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We study bottom quark energy loss via the nuclear modification factor (RAA) and elliptic flow (v2) of
nonprompt D0 and J/ψ in relativistic heavy-ion collisions at the Large Hadron Collider (LHC). The space-time
profile of quark-gluon plasma is obtained from the CLVISC hydrodynamics simulation, the dynamical evolution of
heavy quarks inside the color deconfined QCD medium is simulated using a linear Boltzmann transport model
that combines Yukawa and string potentials of heavy-quark-medium interactions, the hadronization of heavy
quarks is performed using a hybrid coalescence-fragmentation model, and the decay of B mesons is simulated
via PYTHIA. Using this numerical framework, we calculate the transverse momentum (pT) dependent RAA and
v2 of direct D mesons, B mesons, and nonprompt D0 and J/ψ from B meson decay in Pb+Pb collisions at√

sNN = 5.02 TeV. We find the mass hierarchy of the nuclear modification of prompt D and B mesons depends on
their pT. Both RAA and v2 of heavy flavor particles show strong pT and centrality dependences due to the interplay
between parton energy loss, medium geometry and flow, and hadronization of heavy quarks. Nonprompt D0

and J/ψ share similar patterns of RAA and v2 to B mesons except for a pT shift during the decay processes.
Therefore, future more precise measurements on nonprompt D0 and J/ψ can help further pin down the bottom
quark dynamics inside the quark-gluon plasma.
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I. INTRODUCTION

The quark-gluon plasma (QGP), which consists of decon-
fined quarks and gluons as predicted by quantum chromody-
namics (QCD) on the lattice, has been created in relativistic
heavy-ion collisions performed at the Relativistic Heavy-Ion
Collider (RHIC) and the Large Hadron Collider (LHC) [1,2].
Extensive studies have shown that the hot and dense QGP pro-
duced in these energetic nuclear collisions has two remarkable
properties: small shear viscosity to entropy density ratio (or
specific viscosity) [3–7], and high opacity to the propagation
of high-energy jet partons [8–14].

Heavy quarks (charm and bottom quarks) are impor-
tant hard probes of the QGP [15–17]. They are mostly
produced from the hard scatterings in the early stage of
heavy-ion collisions, and then probe the entire history of the
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expanding QGP. During their propagation through the QGP,
heavy quarks interact with the medium and lose energy via
collisional and radiative processes [18–21]. The energy loss
of heavy quarks in the QGP can be quantified by the nu-
clear modification factor RAA, defined as the ratio of the
particle yield in a given centrality class in nucleus-nucleus
(AA) collisions (dNAA/d pT), scaled by the average number
of binary nucleon-nucleon collisions (Ncoll), to the particle
yield in proton-proton (pp) collisions (dNpp/d pT). Experi-
mental measurements have shown that the RAA of heavy flavor
particles produced in Au+Au collisions at RHIC and Pb+Pb
collisions at the LHC is significantly below unity at high pT

[22–24], indicating substantial energy loss of heavy quarks
inside the QGP medium due to their interactions with the
medium constituents [25–49].

Another important observable to probe the geometrical and
dynamical properties of the QGP is the azimuthal anisotropy
of the momentum space distribution of final state (soft
and hard) hadrons [50–54], which can be quantified by the
Fourier coefficients of the particle distribution dN/dφ in the
azimuthal plane. These anisotropy coefficients can be calcu-
lated as vn = 〈cos[n(φ − �n)]〉, with �n being the nth-order
event plane angle. For example, v2 is called elliptic flow,
which mainly originates from the elliptic shape of the pro-
duced QGP matter. Quantum fluctuations of the initial state
(or colliding nuclei) can also contribute to the anisotropic
flow, especially for odd flow harmonics and in ultra-central
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collisions [55,56]. As for heavy quarks, due to their in-
teractions with the anisotropic QGP, the final momentum
distributions of heavy quarks and their daughter hadrons are
also anisotropic. At high pT, the heavy flavor hadron v2 is
sensitive to the energy loss difference of heavy quarks along
different paths through the QGP. At low and intermediate
pT, their v2 is sensitive to the collective flow of the QGP
medium, since low pT heavy quarks can pick up the QGP
flow either by direct interactions with the medium through
diffusive process or by coalescence with thermal light par-
tons inside the medium during hadron formation [57–64].
Experimental data have shown that D mesons have positive
v2 at RHIC and the LHC [65–68], indicating that charm
quarks can build up significant collective flow through scat-
terings with an anisotropic QGP medium as well as the
hadronization process. The magnitude of the D meson v2

is similar to the light flavor hadron v2 at intermediate pT,
indicating that the relaxation time of low pT charm quarks
might be comparable to or even shorter than the lifetime of
the QGP.

In this work, we focus on bottom quark evolution in rel-
ativistic heavy-ion collisions. Due to their even larger mass
than charm quarks, bottom quarks provide a unique probe
of the QGP properties. First, they suffer much smaller cold
nuclear matter effect than charm quarks [69], thus offer clean
observables to study the hot nuclear matter effect. In addi-
tion, bottom quarks provide a better tool to study the “dead
cone” effect which strongly depends on the mass-to-energy
ratio (mQ/E ) of heavy quarks [70–74]. Therefore, at low to
intermediate pT, bottom quarks are expected to experience
less diffusion than charm quarks, and thus are harder to reach
thermalization with QGP medium [49,57,59]. Recently, AL-
ICE, ATLAS, and CMS Collaborations have measured the
RAA and v2 of nonprompt D0 and J/ψ decayed from bottom
hadrons [75–84]. Considering the large uncertainties of the
current data directly on B mesons, these measurements on
nonprompt D0 and J/ψ provide an important supplementary
opportunity for studying bottom quark interaction with the
QGP in relativistic heavy-ion collisions. We will report our
study on the RAA and v2 of bottom decayed D0 and J/ψ ,
and compare them to results of prompt D mesons directly
produced from charm quark hadronization, in Pb+Pb colli-
sions at

√
sNN = 5.02 TeV from low to high pT regimes. The

rest of this paper will be organized as follows. In Sec. II, we
will present our theoretical framework to study heavy quark
evolution in relativistic heavy-ion collisions. The numerical
results for prompt D mesons, B mesons, and nonprompt D0

and J/ψ from B meson decay will be presented and compared
to available data at the LHC in Sec. III. Section IV will contain
our summary.

II. THEORETICAL FRAMEWORK: LBT-PNP MODEL

In this work, we use our linear Boltzmann transport model
that combines perturbative and nonperturbative interactions
(LBT-PNP) [59] to simulate heavy quark scatterings through a
color-deconfined medium. In the LBT model [19,85,86], one
solves the following Boltzmann equation for the evolution of
the phase space distribution of heavy quarks (denoted by “a”)

inside the QGP using the Monte Carlo method:

Pa · ∂ fa(x, p) = Ea(Cel + Cinel ). (1)

The right-hand side includes the contributions from both
elastic and inelastic scatterings between heavy quarks and
constituent partons of the medium, as denoted by the collision
integrals Cel and Cinel, respectively.

To simulate elastic scatterings between heavy quarks and
medium partons, one calculates the scattering rates �ab→cd for
a binary collision process a + b → c + d using the following
formula:

�ab→cd ( �pa, T ) = γb

2Ea

∫
d3 pb

(2π )32Eb

d3 pc

(2π )32Ec

d3 pd

(2π )32Ed

× fb( �pb, T )[1 ± fc( �pc, T )][1 ± fd ( �pd , T )]

× θ (s − (ma + μd )2)(2π )4

× δ(4)(pa + pb − pc − pd )|Mab→cd |2.
(2)

In the above equation, γb is the degeneracy factor of parton
b, fb and fd are thermal distributions of the medium partons,
1 ± f is the Bose enhancement or Fermi suppression factor
for the final states (neglected for heavy quark c due to their
dilute distribution in this work), and the θ function accounts
for the thermal mass effect on medium partons, where μd

represents the Debye mass. In this calculation, the masses
of charm and bottom quarks are taken as Mc = 1.27 GeV
and Mb = 4.19 GeV, and the medium partons are taken to be
massless. The key information about the microscopic elastic
scattering process is contained in the matrix element Mab→cd .

In the LBT-PNP model [59], the matrix element Mab→cd

for elastic scatterings includes both perturbative and non-
perturbative interactions between heavy quarks and medium
constituents. More specifically, we use the following
parametrized Cornell-type potential for the interaction be-
tween a heavy quark and a medium parton,

V (r) = VY(r) + VS(r) = −4

3
αs

e−md r

r
− σe−msr

ms
. (3)

One can see that the above potential includes both short-range
Yukawa interaction and long-range color confining interac-
tion, the later of which is also called the string term. In these
two terms, αs and σ are the coupling strengths for the Yukawa
and string interactions respectively, md and ms are their corre-
sponding screening masses, which are taken to be temperature
dependent as md = a + bT and ms = √

as + bsT . In the LBT-
PNP model [59], the values and functional forms of the model
parameters are fitted from the suppression and flow data of D
mesons at RHIC and the LHC as: αs = 0.27, σ = 0.45 GeV2,
md = 2T + 0.2 GeV, and ms = √

0.1 GeV × T . The potential
evaluated using these parameters reasonably agrees with the
lattice data.

To calculate the matrix element Mab→cd , one takes the
Fourier transformation and obtains the above Cornell-type
potential in the momentum space as

V (�q) = − 4παsCF

m2
d + |�q|2 − 8πσ(

m2
s + |�q|2)2 , (4)
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with �q being the momentum exchange between heavy quarks
and medium constituents. To calculate the matrix element
for two-body processes: Qq → Qq and Qg → Qg, in which
gluons with momentum �q are exchanged, we treat the above
in-medium Cornell-type potential as the effective gluon prop-
agator (field). Assuming a scalar interaction vertex for the
string term, the scattering amplitude can be written as

iM = MY + MS = u(p′)γ μu(p)VY(�q)u(k′)γ νu(k)

+ u(p′)u(p)VS(�q)u(k′)u(k). (5)

Here, MY and MS represent the matrix elements for the
Yukawa and string terms respectively. Note that we still use
a vector interaction vertex for the Yukawa term, which can
reproduce the leading-order perturbative QCD result [87].

Since the in-medium potential represents the effective gluon
propagator, the string term is only included for the t-channel
scattering, i.e., by setting | �q|2 = −t in the above potential.
Note that the color information of interaction vertices has
been included in the interaction potential. For the Qq → Qq
scattering process, the final amplitude squared is given by

|MQq|2 = 64π2α2
s

9

(
s − m2

Q

)2 + (
m2

Q − u
)2 + 2m2

Qt(
t − m2

d

)2

+ (8πσ )2

N2
c − 1

t2 − 4m2
Qt(

t − m2
s

)4 ; (6)

and for the Qg → Qg process we have

|MQg|2 = 64π2α2
s

9

(
s − m2

Q

)(
m2

Q − u
) + 2m2

Q

(
s + m2

Q

)
(
s − m2

Q

)2 + 64π2α2
s

9

(
s − m2

Q

)(
m2

Q − u
) + 2m2

Q

(
u + m2

Q

)
(
u − m2

Q

)2

+ 8π2α2
s

5m4
Q+ 3m2

Qt − 10m2
Qu+ 4t2+ 5tu+ 5u2

(
t − m2

d

)2 + 8π2α2
s

(
m2

Q − s
)(

m2
Q − u

)
(
t − m2

d

)2 + 16π2α2
s

3m4
Q − 3m2

Qs − m2
Qu + s2(

s − m2
Q

)(
t − m2

d

)

+ 16π2α2
s

9

m2
Q

(
4m2

Q − t
)

(
s − m2

Q

)(
m2

Q − u
) + 16π2α2

s

3m4
Q − m2

Qs − 3m2
Qu + u2(

t − m2
d

)(
u − m2

Q

) + CA

CF

(8πσ )2

N2
c − 1

t2 − 4m2
Qt(

t − m2
s

)4 , (7)

with s, t , u being the Mandelstam variables. To obtain the
Yukawa parts |MY|2 in the above two expressions, we cal-
culate |Ms|2, |Mu|2, |Mt |2, and their interference terms
|MsM∗

t |, |MsM∗
u|, and |MuM∗

t | separately, and then re-
place t by t − m2

d in the denominators. Note that the form
of the |MY|2 part in Eq. (7) appears a little different from
the form given by Ref. [87]. This is because the amplitude
squared for the Qg → Qg scattering process is simplified in
Ref. [87] by extracting a term −16π2α2

s (2m2
Q + t )/t from

both |MsM∗
t | and |MuM∗

t |, and then combine them with
|Mt |2 to obtain 32π2α2

s (s − m2
Q)(m2

Q − u)/t2. If one intro-
duces the Debye screening mass, i.e, replace t by t − m2

d in
the denominators, based on the form in Ref. [87], as shown
in Refs. [88–90], the matrix element would appear different
from our Yukawa part in Eq. (7). However, they are the same
when md is set as zero.

By summing over all possible scattering channels, one
can obtain the total elastic scattering rate for a heavy quark
propagating through the QGP according to Eq. (2). For a given
time step �t̃ , the probability for a heavy quark to experience
elastic scatterings with the QGP constituents can be calculated
as Pa

el = 1 − e−�a
el�t̃ .

For inelastic scatterings between heavy quarks and the
QGP, the scattering rate at a given time t̃ can be obtained as
follows:

�a
inel(Ea, T, t̃ ) =

∫
dx dl2

⊥
dNa

g

dx dl2
⊥dt̃

. (8)

In this study, we take the higher-twist energy loss formal-
ism [72,74,91,92] for the gluon emission spectrum off a heavy

quark inside a dense nuclear medium,

dNa
g

dx dl2
⊥dt̃

= 2CAαsPa(x)l4
⊥q̂a

π
(
l2
⊥ + x2m2

a

)4 sin2

(
t̃ − t̃i
2τ f

)
. (9)

In the above two equations, Ea and ma are the energy and mass
of heavy quarks, x and l⊥ represent the energy fraction and
the transverse momentum of the radiated gluon with respect
to the parent heavy quark, and Pa(x) is the vacuum splitting
function. The jet transport coefficient q̂a represents the aver-
age transverse momentum squared exchanged between heavy
quarks and the medium constituents per unit time during the
elastic scattering process. Inside the sine function, t̃ − t̃i is the
time accumulated from the previous emission time (t̃i), and
τ f = 2Eax(1 − x)/(l2

⊥ + x2m2
a ) denotes the formation time of

gluon emission. Based on the above formula, the probability
for a heavy quark to experience inelastic scatterings with the
QGP constituents during a time step �t̃ can be calculated as
Pa

inel = 1 − e−�a
inel�t̃ .

To include both elastic and inelastic scatterings between
heavy quarks and the QGP medium, the total scattering rate
can be obtained as �tot = �el + �inel. In terms of the to-
tal scattering probability, one may write out the following
expression:

Pa
tot = 1 − e−�tot�t = Pa

el + Pa
inel − Pa

elP
a
inel, (10)

where Pa
el(1 − Pa

inel ) can be understood as the pure elastic
scattering probability, and Pa

inel is the inelastic scattering
probability. Following our earlier work [20,59,86], we use
different values of the coupling strength αs for differ-
ent interaction vertices in our calculation of elastic and
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FIG. 1. RAA and v2 of the prompt D0 mesons as functions of pT in 0–10%, 30–50%, and 60–80% Pb+Pb collisions at
√

sNN = 5.02 TeV,
compared to the ALICE and CMS data for 0–10% and 30–50% centralities [23,68,103,104].

inelastic scatterings. For a vertex connecting to the prop-
agating heavy quarks, we take αs = 4π/[9 ln(2ET/�2)]
with � = 0.2 GeV; for a vertex connecting to the medium
partons, we use the same value as in the interaction
potential V (r).

To evolve heavy quarks through a realistic medium, we
utilize the (3+1)-dimensional viscous hydrodynamic model
CLVISC [93–96] to simulate the dynamical evolution of the
QGP fireball produced in relativistic heavy-ion collisions at
the LHC. In the present study, we apply smooth hydrodynamic
profiles for investigating heavy quarks, whose specific shear
viscosity is taken to be η/s = 0.16 for the QGP produced
in Pb+Pb collision at

√
sNN = 5.02 TeV. The initial energy

density distribution of the QGP is obtained from the Glauber
model, which is also used to obtain the initial spatial distri-
bution of heavy quarks. The momentum distribution of heavy
quarks is initialized using the fixed-order next-to-leading-log
(FONLL) calculation [97–99], where the parton distribution
functions are taken from CT14NLO [100], and the nuclear
shadowing effect is taken from EPPS16 [101] at the next-
to-leading order. After their production, heavy quarks are
assumed to stream freely before starting interaction with the
QGP at the initial proper time of hydrodynamic evolution
(τ0 = 0.6 fm/c). Interaction between heavy quarks and the
QGP ceases when heavy quarks reach the QGP boundary,
the hypersurface with Tc = 165 MeV in this work, on which
they are converted into heavy flavor hadrons via a hybrid
fragmentation-coalescence model [63]. In this hadronization
model, the coalescence probability between heavy quarks and
thermal light quarks are calculated according to the wave
function overlap between the free-quark state and the hadronic
bound state. Both s and p wave hadronic states are included,
which naturally cover the majority of the observed heavy
flavor hadron states. Based on this probability, heavy quarks
that do not hadronize through coalescence are fragmented
into heavy flavor hadrons via PYTHIA [102]. The decay of
B mesons into nonprompt D0 and J/ψ is also simulated by
PYTHIA.

III. NUMERICAL RESULTS

In this section, we present our numerical results on the
nuclear modification factor (RAA) and elliptic flow coeffi-
cient (v2) of nonprompt D0 and J/ψ in Pb+Pb collisions at√

sNN = 5.02 TeV at the LHC.
Before showing results for nonprompt D0 and J/ψ , we

first show in Fig. 1 the RAA and v2 of prompt D0 mesons as
functions of transverse momentum pT in Pb+Pb collisions
at

√
sNN = 5.02 TeV for three different centrality classes:

central (0–10%), mid-central (30–50%), and peripheral (60–
80%) collisions. The ALICE and CMS data on 0–10% and
30–50% centralities are shown for comparison. Our model can
provide a reasonable description of the LHC data on the D0

meson RAA and v2. One can see that both RAA and v2 show
strong centrality dependence. From central to mid-central to
peripheral collisions, the quenching of the prompt D mesons
decreases (RAA becomes larger) at large pT due to the de-
creasing system size, whereas the prompt D meson v2 first
increases and then decreases due to the competition between
the medium size and its geometric asymmetry. At high pT, the
heavy flavor v2 originates from the asymmetric energy loss
along different directions through the QGP. A smaller medium
size at larger centrality causes weaker energy loss and weaker
v2 of heavy quarks; while an enhanced geometric asymmetry
at larger centrality leads to larger heavy quark v2. At low to
medium pT, the heavy flavor v2 is also strongly affected by
the anisotropic flow of the QGP background, which typically
peaks at mid-centrality due to the competition between the
medium size and its geometric asymmetry. As a result, the
heavy flavor v2 is expected to be strongest at mid-centrality.
Meanwhile, both RAA and v2 show strong pT dependence. The
prompt D meson RAA first exhibits a bump structure at low pT

and then increases with pT at high pT, whereas the prompt D
meson v2 first increases and then decreases. These structures
originate from the combined effect of heavy quark spectrum,
energy loss and hadronization, together with the QGP flow. At
large pT, the quenching of prompt D mesons mainly comes
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FIG. 2. RAA and v2 of B mesons as functions of pT in 0–10%, 30–50%, and 60–80% Pb+Pb collisions at
√

sNN = 5.02 TeV.

from charm quark energy loss inside the QGP, and the v2

of prompt D mesons mainly results from the anisotropic en-
ergy loss along different directions through a geometrically
asymmetric medium. The decreasing fractional energy loss
and the flatter pT spectrum of charm quarks at high pT lead
to the increasing RAA and decreasing v2 of prompt D mesons
with pT. At low to intermediate pT, the strong nonperturbative
interactions can quickly drive heavy quarks towards thermal
equilibrium with the QGP, and therefore the motions of heavy
quarks are strongly affected by the QGP flow. In addition, the
coalescence between heavy quarks and the medium partons
dominates the heavy flavor hadron formation at low to inter-
mediate pT, which further enhances the QGP flow effect on
the prompt D meson spectrum. These lead to the flow bump
of the prompt D meson RAA, and the increasing D meson v2 at
low pT, similar to the behaviors of light flavor hadron RAA and
v2 observed at low pT.

Figure 2 shows our prediction for the RAA and v2 of B
mesons as functions of pT in Pb+Pb collisions at

√
sNN =

5.02 TeV for 0–10%, 30–50%, and 60–80% centrality classes.
Here, results for B mesons include contributions from B+ and
B− in our simulation. Similar to previous results for prompt D
mesons, the B meson RAA and v2 also show strong centrality
dependence. Moving from central to mid-central to peripheral
collisions, the quenching of B mesons becomes weaker due
to the decreasing system size, while the B meson v2 first
increases and then decreases due to the combined effect of
medium eccentricity and size. For the same centrality class,
the B meson RAA is larger than the prompt D meson RAA

at low pT, while the former is comparable to the latter or
even slightly smaller than the latter at high pT. This is due
to the nontrivial mass hierarchy of quark energy loss within
our LBT-PNP model, as discussed in an earlier study [106]:
b quarks lose less energy than c quarks at low pT due to the
“dead cone effect” in the gluon emission process, while the
former may lose more energy than the latter at high pT due
to the string interaction implemented in our model. Within
the same centrality class, the v2 of B mesons is smaller than

FIG. 3. RAA and v2 of nonprompt D0 as functions of pT in 0–10%, 30–50%, and 60–80% Pb+Pb collisions at
√

sNN = 5.02 TeV, compared
to the ALICE data for 0–10% and 30–50% centralities [76,77,105].

024903-5



XING, LI, CAO, AND QIN PHYSICAL REVIEW C 110, 024903 (2024)

FIG. 4. RAA (0–80% centrality) and v2 (10–60% centrality) of nonprompt J/� as functions of pT in Pb+Pb collisions at
√

sNN = 5.02 TeV,
compared to the ATLAS and CMS data [79,83].

that of prompt D mesons at low pT. At high pT, they are both
small.

To further study the quenching and flow of B mesons,
Recently, ALICE, ATLAS and CMS Collaborations have
measured the RAA and v2 of nonprompt D0 and J/ψ , de-
cayed from bottom hadrons [75–79,83,84]. In Fig. 3, we show
the RAA and v2 for nonprompt D0 from B meson decay as
functions of pT in central (0–10%), mid-central (30–50%)
and peripheral (60–80%) Pb+Pb collisions at

√
sNN = 5.02

TeV, compared to the ALICE and CMS data for 0–10% and
30–50% centralities. One can see that our model provides a
reasonable description of the nonprompt D0 meson RAA and
v2 at high pT. At low pT, our model underestimates both
RAA and v2, which may result from deficiencies in evaluating
non-perturbative processes at low pT, including the initial
heavy quark spectra, string interactions between heavy quarks
and the QGP, and hadronization of heavy quarks. Similar to

prompt D and B mesons, the RAA and v2 of B-decayed D0

mesons here also show strong dependence on centrality. In the
same centrality class, the RAA and v2 of B-decayed D0 show
similar behaviors as those of B mesons, except for some pT

shift during the decay from B mesons to D mesons.
In Fig. 4, we show the RAA of nonprompt J/ψ from B

meson decay as a function of pT in 0–80% Pb+Pb collisions
at

√
sNN = 5.02 TeV and the v2 of nonprompt J/ψ from B

meson decay in 10–60% collisions. Our model provides a
good description of the corresponding ATLAS data on RAA

and the CMS data on v2 of nonprompt J/ψ . Both the RAA

and v2 results here are obtained from averaging over a large
interval of centrality. They do not show a strong dependence
on pT.

In order to investigate the centrality dependence of quench-
ing and flow of nonprompt J/ψ from B meson decay, we
present in Fig. 5 the RAA and v2 of nonprompt J/ψ as func-

FIG. 5. RAA and v2 of nonprompt J/� as functions of pT in 0–10%, 30–50%, and 60–80% Pb+Pb collisions at
√

sNN = 5.02 TeV, compared
to the ALICE, ATLAS, and CMS data for various centralities [78,79,83,84].
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FIG. 6. RAA (0–10% centrality) and v2 (30–50% centrality) of prompt D0, B, nonprompt D0, and nonprompt J/� as functions of pT in
Pb+Pb collisions at

√
sNN = 5.02 TeV, compared to the available ALICE, ATLAS, and CMS data [23,68,76–79,83,84,103–105].

tions of pT in central (0–10%), mid-central (30–50%) and
peripheral (60–80%) Pb+Pb collisions at

√
sNN = 5.02 TeV,

compared to the available data from the ALICE, ATLAS, and
CMS Collaborations. One can see that our model provides a
reasonable description of the corresponding data within com-
parable centrality bins. Similar to previous results of prompt
D mesons, B mesons and nonprompt D0, the RAA and v2 of
nonprompt J/ψ show strong centrality dependence.

In Fig. 6, we directly compare the quenching and flow
between different species of heavy flavor particles presented
above, left panel for the RAA of prompt D, B, nonprompt D0

and J/ψ from B meson decay in central (0–10%) Pb+Pb
collisions at

√
sNN = 5.02 TeV, and right panel for their v2 in

mid-central (30–50%) collisions, in comparison to the avail-
able ALICE, ATLAS, and CMS data. As discussed earlier, the
RAA of direct D mesons is smaller than that of B mesons at low

pT, while the inverse order is seen at high pT. This is because
of the opposite mass dependences of quark energy loss at low
pT and high pT within our LBT-PNP model. In mid-central
collisions, the v2 of direct D mesons appear larger than that
of B mesons. The RAA of B-decayed D0 and B-decayed J/ψ
are smaller than that of B mesons at low pT, but larger at high
pT, due to the pT shift during the decay of B mesons. The v2

of B-decayed D0 and B-decayed J/ψ are smaller than that of
B mesons at low pT, but comparable at high pT. No apparent
difference in RAA and v2 is observed between B-decayed D0

and B-decayed J/ψ due to their similar decay functions from
B mesons.

In Fig. 7, we compare the pT-integrated RAA between
prompt D0, B, nonprompt D0 and nonprompt J/ψ from B me-
son decay in Pb+Pb collisions at

√
sNN = 5.02 TeV, left panel

for 1.5 < pT < 10 GeV and right panel for 9 < pT < 40 GeV.

FIG. 7. RAA of prompt D0, B, nonprompt D0, and nonprompt J/�, integrated over 1.5 < pT < 10 GeV (left panel) and 9 < pT < 40 GeV
(right panel), as functions of the participant nucleon number in Pb+Pb collisions at

√
sNN = 5.02 TeV, compared to the available ALICE and

ATLAS data [79,84].
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FIG. 8. v2 of prompt D0, B, nonprompt D0, and nonprompt J/�, integrated over 1.5 < pT < 10 GeV (left panel) and
6.5 < pT < 50 GeV (right panel), as functions of the participant nucleon number in Pb+Pb collisions at

√
sNN = 5.02 TeV, compared to

the available CMS data [83].

At higher pT region (right panel), a clear participant number
(Npart), or centrality, dependence of RAA can be seen for these
heavy flavor particles: stronger energy loss of heavy quarks
in more central collisions (larger Npart) leads to smaller RAA.
This trend is not apparent at low pT (left panel), where in
addition to parton energy loss, the hadronization process and
the QGP flow also significantly affect the final state hadron
spectra. Within the pT range we explore here, the RAA of
direct D mesons is smaller than that of B mesons. No obvious
difference is observed between B mesons, B-decayed D0 and
B-decayed J/ψ in these pT-integrated RAA. Since our current
model underestimates the heavy flavor RAA at low pT, as
shown in previous pT-dependent RAA results, our result on the
pT-integrated RAA of nonprompt J/ψ here is also lower than
the available data from the ALICE and ATLAS Collabora-
tions. The agreement becomes better as the pT range becomes
higher.

In the end, we compare in Fig. 8 the pT-integrated v2

between prompt D0, B, nonprompt D0, and nonprompt J/ψ
from B meson decay in Pb+Pb collisions at

√
sNN = 5.02

TeV, left panel for 1.5 < pT < 10 GeV and right panel for
6.5 < pT < 50 GeV. Moving from central to mid-central to
peripheral collisions, or as Npart becomes smaller, the elliptic
flow coefficients first increase and then decrease due to the
combined effect of medium eccentricity and medium size. At
low pT, the prompt D0 mesons have much larger v2 than B
mesons, nonprompt D0 and nonprompt J/ψ . This difference
becomes smaller at higher pT. Compared to the available data
from the CMS Collaboration, our model provides a reasonable
description of the v2 of nonprompt J/ψ .

IV. SUMMARY

Within the linear Boltzmann transport model that includes
both string and Yukawa types of interactions between heavy
quarks and the QGP, we study the dynamics of bottom quarks
in Pb+Pb collisions at

√
sNN = 5.02 TeV at the LHC via the

nuclear modification factors and elliptic flow coefficients of
B mesons, B-decayed D0 and J/ψ . Compared to direct D
mesons, B mesons show larger RAA at low pT but slightly
smaller RAA at high pT, indicating weaker energy loss of
heavier quarks at low pT but a possible inverse order at high
pT within our LBT-PNP model. Both RAA and v2 of D and B
mesons show strong pT and centrality dependences. At high
pT, the heavy meson RAA increases with pT due to the decreas-
ing fractional energy loss and the flatter pT spectra of heavy
quarks at higher pT. A bump structure of RAA can be observed
at low pT, resulting from the QGP flow effect and the coales-
cence process of heavy quark hadronization. The heavy meson
v2 is driven by the anisotropic QGP flow at low pT, while
driven by anisotropic energy loss through different directions
at high pT, and therefore, first increases and then decreases as
pT becomes larger. From central to mid-central to peripheral
collisions, the heavy meson RAA becomes larger due to weaker
energy loss through a smaller QGP system. On the other hand,
their v2 first increases due to larger medium eccentricity, and
then decreases due to smaller medium size. Nonprompt D0

and nonprompt J/ψ from B meson decay show very similar
RAA and v2 to B mesons, except for a shift towards the lower
pT region. Compared to the available ALICE, ATLAS and
CMS data, our model provides a reasonable description of the
nuclear modification factors and elliptic flow coefficients of
prompt D mesons, nonprompt D0 and nonprompt J/ψ , except
for some deviation at low pT due to possible inaccurate de-
scription of initial spectrum of heavy quarks, their interaction
with the QGP and their hadronization process in this nonper-
turbative region. Therefore, studying nonprompt D0 and J/ψ
provides a supplementary way for better understanding heavy
quark dynamics in relativistic heavy-ion collisions.
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