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pT distribution of J/c in a quark-gluon plasma
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We consider the contributions of both color-singlet and octetcc̄ bound states for studyingpT dependence of

J/c suppression in quark gluon plasma~QGP!. It has been found that the existence of the color-octetcc̄ may
cause a turning over of theJ/c pT distributionR(pT ;ET

H ,ET
L) in Pb-Pb collisions andR(pT ;ET

H ,ET
L) decreases

with pT after a critical value (pT)max. This is quite different from the behavior ofR(pT ;ET
H ,ET

L) in hadronic
matter~HM! where it always increases withpT . @S0556-2813~98!01705-1#

PACS number~s!: 24.85.1p 12.38.Mh 12.39.Fe, 25.75.Dw
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I. INTRODUCTION

It was expected that a suppression ofJ/c production in
relativistic heavy ion collisions could serve as a clear sig
ture for the formation of a new matter phase quark glu
plasma~QGP! @1#. This suppression effect was observed
the NA38 Collaboration later@2#. However, successive re
search pointed out that such a suppression could also ex
hadronic matter~HM!, even though by a completely differen
mechanism@3#. Therefore it is believed that an observatio
of a mereJ/c production rate suppression is not sufficient
confirm QGP formation, and a more thorough study on
characteristics of theJ/c suppression is necessary and m
lead to final confirmation of QGP state. ThepT distribution
of J/c may be a good candidate, since the different mec
nisms which result inJ/c suppression in both HM and QG
may provide differentpT distributions of J/c @4–7#. Our
numerical results confirm this conjecture~see below!.

In this work, we discuss thepT distribution of J/c in
QGP and analyze the differences from that in HM.

In principle, theJ/c quarkonium is described in a Foc
state decomposition

uJ/c&5O~1!ucc̄~3S1
~1!!&1O~v !ucc̄~3PJ

~8!!g&

1O~v2!ucc̄~1S0
~8!!g&1O~v2!ucc̄~3S1

~1,8!!gg&

1O~v2!ucc̄~3DJ
~1,8!!gg&1•••, ~1!

where 2s11LJ
(1,8) characterizes the quantum state of thecc̄

with color-singlet or octet, respectively. This expression
valid for the nonrelativistic QCD~NRQCD! framework and
the coefficients of each components depend on the th
velocity uvW u of the heavy quark, and under the limit ofuvW u
→0, i.e., bothc and c̄ remain at rest; Eq.~1! recovers the
expression for color-singlet picture ofJ/c whereO(1)[1.

From the above discussion, one can know that the c
monium production can be divided into two steps@8#. The
first step is the production of acc̄ pair. Thecc̄ pairs can be
either (cc̄)1 or (cc̄)8. The cc̄ pairs are produced perturba
tively and almost instantaneously, with a formation tim
570556-2813/98/57~5!/2547~5!/$15.00
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21.0.07 fm in thecc̄ rest frame. The second

step is the formation of a physical states ofJ/c, that needs a

much longer time. The color-octet component (cc̄)8 has
been proved to play an important role in interpreting t
CDF experimental data@9# ~see next section for more detail!,
therefore, as has been pointed out by Kharzeev and Satz@10#,

one can expect that the color-octet (cc̄)8 would also mani-
fest itself in heavy ion collisions. As the color octet is esp
cially important in explaining thepT distribution of J/c in
p-p collisions, it is a necessary task to investigate the effe
of the color octet on thepT dependence ofJ/c suppression
in heavy ion collisions and to see if it can provide inform
tion about QGP signature. This is the purpose of our pa
Consider the fact that the operator^8u(la/2)(la/2)u8&5
13.0 and the Coulomb-type potential is repulsive for

color octet (cc̄)8, contrary to the case in color singlet whe
the Coulomb type potential is attractive, one can find that
color octet manifests itself quite differently in HM and QG
In HM, as it is a color confined phase, when the color octe
formed, it will in general neutralize its color by combinin
nonperturbatively with an additional collinear gluon, th

producing the (cc̄)8g component ofJ/c ~see discussion o
Kharzeev and Satz in Ref@10#!. In QGP, as it is a deconfine
phase, there is no necessity for a colored state to neutra
itself quickly and as the Coulomb-type potential betweenc

andc̄ in the color octet is repulsive,c andc̄ cannot be bound
together in an octet in QGP, and the original color-octet st

(cc̄)8 which is produced at the early stage of the collisi
would dissolve. In other words, the color octet (cc̄)8 does
exist and becomes the (cc̄)8g component ofJ/c in HM, but
it could not survive in QGP.

In this scenario, the (cc̄)8 does not make as substanti
contribution to J/c in QGP, as it does inp-p̄ collisions
where the color octet (cc̄)8 constitutes the dominate part o
the producedJ/c at largepT . Thus one would expect tha
the largepT contribution ofJ/c would be more suppresse
than the smallerpT one in QGP, but this does not occur fo
HM and we will discuss it in more detail later.
2547 © 1998 The American Physical Society
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In the next section, we describe the color-octet scen
borrowed from thep-p̄ collisions and discuss the simple b
popular model forJ/c suppression in HM and QGP. In th
third section we present the numerical results, while the
section is devoted to our conclusion and discussion.

II. FORMULATION

A. The color-octet J/c

It has already been demonstrated that the Fock decom
sition form ofJ/c can be expressed as Eq.~1! and the coef-
ficients of each term are functions of the velocities. Cal
lating the coefficients has been proved to be beyond
present ability, since this is a nonperturbative QCD proce
In principle, by the information gained inp-p collisions, the
producedcc̄ can be in either color-singlet or color-octe
According to the newly developed factorization formalis
@11#, the inclusiveJ/c production amplitude from the colli
sion of partonsa, b can be factorized into short- and long
distance pieces:

A~ab→J/c1X!5 (
~c!L,J

A@ab→cc̄~2s11LJ
~c!!X#

3A@cc̄~2s11LJ
~c!!→J/c#. ~2!

The short-distance part for the hard production ofcc̄ pair can
be calculated within perturbative QCD. On the other ha
the long-distance component of the hadronizat
cc̄@2s11LJ

(c)#→J/c is a nonperturbative process, which c
be calculated by lattice simulation or expressed in terms
some phenomenological parameters.

For thepT distribution, the differential cross section rea
@12,13#

ds~pp̄→J/c1X!

dpT
5

ds~pp̄→~J/c!octet1X!

dpT

1
ds~pp̄→~J/c!singlet1X!

dpT
, ~3!

where the subscripts denote different color components
Eq. ~1!. At the largepT limit, the main contribution comes
from gluon fragmenting into a color-octetcc̄ pair.

With this understanding, we can assume that the co
singlet and octetcc̄ are produced at the early stage of hea
ion collisions and later evolve in the environment. If th
temperature and density have not reached the phase tr
tion, the system remains in HM, but if the phase transit
indeed occurs, a QGP phase is formed; thus the (cc̄)1 and
(cc̄)8 would have different evolution rules. It is assum
here that thecc̄ are produced at the early stage of the hea
ion collisions through hardN-N collisions when the phas
transition has not occurred yet, and then the system wo
either remain in HM or enter a new QGP phase formed a
later time. Thus we only need to deal with the evolution
(cc̄). Namely we ignore the production ofcc̄ by the decon-
fined quarks or gluons in QGP.
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B. pT dependence ofJ/c in HM

It has been shown in@14# that the initial state parton sca
tering describes the change of thepT dependence observed i
J/c production fromp-p to p-A and to centralS-U colli-
sions. Only the initial state gluon scattering is conside
there since gluon fusion dominates the production ofcc̄
pairs. Assuming the initial state interaction is the same
color octet and color singlet, considering the initial state
teraction, the relation between the mean squared transv
momentum of the observedJ/c, ^pT

2&c in p-A, A-B colli-
sions and the mean squared transverse momentum ofJ/c,
^pT

2&pp
c in p-p collisions can be expressed as@14#

^pT
2&c5^pT

2&pp
c 1^pT

2&gNLr0sgN , ~4!

whereL is the average length of the gluon trajectory befo
fusion and is equal to the average length of theJ/c trajectory
inside the nucleus after the formation.sgN is the gluon-
nucleon cross section,^pT

2&gN is the mean squared transver
momentum acquired in onegN collision; r0 is the density.

The transverse momentum distribution ofJ/c, F(pT) in
p-p, p-A, andA-B can be parameterized as

F~pT!5
1

p^pT
2&

exp
2pT

2

^pT
2&

. ~5!

Considering Eq.~4! and Eq. ~5!, using the paramete
sgN^pT

2&gN50.3960.08 fm2(GeV/c)2, the experimentalpT

distributions ofJ/c in O-U and S-U collisions can be ex-
plained very well@14#. Here, we will extend the above dis
cussion to include the color-octet contribution. At the initi
stage of theA-B collisions, just in analog to the hadron
hadron collisions, there are both (cc̄)1 and (cc̄)8 produced.
By the information gained from hadron collisions, their rel
tive fractions arepT dependent and can be expressed
f 1(pT) and f 8(pT), respectively@a simplified notation from
Eq. ~1!#. They would also make different contributions to th
pT distribution ofJ/c. Here f 1(pT) and f 8(pT) are propor-
tional to the first and second terms of Eq.~3!, respectively,
while the normalization isf 1(pT)1 f 8(pT)51. We will use
the theoretical results in Ref.@13# for J/C production atp-p
collisions, in which the color-singlet contribution come
from the evolution ofQQ̄(3S1

(1)) pairs and the color-octe

contribution comes from the evolution ofQQ̄(3S1
(8)),

QQ̄(1S0
(8)), and QQ̄(3PJ

(8)). They include all lowest order
effects from both parton fusion and parton fragmentat
processes. Obviously at highpT the gluon fragmentation to
color-octet pairs gives a dominant contribution, and at l
pT parton fusion is dominant. Considering both the contrib
tion of color-octet and color-singlet, including the initia
state interaction and nucleon absorption, the ratio ofJ/c
production inp-A or A-B collisions to the corresponding
one in p-p collisions, where no initial state interaction an
nucleon absorption exists can be parametrized as

R~pT!5
1

p^pT
2&cFpp~pT!

exp
2pT

2

^pT
2&c@ f 1~pT!exp~2r0Lsabs

1 !

1 f 8~pT!exp~2r0Lsabs
8 !#, ~6!
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where Fpp(pT) is expressed as Eq.~5!; sabs
1 ,sabs

8 are

(cc̄)1-nucleon and (cc̄)8-nucleon absorption cross sectio
correspondingly. In principle, we should consider the int

action between the different configurationQQ̄(2S11LJ
(c)) and

the nucleon separately. Here we assume that the cross
tions for all color-octetQQ̄ pairs and color-singletQQ̄ pairs
with a nucleon are equal tosabs

1 andsabs
8 , respectively. We

will use the above equation to discuss thepT dependence o
J/c in S-U collisions, where people now believe that the
is no QGP.

C. A typical mechanism for suppression ofJ/c production
in QGP

The pT distribution ofJ/c can be described by a funda
mental picture@4,5#. Due to the Debye screening, when D
bye screening lengthr D is sufficiently small, (cc̄)1 can no
longer formJ/c. In addition, as discussed above, due to
repulsive interaction betweencc̄ in octet state in QGP, the
(cc̄)8 produced at the early stage of the collision, in pr
ciple, cannot formJ/c in the QGP background if there i
enough time or the size of the QGP region is sufficien
large. As for the case in HM, (cc̄)1 and (cc̄)8 also have the
possibility of dissolving intoDD̄ pairs by scattering with the
hadronic matter to reduce theJ/c production rate. It is noted
that the mechanisms for the dissolution in HM and QGP
different, for the color-singlet and octet; they lead to qu
different results.

To concretely calculate the changes, let us take a rea
able and simplified physical picture@4,5#. Provided that in
A-B collisions the initially produced bound state (cc̄)1 has a
very small radius and needs approximatelytc;0.7 fm to
reach the intrinsic size ofJ/c. Thus the (cc̄)1 bound state of
small volume does not suffer from the Debye screening
QGP. In the laboratory frame, due to time dilation, one h
tc5tcA11(pT /M )2, which turns out to be the formatio
time assumingpz50. It is reasonable to takepz;0 since the
observedJ/c are mainly in the central rapidity region
Therefore if the bound state (cc̄)1 emerges from the QGP
region, within a time intervalt f less thantc , it can ignore the
QGP effect and eventually form aJ/c meson which can be
observed experimentally. There are two models, the static@4#
and the plasma expansion@5#. Because the QGP phase
produced in relativistic heavy ion collisions and evolves ve
fast, we take the second model to study thepT distribution of
J/c. Although the formation time of theJ/c is rather short,
it is assumed that the deconfined phase~whether it is QGP in
equilibrium or not! is formed immediately after the collision
(cc̄)8 suffers the effect of this deconfined phase imme
ately. Therefore the corresponding timetc

(8) , being the time

for (cc̄)8 starting to suffer from the QGP effect, should b
much shorter than the corresponding timetc for (cc̄)1,
which is the Lorentz delayed formation time ofJ/c.

Introducing R1 as the ratio of the number of produce
(cc̄)1, which eventually formsJ/c when a possible QGP
effect is considered, to the total number of (cc̄)1 forming
J/c when a QGP effect is not included in correspondi
-
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collisions. Similarly, we could also define a ratioR8 for
(cc̄)8. Obviously,

H R150 if t f>tc ,

R151 if t f,tc ,
~7!

where t f is the time as (cc̄)1 lingers in a QGP. By the
Bjorken hydrodynamic model,

R1~pT!5
*0

R0dr*0
pdfrr~r !u„tc2t f~r ,f!…

p*0
R0drrr~r !

, ~8!

where we assumer(r )5(12r 2/R0
2)bu(R02r ) with b51,

which is the initial distribution density of the (cc̄)1 located
at rW from the center. Strictly speaking, this initial distributio
only gives a good description for central collisions, howev
for a qualitative analysis we will use this approximate dist
bution for all transverse energy bins. It is easy to find th
there is a maximum transverse momentum (pT)max and one
hasR151 as long aspT>(pT)max,

~pT!max5MA~ tm /tc!221, ~9!

wheretm is the lifetime of the QGP andM is the mass of the
J/c meson. Actually Eq.~9! holds only in the case where th
plasma lives for a time shorter than the average transit t
t1 of a cc̄ in the system. This is because of the finite si
effect. As has been discussed in Refs.@5,15#, in general, for
A-B collisions the conditiontm,t1 is satisfied.

When d5v•tc!R(tc), where v is the velocity ofcc̄,
one obtains an approximate expression

R15S tc

tm
A11~pT /M !2D ~b11!/a

~10!

with a51/2. In this expression, the surface effects are
glected compared to Eq.~8!. For not too largepT and large
nuclei, the results by the two expressions are very cl
@5,15#. Therefore, we will use this approximate one to ma
a qualitative discussion on the problem below.

D. The effects of„cc̄…8 on the pT distribution in QGP

Considering the discussion in the above section, The r
of J/c produced in QGP to the one produced without a
absorption and initial state interaction can be expressed

R~pT!5
1

p^pT
2&cFpp~pT!

exp
2pT

2

^pT
2&c@R1~pT! f 1~pT!

1R8~PT! f 8~pT!#, ~11!

whereR1 andR8 are the corresponding ratios for (cc̄)1 and
(cc̄)8, respectively, as defined above.

We have argued that since (cc̄)8 is colored, it interacts
strongly with gluons in the environment of QGP and c
dissolve much faster than (cc̄)1 which is color blind. One
can expect that the (cc̄)8 does not contribute topT distribu-
tion much if QGP is formed, namely,R8!R1 in QGP. If the
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2550 57ZHANG, HUANG, LI, AND CHAO
time the (cc̄)8 needs to traverse across the QGP region
very long, there would be no (cc̄)8 contribution toJ/c.

III. NUMERICAL RESULTS

With our simple model, we have calculated thepT distri-
bution of J/c in S-U collisions. The available data@16# for
J/c production vs transverse momentum
REXP(pT ;ET

H ,ET
L). Therefore, the ratio of theJ/c products

at pT between the low transverse energyET
L data and high

transverse energyET
H data is

REXP~pT ;ET
H ,ET

L!5
R@pT ;L~ET

H!#

R@pT ;L~ET
L!#

, ~12!

and, for S-U collisions, the twoET bins are related to the
absorption length as@16#

L~ET!5
3

4
r 014 fm, ET5ET

L ,

L~ET!5
3

4
r 016.5 fm, ET5ET

H , ~13!

wherer 0 is the radius of sulfur. We fit theS-U data using
Eq. ~6!. The parameters we used are^pT

2&pp
c 51.3(GeV/c)2,

sgN^pT
2&gN50.35 fm2(GeV/c)2, and sabs

1 50 mb, sabs
8

510 mb, which are the results of our recent paper where
J/c suppression fromp-A to S-U data has been explaine
@18#. The numerical results are depicted in Fig. 1.

Now, we turn to discuss the situation in Pb-Pb collisio
We will discuss two cases: where the QGP is formed a
where the QGP is not. The corresponding transverse en
bins are chosen asET534 GeV andET588 GeV, the re-
lated absorption lengths are@17#

FIG. 1. The ratioR(pT ;ET
H ,ET

L) of the number of events with
large values ofET to the number of events with smallET for sulfur-
uranium collisions at 200 GeV/nucleon. The data are from R
@16#. The solid line is our calculation, with an overall factor
consider the co-mover effect for differentET bins.
is

e

.
d
gy

L~ET!510.0 fm, ET5ET
L ,

L~ET!511.0 fm, ET5ET
H . ~14!

When the transverse energy is larger thanET
H the corre-

sponding absorption length does not increase much in Pb
collisions. For the low transverse energy bin where Q
cannot be formed, we use Eq.~6!. For the high transverse
energy bin we use Eq.~11! and Eq.~6! for the two cases
where QGP is formed and QGP is not formed, separat
The parameters used here are the same as those used
discussion ofS-U data.

Because the (pT)max @see Eq.~9!# depends on the forma
tion time of J/c and the lifetime of the QGP, its estimatio
cannot be accurate in our present knowledge, so that we
it as a free parameter. Thus one can note that the positio
(pT)max is fixed just because we take it as a parameter
everything is scaled with this value. We have found th
changes of (pT)max do not affect our qualitative conclusion

We predict thatR(pT ;ET
H ,ET

L) increases smoothly with
increasingpT in HM. However, there is a turning point a
pT5(pT)max for pT distribution of J/c in QGP. WhenpT

,(pT)max, the R(pT ;ET
H ,ET

L) value increases much mor
steeply with the increase ofpT in QGP than that in HM.
However, theR(pT ;ET

H ,ET
L) value decreases with increasin

pT after pT>(pT)max, and it is contrary to the behavior o
R(pT ;ET

H ,ET
L) in HM where R(pT ;ET

H ,ET
L) always in-

creases withpT . The result is shown in Fig. 2.
It can be seen from the figure that the transverse mom

tum dependences ofJ/c in HM and QGP are quite different
More discussions will be given in the next section.

IV. CONCLUSION AND DISCUSSION

We employ a simple model to estimate thepT distribution
of J/c emerging from the QGP and HM regions. The data

f.

FIG. 2. The ratioR(pT ;ET
H ,ET

L) of the number of events with
large values ofET to the number of events with smallET for Pb-Pb
collisions at 200 GeV/nucleon. The two lines correspond to
deconfined case and confined case separately.
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hadron collisions indicate that the (cc̄)8 component is not
negligible and plays a crucial role for the largepT distribu-
tion of producedJ/c. It motivates us to consider effects o
the (cc̄)8 component on thepT distribution of J/c in rela-
tivistic heavy ion collisions, especially when the excited
gion turns into the QGP phase. Indeed, (cc̄)8 produced at the
early stage of collision would have a completely differe
behavior of evolution in QGP and HM. The QGP phase p
vides the deconfined phase which strongly interacts with
color-octet (cc̄)8; however, in the confined HM phase th
interaction is much weaker. Therefore thepT distribution
may be taken as a signature of QGP formation.

We calculated thepT dependence ofJ/c production in
S-U collisions using the initial state interaction, includin
the color octet channel ofJ/c formation and compared with
the existing data. For Pb-Pb collisions, we compare thepT
distributions ofJ/c in HM and QGP. We find that these tw
results are quite different: The curve increases smoothly w
increasingpT in HM. However, there is a turning point a
pT5(pT)max for pT distribution of J/c in QGP. WhenpT

,(pT)max, R(pT ;ET
H ,ET

L) value increases much mor
steeply with the increase ofpT in QGP than that in HM.
However,R(pT ;ET

H ,ET
L) value decreases with increasingpT

after pT>(pT)max, and it is contrary to the behavior o
. B
-

t
-
e

th

R(pT ;ET
H ,ET

L) in HM whereR always increases withpT .
It is believed that, in the previousO-U andS-U experi-

ments, the energy scale was not high enough to produ
QGP state, and then the observedR(pT ;ET

H ,ET
L) value in-

deed kept increasing with an increase ofpT . The hadron
picture gives a satisfactory description to the result so it c
firms that a turning over of the dependence ofR(pT ;ET

H ,ET
L)

on pT may signify a QGP formation. A recent paper di
cussed the effect of QGP on initial state parton scattering
found that the deconfinement will reduce the normalpT
broadening @7#. If this effect is considered whenpT

.(pT)max, theR(pT ;ET
H ,ET

L) value in Pb-Pb collisions will
decrease even faster withpT increasing for the case whe
QGP is formed. An unusual suppression ofJ/c has been
observed at a present Pb-Pb collision experiment and t
have been some discussions about the possible mechan
@19#. Based on our model, further measurement of thepT
dependence of theJ/c suppression may provide addition
information about the formation of QGP.
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