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J /¥ production and elliptic flow in relativistic heavy-ion collisions
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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 study the nuclear
modification factor Ry, and elliptic flow v, of J/¥ in relativistic heavy-ion collisions. For the expansion
dynamics of produced hot, dense matter, we introduce a schematic fireball model with its transverse acceleration
determined from the pressure gradient inside the fireball and azimuthally anisotropic expansion parametrized
to reproduce measured v, of light hadrons. We assume that light hadrons freeze out at the temperature of
120 MeV while charmonia freeze out at 160 MeV, similar to the kinetic and chemical freeze-out temperatures
in the statistical model, respectively. For the properties of charmonia in the quark-gluon plasma, we use the
screening mass between their charm and anticharm quarks and their dissociation cross sections given by the
perturbative quantum chromodynamical (pQCD) calculations in the leading order and up to the next-to-leading
order, respectively. For the relaxation time of charm and anticharm quarks in the quark-gluon plasma, we also
use 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 and the elastic scattering
cross sections of charm and anticharm quarks, we find that this effect is small for the R44 of J/¢ as they
suppress the number of initially produced J /v but enhance the number of regenerated ones. The higher-order
corrections increase, however, the v, of J /. Our results suggest that the v, of J/¥ can play an important role
in discriminating between J /v production from initial hard collisions and from regeneration in the quark-gluon

plasma.

DOLI: 10.1103/PhysRevC.83.014914

I. INTRODUCTION

One of the signatures suggested for the formation of the
quark-gluon plasma (QGP) in relativistic heavy-ion collisions
is the suppressed production of J /v [1]. This was based on
the idea that once the QGP is formed in heavy-ion collisions,
the J/vy produced from initial hard scattering would be
dissociated in the QGP because of the color screening between
its charm and anticharm quark, thus reducing the number of
produced J/y. However, recent results from lattice quantum
chromodynamics (LQCD) calculations have suggested that
J/¥ can exist above the critical temperature for the phase
transition between the QGP and the hadron gas (HG) [2,3].
Thus this not only reduces the dissociation of J /i but can
lead also to the production of J /v from the recombination of
charm and anticharm quarks in the QGP [4,5]. The latter effect
becomes more important when the collision energy is high as
more charm and anticharm quarks are produced from initial
hard scattering.

Experimentally, suppressed production of J/v in heavy-
ion collisions compared with that is expected from initial hard
scattering has been observed at both the Super Proton Syn-
chrotron (SPS) and the Relativistic Heavy-Ion Collider (RHIC)
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[6-9]. Many theoretical explanations have been proposed to
understand these experimental observations [10—13]. Among
them are the two-component model [11] and the statistical
model [13]. In the two-component model, some of the initially
produced J /vy were found to survive during the collision if
the J/yr dissociation temperature is sufficiently high [11].
In the statistical model, it is assumed, however, that all
initially produced J/y are dissociated in QGP and the
detected J /i are entirely owing to regeneration from charm
and anticharm quarks in the QGP [13]. Both models have
been able to successfully reproduce the measured nuclear
modification factor R4 of J /v as a function of the number of
participants [11,13,14] as well as of the transverse momentum
of J/¥ [15,16]. In the two-component model, the number of
regenerated J /v is smaller than that in the statistical model,
because not all charm quarks produced in a collision are
thermalized in QGP; the final produced J /v include, however,
those produced from initial hard scattering and having survived
thermal decay in the produced hot, dense matter. Although
the transverse momentum of thermally produced J /v in the
statistical model is smaller than that of J/y produced from
initial hard scattering, it is enhanced by the transverse flow.
Therefore, it is difficult to discriminate the two models based
on the number of final produced J/v and their transverse
momentum distribution.

Previously, two of us have studied in the two-component
model the Ry4 of J/y as a function of the number of par-
ticipants in heavy-ion collisions [14]. In that study, the initial
local temperature of produced QGP was determined from the
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local entropy density, which was taken to be proportional
to the linear combination of the number of participants and
the number of binary collisions in that region. The initial
fireball thus separates into two regions, with temperatures
higher and lower than the dissociation temperature of J /.
While the survival rate of initially produced J/y vanishes in
the high-temperature region, its value in the low-temperature
region is finite and depends on the temperature. The different
values of the J /vy survival rate in the two regions were found
to give rise to a kink in the dependence of the Rq4 of J/¥
on the number of participants as seen in the experimental
data. In the above-mentioned work, both the screening mass
between charm and anticharm quark and the relaxation factor
of charm quarks in QGP were calculated in the leading order
in perturbative QCD (pQCD), while the dissociation cross
sections of charmonia in QGP were calculated up to the
next-to-leading order in pQCD. Because the strong coupling
constant is found to be large up to ~27T, in LQCD, the
QGP remains nonperturbative below this temperature and
higher-order corrections in pQCD may not be negligible. The
higher-order corrections are expected to enhance in QGP both
the thermal decay rate of charmonia, which would decrease the
number of initially produced J /v, and the relaxation of charm
quarks, which would increase the number of regenerated J /.
The cancellation of these two effects is probably one of the
reasons that both the two-component model and the statistical
model can reproduce the measured Ra4 of J/y as a function
of the number of participants in heavy-ion collisions.

In the present work, we improve the two-component model
in two ways. First, instead of assuming that the transverse
acceleration of the produced fireball is constant and vanishes
at a certain time, as stated in Ref. [14], the acceleration
in the present work is obtained from the pressure inside
the fireball and continues to be present until the fireball
freezes out. Second, we take into account the azimuthally
anisotropic expansion in noncentral collisions by using a sim-
ple parametrization with a transverse-momentum-dependent
flow velocity to reproduce the measured v, of light hadrons.
This schematic fireball expansion model is then applied to
study the Rs4 of J/y as a function of both the number of
participants and the transverse momentum of J /v, as well
as to study the vy of J/¢¥. For the chemical and thermal
freeze-out temperatures, we follow those used in the statistical
model. In this model, the chemical freeze-out occurs at a
temperature of ~160 MeV, after which chemical equilibrium
is reached and no additional effective chemical reactions are
present, and the kinetic freeze-out takes place later when the
temperature drops to 120 MeV. Because the kinetic freeze-out
depends on the elastic scattering cross sections of hadrons
and, unlike light hadrons, the elastic scattering cross sections
of J/¢ in hadronic matter are small, we assume that the
kinetic freeze-out temperature for J/y is the same as the
chemical freeze-out temperature. Finally, we take into account
the higher-order corrections by multiplying the pQCD cross
sections with arbitrary constants to study their effects on the
R4 and vy of J /1. We find that, although the fraction of J /v
produced from regeneration increases with increasing larger
higher-order corrections, the resulting Ra4 of J/vy remains
essentially unchanged. On the other hand, the v, of J/y¥
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at low transverse momentum becomes more negative with
larger higher-order corrections. Therefore, studying the v, of
J /¥ can help discriminate between the two J /v production
mechanisms from initial hard scattering and from regeneration
in the QGP.

This paper is organized as follows. In Sec. II, we briefly
describe the two-component model used in Ref. [14]. We then
introduce in Sec. III the schematic model for the expanding
fireball produced in heavy-ion collision to obtain the time
evolution of the thermal properties, as well as the spatial
and kinematic information of the fireball for both central
and noncentral collisions. In Sec. IV, the R44 of J/¢ as
a function of the number of participants and the transverse
momentum of J /v are calculated with the schematic model.
Both the Cronin effect for the initial transverse momentum
broadening and the leakage effect on initially produced J /v
are considered. Results on the elliptic flow of J /1 are given in
Sec. V. In Sec. VI, higher-order corrections are introduced by
multiplying the pQCD results with constant factors, and their
effects on the R44 and v, of J/ are investigated. Finally, the
summary and conclusions are given in Sec. VII. Also, details
on the the azimuthal angle dependence of the flow velocity are
given in the Appendix.

II. THE TWO-COMPONENT MODEL
FOR J /¥ PRODUCTION

In the two-component model for J /iy production in rela-
tivistic heavy-ion collisions, some of initially produced J /¢
from hard scattering can survive through the collisions and
contribute to the final observed J/¥ in experiments, besides
those regenerated from the charm and anticharm quarks in the
produced QGP. In this section, we briefly describe the method
used in Ref. [14] to evaluate these two contributions.

A. Directly produced J /¢

The number of initially produced J/vy in a heavy-ion
collision at impact parameter b can be determined by using
the Glauber model, that is,

N7y =0y A2 Taab), (1)
where o J’% is the cross section for J /¢ productionina p 4 p
collision, which has a value of 0.774 ub per unit rapidity near
midrapidity at a collision energy /s = 200 GeV [17], and A
is the mass number of colliding nuclei. The overlap function
T4 4 in the above equation is defined by

Tyn = f PTGV oD — 5). @)
in terms of the thickness function
o0
T)6) = f d2paG. 2). 3)
—0oQ

where p4(s, z) is the nucleon distribution in the colliding
nucleus.
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The survival probability of an initially produced J /v in
relativistic heavy-ion collisions is given by

Sw(b, 5) = exp [—/ ! F(t’)dr’], @)

where 1 is the time the J /v is produced from an initial hard
scattering and 7. is the time the J/¢ freezes out from the
hot, dense matter. The J /1 survival probability depends on its
thermal decay width I'(T’) in the produced hot, dense matter,

A’k -
NOEDY / Gy U n k. Do 1) (5)

In the above, the summation is over the particle species i, which
includes the quarks and gluons in QGP as well as the baryons
and mesons in HG, with its density denoted by n;(k, T); Ve
is the relative velocity between the J /v and the particle; and
al.diss is the dissociation cross section of the J /¢ by the particle.

Because some directly produced J /v are from the decay
of directly produced excited charmonium states x. and v/’, the
survival probability of an initially produced J /v from thermal
decay is the linear combination of the survival rates for J /4,
Xc, and v/, that is,

Sin(b, 5) = 0.67S1" (b, 5) 4 0.255% (b, §) 4 0.08SY (b, 5),

(6)

where we have assumed that 25% and 8% of J/y are,
respectively, from the feed-down of x. and ', as usually
adopted in the literature [18]. We note that in Ref. [14] the
dissociate cross sections of charmonia in QGP were calculated
in pQCD up to the next-to-leading order and those in HG
were calculated via the factorization formula with the Bethe-
Salpeter amplitude for the bound charmonium states [19,20].

B. Regenerated J /v

For regenerated J /v, their number is similarly determined
as in the statistical model, that is,

N;:;?j/n/; = yz[n‘//ws{[]]/://[.] + Br(XC g J/w)nx,,S[)ﬁiH
+Br(y' — J/w)n¢rSf;_H]VR. @)

In the above, n;,y, ny, and nyo are, respectively, the
equilibrium densities of J /¥, x., and ¢’ at chemical freeze-out
when the system has volume V. The charm fugacity parameter
y takes into account the fact that the total charm quark number
is not in chemical equilibrium. It is determined by

1 I Vv
NAY = |:—yn0 1(ynoV)
2° “lp(ynoV)
where Iy and I; are modified Bessel functions with n¢ and n,,
being, respectively, the densities of open and hidden charmed

hadrons, and N A4 is the total charm quark pairs produced from
initial hard scattering given by

NAA = oMV AT (D), )

+ yznh] v, (8)

where oY/ is the cross section for ¢ pair production ina p +
p collision, which is 63.7 ub per unit rapidity near midrapidity

at /s = 200 GeV in pQCD [21]. The factor R in Eq. (7) takes
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into account the nonequilibrium effect of charm quarks in QGP
and is evaluated according to

TQGp
R=1-—exp {—/ drFC[T(r)]} , (10)
70
where 79 and togp are, respectively, the time charm quark
pairs are produced from initial hard scattering and the time the
QGP phase ends, and I'.(T') is the thermal scattering width of
charm quarks in QGP and is calculated in Ref. [14] using the
leading-order pQCD.

III. A SCHEMATIC MODEL FOR FIREBALL EXPANSION

In Ref. [14], it was assumed for simplicity that the
fireball formed in heavy-ion collisions expands transversely
with a constant acceleration of 0.1 ¢?/fm until a certain
time. Besides, the expansion is assumed to be azimuthally
isotropic even in noncentral collisions, neglecting thus the
initial elliptic shape of the collision geometry. Because the
transverse acceleration of the fireball is expected to be a smooth
and continuous function of time and also to be azimuthally
anisotropic in noncentral collisions, we improve the treatment
of the acceleration of the fireball by using a thermodynamical
consideration and also introduce a simple parametrization
with a transverse-momentum-dependent flow velocity for the
anisotropic expansion.

A. Central collisions

To treat dynamically the transverse acceleration of the
fireball formed in relativistic heavy-ion collisions, we consider
the pressure inside the fireball. In terms of the energy density e,
entropy density s, and temperature T of the fireball as well as
the chemical potential x; and number density n; of particle
species i in the fireball at a certain time, the pressure p is
given by

p:sT—e—i—Z,u,-n;. (11D

2

The outward force owing to the pressure is then
F = pA, (12)

where A is the area of the cylindrical side of the fireball. Letting
M be the inertia mass against the transverse expansion of the
fireball, the transverse acceleration is then

_(p—ppA

==
where p is the pressure of the fireball at freeze-out, if we take
into consideration the fact that the acceleration should vanish at
freeze-out, as particles undergo only free streaming afterwards.
It is assumed in the above that the fireball is globally in
thermal equilibrium. We have thus ignored the fact that in
a more realistic hydrodynamic approach only local thermal
equilibrium is achieved and each fluid element of the fireball
moves collectively. Assuming the transverse acceleration ar
acts in the local frame, the transverse velocity of the boundary
of the fireball in the laboratory frame at (i + 1)th time step can

ar (13)
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then be obtained from its value at ith time step by adding the
effect of acceleration relativistically, i.e.,
pitt = LT AT (14)
I +viAv
where Av = a’. At.

For the thermal quantities in Eq. (11), we use the quasi-
particle picture for the QGP, which assumes that strongly
interacting massless partons (quarks and gluons) can be
substituted by noninteracting massive partons to reproduce
the energy density and pressure extracted from LQCD. In this
approach, the pressure, energy density, and entropy density are
given, respectively, by [22]

gi 00 k4
p(T) = Z o /0 dkf(T) - = B(T)

= po(T) — B(T),
N (15)
o(T) = g_2/ dki* f(T)E; + B(T),
0
472 2
() = [ arpor

In the above, m;(T), g;, and w; are, respectively, the thermal
mass, degeneracy factor, and chemical potential of parton
species i with u; obtained from the flavor conservation [23].
The parton distribution function is denoted by

1
(T = , 16
T = OB — /T £ 1 (10

with the plus and minus signs in the denominator for quarks
and gluons, respectively, and E; = (m? + k*)!/2. For the bag
pressure B(T), it is obtained from the relation s = dp/90T
such that

om(T)

B(T) = Bo—i—Z/ 8mp(OT) = an

where T, = 170 MeV is the critical temperature for the
QGP-to-HG phase transition, and By is the bag pressure at
T, with its value taken to be 0.1 times the energy density of
QGP at T, to keep the pressure continuous at 7. From the
above thermal quantities, the parton thermal masses can be
determined by fitting the QGP equation of state from LQCD,
as given in detail in Ref. [14]. For thermal quantities in the
HG phase, they are calculated in the resonance gas model
by including all mesons of masses less than 1.5 GeV and all
baryons of masses less than 2.0 GeV, and for simplicity they
are assumed to be noninteracting. Figure 1 shows the resulting
energy density and pressure, divided by temperature to the
fourth power, as functions of temperature. We note that the
pressure at the thermal freeze-out temperature 120 MeV is
7.75 x 107°GeV*.

The inertia mass M in Eq. (13) is a free parameter in
our model and is determined by fitting the average transverse
momenta of light hadrons at thermal freeze-out to the measured
data. Assuming particles freeze out at a certain proper time,
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FIG. 1. (Color online) Energy density (solid line) and pressure
(dashed line) divided by temperature to the fourth power in the
quasiparticle model for QGP and the resonance gas model for HG.

their number is then

N = /da“JM =fd0“uun
3
=/—d P /dcr-ue_’"”/T
@n)}

13 l /
110

where o* and J,, are the hypersurface vector of the fireball
and the current density vector of particles, respectively; u,,
and n are, respectively, the 4-velocity of the fluid element and
the number density of particles. In obtaining the last step of
the above equation, we have used the Boltzmann distribution
for evaluating the number density and the fact that the 4-
velocity of a fluid element is equal to the average velocity of
particles in the fluid element. Ignoring the transverse boost and
keeping only the longitudinal boost, the hypersurface vector
becomes

- pe T, (18)

do™ = (37/0t,0, dt/dz)rdnrdrdg

= (coshn, 0, sinh n)rdnrdrde, (19)
where
1. t+z 1. 1+u,
r’ = — ln N — .
2 t—z 2 1l-—v,

For the 4-velocity u, of the fluid element, both boosts
are included, with the transverse boost followed by the
longitudinal boost, leading to

= (cosh 7 cosh p, cos ¢ sinh p, sin ¢ sinh p, sinh 1 cosh p),

where p is the transverse rapidity defined as p = tanh(vy),
with vy being the transverse velocity. The transverse rapidity
of the fluid element is assumed to be proportional to the radial
distance from the center of the fireball, based on the result from
hydrodynamics [24]. For the 4-momentum p,, of a particle,
it is

pu = (mrcoshy, prcose, prsing, mr sinh y),
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where y and mp =/m? + p% are, respectively, the rapidity
and the transverse energy. In general, three different azimuthal
angles are required: one for the hypersurface vector o, one
for the 4-velocity u, of the fluid element, and the other for
the momentum vector p,,. In central collisions, the azimuthal
angle for o, is, however, the same as that for u,. This is
also the case in noncentral collisions if only the radial flow is
considered, and this is assumed in present study.
Substituting Egs. (19) into Eq. (18) leads to [25]

dN 1 m
e R
dydp;  22m)* Jo

2
0

207)
oo
) / dn cosh(n — y)e "7 coshp coshtn=y)/ T
= L / dAp, ((PrShe Y g (mrcoshp
2n)? o T ! T ;
(20)

where A7 is the transverse area, and I, and K, are modified
Bessel functions. From Eq. (18), the averaged transverse
momentum of particles is given by

J dp} pr(dN/dydp})
= . 21
= T apr(anaypy) o

We find that with the inertia mass M = 570 GeV, the transverse
velocity of the fireball at freeze-out is 0.71, and the average
transverse momenta of pions, kaons, and protons are 462,
668, and 953 MeV/c, respectively, which are comparable to
measured values of 451 + 33,670 £ 78, and 949 £+ 85 MeV/c
form*, K, and the proton, respectively, in Au + Au collisions
as /s = 200 GeV and of 0%—5% centrality [26]. We note that
the measured average transverse momenta of 7 =, K —, and the
antiproton have similar values as those for their antiparticles.

In Fig. 2(a), we show the transverse velocity of the fireball
obtained with the acceleration using the above thermodynam-
ical approach as a function of time, and compare it with that
using the constant acceleration, as in Ref. [14]. The transverse
velocity is seen to increase rapidly at first and then slowly in the
thermodynamical approach, whereas it increases linearly with
time and stays constant after a certain time in the constant ac-
celeration approach. For the temperature of the fireball, shown
in Fig. 2(b), it evolves in time similarly in the two cases in spite
of their different evolutions in the transverse velocity. In the
thermodynamic approach, the QGP phase terminates at t =
5.4 fm/c, the mixed phase terminates at t = 6.9 fm/c, and the
HG phase reaches the freeze-out temperature at# = 18.7 fm/c.
In the case of constant acceleration, the corresponding times
are 5.6, 7.0, and 18.3 fm/c, respectively, and are thus similar.
Therefore, the modified acceleration introduced in the present
study is not expected to change the results in Ref. [14] on the
participant number dependence of the R44 of J/y that was
obtained with the constant acceleration.
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FIG. 2. (Color online) (a) Transverse velocity and (b) temperature
of the fireball in central Au + Au collisions at /s = 200 GeV using
transverse acceleration from the thermodynamical approach (solid
line) or constant acceleration (dotted line) as functions of time.

B. Noncentral collisions

In noncentral collisions, the length of the overlapping
region of two colliding nuclei is shorter in the direction
of the impact parameter than in its perpendicular direction
on the transverse plane, which are designated, respectively,
as the x direction and the y direction. The difference
in the overlapping lengths along these two directions
leads to a difference in the pressure gradient in these two
directions, and as a result, fluid velocities along these two
directions are different as well, with the fluid velocity in
the x direction higher than the one in the y direction. To
include such an anisotropic expansion of the fireball, we
add a term proportional to the eccentricity of the fireball to
the acceleration [Eq. (13)] as follows:

a;y = ar(1 + ze),
(22)
ay, = ar(l — ze),

where the eccentricity € is defined as
. Ry, — R,
R, + R,

and z is a fitting parameter to take into account the different
accelerations in and perpendicular to the reaction plane in
noncentral collisions. In the above, R, and R, are, respectively,
the half length of the fireball in the x direction and in
the y direction on the transverse plane. If the shape of the
overlapping region is a perfect ellipse, they then correspond to
the semiminor and semimajor axes of the ellipse, respectively.
For simplicity, we transform the initial shape of the fireball
into an ellipse by keeping the same transverse area and the
same R, to R, ratio. The velocities in the x direction and in
the y direction are then, respectively,

i1 vi + Av,

X i ’

1 -ll— vl Avy 23)

i1 Yy + Av,

vV = ——
4 1+ vi Avy
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where Av, =alAr and Avy =a}Ar. Assuming that the
fireball keeps the elliptic shape on the transverse plane during
expansion, the fluid velocity, which is assumed to be along the
radial direction, as a function of the azimuthal angle ¢ is then

vy cos2 ¢ vy sin? ¢
B TR , (24)
X y

v(p) = R*(¢) (

where

cos?¢ sin’¢ -

R(¢) = (T +— ) (25)
X y

is the radial distance from the center of the fireball to its surface
along the azimuthal angle ¢. Details in the derivation of the
above result are given in the Appendix. For the transverse
acceleration a7 in Eq. (22), it is obtained in the same way as in
the central collisions. The constant z in Eq. (22) is determined
by requiring that the final v, of light hadrons, given by the
expected value of cos(2¢) as

J d¢ cos2p)(dN /dyd® pr)
[ de(dN /dyd? pr)
[ dAr cos(2¢)L(pr sinh p/T)K (mr cosh p/T)
- [ dArIy(prsinhp/T)K (my cosh p/T)

v(pr) =

)

(26)

reproduces the experimental data.

In Fig. 3, we show the time evolution of the temperature of
the fireball and of v, vy, R,, and R, for Au + Au collisions at
/s = 200 GeV and impact parameter b = 9 fm. These results

O3 T 1T T 1 T 1T T 1 " 7T 7
= ]
> .

S o2 Mixed |
= | QGP HG |

04 4@
S o6 v_.-T .- —

> B s - 7]
> . ~

N 04 — 7/ - ]

> - e Y 7

027, 7

P TN N N U N ()

10 B 1 I 1 I 1 I 1 I 1 I/I ]
—_ -

E T < .
v> 8 — ’,’,‘ —
x R ....7 .
‘>< 6 —. ....... ’// —
D: ~ ,/’ R T
ol N R N )
0 2 4 6 8 10 12

1 (fm/c)

FIG. 3. (Color online) Time evolution of (a) temperature, (b) v,
and vy, and (¢) R, and R, for Au + Au collisions at /s =200 GeV
and impact parameter b = 9 fm.
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FIG. 4. (Color online) Elliptic flow v, of pions (solid line), kaons
(dashed line), and protons (dotted line) for Au + Au collisions
at /s = 200 GeV and impact parameter b = 9 fm (a) before the
high-pr correction and (b) after the correction. Experimental data
from collisions at 20%—60% centrality [27] are shown by rectangles,
circles, and triangles for pions, kaons, and protons, respectively.

are obtained with the anisotropic constant z = 2.2 in Eq. (22)
and the inertia mass M = 108 GeV /c? in Eq. (13). It is seen
that the QGP phase ends at r = 2.8 fm/c, the mixed phase lasts
until + = 3.8 fm/c, and the freeze-out temperature is reached
att = 11.1fm/c. The flow velocities v, and v, are 0.51 ¢ and
0.27 c at the phase transition to HG and reach 0.76 ¢ and 0.57 ¢
at freeze-out, respectively. We note that the length of R,
becomes slightly longer than that of R, at freeze-out.

The elliptic flow v, of pions (solid line), kaons (dashed
line), and protons (dotted line) at b = 9 fm, obtained from
Eq. (26) and using the results of Fig. 3, are shown in
Fig. 4(a). Except in the low- p7 region, they are seen to deviate
from the experimental data from collisions at 20%—60%
centrality [27], shown by rectangles, circles, and triangles
for pions, kaons, and protons, respectively. The reason for
this deviation is because high-py particles are not likely
to be completely thermalized as assumed in our fireball
model. To take into consideration the nonequilibrium effect,
we multiply exp[—C(pr/n)] to Av = (v, —v,)/2, where
C = 1.14GeV~! is a fitting parameter and 7 is the number of
constituent quarks in a hadron, as described in the Appendix.
Figure 4(b) shows the resulting v, of light hadrons after this
high-pr correction, and they are seen to reproduce very well
the experimental data at all pr. Because the high- py correction
factor modifies the Boltzmann distribution in Eq. (18), it can be
considered as an effective way to include the viscous effect on
the fireball 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
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FIG. 5. (Color online) Participant number dependence of average
transverse momenta of 7+ (solid line), K+ (dashed line), and the
proton (dotted line) in Au + Au collisions at /s = 200 GeV from
the fireball model with corresponding experimental data shown by
rectangles, circles, and triangles.

effect on baryons than mesons, which is consistent with the
quark number dependence in the above high-py correction
factor.

The average transverse momenta of pions, kaons, and
protons in the case of b = 9 fm are 433, 619, and 874 MeV/c,
respectively, which are comparable to measured values of
436 £ 35, 655 £ 54, and 901 £ 88 MeV/c in collisions at
30%—-40% centrality as well as 426 + 35, 636 £ 54, and
868 £ 88 MeV/c in collisions at 40%-50% centrality for
7T, KT and the proton, respectively [26]. For other values
of the impact parameter, it is found that the inertia mass
parametrized as M = O.36Ngafl4 , with Ny, being the number
of participants in a collision, works Well as shown in Fig. 5,
where the participant number dependence of the average
transverse momenta of 7, K, and protons obtained with the
parametrized inertia mass are compared with the experimental
data.

IV. NUCLEAR MODIFICATION FACTOR OF J /¢y

The nuclear modification factor R4 4 of J /v is a measure of
its production in heavy-ion collisions relative to that in p + p
collisions multiplied by the number of binary collisions. Its
value is less than one if there is a suppression and greater
than one if there is an enhancement. Besides effects owing
to the produced hot, dense matter, the Rq4 of J/¢ is also
affected by two other important effects, namely, the Cronin
effect and the leakage effect, which have been neglected in
Ref. [14].

A. The Cronin effect

Charmonium is produced mainly through the gluon-gluon
fusion in high-energy nuclear collisions. If a gluon in one
nucleus is scattered by the nucleon in the other colliding
nucleus before it produces the charmonium, the gluon obtains
an additional transverse momentum, and the charmonium
produced from the gluons then also acquires this additional
transverse momentum. As a result, the distribution of the
transverse momentum of J/y becomes different from that
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in p 4+ p collisions, and this is called the Cronin effect. Taking
into account this effect, the transverse momentum cListribution
of J/v¢ in an A 4 A collision at impact parameter b is related
to the distribution f,4,(pr) in p + p collisions by

T(r)TA(b —-3)
SpT(b 5)

X /dzﬁ’ exp —p—lﬁ
! 5p} (b, 5)

pr 27)

o A2
fasalpr,b) = ?/d

X fp+p(|ﬁT -
with

> 8p?
53 (b, 3) = <X’J d

L gN (b ’ E )a

gN

where (§ p%) is the average of added squared transverse
momentum by one gluon-nucleon collision, Agy is the mean
free path of a gluon in uniform nuclear matter, and (L,y)is
the average path length of the gluon in uniform nuclear matter
before it produces a charmonium. The prefactor (3p2) /A ¢N 18
fitted to the experimental data of p + A or d 4+ A collisions,
and (Lgy) is calculated with the Glauber model according to

fdzbdzsdzAdzBL(b 5,24, 28)K (b, 5, 24, ZB)

(Lgn) =
N fdzbdZSdZAdZBK(b S,2ZA,2B)

(28)

where

A

LB, 2ns 28) = / dz

—00 Po

5, o b—7%,
pa(s, 2) +/ deB( s Z)’
8 Po

K(b,5,24,28) = pa(S, 24)ps(b — 5, 28)
o0
X exXp {_Uabs |:/ dZ,OA(E, Z)

ZA

=+ / BdZ,Og(E—E,Z)i“.

In the above, z4 and zp are longitudinal positions where
J/¢¥ is produced from the center of nucleus A and from
the center of nucleus B, respectively; p4 and pp are the
distribution functions of nucleons in nucleus A and in
nucleus B, respectively, and they are normalized to their mass
numbers; p, is the saturation density of nuclear matter. The
function L(I; .S, z4, zp) is the sum of the path length in nucleus
A of a gluon in nucleus B and the path length in nucleus B
of a gluon in nucleus A, which correspond to the first term
and the second term on the right-hand side of L(l;, S, 24,28),
respectively. The probability that a charmonium is produced
at the position z4 from the center of nucleus A and zp from
the center of nucleus B is given by K (b 5,z4,28). The
exponential factor in K (b, S,24,2p) 1s owing to the effect
of nuclear absorption or nuclear destruction as produced J /v
can be absorbed or destroyed by nucleons with the absorption
cross section o,y before it gets out of the colliding nuclei. We
note that the integration range for the Cronin effect is from
—00(00) to z4(zp) and for nuclear absorption it is from z4(zp)
to oo(—o0) in nucleus A(B), as the Cronin effect is present
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before the production of the primordial charmonium and the
nuclear absorption happens after the creation of the J /. In the
present work, L,y is calculated at each point on the transverse
plane as follows:

deAdZBL(Ev 5,24, 28)K (.5, 24, 28)
deAdZBK(E, 5,24, 28) .

The Cronin effect thus depends on the transverse position at
which the J /v is produced.

The average squared transverse momentum ( p%) anof J /¥
in A 4 A collisions is then modified by the Cronin effect as

(3p2)
+
Fy.

Lon(b,§) = (29)

(Lgn)s (30)

where ( p%) pp 18 the average squared transverse momentum of
charmonium in p + p collisions. For center-of-mass energy
at /syy = 200 GeV, it is known that f,;,(p7) = a(l +
p2/B)~° with B = 4.1 GeV?2 [17], and we use (8p2) /Aoy =
0.1 GeV2/fm and o, = 1.5 mb for Au + Au collisions [15].

B. The leakage effect

InRef. [14], it was assumed that charmonia produced inside
the initial fireball of a QGP could not get out and charmonia
produced in the hadronic corona outside the QGP could not
get into the fireball. In a realistic situation, it is possible for
charmonia of high pr to escape from the fireball during its
time evolution, leading to the so-called leakage effect. To take
into account this effect, we consider the thermal decay width
of a charmonium inside the fireball, i.e., its transverse position
(x and y) satisfies [)C/R,C(z‘)]2 + [y/Ry(z‘)]2

rienn= e / Sostalom (ke a1, (31

where i denotes the particle species that dissociates the
charmonium and g; and n; are its degeneracy and density,
respectively; vy is the relative velocity between the charmo-
nium and the particle; and ad‘“ is the dissociation cross section
of charmonium by the partlcle. The charmonium thermal
decay width vanishes once it moves out of the fireball when
its transverse position satisfies [x/ RO + [y/ Ry(z‘)]2
Furthermore, we set the charmonium decay width to infinite
if it is produced in a region with temperatures higher than its
dissociation temperature.

C. The RAA OfJ/Tlf

With the two-component model described in Sec. II and the
fireball acceleration determined thermodynamically, results
for the R4 of J /v as a function of the number of participants
including both the Cronin and the leakage effect are shown in
Fig. 6 by the solid line. Because the Cronin effect only changes
the transverse momentum of J /v, not the number of J /v, it
does not affect the Ry4 of J/y. The leakage effect, on the
other hand, may increase R4 4 or decrease R4 4, depending on
whether J /v initially produced in the corona can move into
the fireball and on whether J /v initially produced inside the
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FIG. 6. Rs4 of J/¥ as a function of the number of participants
in Au + Au collisions at /s = 200 GeV.

fireball can escape to the outside. The present results are found
to be hardly distinguishable from those obtained in Ref. [14],
based on the constant acceleration of the fireball and without
including the Cronin and leakage effects, as the lifetime of
QGP differs very little in the two cases and the leakage effect
also turns out to be small.

Figure 7 shows the R4 of J /v as a function of transverse
momentum obtained with the fireball acceleration calculated
thermodynamically. It is seen that the R 44 of initially produced
J/¥, given by the dashed line, increases with transverse
momentum because of the Cronin and leakage effects. On
the contrary, the R4 of regenerated J/y decreases with
transverse momentum at high pr, as shown by the dotted line.

2.0 T T T T b‘ L L B B
0-20% ( )
150 T j
| - initially produced Jhy |

1.0

-~ regenerated Jiy
total J/y

0.5
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FIG. 7. (Color online) Nuclear modification factor R44 of J /¢
as a function of transverse momentum in collisions of (a) 0%—-20%,
(b) 20%-40%, (c) 40%—60%, and (d) 60%-92% centralities in
Au + Au collisions at /s = 200 GeV. Dashed and dotted lines are,
respectively, the R4, from initially produced J /¢ and regenerated
J /¥, and the solid line is the sum of the two.
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FIG. 8. Average squared transverse momentum of J /v in Au +
Au collisions at /syy = 200 GeV from the two-component model
(solid line) and experimental data (filled squares).

In Fig. 8, we show the participant number dependence
of the average squared transverse momentum of J/iy in
Au + Au collisions from the two-component model. Our
results reproduce the experimental data for peripheral and mid-
central collisions. For central collisions, the two-component
model overestimates the measured average squared transverse
momentum of J/v. One possible reason for this is that we
may have overestimated the diffusion of charm quarks in the
fireball. The number of charm quarks produced in heavy-ion
collision is proportional to the number of binary collisions of
nucleons, which is more concentrated in the central region
of the fireball. The number of light quarks is, on the other
hand, proportional to the number of participants. Because the
relative concentration of the number of binary collisions to the
number of participants is larger in central collisions than in
semicentral or peripheral collisions, charm quarks are initially
more concentrated in the central region than light quarks. If
the diffusion 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.

V. ELLIPTIC FLOW OF J /¢y

The elliptic flow v, of J /v in the two-component model
can be different from that of light hadrons as a result of
the following two effects. First, J/¢’s are produced from
two different mechanisms, the initial hard scattering and the
regeneration, while light hadrons are produced only through
regeneration. Second, the freeze-out temperature for J/y
could be different from that of light hadrons. Because initially
produced J /¥ ’s have transverse momenta that are azimuthally
isotropic, they are expected to have vanishing v,. However, the
anisotropic expansion of the fireball could give rise to nonzero
v, for J /. In noncentral collisions, the size of the fireball is
shorter in the x direction than in the y direction. As a result,
the survival rate of J/v¥ moving in the x direction will be
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higher than that moving in the y direction. In this case, the
v, of J /¥ is positive, because the number of J /v moving in
the x direction is more than that moving in the y direction.
On the contrary, the v, of regenerated J/iy is negative at
low pr for the following reason. Assuming particles are
locally thermalized, they then have a thermal distribution in
the local frame. Because the thermal distribution is peaked at
p? = 2T (T + /T? + m?), where T and m are the temperature
and mass of the particle, respectively, more massive particles
thus peak at higher momenta. If the thermalized matter is
boosted with a certain velocity, the peak is shifted to higher
momentum in the laboratory frame. In noncentral collisions,
the difference in the length of the overlapping region in
the x direction and the y direction leads to a difference in
the pressure gradient and, as a result, a difference in fluid
velocity along these two directions. Because the length of
the overlapping region is shorter in the x direction, the fluid
velocity is higher and the peak of the momentum distribution
is more shifted in this 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, while
the number density at momenta higher than the peak becomes
larger. As a result, the number density of J /v moving in the x
direction is smaller than that of J /¢ moving in the y direction
at small p7, and this becomes opposite at high p7, thus leading
to a negative v;.

Figure 9 shows the results from the two-component model
for the v, of initially produced, regenerated, and total J /v in
Au + Au collisions at \/syy = 200 GeV and b = 9 fm. These
results are obtained with the high-pr correction to the flow
velocity as in the case for light hadrons. It is seen that the
v, of initially produced J /v is essentially zero, whereas the
v, of regenerated J/vy has a minimum value of —0.028 at
pr = 1.1 GeV. The v, of total J/v is slightly negative,
because only 12% of J /v are from regeneration for collisions
at b =9 fm in the two-component model. We note that the

6 1 T 7 T T T T 7T T
| = = initially produced J/ |
- regenerated J/
4 total J/ —
g2 B
o T 4
>
0
2 —]
_4 1 l 1 l 1 l 1 l 1 l 1

FIG. 9. (Color online) Elliptic flow v, of J/vy for Au+ Au
collisions at /s =200 GeV and b =9 fm in the two-component
model. The dashed, dotted, and solid lines are, respectively, the v, of
initially produced, regenerated, and total J /.
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v, of J/¢¥ has been measured recently by the PHENIX
Collaboration for Au 4+ Au collisions at 20%—60% centralities
[28,29], and it has a value of —0.15 & 0.12 between py = 1
and 2 GeV, which is much much more negative than our value.

VI. EFFECT OF HIGHER-ORDER pQCD CORRECTIONS

In our two-component model, the screening mass between
charm quarks and the thermal decay widths of charmonia as
well as the relaxation factor of charm quarks in QGP are
calculated in pQCD. Specifically, the dissociation cross section
of charmonium used for determining its thermal decay width is
calculated up to the next-to-leading order, and the elastic cross
section of charm quarks for calculating the relaxation factor,
and the screening mass are calculated in the leading order.
Because it is known that the pQCD is not reliable up to ~27,
corrections owing to higher orders are expected to be important
for the temperature regime considered in the present study.
The higher-order correction for the dissociation cross sections
of charmonia is expected to suppress the survival probability
of charmonia in hot, dense matter while the correction for
the relaxation factor of charm quarks would enhance the
regeneration of charmonia. Therefore, there could be a balance
between the dissociation and the regeneration of charmonia
in calculations including higher-order corrections. To include
higher-order corrections, we simply introduce in the present
study some multiplication factors to the dissociation cross
sections of charmonia and to the elastic cross section of charm
quarks as follows:

/
O jytq(@)—ctirx = AT /yrq(g)—>c+e+Xs 32)

I
Octq(g)—>ctale) = Bociq(g)—c+q(e)s

where A and B are arbitrary constants.

In Fig. 10, the Ra4 of J/¥ is shown as a function of
the number of participants. Solid, dashed, dotted, and dashed-
dotted lines correspond, respectively, to results obtained in the
two-component model with (A,B) = (1,1), (2,2), (5,4), and
(10,6.5) for the multiplicative factors used to include high-
order effects in pQCD. These results show that higher-order
corrections do not change much the value of the R44 of J/¢¥
even with a large correction factor of 10. This is owing to the
balance between the dissociation and the regeneration of J /v
as mentioned previously, with the suppression of J/yr caused
by enhanced dissociation compensated by the enhancement of
regenerated J/y. However, as the correction factor becomes
large, the kink in the R4, curve at approximately Np,x = 170
becomes less noticeable. To understand this, we note that the
kink in the curve is caused by the discontinuity in the survival
probability of J/¢ in the region of the fireball, where the
temperature is higher than the dissociation temperature and in
the region where the temperature is lower than the dissociation
temperature. As higher-order corrections become large, the
thermal decay width of J/¢ increases and the survival
probability of J/v in the low-temperature region becomes
comparable to that in the high-temperature region. As a
result, the kink disappears when higher-order corrections are
large.
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FIG. 10. (Color online) Nuclear modification factor R4 of J /v
as a function of the number of participants in Au + Au collisions at
/s = 200 GeV with different values of the multiplicative parameters
(A,B) =(1,1), (2,2), (5,4), and (10,6.5) for including the effect of
higher-order corrections in pQCD. Corresponding results are shown
by solid, dashed, dotted, and dashed-dotted lines, respectively.

Figure 11 shows the fraction of regenerated J/¢¥ among
total J /¢ in Au + Au collisions at /s = 200 GeV in the two-
component model. Without higher-order corrections (solid
line), the regenerated J/yr is ~31% of total J/y produced
in central collisions. Including higher-order corrections, the
percentage increases to 52%, 81%, and 96%, respectively,
for multiplicative factors (A,B) = (2,2), (5,4), and (10,6.5),
shown by dashed, dotted, and dashed-dotted lines, respectively.
We note that the fraction of regenerated J/y is smaller in
semicentral and peripheral collisions than in central collisions.

100 T T T I T

fraction of regenerated J/y (%)

400

FIG. 11. (Color online) Fraction of regenerated J /¢ among total
J /v in Au + Au collisions at /s = 200 GeV. Solid, dashed, dotted,
and dashed-dotted lines correspond, respectively, to multiplicative
factors (A,B) = (1,1), (2,2), (5,4), and (10,6.5) for higher-order
corrections.
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FIG. 12. (Color online) R4 of J/y as a function of transverse
momentum in Au + Au collisions at /s = 200 GeV and centralities
of (a) 0%-20%, (b) 20%—-40%, (c) 40%—60%, and (d) 60%—92%.
Solid, dashed, dotted, and dashed-dotted lines correspond, respec-
tively, to multiplicative factors (A,B) = (1,1), (2,2), (5,4), and
(10,6.5) for the higher-order corrections.

Figure 12 shows the R44 of J/¢ as a function of the
transverse momentum in the same collisions at (a) 0%—20%,
(b) 20%—40%, (c) 40%—60%, and (d) 60%—-92% centralities.
The lines in each figure correspond, respectively, to multi-
plicative factors (A,B) = (1,1), (2,2), (5,4), and (10,6.5) for
the higher-order corrections. It is seen that the R44 does not
change much even with large higher-order corrections as a
result of the large transverse flow of regenerated J/ir. As
shown in Fig. 7, the pr dependence of the R4, of initially
produced J /4 is similar to that of regenerated J /1 except at
high pr, where the Rs4 of initially produced J /v increases
while that of regenerated J/y decreases. As a result, the
R44 at high pr decreases when higher-order corrections are
included, and this seems to contradict with the pr dependence
of measured R4 4, which is an increasing function at high pr.
Although higher-order corrections are small at high pr, they
are relatively large at low pr, and this seems to reproduce the
observed decreasing R 44 with increasing pr, when py is low,
in peripheral collisions, as shown in Fig. 12(d). This is mainly
owing to the fact that in peripheral collisions, the time between
the thermalization of fireball and the freeze-out of J /v is short,
so the transverse flow is not sufficiently developed to give a
large transverse flow velocity to the regenerated J /.

In Fig. 13, we show the average squared transverse
momentum of J/y before and after including higher-order
corrections. It is seen that higher-order corrections have very
little effect on the results.

Figure 14 shows the v, of J/¢ in the same collisions at
b = 9 fm without and with higher-order corrections. Different
from the R44 of J/¥, the change in v, owing to higher-
order corrections is significant. For increasing large correction
factors listed in the above, the fraction of regenerated J/yr
among total J /v is 12%, 23%, 42%, and 63%, respectively.
This can be understood easily from the fact that the v, of
initially produced J /v is very small. In terms of the v, of
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FIG. 13. (Color online) Average squared transverse momen-
tum of J/y¥ in Au+ Au collisions at /s =200 GeV. Solid,
dashed, dotted, and dashed-dotted lines correspond, respectively, to
multiplicative factors (A,B) = (1,1), (2,2), (5,4), and (10,6.5) for the
higher-order corrections.

initially produced J /v and that of regenerated J /v, the v, of
total J /v is given by

[cosp)dN [ cos(Qe)dNg + [ cos(2p)dN;
) A [dNg + [dN;

[ cosQe)dNp [ cos(2p)dNg N

" [dNgk+[dN, ~  [dNg N

, (33)
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FIG. 14. (Color online) Elliptic flow v, of J/¥ in Au+ Au
collisions at /s =200 GeV and b =9 fm with higher-order
corrections. Solid, dashed, dotted, and dashed-dotted lines
correspond, respectively, to multiplicative factors (A,B) = (1,1),
(2,2), (5.4), and (10,6.5) for the higher-order corrections. The
double-dotted-dashed line is the v, of J/y if they are totally from
regeneration.
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where N, N;, and Ny are, respectively, the total number
of J/vr, the number of initially produced J/vr, and that of
regenerated J/yr. Equation (33) shows that the v, of total
J /v in heavy-ion collisions can be approximated by the v, of
regenerated J /v multiplied by its fraction among total J /.
The double-dotted-dashed line in Fig. 14 is the v, of J/¢ if
all J/y are produced from regeneration. It is worthwhile to
point out that even in this extreme case, the v, of J /v still only
reaches the upper error bar of the experimental data, which has
a value of —0.03 between pr = 1 and 2 GeV [28,29]. If the
experimental data on v, of J /1 is correct, it then means that the
fraction of regenerated J /v is not small, even in semicentral
collisions.

VII. SUMMARY AND CONCLUSIONS

We have investigated in the two-component model the R 4 4
of J /¢ as a function of transverse momentum and the number
of participants as well as the v, of J /v in relativistic heavy-ion
collisions. The study was based on a schematic model for the
expansion of the fireball formed in these collisions. In this
model, the transverse acceleration of the fireball was assumed
to be proportional to the outgoing force given by the product
of the pressure of the hot, dense matter inside the fireball and
the surface area of the fireball, and inversely proportional to an
inertia 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 noncentral collisions
was modeled by simply adding or subtracting an additional
term proportional to the eccentricity of the fireball to the
acceleration in the x direction or y direction. The coefficient
of the additional term was determined such that the v, of light
hadrons was reproduced after including the high- p correction
to the flow velocity owing to the nonequilibrium effect. Both
the Cronin effect owing to the initial transverse momentum
broadening of gluons in nuclei and the leakage effect owing
to the escape of initially produced J/¢ from produced hot,
dense matter on the Rq4 and v, of J/y were included. For
the kinetic freeze-out temperature of J /v, it was taken to be
the same as the chemical freeze-out temperature, because of
the much smaller elastic cross section of J/i than that of
light hadrons, which normally has a lower kinetic freeze-out
temperature than the chemical freeze-out temperature. For
Au + Au collisions at /s = 200 GeV, the model was shown
to give a good description of participant number dependence
of the Ry of J/, as in Ref. [14]. It could also describe the
increase of J/y R4 with increasing transverse momenta as
a result of the inclusion of the Cronin and leakage effects in
our study. For the J /v elliptic flow, its value was found to be
small as J /¢ was mostly produced from initial hard scattering
in the two-component model.

We have also studied the higher-order corrections 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 screening mass. We found
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that higher-order corrections enhanced both the dissociation
of charmonia and the relaxation of charm quarks. The former
decreases the number of initially produced J /v while the latter
increases the number of regenerated J /1. As a result, the total
number of J /¢ was found to change very little after including
higher-order corrections. However, the fraction of initially
produced J/y and that of regenerated ones were affected
significantly by higher-order corrections, with larger higher-
order corrections leading to a larger fraction of regenerated
J /¢ among total J/v. This is the reason why the Ry4 of
J /¥ 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 describe successfully the
dependence of R44 on the number of participants. Applying
the same higher-order corrections to the study of the transverse
momentum dependence of the Ras of J/¢¥, we found that
it was also insensitive to the fraction of regenerated J /v
among the total J /¢ except at high pr, as the small transverse
momentum of regenerated J /v is compensated by the large
transverse flow velocity. On the other hand, the v, of J /v is
sensitive to the fraction of regenerated J/¢ because the v,
of initially produced J /v is almost zero. If the elastic cross
section of J /¢ in QGP is not small, the initially produced J /v
can then acquire non-negligible v, through scattering with
thermal partons. However, initially produced J /1 is expected
to have a smaller binding energy and larger radius because
of the high temperature. The loosely bound J/v is thus
more likely to be dissociated rather than scattered elastically
when colliding with thermal partons. For regenerated J /4,
they were assumed to be produced from thermalized charm
quarks in QGP. It is not clear yet how close charm quarks
are from thermal equilibrium in heavy-ion collisions. Recent
experimental data on nonphotonic single electrons, which
are produced through the decay of heavy mesons, suggest
that charm quarks are thermalized significantly [30]. If
charm quarks are thermalized, resulting thermally produced
J /¥ would share their thermal properties and thus acquire
appreciable v,. Also, if there is an abrupt decrease in the mass
of charmonia near 7, as suggested in Ref. [32], the yield of
regenerated J /v would be enhanced and so is its contribution
to vy.

We have used in the present study an equation of state
with a first-order phase transition between the strongly
coupled QGP and the hadronic resonance gas. Recent LQCD
calculations imply, however, that the QCD phase transition
is a crossover in the high-temperature 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 QGP and the hadronic matter, it
is not expected to affect much our results as the QGP has a
smaller average volume during the crossover phase transition
than during the first-order phase transition, thus resulting in a
small difference in the 4-volume.

Presently, the v, of J/v has large error bars in the
experimental data. If refined and precise data on the v, of
J /¥ become available, they are expected to play an important
role in discriminating between the two production mechanisms
for J /4, i.e., initial production and regeneration.
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APPENDIX

Let the semimajor and the semiminor axes of an elliptic
fireball produced in heavy-ion collisions be R, and R,
respectively, and the fluid velocities along these two axes be
v, and vy, respectively, at a certain time during the evolution
of the fireball. A short time Af later, the semimajor axis
becomes R, = R, 4+ v, At and the semiminor axis becomes
R, = R, + v, At. Suppose that a certain point on the ellipse,
(x/R:)* + (y/R,)* = 1, moves to a slightly expanded ellipse,
(x/R})* + (y/R})* = 1,inaradial direction, keeping the same
polar angle ¢. Then the velocity of the point v(¢) satisfies

{[R(¢) + v(®)Ar]cos p}>  {[R(®) + v(p)Ar]sing}*
(R, + v, At)? (R, + v, At)? o

1,
(AD)

where

2 02 -1/2
R(@) = (Cc’;f + S‘;f)

x y
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is the distance from the center of the ellipse to the point on
the ellipse along the polar angle ¢. Expanding Eq. (A1) with
respect to the infinitesimal time interval At gives

[R(¢)cos¢)*  [R(¢)sing]*
R? R?
2 )
+At{v(¢) |:2R(¢I);OS ¢ + 2R(¢I)e§1n ¢:|

2R(¢p) vy cos’dp  2R*(p)vy sin® ¢ _
R} R; -

thus leading to the following expanding velocity of the surface
of the fireball:

vy cos” @ n vy sin® ¢
R} R} ’

Defining v = (v, + v,)/2and Av = (v, — v,)/2, Eq. (A2)
can be rewritten as

(A2)

v(p) = R*(9) (

A 2 — A L)
o) = R($) [(” Vs @ By “’]
X y

(A3)

Because high-py particles are unlikely to follow the
collective motion, both v and Av can be functions of pr.
For simplicity, we modify only Av by multiplying it with the
factor exp[—C(pr/n)], where C is a fitting parameter [31].
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