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J/ ¢ suppression in ultrarelativistic nuclear collisions
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Using a multiphase transport model, we study the relative importandé/o$uppression mechanisms due
to plasma screening, gluon scattering, and hadron absorption in heavy ion collisions at the Relativistic Heavy
lon Collider. We find that for collisions between heavy nuclei such as-Au, both plasma screening and
gluon scattering are important. As a result, the effect due to absorption by hadrons becomes relatively minor.
The finalJ/ ¢ survival probability in these collisions is only a few percent. In the case of collisions between
light nuclei such as $S, the effect of plasma screening is, however, negligible in spite of the initial high
parton density. The final/ s survival probability thus remains appreciable after comparable absorption effects
due to gluons and hadrons.

PACS numbd(s): 25.75.Dw, 24.10.Lx, 24.10.Jv

[. INTRODUCTION in these collisions and demonstrated the possibility of using a
dynamical model to study the onset of deconfinement and its
According to the fundamental theory of strong interac-effect on quarkonium suppression. In this paper, we shall
tions, quantum chromodynamic&CD), normal nuclear investigate explicitlyJ/ suppression in central nucleus-
matter is expected to undergo a phase transition to decomucleus collisions at RHIC energies using a multiphase
fined quarks and gluons when its density and/or temperaturf&ansport(AMPT) model[13]. Since the AMPT model in-
are high[1]. To produce such a quark-gluon plask@GP cludes both initia_l _partonic and final hadronic interactions as
in the laboratory, experiments involving collisions of nuclej Well as the transition between these two phases of matter, it
at relativistic energies have been carried out at the CERNHIOWS US 10 study the relative importance of the partonic and
SPS[2]. Possible evidence for the production of this newnadronic effects od/y suppression.

phase of matter has recently been annouri@&d Further d Thi.% pztar?e;il\s/lg_rrganiée(ljfas fﬁllowls.tlln. ?_ecﬁ I, we brieflly
experiments at the Relativistic Heavy lon Collid&HIC), escribe the modettor ultrareiativistic heavy ion col-

which allows collisions at much high energies than thoseIISIonS qnd Its extension to_mcludﬂw productlon. The
) . . mechanisms fod/y suppression are given in Sec. lll. Re-
available previously, are expected to provide a better oppor-

. . sults for Aut-Au and St+S collisions at RHIC are given in
tunity to create the quark-gluon plasma and to study its PrOP5ec V. First, we show the time evolution of the particle
erties. N '

. . _number and energy densities in both partonic and hadronic
Since quarks and gluons cannot be directly detected iR ater. This is then followed by the time evolution of various

experiments, many indirect observables have been proposggll/, suppression effects and tdéy survival probability. Fi-
as possible signatures for the QGP. These include enhancg,g”y' a summary is given in Sec. V.

production of strange hadrons as a result of the short strange-
ness equilibration time in QGP}], suppression o8/ pro-
duction due to color screening in QG®), quenching of high
p: jets due to passage through the Q[BR8], and enhance- In the AMPT model, the initial conditions are obtained
ment of low mass dileptons as a result of medium modificafrom the minijets generated by the Heavy lon Jet Interaction
tions of hadron properties in high density matt@f10]. Al- Generator(HIJING) [14] by using a Woods-Saxon radial
though all these signals have been observed in heavy ioshape for the colliding nuclei and including the nuclear shad-
collisions at CERN SPS, alternative explanations without in-owing effect on partons via the gluon recombination mecha-
voking the formation of the quark-gluon plasma have alsonism by Mueller and Qili15]. After passage of the colliding
been proposed. As the QGP is expected to be produced aticlei, the Gyulassy-Wang modéf] is then used to gener-
RHIC, it is of interest to study these signatures in heavy iorate the initial space-time information of partons. The subse-
collisions at such high energies. Since the quark-gluomuent time evolution of the parton phase-space distribution is
plasma has a finite size, exists for a finite time, and may notnodeled by Zhang'’s parton casca@®C) [16,17], which at
be in equilibrium, it is important to use a dynamical model topresent includes only the gluon elastic scattering. After par-
take into account these effects. Using the parton cascadens stop interacting, the Lund string fragmentation model
model[11], Satz and Srivastavid 2] have recently studied [18,19 is used to convert them into hadrons. The dynamics
the time evolution of the density profile of the parton systemof resulting hadronic matter is described by a relativistic
transport(ART) model[20]. Details of the AMPT model can
be found in[13].

*Permanent address: China Institute of Atomic Energy, P.O. Box To includeJ/# in the AMPT model, we use the perturba-

275(18), Beijing, 102413, P.R. China. tive approach10] as its production probability is small in

II. MULTIPHASE TRANSPORT MODEL
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heavy ion collisions. Specifically, the reactigig— J/ g is 10° , ,
selected from theyTHIA program whenever there is an in- "
elastic scattering between projectile and target nucleons. In- AutAu (s "=200AGeV,b=0)
stead of allowing the producetl ¢ to undergo multiple in- 10° L §
teractions, fragmentation, and decay in tRETHIA, its

momentum is stored in a file and read into HIJING. The )
transverse position of th& s is determined by propagating S 10’ .
it to the time of formation from the average transverse posi-  §
tion of the colliding projectile and target nucleons. Since the &
J/y production probability is increased fromor(NN s 10° 4
—J/yX) to e, €ach J/y is given a probability of £
o(NN—J/yX)/oine in order to have the correct number in c
an event, given by the total probability of dl’'s. TheJ/ ¢ 10™ 1

formation time is taken to be 0.5 firy/ which is suggested
by the virtuality argument of Kharzeev and S@24] and is
also consistent with the uncertainty principle used for esti- 10° L

mating the lifetime of an expandingc [22,23. Before this 10
time, thecc pair is considered a precursofiy.

t (fm/c)

FIG. 1. Time evolution of particle number and energy densities
in the central cell aroungy=0 andr =0 for central p=0) Au+Au

IIl. J/4 ABSORPTION collisions at RHIC.

After a pair of cc is produced in the initial collisions, respective thresholds. Although earlier studies based on the
whether it can materialize asH¢ depends on its interac- perturbative QC 28] and simple hadronic modg29] give
tions in the initial partonic and final hadronic matter. In the much smaller)/ ¢ absorption cross sections by hadrons, the
partonic matter, thec pair, which are initially close in phase above values are consistent with recent studies using the
space and would normally form & after the formation quark-interchange mod¢B0] and the more complete had-
time of 0.5 fmk, will move beyond the confinement dis- ronic model[31,32. Using these cross sections in the trans-
tance ofJ/ and become unbound if the plasma screeningoort model, it has been found that the observed suppression
remains strondg5]. They will later combine with the more of J/¢ production in heavy ion collisions at SPS energies
abundant light quarks to form instead charm hadrons whenan be reasonably described except for the most central col-
the parton density is low. The critical density for the plasmalisions[33—-35. As the formation time o8/ is comparable
screening to be effective can be estimated usimg to the passing time (0.1 fra) of two colliding nuclei at
= (2kou2)/(3m2as) [24], where u. is the critical Debye RHIC energies,)/y absorption by the projectile and target
screening massys is the QCD coupling constant, ahg is ~ hucleons is not expected to be import486] and will be
the slope parameter of the transverse momentum distribuignored in the present study. We note that as Ih¢ is
tion. Usingu.=0.7 GeV, as=0.47, andk,=0.6 GeV, one treated perturbatively in the simulation, the momenta of
obtains a critical density of 5 fir?. Following the method of ~ other hadrons are not affected by their interactions With
Ref.[12], we first determine from the AMPT model the time [37].
evolution of the radius of the volume in which the parton
density is above the critical density. A8/¢ is thus not

formed from thecc pair if its radial position after the forma-
tion time of 0.5 fmt is within the critical radius at that time. ~ A. Time evolution of particle number and energy densities

Besides dissociation due to plasma screening/jamay In Fig. 1, we show the time evolution of the particle num-
also be dissociated by collisions with gluons in the partonicher and energy densities of partons and hadrons in central
matter[25]. The cross section fayJ//—cc has been esti- Au+Au collisions at\s=200 GeV. They are the densities
mated in Ref[25] to be 3 mb. Similarly, a precursdf can  in the central cell, which has a transverse radius of 1 fm for
also be dissociated by gluon scattering. The cross section fgartons and 2 fm for hadrons. The longitudinal dimension of
expected to be smaller as its size is smaller than a physic@he central cell is taken to b&5% of the timet, which is
J/ . In the present study, we ignore the difference betweemrquivalent to taking the central space-time rapidity cell. The
the scattering of a gluon with precursor and physial, results are not significantly changed-if10% of the time is
and use the same cross section. Since this cross section is nsted for the longitudinal dimension. We see that the initial
well known, we have also used a value of 1 mb in the fol-parton density is about 30 fif and is much higher than the
lowing study. J/y dissociation critical densitgabout 5 fm %) given above.

In the hadronic matter following the parton stagel/@&  The time evolution of these densities is seen to deviate from
can be further destroyed by collisions with hadrons. Jhg  that based on the ideal Bjorken boost invariant scerjaa
absorption cross section by baryons is taken to be §26b  which would lead to a linear curve on the log-log plot. This
while that by meson is taken to be 3 miB7] above their difference is mainly due to the more realistic treatment of

IV. RESULTS
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FIG. 2. Same as Fig. 1 for centrab€£0) S+S collisions at

RHIC FIG. 3. Parton density in centrab&0) Au+Au collisions at

RHIC at different times. The numbers are the proper times irc fm/
initial collisions by using the Gyulassy-Wang model for the for the density measurements.
formation time and the presence of radial flow as well as a
gradual freeze-oU39] at the later hadronic stage. From the cal radius forJ/ ¢ dissociation extracted from our model is
ratio of the parton energy density to its number density, on@bout 6 fm at the beginning of the parton cascade and van-
sees that the average energy of a parton is more than 1 Gelshes after about 1.2 fra/ The critical radius is reduced to
The parton stage lasts about 2-3 émivhile the hadron  about 2 fm initially and vanishes after only about 0.5 fm in
stage starts gradually at around 3-4d¢nend lasts until  S+S collisions. Since the duration of the partonic matter that
about 10 fm¢. The average energy of a hadron is less thans above the critical density fad/ s dissociation is shorter
1GeV, since the central rapidity is dominated by mesonshan theJ/ formation time,J/ ¢ suppression due to plasma
instead of baryons in ultrarelativistic nuclear collisions. In screening is therefore unimportant in central Scollisions.
Fig. 2, we show the results for central collisions of S at
Js=200A GeV. Because of the smaller size of the system B. Time evolution of J/ ¢ survival probability
compared to that of AttAu collisions, the plasma lifetime is

shorter, i.e., about 1-2 fro/ and the hadron stage sets in at . Inpluding the above three mechanisms i suppres-
about 2—3 fmé. We note that even in the smaller parton SN the AMPT model, we have evaluated te survival

system produced in €S collisions, the initial density is probability in ultrarelativistic heavy ion collisions at RHIC

much higher than the critical density fary dissociation.
In Fig. 3 and Fig. 4, we show, respectively, the parton 15 ' ' ' '
density in central Ad-Au and St+S collisions at different
times. As minijet gluons are produced from initial hard col-
lisions, their densities at different radii reflect the number of
initial binary nucleon-nucleon collisions. As seen from the
figure, they are different from the initial nuclear density dis- 10 ..
tribution given by a Woods-Saxon form. As expected, both
the size and lifetime of the partonic matter produced #SS
collisions are smaller than those in Aéu collisions. From
the time evolution of the parton density, one can determine
the time evolution of the critical radius fdr ¢ dissociation, 5
and this is shown in Fig. 5 by solid circles for Au\u col-
lisions and open circles for-SS collisions. The solid lines
are polynomial fits to the above results using the form R
re(t)=ag+ast+ast?+ast® for tyin<t<tmax, With re(t) )
=Tr¢(tmin) for t<tni, andr.(t)=0 for t>t,,4. For the par-

S+S (s"?=200AGeV, b=0)

n (fm™)

tonic matter produced in AtAu collisions, we have i, 0 1 > 3 4 5
=0.15 fmflc, t,.=1.2 fm/lc, a;=6.39, a;=—4.06, a, r (fm)

=4.79, anda;=—4.86. For S-S collisions, they aré;,

=0.12 fmfc, t,,2=0.5 fm/c, a;=3.278,a;=—11.949,a, FIG. 4. Parton density in centrab&0) S+S collisions at RHIC

=31.514, andiz=—41.428. In Aut-Au collisions, the criti-  at different times.
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FIG. 5. Time evolution of the critical radius for plasma disso-
ciation of J/¢ in central AutAu and S+S collisions at s
=200A GeV.

energies. In Fig. 6, we show for central Adu collisions
the time evolution of thel/ formation probabilityP;(t),
the J/ ¢ absorption probabilityPd(t) by gluon scattering, the
J/¢ dissociation probabilityP4(t) by plasma screening, the
J/ absorption probabilityP'C‘(t) by hadrons, and thd/y
survival probability P¢(t) =1—P(t) — P4(t)— PL‘(t). The
results are taken for th# ¢ produced in the central rapidity
interval |y, ,|<1. It is seen that thd/y formation probabil-
ity increases quickly with time and about 90% of thes are

P(t)

1.4

1.2

PHYSICAL REVIEW C 62 054905

Au(100AGeV)+Au(100AGeV)
(b=0,6,,,,=3mb,|y,,|<1)

t (fm/c)

FIG. 7. Same as Fig. 6 without plasma dissociation.

1 fm/c. Both dissociation due to plasma screening and ab-
sorption by gluon collisions give comparable contributions,
accounting for the suppression of about 90% of #ié,
while absorption by hadrons contributes only about a few
percent. The final/ survivability is about 6%.
The results for the case without plasma screening is
shown in Fig. 7. Comparing to Fig. 6, we see that e
absorption probability by gluons is similar for time up to
0.5 fm/c, but it lasts longer until 2—3 fne/. This indicates
that there is a competition betwedhys suppression due to
gluon scattering and plasma screening; i.e., sdhgés that

formed by 0.5 fmé. Absorption by gluons starts very early
in the process and ends at about 1drafter dissociation due
to plasma screening begins. The latter also ends at abod

14 T T

1.2 |
(b=0,6,,,=3mb,|y,,l|<1)

Au(100AGeV)+Au(100AGeV)

P

t (fm/c)

are destroyed by collisions with gluons would have been
dissociated by plasma screening if they are not allowed to
Eatter with gluons. Figure 8 shows the results withduk
absorption by gluon scattering. In this case, the plasma dis-
sociation probability saturates quickly. Compared to that
shown in Fig. 7, thel/¢s suppression probability is seen to
start late but saturate early. This difference in the survival
probability may be seen by studying the azimuthal distribu-
tion of final survivald/¢ in midcentral collisions. It is inter-

1.4 T T T

p |  Au(100AGEV)+AU(100AGEV) ]
’ (b=0,[y,pl<1)

P(t)

04

FIG. 6. Time evolution of the/ formation probabilityP¢(t),
the J/¢ absorption probabilityPd(t) by gluon scattering, thé/
dissociation probability4(t) by plasma screening, ttiy absorp-
tion probability P(t) by hadrons, and th& ¢ survival probability
P4(t). For the survival probability, the solid curve includes absorp-
tion by both gluons and hadrons, while the long-dashed curve in-
cludes only absorption by gluons.
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8. Same as Fig. 6 without gluon destruction.
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14 . . : TABLE Il. Same as Table | for $S (b=0, \/s=200A GeV).

Au(100AGeV)+Au(100AGeV) g h
127 (b=0,0,,,=1mb,[y,|<1) | Pe Pa Pe Ps

Screening-(gJ/ ), +hd/y  39.3% 0  106% 50.1%
Screening-(gJ/ ), +hd/y  16.8% 0  16.0% 67.2%
0

_ 08 I P P,(t) hJ/ ¢ 0 19.6% 80.4%
T \
06 T 1 J/ has an appreciable survival probabiligbout 50% af-
Tl P po ] ter absorption by gluons and hadrons. Sidé¢ absorption
) , by gluon scattering still contributes appreciably to the final
0z | P J/ 4 suppression, it may provide an opportunity for studying
) ‘—‘"‘ﬁ this mechanism. We note that tliéys suppression factor in
0 . , the hadron stage is abo8t~ 16%, which is smaller than in
0 1 2 3 4 Au+Au collisions.
t (fm/c)
V. SUMMARY

FIG. 9. Same as Fig. 6 with a reducddly absorption cross
section by gluons. In summary, we have studields suppression in AttAu

and S+S collisions at RHIC energies in a multiphase trans-
esting to note thal/ ¢ suppression during the parton stage isport model. It is found that finite size effects may be impor-
similar whether when both plasma screening and gluon scatant in J/¢ suppression at RHIC energies even in central
tering are present or when only one of them is present. Th&u+Au collisions. BothJ/¢ suppressions due to plasma
effect of reducing the)/ ¢ scattering cross section by gluon screening and gluon scatterings are important ir-Au col-
is shown in Fig. 9. Compared with Fig. 6, we see that thdisions, leading to a final/¢ survival probability of only
decrease in the contribution from gluon scattering is partlyabout 6%. For $S collisions, even though the initial en-
compensated by the plasma screening. ergy density is above the critical density fdfys dissocia-

In Table |, we summarize the final absorption probabili-tion, only J/¢ absorption by gluon and hadron scatterings
ties due to gluonsR?), hadrons 92), plasma dissociation contribute to its suppression as a result of the short lifetime
(Py), and the survival probabilityR,) in central AutAu of the plasmaJ/¢ suppression in heavy ion collisions be-
collisions. It is seen that th#/ 4 survival probability after the ~tween light nuclei thus provides a possible opportunity for
parton stageS;=1—P.—Py4, is about 9% and 17% for studying the interactions petweéhw and gluon. .
ogy,= 3 mb and 1 mb, respectively. The parton stage thus In our study, we have ignored botiys formation from
has a large effect od/ ¢ suppression in heavy ion collisions the recombination o€c pairs during hadronization ant ¢
at RHIC. In both cases, th&/ ¢ suppression factor in the production from charm mesons in the final hadronic matter.
hadron stage i$,= Py,/S;~35%. Depending on the differ- The number ofl/¢ formed from charm quarks during had-
ent assumptions on the mechanismsJop suppression, the ronization can be roughly estimated from considerations of
final survival probability can range from about 6% to aboutthe phase space and the spin and color factors. At the end of
26%. This indicates that finite size effects may be importanparton stage, the volume of the partonic matter in the central
in J/y suppression at RHIC energies. We have also studiednit of rapidity is approximately given by = wR?7, where
J/ suppression in $S collisions at RHIC energies, and the Randr are the transverse radius and longitudinal dimension,
results are summarized in Table Il. As expected from theespectively. For Ag-Au collisions, they areR~7 fm and
discussion of Fig. 5, there is no contribution from plasmar~3 fm. The probability that an anticharm quark is found
screening in collisions of such light system, although thewithin a distance of thel/ radius from a charm quark is
initial density is above the critical density. As a result, thegiven by the ratio of the size of th& ¢ to the size of the

TABLE I. Final J/¢4 absorption probabilityP? by gluon scattering)/¢ dissociation probabilityPy by
plasma screeningl/ s absorption probabilit)P'g by hadrons, and/ survival probabilityP for Au+Au
(b=0, \5=200A GeV). Here (J/4), indicateso gy, =3 mb while @J/¢), indicatesogy,=1 mb.

P? Py P Ps
Screening-(gJ/ ), +hJd/ 43.9% 47.1% 2.9% 6.1%
Screening-(gJ/¢)p,+hdl ¢ 20.6% 62.4% 6.5% 10.5%
screening-hJ/ 0 75.4% 10.2% 14.4%
(9 )4 +hdly 78.3% 0 10.6% 11.0%
(9 )p+hdly 42.9% 0 31.1% 26.0%
hJ/ ¢ 0 0 56.7% 43.3%
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partonic matter. With d/4 radiusr 5,~0.3 fm, one obtains result, inclusion ofy’ and . suppression is expected to
the probability 2.5 1074. In order for this charm pair to reduce the finall/¢ survivability obtained in the present
form aJ/y, their spins must be parallel and their total color Study by at most 45%. Also, we have used the default gluon
should be neutral. This reduces the probability by the factoghadowing in HIJING without flavor and scale dependence,
(3/4)% (1/9)~0.083. Requiring that the charm pair have aWhich is dn‘ferent from the one suggested by Eske{aal.
relative momentum  distribution  within po~1/r 5, [44], which includes such de_pendence. If the latter is _used,
~0.67 GeV aff~200 MeV further suppresses the probabil- f[hen we also expect a reduction of tﬂ]_/eb survival probabil- _
ity by a factor of 0.29. Since there are about 1.5 charm pairdy as the gluon density would be higher at RHIC energies
per unit rapidity per central AuAu collision at RHIC, the [45]. These effects will be studied more quantitatively in the
number of J/4 formed from their recombination is about future.
1.5X2.5x10 4% 0.083x0.29~1.4x 10" °, which is much
smaller than the expected number dfy, ie., 1.5/40
X 0.061~2.3x10 3. In the above, the factor of 40 is the
ratio of charm toJ/« production in initial hard collisions
[40] and the factor of 0.061 is the findf ¢ survival prob-  discussions. They also thank the Parallel Distributed System
ability from Table I. As toJ/ production from charm me- Facility at National Energy Research Scientific Computer
sons in hadronic matter, it has been shown to be insignificarCenter for providing computing resources. This work was
in heavy ion collisions at RHIC, although it may not be supported by the National Science Foundation under Grant
negligible at LHC[41,42. No. PHY-9870038, the Welch Foundation under Grant No.
We have studied only the suppression of directly pro-A-1358, and the Texas Advanced Research Program under
ducedJ/ . There are alsd/y’s which are produced indi- Grant Nos. FY97-010366-0068 and FY99-010366-0081. The
rectly from the decay off’ and x.. In pp collisions, the  work of B.A.L. was supported in part by the NSF under
latter constitute about 5% and 40% of the measured finalGrant No. 0088934 and the Arkansas Science and Technol-
J/ &, respectively{43]. Sincey’ and . are less bound than ogy Authority under Grant No. 00-B-14. B.H.S. was patrtially
J/, they are more likely to be dissociated and absorbed isupported by the Natural Science Foundation and Nuclear
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