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Abstract: Heavy quark observables are applied to probe the initial energy density distribution with violation of lon-

gitudinal boost invariance produced in relativistic heavy-ion collisions. Using an improved Langevin model coupled
to a (3+1)-dimensional viscous hydrodynamic model, we study the nuclear modification factor (R44) and directed
flow (v) and elliptic flow (v;) coefficients of heavy mesons and their decayed electrons at an RHIC energy. We
find that the counter-clockwise tilt of nuclear matter in the reaction plane results in a positive (negative) heavy fla-

vor vy in the backward (forward) rapidity region, whose magnitude increases with the heavy quark transverse mo-

mentum. The difference in the heavy flavor R44 between different angular regions is also proposed as a comple-
mentary tool to characterize the asymmetry of the medium profile. Our model results are consistent with currently
available data at the RHIC and provide predictions that can be tested by future measurements.
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I. INTRODUCTION

Heavy-ion collision experiments conducted at the
BNL Relativistic Heavy-lon Collider (RHIC) and the
CERN Large Hadron Collider (LHC) provide a unique
opportunity to study the color deconfined state of nuclear
matter, known as quark-gluon plasma (QGP) [1]. Heavy
quarks serve as a clean probe that reveals QGP proper-
ties at different energy scales [2, 3]. Owing to the large
mass of heavy quarks, they are mainly produced from the
very early hard scatterings of high-energy nuclear colli-
sions, prior to the formation of QGP. They then propag-
ate through the medium and observe the entire evolution
history of QGP before they hadronize. Therefore, the dif-
ference in heavy flavor observables between proton-pro-
ton (p+p) and nucleus-nucleus (4+A4) collisions character-
izes the transport properties of QGP [4, 5].

Considerable effort has been devoted to developing
transport models for heavy quarks to understand their dy-

namics inside hot nuclear matter. It is now generally ac-
cepted that at high transverse momentum (pr), perturbat-
ive calculations that involve both elastic and inelastic
scatterings between heavy quarks and QGP provide a
successful description of the nuclear modification factor
(Raa) of heavy flavor hadrons [6—12]. At intermediate
pr, a combination of fragmentation and coalescence
mechanisms is essential in understanding the hadroniza-
tion process of heavy quarks and thus describing the
heavy flavor hadron chemistry observed at the RHIC and
LHC [13-16]. At low pr, modeling the non-perturbative
scatterings between heavy quarks and the medium be-
comes inevitable to understand their strong interactions,
as revealed by the large elliptic flow coefficients of D
mesons [17-21]. In addition to R44 and v,, novel observ-
ables have also been proposed to place more stringent
constraints on the heavy quark dynamics inside QGP,
such as the momentum imbalance and angular correla-
tion between heavy meson pairs [22, 23], correlation of
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the higher-order harmonic flow coefficients between
heavy and light flavor hadrons [24], and inner structures
of heavy-flavor tagged jets [25, 26].

The directed flow coefficient (v;) of heavy quarks is
another observable of great interest owing to the copious
information of the medium properties it encodes. It was
proposed that due to the asymmetric distribution of nucle-
ar matter along the longitudinal direction, the heavy
meson v; could be more than an order of magnitude lar-
ger than the light flavor hadrons emitted from QGP
[27-29]. This was soon confirmed by the STAR measure-
ment [30] and attracted many further studies [31-33] that
couple various transport models to a tilted QGP fireball in
the reaction plane [34]. Meanwhile, the splitting of v,
(Avy) between heavy quarks and their anti-particles is
also considered an effective tool to probe the extremely
strong electromagnetic field generated by non-central
heavy-ion collisions because of the opposite Lorentz
forces exerted on them [27, 28, 31, 33, 35, 36]. Interest-
ingly, while a decreasing v, with respect to rapidity (y)
was observed for both D% and D° at STAR [30] with
small difference between them, apparent splitting of v,
was seen by ALICE [37] with D increasing but D° de-
creasing with respect to pseudorapidity (#). This puzz-
ling observation implies competing effects between the
longitudinally tilted medium geometry and the electro-
magnetic field on the heavy flavor v; at the RHIC and
LHC.

In our previous study [33], we found that while the
formation of heavy flavor v, is dominated by the de-
formed medium profile at the RHIC energy, it is mainly
determined by the electromagnetic field at the LHC. As a
follow-up study, we focus here on 200 4 GeV AutAu
collisions at the RHIC and conduct a systematic explora-
tion of how heavy quarks can be utilized to probe the ini-
tial energy density distribution of QGP. In addition to D
mesons, Raa, vi, and v, are also calculated for B mesons
and their decayed electrons. We study the transverse mo-
mentum dependence of the heavy flavor v; and extract
the slope parameter of the vi(y) function, which can be
tested by more precise future measurements and will help
quantify the tilt of QGP in its initial state. Finally, the dif-
ference in the heavy flavor R44 between different angu-
lar regions is also investigated as an alternative tool to
characterize the asymmetry of the medium along differ-
ent directions.

This paper is organized as follows. In Sec. II, we
provide a brief overview of our model setup, including a
tilted initial condition of the bulk medium with respect to
the longitudinal direction and its evolution via the
CLVisc hydrodynamic model in Sec. II.A, and a modi-
fied Langevin approach that describes the heavy quark in-
teraction with QGP is presented in Sec. II1.B. In Sec. III,
we present our numerical results on the heavy flavorRaq,
v1, and vy and study how they depend on the heavy quark

mass, transverse momentum, and medium geometry. Fi-
nally, we summarize the study and discuss future devel-
opments in Sec. V.

II. HEAVY QUARK INTERACTION
WITH QGP

A. Hydrodynamic simulation with a tilted
initial condition

In this study, the spacetime evolution profile of QGP
is calculated using the (3+1)-dimensional viscous hydro-
dynamic model CLVisc [38—41]. The initial energy dens-
ity distribution is modeled with a parameterization that
takes into account a tilt of the medium produced by non-
central heavy-ion collisions [42, 43]. Its dependence on
the transverse coordinates (x,y) and spacetime rapidity
(n;) is given by

0.95Wx(x,y,15) +0.05npc(x,y)

=K.
&0 3 15) =K e 0.0.0) + 0.05750(0.0)] g
(| sl_ w)2
xexp|—= L gl - )| (1)
20',7

where K is an overall normalization factor that is fixed by
the multiplicity distribution of the final charged particles
(dNen/dn) observed in experiments, ngc is the distribu-
tion of binary collision points from the Glauber model, b
represents the impact parameter, and Wy is the distribu-
tion of wounded nucleons, parameterized as

Wi (x,y,n5) =[T1(x, )+ T2(x,y)]

+ H [Ty (x,y) — Ta(x,y)] tan(%) )

12

Here, T (x,y) and T»(x,y) are the density distributions of
participant nucleons from the projectile and target nuclei
propagating along the positive and negative longitudinal
(z) directions, respectively, and H;tan(n,/n;) is intro-
duced to model the imbalance of hadron emission
between forward and backward rapidities. In addition, at
the end of Eq. (1), an envelope function in the Gaussian
form is used to describe the plateau structure of the had-
ron yield observed at mid-rapidity, in which #, is the
width of the central rapidity plateau, and o, controls the
speed of decay away from the plateau region [39]. In
Table 1, we summarize all related model parameters in-
troduced above. These values have been adjusted from
Ref. [43] for a satisfactory description of the light hadron
yield dN.,/dn and the directed flow coefficient v; meas-
ured at the RHIC and LHC.

The initial fluid velocity is assumed to follow the
Bjorken approximation, where v,=v, =0, and v, =z/t
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Table 1. Model parameters of the initial condition and hy-
drodynamic evolution for Aut+Au collisions at +/syy = 200
GeV. The tilted parameter H; for centrality bins 0 —-10%
(b=3.4 fm), 10%—40% (b=7.6 fm), and 10%—-80% (b=8.5
fm) are 1.3, 3.0, and 3.9, respectively. Here, b is the impact
parameter.

tolfi/e)  KAGeV/md) e Tn M Ty /MeV
0.6 35.5 1.3 1.5 8.0 137

[42]. The initial transverse expansion and asymmetric
distribution of v, along the impact parameter (x) direc-
tion are neglected in the present study, although the latter
will become crucial when discussing the development of
global polarization in heavy-ion collisions [44].

With these setups, we present a three-dimensional
profile of nuclear matter at the initial time of hydro-
dynamic evolution 7y = 0.6 fm/c in Fig. 1; the upper pan-
el shows a side view (ns-x plane) of the energy density
distribution, and the lower panel shows a top view (x-y
plane) of the temperature distribution. In the figure, a
clear counter-clockwise tilt of the medium in the 7s-x
with respect to the longitudinal direction (7,) can be ob-
served, which has been shown to be essential for under-
standing the non-zero directed flow of soft hadrons emit-
ted from QGP [43]. However, because heavy quarks are
produced in the initial hard scatterings of nuclear colli-
sions, they are expected to distribute symmetrically
around the center (0,0) of the overlapping region between
the two colliding nuclei. As a result, they propagate
through different path length, and thus experience differ-
ent amounts of energy loss, toward different directions at
finite rapidity. For instance, at forward rapidity (y > 0),
heavy quarks traverse longer path length toward +x
(right) than —x (left), resulting in a negative x-compon-
ent of the average heavy quark momentum ({p,)) in the
end.

With the tilted initial condition above, we use the
CLVisc hydrodynamic model to evolve the QGP profile.
The hydrodynamic equation reads as

8,T" =0, (€)
where the energy-momentum tensor 7+” is given by
™ = eu'u” — (P +IDA" + 71, 4)

where ¢ is the local energy density, u* is the fluid four ve-
locity, P is the pressure, I1 is the bulk viscosity pressure,
and 7 is the shear viscosity tensor. In addition,
A = gV —yty” is the projection operator with the metric
tensor g"” = diag(1,—1,—1,—1). In this study, the shear-
viscosity-to-entropy-density-ratio is set as n,/s = 0.08 (1,
for the shear viscosity), whereas the bulk viscosity and
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Fig. 1.  (color online) Initial profile of QGP at 7o = 0.6 fm/c

for 10%—-80% (b=8.5 fm) AutAu collisions at +/syy =200
GeV; upper panel for a side view of the energy density distri-
bution, and lower panel for a top view of the temperature dis-
tribution. The solid arrows 7 and 7 (aqua color) indicate the
heavy quark propagation, and the empty arrow (limes color)
denotes the counter-clockwise tilt of the medium in the ns-x
plane.

net baryon density are ignored. The equation of state
(EoS) is taken from the Wuppertal-Budapest study [45].
After hydrodynamic evolution, the QGP medium is con-
verted to light flavor hadrons according to the Cooper-
Frye mechanism, with the isothermal freeze-out condi-
tion determined with a constant temperature Ty, = 137
MeV. These setups allow a reasonable description of the
soft hadron spectra and their directed and elliptic flow
coefficients observed at the RHIC and LHC [39, 42, 43].

B. Transport of heavy quarks

The interactions between heavy quarks and the QGP
medium are described using our modified Langevin ap-
proach [9, 46] that includes both elastic and inelastic scat-
tering processes. The modified Langevin equation reads
as

N

d > 2
LT ——nopp+i+f. 5)
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where —np(7)7 provides the drag force, and & gives the
thermal random force on heavy quarks inside a thermal
medium. The third term f; is introduced to describe the
recoil force experienced by heavy quarks when they emit
medium-induced gluons.

For quasielastic scatterings, we assume that 5 is inde-
pendent of momentum (p) in the present study. Its
strength is determined by the white noise {(£(H)&/(1')) =
k6U5(t—1'), where x is the momentum space diffusion
coefficient of heavy quarks. Here, x is further related to
the drag coefficient via the fluctuation-dissipation rela-
tion np(p) =«/(2QTE), with T and E being the medium
temperature and heavy quark energy, respectively. The
spatial diffusion coefficient of heavy quarks can then be
extracted as D, = T/[Mnp(0)] = 2T?/k, in which M is the
heavy quark mass. This Dy is treated as the only model
parameter for our modified Langevin approach [23, 46].
For a minimal model, a constant value of D,(2xT) is used
in this study, which is determined by the Rs4 of heavy
mesons and their decayed electrons, as shown in the next
section. A more elaborate dynamical calculation of this
diffusion coefficient was developed in our recent invest-
igation based on a non-perturbative potential scattering
approach [21], which can also be implemented in this
Langevin model in future studies.

The recoil force in Eq. (5) is given by ﬁ =—dp,/dt,
where p, denotes the momentum of medium-induced
gluons, whose spectrum can be taken from the higher-
twist energy loss calculation [47—49]. The strength of this
term is characterized by the jet quenching parameter g,
which can be directly related to the momentum space dif-
fusion coefficient of heavy quarks via a dimension factor
— § =2« [9] — and is further connected to the D; paramet-
er discussed earlier. Details on the balance between gluon
radiation and absorption are not rigorously included in
our current study owing to the lack of the latter process;
however, a lower cutoff wy = 7T is imposed for the gluon
energy to exclude net gluon emission below the thermal
scale. The mass effects of quark energy loss are included
in both the mass dependence of the medium-induced
gluon spectrum and heavy quark transport coefficients.

For heavy quark production and evolution in realistic
heavy-ion collisions, we initialize the spatial distribu-
tions of heavy quarks using the Monte-Carlo Glauber
model, and their momentum spectra using the Fixed-Or-
der-Next-to-Leading-Log (FONLL) perturbative QCD
calculation [50-52] that includes both pair production and
flavor excitation processes. In this study, the FONLL cal-
culation is coupled to the CT14NLO parton distribution
function (PDF) [53] and the EPPS16 parameterization
[54] of nuclei to consider the nuclear shadowing effect in
heavy-ion collisions. We assume that the interactions
between heavy quarks and QGP start from the initial time
(10 =0.6 fm/c) of the hydrodynamic evolution of nuclear

matter. During the QGP stage, the energy-momentum of
heavy quarks is updated according to Eq. (5) in the local
rest frame of QGP. The local temperature and flow velo-
city information of QGP are provided by the CLVisc hy-
drodynamic model described in the previous subsection.
When heavy quarks travel across the QGP boundary,
defined by a hypersurface at a fixed decoupling temperat-
ure T; =165 MeV, they are converted into heavy flavor
hadrons via a hybrid fragmentation and coalescence
model [16], which includes both s and p-wave hadron
states and their decay contributions and is well con-
strained by the heavy flavor hadron chemistry measured
at the RHIC and LHC. The B-decayed D mesons are not
considered. We ignore the further evolution of heavy fla-
vor hadrons inside the hadron gas, that is, between the
chemical freezeout temperature 165 MeV and the kinetic
freezeout temperature 137 MeV, considering that the in-
teractions between heavy flavor hadrons and the hadron
gas are significantly weaker than those between heavy
quarks and QGP [9]. Finally, the heavy flavor hadrons
decay into electrons via Pythia simulation [55]. For a
summary of the systematic uncertainties contributed by
various components of our model, see Ref. [56].

III. NUCLEAR MODIFICATION FACTOR AND
COLLECTIVE FLOW COEFFICIENTS

In this section, we provide calculations on the nucle-
ar modification factors and collective flow coefficients of
heavy flavor mesons and their decayed electrons and dis-
cuss how they are affected by a tilted QGP fireball. The
nuclear modification factor (Ra4) is defined as the ratio
of particle spectra between A+4 and p+p collisions, nor-
malized with the average number of binary collisions
(Ncon) per A+A collision.

1 dNaa/dydprde,
Neoit ANy, /dydprde,

Raa(y,pr.dp) = (6)

For collective flow coefficients, we focus on the directed
flow

Vi = (cos(g— W) = <”—> (M)
pPr
and the elliptic flow

pi-pi
v2 = (cos(2(p —¥2))) = <T’2> (8)

Px T Dy

which can be viewed as the first and second order Fouri-
er coefficients of the angular distribution of the particle
spectra, respectively. In the above equations, ¥; and
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W,represent the first- and second-order event plane
angles, respectively, and (...) denotes the average over
both the final-state particles and different collision
events. Because we use the modified optical Glauber
model to calculate the initial energy density distribution
of QGP (as described in Sec. II), the event-by-event fluc-
tuations are not taken into account [23, 33]. Therefore,
the event plane in the final state is the same as the parti-
cipant plane in the initial state and also the spectator
plane that can be measured from the deflected neutrons in
experiments [33].

A. Ryu4, vi,and v, of heavy mesons

We start with the nuclear modification factor and el-
liptic and directed flow coefficients of heavy mesons in
200 4 GeV AutAu collisions at the RHIC.

In the upper panel of Fig. 2, we present the Raqa of D
and B mesons in 0—10% Aut+Au collisions in the mid-
rapidity region (|y| < 1). Using the spatial diffusion coeffi-
cient Ds(2nT) = 4 for c-quarks, our calculation provides a
reasonable description of the D meson Rj4 measured by
STAR [57, 59]. For B mesons, a slightly smaller diffu-
sion coefficient D;(2xT) = 3 is used here, which is extrac-
ted from the Ra4 of b-decay electrons [60]. As discussed
in the previous section, D;(2nT) is treated as a model
parameter, whose detailed dependence on the heavy
quark mass will be explored in a separate study. The peak
structures of the D and B meson R4, arise from the co-
alescence process that combines low pr heavy and
thermal light partons into medium p7y hadrons [9]. Above
the peak region (pr = 2.5 GeV), B mesons exhibit a lar-
ger Ry, than D mesons owing to the lower energy loss of
heavier partons through QGP.

In the middle panel of Fig. 2, we present the elliptic
flow v» of D and B mesons in 10%—-40% Aut+Au colli-
sions as a function of pr at mid-rapidity (|y| < 1). Within
the Langevin model using a constant Dy(227T) value, our
calculation underestimates the D meson v, at its peak
value (pr between 2 and 4 GeV) measured by STAR [58,
59]. This indicates non-trivial dependences of the diffu-
sion coefficient on the heavy quark momentum and medi-
um temperature, which can be improved with a more del-
icate calculation of the non-perturbative interactions
between heavy quarks and QGP at low pr [21]. As dis-
cussed in Ref. [61], while the heavy flavor R44 is more
sensitive to the earlier evolution stage of QGP, v, is more
sensitive to the later stage when the QGP flow has been
developed. Therefore, a simultaneous description of Rax
and v, requires a correct dependence of the interaction
strength on the medium temperature. Here, we also
present the v, of B mesons, which is non-zero but signi-
ficantly smaller than that of the D mesons. This is con-
sistent with the findings observed for their R4, suggest-
ing a smaller energy loss of b-quarks than c-quarks ow-
ing to the larger mass of the former.
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—_ B

Wk STAR, D°, 2014
1.5 i STAR, D°, 2010/11
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Fig. 2.  (color online) Nuclear modification factor (upper

panel), elliptic flow (middle panel), and directed flow (lower
panel) of D and B mesons in 200 4 GeV Au+Au collisions,
compared to STAR data [30, 57-59].

With the same diffusion coefficients as used above,
we present the rapidity dependence of the D meson v,
and predict the B meson v; in 10%—-80% Au+Au colli-
sions in the lower panel of Fig. 2. Our calculation qualit-
atively describes the trend of the D meson v, observed at
STAR [30]. Both D and B mesons exhibit negative slopes
of v; with respect to rapidity owing to the longer (shorter)
path length of heavy quarks along the +x-direction than
the —x-direction in the positive (negative) rapidity region,
as illustrated in Fig. 1. This is a direct feature from a
tilted QGP fireball. Because b-quarks are heavier than c-
quarks, the unbalanced energy loss of b-quarks is smaller
than that of ¢ quarks between the + and —x directions,
resulting in a smaller slope of the B meson v; than that of
the D meson v;. The slope parameters we extract around
the y=+1 regions are dv;/dy=-0.045+0.005 for D
mesons and dv;/dy = —0.010+0.002 for B mesons.
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B. Rua, vi,and v; of heavy flavor decayed electrons

The Heavy Flavor Tracker (HFT) at the RHIC-STAR
is able to measure single electrons from charm and beauty
semi-leptonic decays [62], providing a complementary
tool to investigate the properties of heavy quarks with
particular species, considering the challenges in recon-
structing D and B mesons in experiments. In this subsec-
tion, we present model calculations for Raa, vi, and v, of
charm and beauty decayed electrons and study how they
depend on the medium geometry.

We start with the nuclear modification factors of ¢
and b-decayed electrons at mid-rapidity in the upper pan-
el of Fig. 3. With the same diffusion coefficients used in
the previous subsection for heavy mesons (D° and B°),
our model calculation provides a reasonable description
of the ¢ and b-decayed electron R44 observed by STAR
[60] in 0-80% Aut+Au collisions at +/syy =200 GeV.
Note that although the flavor (or mass) hierarchy of par-
ton energy loss is not obvious at high pr [11], a clear dif-
ference between the charm and beauty quark energy loss
can be observed in the kinematic region focused by the
RHIC experiment.

After fixing the diffusion coefficients with the heavy
flavor Raa, we calculate their v, in the middle panel of
Fig. 3. Our model results for both vy(e « ¢)(pr) and
vo(e « b)(pr) are in good agreement with the STAR
measurement [60] for 0-80% Au+Au collisions. A larger
v, of charm decayed electrons than beauty decayed elec-
trons is observed in both our model calculation and ex-
perimental data, which is consistent with the hierarchy in
their Raa (the upper panel) and also that in the heavy
meson Ra4 and v, (Fig. 2). Note that the discrepancy in
the D meson v, between our model result and STAR data
(middle panel of Fig. 2) is not shown here for the elec-
tron v,, indicating that certain features of heavy flavor
dynamics may be shadowed by the momentum shift dur-
ing the decay process. This smearing could depend on
both the heavy quark spectra and the magnitude of their
v2. At the LHC energy, we still underestimate the v, of
heavy-flavor decayed leptons when a constant value of
D,(2xT) is used. Similar effects can also be expected for
the heavy flavor v; between hadron and lepton levels.

The directed flow coefficient v; of ¢ and b-decayed
electrons is shown in the lower panel of Fig. 3 as a func-
tion of rapidity. Our calculation provides a good descrip-
tion of the c-decayed electron v, measured by STAR [64,
65] in 10%—80% Au+Au collisions at /syy = 200 GeV,
with a slope parameter extracted as dv,/dy=-0.043+
0.005 around the y = +1 regions. The v{(y) of b-decayed
electrons is also predicted, with its slope parameter ex-
tracted as dv;/dy =-0.013+0.003 around y=+1, which
can be tested via future measurement at the RHIC. The
rapidity dependence of the heavy flavor decayed elec-
trons here further confirms the longitudinally tilted geo-
metry of the QGP fireball produced at the RHIC energy.
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Fig. 3. (color online) Nuclear modification factor (upper
panel), elliptic flow (middle panel), and directed flow (lower
panel) of ¢ and b-decayed electrons in 200 4 GeV Au+Au col-

lisions, compared to STAR data [60, 63—65].

C. Dependence of the heavy flavor v, on pr

While it is now generally accepted that the tilted geo-
metry of QGP generates the observed rapidity depend-
ence of v; of D mesons and their decayed electrons at the
RHIC, its pr dependence has not yet been sufficiently
discussed. This is the focus of this subsection.

Shown in Fig. 4 is the v; of D mesons (upper panel)
and B mesons (lower panel) for different py regions in
10%—-80% AutAu collisions at +/syy =200 GeV. It is in-
teresting to see that with increasing pr, the heavy meson
v; becomes larger. This can be understood with the dif-
ferent origins of the heavy flavor v, at different pr
scales. At very low pr, heavy quarks tend to thermalize
with the medium and thus encode the thermal properties
of QGP. Because the v; of soft hadrons emitted from
QGP is small [43], one can also expect a small v; of
heavy quarks. Within the kinematic regions explored
here, the maximum slope parameter we obtain is for the
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Fig. 4. (color online) Directed flow coefficients of D (upper

panel) and B (lower panel) mesons in different pr bins in
10%—-80% Au+Au collisions at +/syy =200 GeV.

4 < pr < 10 GeV bin, whose value is extracted as dv;/dy =
—0.050 +£0.005 (-0.025 £0.005) for D (B) mesons around
y = =1, which can be tested by future measurements.

A similar study is also conducted for heavy flavor de-
cayed electrons in Fig. 5, with the upper panel for charm
and the lower panel for beauty decayed electrons in dif-
ferentpr bins of 10%—-80% Au+Au collisions. Consistent
with the previous results for D and B mesons, we find
that the slope of v;(y) increases for higher p; bins. For
4 <pr <10 GeV, the slope parameter is extracted as
dvy/dy = —0.065 £ 0.005 (-0.025+0.005) for c¢ (b)-de-
cayed electrons around y = +1. However, the statistics of
high prelectrons are not as good as those of heavy
mesons after the decay process.

D. Nuclear modification factor along
different directions

In addition to the directed flow coefficient, an altern-
ative way to quantify the asymmetry of energy loss along
different directions is by studying the angular depend-
ence of Rys [66—68]. In this subsection, we conclude our
study by comparing the heavy flavor R4, in different an-
gular regions.

As previously illustrated in Fig. 1, in the positive
rapidity region of a tilted QGP medium, heavy quarks
that are initially produced symmetrically around the ori-
gin (0,0) propagate through a longer and hotter medium
toward the +x (right) direction than toward the —x(left)
direction and thus lose more energy in the right hemi-
sphere than in the left. Therefore, the azimuthal angle de-
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y

Fig. 5.
(upper panel) and beauty (lower panel) decayed electrons in
different pr bins in 10%—-80% AutAu collisions at /syy =
200 GeV.

(color online) Directed flow coefficients of charm

pendence of the heavy flavor Rs4 can be utilized to in-
vestigate the violation of longitudinal boost invariance in
nuclear collisions. We measure the azimuthal angle
counter-clockwise from the +x direction and refer to the
-nm/2<¢<m/2 region as the '"right" region and
/2 < ¢ <3m/2 as the "left". In the upper panel of Fig. 6,
we present the D meson Ry, as a function of its pr in the
forward rapidity region of 10%—-80% Au+Au collisions at
\Vsyy =200 GeV, analyzed within the left and right re-
gions separately. Indeed, at high pr (24 GeV), we ob-
serve a smaller Ry, (right) than Ry, (left) of D mesons in
the 0 <y < 1 region. This could be viewed as an alternat-
ive signal of the longitudinal tilted fireball produced at
the RHIC energy. At lower pr (s4 GeV), the heavy
meson Ry, is also strongly affected by the coalescence
process, which is sensitive to the radial flow of QGP, and
thus may not directly reflect the energy loss asymmetry
of heavy quarks toward different directions. This could be
viewed as an alternative signal of the longitudinal tilted
fireball produced at the RHIC energy, although the small
difference shown here could be easily hidden by statistic-
al fluctuations in both theoretical calculations and experi-
mental measurements.

To better illustrate the heavy flavor R4 in different
angular regions, we present the ratio between Rux(left)
and Ru,(right) in the lower panel of Fig. 6. Results are
shown for D and B mesons as well as their decayed elec-
trons. Above pr ~4 GeV, these Raa ratios are all consist-
ently above one in the forward rapidity region.
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Fig. 6.
left) hemispheres (upper panel) and the ratios between them
(lower panel) in 10%—-80% Au+Au collisions at +/syy =200
GeV.

(color online) Heavy flavor R4s in the +/-x (right/

IV. SUMMARY AND OUTLOOK

In this paper, a systematic investigation on the heavy
flavor nuclear modification factor (Rsa), directed flow
(v1), and elliptic flow (v;) is presented. Effects from a
longitudinally tilted bulk medium on these observables
are explored within a modified Langevin transport model
coupled to a (3+1)-D viscous hydrodynamic model
CLVisc.

Within this framework, our calculation provides a
reasonable description of the Rs4, vi, and v, of heavy
mesons and their decayed electrons compared to data cur-
rently available at the RHIC. A clear mass hierarchy of
parton energy loss can be observed within the pr range
focused by RHIC experiments, where D mesons exhibit
smaller Ras but larger v; and v, than those of B mesons.
The same hierarchy remains between charm and beauty
decayed electrons. We demonstrate that v; and the angu-

lar-dependent Rs4 of heavy mesons and their decayed
electrons encode information on the initial longitudinal
deformation of the QGP energy distribution. An initially
counter-clockwise tilted QGP fireball in the n,-x plane
results in a positive (negative) v; of heavy quarks in the
backward (forward) rapidity regions. In addition, at high
pr, a smaller heavy flavor Ra4 in the +x (right) hemi-
sphere than in the —x (left) one is proposed at forward
rapidity, which serves as an alternative observable to help
constrain the 3D geometry of the QGP profile. The op-
posite conclusion is expected at backward rapidity. Fur-
thermore, dependence of the directed flow on the heavy
flavor pr is studied at the RHIC energy. As pr increases,
heavy quarks become less thermalized, and their observ-
ables are more dominated by their energy loss through
QGP. Within the kinematic range under investigation, the
heavy flavor v, increases as a higher pr region is applied.
Our conclusions consistently hold across D and B mesons
and their decayed electrons and await verification from
future experimental observations.

While this study contributes to a more comprehens-
ive understanding of how heavy flavor probes can be util-
ized to constrain the initial geometry of nuclear matter, it
can be further extended in several directions. For in-
stance, the recent isobar experiments at the RHIC provide
a novel environment to study the properties of QGP pro-
duced by colliding nuclei with the same number of nucle-
ons but different geometries [69—72]. It would be interest-
ing to investigate whether this difference in nuclear struc-
ture can also be probed using heavy flavor observables
within our framework. In addition, although the effect of
the electromagnetic field on heavy quarks is weak at the
RHIC energy, it becomes a dominating factor generating
the heavy flavor v, at the LHC energy [33]. However, it
still remains a challenge to establish an ideal spacetime
evolution profile of the electromagnetic field for a pre-
cise description of the heavy meson v; observed at the
LHC [28, 31, 35, 73]. These will be explored in our fol-
low-up efforts.
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