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Charmonium production in relativistic heavy-ion collisions

Taesoo Song,1,* Kyong Chol Han,2,† and Che Ming Ko2,‡
1Cyclotron Institute, Texas A&M University, College Station, Texas 77843-3366, USA

2Cyclotron Institute and Department of Physics and Astronomy, Texas A&M University, College Station, Texas 77843-3366, USA
(Received 4 April 2011; revised manuscript received 11 July 2011; published 19 September 2011;

publisher error corrected 26 September 2011)

Using the two-component model that includes charmonium production from both initial nucleon-nucleon hard
scattering and regeneration in the produced quark-gluon plasma, we study J/ψ production in heavy-ion collisions
at the Super Proton Synchrotron (SPS), Relativistic Heavy Ion Collider (RHIC), and Large Hadron Collider
(LHC). For the expansion dynamics of produced hot dense matter, we use a schematic viscous hydrodynamic
model with the specific shear viscosity in the quark-gluon plasma and the hadronic matter taken, respectively, to
be two and ten times the lower bound of 1/4π suggested by the anti-de Sitter/conformal field theory (AdS/CFT)
correspondence. For the initial dissociation and the subsequent thermal decay of charmonia in the hot dense
matter, we use the screened Cornell potential to describe the properties of charmonia and perturbative QCD to
calculate their dissociation cross sections. Including regeneration of charmonia in the quark-gluon plasma via
a kinetic equation with in-medium chamonium decay widths, we obtain a good description of measured J/ψ

nuclear modification factors in Pb + Pb collisions at
√

sNN = 1.73 GeV at SPS and in Au + Au collisions
at

√
sNN = 200 GeV at RHIC. A reasonable description of the measured nuclear modification factor of high

transverse momenta J/ψ in Pb + Pb collisions at
√

sNN = 2.76 TeV at LHC is also obtained.

DOI: 10.1103/PhysRevC.84.034907 PACS number(s): 25.75.Cj

I. INTRODUCTION

Since J/ψ suppression was first suggested by Matsui and
Satz as a signature of quark-gluon plasma (QGP) formation
in relativistic heavy-ion collisions [1], there have been many
experimental [2,3] and theoretical studies [4–8] on this very
interesting phenomenon (see, e.g., Refs. [9,10] for a recent
review). The original idea of Matsui and Satz was that the color
screening in the produced QGP would prohibit the binding of
charm and anticharm quarks into the J/ψ and thus suppress
its production. However, lattice QCD calculations of the J/ψ

spectral function have since shown that the J/ψ can survive
above the critical temperature for the QGP phase transition
[11,12]. As a result, the study of J/ψ suppression in relativistic
heavy-ion collisions has been changed from being a signature
of the QGP to a probe of its properties. Indeed, we recently
showed in a two-component model, which includes J/ψ

production from both initial hard nucleon-nucleon scattering
and regeneration from charm and anticharm quarks in the
produced QGP, that the in-medium effect on J/ψ interactions
in the QGP can affect the J/ψ nuclear modification factor and
elliptic flow in Au + Au collisions at

√
sNN = 200 GeV at the

Relativistic Heavy Ion Collider (RHIC) [13]. In the present
study, we extend this study to J/ψ production in Pb + Pb
collisions at the higher energy of

√
sNN = 2.76 TeV at the

Large Hadron Collider (LHC) [14,15] and also at the lower
energy of

√
sNN = 17.3 GeV at the Super Proton Synchrotron

(SPS) [2]. Furthermore, a schematic viscous hydrodynamic
model is used to include the effect of viscosity on the expansion
dynamics of the produced hot dense matter that was neglected
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in our previous studies. We find that the two-component model
can give a good description of the experimental data from
heavy-ion collisions at these different energies.

To make the present paper self-contained, we briefly review
in Sec. II the two-component model for J/ψ production, in
Sec. III the schematic causal viscous hydrodynamical model
used in modeling the expansion dynamics of produced hot
dense matter, and in Sec. IV the in-medium dissociation tem-
peratures and thermal decay widths of charmonia. The results
obtained from our study for the J/ψ nuclear modification
factors in heavy-ion collisions at SPS, RHIC, and LHC are
then presented in Sec. V. Finally, a summary is given in
Sec. VI.

II. TWO-COMPONENT MODEL

The two-component model for J/ψ production in heavy-
ion collisions [16,17] includes contributions from both initial
hard nucleon-nucleon scattering and regeneration from charm
and anticharm quarks in the produced QGP. For initially
produced J/ψ’s, their number is proportional to the number of
binary collisions between nucleons in the two colliding nuclei.
Whether these J/ψ’s can survive after the collisions depends
on many effects from both the initial cold nuclear matter and
the final hot partonic and hadronic matters. The cold nuclear
matter effects include the Cronin effect of gluon-nucleon
scattering before the production of the primordial J/ψ from
the gluon-gluon fusion [18]; the shadowing effect due to the
modification of the gluon distribution in a heavy nucleus [19];
and the nuclear absorption by the passing nucleons [20–22].
In our previous work [23] on J/ψ production in heavy-ion
collisions at RHIC we considered only the most important
nuclear absorption effect. In this case, the survival probability
of a primordial J/ψ after the nuclear absorption is given
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by [24,25]

Scnm(b, s) = 1

TAB(b, s)

∫
dzdz′ρA(s, z)ρB(b − s, z′)

× exp

{
− (A − 1)

∫ ∞

z

dzAρA(s, zA)σabs

}

× exp

{
− (B − 1)

∫ ∞

z′
dzBρB(b − s, zB)σabs

}
,

(1)

where b is the impact parameter and s is the transverse vector
from the center of nucleus A; TAB(b, s) is the nuclear overlap
function between nuclei A and B; and ρA(B)(s, z) is the density
distribution in the nucleus A(B). The σabs in Eq. (1) is the
J/ψ absorption cross section by a nucleon and is obtained
from p + A collisions and has values of 4.18 and 2.8 mb for
the SPS and RHIC, respectively [2,26]. Presently, there are no
p + A data available from the LHC. Since the cross section
for J/ψ absorption is expected to decrease with increasing
energy [21], we consider in the present study the two extreme
values of 0 and 2.8 mb to study its effect on the J/ψ yield in
heavy-ion collisions at LHC.

Although the shadowing effect has usually been neglected
in heavy-ion collisions at SPS and RHIC, this may not
be justified at LHC. In the present study, we thus include
also the shadowing effect for heavy-ion collisions at LHC
using the ESP09 package [19]. The shadowing effect is
expressed by the ratio RA

i of the parton distribution f A
i (x,Q)

in a nucleus to that in a nucleon f nucleon
i (x,Q) multiplied by

the mass number A of the nucleus, that is,

RA
i (x,Q) = f A

i (x,Q)

Af nucleon
i (x,Q)

, i = q, q̄, g. (2)

In the above, x = mT /
√

sNN , with mT =
√

m2
J/ψ + p2

T being

the transverse mass of the produced charmonium and
√

sNN

being the center-of-mass energy of colliding nucleons, is the
momentum fraction and Q = mT is the momentum scale.
Assuming the shadowing effect is proportional to the path
length, we can then express the spatial dependence of RA

i

as [24,27,28]

RA
i (s, x,Q) − 1

RA
i (x,Q) − 1

= N

∫
dzρA(s, z)∫
dzρA(0, z)

, (3)

where N is a normalization factor determined from the
condition

1

A

∫
d2s

∫
dzρA(s, z)RA

i (s, x,Q) = RA
i (x,Q). (4)

The shadowing effect reduces the survival probability
of a primordial J/ψ in A + B collisions after the nuclear
absorption [Eq. (1)] by the factor RA

g (s, x,Q)RB
g (b − s, x,Q).

Taking the momentum scale Q = 4.2 GeV to be the average
J/ψ transverse mass at

√
sNN = 1.96 TeV [29], we obtain

the value of the ratio R
pb
g (x,Q) given in Table I for charm

production in heavy-ion collisions at the LHC.
For the hot partonic and hadronic matter effect, the

model includes the dissociation of charmonia in the QGP of

TABLE I. Parameters for J/ψ production and the fire-cylinder
expansion in Pb + Pb collisions at

√
sNN = 17.3 GeV at SPS and

at
√

sNN = 2.76 TeV at LHC and in Au + Au collisions at
√

sNN =
17.3 GeV at RHIC. dσ

pp

J/ψ/dy and dσ
pp
cc̄ /dy are, respectively, the

differential J/ψ and cc̄ production cross sections in rapidity in p + p

collisions; fχc
, fψ ′(2S), and fb are, respectively, the fraction of J/ψ

production from the decay of χc, ψ ′, and bottom hadrons in p + p

collisions; RA
g is the gluon shadowing effect on charm production; and

τ0 and η/s are the thermalization time and the specific viscosity of the
produced QGP. Also shown in the last column are the parameters for
the feed-down contribution to the production of J/ψ’s of transverse
momentum pT > 6.5 GeV/c at LHC.

SPS RHIC LHC LHC
pT > 6.5 GeV

production (μb)
dσ

pp

J/ψ/dy 0.05 [10] 0.774 [33] 4.0
dσ

pp
cc̄ /dy 5.7 [10] 119 [34] 615

feed-down (%)
fχc

25 [36] 32 [37] 26.4 [38] 23.5 [38]
fψ ′(2S) 8 [36] 9.6 [37] 5.6 [38] 5 [38]
fb 11 [29] 21 [29]
RA

g for charm 0.813 0.897
τ0 (fm/c) 1.0 0.9 [43] 1.05 [43]
η/s 0.16 0.16 [43] 0.2 [43]

temperatures higher than the dissociation temperature and the
thermal decay of survived charmonia through interactions with
thermal partons in the expanding hot dense mater. Since the
number of produced charm quarks in relativistic heavy-ion
collisions is not small, charmonia can also be regenerated from
charm and anticharm quarks in the QGP. The effect of thermal
dissociation and regeneration of charmonia on the number Ni

of charmonium of type i is taken into account via the rate
equation [17]

dNi

dτ
= −	i

(
Ni − N

eq
i

)
, (5)

where τ is the longitudinal proper time, while N
eq
i and 	i are,

respectively, the equilibrium number and thermal decay width
of charmonia and will be discussed in Sec. IV.

Since charm quarks are not expected to be completely
thermalized either chemically or kinetically during the ex-
pansion of the hot dense matter, the fugacity parameter
γ and the relaxation factor R are introduced to describe
their distributions. Assuming that the number of charm and
anticharm quark pairs does not change during the fireball
expansion, the fugacity is obtained from [30,31]

NAB
cc̄ =

{
1

2
γ no

I1(γ noV )

I0(γ noV )
+ γ 2nh

}
V, (6)

where NAB
cc̄ is the number of cc̄ pairs produced in an A + B

collision; no and nh are, respectively, the number densities of
(anti)charm quarks and J/ψ in the QGP or those of open-
charm and hidden-charm hadrons in the hadron gas (HG) in
the grand canonical ensemble; V is the volume of the hot
dense matter; and I0 and I1 are modified Bessel functions
resulting from the canonical suppression of charm quarks in
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heavy-ion collisions [31,32]. For the relaxation factor it is
defined as R(τ ) = 1 − exp[−(τ − τ0)/τeq] with the relaxation
time τeq = 4 fm/c of charm quarks in the QGP taken from
Ref. [7] and τ0 being the initial thermalization time.

Since charmonia can only be regenerated in the QGP of
temperature below the dissociation temperature Ti , the number
of equilibrated charmonium of type i in the QGP is

N
eq
i = γ 2Rnif V θ (Ti − T ), (7)

where ni is its number density in the grand canonical ensemble;
f is the fraction of QGP in the mixed phase and is 1 in the
QGP; and θ (Ti − T ) is the step function.

For the initial charmonium number Ni and the charm quark
pair number Ncc̄, they are obtained from multiplying their
respective differential cross sections in rapidity dσ

pp

i /dy and
dσ

pp
cc̄ /dy in p + p collisions [10,33,34] by the number of

binary collisions Ncoll in heavy-ion collisions. Since only the
J/ψ production cross section at

√
s = 7 TeV [35] has been

measured in p + p collisions at LHC, its value at
√

sNN =
2.76 TeV is obtained by using a linear function in

√
s to

interpolate from the measured values at
√

s = 1.96 TeV by
the Collider Detector at Fermilab (CDF) Collaboration [29]
to the one at

√
s = 7 TeV at LHC. The cross section for cc̄

pair production at
√

sNN = 2.76 TeV is then determined by
assuming that the ratio between the J/ψ and cc̄ pair production
cross sections is the same as that at RHIC. In Table I we list
the differential cross sections for J/ψ and cc̄ pair production
in p + p collisions at SPS, RHIC, and LHC that are used in
the present study.

Since J/ψ production in p + p collisions includes the
contribution from the decay of excited charmonium states,
the cross section dσ

pp

J/ψ/dy shown in Table I is the sum of the
production cross sections for the J/ψ and its excited states.
For p + p collisions at SPS, we use the global average values
of the fractions fχc

= 25% from the χc decay and fψ ′(2S) =
8% from the ψ ′ decay [36]. The cross sections for J/ψ , χc and
ψ ′ production in a p + p collision at the SPS are then given,
respectively, by

σ ∗
J/ψ = 0.67σJ/ψ,

σχc
= 0.25σJ/ψ

Br(χc → J/ψ + X)
, (8)

σψ ′ = 0.08σJ/ψ

Br(ψ ′ → J/ψ + X)
,

where σ ∗
J/ψ is the cross section for J/ψ production without

the feed-down contribution, and “Br” denotes the branching
ratio.

For p + p collisions at RHIC, the fractions of J/ψ’s from
χc and ψ ′(2S) decays are taken to be fχc

= 32% and fψ ′ =
9.6 %, respectively, based on recent experimental results by

the Pioneering High Energy Nuclear Interaction eXperiment
(PHENIX) Collaboration [37]. Since the fractions of J/ψ’s
from χc and ψ ′(2S) decays are not known at LHC, we use the
values inferred from p + p̄ annihilation at

√
sNN = 1.96 TeV

by the CDF Collaboration at the Fermi Lab. It was found
in these reactions that among promptly produced J/ψ’s,
about 64% are directly produced and about 29.7% from the
χc decay, and both are approximately independent of the
J/ψ transverse momentum [38]. This leads to the fraction
of promptly produced J/ψ’s from the ψ ′(2S) decay to be
6.3%. Using the experimental result that promptly produced
J/ψ’s constitutes about 89% of the measured J/ψ’s [29],
we obtain the fractions fχc

= 26.4% and fψ ′(2S) = 5.6% of
the measured J/ψ’s that are from χc and ψ ′(2S) decays,
respectively. Since the fraction of prompt J/ψ’s is reduced to
79% for J/ψ of transverse momentum pT > 6.5 GeV/c [29],
the fractions of the measured J/ψ’s of pT > 6.5 GeV/c that
are from χc and ψ ′(2S) decays are reduced to fχc

= 23.5% and
fψ ′(2S) = 5.0%, respectively. Besides the contribution from
excited charmonia, the decay of the bottom hadrons can also
contribute to J/ψ production in high-energy collisions. This
contribution increases significantly with pT as shown by the
measurements of the CDF [29], CMS [35], Large Hadron
Collider beauty (LHCb) [39], and ATLAS [40] collaborations.
The fraction is between 5% and 10% for pT < 3 GeV/c,
depending on the rapidity of the J/ψ , then increases to
more than 40% at pT ∼ 15 GeV/c, and reaches 60–70%
for pT above 25 GeV/c. On the average, about 11% of
produced J/ψ’s are from the decay of bottom hadrons in
p + p̄ annihilation at

√
s = 1.96 TeV at the Fermi Lab [29],

and the fraction increases to about 21% for J/ψ’s of transverse
momentum pT > 6.5 GeV/c [29]. These values and other
input parameters used in the present study are shown in Table I.

III. SCHEMATIC VISCOUS HYDRODYNAMIC MODEL

For the expansion dynamics of the hot dense matter
formed in relativistic heavy-ion collisions, we describe it by a
schematic causal viscous hydrodynamic model recently devel-
oped in Ref. [23]. It is based on the assumption that all thermal
quantities such as the energy density, temperature, entropy
density, and pressure as well as the azimuthal and space-time
rapidity components of the shear tensor are uniform along
the transverse direction in the hot dense matter. Assuming the
boost-invariance and using the (τ, r, φ, η) coordinate system

τ =
√

t2 − z2, η = 1

2
ln

t + z

t − z
,

(9)
r =

√
x2 + y2, φ = tan−1(y/x),

then the following equations are obtained from the usual Israel-
Stewart viscous hydrodynamic equations:

∂τ (Aτ 〈T ττ 〉) = −(
p + πη

η

)
A, (10)

T

τ
∂τ (Aτs〈γr〉) = −A

〈
γrvr

r

〉
π

φ
φ − A〈γr〉

τ
πη

η +
{
∂τ (A〈γr〉) − γRṘ

R
A

}(
π

φ
φ + πη

η

)
, (11)
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∂τ

(
A〈γr〉πη

η

) −
{
∂τ (A〈γr〉) + 2

A〈γr〉
τ

}
πη

η = − A

τπ

[
πη

η − 2ηs

{ 〈θ〉
3

− 〈γr〉
τ

}]
, (12)

∂τ

(
A〈γr〉πφ

φ

) −
{
∂τ (A〈γr〉) + 2A

〈
γrvr

r

〉}
π

φ
φ = − A

τπ

[
π

φ
φ − 2ηs

{ 〈θ〉
3

−
〈
γrvr

r

〉}]
. (13)

In the above, T ττ = (e + Pr )u2
τ − Pr is the time component of

the energy-momentum tensor, π
φ
φ = r2πφφ and πη

η = τ 2πηη

are, respectively, the azimuthal and the space-time rapidity
component of the shear tensor; ηs and τπ are the shear viscosity
of the hot dense matter and the relaxation time for the particle
distributions, respectively; θ = 1

τ
∂τ (τγr ) + 1

r
∂r (rvrγr ) with

γr = 1/
√

1 − v2
r in terms of the radial velocity vr ; A = πR2

with R being the transverse radius of the uniform matter; and
〈· · ·〉 denotes the average over the transverse area. For the radial
flow velocity that is a linear function of the radial distance from
the center, that is, γrvr = γRṘ(r/R), where Ṙ = ∂R/∂τ and
γR = 1/

√
1 − Ṙ2, we have 〈γ 2

r 〉 = 1 + γ 2
RṘ2/2, 〈γ 2

r v2
r 〉 =

γ 2
RṘ2/2, 〈γr〉 = 2(γ 3

R − 1)/(3γ 2
RṘ2), and 〈γrvr/r〉 = γRṘ/R.

With the energy density e and pressure p related by the
equation of state of the matter through its temperature T ,
Eqs.(10)–(13) are four simultaneous equations for T , Ṙ, π

φ
φ ,

and πη
η , and can be solved numerically by rewriting them as

difference equations.
For the equation of state of the produced dense matter, we

use the quasiparticle model with three flavors for the QGP
phase [41,42] and the resonance gas model for the HG phase.
As to the specific shear viscosity ηs/s, where s is the entropy
density, its value in the QGP is taken to be 0.16 for SPS
and RHIC, and 0.2 for LHC [43], while it has the same
value of 5/2π in the HG [44]. The specific viscosity in the
mixed phase is assumed to be their linear combination [i.e.,
(η/s)QGPf + (η/s)HG(1 − f ), where f is the fraction of QGP
in the mixed phase]. The initial thermalization time is taken
to be 1.0 fm/c for SPS, which has usually been used, and
0.9 fm/c and 1.05 fm/c for RHIC and LHC, respectively
[43]. Although the initial thermalization time for RHIC is
0.6 fm/c in ideal hydrodynamics [45], the nonzero viscosity
generates additional transverse flow [23] and requires a late
thermalization to fit the experimental data on pT spectra
and elliptic flows. This is the same reason for the later
thermalization at LHC in viscous hydrodynamics.

The initial local temperature of produced matter can be
calculated from the equation of state and the local entropy
density, which we parametrize as [42,46]

ds

dη
= C

[
(1 − α)

npart

2
+ αncoll

]
, (14)

with α = 0, 0.11, and 0.15 for SPS, RHIC, and LHC,
respectively [46–48]. The number density npart(coll) in Eq. (14)
is defined as �Npart(coll)/(τ0�x�y), where �Npart(coll) is the
number of participants (binary collisions) in the volume
τ0�x�y of the transverse area �x�y and is obtained
from the Glauber model with the inelastic nucleon-nucleon
cross sections of 30, 42, and 64 mb for SPS, RHIC, and
LHC, respectively [49,50]. The factor C is determined by

fitting the multiplicity of the final charged particles after the
hydrodynamical evolution to the measured one.

Assuming the same chemical freeze-out temperature Tf =
160 MeV for all charged particles, their pseudorapidity
distribution at midrapidity is then [13]

dNch

dη

∣∣∣∣
y=0

=
∑

i

∫
dpT

√
1 − m2

i

mT i
2
Di

dNi

dydpT

= τ

π

∑
i

Di

∫
dpT p2

T

∫ R

0
rdr

× I0

[
pT sinh ρ

Tf

]
K1

[
mT i cosh ρ

Tf

]
, (15)

where ρ = tanh−1(vr ). The summation i includes all mesons
lighter than 1.5 GeV and all baryons lighter than 2.0 GeV.
In including the contribution from the decays of particles,
we simply multiply their pseudorapidity distributions by the
product Di of their decay branching ratio and the number
of charged particles resulting from the decay. We have thus
neglected the difference between the rapidity of the daughter
particles and that of the decay particle. Also, we have used the
thermal momentum distributions at chemical freeze-out as well
as during the expansion of the hot dense matter, thus ignoring
the viscous effect on the particle momentum distributions as
it is only important for particles of large momenta [51]. From
the multiplicities of charged particles per pair of participant
nucleons, (dNch/dη)/(Npart/2), which are roughly 2, 4, and
8.4 in central collisions of Pb + Pb at

√
sNN = 17.3 GeV at

SPS, of Au + Au collisions at
√

sNN = 200 GeV at RHIC, and
of Pb + Pb at

√
sNN = 2.76 TeV at LHC, respectively [49,52],

we obtain the corresponding values of 14.6, 18.7, and 27.0 for
the parameter C in Eq. (14).

In Fig. 1, we show the temperature profile along the radial
direction at initial thermalization time in heavy-ion collisions
at SPS, RHIC, and LHC from the viscous hydrodynamics.
Defining the fire cylinder as the region where the initial
temperature is above Tc = 170 MeV, its transverse radius in
the case of viscous hydrodynamics has values of 6.5, 6.6,
and 7.1 fm in central collisions at SPS, RHIC, and LHC,
respectively. The time evolution of the average temperature of
the fire cylinder determined from the schematic hydrodynamic
model is shown in Fig. 2. The initial average temperatures at
SPS and RHIC are 218 and 269 MeV, respectively, and are
consistent with those extracted from the experimental data on
dileptons at SPS [53] and on direct photons at RHIC [54]. The
predicted initial average temperature in heavy-ion collisions
at LHC is 311 MeV.

For noncentral heavy-ion collisions where the initial geom-
etry of the transverse area is an ellipse, the schematic viscous
hydrodynamic model described here needs to be extended.
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FIG. 1. Temperature profiles along the radial direction at initial
thermalization time as functions of radial distance in central Pb +
Pb collisions at

√
sNN = 17.3 GeV at SPS and

√
sNN = 2.76 TeV

at LHC, and in central Au + Au collisions at
√

sNN = 200 GeV at
RHIC from viscous hydrodynamics.

For simplicity, the present model is used by taking the circular
transverse area to be the same as that of the ellipse as in
Ref. [42] based on a parameterized fire-cylinder model.

IV. THERMAL PROPERTIES OF CHARMONIA

To describe the properties of charmonia in QGP, we
need the potential between heavy quark and its antiquark at
finite temperature. Although some information on this can be
obtained from the lattice gauge theory [55,56] or from the
static QCD [57,58], we use in the present study the extended
Cornell model that includes the Debye screening effect on
color charges [59]. The Cornell model [60] was devised to
imitate the asymptotic freedom and confinement of the QCD
interaction with a Coulomb-like potential for short distance
and a linear potential for long distance. In the QGP, the linear

FIG. 2. Average temperatures of fire cylinder as functions of time
in central Pb + Pb collisions at

√
sNN = 17.3 GeV at SPS and√

sNN = 2.76 TeV at LHC, and in central Au + Au collisions at√
sNN = 200 GeV at RHIC from the viscous hydrodynamics.

potential becomes weaker due to the Debye screening between
color charges, leading to the screened Cornell potential [59]

V (r, T ) = σ

μ(T )
[1 − e−μ(T )r ] − α

r
e−μ(T )r , (16)

with σ = 0.192 GeV2 and α = 0.471. The screening mass
μ(T ) depends on temperature and is given in thermal pQCD by

μ(T ) =
√

Nc

3
+ Nf

6
gT , (17)

where Nc is the number of colors, Nf is the number of light
quark flavors, and g is the QCD coupling constant. In the limit
of μ → 0, we recover the original Cornell potential.

The wave functions and binding energies of charmonia in
the QGP are obtained by solving the Schrödinger equation
with the screened Cornell potential. With the binding energy
ε0 defined as [59]

ε0 = 2mc + σ

μ
− E, (18)

where the charm quark mass is taken to be mc = 1.32 GeV
and E is the eigenvalue of the Schrödinger equation, we
show in Fig. 3 the binding energy of J/ψ as a function
of temperature for the case of g = 1.87. It is seen that
the J/ψ becomes unbound or dissociated in the QGP for
temperatures above ∼300 MeV. As indicated by Eq. (17), the
J/ψ dissociation temperature decreases as the QCD coupling
constant g increases. This is shown in Fig. 4 not only for the
J/ψ but also for its excited states χc and ψ ′. In obtaining the
dissociation temperatures for χc and ψ ′, we have assumed that
they are always above the critical temperature Tc = 170 MeV
even for large g. We note that the screening mass μ is nonzero
in the QCD vacuum but has a value of 180 MeV [59].
In this case, the binding energy of J/ψ in the vacuum is
600–700 MeV.

Although the charmonium can be formed in the QGP at
high temperature, it can still be dissociated by scattering
with thermal partons. In the leading order (LO) pQCD, the
charmonium breaks up by absorbing a thermal gluon, while
in the next-to-leading order (NLO) the dissociation is induced

FIG. 3. Binding energy of J/ψ in the QGP as a function of
temperature for the QCD coupling constant g = 1.87.
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FIG. 4. Charmonium dissociation temperatures in the QGP as
functions of the QCD coupling constant g.

either by a quark or a gluon, and their invariant matrix elements
are given, respectively, by [61]

|M|2LO = 2

3Nc

g2m2
Cm�

(
2k2

10 + m2
G

)∣∣∣∣∂ψ(p)

∂p

∣∣∣∣
2

, (19)

|M|2qNLO = 4

3
g4m2

Cm�

∣∣∣∣∂ψ(p)

∂p

∣∣∣∣
2{

− 1

2
+ k2

10 + k2
20

2k1 · k2

}
, (20)

|M|2gNLO = 4

3
g4m2

Cm�

∣∣∣∣∂ψ(p)

∂p

∣∣∣∣
2{

− 4 + k1 · k2

k10k20

+ 2k10

k20
+ 2k20

k10
− k2

20

k2
10

− k2
10

k2
20

+ 2

k1 · k2

×
[(

k2
10 + k2

20

)2

k10k20
− 2k2

10 − 2k2
20 + k10k20

]}
.

(21)

In the above, k1 and k2 are, respectively, the momenta of
incoming and outgoing thermal partons; ψ(p) is the wave
function of charmonium with p = (k1 − k2)/2; Nc is the
number of colors; mG is the mass of thermal gluon and can
be extracted from the lattice QCD [41]; m� is the mass of
charmonium in the QGP; and mC ≡ mc + σ/2μ is the mass
of the constituent charm quark. With the screening mass
μ = 0.18 GeV in the vacuum [59], the constituent charm
quark mass has a value mC = 1.85 GeV in the vacuum and
is similar to that of D meson. The dissociation cross sections
of charmonia are then obtained by integrating Eqs. (19)–(21)
over the phase space.

The same pQCD formula can be used for charmonium
dissociation by partons inside hadrons in the HG. It was found,
however, that the charmonium is not heavy enough for pQCD
to be applicable [62]. In the present study, we thus take the
cross section for charmonium dissociation by a hadron to be
proportional to its squared radius as in Ref. [42] or given by
that from a phenomenological hadronic Lagrangian [63,64].
We note that the effect of charmonium dissociation in the HG
is negligible compared to that in the QGP due to the much
smaller thermal decay width [16,42].

FIG. 5. Thermal decay widths of charmonia in the QGP as a
function of temperature for the QCD coupling constant g = 1.87.

In terms of its dissociation cross section σ diss
i , the thermal

decay width of a charmonium is given by

	(T ) =
∑

i

∫
d3k

(2π )3
vrel(k)ni(k, T )σ diss

i (k, T ), (22)

where i denotes the quarks and gluons in the QGP, and the
baryons and mesons in the HG; ni is the number density of
particle i in grand canonical ensemble; and vrel is the relative
velocity between charmonium and the particle. For the thermal
width in the mixed phase, it is taken to be a linear combination
of those in the QGP and the HG as follows:

	(Tc) = f 	QGP(Tc) + (1 − f )	HG(Tc), (23)

where f is the fraction of QGP in the mixed phase.
The thermal decay widths of charmonia also depend both

on the QCD coupling constant and the temperature of QGP.
In Fig. 5, they are shown as functions of temperature for
g = 1.87. It is seen that the thermal decay width of J/ψ

diverges at the dissociation temperature T = 300 MeV, while
those of χc and of ψ ′ become divergent at the critical
temperature Tc = 170 MeV. An infinitely large thermal decay
width implies that the particles instantly reach their maximally
allowed equilibrium value N

eq
i . Therefore, the J/ψ abundance

is not expected to reach this value at Tc, in contrast to that of
the ψ ′ and χc. According to Refs. [65,66] based on the QCD
sum rules, the masses of ψ ′ and χc are reduced by about 100
and 200 MeV, respectively, at Tc compared to their masses in
the vacuum. These in-medium masses are used in the present
study to determine the equilibrium numbers of ψ ′ and χc. We
note that the value g = 1.87 is slightly larger than that used in
our previous studies based on a schematic fire-cylinder model
as a result of the viscous effect that is included in the present
study.

V. RESULTS

Using the above-described two-component model based
on the schematic viscous hydrodynamics and taking into
account the in-medium effects on charmonia, we can calculate
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the nuclear modification factor RAA of J/ψ in heavy-ion
collisions according to

RAA = (1 − fχc
− fψ ′(2S) − fb)Rpri + fbRb + Rreg, (24)

where Rpri, Rb, and Rreg are the nuclear modification factors
for J/ψ’s that are produced from primordial hard nucleon-
nucleon scattering, the decay of bottom hadrons, and the
regeneration in the QGP, respectively. In writing the above
expression, we have used the results from Sec. IV that
all primordial χc and ψ ′ are dissociated above the critical
temperature TC . For Rpri, it is calculated according to [42]

Rpri(�b) =
∫

d2sScnm(b, s)exp

{
−

∫ τf

τ0

	J/ψdτ

}
, (25)

where τf is the freeze-out proper time. For Rb, it is taken
to be one as a result of the expected conservation of total
bottom and antibottom numbers. As to Rreg, it is calculated
from the ratio of the number of J/ψ’s obtained from solving
Eq. (5) to the number of J/ψ’s from p + p collisions at same
energy multiplied by the number of binary collisions in A + A

collisions.

A. Nuclear modification factor of J/ψ at SPS and RHIC

In Fig. 6, we show the nuclear modification factor RAA

of J/ψ as a function of the participant number in Pb + Pb
collisions at

√
sNN = 17.3 GeV at SPS and in Au + Au

collisions at
√

sNN = 200 GeV at RHIC. These results are
obtained with the QCD coupling constant g = 1.87, which

FIG. 6. (Color online) Nuclear modification factor RAA of J/ψ

(solid line) as a function of the participant number Npart in Pb +
Pb collisions at

√
sNN = 17.3 GeV at SPS (upper panel) and in

Au + Au collisions at
√

sNN = 200 GeV at RHIC (lower panel).
Dashed and dotted lines represent, respectively, the contributions to
J/ψ production from primordial hard nucleon-nucleon scattering and
regeneration in the QGP. Experimental data are from Refs. [2,3].

gives a good description of the experimental data as shown by
solid lines in the upper and lower panels. It is seen that the
RAA of J/ψ becomes smaller as the number of participants
in the collision increases. Also shown in Fig. 6 are the results
from the primordial (dashed lines) and the regenerated J/ψ

in the QGP (dotted lines), and they clearly indicate that the
contribution from the primordial J/ψ decreases and that
from the regenerated ones increases as the collision energy
increases. Furthermore, a shoulder structure of a sudden drop
in the value of RAA is seen at Npart ≈ 175 in the collisions
at RHIC. As pointed out in Ref. [42], this is due to the
onset of a higher initial QGP temperature than the J/ψ

dissociation temperature because the survival probability of
J/ψ is discontinuous at its dissociation temperature. Since
the initial temperature formed in Pb + Pb collisions at SPS in
our model is below the J/ψ dissociation temperature for all
centralities, such a structure is thus not seen in these collisions
as shown in the upper panel of Fig. 6.

B. Nuclear modification factor of J/ψ at LHC

In Fig. 7, we show the RAA of J/ψ in Pb + Pb collisions at√
sNN = 2.76 GeV at LHC with (lower panel) and without

the shadowing effect (upper panel). It is seen that the
shadowing effect suppresses the production of charm pairs
and consequently the regeneration of J/ψ . In obtaining these

FIG. 7. (Color online) Nuclear modification factor RAA of J/ψ

as a function of the participant number Npart without (upper panel)
and with (lower panel) the shadowing effect in Pb + Pb collisions
at

√
sNN = 2.76 TeV at LHC. Upper and lower solid lines are the

RAA of J/ψ for the nuclear absorption cross sections of σabs = 0 and
2.8 mb, respectively. Dashed, dotted, and dot-dashed lines denote,
respectively, the contributions to J/ψ production from primordial
hard nucleon-nucleon scattering, regeneration in the QGP, and decay
of bottom hadrons.
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results, we included the contribution to J/ψ production from
the decay of bottom hadrons, which becomes nonnegligible at
LHC [39,40], by assuming that the RAA of J/ψ from the decay
of bottom hadrons is independent of the centrality as indicated
by the measured data from the CMS Collaboration [15] and
shown by the dash-dotted line in Fig. 7 as a function of
the participant number. This contribution is comparable to
that from the regenerated J/ψ (dotted lines) in peripheral
collisions and more important than the primordial ones (dashed
lines) in more central collisions. The upper and lower solid
lines are the final RAA of J/ψ obtained with the nuclear
absorption cross section of 0 and 2.8 mb, respectively. It is
seen that the difference between the results obtained with
and without the nuclear absorption is mainly in collisions
of small number of participants as the primordial J/ψs are
mostly dissolved in central and semi-central collisions. We
note that the shoulder structure at LHC occurs at a smaller
number of participants than that at RHIC is consistent with
the expectation that the maximum temperature of the QGP
formed at LHC that is above the dissociation temperature of
J/ψ happens in more peripheral collisions than at RHIC.

To compare the results from our model with the experimen-
tal data from LHC [14,15], which have a transverse momentum
cut pT > 6.5 GeV/c for the measured J/ψ , we also need to
introduce the same transverse momentum cut in the pT spec-
trum of J/ψ in p + p̄ annihilation at 1.96 TeV from the CDF
Collaboration at the Fermi Lab [29] that is used in the present
study for calculating the nuclear modification factor in heavy-
ion collisions at LHC. Parametrizing the J/ψpT spectrum
from the CDF Collaboration by [1 + (pT /4.1 GeV/c)2]−3.8

as shown by the solid line in Fig. 8, we obtain that the
fraction of J/ψ’s with a transverse momentum larger than
6.5 GeV/c is 3%. This is significantly larger than that from
the regeneration contribution in Pb + Pb collisions, which
is only 0.17%, as shown by the dashed line that is obtained
from the two-component model but is arbitrarily normalized.
It was first pointed out in Ref. [67] that limiting the analysis to

FIG. 8. Transverse momentum pT spectra of J/ψ from p + p̄

annihilation at
√

sNN = 1.96 TeV by the CDF Collaboration at Fermi
Lab (filled squares and solid line) [29] and of regenerated J/ψ

(dashed line) in central Pb + Pb collisions at
√

sNN = 2.76 TeV
at LHC.

events with J/ψ transverse momentum larger than 6.5 GeV/c

suppresses the contribution from the regenerated J/ψ . For
J/ψ’s of high transverse momenta, their nuclear modification
factor RAA can thus be calculated by multiplying the last
term in Eq. (24) by the percentage of regenerated J/ψ’s
with a transverse momentum larger than 6.5 GeV/c divided
by the percentage of primordial J/ψ’s with the same range
of transverse momenta, which is 0.12 in central Pb + Pb
collisions at

√
sNN = 2.76 TeV. We recall that the fraction

of produced J/ψ’s with transverse momentum larger than
6.5 GeV/c from the decay of bottom hadrons is about 21% in
p + p̄ annihilation at 1.96 TeV [29] as pointed out in the end
of Sec. II.

Since it takes time for an initially produced cc̄ pair to
form a charmonium, which depends on the charmonium radius
and the relative velocity between charm and anticharm quark
[68,69], thermal dissociation of charmonia is thus delayed until
charmonia are formed. Since the J/ψ formation time increases
with its transverse momentum as a result of time dilation, this
effect becomes more important for J/ψ’s of high transverse
momenta that are measured in experiments at LHC. In this
study, we treat the formation time as a free parameter to fit
the experimental data. Using the formation time of 0.5 fm/c,
which corresponds to 1.4 fm/c in the fire-cylinder frame

FIG. 9. (Color online) Nuclear modification factor RAA of J/ψ

with transverse momentum larger than 6.5 GeV/c versus the number
of participants without (upper panel) and with (lower panel) the
shadowing effect in Pb + Pb collisions at

√
sNN = 2.76 TeV at

LHC. Dashed, dotted, and dot-dashed lines represent, respectively,
the contributions to J/ψ production from primordial hard nucleon-
nucleon scattering, regeneration from QGP, and decay of bottom
hadrons. Upper and lower solid lines are the total RAA obtained with
the nuclear absorption cross section of 0 and 28 mb, respectively.
Experimental data shown by solid squares are from the CMS
Collaboration [15].
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based on the average of the J/ψ transverse momenta that
are above 6.5 GeV/c, our results for the nuclear modification
factor RAA of J/ψ with transverse momentum larger than
6.5 GeV/c as a function of the participant number are shown
in Fig. 9 without (upper panel) and with (lower panel) the
shadowing effect as well as without (upper solid curve) and
with (lower solid curve) the nuclear absorption effect. It is seen
that the results obtained without the shadowing and the nuclear
absorption effect describe reasonably the recent experimental
results from the CMS Collaboration at LHC [15] shown by
the solid squares. Also, it is interesting to see that the shoulder
structure around Npart = 100 in the measured RAA at LHC
is roughly reproduced by our model. The shoulder structure
in Fig. 9 occurs, however, at a larger number of participants
than that in Fig. 7 because charmonia of pT > 6.5 GeV/c are
formed later when the temperature of the QGP is lower. We
note that the CMS Collaboration also measured the fraction of
J/ψ from the decay of bottom hadrons in Pb + Pb collisions
at

√
sNN = 2.76 TeV and found that its nuclear modification

factor is about 0.37, which corresponds to Rb in Eq. (24), and
is almost independent of the centrality [15].

Our results can further be compared with the experimental
data from the ATLAS collaboration at LHC [14] on the
centrality dependence of the ratio Rcp of the RAA of J/ψ

in a collision of certain centrality to that in the peripheral
collision. For this purpose, we determine the centrality of a
collision using the Glauber model as follows [70]:

Centrality(b) = σAB
inel (b)

σAB
totalinel

=
∫ b

0 2πb′db′{1 − [
1 − TAB(b′)σNN

inel

]AB}
∫ ∞

0 2πb′db′{1 − [
1 − TAB(b′)σNN

inel

]AB} ,

(26)

FIG. 10. (Color online) Ratio Rcp of the RAA of J/ψ with
transverse momentum larger than 6.5 GeV/c in a given centrality
to that in the peripheral collision versus the centrality of Pb + Pb
collisions at

√
sNN = 2.76 TeV at LHC. Experimental data shown by

solid squares are from the ATLAS Collaboration [14].

where the numerator is the inelastic cross section of nuclei A

and B with the impact parameters between 0 and b, and the de-
nominator is the total inelastic cross section of the two nuclei;
and σNN

inel is the inelastic cross section of a p + p collision at
the same collision energy. In Fig. 10, we show the calculated
centrality dependence of Rcp in Pb + Pb collisions at

√
sNN =

2.76 TeV at LHC with the uncertainty of the reference point
(i.e., the RAA of J/ψ in the peripheral collision) shown as
dashed lines. It is seen that results from our model calculations
can reproduce the measured Rcp of J/ψ’s with high transverse
momenta, and the shadowing and the nuclear absorption effect
do not make a significant difference in the Rcp of J/ψ .

VI. SUMMARY

Modeling the evolution of the hot dense matter produced in
relativistic heavy-ion collisions by a schematic viscous hydro-
dynamics, we extended the two-component model, which was
previously used to describe J/ψ production in heavy-ion col-
lisions at RHIC, to those at SPS and LHC. As in our previous
studies, we included the effect due to absorption by the cold
nuclear matter on the primordially produced charmonia from
initial nucleon-nucleon hard scattering, the dissociation of
survived charmonia in the produced hot dense matter, and the
regeneration of charmonia from charm and anticharm quarks in
the QGP. For heavy-ion collisions at LHC, we further included
the shadowing effect in the initial cold nuclei. We also took into
account the medium effects on the properties of the charmonia
and their dissociation cross sections by using the screened
Cornell potential model and the NLO pQCD. With the same
quasiparticle model for the equation of state of the QGP and
the resonance gas model for that of the HG as used before,
we obtained a lower initial temperature than in our previous
study to reach the same final entropy density as a result of the
finite viscosity. Consequently, a slightly larger QCD coupling
constant was needed to reproduce the measured centrality
dependence of the nuclear modification factor at RHIC. The
calculated nuclear modification factor for heavy-ion collisions
at the SPS was found to agree with the measured value as
well. For both the SPS and RHIC, the contribution from the
primordial charmonia was found to dominate, although the
contribution from the regenerated ones increases from the SPS
to RHIC. For heavy-ion collisions at LHC, the regenerated
charmonia becomes most important in semi-central to central
collisions as a result of the larger number of charm and
anticharm quark pairs produced in higher-energy collisions.
Since the available experimental data from the LHC are for
J/ψ’s of transverse momentum pT > 6.5 GeV/c, we further
considered the contribution of J/ψ production from the decay
of bottom hadrons as its effect increases with increasing J/ψ

transverse momentum and the effect due to the formation time
of the J/ψ . A reasonable agreement with the preliminary
experimental data was obtained if the shadowing and the
nuclear absorption effect is absent. Furthermore, we found
the similar trend in the centrality dependence of the RAA of
J/ψ at both RHIC and LHC that it decreases monotonously in
peripheral collisions and then drops at a certain centrality as a
result of the onset of an initial QGP temperature higher than the
J/ψ dissociation temperature. Moreover, this takes place in
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less central collisions at LHC than at RHIC, indicating that the
initial temperature at the same centrality is higher at LHC than
at RHIC. More refined experimental data with smaller error
bars and bin size in Npart are thus very useful for drawing more a
definitive conclusion on the dissociation temperature of J/ψ in
the QGP.

ACKNOWLEDGMENTS

This work was supported, in part, by the US National
Science Foundation under Grant Nos. PHY-0758115 and
PHY-1068572, the US Department of Energy under Contract
No. DE-FG02-10ER41682, and the Welch Foundation under
Grant No. A-1358.

[1] T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).
[2] B. Alessandro et al. (NA50 Collaboration), Eur. Phys. J. C 39,

335 (2005).
[3] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 98,

232301 (2007).
[4] R. Vogt, Phys. Rep. 310, 197 (1999).
[5] B. Zhang, C. M. Ko, B. A. Li, Z. W. Lin, and B. H. Sa, Phys.

Rev. C 62, 054905 (2000).
[6] B. Zhang, C. M. Ko, B. A. Li, Z. W. Lin, and S. Pal, Phys. Rev.

C 65, 054909 (2002).
[7] X. Zhao and R. Rapp, Phys. Lett. B 664, 253 (2008).
[8] L. Yan, P. Zhuang, and N. Xu, Phys. Rev. Lett. 97, 232301

(2006).
[9] R. Rapp, D. Blaschke, and P. Crochet, Prog. Part. Nucl. Phys.

65, 209 (2010).
[10] A. Andronic, P. Braun-Munzinger, K. Redlich, and J. Stachel,

Nucl. Phys. A 789, 334 (2007).
[11] M. Asakawa and T. Hatsuda, Phys. Rev. Lett. 92, 012001 (2004).
[12] S. Datta, F. Karsch, P. Petreczky, and I. Wetzorke, Phys. Rev. D

69, 094507 (2004).
[13] T. Song, C. M. Ko, S. H. Lee, and J. Xu, Phys. Rev. C 83, 014914

(2011).
[14] G. Aad et al. (Atlas Collaboration), Phys. Lett. B 697, 294

(2011).
[15] CMS Collaboration, CMS Physics Analysis Summary, Re-

port No. CMS-PAS-HIN-10-006, 2011, http://cdsweb.cern.ch/
record/1353586.

[16] L. Grandchamp and R. Rapp, Nucl. Phys. A 709, 415 (2002).
[17] L. Grandchamp, R. Rapp, and G. E. Brown, Phys. Rev. Lett. 92,

212301 (2004).
[18] J. W. Cronin, H. J. Frisch, M. J. Shochet, J. P. Boymond,

R. Mermod, P. A. Piroue, and R. L. Sumner, Phys. Rev. D 11,
3105 (1975).

[19] K. J. Eskola, H. Paukkunen, and C. A. Salgado, J. High Energy
Phys. 04 (2009) 065.

[20] B. Alessandro et al. (NA50 Collaboration), Phys. Lett. B 553,
167 (2003).

[21] C. Lourenco, R. Vogt, and H. K. Woehri, J. High Energy Phys.
02 (2009) 014.

[22] R. Vogt, Phys. Rev. C 81, 044903 (2010).
[23] T. Song, K. C. Han, and C. M. Ko, Phys. Rev. C 83, 024904

(2011).
[24] E. G. Ferreiro, F. Fleuret, J. P. Lansberg, and

A. Rakotozafindrabe, Phys. Lett. B 680, 50 (2009).
[25] D. Kharzeev, C. Lourenco, M. Nardi, and H. Satz, Z. Phys. C

74, 307 (1997).
[26] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 77,

024912 (2008); (PHENIX Collaboration), 79, 059901(E)
(2009).

[27] R. Vogt, Phys. Rev. C 71, 054902 (2005).
[28] J. P. Lansberg, J. R. Cudell, and Y. L. Kalinovsky, Phys. Lett. B

633, 301 (2006).

[29] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71, 032001
(2005).

[30] P. Braun-Munzinger and J. Stachel, Phys. Lett. B 490, 196
(2000).

[31] M. I. Gorenstein, A. P. Kostyuk, H. Stoecker, and W. Greiner,
Phys. Lett. B 509, 277 (2001).

[32] C. M. Ko, V. Koch, Z.-W. Lin, K. Redlich, M. A. Stephanov,
and X.-N. Wang, Phys. Rev. Lett. 86, 5438 (2001).

[33] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 98,
232002 (2007).

[34] A. Adare et al. (PHENIX Collaboration), arXiv:1005.1627.
[35] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C 71,

1575 (2011).
[36] P. Faccioli et al., J. High Energy Phys. 10 (2008) 004.
[37] A. Adare et al. (PHENIX Collaboration), arXiv:1105.1966.
[38] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 79, 578

(1997).
[39] T. A. Collaboration, Nucl. Phys. B 850, 387 (2011).
[40] R. Aaij et al. (LHCb Collaboration), Eur. Phys. J. C 71, 1645

(2011).
[41] P. Levai and U. W. Heinz, Phys. Rev. C 57, 1879

(1998).
[42] T. Song, W. Park, and S. H. Lee, Phys. Rev. C 81, 034914

(2010).
[43] H. Song, S. A. Bass, and U. W. Heinz, Phys. Rev. C 83, 054912

(2011).
[44] N. Demir and S. A. Bass, Phys. Rev. Lett. 102, 172302

(2009).
[45] T. Hirano, Phys. Rev. C 65, 011901 (2001).
[46] P. Bozek, Phys. Lett. B 699, 283 (2011).
[47] F. Antinori et al. (WA97 Collaboration and NA57 Collabora-

tions), Nucl. Phys. A 661, 357 (1999).
[48] D. Kharzeev and M. Nardi, Phys. Lett. B 507, 121

(2001).
[49] B. B. Back et al., Nucl. Phys. A 757, 28 (2005).
[50] E. G. Ferreiro, F. Fleuret, J. P. Lansberg, N. Matagne, and

A. Rakotozafindrabe, Nucl. Phys. A 855, 327 (2011).
[51] K. Dusling, G. D. Moore, and D. Teaney, Phys. Rev. C 81,

034907 (2010).
[52] K. Aamodt et al. (ALICE Collaboration), Phys. Rev. Lett. 106,

032301 (2011).
[53] H. J. Specht [NA60 Collaboration], AIP Conf. Proc. 1322, 1

(2010).
[54] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 104,

132301 (2010).
[55] O. Kaczmarek, F. Karsch, P. Petreczky, and F. Zantow, Nucl.

Phys. Proc. Suppl. 129, 560 (2004).
[56] C.-Y. Wong, Phys. Rev. C 72, 034906 (2005).
[57] N. Brambilla, J. Ghiglieri, A. Vairo, and P. Petreczky, Phys. Rev.

D 78, 014017 (2008).
[58] N. Brambilla, M. A. Escobedo, J. Ghiglieri, J. Soto, and A. Vairo,

J. High Energy Phys. 09 (2010) 038.

034907-10

http://dx.doi.org/10.1016/0370-2693(86)91404-8
http://dx.doi.org/10.1140/epjc/s2004-02107-9
http://dx.doi.org/10.1140/epjc/s2004-02107-9
http://dx.doi.org/10.1103/PhysRevLett.98.232301
http://dx.doi.org/10.1103/PhysRevLett.98.232301
http://dx.doi.org/10.1016/S0370-1573(98)00074-X
http://dx.doi.org/10.1103/PhysRevC.62.054905
http://dx.doi.org/10.1103/PhysRevC.62.054905
http://dx.doi.org/10.1103/PhysRevC.65.054909
http://dx.doi.org/10.1103/PhysRevC.65.054909
http://dx.doi.org/10.1016/j.physletb.2008.03.068
http://dx.doi.org/10.1103/PhysRevLett.97.232301
http://dx.doi.org/10.1103/PhysRevLett.97.232301
http://dx.doi.org/10.1016/j.ppnp.2010.07.002
http://dx.doi.org/10.1016/j.ppnp.2010.07.002
http://dx.doi.org/10.1016/j.nuclphysa.2007.02.013
http://dx.doi.org/10.1103/PhysRevLett.92.012001
http://dx.doi.org/10.1103/PhysRevD.69.094507
http://dx.doi.org/10.1103/PhysRevD.69.094507
http://dx.doi.org/10.1103/PhysRevC.83.014914
http://dx.doi.org/10.1103/PhysRevC.83.014914
http://dx.doi.org/10.1016/j.physletb.2011.02.006
http://dx.doi.org/10.1016/j.physletb.2011.02.006
http://cdsweb.cern.ch/record/1353586
http://cdsweb.cern.ch/record/1353586
http://dx.doi.org/10.1016/S0375-9474(02)01027-8
http://dx.doi.org/10.1103/PhysRevLett.92.212301
http://dx.doi.org/10.1103/PhysRevLett.92.212301
http://dx.doi.org/10.1103/PhysRevD.11.3105
http://dx.doi.org/10.1103/PhysRevD.11.3105
http://dx.doi.org/10.1088/1126-6708/2009/04/065
http://dx.doi.org/10.1088/1126-6708/2009/04/065
http://dx.doi.org/10.1016/S0370-2693(02)03265-3
http://dx.doi.org/10.1016/S0370-2693(02)03265-3
http://dx.doi.org/10.1088/1126-6708/2009/02/014
http://dx.doi.org/10.1088/1126-6708/2009/02/014
http://dx.doi.org/10.1103/PhysRevC.81.044903
http://dx.doi.org/10.1103/PhysRevC.83.024904
http://dx.doi.org/10.1103/PhysRevC.83.024904
http://dx.doi.org/10.1016/j.physletb.2009.07.076
http://dx.doi.org/10.1007/s002880050392
http://dx.doi.org/10.1007/s002880050392
http://dx.doi.org/10.1103/PhysRevC.77.024912
http://dx.doi.org/10.1103/PhysRevC.77.024912
http://dx.doi.org/10.1103/PhysRevC.79.059901
http://dx.doi.org/10.1103/PhysRevC.79.059901
http://dx.doi.org/10.1103/PhysRevC.71.054902
http://dx.doi.org/10.1016/j.physletb.2005.11.073
http://dx.doi.org/10.1016/j.physletb.2005.11.073
http://dx.doi.org/10.1103/PhysRevD.71.032001
http://dx.doi.org/10.1103/PhysRevD.71.032001
http://dx.doi.org/10.1016/S0370-2693(00)00991-6
http://dx.doi.org/10.1016/S0370-2693(00)00991-6
http://dx.doi.org/10.1016/S0370-2693(01)00516-0
http://dx.doi.org/10.1103/PhysRevLett.86.5438
http://dx.doi.org/10.1103/PhysRevLett.98.232002
http://dx.doi.org/10.1103/PhysRevLett.98.232002
http://arXiv.org/abs/arXiv:1005.1627
http://dx.doi.org/10.1140/epjc/s10052-011-1575-8
http://dx.doi.org/10.1140/epjc/s10052-011-1575-8
http://dx.doi.org/10.1088/1126-6708/2008/10/004
http://arXiv.org/abs/arXiv:1105.1966
http://dx.doi.org/10.1103/PhysRevLett.79.578
http://dx.doi.org/10.1103/PhysRevLett.79.578
http://dx.doi.org/10.1016/j.nuclphysb.2011.05.015
http://dx.doi.org/10.1140/epjc/s10052-011-1645-y
http://dx.doi.org/10.1140/epjc/s10052-011-1645-y
http://dx.doi.org/10.1103/PhysRevC.57.1879
http://dx.doi.org/10.1103/PhysRevC.57.1879
http://dx.doi.org/10.1103/PhysRevC.81.034914
http://dx.doi.org/10.1103/PhysRevC.81.034914
http://dx.doi.org/10.1103/PhysRevC.83.054912
http://dx.doi.org/10.1103/PhysRevC.83.054912
http://dx.doi.org/10.1103/PhysRevLett.102.172302
http://dx.doi.org/10.1103/PhysRevLett.102.172302
http://dx.doi.org/10.1103/PhysRevC.65.011901
http://dx.doi.org/10.1016/j.physletb.2011.04.020
http://dx.doi.org/10.1016/S0375-9474(99)85040-4
http://dx.doi.org/10.1016/S0370-2693(01)00457-9
http://dx.doi.org/10.1016/S0370-2693(01)00457-9
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2011.02.071
http://dx.doi.org/10.1103/PhysRevC.81.034907
http://dx.doi.org/10.1103/PhysRevC.81.034907
http://dx.doi.org/10.1103/PhysRevLett.106.032301
http://dx.doi.org/10.1103/PhysRevLett.106.032301
http://dx.doi.org/10.1063/1.3541982
http://dx.doi.org/10.1063/1.3541982
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1016/S0920-5632(03)02641-0
http://dx.doi.org/10.1016/S0920-5632(03)02641-0
http://dx.doi.org/10.1103/PhysRevC.72.034906
http://dx.doi.org/10.1103/PhysRevD.78.014017
http://dx.doi.org/10.1103/PhysRevD.78.014017
http://dx.doi.org/10.1007/JHEP09(2010)038


CHARMONIUM PRODUCTION IN RELATIVISTIC HEAVY- . . . PHYSICAL REVIEW C 84, 034907 (2011)

[59] F. Karsch, M. T. Mehr, and H. Satz, Z. Phys. C 37, 617 (1988).
[60] E. Eichten, K. Gottfried, T. Kinoshita, K. D. Lane, and T.-M.

Yan, Phys. Rev. D 21, 203 (1980).
[61] Y. Park, K. I. Kim, T. Song, S. H. Lee, and C. Y. Wong, Phys.

Rev. C 76, 044907 (2007).
[62] T. Song and S. H. Lee, Phys. Rev. D 72, 034002 (2005).
[63] Z. W. Lin and C. M. Ko, Phys. Rev. C 62, 034903 (2000).
[64] Z. W. Lin and C. M. Ko, Phys. Lett. B 503, 104 (2001).

[65] S. H. Lee and K. Morita, Phys. Rev. D 79, 011501 (2009).
[66] Y. H. Song, S. H. Lee, and K. Morita, Phys. Rev. C 79, 014907

(2009).
[67] X. Zhao and R. Rapp, arXiv:1102.2194.
[68] J. P. Blaizot and J.-Y. Ollitrault, Phys. Rev. D 39, 232 (1989).
[69] F. Karsch and R. Petronzio, Z. Phys. C 37, 627 (1988).
[70] M. L. Miller, K. Reygers, S. J. Sanders, and P. Steinberg, Annu.

Rev. Nucl. Part. Sci. 57, 205 (2007).

034907-11

http://dx.doi.org/10.1007/BF01549722
http://dx.doi.org/10.1103/PhysRevD.21.203
http://dx.doi.org/10.1103/PhysRevC.76.044907
http://dx.doi.org/10.1103/PhysRevC.76.044907
http://dx.doi.org/10.1103/PhysRevD.72.034002
http://dx.doi.org/10.1103/PhysRevC.62.034903
http://dx.doi.org/10.1016/S0370-2693(01)00092-2
http://dx.doi.org/10.1103/PhysRevD.79.011501
http://dx.doi.org/10.1103/PhysRevC.79.014907
http://dx.doi.org/10.1103/PhysRevC.79.014907
http://arXiv.org/abs/arXiv:1102.2194
http://dx.doi.org/10.1103/PhysRevD.39.232
http://dx.doi.org/10.1007/BF01549724
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020

