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The nuclear modification factor RAA and the elliptic flow coefficient v2 of charm-strange meson D+
s is

systematically studied in Pb-Pb collisions at
√

sNN = 5.02 and 2.76 TeV. During the modeling, the coupling
strength between the injected charm quark and the incident medium constituents is extracted from the lattice
QCD calculations: 2πT Ds = const (Model-A) and 2πT Ds = 1.3 + (T/Tc )2 (Model-B). We find that, com-
paring RAA(D+

s ) with RAA(nonstrange), the heavy-light coalescence effect is more pronounced for the former
one, resulting in an enhancement behavior in the range 2 � pT � 5 GeV. The predictions for RAA(D+

s ) and
RAA(nonstrange) favor Model-A to have a better description of the measured pT dependence at both energies,
while the predictions for v2 prefer Model-B at moderate pT (2 � pT � 4 GeV). Therefore, it is necessary to
consider the temperature and/or momentum dependence of 2πT Ds to describe simultaneously RAA(D+

s ) and
v2(D+

s ) in different centrality classes in Pb-Pb collisions.

DOI: 10.1103/PhysRevC.98.034914

I. INTRODUCTION

Ultrarelativistic heavy-ion collisions provide a unique op-
portunity to produce and study the properties of strongly inter-
acting matter within an extreme high temperature and energy
density environment, where a phase transition is expected
from the ordinary hadron state to its deconfined constituents,
namely a quark-gluon plasma (QGP) [1,2]. Heavy quarks
(HQs) such as the charm and bottom are of particular interest
among the various probes of the QGP [3–5]. Due to their
large mass, they are mainly produced at the early stage of
collisions via the hard scattering process, and subsequently
interact with the QGP constituents without affecting their
mass, resulting in negligible regeneration propagating through
the medium. Meanwhile, the HQ flavor is conserved during
the interaction with QGP constituents; therefore, the initially
produced HQ will experience the full evolution of the hot and
dense medium.

While traversing the QGP medium, a heavy quark will
interact with the medium constituents and thus lose part of
its initial energy via both elastic (2 → 2, collisional pro-
cesses [6]) and inelastic scatterings (2 → 2 + X, including
gluon radiation [7]), named the collisional and radiative en-
ergy losses, respectively. The energy loss effect together with
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the HQ hadronization mechanisms can be investigated by
measuring the nuclear modification factor

RAA(pT , y) = d2σAA/dpT dy

d2σpp/dpT dy
(1)

of the final heavy-flavor productions such as those of open
charmed mesons (i.e., D mesons including D0, D+, D∗+,
and D+

s [8]), where d2σAA/dpT dy is the pT and y double-
differential production cross section in nucleus-nucleus col-
lisions, scaled by the number of binary nucleon-nucleon
collisions; d2σpp/dpT dy is the double-differential result
in nucleon-nucleon collisions. The deviation of RAA from
unity is sensitive to the nuclear effects, e.g., the initial
(anti)shadowing and the subsequent in-medium energy loss.
In addition, the elliptic flow coefficient

v2 =
〈
p2

x − p2
y

p2
x + p2

y

〉
(2)

allows one to describe the anisotropy of the transverse mo-
mentum, hence v2 is sensitive to the equation of state (EoS)
and initial conditions in the low-pT region, and it is also able
to reflect path-length dependence of the energy loss at high
pT .

Many models were developed [9–14] to study the com-
prehensive sets of the available measurements of nonstrange
charmed mesons, e.g., D0, D+, and D∗+. It was realized
[15–18] that the simultaneous description of their RAA and
v2 requires further understanding of the temperature depen-
dence of the coupling strength (2πT Ds) between the in-
jected (heavy) quark and the incident medium constituent.
The charm-strange meson D+

s (cs̄) production is more inter-
esting with respect to nonstrange charmed mesons, since its
valence quark content consists of charm and (anti)strange
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quarks, which will couple the well-known strangeness en-
hancement [19]. D+

s spectra will be therefore affected by
both the charm conservation and the strangeness enhancement
effects in heavy-ion collisions. However, few models [20]
were dedicated to investigating the D+

s meson spectra, as well
as its RAA and v2, until now.

Based on the previous work, we try to address this question
by taking into account the various temperature dependences of
2πT Ds which are phenomenologically extracted from the lat-
tice QCD calculation, and then investigate their effects on the
observables (RAA and v2), in particular for the charm-strange
meson D+

s at energies available at the CERN Large Hadron
Collider (LHC). Meanwhile, as pointed in Ref. [21], we will
explore the propagation of theoretical uncertainties in energy-
loss predictions, for instance the pp baseline calculation and
the (anti)shadowing parametrization, in this analysis.

This paper proceeds as follows: Section II is dedicated
to introducing the general steps of our hybrid model, in-
cluding the initial condition, hydrodynamics expansion of the
fireball, heavy quark Brownian motion, and the subsequent
hadronization processes. Section III presents the results such
as the production cross section and RAA and v2 of D+

s mesons
in pp and Pb-Pb collisions. A comparison with available
measurements is performed as well. Section IV contains the
summary and conclusion.

II. METHODOLOGY

We construct a theoretical framework [22] to study the
charm quark evolution in ultrarelativistic heavy-ion collisions.
The general steps are outlined as follows, including the esti-
mation of the theoretical uncertainties.

A. Hybrid model construction

1. Initial conditions for the hydrodynamical evolution

The initial spatial distribution of heavy quark pairs is
sampled according to the initial entropy density distributions.
The relevant transverse profile is modeled by a Glauber-based
approach [23], while the longitudinal profile is described by
a data-inspired phenomenological function [22]. The initial
momentum distribution of heavy quark pairs is obtained via
FONLL calculations [24–26]. Finally, the cc̄ are generated back
to back (�φ = π ) before including the nuclear shadowing
effect [27].

The initial entropy density distributions will be taken as
inputs of the subsequent hydrodynamical evolution, which
can be described by utilizing a 3+1-dimensional relativistic
viscous hydrodynamics model [28] with the start time scale
τ0 = 0.6 fm/c and the shear viscosity η/s = 1/(4π ). The
tuning parameters in these modules are determined by a
model-to-data comparison [22].

2. Heavy quark diffusion

The Brownian motion of a charm quark when propagating
through the quark-gluon plasma (QGP), is described by uti-
lizing the Langevin transport equation, and it can be modified
to incorporate both the collisional and radiative energy loss

processes [11]:

dp = (F Drag + F Diff + F Gluon)dt, (3)

with the drag force

F Drag = −�(p)p, (4)

the thermal random force1

〈
F Diff

i (t )F Diff
j (t + n�t )

〉 ≡ κ (p)

�t
δij δ0n, (5)

and the recoil force

F Gluon = −dpGluon

dt
. (6)

pGluon indicates the momentum of the radiated gluon, which
can be quantified by the pQCD higher-twist calculation [29].
It is assumed [11] that the fluctuation-dissipation relation is
still validated between the drag [Eq. (4)] and the diffusion
terms [Eq. (5)] in Eq. (3):

�(p) = κ (p)

2T E
, (7)

where �(p) and κ (p) denote the drag and the momentum
diffusion coefficients, respectively, and they can be rewritten
via the spatial diffusion coefficient 2πT Ds [30],

� = 1

(2πT Ds )

2πT 2

E
, (8)

κ = 1

(2πT Ds )
4πT 3. (9)

Note that the definition of 2πT Ds is extended from the zero-
momentum region to a larger momentum region. As discussed
in Ref. [22], 2πT Ds can be obtained by performing a phe-
nomenological fit analysis with the lattice QCD calculations.
Two approaches are summarized as follows:

Model-A

2πT Ds = 7. (10)

In this approach the drag coefficient behaves as � ∝ T 2,
which is similar to the anti–de Sitter-space/conformal-
field-theory (AdS/CFT) or pQCD calculation [9].
Model-B

2πT Ds = 1.3 +
(

T

Tc

)2

, (11)

where Tc denotes the critical temperature. In this ap-
proach the drag coefficient behaves with a weak T de-
pendence, which is consistent with the results shown in
Ref. [17,31].

Figure 1 presents the T dependence of 2πT Ds as calcu-
lated by lattice QCD, i.e., Banerjee (pink circles [32]), Kacz-
marek (blue square [33]) and Ding (red triangle [34]), as well
as the results modeled via the two approaches, i.e., Model-A

1Assuming an isotropic momentum dependence of the diffusion
coefficient with the post-point scheme.
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FIG. 1. Charm quark spatial diffusion coefficient 2πT Ds cal-
culated by lattice QCD at zero momentum: pink circle [32], blue
square [33], and red triangle [34]. The phenomenological approaches
(dashed green and solid black curves) are displayed as well.

[dashed green curve, Eq. (10)] and Model-B [solid black
curve; Eq. (11)]. The corresponding results are summarized
in Table I. It is found that most of the results obtained for the
momentum diffusion coefficient κ/T 3 and HQ transport coef-
ficient q̂Q/T 3 are consistent with the other model predictions
within the significant systematic uncertainties.

For charm quarks, the relevant thermalization times de-
fined in the zero momentum limit [30],

τcharm = mcharm

2πT 2
c

2πT Ds

(T/Tc )2
, (12)

are 3.03 and 2.29 fm/c for Model-A and Model-B, respec-
tively, in Pb-Pb collisions at 2.76 and 5.02 TeV with T =
2Tc = 330 MeV and mcharm = 1.5 GeV.

Figure 2 shows the average in-medium energy loss of
charm quarks as a function of the initial energy in central
(0–10%) Pb-Pb collisions at

√
sNN = 5.02 TeV, displaying

separately the contributions of collisional (long dashed blue
curve) and radiative (dashed black curve) mechanisms. The
results based on Model-A [Eq. (10)] are shown in the upper
panel (a). As pointed out in Ref. [22], the collisional energy
loss is significant at low energy, while radiative energy loss
is the dominant mechanism at high energy. The crossing
point between collisional and radiative contributions is around
E = 7–8 GeV. Since the drag force is proportional to charm
velocity v = p/E [Eqs. (4) and (8)], in the low energy region
(E � 7–8 GeV), where the relativistic effect is trivial (E ∝

TABLE I. Summary of the different approaches for 2πT Ds as a
function of temperature (see Fig. 1), as well as the relevant results
obtained for κ/T 3 and q̂Q/T 3. The other model predictions are
shown for comparison.

Model-A Model-B Reference

2πT Ds 7 1.3 + (
T
Tc

)2

κ

T 3

(
T
Tc

= 1.5
)

1.80 3.53 1.8–3.4 [35]
q̂Q

T 3

(
T
Tc

= 1.88
)

3.59 5.20 3.4–5.8 [36]
q̂Q

T 3

(
T
Tc

= 2.61
)

3.59 3.11 2.3–5.1 [36]
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FIG. 2. Energy loss of charm quarks obtained via (a) Model-A
and (b) Model-B; collisional and radiative contributions are shown
separately as long-dashed blue and dashed black curves, respectively,
in each panel. The combined results are shown as a solid red curve.

v2), the collisional energy loss will be significant. However,
in the very large energy region (E � 20 GeV), where the
ultrarelativistic effect should be taken into account (E ∝
1/

√
1 − v2 and v � 1), the collisional contribution will in-

crease slowly at larger energy. In this case, the radiative energy
loss will be the most dominant energy loss mechanisms. The
results based on Model-B [Eq. (11)] are displayed in the
bottom panel (b) of Fig. 2. A qualitatively similar trend can
be found with Model-B, but with slightly stronger energy
loss effects. This is caused by the facts that [22] (1) the
underlying medium temperature drops rapidly from its initial
value, and the charm quark will stay longer at low temperature
(∼1 − 2Tc); (2) the initial transverse momentum spectrum
of the charm quark is much harder than that of the medium
constituent, thus the multiple elastic scatterings among them
are dominated by the drag term rather than the diffusion term;
(3) there is a larger drag coefficient near Tc with Model-
B, resulting in a stronger interaction strength between the
injected charm quark and the incident medium constituents;
consequently, the charm quark loses more of its energy with
Model-B approach.

3. Heavy quark hadronization

When the local temperature is below the critical one
Tc = 165 GeV, the charm quark will undergo instantaneous
hadronization via a “dual” approach, including fragmentation
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TABLE II. Summary of the different fragmentation functions, as
well as the relevant parameters. Note that mhadron and mc in Braaten
are the masses of the open charmed hadron and its mother charm
quark, respectively.

Name Frag. function Parameter

Lund-PYTHIA Eq. (12.11) in Ref. [37] Default ones
Peterson Eq. (4) in Ref. [38] εc = 0.06
Collins-Spiller Eq. (20) in Ref. [39] εc = 0.01
Braaten Eqs. (9) and (12) in Ref. [40] r = mhadron−mc

mhadron

FONLL-style Eqs. (9) and (12) in Ref. [40] r = 0.1 [41]

and heavy-light coalescence mechanisms. Concerning the uni-
versal fragmentation functions, various models are adopted in
this work, e.g., Lund-PYTHIA 6.4 [37], Peterson [38], Collins-
Spiller [39], Braaten [40] and FONLL-style [41], which are
summarized in Table II. Apart from the Lund-PYTHIA, the
fragmentation fractions for the various hadron species are
f (c → D0) = 0.566, f (c → D+) = 0.227, f (c → D∗+) =
0.230, and f (c → D+

s ) = 0.081 [22], respectively, in the
other approaches.

According to the heavy-light coalescence model [42], the
momentum distributions of heavy-flavor mesons (Qq̄) are
given as

dNM

d3 �pM

= gM

∫
d3 �xQd3 �pQd3 �xq̄d

3 �pq̄fQ(�xQ, �pQ)fq̄ (�xq̄, �pq̄ )

× W
(n)
M (�y, �k)δ(3)( �pM − �pQ − �pq̄ ), (13)

where gM is the degeneracy factor; fQ(�xQ, �pQ) and
fq̄ (�xq̄, �pq̄ ) are the phase-space distributions of the heavy
quark and light antiquark (i.e., the coalescence candidate),
respectively. The coalescence probability for a Qq̄ combina-
tion to form a heavy-flavor meson in the nth excited state is
quantified by

W
(n)
M (�y, �k) = υn

n!
e−υ, υ = 1

2

( �y 2

σ 2
M

+ σ 2
M

�k 2

)
, (14)

where

�y = �xQ − �xq̄,

�k = (mq̄ �pQ − mQ �pq̄ )/(mQ + mq̄ ), (15)

are the relative coordinate and the relative momentum, respec-
tively, in the center-of-mass frame of the Qq̄ pair. The width
parameter σM can be written as [22]

σ 2
M =

⎧⎪⎨
⎪⎩

2
3

(eQ+eq̄ )(mQ+mq̄ )2

eQm2
q̄+eq̄m2

Q

〈
r2
M

〉
(n = 0),

2
5

(eQ+eq̄ )(mQ+mq̄ )2

eQm2
q̄+eq̄m2

Q

〈
r2
M

〉
(n = 1),

(16)

where 〈r2
M〉 ≈ (0.9 fm)2 is the mean-square charge radius of

a D meson; eQ and eq̄ are the absolute values of the charge
of a heavy quark and a light antiquark, respectively; the light
(anti)quark mass takes mu/ū = md/d̄ = 300 MeV and ms/s̄ =
475 MeV.

We consider the charm-strange meson species up to their
first excited states (n � 1), which are listed in detail in
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FIG. 3. Comparison of the coalescence probability contributed
by different combinations in central (0–10%) Pb-Pb collisions at√

sNN = 5.02 TeV: cd (dot-dashed black curve), cu (dashed green
curve) and cs (long-dashed blue curve). Both the ground states and
the first excited states are considered. The combined results (solid
red curve) are presented as well.

Ref. [22]. Figure 3 shows the coalescence probability obtained
in central (0–10%) Pb-Pb collisions at

√
sNN = 5.02 TeV, as

a function of the charm quark transverse momentum (pT ).
The results for the charm quark combined with a down quark
(cd), up quark (cu), and strange quark (cs) are presented as
dot-dashed black, dashed green and long-dashed blue curves,
respectively. As shown in Eqs. (14) and (16), the quark mass
and its charge play the role of the weighting factor in the
heavy-light coalescence model, resulting in the difference
among cd, cu, and cs combinations. Moreover, this difference
can also be induced at a certain amount by the thermal
spectrum of u/d and s quarks, which is steeper for the former
one, indicating a larger probability to sample the light quark
with small pT . Finally, it is found that the charm quark prefers
to coalesce with u and s quarks in the range pT � 3 GeV.
The total results (solid red curve) show a decreasing behavior
with increasing pT , varying from 0.7 at pT ∼ 0 to 0.2 at pT ∼
10 GeV, hence, the HQ with low/moderate and high pT tends
to hadronize via coalescence and fragmentation mechanisms,
respectively.

Note that the coalescence candidates are sampled among
various light (anti)quarks, which are assumed to thermalize in-
side the QGP. Therefore, we utilize the Fermi-Dirac approach,

fq ( �p) ∝ 1/ exp {
√

�p2 + m2
q/Tc + 1}, to describe its density

distribution, where mq is the light (anti)quark mass and Tc =
165 MeV is the critical temperature. The flavor of the light
(anti)quark is determined according to the integrated parton
density ρ = ∫ ∞

−∞ d3 �p fq ( �p). For instance, ρu/d = 0.18 fm−3

for u/ū and d/d̄ quarks and ρs = 0.10 fm−3 for s/s̄ quarks,
resulting in the relative ratio ρu : ρd : ρs ≈ 1 : 1 : 0.5, which
is kept during the sampling procedure.

B. Theoretical uncertainty

In this analysis, the total theoretical uncertainty consists of
three components: FONLL predictions, nuclear shadowing and
fragmentation models, which are added in quadrature for the
final predictions.
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FIG. 4. pT -differential production cross section of the D+
s meson

with |y| < 0.5 in pp collisions at
√

s = 7 TeV. Experimental data
were taken from Ref. [45].

The initial charm quark spectra are determined by the
FONLL calculations [24], as well as the corresponding cen-
tral values obtained by setting μR = μF = μ0 ≡

√
p2

T + m2
c ,

where, μR (μF ) is the renormalization (factorization) scale;
mc denotes the heavy quark mass, and its central value is
mc = 1.5 GeV. The relevant uncertainties are estimated via a
conservative approach [43]: μ0/2 < μR, μF < 2μ0, μR/2 <
μF < 2μR and 1.3 < mc < 1.7 GeV.

The uncertainty on nuclear shadowing is estimated accord-
ing to the various nuclear parton distribution function (nPDF)
sets in the EPS09NLO parametrization, which are obtained
by tuning the fit parameters to reproduce the available mea-
surements [27]. In this work, we employ the nPDF sets up to
k = 7. See Eqs. (2.12) and (2.13) in Ref. [27] for details.

Based on the different fragmentation scenarios (see
Table II), the final observables such as the production cross
section are close to each other. Therefore, we take the aver-
aged results among them as the final one, and the maximum
dispersion gives the theoretical uncertainty.

III. RESULTS

A. Production cross section in pp collisions

In Fig. 4 the pT -differential production cross section of
the D+

s meson is predicted at mid-rapidity (|y| < 0.5) in pp
collisions at

√
s = 7 TeV. The central value, the upper band,

and the lower band are displayed as dashed, long-dashed,
and solid curves, respectively. The uncertainty on FONLL

calculations (50–100%) is dominant at 2 � pT � 8 GeV/c
compared with the one on fragmentation models (∼30% at
maximum), while they are compatible (∼30%) toward larger
pT . The experimental data (boxes) are shown for compar-
ison. Within the experimental and theoretical uncertainties,
the measured pT dependence can be well described by the
model predictions. A similar conclusion can be found in pp
collisions at

√
s = 5.02 TeV.2

2The D+
s spectrum in pp collisions at

√
s = 5.02 TeV is obtained

via dσpp/dpT = RAA dσAA/dpT , while the corresponding RAA and
dσAA/dpT are reported in Ref. [44].
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tion of pT . the measurements for D+

s /D0 (solid) and D+
s /D+
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displayed as the bands. Experimental data were taken from Ref. [45].

Figure 5 presents the ratios of the charm-strange meson
D+

s with respect to the nonstrange charmed mesons such as
D0 and D+, in pp collisions at

√
s = 7 TeV. See the legend

for details. For both D+
s /D0 and D+

s /D+, the theoretical
uncertainty on FONLL calculations (∼10% at maximum) is
dominant in the range 2 � pT � 4 GeV/c, while the one on
fragmentation models (∼20% at maximum) is dominant at
higher pT . It is found that, within uncertainties, the mea-
surements can be reproduced by the corresponding model
predictions.

B. Nuclear modification factor and elliptic flow

Panel (a) of Fig. 6 shows the average RAA of non-
strange charmed mesons (D0, D+, and D∗+) at mid-rapidity
(|y| < 0.5), with the Model-A approach [Eq. (10)] in cen-
tral (0–10%) Pb-Pb collisions at

√
sNN = 5.02 TeV, which

is contributed by the various hadronizaton mechanisms. It is
found that the fragmentation component (long dashed black
curve) is dominant at pT � 7–8 GeV/c, while the coalescence
(dotted green curve) is significant at 1 � pT � 5 GeV/c, and
furthermore the first excited states contribution (dot-dashed
purple curve) is more pronounced in this region. The central
prediction (solid red curve) can describe the measurement in
the range pT > 5 GeV/c. RAA of the charm-strange meson
(D+

s ) is presented in panel (b) of Fig. 6. Similar behavior
is observed when comparing with the nonstrange charmed
mesons; however, the coalescence effect is more pronounced
for the D+

s meson. It is further checked that RAA(average) and
RAA(D+

s ), calculated by considering alone the fragmentation
mechanism, are close to each other. All the conclusions drawn
above are the same as the ones found in semicentral (30–50%)
Pb-Pb collisions at

√
sNN = 5.02 TeV, as well as in Pb-Pb

collisions at
√

sNN = 2.76 TeV. Therefore, future measure-
ments of RAA(D+

s ) with higher precision will more effectively
constrain the heavy-light coalescence effect at moderate pT

(pT = 2–5 GeV/c).
RAA(average) (solid curves) and RAA(D+

s ) (dashed
curves) obtained at mid-rapidity (|y| < 0.5), with the
Model-A approach in central (0–10%) Pb-Pb collisions at
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FIG. 6. Comparison of the central predictions of RAA contributed
by different hadronization mechanisms: for (a) the nonstrange
charmed mesons (average among D0, D+, and D∗+) and (b) the
charm-strange meson (D+

s ), at mid-rapidity (|y| < 0.5) in central
(0–10%) Pb-Pb collisions at

√
sNN = 5.02 TeV. See legend for de-

tails. Experimental data were taken from Ref. [44].

√
sNN = 5.02 TeV, are shown in panel (a) of Fig. 7. The re-

sults between the average of nonstrange D mesons and D+
s are

similar in the range pT � 6 GeV/c (pT  mc), while the lat-
ter one is systematically larger at 2 < pT < 5 GeV/c, result-
ing in an enhancement of D+

s production with respect to the
average one. As mentioned in Fig. 6, the enhancement behav-
ior is mainly induced by the coalescence mechanism during
the charm quark hadronization. Note that, for RAA(average),
the uncertainty on FONLL calculations (∼80% at maximum)
is dominant at 1 < pT < 3 GeV/c, while the ones on nuclear
shadowing (�10%) and fragmentation functions (∼10–15%)
are significant at higher pT . Similar behavior can be found
for RAA(D+

s ) at low pT , but the uncertainty on fragmentation
functions (∼20–40%) is dominant at pT > 3 GeV/c. For
comparison, the available measurements for the average of
nonstrange D mesons (solid) and the D+

s meson (empty) are
displayed as well. Within the experimental and theoretical un-
certainties, the model calculations can reproduce the data for
both the average and the D+

s meson. Similar results are found
in central (0–10%) Pb-Pb collisions at

√
sNN = 2.76 TeV. See

panel (b) of Fig. 7 for details.
To compare the predictions based on Model-A [Eq. (10)]

and Model-B approaches [Eq. (11)], panel (a) of Fig. 8
presents RAA(average) and RAA(D+

s ) calculated in
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(b)

FIG. 7. Comparison of RAA for the average of nonstrange D

mesons (solid red curves) and D+
s (dashed blue curves) predicted

at mid-rapidity (|y| < 0.5) in central (0–10%) Pb-Pb collisions at (a)√
sNN = 5.02 TeV and (b) 2.76 TeV, respectively. Experimental data

were taken from Ref. [44,46].

central (0–10%) Pb-Pb collisions at
√

sNN = 5.02 TeV.
RAA(average) is enhanced (suppressed) at low (high) pT

from Model-A (dot-dashed black curve) to Model-B (solid
black curve); since the relevant 2πT Ds near Tc is smaller
based on Model-B, the larger is its initial drag term, which
is more powerful to pull cc̄ pairs from high momentum
to low momentum [22], as pointed in Sec. II A 2. The
results between different models are close at pT ∼ 2 GeV/c.
Similar behavior is observed for RAA(D+

s ). When comparing
RAA(average) with RAA(D+

s ), the results with the Model-A
approach were discussed already in panel (a) of Fig. 7,
and the same conclusion can be drawn with the Model-B
approach. The panel (b) of Fig. 8 shows the elliptic flow
coefficient v2 predicted in semicentral (30–50%) Pb-Pb
collisions at

√
sNN = 5.02 TeV: both v2(average) and

v2(D+
s ) are significantly enhanced at intermediate pT

(2 � pT � 4 GeV/c) from Model-A (dot-dashed black
curve) to Model-B (solid black curve). Performing the
model-to-data comparison, it is realized that RAA(average)
and RAA(D+

s ) favor Model-A to have a better description of
the measured pT dependence, while their v2 prefer Model-B
at moderate pT (2 � pT � 4 GeV/c), indicating the necessity
to consider the temperature and/or momentum dependence of
2πT Ds to describe simultaneously RAA and v2 for both the
nonstrange D mesons and the D+

s meson.
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FIG. 8. Comparison between the average of nonstrange D

mesons and D+
s observables obtained with Model-A and Model-B

approaches in Pb-Pb collisions at
√

sNN = 5.02 TeV: RAA (upper)
in 0–10% and v2 in 30–50%. Experimental data were taken from
Refs. [44,47].

IV. SUMMARY AND CONCLUSIONS

In this analysis, we aim to investigate the nuclear modifi-
cation of D+

s meson spectra together with its elliptic flow in
ultrarelativistic heavy-ion collisions. We utilize the theoretical

framework built in our previous work to achieve this goal,
and extend it to include further the theoretical uncertainty
on initial charm quark spectra, nuclear shadowing, and the
fragmentation model. The coupling strength for the charm
quark, 2πT Ds , is obtained by fitting lattice QCD calculations:
2πT Ds = const (Model-A, i.e., no temperature dependence)
and 2πT Ds = 1.3 + (T/Tc )2 (Model-B, i.e., weak tempera-
ture dependence).

It is found that D+
s spectra measured at mid-rapidity

(|y| < 0.5) can be well described by the relevant model predic-
tions in pp collisions both at

√
s = 7 and 5.02 TeV, as well as

the derived particle ratios D+
s /D0 and D+

s /D+. The nuclear
modification factor RAA(D+

s ) is systematically larger than
RAA(nonstrange) at intermediate pT (2 � pT � 5 GeV) in
central (0–10%) and semicentral (30–50%) Pb-Pb collisions
both at

√
sNN = 5.02 and 2.76 TeV, which is mainly induced

by the heavy-light coalescence mechanism. Hence, future
measurements of RAA(D+

s ) with higher precision will more
effectively constrain the heavy-light coalescence effect at
moderate pT (pT = 2–5 GeV/c). For the model-to-data com-
parisons, the predictions of RAA(D+

s ) and RAA(nonstrange)
favor Model-A to reproduce well the measured pT depen-
dence in both colliding energies, while they v2 prefer Model-B
at moderate pT (2 � pT � 4 GeV), suggesting a temperature
and/or momentum dependent 2πT Ds is needed to describe
simultaneously the D-meson RAA and v2 data.
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