the other meson ground
states.
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TABLE III. The approximate low-pr branching ratios or prompt
hadronic ratios obtained with different configurations of the coa-
lescence model (using a typical |u| & 0.6) compared to the low-pr
experimental data in AA collisions (or pp collisions if specified).

Approximate With extra
values Experimenta “Basic” thermal
at low pr [95,100,124-127] coalescence factors
Direct ¢ — D° in pp: 0.17 0.06 0.10
Prompt ¢ — D° in pp: 0.55 0.36 0.32
D*/D° 0.47 0.32 0.45
D*+ /DY 0.45 0.5 0.4
D¥/D° 0.35 0.31 0.34
Df/D* 0.75 0.99 0.76
AF/D° @ RHIC: 1.5, @ LHC: 0.7 0.74 0.94

hadrons considered within this basic model. The relative
momentum of the two quarks including relativistic corrections

Prel = —mqp’Q—me;
rel — £

29
g + g (29)

is defined via the momenta in the center-of-mass frame
(denoted with primed coordinates). The momentum density
distribution of the light quarks n, is assumed to be thermal in
the local rest frame of the medium cell considered and is given
by the Fermi-Dirac distribution

8q 8q
ny(pg> 0, Ty) = = ,
q\Pq . pze”2+mg/Td 1 ePq-u/Ta +1

(30)

where pi! is the light quark momentum in the local rest
frame of the medium cell, g, = 6 is the statistical factor that
takes into account the spin and color degeneracy of the light
quarks, and p,.u is the 4-product between the light quark
4-momentum in the global frame and the fluid 4-velocity
u = (Vu, Y1) with y, = ﬁ Thanks to this fluid velocity
dependence of n,, the derived coalescence probabilities will

1.0 EI ‘ ‘
I’ \\ [u|=0, 6=0
08 ) % mem=lu=0056=0 1
/ e [u|=0.6, 8=37/8 |
— 061 kY ]
< ]
3 H \\
N o4 2N M. ¢ —> any hadron
N\, AN
0 R\ Y (@
~§~ ~~~~~
0.0—— : —
0 5 4 6 8 10
|pol (GeV)

depend not only on the heavy quark momentum but also on
the local flow and on the angle between them.

By extension, the probability distribution
Peoallqg1, g2, O — B] that a heavy baryon of momentum pg is
formed by coalescence of a heavy quark with momentum py
and two light quarks of momenta p,, and p,, is given by

Pcoal[q1 ’ CI27 Q i B](an u)
= N/d3pq| dquz fB(Pqnpqz’ PQ) ng, (pq.,ll, Td)

X ”qz (pqza u, Td) S(PB - pq; - pqz - PQ), (31)
where N is the global normalization factor and fj is the proba-
bility density obtained by combining the two light quarks first,
and then we use their center of mass to recombine with the
heavy quark,

6 3

fB(pquqzsPQ) = gphp 2n )

(32)

where gp is the usual color-spin-isospin degeneracy factor
for the three spin-1/2 quarks to form a color-neutral baryon
B, and hp are the “thermal” factors discussed below. Note
that the resulting Peoallgq1, g2, @ — B] is perfectly identical
if we combine the two light quarks first or if we combine
the heavy quark and one of the light quarks first. The widths
o1 =1//uiw and o, = 1/,/paw are given by the angular
frequency of the harmonic oscillator w, the reduced mass of
the two light quark system w; = mg,,mg,/(my, + mg,), and
the reduced mass of the system formed by the two light
quarks’ center of mass and the heavy quark w, = (mg, +
mg,)mg/(my, + my, +mg). The relative momenta with
relativistic corrections are

/ /
Mg, pql — My, p412

mg, + Mg,

(33)

Prell =

|u|:0, 9:0
- |u|:0,6, 920 1
————— |ui:06, 02371'/8 —:

P coal

|pol (GeV)

FIG. 50. Probabilities for a charm quark of momentum |py| to coalesce into any hadron (a) and into a D° meson or a A7 baryon (b). These
probabilities are shown for three different cases: in a static medium (Ju| = 0, plain lines), when the charm quark momentum is collinear with
the nonzero velocity of the medium cell (ju| = 0.6 and 6 = 0, dashed lines) and when the charm quark momentum is not collinear with the
nonzero velocity of the medium cell (Jju] = 0.6 and 6 = 37 /8, dot-dashed lines). 0 is defined as the angle between the heavy quark momentum

and the medium cell velocity.
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FIG. 51. Direct D° meson nuclear modification factor R4 in the 0—10% centrality range of /syy = 5.02 TeV PbPb collisions obtained
with a hadronization based on fragmentation only (dashed lines) or including coalescence (solid lines). MCKLN initial conditions are used in
panel (a) and Trento in panel (b). With Trento (b), we use an optimized value of the coupling factor kyvigr = 0.44 for the Langevin model. The
gray area indicates the pr region where other initial- and final-state effects may also be important. Prompt experimental data from the CMS

(ly] < 1) Collaboration [94].

and

fpl ) — + /
prdz — mQ (péh pqz) (mql mq2)pQ , (34)
Mg, + Mg, +mg

defined® via the momenta in the baryon center-of-mass frame
(denoted with primed coordinates). Similarly to the mesons,
the momentum density distributions of the light quarks n,,
and n,4, are assumed to be thermal in the local rest frame
of the considered medium cell and given by the Fermi-Dirac
distribution (30).

For the charmed mesons (baryons), we consider all the
symmetric J® =0~ and 1~ states (J¥ =1/2" and 3/2%
states), i.e., the D, D*, DF (gy = 1/36 each), D**, D**,
D** (gy = 1/12 each) mesons and the A, 0, =, =
(g = 1/108 each), E;‘O, T, T (gp = 1/18 each), Eg,
EF, BN, ELF (gp = 1/54 each), B, BT (gp = 1/27 each),
Q0 (gp = 1/108), Q% (gp = 1/54) baryons. The antisym-
metric states cannot be included as the considered Wigner
distribution (28) is symmetric, and thus usually neglected in
coalescence models.

The global normalization factor N is usually chosen
such that Py, [c — any hadron](pp = 0) = 1 assuming that
a quark with zero momentum does not hadronize via
fragmentation but via coalescence only.” In this work,
we extend this idea by assuming instead that Peyylc —
any hadron](pg, u) = 1 when the heavy quark velocity vector
is equal to the one from the local medium flow, i.e., when
the heavy quark is moving together with the light quarks
surrounding it. In this way, we avoid the low py “saturation”
of P.,as When |u| > 0 obtained in Ref. [30]. This saturation
seems unjustified to the present authors: A heavy quark with

8The relative momenta, as defined in Ref. [30], ie., with E I;
replacing m, in the definitions, have the disadvantage of breaking the
“combining order symmetry,” i.e., Peoui[q1, g2, O — B] is different if
we combine the two light quarks first or the heavy quark and a light
quark. It is then difficult to justify why one type of ordering should
be better than the other.

9See a criticism of this assumption in Ref. [58].

a velocity much lower than the typical velocities of the sur-
rounding light quarks may not coalesce with unity probability.

Recently, the prompt heavy hadron ratios D+ /D°, D*+ /D,
Df/D° Df/D*, and AF/D° have been measured in heavy-
ion collisions and compared to proton-proton collisions
[95,100,124,125]. They provide important information about
the hadronization process in heavy-ion collisions and can
serve as a benchmark to test and calibrate coalescence mod-
els. First, the low- and intermediate-pt enhancement of the
AF /DO ratio tends to confirm the presence of heavy-light
quarks coalescence in heavy-ion collisions when pr < 7 GeV.
The pr and collision system independence of the D*/D°
and D**/D° ratios show a certain universality in the way
the different hadronization processes distribute the quarks
between the meson states. Finally, the enhancement of
Df/D* at low and intermediate pr confirms the thermal
enhancement of strange quark production. Within the “basic”
coalescence model (i.e., without the &, and hg factors), the
prompt D*/D° and D**/DP ratios are only based on the

- ==Lang. M&T with “basic” coalescence |
— with extra thermal factors

0-10%, Pb-Pb, /sxy = 5.02 TeV

= Ir MCKLN, Ty = 160 MeV 7
I EE N
[=)
o)
0.5
o CMS
0 L P S A | L M R TR
1 10 100

pr (GeV)

FIG. 52. Direct D° meson nuclear modification factor Ry, in
the 0-10% centrality range of ,/syy = 5.02TeV PbPb collisions
obtained with different configurations of the coalescence model:
the “basic” model, i.e., without the thermal factors (dashed lines),
and the one including the thermal factors (solid lines). Prompt
experimental data from the CMS (|y| < 1) Collaboration [94].
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DO 1)2{2}

FIG. 53. Direct D° meson elliptic flow coefficient v, in the 30-50% centrality class of ,/syy = 5.02 TeV PbPb collisions obtained with a
hadronization based on fragmentation only (dashed lines) or including coalescence (solid lines). MCKLN initial conditions are used in panel
(a) and Trento in panel (b). With Trento (b), we use an optimized value of the coupling factor kygt = 0.44 for the Langevin model. Prompt

experimental data from the CMS (|y| < 1) Collaboration [113].

color-spin-isospin degeneracy factors, with the rest of the
probabilities canceling out, e.g.,

D+pr0mpt

Doprompt
D% 4. + D} Br(D** — DY)

" Dy + D2 Br(D® — DO) + D%t Br(D*+ — DO)

_ 8gp +0.307gp-

~ gp+ 1.677gp-

~ 0.32,

where “prompt” means including feed-downs from excited
states and “dir.”” means the direct production (without feed-
downs) that we obtain from the coalescence model. The
different ratio values obtained within the “basic” coalescence
model are summarized in Table III and compared to low-pr
experimental data in AA collisions. The D*/D® and D} /D"
ratios particularly miss the experimental data. Additionally
the AF/D° ratio fits LHC preliminary data [124] but un-
derestimate RHIC preliminaries [100]. To improve the fit to
the D*/D° ratio, one could naturally think of decreasing
the angular frequency o for the excited states—as their radii
should be larger than the ground states—but the D+ /DO ratio

With MCKLN

A T

[ =-=-=-algew frag. only — + coalescence ]
0.12 | === Lang. M&T frag. only —— -+ coalescence ]
r ®CMS 0-10%, Pb-Pb, \/snn = 5.02 TeV A
= 009 Ty = 160 MeV ]
—— r .
&0 o o o -
< 006 y
A L | ]
0.03 = =57 m () -
k TT==m Ny | 1
Trreab IR \';g J

1 10 100

is then observed to decrease, which is the opposite of what
was expected.

To improve the fit to the ratios and, subsequently, the
predictive power of coalescence in our study, one can in-
stead take a step aside from the basic model and include by
hand another element. One of the weak points of the basic
model is the complete absence of hadron masses'® in the
formalism, whereas it is clear that the formation of excited
states with larger masses requires more energy from the
combining quark than to form the ground state. Inspired by
the thermal model of hadronization [26], we include the “ther-
mal” factors hy—y p = expl—(my — mp,)/Tq], where H is the
hadron state for which we want to compute P.oy, mpy iS its
mass, and my, is the mass of the corresponding ground state
H, built with the same quark content as H, e.g., D° for D** or
Af for £ and £1*. Therefore, for the same quark content,
an excited state H has gy exp[—mpy /T4]/(gH, expl—mu,/Tal)
less probability to form than its corresponding ground state

10A consequence of this is the nonconservation of the fourth com-
ponent of the system’s 4-momentum during the coalescence process.
We do not intend to address this problem with these elements.

With Trento & optimized coupling factors

T
[ -=-=-algew frag. only — + coalescence ]
0.12 [ ---Lang. M&T frag. only —— + coalescence ]
L e CMS 0-10%, Pb-Pb, \/snx = 5.02 TeV -
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a3 L J
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< 0.06 ]
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~ ~ .
0 ) .11
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FIG. 54. Direct D° meson triangular flow coefficient v3 in the 30-50% centrality class of \/syy = 5.02 TeV PbPb collisions obtained with
a hadronization based on fragmentation only (dashed lines) or including coalescence (solid lines). MCKLN initial conditions are used in panel
(a) and Trento in panel (b). With Trento (b), we use an optimized value of the coupling factor kygt = 0.44 for the Langevin model. Prompt
experimental data from the CMS (|y| < 1) Collaboration [113].
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FIG. 55. Direct D° meson elliptic flow coefficients v, in the 30—
50% centrality class of /syy = 5.02TeV PbPb collisions obtained
with different configurations of the coalescence model: the “basic”
model, i.e., without the thermal factors (dashed lines), and the one
including the thermal factors (solid lines). Prompt experimental data
from the CMS (Jy| < 1) Collaboration [113].

Hy. With these factors, the ratios are thus no longer based
on spin and color considerations alone but also depend on
the hadron masses, leading to a more relevant statistical
hierarchy between the different energy states of a combination
of quark flavors. Note that thanks to these factors a natural
justification arises for the nonconsideration of more excited
states (such as the J =2 mesons and J = 5/2 baryons) and
antisymmetric states (such as the J* = 0" mesons and J* =
1/2~ baryons), as they are now suppressed due to their larger
mass. The resulting ratios are summarized in Table IIT and
fit well the experimental data. Additionally, a larger A/D°
ratio is obtained with the new factors, giving more confi-
dence in the possibility of fitting both RHIC and LHC final
data.

We emphasize again that the motivation for these thermal
factors is purely phenomenological, i.e., to improve the ratio
fits and therefore the quality of the coalescence probabilities,
and we do not assume that they are theoretically justified

Elliptic flow correlations
1 | L |

&
w

[~ === alfow frag. only
— - coalescence

I === Lang. M&T frag. only A
= | coalescence

02F 30-50%, Pb-Pb, 5.02 TeV
Tq = 160 MeV

DO vgheavw (0 < pr <8GeV)

L MCOKLN -
V4
V4
0.1 -
(a) 17
0] T T T T
0 0.1 0.2
U%soft)

from the beginning. The probabilities of coalescence into
any hadron and into D° mesons and A" baryons are shown
in Fig. 50 for different medium cell velocities |u| and 6
angles between u and pgp. Larger |u| and thus larger average
|py| tend to shift the maximum of probability toward larger
[Pol- An increasing 6 angle tends to lower the probability
amplitudes and restrict the coalescence to heavy quarks with
lower momenta. One can finally note that with increasing
|u| the meson production from coalescence tends to decrease
whereas the baryon production increases.

The choice between fragmentation and coalescence in
heavy-ion collisions is performed for each heavy quark
through a simple Monte Carlo procedure using the probabili-
ties of coalescence Py, described above and of fragmentation
found in Ref. [127] for the rest of the probability 1 — Peyy . If
the coalescence into a D° meson is drawn for a heavy quark
of momentum py, a light quark of momentum p, is generated
according to the momentum space density distribution 7, in
the frame of the medium cell and then boosted back into the
global frame where it can possibly combine with the given
heavy quark according to the probability density fu(py, Po)
using a Monte Carlo procedure. If they do not recombine,
another light quark is generated until the meson is formed. The
D°-meson momentum ppy is finally given by the momentum
of the heavy-light quark system py + p,.

A. Nuclear modification factor

In Fig. 51, we show the effect of coalescence on the nuclear
modification factor. The inclusion of coalescence in the M&T
Langevin model remarkably improves the fit to the pyr < 5
GeV data, leading to a good description of the entire pr
range. For the constant energy-loss model, the inclusion of
coalescence only amounts to a very small increase in R4y for
pr < 10 GeV, which does not fix the large discrepancy at low
pr already observed using only fragmentation. Note, however,
that these results correspond to direct ¢ — D° production
whereas the experimental data in this section correspond
to prompt D° production. Because the probabilities of ¢ —

Triangular flow correlations

=== al'fow frag. only
| —— | coalescence -]

0.15 = == Lang. M&T frag. only

— - coalescence

30-50%, Pb-Pb, 5.02 TeV
— Ty = 160 MeV —

=
oo
St

DO véheavy) (0 <pr <8GeV)
(e

FIG. 56. Correlations between the elliptic (a) [respectively triangular (b)] anisotropies of D° mesons and that of all charged particles in
J/Snn = 5.02 TeV PbPb collisions for the transverse momentum range 0—8 GeV comparing two transport models with and without coalescence.
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FIG. 57. Effect of coalescence on the D° meson Pearson coefficients Q, (a) and Q3 (b) defined in the transverse momentum range 0-8 GeV
computed using the M&T Langevin model for ./syy = 5.02 TeV PbPb collisions.

D* are different within the fragmentation and coalescence
frameworks (see Table III), the prompt results might differ
a bit at low pr. The effect of coalescence on R44 can be
decomposed into a small R4y shift toward larger values—
most probably due to a smaller direct ¢ — D° production
with coalescence than with fragmentation (see Table III)—and
more importantly into a py shift of the low-pr Ras values of
around &2 GeV toward higher pr. The latter occurs because
fragmentation produces a hadron with less momentum than
the heavy quark while in coalescence there is a momentum
gain from the light quark “thermal” momentum and mass.
With only fragmentation, the low-pr Ra4 for the energy-loss
model becomes almost pr independent and, thus, the pt shift
cannot be observed. In contrast, with only fragmentation, the
low-pr Raa of the Langevin model exhibits a large decrease
in Ra4 such that the pr shift is visible and has a strong impact.
The inclusion of coalescence has little effect on the difference
between the initial conditions.

Now that we have improved the low-pr sector thanks to
coalescence, one can optimize the calibration of the coupling
factor kvt of the Langevin model by considering the whole
pr range of the data and not only the high-pr sector (see
Sec. ITE). As shown in Fig. 51(b) with Trento initial condi-
tions, this optimization improves the fit to the most central
Ra4 data (especially at intermediate pr).

T T T ]
(@) MCKLN, Pb-Pb, |s, = 5.02 TeV

1.15F
E ol 0<p, <8 GeV integrated =
Eoeenn O , T, = 160 MeV
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DO v,{4}/v,{2}

dashed: fragmentation only
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_

0.95

EM&T
C 1 ettt
o9, —— E
E | | | | 1
0.8% 10 20 30 40 50

Centrality (%)

The difference between the R44 obtained with and without
the thermal factors in the coalescence model is shown in
Fig. 52. The extra thermal factors logically increase the low-
Pt Raa due to alarger D° formation probability (see Table III).

B. Elliptic and triangular flow coefficients
with two-particle cuamulants

Regarding v, and vs3, as shown in Figs. 53 and 54 respec-
tively, we do not find a single model that can quantitatively
capture all the experimental data, though coalescence gener-
ally improves the description. The M&T Langevin model with
coalescence has the best fit for pr < 5-6 GeV but underpre-
dicts the data at higher p, whereas the constant energy-loss
model with coalescence performs best from pr = 5 GeV but
underpredicts the data at lower pr. Like what we observed
for R44, coalescence tends to shift the low-pr peaks in v, (pr)
to higher pr. Coalescence affects quite differently the low-
pr v, obtained with the Langevin model and the different
initial conditions: While it is decreased with MCKLN, it is
increased with Trento. Additionally, coalescence also tends to
non-negligibly increase the low-pr vs; i.e., when combining
the light quarks one communicates part of the medium’s trian-
gular flow to the heavy quarks. With Trento initial conditions

T T T ]
1155 () MCKLN, Pb-Pb, Sy, = 5.02 TeV |

0<p, <8 GeV integrated =

T —_

dashed: “"basic" coalescence
solid: with extra thermal factors

o
I
>
=}
<
@
<

1.05

DC v, {4}/v,{2}

—_

0.95

0.9

0.85 ‘ ‘ ‘ ‘

Centrality (%)

FIG. 58. (a) Effect of coalescence on the D° v,{4}/v,{2} cumulant ratio integrated over 0 < pr < 8 GeV for ,/syy = 5.02 TeV PbPb
collisions. (b) Effect of the different configurations of the coalescence model: the “basic” model, i.e., without the thermal factors (dashed lines)
and the one including the thermal factors (solid lines). MCKLN initial conditions are used.
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and the Langevin model, one then obtains a nice fit of the v,
data for pr < 5-6 GeV.

The difference between the v, obtained with and without
the thermal factors in the coalescence model is shown in
Fig. 55. The extra thermal factors are observed to change the
vy except at pr =~ 1.5 GeV where the coalescence probability
is maximal (see Fig. 50) and the fragmentation probability is
close to 0. Because the v, obtained through the coalescence
and fragmentation processes are different, this effect can be
explained by the different relative proportions of DY coming
from coalescence and fragmentation in the two configura-
tions of the coalescence model. More generally, these non-
negligible variations of the observables with the coalescence
model configuration underline the key role played by the ¢ —
D coalescence probability which value depends on various
features of the coalescence models, e.g., the angular frequency
o and the considered set of hadron states.'!

C. Heavy mesons and all charged particles flow correlation

With the addition of coalescence one can explore the
low-p soft-hard flow correlations with more confidence. As
seen in Fig. 56, coalescence increases the linear correlation
between the heavy meson anisotropies v’ and the all
charged particles elliptic flow v{*°™ proportionally to the gain

in pr integrated v due to coalescence. The increase is
then more important for the M&T Langevin model in the pr
range 0-8 GeV.

Figure 57 shows how coalescence affects the Pearson co-
efficients associated with elliptic and triangular anisotropies,
0, and Q3, computed using the M&T Langevin model. One
can see that the correlation weakens with the addition of
coalescence, in contrast to what was observed in Fig. 56.
Coalescence tends to produce a somewhat more dispersed
correlation on an event-by-event basis between the magni-
tudes vy and v*°™, and between the """ and y o
distributions, leading to a slight event plane decorrelation.

D. Elliptic flow from multiparticle cumulants

We show in Fig. 58 the influence of the hadronization
process on the low-pr integrated v,{4}/v,{2} cumulant ratio
as a function of centrality. The addition of coalescence is
observed to generally decrease the low-pr integrated cumu-
lant ratio. Remembering Eq. (23), it is indeed consistent for
the coalescence mechanism to reduce the cumulant ratio as it
enhances the heavy quark anisotropy fluctuations with respect
to the soft fluctuations obtained via the heavy-light quark
combination. As shown on the left panel, the extra thermal
factors lead to a larger decrease of the cumulant ratio that
can be explained by a larger proportion of D° coming from
coalescence than in the “basic” configuration.

!1Set of hadron states chosen differently, for instance, in Refs. [26]
and [30].

VI. CONCLUSION

In summary, in this paper we have presented the details
behind DAB-MOD, a heavy flavor model code that allows
for a modular description of the dynamics of heavy quarks
in heavy-ion collisions. The code can be run on top of any
event-by-event relativistic hydrodynamic background and it
samples the initial heavy quark distribution according to
pQCD FONLL calculations. Heavy quark evolution is done
either by solving relativistic Langevin equations or employing
parametrized energy-loss models (which include energy-loss
fluctuations). Finally, the heavy quarks can either be frag-
mented or coalesce to produce heavy flavor mesons (heavy
meson decay is implemented via PYTHIAS to produce semilep-
tonic channels). To improve the fits to the recently observed
heavy hadron ratios at low pr and therefore the predictiveness
of our coalescence model, we proposed an “empirical” inclu-
sion to the usual probabilities of some thermal-like factors
(based on hadron masses) between hadrons of identical quark
content. They have the additional asset of giving a natural
explanation for the nonconsideration of antisymmetric and
higher spin states (because of their larger mass, which then
suppresses their probabilities).

In this paper, we have thoroughly checked the influence
of a wide range of assumptions and parameters involved
in the modeling of the heavy flavor sector in heavy-ion
collisions such as the inclusion or not of energy-loss fluc-
tuations, energy-loss models versus Langevin descriptions,
heavy quark decoupling temperatures (which define when the
heavy quarks decouple from the medium), heavy flavor meson
versus electron and muon observables, choice of initial condi-
tions for the background hydrodynamic evolution, as well as
the inclusion of coalescence in the hadronization mechanism.
Similarly to Ref. [32], we find that energy-loss fluctuations
play a significant role in v, (pr) calculations at pr < 10 GeV.
In general, either a no-energy-loss fluctuation scenario (which
we admit to be unrealistic) or a Gaussian distribution fare
best compared to experimental data. Our best-fitting results
at low pr stem from the Moore-and-Teaney-inspired spatial
diffusion coefficient within the Langevin formalism with the
inclusion of coalescence and the use of Trento initial con-
ditions. At high pr (roughly pr > 5 GeV), the energy-loss
model with a constant energy loss works the best when also
coupled to coalescence. Thanks to the momentum brought by
the light quark to the final meson, the addition of coalescence
is observed to shift the low-py variations or lumps of the Ry4
and v,’s of around ~2 GeV toward higher pr.

Unlike in Ref. [20] where the effects of the initialization
time were explicitly studied, in this work we kept a fixed
heavy quark initialization time, tp = 0.6 fm, but we note that
that is compatible with the best fit in Ref. [20]. However, we
remark that our two different setups for the initial conditions
(MCKLN vs Trento) used different equations of state (the
results computed using MCKLN employed a now-outdated
equation of state from Ref. [128] while the runs using Trento
employed a newer one which contains the most up-to-date
particle data booklet resonances from Ref. [52]). In general,
these correspond to different initialization temperatures 7Tp
and thus the MCKLN events had a lower 7j (even though
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was fixed) than the Trento events. Because of the significant
run time that these different backgrounds take, we did not
check this difference explicitly in this paper. However, we
do plan in a later paper to investigate possible equation of
state effects, especially its underlying assumptions such as
whether charm quarks are thermalized or not [52,129,130].
Additionally, it would be interesting to check the effects of
a pre-equilibrium stage as in [131]. Keeping in mind these
limitations, the type of initial conditions is observed to have
a little impact on the heavy flavor Ry4 and v,{2}’s within our
model, with Trento leading to a sligthly lower (higher) v,{2}
when only fragmentation is considered (when coalescence is
included).

In this paper, we investigated higher order flow coeffi-
cients involving heavy flavor. Similarly to the experimental
data, the v3{2} is observed to be mostly centrality indepen-
dent. An intriguing result was found concerning v4{2} of
heavy flavor leptons in /syy = 200 GeV AuAu and /syy =
5.02 TeV PbPb collisions: If the decoupling temperature pa-
rameter, Tg, is too large (T3 = 160 MeV), then v4{2} becomes
negative. This occurs when the heavy quark does not have
enough time to interact with the medium, leading to an
anticorrelation of the heavy flavor and bulk event planes. In
Ref. [17], v4{2} was measured by the ATLAS Collaboration
and, with the current error bars, it is not yet clear what the
overall sign of v4{2} is. However, for some centrality classes,
it does appear that it could be positive and in others negative.
With future upgrades to the experiments, it may be eventually
possible to use v4{2} as a way to constrain the decoupling
temperature and obtain an estimate of how long heavy quarks
remain coupled to the expanding medium. This would be
very useful on the theoretical front since 7 produces a large
systematic uncertainty in our calculations.

We also make predictions for multiparticle cumulants that
have not yet been measured experimentally in the heavy flavor
sector. We find that the ratio v,{4}/v,{2} is different from
the soft sector, and especially interesting in the most central
collisions (0-10%) and in peripheral collisions (50-60%)
because not only it is predominately sensitive to the initial
conditions (which affects its overall magnitude) but it also
has a different behavior across py depending on the choice
made to model heavy flavor evolution throughout the medium.
Finally, v>{4}/v,{2} has a rather small but nontrivial beam
energy dependence so it would be especially interesting to see
model comparisons to data from sSPHENIX in a few years and
also to data acquired at the top LHC energies.

Additionally, we perform event-shape engineering calcula-
tions in the heavy flavor sector, which is the theory analog
of what was experimentally done in Ref. [21]. One caveat
is that the results depend on the number of bins chosen
within a centrality class (as well as the method of centrality
binning). Thus, this must be set by an individual experimental
collaboration depending on their available statistics before
direct theory versus experimental comparisons can be made.

In fact, we suggest the experiments to always publish the
corresponding integrated v,{2} of all charged particles for
their event-shape engineered bins so more precise compar-
isons can be made. However, even with these caveats in
mind, we clearly see linear correlations between soft and
heavy v,’s for both elliptical and triangular flow. We have
observed as well the nontrivial correlations and decorrelations
of the soft and heavy event planes ¥,’s across centralities,
colliding energies, heavy quark masses, and models (e.g.,
the energy-loss models leading to more correlations than
Langevin dynamics).

The development of DAB-MOD allows for a systematic
comparison of a variety of approaches to heavy quark dynam-
ics using state-of-the-art hydrodynamic backgrounds that can
describe the behavior of multiparticle cumulants in the soft
sector of heavy-ion collisions. The comparisons of predictions
to data made throughout this paper tend to show that it is
necessary to include more phenomena to the simulation, such
as the initial shadowing or the final hadronic rescattering, to
improve its predictions (especially for the v,{2}’s). With the
upcoming era of SPHENIX, the creation of DAB-MOD will
allow for many future heavy flavor studies and constraints
on our knowledge of heavy flavor dynamics. This will al-
low for comparisons involving different collision systems,
energies, and sizes (which we hope will further constrain
heavy flavor theoretical modeling) and become an invalu-
able tool to study heavy flavor in the upcoming RHIC and
LHC runs.
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