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Reexamining charm versus bottom quark energy loss inside a color-deconfined medium
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The general intuition that heavier partons suffer weaker energy loss inside a quark-gluon plasma (QGP)
medium is critically re-examined. Within a linear Boltzmann transport model that includes both Yukawa and
string types of interactions between heavy quarks and the QGP, we find that while the radiative energy loss
is suppressed by the parton mass, heavier partons can experience stronger string potential scatterings with the
medium. Their competition may result in less energy loss of bottom quarks than charm quarks at low transverse
momentum (pT) but an inverse order at high pT. Our model calculation shows a weaker nuclear modification on
bottom particles than charm particles at low pT, as observed by both BNL Relativistic Heavy Ion Collider and
CERN Large Hadron Collider experiments, but predicts an opposite hierarchy at high pT. A larger momentum
space transport coefficient (q̂) and a smaller spatial diffusion coefficient (Ds) are found for bottom quarks than
for charm quarks.
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I. INTRODUCTION

High-energy nuclear collisions conducted at the BNL Rel-
ativistic Heavy-Ion Collider (RHIC) and the CERN Large
Hadron Collider (LHC) provide a unique opportunity for
studying quantum chromodynamics (QCD) at extremely high
temperature and high density. It is now generally accepted
that a strongly coupled color deconfined matter, known as
quark-gluon plasma (QGP), is created in these energetic colli-
sions, which behaves like a perfect fluid [1,2]. Among various
probes of the QGP, heavy quarks (charm and bottom quarks)
are of particular interest. Due to their large masses, they
are mainly produced from the primordial hard scatterings
between nucleons and then scatter through the QGP with
their flavors conserved. Therefore, one may infer properties
of the QGP by comparing the spectra of heavy flavor par-
ticles between nucleus-nucleus collisions and proton-proton
collisions [3,4].

Heavy flavor phenomenologies at different transverse mo-
mentum (pT) scales are driven by different interaction mech-
anisms. At high pT, heavy quarks lose energy inside the QGP
mainly through inelastic scattering, or medium-induced gluon
emission process [5–8]. This is similar to the evolution of
energetic light flavor partons, and therefore can be described
using the same framework developed for jet quenching with
mass effects properly taken into account [9–15]. At low pT,
the phase space for the gluon bremsstrahlung can be signifi-
cantly suppressed by the large mass of heavy quarks, known
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as the “dead cone” effect [16–18], and the heavy quark motion
is then dominated by their quasielastic scatterings with the
QGP [19–25]. As implied by the large elliptic flow coefficient
(v2) of low pT heavy flavor mesons that are comparable to
light flavor hadrons decayed from the QGP [26,27], these
quasielastic scatterings should involve strong nonperturbative
interactions that rapidly drive heavy quarks towards thermal
equilibrium with the QGP. Considerable efforts have been de-
voted to introducing nonperturbative effects for heavy quarks,
such as applying large coupling constant or hard thermal
loop propagator to perturbative calculations [24,28–30], in-
corporating thermal parton masses extracted from the lattice
QCD data in quasiparticle models of heavy-light parton scat-
terings [25,31,32], or replacing the picture of quasiparticle
scattering by heavy quark scattering with a general potential
or spectral function inside the QGP [23,33–35]. With these
tools, we are now able to extend studies on heavy quarks from
investigating their dynamics inside the QGP to utilizing them
to constrain the medium properties, including the transport
coefficients [36–42], the in-medium color force [43], and even
the equation of state of the QGP [44].

A longstanding crucial topic of heavy quarks is the mass
and flavor dependence of parton energy loss inside the QGP.
Perturbative QCD (pQCD) calculations suggest stronger en-
ergy loss for gluons than for quarks due to their different
color factors, and weaker energy loss for heavier quarks in
both elastic and inelastic processes [13]. This hierarchy is
supported by the larger nuclear modification factor (RAA)
and smaller elliptic flow coefficient (v2) of bottom (b) de-
cayed electrons than charm (c) decayed electrons observed
at low pT [45,46]. On the other hand, at high pT, current
experimental data show comparable RAA between charged
hadrons, D mesons, and B mesons [47]. Through a series of
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theoretical investigations [9,10,14], it has been recognized
that this coincidence results from the interplay between the
initial spectra, energy loss, and fragmentation functions of dif-
ferent parton species. However, the hierarchy of parton energy
loss itself has seldom been challenged. Interestingly, using
a linear Boltzmann transport model that combines Yukawa
and string types of interactions between heavy quarks and
the QGP, we will show that the energy loss of bottom quarks
is not necessarily always smaller than that of charm quarks.
The hierarchy of their energy loss depends on the competition
between the string interaction and the dead cone effect, which
is further influenced by the heavy quark momentum and the
medium temperature. Within this model, we obtain a larger
RAA and a smaller v2 of bottom mesons (leptons) than charm
mesons (leptons) at low pT as observed at both RHIC and
LHC, but predict an inverse order at high pT. Furthermore, the
stronger string interaction experienced by heavier particles is
also manifested in their larger momentum space transport co-
efficient (q̂). We note that in certain kinematic or temperature
regions, a smaller RAA of B mesons than D mesons was also
seen in earlier studies [11,12], and a smaller spatial diffusion
coefficient Ds of bottom quarks than charm quarks was shown
in other model calculations [33,38,48,49]. However, the ori-
gin of these nonintuitive hierarchies have not been clearly

identified in literature yet. This will be investigated in detail
in our present work.

II. HEAVY QUARK EVOLUTION IN RELATIVISTIC
HEAVY-ION COLLISIONS

To start with, we use the Glauber model to initialize
the spatial distributions of both the heavy quark production
vertices and the energy density of the QGP. The trans-
verse momentum spectra of the initial heavy quarks are
calculated using the fixed-order-next-to-leading-log (FONLL)
package [50–52], together with the CT14NLO parton dis-
tribution function [53] for free nucleons, which is modified
with the EPPS16 parametrization [54] for nucleons bounded
inside nuclei. These pT spectra are assumed to be rapidity
independent around midrapidity.

With the initial condition above, we use the (3 + 1)-
dimensional viscous hydrodynamic model CLVisc [55–57]
to simulate the evolution of the QGP medium starting from
an initial proper time of τ0 = 0.6 fm/c, and apply the linear
Boltzmann transport (LBT) model [30,35,58] to describe the
heavy quark interaction with the QGP. In the LBT model,
we use the following Boltzmann equation to evolve the phase
space distribution of heavy quarks

pa · ∂ fa(xa, pa) = Ea(Cel + Cinel ), (1)

where xa = (t, �xa) and pa = (Ea, �pa) are the four-position and four-momentum of heavy quarks, respectively, and the collision
integral on the right hand side includes contributions from both elastic and inelastic scatterings.

For the elastic process, the collision rate can be extracted from the above equation as

�el
ab→cd ( �pa, T ) = γb

2Ea

∫
d3 pb

(2π )32Eb

d3 pc

(2π )32Ec

d3 pd

(2π )32Ed
fb( �pb, T )[1 ± fd ( �pd , T )] θ (s − (ma + μD)2)

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

in which T is the local temperature of the medium, |Mab→cd |2
is the matrix element of the ab → cd scattering, with b
representing thermal partons from the medium, c and d rep-
resenting the final state heavy quarks and thermal partons,
respectively. The factor γb denotes the spin-color degeneracy
of parton b, μD is the Debye screening mass that will be spec-
ified later. We use thermal distributions for fb and fd above,
and use s, t, u for the Mandelstam variables. The thermal light
partons are assumed massless in this work, and the bare quark
mass 1.27 GeV is used for charm quarks and 4.19 GeV for
bottom quarks.

We follow our previous study [35] to include both Yukawa
and string interactions between heavy quarks and the QGP. A
Cornell-type potential is assumed between a heavy quark and
a thermal light quark:

V (r) = VY(r) + VS(r) = −4

3
αs

e−md r

r
− σe−msr

ms
, (3)

which includes both a short-range Yukawa (Y) term and a
long-range string (S) term, with αs and σ being their coupling
strengths, respectively. In this model, we use the Yukawa term

to approximate the perturbative interaction, and use the string
term to approximate the nonperturbative interaction. The tem-
perature dependent screening masses for the two terms are
parametrized as md = a + bT and ms = √

as + bsT . Here,
we use the model parameters listed in Table I, which are
determined in Ref. [35] based on the D meson observables
at RHIC and LHC. Note that the potential we extract from
the open heavy flavor data is not necessarily the same with
that between a static quark-antiquark pair from the lattice
QCD calculation [59]. However, with the parameters here,
the potential given by Eq. (3) appears similar to the lattice
data [35]. The value of md in the Yukawa term is also applied
for the screening mass μD in Eq. (2).

TABLE I. Parameters of the interaction potential between a
heavy quark and a medium parton.

αs σ (GeV2) a (GeV) b as (GeV2) bs (GeV)

0.27 0.45 0.20 2.0 0 0.10
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We can then perform Fourier transformation on Eq. (3) into
the momentum space as

V (�q) = − 4παsCF

m2
d + |�q|2 − 8πσ(

m2
s + |�q|2)2 (4)

with CF = 4/3 being the color factor and �q being the momen-
tum exchange between a heavy quark and a medium parton.
This momentum space potential is further used as an effective
gluon propagator in evaluating the scattering matrix as

iM = iMY + iMS = u(p′)γ μu(p)VY(�q)u(k′)γμu(k)

+ u(p′)u(p)VS(�q)u(k′)u(k), (5)

in which we keep the vector interaction vertex for the Yukawa
term for consistency with the perturbative calculation of a
two-body scattering at the leading order (LO), and assume a
scalar interaction vertex for the string term [60].

By setting | �q|2 = −t , and summing (averaging) over the
final (initial) state spin degrees of freedom, we obtain the
matrix element square of the Qq → Qq process as

|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)

On the right hand side of the equation above, the first term
comes from the Yukawa interaction while the second from
the string interaction. There is no interference between MY

and MS due to their different types of interaction vertices. We
introduce an additional 1/(N2

c − 1) factor for the gluon field
here in order to reproduce the color factor C2

F /(N2
c − 1) in the

well established LO result of heavy-light quark scattering [61]
in the first term.

Based on the form of |MQq|2 above, one may write the
matrix element square of the Qg → Qg process as

|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)

in which the last term is for the string interaction which
differs from that in Eq. (6) by the color CA/CF , and the other
terms are from the LO perturbative calculation [61] which
takes into account s-, t-, and u-channel scatterings between
a heavy quark and a gluon. Note that for the α2

s factors in the
perturbative parts of Eqs. (6) and (7), one αs is from the vertex
connecting the exchanged gluon with the thermal parton, and
the other is from the vertex connecting the heavy quark and
the exchanged gluon. We use the fixed value αs = 0.27 in
Table I for the former, while the latter is assumed to run
with the heavy quark energy and the medium temperature as
αs = 4π/[9ln(2ET/�2)] [13] with � = 0.2 GeV.

For the inelastic scattering process, we connect the scatter-
ing rate to the average number of medium-induced gluons per
unit time1 as

�a
inel(Ea, T, t̄ ) =

∫
dxdl2

⊥
dNa

g

dxdl2
⊥dt̄

, (8)

1We use the notation t̄ for time here to distinguish from the Man-
delstam variable t .

where the emitted gluon spectrum is taken from the higher-
twist energy loss calculation [5,62,63],

dNa
g

dxdl2
⊥dt̄

= 2CAαsPa(x)l4
⊥q̂a

π
(
l2
⊥ + x2m2

a

)4 sin2

(
t̄ − t̄i
2τ f

)
. (9)

Here, x and l⊥ denote the fractional energy and the transverse
momentum of the emitted gluon with respect to its parent
heavy quark, Pa(x) is the Q → Qg splitting function, t̄i is the
production time of the heavy quark (or the time of the previous
splitting), τ f = 2Eax(1 − x)/(l2

⊥ + x2m2
a ) is the gluon forma-

tion time, and the running coupling αs = 4π/[9ln(2ET/�2)]
is used. The jet transport coefficient q̂a quantifies the trans-
verse momentum broadening square of the jet parton per
unit time—d〈k2

⊥〉/dt̄—due to elastic scatterings, which can
be evaluated from Eq. (2) with an additional weight factor
k2
⊥ = [ �pc − ( �pc · p̂a) p̂a]2 inside the integral.

Using Eqs. (2) and (8), one may construct the scatter-
ing probability during a time interval �t̄ as Pa

el/inel = 1 −
e−�a

el/inel�t̄ for elastic and inelastic processes separately, where
�a

el = ∑
bcd �el

ab→cd sums over all possible elastic scattering
channels for parton a. The total scattering probability is then
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given by

Pa
tot = 1 − e−(�a

el+�a
inel )�t̄ = Pa

el + Pa
inel − Pa

elP
a
inel, (10)

which can be understood as the sum of pure elastic process
without inducing gluon emission Pa

el(1 − Pa
inel ) and inelastic

process Pa
inel. With these probabilities and differential rates, we

implement Monte Carlo simulation of heavy quark scatterings
with the QGP. At a given time step, we first boost each heavy
quark into the local rest frame of the hydrodynamic medium.
Using the local temperature of the medium, we update the
four-momentum of the heavy quark according to the Boltz-
mann approach and then boost it back to the global frame and
propagate it to the location of the next time step.

Upon exiting the QGP medium (the hypersurface of a
temperature at Tc = 165 MeV in this work), heavy quarks
are converted into heavy flavor hadrons via our hybrid
fragmentation-coalescence model developed in Ref. [69]. The
momentum dependent coalescence probability is given by
the wave function overlap between the free quark state and the
hadron state. We assume simple harmonic oscillator potential
between quarks inside a hadron and include both s- and p-
wave states which cover nearly all heavy flavor hadrons listed
in the Particle Data Group [70]. The only model parameter
for hadronization is the oscillator frequency, which is set as
ωc = 0.24 GeV for charm hadrons and ωb = 0.14 GeV for
bottom hadrons. They are determined by requiring the total
coalescence probability for a zero momentum heavy quark to
be one. Based on these probabilities, heavy quarks that do
not combine with thermal partons from the QGP are con-
verted to hadrons via the PYTHIA fragmentation [71]. This
hadronization model is able to provide a good description of
both charm and bottom hadron chemistry observed at RHIC
and LHC [69,72]. In the end, we also use PYTHIA to decay
heavy flavor hadrons into leptons. Note that contributions
from heavy flavor baryons (e.g., �c and �b) are included in
this work. If they are not taken into account, one would obtain
larger RAA’s of heavy flavor mesons and their decayed leptons
at low pT compared to our results, because of the larger
baryon-to-meson ratio in nucleus-nucleus (AA) than in proton-
proton (pp) collisions due to the coalescence process [69].
On the other hand, this should not affect the heavy meson
(lepton) RAA at high pT, where hadronization is dominated
by fragmentation.

III. NUCLEAR MODIFICATION OF HEAVY MESONS
AND THEIR DECAYED ELECTRONS

We focus on the two typical observables—nuclear mod-
ification factor (RAA) and elliptic flow coefficient (v2) of
heavy flavor particles in high-energy nuclear collisions. The
former measures the ratio between their spectra in AA and pp
collisions:

RAA(pT) ≡ dNAA/dpT

dNpp/dpT × 〈
NAA

coll

〉 , (11)

where 〈NAA
coll 〉 is the average number of nucleon-nucleon bi-

nary collisions in each AA collision. The latter quantifies the

FIG. 1. The RAA (upper panel) and v2 (lower panel) of
heavy mesons in Au + Au collisions at

√
sNN = 200 GeV, com-

pared between D meson, B meson and the available data from
STAR [26,64,65].

momentum space anisotropy of the particle production:

v2(pT) ≡ 〈cos(2φ)〉 =
〈

p2
x − p2

y

p2
x + p2

y

〉
, (12)

where φ represents the azimuthal angle of heavy flavor par-
ticles in the transverse plane and the average is performed
both over particles within each event and across different
events. In this work, we use smooth hydrodynamic medium
for the QGP and align its second order event plane with the x̂
direction in our computational frame. Effect of event-by-event
fluctuations on the RAA and v2 of hard probe particles was
shown small in our earlier studies [73,74].

We first present the nuclear modification of heavy mesons
in Au + Au collisions at

√
sNN = 200 GeV in Fig. 1, com-

pared between D and B mesons. One observes larger RAA

(upper panel) and smaller v2 (lower panel) of B mesons than
D mesons within the pT range covered by the current RHIC
experiment, consistent with our expectation of weaker energy
loss and thus a slower thermalization process of b quarks than
c quarks inside the QGP due to the heavier mass of the former.
Our results on D mesons are consistent with the available data
from the STAR collaboration [26,64,65].
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FIG. 2. The RAA (upper panel) and v2 (lower panel) of heavy
flavor decayed electrons in Au + Au collisions at

√
sNN = 200 GeV,

compared between c-decayed electrons, b-decayed electrons, their
mixture and the corresponding data at RHIC [45,46,66]. The RAA

data of mixed electrons in other centralities can also be found in
Refs. [67,68].

The mass hierarchy of heavy quark energy loss can be
further verified by the nuclear modification of their decayed
electrons, as shown in Fig. 2. In the upper panel, we see a
larger RAA of b-decayed electrons than c-decayed electrons
from both our model calculation and the experimental data,
while their mixture is in between. In the lower panel, a smaller
v2 is seen for b-decayed electrons than c-decayed electrons.
Our LBT model including both Yukawa and string interac-
tions provides a simultaneous description of the charm and
bottom flavor data. The only difference between charm and
bottom quarks through our calculation is their masses.

In Fig. 3, we extend our calculation to higher pT that is
beyond the current RHIC measurement but will be covered
by the upcoming sPHENIX data. Interestingly, we observe a
crossing of RAA between D and B mesons around pT ≈ 20
GeV/c in the upper panel. Such crossing also exists in the
lower panel between c-decayed and b-decayed electrons, and
is shifted towards lower pT during the decay process. The sim-
ilar crossing patterns can also be seen from our calculation in
Fig. 4 for heavy flavor mesons (upper panel) and their decayed
muons (lower panel) in Pb + Pb collisions at

√
sNN = 5.02

TeV. We have verified that the slightly stronger suppression

FIG. 3. The RAA of heavy flavor mesons (upper panel) and their
decayed electrons (lower panel) in Au + Au collisions at

√
sNN =

200 GeV, extended to the high pT region.

of b quarks than c quarks at high pT is not due to their
different initial spectra or hadronization, but is from stronger
energy loss of b quarks than c quarks. This is contradictory
to one’s expectation of the mass hierarchy of parton energy
loss and was not seen in our earlier LBT calculations that
only includes perturbative interactions between heavy quarks
and the QGP. We note that a similar crossing pattern was also
seen in the CUJET calculation [11,12], although its origin was
not clearly identified. In the next section, we will conduct
a detailed exploration on this inverse hierarchy of charm vs.
bottom quark energy loss.

IV. MASS DEPENDENCE OF QUARK ENERGY
LOSS AND TRANSPORT COEFFICIENTS

To understand the crossing of RAA between charm and
bottom mesons (electrons), we first study the energy loss of
heavy quarks through a static medium with a given tempera-
ture. At a time of t = 6 fm/c, we present the average energy
loss of charm vs. bottom quarks as a function of their initial
transverse momenta (pinit

T ) in Fig. 5. In the upper panel, we
use a relatively high temperature (T = 300 MeV) and observe
charm quarks lose more energy than bottom quarks. To the
contrary, the opposite order can be seen in the lower panel
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FIG. 4. The RAA of heavy flavor mesons (upper panel) and their
decayed muons (lower panel) in Pb + Pb collisions at

√
sNN =

5.02 TeV. The experimental data are taken from ALICE, CMS, and
ATLAS Collaborations [47,75,76].

above pinit
T ≈ 27 GeV when the medium temperature is low

(T = 170 MeV). This indicates the stronger string interac-
tion at lower temperature, especially near the phase transition
temperature Tc, could lead to stronger energy loss of bottom
quarks than charm quarks.

To better illustrate Yukawa and string contributions to this
non-intuitive hierarchy of heavy quark energy loss at high pT,
we present in Fig. 6 the T 3-rescaled jet transport coefficient
as a function of the heavy quark momentum at different tem-
peratures. Comparing between charm and bottom quarks, we
notice different hierarchies of their q̂ from these two types
of interactions. While the Yukawa term gives smaller b quark
q̂ than c quark q̂, as expected from perturbative calculations
before [30], the string term gives larger b quark q̂ than c
quark q̂. This inverse order from the string interaction can
be understood with the last term in Eq. (6) or (7). Since
the Mandelstam variable t is a negative quantity for space-
like momentum exchange, this last term increases with the
heavy quark mass mQ. This is a qualitative difference from
the Yukawa interaction in our model. Comparing between the
upper and lower panels of Fig. 6, we see while the Yukawa
contribution to q̂ is not very sensitive to the medium temper-
ature, the string contribution is significantly enhanced when

FIG. 5. The average energy loss of charm vs. bottom quarks
at t = 6 fm/c through static media at (a) T = 300 MeV and (b)
T = 170 MeV, as functions of their initial transverse momenta.

the medium temperature decreases towards Tc. Because the
strength of string interaction decays as the momentum ex-
change between heavy quarks and the QGP becomes larger,
and on average, this momentum exchange increases slowly
with the heavy quark momentum, the string contribution to q̂
becomes weak, though still non-vanishing, for high momen-
tum heavy quarks. Within the temperature and momentum
ranges we explore in this work, the total q̂ is larger for b quarks
than for c quarks, leading to stronger elastic energy loss of b
quarks than c quarks.

Compared to the elastic energy loss, the inelastic energy
loss is more complicated. Besides q̂, additional mass depen-
dence exists in Eq. (9), known as the dead cone factor that
suppresses the radiative energy loss of heavy quarks. Even
though b quark has a larger q̂ compared to c quark, the much
heavier mass of b quark can still lead to a weaker radiative
energy loss when its momentum is not significantly larger
than its mass. In the end, the hierarchy of energy loss between
charm and bottom quarks depends on the competition between
the mass effect on q̂ and the dead cone factor, which further
rely on the heavy quark momentum and the medium temper-
ature. When the medium temperature is sufficiently high, the
string contribution to q̂ becomes weak enough to be overcome
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FIG. 6. Momentum dependence of jet transport coefficient at
(a) T = 300 MeV and (b) T = 170 MeV, compared between Yukawa
and string contributions to heavy-quark-QGP interactions.

by the dead cone effect, resulting in larger energy loss of
charm quarks than bottom quarks. On the other hand, when
the medium temperature is low, the dead cone effect can only
defeat the string contribution at low momentum; while at high
momentum, the inverse order of energy loss appears. This is
exactly what we observe in Fig. 5. The hierarchy of RAA in
realistic heavy-ion collisions depends on the evolution profile
of the QGP. For the QGP created in current nuclear collision
programs, it stays longer at lower temperature near Tc than at
higher temperature, leading to the crossing of RAA between
charm and bottom mesons (leptons) seen in Figs. 3 and 4.

In the end, we present in Fig. 7 the transport coefficients of
heavy quarks extracted from our model calculation. In the up-
per panel, we show the momentum space transport coefficient
q̂/T 3 as a function of the medium temperature. Consistent
with our previous observations in Fig. 6, the Yukawa interac-
tion generates larger c quark q̂ than b quark q̂, while the string
interaction generates the opposite order. The Yukawa interac-
tion dominates at high temperature while the string interaction
dominates at low temperature. Within the temperature range
we explore here, the total value of q̂ is larger for b quarks than
for c quarks. The values of the heavy quark q̂ we obtain here
appear consistent with the constraints from the previous JET
Collaboration work [77] on a 10 GeV/c light quark.

FIG. 7. The temperature dependences of (a) jet transport coef-
ficient q̂/T 3 and (b) spatial diffusion coefficient Ds of charm and
bottom quarks, compared between contributions from Yukawa and
string interactions, and also compared to results from the JET Col-
laboration [77] and the lattice QCD data [78–82].

Using the fluctuation-dissipation relation, we can further
convert the q̂ parameter into the spatial diffusion coefficient
of heavy quarks as Ds(2πT ) = 8π/(q̂/T 3) [83]. In the lower
panel of Fig. 7, we present results for 0.01 GeV/c heavy
quarks and observe a smaller Ds for b quarks than for c quarks
when contributions from both Yukawa and string interactions
are included. This hierarchy was also found in Refs. [48,49]
within a quasiparticle model, and also seems qualitatively
consistent with the hint from the lattice QCD study [82]
(labeled as “Ding” in the plot) that evaluates the diffusion
coefficients of heavy quarks with finite masses. The values of
Ds we extract for charm and bottom quarks here agree with the
range predicted by various lattice calculations [78–82]. Note
that by convention, Ds is defined for zero momentum heavy
quarks. At zero momentum, perturbative calculation using a
fixed value of αs can also give a smaller Ds for b quarks than
for c quarks [33], indicating it is harder for heavier particles
to diffuse inside a thermal medium. The concept of energy
loss is not suitable for these slowly moving heavy quarks. On
the other hand, if one extracts Ds for energetic heavy quarks,
e.g., at p = 10 GeV/c, perturbative calculation suggests the
value of Ds is larger for b quarks than for c quarks, indicating

064901-7



DANG, XING, CAO, AND QIN PHYSICAL REVIEW C 109, 064901 (2024)

weaker energy loss of the former. The momentum at which b
quarks and c quarks share the same Ds depends on the medium
temperature and different model assumptions in perturbative
calculation, e.g., the values of μD and αs, and implementation
of quantum statistics. In our current LBT model, the possible
stronger energy loss of heavier quarks arises from the string
interaction.

V. SUMMARY

We have reexamined the mass hierarchy of heavy quark
energy loss and their transport coefficients using a linear
Boltzmann transport model that incorporates both Yukawa
and string interactions between heavy quarks and thermal par-
tons inside the QGP. The general intuition that heavier partons
lose less energy inside the QGP has been challenged. We have
found that whether bottom quarks lose less or more energy
compared to charm quarks depends on the nontrivial interplay
between the effect of string interaction on elastic scatterings
and the dead cone effect on inelastic scatterings. At low mo-
mentum, the strong dead cone effect significantly suppresses
the radiative energy loss of massive particles and results in
smaller energy loss of bottom quarks than charm quarks as
expected. Our model shows larger RAA and smaller v2 of B
mesons (b-decayed leptons) than D mesons (c-decayed lep-
tons) as observed in the current RHIC and LHC experiments.
To the contrary, at higher momentum, the string interaction

that enhances the scattering rate of massive particles can
overcome the dead cone effect and generates larger energy
loss of bottom quarks than charm quarks. Since the QGP
created in realistic heavy-ion collisions spends a considerable
portion of its lifetime near the phase transition temperature
where the string interaction is strong, one may find smaller
RAA of bottom particles than charm particles at high pT. The
momentum space transport coefficient (q̂) and the spatial dif-
fusion coefficient (Ds) we extract for heavy quarks agree with
other phenomenological studies and the lattice QCD data. The
string interaction can generate larger q̂ and smaller Ds for
bottom quarks than for charm quarks. Although our results
here are model dependent, it indicates heavier particles do
not necessarily always lose less energy inside the QGP. The
upcoming sPHENIX data and more precise measurements at
the LHC may provide a more stringent constraint on the string
interactions between heavy quarks and a color-deconfined
medium.
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