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Abstract. Using the two-component model for charmonium productiohictv includes contributions from
both initial hard nucleon-nucleon scattering and from negation in the quark-gluon plasma, we have studied the
nuclear modification factdRaa and elliptic floww, of J/¢ in relativistic heavy-ion collisions. For the expansion
dynamics of produced hot dense matter, we have introduceleargtic fire-cylinder model with its transverse
acceleration determined from the pressure gradient ink&l&re-cylinder and azimuthally anisotropic expansion
parameterized to reproduce measurgdf light hadrons. We have assumed that light hadrons freezatdhe
temperature of 120 MeV while charmonia at 160 MeV, similahikinetic and chemical freeze-out temperatures
in the statistical model, respectively. For the propertiesharmonia in the quark-gluon plasma, we have used
the screening mass between their charm and anticharm gaadksheir dissociation cross sections given by
the perturbative QCD (pQCD) in the leading order and up tortéet-to-leading order, respectively. For the
relaxation time of charm and anticharm quarks in the qudukrgplasma, we have also used the one calculated in
the leading order pQCD. Modeling thé&ect of higher-order corrections in pQCD by introducing riplicative
factors to the dissociation cross sections of charmoniathadelastic scattering cross sections of charm and
anticharm quarks, we have found that thiget is small for thd&Ras of J/y as they suppress the number of initially
producedJ/y but enhance the number of regenerated ones. The higharamdections increase, however, the
v of J/y. Our results thus suggest that theof J/¢ can play an important role in discriminating betwe®g
production from initial hard collisions and from regen@atin the quark-gluon plasma.

1 Introduction tor of J/y as a function of the number of participants [7,
9,10] and their transverse momentum [11,12]. Although
One of the signatures suggested for the formation of thethe transverse momentum of thermally produdgg in
quark-gluon plasma (QGP) in relativistic heavy-ion colli- the statistical model is smaller than thatJ3fy produced
sions is the suppressed productionJgf compared with  from initial hard scattering, itis enhanced by the transger
that expected from initial hard scattering [1]. Experimen- flow. Therefore, it is diicult to discriminate the two mod-
tally, suppressed production fy in heavy-ion collisions  els based on the number of finally produckg and their
has been observed at both Super Proton Synchrotron (SPSyansverse momentum distribution. Since initially progidic
[2,3] and Relativistic Heavy lon Collider (RHIC) [4,5]. J/¢ have azimuthally isotropic transverse momenta, they
Many theoretical explanations have been proposed to un-are expected to have vanishing elliptic flow, which is in
derstand these experimental results [6—9]. Among them arecontrast with the appreciable elliptic flow of regenerated
the statistical model [9] and the two-component model [7]. ones, the elliptic flow of/y in heavy ion collisions is thus
In the statistical model, it is assumed that all initiallppr ~ sensitive to the fraction od/y that is produced from the
ducedJ/y are dissociated in QGP and the detected onesregeneration in the QGP. Studying the elliptic flowJpis
are entirely due to regeneration from charm and anticharmthus can help to discriminate between the g produc-
quarks in the QGP [9]. In the two-component model, the tion mechanisms of from initial hard scattering and from
number of regeneratelfy is smaller than that in the sta- regeneration in the QGP.
tistical model as some initially produceldys can survive _
during the collision if thel/y dissociation temperature in In this talk, we report results from our recent work on
QGP s stiiciently high [7]. Both models are able to suc- J/¥ production and elliptic flow in heavy ion collisions at

cessfully reproduce the measured nuclear modification fac-RHIC using the two-component model [13]. The talk is or-
ganized as follows. We briefly describe in Sec. 2 the two

2@ e-mail:ko@comp. tamu. edu component model and in Sec. 3 the schematic model for
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momentum ofl/y are studied in this schematic model. Re-
sults on the elliptic flow of]/ys are presented in Sec. 5.
Finally, the summary and conclusions are given in Sec. 6.

2 the two-component model for
production

Iy

In the two-component model fal/y production in rela-
tivistic heavy-ion collisions, some initially producedy

from hard scattering can survive through the collisions and

contribute to the final observedfy in experiments, be-

order if itis 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 producedfy are from the de-
cay of directly produced excited charmonium stgteand
¥, the survival probability of an initially produced)/y
from thermal decay is the linear combination of the sur-
vival probabilities ford/y, yc, andy’, that is

Sin(b, ) = 0.67S}/(b,s) + 0.255!(b, s) + 0.085Y (b, s),
(6)

sides those regenerated from charm and anticharm quarkyhere contributions td/y production from the feed-down

in the produced QGP.

2.1 directly produced J/y

The number of initially produced/y in a heavy-ion col-

lision at impact parametdy can be determined from the

Glauber model as
NAA

NN A2
31 = 03P Taa(b).

@
in terms of the cross sectiam’j‘/'fb for J/y production in
a p + p collision, which has a value of 0.7k per unit
rapidity near midrapidity at collision energy’s = 200
GeV [14], the mass numbé of colliding nuclei, and the
nuclear overlap function

Taa = f d?STa(9)Ta(b - 9), (2)

where

Ti9 = [ dzuis. 3)
is the thickness function witpa(s, 2 being the nucleon
distribution in the colliding nucleus.

The survival probability of an initially produceily in
relativistic heavy-ion collisions is given by

Sth(b,s)zexp{— f | F(T’)dr’},

wheretg is the time thel/y is produced from an initial
hard scattering ang; is the time thel/y freezes out from
the hot dense matter. Tl survival probability depends
on its thermal decay widtR(T) in the produced hot dense
matter,

(4)

3 _
F(T):Z f %vrm(k)ni(k,T)o-?'ss(k,T). (5)

In the above, the summation is over the particle species

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); urel is the relative velocity between the
J/yr and the patrticle. For the dissociation cross seati?j??
of J/y, itis calculated in pQCD up to the next-to-leading

of yc andy’ are taken to be 25% and 8%, respectively, as
usually adopted in the literature [17].

The directly produced/y, which is produced by gluon
fusions, is &ected by the Croninféect due to the gluon-
nucleon scattering. This leads to an increase of the average
squared transverse momentupﬁ)AA of J/y in A+A col-
lisions, i.e.,

(op2)
AgN

(P)aa = (PF)pp + (LgnDs (7

where(p2 ), is the average squared transverse momentum
of J/y in p + p collisions,(5p?) is the average of added
squared transverse momentum by one gluon-nucleon scat-
tering, andi,n and(L,n) 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 a{/syv = 200 GeV, it is known that
forp(PT) = (1 + p3/B)~° with g = 4.1 Ge\? [14], and
(6p2)/ A,y = 0.1 GeVP/fm andoaps = 1.5 mb are used for
Au-+Au collisions [11].

Furthermore, for directly produceldy of high pr, they
may escape from formed QGP in relativistic heavy ion col-
lisions, leading to the so-called leakadkeet.

2.2 regenerated J/y

For regenerated/y, their number is similarly determined
as in the statistical model, that is
J c
Nigos = ¥* {NowSiyy + Br(xe = J/w)n, St

+Br(y — J/y)nySy,_ | VR (8)
In the aboveny,,, n,., andn, are, respectively, the equi-
librium densities of)/y, x¢, andy’ at chemical freeze-out
when the system has volumé& The charm fugacity pa-
rametery takes into account the fact that the total charm
quark number is not in chemical equilibrium. It is deter-
mined from

1 li(ynoV) 5
NE =12 V,
cc {Zyno|o(yn0V) +Y MhV,

)

wherelg andl, are modified Bessel functions witly and
Ny being, respectively, the densities of open and hidden
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charmed hadrons, and? is the total charm quark pairs The inertia massV is a free parameter and is deter-
produced from initial hard scattering. The latter is given mined by fitting the average transverse momenta of light
by hadrons to experimental data using the light hadron rapid-
ity and transverse momentum distributions,
NG = ot A%Ta(D), (10) .
dN oy dA- | pr sinhp K myr coshp
wherec N is the cross section farc pair production in dydp? ~ (2r)? f O T, T ’
a p + p collision, which is 63.7ub per unit rapidity near (13)

midrapidity at /s = 200 GeV in perturbative QCD [18].
'I_'he factorR in Eq. (8) takes i_nto account 'Fhe nonequilib- whereAy is the transverse area,= tanhgr) is the trans-
rium effect of charm quarks in QGP and is evaluated ac- verse rapidity withyr being the transverse velocity in unit

cording to of the velocity of lightc at the thermal freeze-out temper-
oo atureT; = 120 MeV, andl, andK, are modified Bessel
Ro1_ exp{— f Q dTFC(T(T))}, (11) fqnctions. From measure(_j average transverse momenta of
o pions, kaons and protons in Au collisions at+/s = 200

_ ) GeV and 0-5% centrality [20], the inertia mass is found to
wherero andrqgp are, respectively, the time charm quark pe M = 570 GeVc2.

pairs are produced from initial hard scattering and the time
QGP phase ends, an@(T) is the thermal scattering width
of charm quarks in QGP and is calculated using the leading-

order pQCD. 0.8 [z , , ,
o 06 [ ]
3 A schematic model for fire-cylinder ‘;’_ 04 - _
expansion B 1
0.2 [7 B
For the dynamics of relativistic heavy-ion collisions, we 04 T T Y AT E—
have used a schematic fire-cylinder model in which the hot “ [b) ! ! ! i
dense matter formed in the collision is assumed to be in <
global thermal equilibrium and evolves boost invariantly o 03 n
in the longitudinal direction but with an accelerated trans ) i ]
verse expansion. Specifically, its volume in central heavy 02 [~ 7
ion collisions expands in the proper timeaccording to B | | | .
01 1 1 1 1
1L\ 0 5 10 15 20
V(1) = 28(t0 + T)7 |ro + EaTT . (12) t (fm/c)

In the above, the factor 2 takes into account the forward _Flg. 1. Transverse velocity (a) and temperature (b) of fire-cylinde

and backward expansions in the beam directipis the in central Au-Au collisions at+/s = 200 GeV as functions of

S : L . time.
longitudinal velocity of nuclear matter, which is approxi-
mately equal to the rapidity near midrapidity,is thermal-
ization time, andy is the initial radius of QGP on the trans- In Fig. 1(a), we show the resulting transverse veloc-
verse plane. For the transverse acceleratipof the fire- ity of the fire-cylinder obtained with the acceleration as a

cylinder, it is given byar = (p — ps)A/M in terms of the  function of time. The transverse velocity is seen to inceeas
outward force due to the pressysénside the fire-cylinder  rapidly at first and then slowly. For the temperature of the
on the area of its cylindrical side divided by the the iner-  fire-cylinder, which starts at the initial value ®f = 338

tia massM against its transverse expansion. Thds the MeyV, is obtained by assuming that the total entropy of the
pressure of the fire-cylinder at freeze-out as the tranevers fire-cylinder is conserved during expansion, it decreases
acceleration should vanish at freeze-out when particles un with time as shown in Fig. 1(b). It is further seen that the
dergo free streaming afterwards. For the pressure insideQGP phase terminatestat 5.4 fm/c when the tempera-
the fire-cylinder, it is calculated in the quasiparticle-pic ture isT, = 170 MeV, the mixed phase at= 6.9 fm/c,

ture [19], which assumes that strongly interacting massles and the HG phase reaches the freeze-out temperature at
partons (quarks and gluons) can be substituted by nonin-t = 18.7 fmy/c.

teracting massive partons to reproduce the energy density In noncentral collisions, the fierence in the length of
and pressure extracted from the lattice QCD, if the mat- the overlapping region of two colliding nuclei along the
ter inside is a QGP. In the case of a hadron gas (HG), thedirection of impact parameter and that in its perpendicular
pressure is calculated in the noninteracting resonance gaslirection on the transverse plane, designated, respBgtive
model of mesons of masses less than 1.5 GeV and baryonas thex-direction and the-direction, leads to a ffierence

of masses less than 2.0 GeV. We note that the QGP to HGn the pressure gradient in these two directions, resuiting
phase transition is first-order in this model. an anisotropic acceleration of the transverse dimension of
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the fire-cylinder. This ffect is included by introducing the
following accelerations along theand they directions:

ay=ar(l+z), a,=ar(l-z), (14)

in terms of the eccentricity = (R, — Ry)/(R, + Ry), where

Ry andR, are, respectively, the half length of the fire cylin-
der in thex andy directions on the transverse plane. The
constantzin Eq. (14) is determined by requiring that the fi-
nalv; of light hadrons, determined by the expectation value

of cos(2) as

v2(pr) =
J dAr cos(2)1(pr sinhp/T)Ks(mr coshp/T)

,(15
[ dArlo(pr sinhp/T)Ky(mr coshp/T) (19)
reproduces the experimental data.
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Fig. 2. (color online) Time evolutions of temperature (a), trans-
verse flow velocities, andy, (b), and transverse rad#, andR,

(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 velocities, andv,, and transverse
radii Ry andR, of the fire-cylinder in Au-Au collisions at
4/s = 200 GeV and impact parameter= 9 fm. These
results are obtained with an initial temperatlige= 274
MeV, the anisotropic constamt= 2.2 in Eq. (14) and the
inertia massM = 108 GeVc?. It is seen that the QGP
phase ends at = 2.8 fm/c, the mixed phase lasts until

t =111 fm/c. The flow velocitiesx anduv, are 0.51c and
0.27c at the phase transition to HG and reach Oc7ihd
0.57c at freeze-out, respectively. We note that the length
of R, becomes slightly longer than thatlef 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 expFC(pr/n)] to 4v = (vx — v,)/2,
whereC = 1.14 ¢/GeV is a fitting parameter and is
the number of constituent quarks in a hadron. Since the
high pr correction factor modifies the Boltzmann distribu-
tion, it can be considered as affextive way to include
the viscous ffect on the fire-cylinder expansion. In the
qguark-counting picture for hadron scattering, the ratio of
the baryon to the meson scattering cross sectiong2is 3
This then leads to a smaller viscouteet on baryons than
mesons, which is consistent with the quark number de-
pendence in the above high 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/as 0.36N ;¢
with Npart being the number of participants in a collision.

4 Nuclear modification factor of

Jy

0.0

0 100 200

N

part

300 400

Fig. 3. Raa Of J/y 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 temperatuiie; = 160 MeV for J/y, we
have studied th&aa of J/y 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-

t = 3.8 fm/c, and the freeze-out temperature is reached atical results atNpat ~ 160 is caused by the discontinuity



Hot and Cold Baryonic Matter — HCBM 2010

2.0 T T

NTT T T ) ok
a
@ 020%  {®) 2040% - | | |

1.5 j ------- initially produced J/‘l;: j I _
........... regenerated J/y

1.0 total J/y ij j

<p.*> (GeV’/c?)
N
|

Au + Au @ 200 GeV

2 1 I 1 I 1 I 1
0 100 200 300 400
N

part

Fig. 4. (color online) Nuclear modification fact®aa of J/y as . .
a function of transverse momentum in A&u collisions of O- Fig. 5. Average squared transverse momenturd/gfin Au+Au

20% (a), 20-40% (b), 40-60% (c) and 60-92% (d) centralittes a COMISIONS &l ySwy = 200 GeV from the two-component model
/S = 200 GeV. Dashed and dotted lines are, respectivelyrige  (S0lid lin€) and experimental data (filled squares).
from initially producedJ/y and regenerated/y,, and the solid

line is the sum of the two. . - -
peripheral collisions, charm quarks are initially morecon

centrated in the central region than light quarks. If the dif
in the survival probability ofl/y in the region of the fire-  fusion of charm quarks is slow, they would remain near the
cylinder where the temperature is higher than the disso-central region even at hadronization and their transverse
ciation temperature and in the region where the tempera-velocity would then be smaller than those of light quarks.
ture is lower than the dissociation temperature. Since the
Cronin dfect only changes the transverse momentum of
J/¢, not the number ofl/y, it does not &ect theRaa of 5 elliptic flow of  J/y
J/y. The leakage féect, on the other hand, may increase
Raa or decreas®aa, depending on whethel/y initially
produced in the corona can move into the fire-cylinder and
on whetherd/y initially produced inside the fire-cylinder
can escape to the outside. The n@tet due to leakage is,

6 1 T ] T T T T T
howe_ver' small. . — — initially produced J/y
Figure 4 shows th&aa of J/y as a function of trans- " - - -regenerated Jiy 7
verse momentum for fferent centrality bins. It is seen 4 total J/y —

that theRaa of initially producedd/y, given by the dashed
line, increases with transverse momentum because of the
Cronin and leakagefiects. On the contrary, th@aa of
regenerated/ys decreases with transverse momentum at
high pr as shown by the dotted line.

In Fig. 5, we show the participant number dependence
of the average squared transverse momenturd/ofin . .
Au-+Au collisions from the two-component model. Our re- 2 .. e —
sults reproduce the experimental data for peripheral and ' ‘
mid-central collisions. For central collisions, the twao |
ponent model overestimates the measured average squared -4
transverse momentum dfy. One possible reason for this 00 05 10 15 20 25 30
is that we may have overestimated th&wsion of charm p; (GeVic)
quarksinside the fire-cylinder. The number of charm qualrksFig. 6. (color online) Elliptic flowwv, of J/y for Au+Au collisions

produced in heavy-ion collision is proportional to the num- /S = 200 GeV and = 9 fm in the two-component model. The

ber of binary collisions of nucleons, which is more concen- yashed, dotted and solid lines are, respectivelypte initially
trated in the central region of the fire-cylinder. The number produced, regenerated, and taap.

of light quarks is, on the other hand, proportional to the
number of participants. Since the relative concentration o
the number of binary collisions to the number of partici- We have also studied the elliptic flow of J/y in the
pants is larger in central collisions than in semi-central o two-component model with the highr 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/¥ in Au+Au collisions at+/Syv = 200 GeV and
b = 9 fm. It is seen that the, of initially producedJ/y
is essentially zero, whereas theof regenerated/y has
a minimum value 0f-0.028 atpr = 1.1 GeV. Thev, of
total J/y is slightly negative, because only 12%JX3i) are
from regeneration for collisions & = 9 fm in the two-
component model. We note that theof J/i has been re-
cently measured by the PHENIX Collaboration forAu
collisions at 20-60% centralities [21,22] and it has a value
of -0.15+0.12 betweerpr = 1 and 2 GeV, which is much
more negative than our value.

We note that although initially producégy have zero
vy 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 thes-direction. As a
result, the survival probability o/ moving in thex-
direction will be higher than that moving in tlyedirection,
leading thus to a positive for initially producedd/y that
have escaped from the fire-cylinder. For thef regener-
atedJ/y, its negative value at loygr and positive value at
high pr 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 ap? = 2T(T + VT2 + m?), whereT andmare the

-
o
o
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=
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9
© 60
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[
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0 100 200 300 400
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Fig. 7. (color online) Fraction of regeneratellyy among total
J/¥ in Au+Au collisions at+/s = 200 GeV. Solid, dashed, dot-
ted, and dot-dashed lines correspond, respectively, ttphcd-
tive factors (A,B¥(1,1), (2,2), (5,4) and (10,6.5) for higher-order
corrections.

Figure 7 shows the fraction of regeneratég among
total J/y in Au+Au collisions at+/s = 200 GeV in the
two-component model. Without higher-order corrections

temperature and mass of the particle, respectively, more(solid line), the regenerateliy is about 31% of total/y
massive particles thus peak at higher momenta. If the ther-Produced in central collisions. Including higher-order-co
malized matter is boosted with a certain velocity, the peak rections, the percentage increases to 52, 81 and 96%, re-

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 thedirection. As the

spectively, for multiplicative factors (A,BY2,2), (5,4) and
(10,6.5), shown by dashed, dotted, and dot-dashed lines,
respectively. We note that the faction of regeneralag

is smaller in semi-central and peripheral collisions than i

peak shifts to a higher momentum, the number density atcentral collisions.

momenta lower than the peak momentum becomes smaller

Higher-order corrections do not change, however, much

than the number density in the unshifted or less shifted the value of theRaa of J/y even with a large correction

momentum distribution. As a result, the number density
of J/y with small pr moving in thex-direction is smaller
than that moving in thg-direction, leading thus to a neg-
ativev, for J/y of low pr. This dfect is opposite fod/y
with momenta higher than the peak momentum, savthe
of J/y with high pr 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, weechav
simply introduced some multiplication factors to the disso

section of charm quarks as following:

0—:]/11/+Q(y)—>c+6+x = AT 3/y+q(g) X
(16)

O-:"+Q(y)—>C+q(g) = Borcigg)-crato)s

whereA andB are arbitrary constants.

factor of ten. This is due to the balance between the dis-
sociation and the regeneration &fyy, with the suppres-
sion of J/¥ caused by enhanced dissociation compensated
by the enhancement of regeneratéd. Nevertheless, as
the correction factor becomes large, the kink in R
curve aroundNpa = 160 becomes less noticeable as large
higher-order corrections reduce thdféeience in the sur-
vival probability of J/y in the low and high temperature
regions.

The pr dependence of thieaa of J/y is also not much
affected by higher-order corrections as a result of the large
transverse flow of regeneratddy. As shown in Fig. 4,
the pr dependence of theaa of initially producedd/y is
similar to that of regeneratetiy except at higtpr where

the Raa Of initially producedJ/y increases while that of
Jegenerated/y decreases. As a result, tRga at highpr
decreases when higher-order corrections are included, and
this seems to contradict with the: dependence of mea-
suredRaa, Which is an increasing function at high. Al-
though higher-order corrections are small at highthey

are relatively large at lowpr, and this seems to reproduce
the observed decreasiiga with increasingpr, whenpr
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is low, in peripheral collisions. This is mainly due to the model for the expansion of the fire-cylinder formed in these

short lifetime of the QGP phase in peripheral collisions, so collisions. In this model, the transverse acceleratiomef t

the transverse flow is not ficiently developed to give a fire-cylinder was assumed to be proportional to the outgo-

large transverse flow velocity to the regeneratg ing force given by the product of the pressure of the hot

The higher-order corrections are also found to have dense matter inside the fire-cylinder and the surface area

very little effect on the participant number dependence of of the fire-cylinder, and inversely proportional to an in-

the average squared transverse momentudryof 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

6 — T ; ; additional term proportional t.o the ec_centricity. of the-fire
N ] cylinder to the acceleration ir-direction ory-direction.
——(A,B) = (1,1) The codficient of the additional term was determined such
4 T-- (AB)=(22) m that thew, of light hadrons was reproduced after including
L ----(AB)=(54) - the highpr correction to the flow velocity due to the non-
= ——(AB)=(106.5) . equilibrium efect. Both the Croninféect due to the initial
332 [ 777 regeneration S transverse momentum broadening of gl [ lei and
S P g of gluons in nuclei an
O /;'/,'./_- <7 the leakage féect due to the escape of initially produced

0 M”l J/y from produced hot dense matter on e andv, of
= —F

Ne T T J/y were included. For the kinetic freeze-out temperature

.
.

N 4 _ .
NN T of J/y, it was taken to be the same as the chemical freeze-
2 I 7] out temperature, because of the much smaller elastic cross

- T - section ofJ/y than that of light hadrons, which normally
4 P I IR TR BN N has a lower kinetic freeze-out temperature than the chemi-

00 05 10 15 20 25 30 cal freeze-out temperature. For AU cc_)II|S|ons aty/s= .

200 GeV, the model was shown to give a good descrip-
p. (GeV/c) , -
T tion of participant number dependence of R of J/y.
Fig. 8. (color online) Elliptic flow v, of J/¥ in Au+Au colli- It could also describe the increaselps Raa with increas-

sions at+/s = 200 GeV ancb = 9 fm with higher-order correc-  ing transverse momenta as a result of the inclusion of the
tions. Solid, dashed, dotted, and dot-dashed lines camespe- Cronin and leakagefkects in our study. For thé/y ellip-
spectively, to multiplicative factors (A,BX1,1), (2,2), (5,4) and tic flow, its value was found to be small 44 was mostly

(10,6.5) for the higher-order corrections. The doubledithed  produced from initial hard scattering, which has essédptial
line is thev, of J/y if they are totally from regeneration. Zerov,.

We have also studied th&ect 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/y while the latter increases the num-
ber of regenerated/y. As a result, the total number of
J/y was found to change very little after including higher-
order corrections. However, the fraction of initially pro-

"ducedJ/y and that of regenerated ones wefieeted sig-
nificantly by higher-order corrections with larger higher-
order corrections leading to a larger fraction of regener-
atedJ/y among totall/y. This is the reason why theaa
of J/y 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-
6 summary and conclusions scribe successfully the dependencéRaf on the number

of participants. Applying same higher-order correctians t

We have investigated in the two-component modeRke the study of the transverse momentum dependence of the
of J/y as a function of transverse momentum and the num-Raa of J/i, we found that it was also insensitive to the
ber of participants as well as the of J/y in relativistic fraction of regenerated/y among the totall/y except
heavy-ion collisions. The study was based on a schematicat high pr, as the small transverse momentum of regen-

Different from theRaa of J/¢, the change im, 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
v of J/y becomes increasingly more negative at Ipw
and increasing more positive at high. 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 regetesta
J/y among totall/y is 12%, 23%, 42% and 63%, respec-
tively. The double-dot-dashed line in Fig. 8 is theof J/y

if all J/y are produced from regeneration. It is worthwhile
to point out that even in this extreme case, thef J/y
still only reaches the upper error bar of experimental data
which has a value 6£0.03 betweempr = 1 and 2 GeV [21,
22]. If the experimental data an of J/y is correct, it then
means that the fraction of regenerafiéd is not small even

in semi-central collisions.
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eratedJ/y is compensated by the large transverse flow 7.
velocity. On the other hand, the of J/y is sensitive to

the fraction of regeneratelfy with increasing more neg- 8.
ative value at lowpt and more positive value at higby.

In our study, we have assumed that regenerdfedare 9.
produced from thermalized charm quarks in QGP. It is not

clear how close charm quarks are from thermal equilibrium 10.

in heavy-ion collisions. Recent experimental data on non-

photonic single electrons, which are produced through the11.
decay of heavy mesons, suggest that charm quarks are sigt2.

nificantly thermalized [23]. If charm quarks are thermal-
ized, resulting thermally producelly would share their
thermal properties and thus acquire appreciablélso, if

there is an abrupt decrease in the mass of charmonia neat4.

T. as suggested in Ref. [24], the yield of regeneralad
would be enhanced and so is its contributiomso
We have used in the present study an equation of state

with a first-order phase transition between the strongly cou 16.

pled quark-gluon plasma and the hadronic resonance gas.

Recent lattice QCD calculations imply, however, that the 17.

QCD phase transition is a crossover in the high tempera-

ture and low net baryon density matter produced in heavy-18.

ion collisions at RHIC. Although a crossover transition

would increase the duration of the transition between the 19.

guark-gluon plasma and the hadronic matter, it is not ex-

pected to fiect much our results as the quark-gluon plasma 20.

has a smaller average volume during the crossover phase

transition than during the first-order phase transition, re 21.

sulting thus in a small dierence in the four volume.
Presently, the, of J/y¥ has large error bars in the ex-

perimental data. If refined and precise data onvghad J/y

become available, they are expected to play an important

role in discriminating between the two production mecha- 24.

nisms forJ/y, i.e., initial production and regeneration.
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