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Abstract. Using the two-component model for charmonium production, which includes contributions from
both initial hard nucleon-nucleon scattering and from regeneration in the quark-gluon plasma, we have studied the
nuclear modification factorRAA and elliptic flowv2 of J/ψ in relativistic heavy-ion collisions. For the expansion
dynamics of produced hot dense matter, we have introduced a schematic fire-cylinder model with its transverse
acceleration determined from the pressure gradient insidethe fire-cylinder and azimuthally anisotropic expansion
parameterized to reproduce measuredv2 of light hadrons. We have assumed that light hadrons freeze out at the
temperature of 120 MeV while charmonia at 160 MeV, similar tothe kinetic and chemical freeze-out temperatures
in the statistical model, respectively. For the propertiesof charmonia in the quark-gluon plasma, we have used
the screening mass between their charm and anticharm quarksand their dissociation cross sections given by
the perturbative QCD (pQCD) in the leading order and up to thenext-to-leading order, respectively. For the
relaxation time of charm and anticharm quarks in the quark-gluon plasma, we have also used the one calculated in
the leading order pQCD. Modeling the effect of higher-order corrections in pQCD by introducing multiplicative
factors to the dissociation cross sections of charmonia andthe elastic scattering cross sections of charm and
anticharm quarks, we have found that this effect is small for theRAA of J/ψ as they suppress the number of initially
producedJ/ψ but enhance the number of regenerated ones. The higher-order corrections increase, however, the
v2 of J/ψ. Our results thus suggest that thev2 of J/ψ can play an important role in discriminating betweenJ/ψ
production from initial hard collisions and from regeneration in the quark-gluon plasma.

1 Introduction

One of the signatures suggested for the formation of the
quark-gluon plasma (QGP) in relativistic heavy-ion colli-
sions is the suppressed production ofJ/ψ compared with
that expected from initial hard scattering [1]. Experimen-
tally, suppressed production ofJ/ψ in heavy-ion collisions
has been observed at both Super Proton Synchrotron (SPS)
[2,3] and Relativistic Heavy Ion Collider (RHIC) [4,5].
Many theoretical explanations have been proposed to un-
derstand these experimental results [6–9]. Among them are
the statistical model [9] and the two-component model [7].
In the statistical model, it is assumed that all initially pro-
ducedJ/ψ are dissociated in QGP and the detected ones
are entirely due to regeneration from charm and anticharm
quarks in the QGP [9]. In the two-component model, the
number of regeneratedJ/ψ is smaller than that in the sta-
tistical model as some initially producedJ/ψ can survive
during the collision if theJ/ψ dissociation temperature in
QGP is sufficiently high [7]. Both models are able to suc-
cessfully reproduce the measured nuclear modification fac-
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tor of J/ψ as a function of the number of participants [7,
9,10] and their transverse momentum [11,12]. Although
the transverse momentum of thermally producedJ/ψ in
the statistical model is smaller than that ofJ/ψ produced
from initial hard scattering, it is enhanced by the transverse
flow. Therefore, it is difficult to discriminate the two mod-
els based on the number of finally producedJ/ψ and their
transverse momentum distribution. Since initially produced
J/ψ have azimuthally isotropic transverse momenta, they
are expected to have vanishing elliptic flow, which is in
contrast with the appreciable elliptic flow of regenerated
ones, the elliptic flow ofJ/ψ in heavy ion collisions is thus
sensitive to the fraction ofJ/ψ that is produced from the
regeneration in the QGP. Studying the elliptic flow ofJ/ψ
thus can help to discriminate between the twoJ/ψ produc-
tion mechanisms of from initial hard scattering and from
regeneration in the QGP.

In this talk, we report results from our recent work on
J/ψ production and elliptic flow in heavy ion collisions at
RHIC using the two-component model [13]. The talk is or-
ganized as follows. We briefly describe in Sec. 2 the two
component model and in Sec. 3 the schematic model for
the expanding fire-cylinder produced in heavy-ion colli-
sions. In Sec. 4, the nuclear modification factor ofJ/ψ as
a function of the number of participants and the transverse
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momentum ofJ/ψ are studied in this schematic model. Re-
sults on the elliptic flow ofJ/ψ are presented in Sec. 5.
Finally, the summary and conclusions are given in Sec. 6.

2 the two-component model for J/ψ
production

In the two-component model forJ/ψ production in rela-
tivistic heavy-ion collisions, some initially producedJ/ψ
from hard scattering can survive through the collisions and
contribute to the final observedJ/ψ in experiments, be-
sides those regenerated from charm and anticharm quarks
in the produced QGP.

2.1 directly produced J/ψ

The number of initially producedJ/ψ in a heavy-ion col-
lision at impact parameterb can be determined from the
Glauber model as

NAA
J/ψ = σ

NN
J/ψA2TAA(b), (1)

in terms of the cross sectionσNN
J/ψ for J/ψ production in

a p + p collision, which has a value of 0.774µb per unit
rapidity near midrapidity at collision energy

√
s = 200

GeV [14], the mass numberA of colliding nuclei, and the
nuclear overlap function

TAA =

∫

d2sTA(s)TA(b − s), (2)

where

TA(s) =
∫ ∞

−∞
dzρA(s, z), (3)

is the thickness function withρA(s, z) being the nucleon
distribution in the colliding nucleus.

The survival probability of an initially producedJ/ψ in
relativistic heavy-ion collisions is given by

S th(b, s) = exp

{

−
∫ τcf

τ0

Γ(τ′)dτ′
}

, (4)

whereτ0 is the time theJ/ψ is produced from an initial
hard scattering andτcf is the time theJ/ψ freezes out from
the hot dense matter. TheJ/ψ survival probability depends
on its thermal decay widthΓ(T ) in the produced hot dense
matter,

Γ(T ) =
∑

i

∫

d3k
(2π)3

vrel(k)ni(k, T )σdiss
i (k, T ). (5)

In the above, the summation is over the particle speciesi,
which includes the quarks and gluons in QGP as well as
the baryons and mesons in the hadron gas, with its density
denoted byni(k, T ); vrel is the relative velocity between the
J/ψ and the particle. For the dissociation cross sectionσdiss

i
of J/ψ, it is calculated in pQCD up to the next-to-leading

order if it is in QGP and is calculated via the factorization
formula with the Bethe-Salpeter amplitude for the bound
charmonium states if it is in the hadron gas [15,16].

Since some directly producedJ/ψ are from the de-
cay of directly produced excited charmonium statesχc and
ψ′, the survival probability of an initially producedJ/ψ
from thermal decay is the linear combination of the sur-
vival probabilities forJ/ψ, χc, andψ′, that is

S th(b, s) = 0.67S J/ψ
th (b, s) + 0.25S χc

th (b, s) + 0.08S ψ′

th (b, s),
(6)

where contributions toJ/ψ production from the feed-down
of χc andψ′ are taken to be 25% and 8%, respectively, as
usually adopted in the literature [17].

The directly producedJ/ψ, which is produced by gluon
fusions, is affected by the Cronin effect due to the gluon-
nucleon scattering. This leads to an increase of the average
squared transverse momentum〈p2

T 〉AA of J/ψ in A+A col-
lisions, i.e.,

〈p2
T 〉AA = 〈p2

T 〉pp +
〈δp2

T 〉
λgN
〈LgN〉, (7)

where〈p2
T 〉pp is the average squared transverse momentum

of J/ψ in p + p collisions,〈δp2
T 〉 is the average of added

squared transverse momentum by one gluon-nucleon scat-
tering, andλgN and〈LgN 〉 are, respectively, the mean free
path and average path length of the gluon in uniform nu-
clear matter before it produces a charmonium. For cen-
ter of mass energy at

√
sNN = 200 GeV, it is known that

fp+p(pT) = α(1 + p2
T /β)−6 with β = 4.1 GeV2 [14], and

〈δp2
T 〉/λgN = 0.1 GeV2/fm andσabs= 1.5 mb are used for

Au+Au collisions [11].
Furthermore, for directly producedJ/ψ of high pT , they

may escape from formed QGP in relativistic heavy ion col-
lisions, leading to the so-called leakage effect.

2.2 regenerated J/ψ

For regeneratedJ/ψ, their number is similarly determined
as in the statistical model, that is

NAA
regJ/ψ = γ

2
{

nJ/ψS J/ψ
th−H + Br(χc → J/ψ)nχc S

χc

th−H

+Br(ψ′ → J/ψ)nψ′S
ψ′

th−H

}

VR. (8)

In the above,nJ/ψ, nχc , andnψ′ are, respectively, the equi-
librium densities ofJ/ψ, χc, andψ′ at chemical freeze-out
when the system has volumeV. The charm fugacity pa-
rameterγ takes into account the fact that the total charm
quark number is not in chemical equilibrium. It is deter-
mined from

NAA
cc̄ =

{

1
2
γn0

I1(γn0V)
I0(γn0V)

+ γ2nh

}

V, (9)

whereI0 andI1 are modified Bessel functions withn0 and
nh being, respectively, the densities of open and hidden
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charmed hadrons, andNAA
cc̄ is the total charm quark pairs

produced from initial hard scattering. The latter is given
by

NAA
cc̄ = σ

NN
cc̄ A2TAA(b), (10)

whereσNN
cc̄ is the cross section forcc̄ pair production in

a p + p collision, which is 63.7µb per unit rapidity near
midrapidity at

√
s = 200 GeV in perturbative QCD [18].

The factorR in Eq. (8) takes into account the nonequilib-
rium effect of charm quarks in QGP and is evaluated ac-
cording to

R = 1− exp

{

−
∫ τQGP

τ0

dτΓc(T (τ))

}

, (11)

whereτ0 andτQGP are, respectively, the time charm quark
pairs are produced from initial hard scattering and the time
QGP phase ends, andΓc(T ) is the thermal scattering width
of charm quarks in QGP and is calculated using the leading-
order pQCD.

3 A schematic model for fire-cylinder
expansion

For the dynamics of relativistic heavy-ion collisions, we
have used a schematic fire-cylinder model in which the hot
dense matter formed in the collision is assumed to be in
global thermal equilibrium and evolves boost invariantly
in the longitudinal direction but with an accelerated trans-
verse expansion. Specifically, its volume in central heavy
ion collisions expands in the proper timeτ according to

V(τ) = 2β(τ0 + τ)π

(

r0 +
1
2

aTτ
2

)2

. (12)

In the above, the factor 2 takes into account the forward
and backward expansions in the beam direction,β is the
longitudinal velocity of nuclear matter, which is approxi-
mately equal to the rapidity near midrapidity,τ0 is thermal-
ization time, andr0 is the initial radius of QGP on the trans-
verse plane. For the transverse accelerationaT of the fire-
cylinder, it is given byaT = (p − p f )A/M in terms of the
outward force due to the pressurep inside the fire-cylinder
on the areaA of its cylindrical side divided by the the iner-
tia massM against its transverse expansion. Thep f is the
pressure of the fire-cylinder at freeze-out as the transverse
acceleration should vanish at freeze-out when particles un-
dergo free streaming afterwards. For the pressure inside
the fire-cylinder, it is calculated in the quasiparticle pic-
ture [19], which assumes that strongly interacting massless
partons (quarks and gluons) can be substituted by nonin-
teracting massive partons to reproduce the energy density
and pressure extracted from the lattice QCD, if the mat-
ter inside is a QGP. In the case of a hadron gas (HG), the
pressure is calculated in the noninteracting resonance gas
model of mesons of masses less than 1.5 GeV and baryons
of masses less than 2.0 GeV. We note that the QGP to HG
phase transition is first-order in this model.

The inertia massM is a free parameter and is deter-
mined by fitting the average transverse momenta of light
hadrons to experimental data using the light hadron rapid-
ity and transverse momentum distributions,

dN

dydp2
T

=
τmT

(2π)2

∫

dAT I0

[

pT sinhρ
Tf

]

K1

[

mT coshρ
Tf

]

,

(13)

whereAT is the transverse area,ρ = tanh(vT ) is the trans-
verse rapidity withvT being the transverse velocity in unit
of the velocity of lightc at the thermal freeze-out temper-
atureTf = 120 MeV, andIn andKn are modified Bessel
functions. From measured average transverse momenta of
pions, kaons and protons in Au+Au collisions at

√
s = 200

GeV and 0-5% centrality [20], the inertia mass is found to
be M = 570 GeV/c2.
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Fig. 1. Transverse velocity (a) and temperature (b) of fire-cylinder
in central Au+Au collisions at

√
s = 200 GeV as functions of

time.

In Fig. 1(a), we show the resulting transverse veloc-
ity of the fire-cylinder obtained with the acceleration as a
function of time. The transverse velocity is seen to increase
rapidly at first and then slowly. For the temperature of the
fire-cylinder, which starts at the initial value ofT0 = 338
MeV, is obtained by assuming that the total entropy of the
fire-cylinder is conserved during expansion, it decreases
with time as shown in Fig. 1(b). It is further seen that the
QGP phase terminates att = 5.4 fm/c when the tempera-
ture isTc = 170 MeV, the mixed phase att = 6.9 fm/c,
and the HG phase reaches the freeze-out temperature at
t = 18.7 fm/c.

In noncentral collisions, the difference in the length of
the overlapping region of two colliding nuclei along the
direction of impact parameter and that in its perpendicular
direction on the transverse plane, designated, respectively,
as thex-direction and they-direction, leads to a difference
in the pressure gradient in these two directions, resultingin
an anisotropic acceleration of the transverse dimension of
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the fire-cylinder. This effect is included by introducing the
following accelerations along thex and they directions:

ax = aT (1+ zǫ), ay = aT (1− zǫ), (14)

in terms of the eccentricityǫ = (Ry − Rx)/(Ry +Rx), where
Rx andRy are, respectively, the half length of the fire cylin-
der in thex andy directions on the transverse plane. The
constantz in Eq. (14) is determined by requiring that the fi-
nalv2 of light hadrons, determined by the expectation value
of cos(2ϕ) as

v2(pT ) =
∫

dAT cos(2φ)I2(pT sinhρ/T )K1(mT coshρ/T )
∫

dAT I0(pT sinhρ/T )K1(mT coshρ/T )
, (15)

reproduces the experimental data.
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Fig. 2. (color online) Time evolutions of temperature (a), trans-
verse flow velocitiesvx andvy (b), and transverse radiiRx andRy

(c) in Au+Au collisions at
√

s = 200 GeV and impact parameter
b =9 fm.

In Fig. 2, we show the time evolutions of the tem-
peratureT , transverse velocitiesvx andvy, and transverse
radii Rx andRy of the fire-cylinder in Au+Au collisions at√

s = 200 GeV and impact parameterb = 9 fm. These
results are obtained with an initial temperatureT0 = 274
MeV, the anisotropic constantz = 2.2 in Eq. (14) and the
inertia massM = 108 GeV/c2. It is seen that the QGP
phase ends att = 2.8 fm/c, the mixed phase lasts until
t = 3.8 fm/c, and the freeze-out temperature is reached at

t = 11.1 fm/c. The flow velocitiesvx andvy are 0.51c and
0.27c at the phase transition to HG and reach 0.76c and
0.57c at freeze-out, respectively. We note that the length
of Rx becomes slightly longer than that ofRy at freeze-out.

Using the above parameters for the schematic fire cylin-
der model, we have reproduced the measured elliptic flow
of pions, kaons, and protons from collisions at 20-60%
centrality if we take into account the non-equilibrium ef-
fect by multiplying exp[−C(pT/n)] to ∆v = (vx − vy)/2,
whereC = 1.14 c/GeV is a fitting parameter andn is
the number of constituent quarks in a hadron. Since the
high pT correction factor modifies the Boltzmann distribu-
tion, it can be considered as an effective way to include
the viscous effect on the fire-cylinder expansion. In the
quark-counting picture for hadron scattering, the ratio of
the baryon to the meson scattering cross sections is 3/2.
This then leads to a smaller viscous effect on baryons than
mesons, which is consistent with the quark number de-
pendence in the above highpT correction factor. We have
also reproduced the average transverse momenta of pions,
kaons, and protons as functions of the number of partici-
pants if the inertia mass is parameterized asM = 0.36N1.24

part
with Npart being the number of participants in a collision.

4 Nuclear modification factor of J/ψ
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Fig. 3. RAA of J/ψ as a function of the number of participants in
Au+Au collisions at

√
s = 200 GeV. The experimental data from

the PHENIX Collaboration [4] are shown by filled squares.

With the two-component model described in Sec. 2,
the expanding fire-cylinder model in Sec. 3, and the ther-
mal freeze-out temperatureTcf = 160 MeV for J/ψ, we
have studied theRAA of J/ψ as a function of the number
of participants. The results are shown in Fig. 3 by the solid
line and are seen to reproduce very well the experimental
data shown by filled squares [4]. The kink in the theoret-
ical results atNpart ≈ 160 is caused by the discontinuity
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Fig. 4. (color online) Nuclear modification factorRAA of J/ψ as
a function of transverse momentum in Au+Au collisions of 0-
20% (a), 20-40% (b), 40-60% (c) and 60-92% (d) centralities at√

s = 200 GeV. Dashed and dotted lines are, respectively, theRAA

from initially producedJ/ψ and regeneratedJ/ψ, and the solid
line is the sum of the two.

in the survival probability ofJ/ψ in the region of the fire-
cylinder where the temperature is higher than the disso-
ciation temperature and in the region where the tempera-
ture is lower than the dissociation temperature. Since the
Cronin effect only changes the transverse momentum of
J/ψ, not the number ofJ/ψ, it does not affect theRAA of
J/ψ. The leakage effect, on the other hand, may increase
RAA or decreaseRAA, depending on whetherJ/ψ initially
produced in the corona can move into the fire-cylinder and
on whetherJ/ψ initially produced inside the fire-cylinder
can escape to the outside. The net effect due to leakage is,
however, small.

Figure 4 shows theRAA of J/ψ as a function of trans-
verse momentum for different centrality bins. It is seen
that theRAA of initially producedJ/ψ, given by the dashed
line, increases with transverse momentum because of the
Cronin and leakage effects. On the contrary, theRAA of
regeneratedJ/ψ decreases with transverse momentum at
high pT as shown by the dotted line.

In Fig. 5, we show the participant number dependence
of the average squared transverse momentum ofJ/ψ in
Au+Au collisions from the two-component model. Our re-
sults reproduce the experimental data for peripheral and
mid-central collisions. For central collisions, the two com-
ponent model overestimates the measured average squared
transverse momentum ofJ/ψ. One possible reason for this
is that we may have overestimated the diffusion of charm
quarks inside the fire-cylinder. The number of charm quarks
produced in heavy-ion collision is proportional to the num-
ber of binary collisions of nucleons, which is more concen-
trated in the central region of the fire-cylinder. The number
of light quarks is, on the other hand, proportional to the
number of participants. Since the relative concentration of
the number of binary collisions to the number of partici-
pants is larger in central collisions than in semi-central or
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Fig. 5. Average squared transverse momentum ofJ/ψ in Au+Au
collisions at

√
sNN = 200 GeV from the two-component model

(solid line) and experimental data (filled squares).

peripheral collisions, charm quarks are initially more con-
centrated in the central region than light quarks. If the dif-
fusion of charm quarks is slow, they would remain near the
central region even at hadronization and their transverse
velocity would then be smaller than those of light quarks.

5 elliptic flow of J/ψ
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Fig. 6. (color online) Elliptic flowv2 of J/ψ for Au+Au collisions
at
√

s = 200 GeV andb = 9 fm in the two-component model. The
dashed, dotted and solid lines are, respectively, thev2 of initially
produced, regenerated, and totalJ/ψ.

We have also studied the elliptic flowv2 of J/ψ in the
two-component model with the high-pT correction to the
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flow velocity as in the case for light hadrons. The results
are shown in Fig. 6 for initially produced, regenerated and
total J/ψ in Au+Au collisions at

√
sNN = 200 GeV and

b = 9 fm. It is seen that thev2 of initially producedJ/ψ
is essentially zero, whereas thev2 of regeneratedJ/ψ has
a minimum value of−0.028 atpT = 1.1 GeV. Thev2 of
total J/ψ is slightly negative, because only 12% ofJ/ψ are
from regeneration for collisions atb = 9 fm in the two-
component model. We note that thev2 of J/ψ has been re-
cently measured by the PHENIX Collaboration for Au+Au
collisions at 20-60% centralities [21,22] and it has a value
of -0.15±0.12 betweenpT = 1 and 2 GeV, which is much
more negative than our value.

We note that although initially producedJ/ψ have zero
v2 as their transverse momenta are azimuthally isotropic,
they could acquire some finite value after escaping the fire-
cylinder due to the anisotropic expansion of the fire cylin-
der. In noncentral collisions, the size of the fire-cylinder
is shorter in thex-direction than in they-direction. As a
result, the survival probability ofJ/ψ moving in thex-
direction will be higher than that moving in they-direction,
leading thus to a positivev2 for initially producedJ/ψ that
have escaped from the fire-cylinder. For thev2 of regener-
atedJ/ψ, its negative value at lowpT and positive value at
high pT can be understood as follows. Assuming particles
are locally thermalized, they then have a thermal distribu-
tion in the local frame. Since the thermal distribution is
peaked atp2 = 2T (T +

√
T 2 + m2), whereT andm are the

temperature and mass of the particle, respectively, more
massive particles thus peak at higher momenta. If the ther-
malized matter is boosted with a certain velocity, the peak
is shifted to higher momentum in the laboratory frame.
With a larger flow velocity in thex than in they direc-
tion in noncentral collisions, the peak of the momentum
distribution is thus more shifted in thex direction. As the
peak shifts to a higher momentum, the number density at
momenta lower than the peak momentum becomes smaller
than the number density in the unshifted or less shifted
momentum distribution. As a result, the number density
of J/ψ with small pT moving in thex-direction is smaller
than that moving in they-direction, leading thus to a neg-
ativev2 for J/ψ of low pT . This effect is opposite forJ/ψ
with momenta higher than the peak momentum, so thev2
of J/ψ with high pT is positive.

5.1 effect of higher-order pQCD corrections

Since the strong coupling constant has been found to be
large in lattice QCD up to around twice the critical tem-
perature, the QGP remains nonperturbative below this tem-
perature and higher-order corrections in pQCD may not
be negligible. To include higher-order corrections, we have
simply introduced some multiplication factors to the disso-
ciation cross sections of charmonia and to the elastic cross
section of charm quarks as following:

σ′J/ψ+q(g)→c+c̄+X = AσJ/ψ+q(g)→c+c̄+X

σ′c+q(g)→c+q(g) = Bσc+q(g)→c+q(g), (16)

whereA andB are arbitrary constants.
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Fig. 7. (color online) Fraction of regeneratedJ/ψ among total
J/ψ in Au+Au collisions at

√
s = 200 GeV. Solid, dashed, dot-

ted, and dot-dashed lines correspond, respectively, to multiplica-
tive factors (A,B)=(1,1), (2,2), (5,4) and (10,6.5) for higher-order
corrections.

Figure 7 shows the fraction of regeneratedJ/ψ among
total J/ψ in Au+Au collisions at

√
s = 200 GeV in the

two-component model. Without higher-order corrections
(solid line), the regeneratedJ/ψ is about 31% of totalJ/ψ
produced in central collisions. Including higher-order cor-
rections, the percentage increases to 52, 81 and 96%, re-
spectively, for multiplicative factors (A,B)=(2,2), (5,4) and
(10,6.5), shown by dashed, dotted, and dot-dashed lines,
respectively. We note that the faction of regeneratedJ/ψ
is smaller in semi-central and peripheral collisions than in
central collisions.

Higher-order corrections do not change, however, much
the value of theRAA of J/ψ even with a large correction
factor of ten. This is due to the balance between the dis-
sociation and the regeneration ofJ/ψ, with the suppres-
sion ofJ/ψ caused by enhanced dissociation compensated
by the enhancement of regeneratedJ/ψ. Nevertheless, as
the correction factor becomes large, the kink in theRAA

curve aroundNpart = 160 becomes less noticeable as large
higher-order corrections reduce the difference in the sur-
vival probability of J/ψ in the low and high temperature
regions.

The pT dependence of theRAA of J/ψ is also not much
affected by higher-order corrections as a result of the large
transverse flow of regeneratedJ/ψ. As shown in Fig. 4,
the pT dependence of theRAA of initially producedJ/ψ is
similar to that of regeneratedJ/ψ except at highpT where
the RAA of initially producedJ/ψ increases while that of
regeneratedJ/ψ decreases. As a result, theRAA at highpT

decreases when higher-order corrections are included, and
this seems to contradict with thepT dependence of mea-
suredRAA, which is an increasing function at highpT . Al-
though higher-order corrections are small at highpT , they
are relatively large at lowpT , and this seems to reproduce
the observed decreasingRAA with increasingpT , whenpT
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is low, in peripheral collisions. This is mainly due to the
short lifetime of the QGP phase in peripheral collisions, so
the transverse flow is not sufficiently developed to give a
large transverse flow velocity to the regeneratedJ/ψ.

The higher-order corrections are also found to have
very little effect on the participant number dependence of
the average squared transverse momentum ofJ/ψ.
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Fig. 8. (color online) Elliptic flow v2 of J/ψ in Au+Au colli-
sions at

√
s = 200 GeV andb = 9 fm with higher-order correc-

tions. Solid, dashed, dotted, and dot-dashed lines correspond, re-
spectively, to multiplicative factors (A,B)=(1,1), (2,2), (5,4) and
(10,6.5) for the higher-order corrections. The double-dot-dashed
line is thev2 of J/ψ if they are totally from regeneration.

Different from theRAA of J/ψ, the change inv2 due to
higher-order corrections is significant as shown in Fig. 8
for Au+Au collisions at

√
s = 200 GeV andb = 9 fm.

It is seen that with increasing multiplicative factors, the
v2 of J/ψ becomes increasingly more negative at lowpT

and increasing more positive at highpT . We note that for
multiplicative factors (A,B)=(1,1), (2,2), (5,4) and (10,6.5)
for the higher-order corrections, the fraction of regenerated
J/ψ among totalJ/ψ is 12%, 23%, 42% and 63%, respec-
tively. The double-dot-dashed line in Fig. 8 is thev2 of J/ψ
if all J/ψ are produced from regeneration. It is worthwhile
to point out that even in this extreme case, thev2 of J/ψ
still only reaches the upper error bar of experimental data,
which has a value of−0.03 betweenpT = 1 and 2 GeV [21,
22]. If the experimental data onv2 of J/ψ is correct, it then
means that the fraction of regeneratedJ/ψ is not small even
in semi-central collisions.

6 summary and conclusions

We have investigated in the two-component model theRAA

of J/ψ as a function of transverse momentum and the num-
ber of participants as well as thev2 of J/ψ in relativistic
heavy-ion collisions. The study was based on a schematic

model for the expansion of the fire-cylinder formed in these
collisions. In this model, the transverse acceleration of the
fire-cylinder was assumed to be proportional to the outgo-
ing force given by the product of the pressure of the hot
dense matter inside the fire-cylinder and the surface area
of the fire-cylinder, and inversely proportional to an in-
ertia mass, which was taken to be a free parameter to fit
the experimental data on the transverse momentum spectra
of light hadrons. The anisotropic expansion in non-central
collisions was modeled by simply adding or subtracting an
additional term proportional to the eccentricity of the fire-
cylinder to the acceleration inx-direction ory-direction.
The coefficient of the additional term was determined such
that thev2 of light hadrons was reproduced after including
the high-pT correction to the flow velocity due to the non-
equilibrium effect. Both the Cronin effect due to the initial
transverse momentum broadening of gluons in nuclei and
the leakage effect due to the escape of initially produced
J/ψ from produced hot dense matter on theRAA andv2 of
J/ψ were included. For the kinetic freeze-out temperature
of J/ψ, it was taken to be the same as the chemical freeze-
out temperature, because of the much smaller elastic cross
section ofJ/ψ than that of light hadrons, which normally
has a lower kinetic freeze-out temperature than the chemi-
cal freeze-out temperature. For Au+Au collisions at

√
s =

200 GeV, the model was shown to give a good descrip-
tion of participant number dependence of theRAA of J/ψ.
It could also describe the increase ofJ/ψ RAA with increas-
ing transverse momenta as a result of the inclusion of the
Cronin and leakage effects in our study. For theJ/ψ ellip-
tic flow, its value was found to be small asJ/ψ was mostly
produced from initial hard scattering, which has essentially
zerov2.

We have also studied the effect due to higher-order cor-
rections in pQCD by simply multiplying separate constant
factors to the dissociation cross sections of charmonia and
to the elastic cross section of charm quarks. The former
is related to the thermal decay widths of charmonia and
the latter to the relaxation factor of charm quarks. Higher-
order corrections were, however, not applied to the screen-
ing mass. We found that higher-order corrections enhanced
both the dissociation of charmonia and the relaxation of
charm quarks. The former decreases the number of ini-
tially producedJ/ψ while the latter increases the num-
ber of regeneratedJ/ψ. As a result, the total number of
J/ψ was found to change very little after including higher-
order corrections. However, the fraction of initially pro-
ducedJ/ψ and that of regenerated ones were affected sig-
nificantly by higher-order corrections with larger higher-
order corrections leading to a larger fraction of regener-
atedJ/ψ among totalJ/ψ. This is the reason why theRAA

of J/ψ as a function of the number of participants was
insensitive to the higher-order corrections, and both the
two-component model and the statistical model can de-
scribe successfully the dependence ofRAA on the number
of participants. Applying same higher-order corrections to
the study of the transverse momentum dependence of the
RAA of J/ψ, we found that it was also insensitive to the
fraction of regeneratedJ/ψ among the totalJ/ψ except
at high pT , as the small transverse momentum of regen-
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eratedJ/ψ is compensated by the large transverse flow
velocity. On the other hand, thev2 of J/ψ is sensitive to
the fraction of regeneratedJ/ψ with increasing more neg-
ative value at lowpT and more positive value at highPT .
In our study, we have assumed that regeneratedJ/ψ are
produced from thermalized charm quarks in QGP. It is not
clear how close charm quarks are from thermal equilibrium
in heavy-ion collisions. Recent experimental data on non-
photonic single electrons, which are produced through the
decay of heavy mesons, suggest that charm quarks are sig-
nificantly thermalized [23]. If charm quarks are thermal-
ized, resulting thermally producedJ/ψ would share their
thermal properties and thus acquire appreciablev2. Also, if
there is an abrupt decrease in the mass of charmonia near
Tc as suggested in Ref. [24], the yield of regeneratedJ/ψ
would be enhanced and so is its contribution tov2.

We have used in the present study an equation of state
with a first-order phase transition between the strongly cou-
pled quark-gluon plasma and the hadronic resonance gas.
Recent lattice QCD calculations imply, however, that the
QCD phase transition is a crossover in the high tempera-
ture and low net baryon density matter produced in heavy-
ion collisions at RHIC. Although a crossover transition
would increase the duration of the transition between the
quark-gluon plasma and the hadronic matter, it is not ex-
pected to affect much our results as the quark-gluon plasma
has a smaller average volume during the crossover phase
transition than during the first-order phase transition, re-
sulting thus in a small difference in the four volume.

Presently, thev2 of J/ψ has large error bars in the ex-
perimental data. If refined and precise data on thev2 of J/ψ
become available, they are expected to play an important
role in discriminating between the two production mecha-
nisms forJ/ψ, i.e., initial production and regeneration.
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