
PHYSICAL REVIEW C 67, 014907 ~2003!
Anomalous JÕc suppression and charmonium dissociation cross sections
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We studyJ/c suppression in Pb1Pb collisions at CERN-SPS energies in hadronic matter with energy- and
temperature-dependent charmonium dissociation cross sections calculated in the quark-interchange model of
Barnes and Swanson. The charmonium dissociation cross sections depend sensitively on energy and increase
significantly as temperature increases. We find that the variation ofJ/c survival probability from peripheral to
central collisions can be explained as induced by hadronic matter absorption in central collisions.
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I. INTRODUCTION

Following the suggestion of Matsui and Satz@1# to probe
quark-gluon plasma~QGP! with heavy quarkonium, the
NA50 Collaboration investigatedJ/c suppression in high-
energy heavy-ion collisions. AnomalousJ/c suppression has
been observed in Pb1Pb collisions at 158A GeV @2,3#. It is
of interest to investigate whether deconfined matter is c
ated in these collisions. Many different mechanisms h
been proposed to explain the phenomenon. It has been
gested that the suppression was due to a new phase, the
@4#, a change of the equation of state due to the QCD ph
transition @5#, the melting of charmonia in QGP@6#, or a
percolation deconfinement@7#. It has also been suggeste
that the anomalous suppression comes from the absorp
by various comovers produced in the Pb1Pb collisions
@8–14#.

In addition to the general suppression over a large reg
of transverse energyET , which is related to the impact pa
rameterb, the data forJ/c suppression in the large tran
verse energy region withET.100 GeV are also of specia
interest. This region corresponds to the most central Pb1Pb
collisions. The possible presence of a rapid drop of the r
of J/c to Drell-Yan production cross section
B(J/c)s(J/c)/s(DY), has been interpreted in a comov
model as a result of multiplicity fluctuation, subject to a lar
uncertainty of the measured data@15#. It has also been sug
gested that largeET fluctuations lead to increasing probab
ity for deconfinement and therefore possible complete s
presssion ofJ/c @16#. A definitive understanding on th
nature of J/c suppression in Pb1Pb collisions is still
lacking.

The absorption ofJ/c by comovers depends on theJ/c
dissociation cross sections in collision with hadrons. TheJ/c
dissociation cross sections in collision with hadrons ha
been considered previously in several theoretical studies
the predicted cross sections show great variation at low
ergies, largely due to different assumptions regarding
dominant scattering mechanism. Kharzeev and Satz and
laborators@17# employed the parton model and perturbati
QCD ‘‘short-distance’’ approach of Bhanot and Peskin@18#
and found remarkably small low-energy cross sections
collisions of J/c with light hadrons. Matinyan and Mu¨ller
0556-2813/2003/67~1!/014907~9!/$20.00 67 0149
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@19#, Haglin @20#, Lin and Ko @21#, Song and Lee@22#, and
Navarra and collaborators@23# recently reported results fo
these dissociation cross sections in meson exchange mo
These references all use effective meson Lagrangians,
differ in the interaction terms included in the Lagrangia
Results depend on a choice of meson coupling schemes
assumed form factors. Charmonium dissociation by nucle
has also been considered recently using similar effective
grangian formulations@24#.

We favor the use of the known quark forces to obtain
underlying scattering amplitudes from explicit nonrelativis
quark model wave functions of the initial and final meso
@25,26#. In this approach we first look for the interquark in
teraction by using the meson spectrum. The wave func
and the interaction are then used to evaluate the cross se
for the quark-interchange process@25,26#. The calculated
cross sections are first compared with experimental dat
I 52 pp phase shifts, and excellent agreement betw
theory and experimental data was obtained@25,26#. Such an
approach allows us to calculate all charmonium dissocia
cross sections by collisions with hadrons. Martins, Blasch
and Quack previously reported dissociation cross section
culations using essentially the same approach@27#. Two gen-
eral characteristics of the cross sections obtained in this
proach are:~i! for endothermic reaction, the cross secti
rises after the hadron energy exceeds some threshold e
gies and the maximum magnitude of the cross section i
the mb range,~ii ! for exothermic reaction, the cross section
infinite at zero kinetic energy and decreases as the en
increases.

The J/c dissociation cross section depends on the me
wave functions and the interquark interaction. The lat
quantities depend on temperature. By using such
temperature-dependent interquark potential inferred from
tice gauge calculations@28#, the temperature dependence
J/c dissociation cross sections can be obtained. The n
cross sections are now applied to stu
B(J/c)s(J/c)/s(DY) versusET , to be compared with the
CERN-SPS Pb1Pb data of the NA50 Collaboration.

The concept of the temperature dependence of the di
ciation process should be clarified as many different p
cesses are involved. There are two types of thermaliza
@26,29#. First, there is the thermalization of the hadronic m
ter, in which theJ/c ~or its precursor! resides. It occurs
©2003 The American Physical Society07-1
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rapidly as it depends on the cross section for the scatterin
light hadrons with light hadrons, which is of the order of te
of mb. We expect that the dense hadronic matter is therm
ized within a time of the order of 1 fm/c after light hadrons
are produced.~In our numerical results below, the therma
zation time for the hadronic matter is 1.9 fm/c after the light
hadrons are produced.!

The second type of thermalization is the thermalization
the ‘‘charmonium system’’ with its surrounding medium. If
quarkonium is placed in a thermalized hadronic mediu
there will be nondissociative inelastic reactions between
quarkonium and medium particles which change a char
nium state into another charmonium state:h
1(QQ̄)JLS↔h81(QQ̄)J8L8S8 . These reactions lead to th
thermalization of the charmonium system@26,30#. When the
heavy quarkonium system is in thermal equilibrium with t
medium, the probabilities for the occurrence of hea
quarkonium states will be distributed according to the Bo
Einstein distribution. The time for the thermalization of su
a system depends on the nondissociative inelastic cross
tions. As these cross sections are different from the pion-p
scattering cross section, the charmonium system therma
tion time is different from the light-hadron matter therma
zation time.

The cross sections for nondissociative inelastic reacti
between a charmonium and a light hadron and their temp
ture dependences remain a subject of current research.
vious estimates ofp1J/c→p1c8 by Fujii and Kharzeev
@31# gave a cross section of the order of 0.01 mb. In
quark-interchange model of Barnes and Swanson@32,33#,
such a process is forbidden in the first order and takes p
only in the second order. The higher order process pres
ably will lead to a smaller cross section. The nondissocia
inelastic cross sections need to be evaluated for the inte
tion of pions with different charmonia using different mo
els, to provide an estimate of the time for the thermalizat
of the charmonium system with the hadronic medium. If t
nondissociative inelastic charmonium cross sections ar
the same order as inp2p collision, then the charmonium
system will be also thermalized and the dissociation ofJ/c
should be treated by the method of statistical mechanics
the other hand, if the nondissociative inelastic cross sect
are all of the order of 0.01 mb, as estimated by Fujii a
Kharzeev forp1J/c→p1c8, the thermalization time for
the charmonium system will be quite long and we will n
need to consider a thermalized charmonium system. In
present work, we have not taken the process of dissocia
by thermalization into account.

For a charmonium placed in a thermal medium, the th
malized hadronic matter alters the interaction between
charm quark and charm antiquark and changes the Q
vacuum surrounding the charmonium. The threshold ene
for J/c dissociation is shifted and consequently the disso
tion cross section changes as a function of the hadronic m
ter temperature. The dissociation cross section is, howe
of the order of a few mb@26#. Thus, in the treatment of th
collision of J/c with the dense hadronic matter, the cro
section is still small enough so that we can treat thep
2J/c dissociative collision as a two-body process.
01490
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In Sec. II we describe the interquark potential used
obtain meson wave functions. In Sec. III we present thep
2J/c andp2xcJ dissociation cross sections and show th
dependences on temperature. In Sec. IV charmonium
pression in Pb1Pb collisions is examined. Numerical calcu
lations and results are shown and discussed in Sec. V. C
clusions are given in Sec. VI.

II. TEMPERATURE-DEPENDENT POTENTIAL AND WAVE
FUNCTIONS

In a medium at high temperatures, the gluon and lig
quark fields fluctuate and the alignment of the color elec
fields due to the QCD interaction is reduced by the therm
motion for a random orientation of the color electric field
The ‘‘pressure’’ from the QCD vacuum to confine the qua
and antiquark pair also diminishes with increasing tempe
ture. The interquark potential is thus a sensitive function
temperature, resulting in the vanishing of the string tens
at the critical temperature of deconfinement phase transit

Even atT50, a proper description of the heavy quark
nium state should be based on a screening potential, as
heavy quarkonium becomes a pair of open charm or o
bottom mesons whenr becomes very large, due to the actio
of dynamical quark pairs@34#. Recently, the central inter
quark potential has been obtained from the lattice gauge
sults of Karschet al. @28# and analyzed by Digalet al.
@35,36# and by Wong@26#. The temperature-dependent p
tential for T,Tc can be represented by

V12~r ,T!52
4

3

ase
2m(T)r

r
2

b~T!

m~T!
e2m(T)r , ~1!

whereas is a running coupling constant@25#. The effective
string-tension coefficient is

b~T!5b0@12~T/Tc!
2#u~Tc2T!, ~2!

with b050.35 GeV2 and the effective screening paramete

m~T!5m0u~Tc2T!, ~3!

wherem050.28 GeV and the step functionu signifies the
vanishing of the string tension at the phase transition te
peratureTc50.175 GeV.

The charmonium wave functions can be obtained by so
ing the Schro¨dinger equation

S 2¹•

1

2m12
¹1V12~r ,T!1D~r ,T! DcJLS~rW,T!

5e~T!cJLS~rW,T!, ~4!

where m12 is the reduced mass and the mass differe
D(r ,T) is

D~r ,T!5m1~r ,T!1m2~r ,T!2m1~`,T!2m2~`,T!.
~5!
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The energye(T) is measured relative to two separated m
sonscq̄ andqc̄ at r→` wherec and c̄ become open charm
mesons and$m1(r ,T),m2(r ,T)%5$Mcq̄(T),Mqc̄(T)%.

The bound-state wave function and energye have been
obtained by diagonalizing the Hamiltonian using a non
thogonal Gaussian basis with different widths@26#. When the
energye becomes positive, spontaneous dissociation occ
subject to the selection rules based on the conservatio
total angular momentum and parity@26#.

III. CHARMONIUM DISSOCIATION CROSS SECTIONS

For meson-meson scatteringsA1B→C1D, the differen-
tial cross section is given by

ds f i

dt
5

1

64psupW Au2
uM f i u2, ~6!

wheret is the momentum transfer squared,s is the center-of-
mass~c.m.! energy squared, andpW A is the momentum of
mesonA in the c.m. system. The matrix elementMf i is
calculated with the four meson wave functions ofA, B, C,
andD and the interquark interaction. The latter is the pote
tial in Eq. ~1! plus a spin-spin term for quark-quar
interaction,

Vspin-spin~r !52
lW 1

2
•

lW 2

2
3

8pas

3m1m2
sW1•sW2S d3

p3/2D e2d2r 2
,

~7!

wherem1(m2) andsW1(sW2) are individually the mass and spi
of quark 1~2!, andd is a spin-spin interaction width includin
relativistic corrections@26,37#. For quark-antiquark poten
tial, (lW 1/2)•(lW 2/2) is replaced by2(lW 1/2)•(lW 2

T/2). This po-
tential generates wave functions which are then used to
culate the dissociation cross sections, as discussed in
@26#. The dissociation cross section ofJ/c in collision with
p varies as a function ofT/Tc and the c.m. kinetic energ
EKE5As2mA2mB wheremA andmB are the masses of th
incident mesons. We plot in Fig. 1 thep1J/c dissociation
cross sections. Since about 35% ofJ/c comes from the ra-
diative decay ofxcJ , the dissociation cross sections ofxc1
andxc2 in collisions withp are also important. We evaluat
these cross sections which are plotted in Fig. 2.

As the temperature increases, the temperature-depen
interquark potential becomes weaker. Then the energy
separatingc andc̄ in the charmonium decreases and the ro
mean-square radius of the meson increases. As a co
quence, the dissociation cross section for a charmonium
collision with a pion rises with increasing temperatures. F
various charmonia, different sizes also lead to different d
sociation cross sections. AtT/Tc'0.7, the peak cross sectio
of p1xc1 or p1xc2 is about 2.1 times that atT50. Since
thexc2 is less bound compared toxc1, the dissociation cross
section forxc2 is slightly larger. Thep1xc2 reaction be-
comes exothermic at a lower temperature thanp1xc1.
Comparing Figs. 1 and 2, we find that the peak value op
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2J/c dissociation cross section is larger than the peak va
of p2xc2 and p2xc1 dissociation cross sections whe
T/Tc are larger than 0.65 and 0.55, respectively.

IV. CHARMONIUM SUPPRESSION IN Pb ¿Pb
COLLISIONS

Working in the nucleon-nucleon c.m. frame, we assu
the following scenarios to investigateJ/c suppression. In a
nucleus-nucleus collision, hadronic matter consisting mai

FIG. 1. J/c dissociation cross sections for various temperatu
as a function of EKE . From left to right are T/Tc

50.45, 0.35, 0.25, 0.15, 0.05 for these curves without labels.

FIG. 2. Upper and lower panels showxc1 andxc2 dissociation
cross sections for various temperatures as a function ofEKE . From
left to right areT/Tc50.35, 0.25, 0.15, 0.05 for these curves wit
out labels.
7-3
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of pions is produced att form after the collision. The hadronic
matter is initially not in thermal equilibrium. It becomes the
malized by elastic scatterings of pions at timet therm, and the
expansion of hadronic matter lowers the temperature and
density until freeze-out att fz . On the other hand,cc̄ pairs
are created by the hard scattering processes between a
jectile nucleon and a target nucleon in a very short time. T
cc̄ pair evolves into a charmonium or its precursor whi
interacts and becomes dissociated by colliding first w
nucleons in the two colliding nuclei and subsequently w
the produced hadronic matter.J/c will be dissociated by
collision with pions during the time fromt form to t fz . The
differential cross section forJ/c production with respect to
the impact parameterbW is

dsJ/c
AB ~bW !

dbW
5E d3p

E S E
d3sJ/c

NN

d3p
D E dbW A

sNJ/c
2 $12@1

2TA~bW A!sNJ/c#A%$12@12TB~bW 2bW A!sNJ/c#B%

3expS 2E
t form

t therm
dtv relspJ/cnp~b,t! D

3expS 2E
t therm

t fz
dt^v relspJ/c&np~b,t! D . ~8!

For the production of Drell-Yan dilepton pairs, the cro
section scales with the number of nucleon-nucleon co
sions, and we have

dsDY
AB~bW !

dbW
5sDY

NNABTAB~bW !. ~9!

The quantitiesE and pW are the energy and momentum
J/c; sJ/c

NN andsDY
NN are cross sections forJ/c and Drell-Yan

productions in a nucleon-nucleon collision, respective
spJ/c is theJ/c dissociation cross section in collision wit
p;sNJ/c is theJ/c absorption cross section in collision wit
nucleons;bW A is the nucleon coordinate in the target nucle
A; TA andTB are nuclear thickness functions@38#; andv rel is
the relative velocity of charmonium andp. The thickness
function for the colliding nuclei is

TAB~bW !5E dbW ATA~bW A!TB~bW 2bW A!. ~10!

The expression for the differential cross section forxcJ and
c8 production can be obtained by replacingJ/c with xcJ or
c8.

If the hadronic matter is in thermal equilibrium, the pio
number multiplicities are obtained from the familiar mome
tum distribution. Before thermalization, the pion numb
density has to be estimated from experimentally measu
multiplicities of charged pions. The total pion numberNp as
a function of the impact parameterbW for Pb1Pb collisions at
158A GeV was measured by the NA49 Collaboration@39#.
We assume that the total pion number is conserved in
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evolution of hadronic matter. The volume of hadronic mat
depends on the impact parameterbW as well as the proper time
t, which is measured relative to the moment of maximu
overlap of the colliding nuclear matter,

V~b,t!5S 2t1
A4RA

22b2

g
D 3H 2~RA

1tVex'!2cos21S b

2~RA1tVex'! D
2bA~RA1tVex'!22

b2

4 J . ~11!

Here RA is the lead-nucleus radius,Vex' is the transverse
velocity for radial flow, andg is the Lorentz contraction
factor, g5As/2mN , with nucleon massmN , andAs is the
c.m. energy of a nucleon-nucleon collision. As a result of
above consideration, the pion number density depends on
impact parameter and proper time as

np~b,t!5
Np~b!

V~b,t!
. ~12!

Thep-charmonium dissociation cross sections depend
the temperatureT and the collision energy. Pions in therm
equilibrium have the momentum distributionf p(k)
;3e2Ep /T with the pion energyEp . Integrating the whole
pion momentum contribution tov rels and dividing by the
pion number density, we obtain

^v rels&5

E d3k

~2p!3
f p~k!v rels

E d3k

~2p!3
f p~k!

, ~13!

which depends onpT andxF of charmonium andt.
The differential cross sections with respect toET for J/c

production is given by

dsJ/c
AB

dET
5E d2b

dsJ/c
AB

dbW
D~b,ET!, ~14!

and the differential cross section for the Drell-Yan proces

dsDY
AB

dET
5E d2b

dsDY
AB

dbW
D~b,ET!, ~15!

whereD(b,ET) relatesb to ET @40#

D~b,ET!5
1

A2ps~b!
e2[ET2ĒT(b)] 2/2s2(b), ~16!

with the average transverse energy

ĒT~b!5
135 GeV

11exp@~b26.7!/3#
, ~17!
7-4
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and the variance

s~b!5
11 GeV

11exp@~b210!/2#
. ~18!

V. RESULTS AND DISCUSSIONS

A. Differential cross sections forJÕc yield in nucleon-nucleon
collisions

To generate momentum distribution ofJ/c, we need to
parametrize the initially producedJ/c distributions. The in-
variant differential cross section forJ/c production in a
nucleon-nucleon collision,Ed3sJ/c

NN/d3p, is factorized as

E
d3sJ/c

NN

d3p
5 f ~xF!g~pT!. ~19!

The parameters off (xF) and g(pT) obtained by fitting ex-
perimental data inp-p andp-A collisions have been summa
rized in Refs.@41,42#. We take the parametrizations

g~pT!;S 11
pT

2

b2D 26

, ~20!

f ~xF!;
~12x1!a~12x2!a

x11x2
, ~21!

where x1,250.5(AxF
214MJ/c

2 /s6xF) with the J/c mass
MJ/c . The quantityb is related to the average transver
momentum ^pT& by b5(256/35p)^pT&. The quantity b
52.2460.28 GeV/c is inferred from ^pT&50.96
60.12 GeV/c for the J/c production inp-Be collisions at
As516.8 GeV@43#. The parametera54.95 fits thexF spec-
tra of J/c in p-Be collisions atAs538.8, 31.6, and 16.8
GeV @43,44# andp-Li collisions atAs523.8 GeV@45#. The
xF spectrum provides the average valuêxF&
5*0

12ddxFxF f (xF)/*0
12ddxF f (xF)'0.16 with d5MJ/c

2 /s.
The conditionx1,2<1 requiresxF<12d. We use the param
etrizations of f (xF) and g(pT) to generate thexF and pT
spectra of a charmonium produced in nucleon-nucleon c
sions in Pb1Pb collisions at 158 GeV/c per nucleon.

In Eq. ~8! we assumeJ/c mesons are produced uniform
in the collision region. The successive collisions of a proj
tile nucleon in the target nucleus cause the nucleon to
energy gradually so thatJ/c mesons are not evenly produce
in space. Such an effect was discussed in Ref.@46#.

B. JÕc suppression in hadronic matter

As seen in Eq.~8!, the differential cross section explicitl
depends on the pion formation timet form , the pion thermal-
ization timet therm, and the hadron freeze-out timet fz . We
estimate the formation timet form to be 1 fm/c from nucleon-
nucleon collision data@38#. Then in the most central Pb1Pb
collision, np(b50,t form)52.38 fm23. We use a freeze-ou
number density ofnfz50.5 fm23. The initial temperature of
pion matter is close to the QCD phase transition tempera
Tc50.175 GeV@28# and is taken asTtherm50.16 GeV.
01490
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In a thermal medium, the charmonium will spontaneou
dissociate if the energye obtained from the Schro¨dinger
equation relative to the mass of two open charm meson
positive. The energye varies with temperature. The critica
temperatureTd for the spontaneous dissociation~at whiche
is zero! was determined by Wong@26# to be Td /Tc
50.99, 0.90, and 0.91 forJ/c, xc1, and xc2, respectively.
SinceT/Tc<Ttherm/Tc50.91 for any centrality, we can ne
glect the spontaneous dissociation ofJ/c, xc1, and xc2 in
the pion matter.

We assume that all charmonia concerned have the s
absorption cross section in collision with nucleons,sNJ/c
5sNxc1

5sNxc2
5sNc85sNabs. Since these cross section

have not been fixed byp-A reactions, we take a value of 4.
mb. The remaining adjustable parameter ist therm(b50) for
the most central Pb1Pb collision. The thermalization time
has a centrality dependence,dt therm;1/@sppnp(b,t form)#,
wherespp is thepp elastic scattering cross section at ze
temperature. Since the pion number density is given by
~12!, the thermalization time after the formation of hadron
matter can be obtained by

dt therm~b!5dt therm~b50!
np~b50,t form!

np~b,t form!
. ~22!

The thermalization time measured relative to the momen
maximum overlap of the colliding nuclei is thent therm(b)
5t form1dt therm(b).

The value of the adjustable parametert therm(b50) and
the transverse velocityVex' are obtained by fitting the lates
data of B(J/c)s(J/c)/s(DY) from the NA50 Collabora-
tion @47#. As shown in Fig. 3, the latest data in Ref.@47# are
slightly different from the earlier data@2,3# in the peripheral
and central collisions. Other quantities such as the pion n
ber density at thermalizationntherm, proper timet fz , and

FIG. 3. The experimental data are from Ref.@47#. The solid
curve is the theoretical result whilesNabs54.2 mb. The dashed
curve is obtained with no large-ET fluctuation considered.
7-5
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TABLE I. Values ofsNabs, Vex' , t therm, ntherm, t fz , andTfz .

sNabs(mb) Vex'(c) t therm(fm/c) ntherm(fm23) t fz(fm/c) Tfz(GeV)

4.2 0.75 2.9 0.88 4.44 0.139
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temperatureTfz at freeze-out are then calculated and a
tabulated in Table I for the central collision atb50 fm. The
quantityntherm5np(b50,t therm) is calculated with Eq.~12!.
The freeze-out timet fz depends on the centrality. The freez
out temperatureTfz , determined in the most central collisio
is the same for hadronic matter yielded at any centrality. T
temperature betweenTtherm and Tfz approximately obey the
relation given by Bjorken@48#. In the survival probability of
total J/c, we include contributions at the level of 58% fo
direct J/c, 20% for xc1, 14.5% forxc2, and 7.5% forc8
@41#.

From central to peripheral collisions, pion number dens
decreases and thermalization time increases according to
~22!. At b58.9 fm the pion number density att therm is equal
to the freeze-out number density and no thermalization
attained. Forb.8.9 fm, the zero-temperature charmoniu
dissociation cross sections are relevant forJ/c suppression.
Since the peak dissociation cross sections forJ/c, xc1, and
xc2 in collision with p at T50 are about 1.1, 1.6, and 1.
mb, respectively, the suppression ofJ/c due to the collision
with p is very small. Therefore the absorption byN2J/c
collisions completely dominatesJ/c suppression atb.8.9
fm. For b,8.9 fm, thermalized hadronic matter sets in w
Ttherm50.16 GeV and freezes out atTfz50.139 GeV. The
dissociation cross section jumps from 1.1 mb~1.6 mb, 1.9
mb! at T50 to 6.5 mb~4.1 mb, 4.8 mb! at Tfz50.139 GeV
and even higher atTtherm50.16 GeV forJ/c (xc1 , xc2). But
this sudden rise does not induce a sudden fall
B(J/c)s(J/c)/s(DY) at ET'40 GeV since the time in
which J/c interacts with pion matter in thermal equilibrium
increases gradually as the impact parameter decreases
b58.9 fm to zero. In these calculations, the suppression
c8 has been taken into account~see the following para-
graph!, asc8 comprises about 7.5% of the unsuppressedJ/c
yield.

To studyc8 suppression, we note from Ref.@26# that the
spontaneous dissociation ofc8 begins with Td /Tc50.50.
The pion matter freezes out atTfz /Tc'0.79 for any central-
ity. Thusc8 spontaneous dissociation takes place through
the pion matter. For a full description of thec8 spontaneous
dissociation, a suitable treatment will be needed in fut
work. The effect ofc8 dissociation, alternatively, can be a
counted for by an approximate effective treatment where
assume a constantc8 dissociation cross section independe
of energy,spc8512 mb. As shown in Fig. 4, the experimen
tal data forB(c8)s(c8)/s(DY) reported in Ref.@49# and
exhibited in Ref.@42# can be represented by such ap2c8
cross section of 12 mb. We shall include this constantc8
dissociation cross section in our analysis of thec8 absorp-
tion in our model. It can be considered as an effective r
resentation of the experimental data to include the effec
c8 suppression.
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In addition to the spontaneous dissociation,J/c suppres-
sion may receive contributions from the thermalization
charmonium in hadronic matter. The thermalization proc
leads to a thermal distribution of charmonium, and the sta
above the dissociate threshold can dissociate spontaneo
@26,30#. The thermalization of charmonia depends on the
namic processes such as scatterings of lower charmon
states in collision with pions leading to higher charmoniu
states. The work of Fujii and Kharzeev@31# gave the cross
sections forp1J/c→p1c8 less than 0.01 mb in the regio
of interest. We assume implicit generalization of this cro
section to other pion-charmonium scatterings. Then the t
malization time of charmonia is very long and the charmo
cannot be in thermal equilibrium before pionic matter freez
out. Therefore the dissociation by thermalization f
J/c, xc1, and xc2 have not been included. If we calcula
cross sections for processes such asp1J/c→p1xcJ in the
quark-interchange mechanism, we need to interchange
quarks twice and the quark-interchange processes ar
higher order. The calculations for these cross sections
complicated and are left for a future work.

To illustrate the role of charmonium dissociations in co
lisions with pions in hadronic matter, we setsNabs50 and
calculateB(J/c)s(J/c)/s(DY) with different assumptions
on thep2(cc̄)JLS cross sections for the dissociation of th
charmonium (cc̄)JLS. In Fig. 5 we show the results withp
2(cc̄)JLS dissociation cross sections as given by:~i! s@p

2(cc̄)JLS# for T50 @25# ~dashed curve!; ~ii ! s@p

2(cc̄)JLS#51 mb ~dot-dashed curve!; ~iii ! s@p2(cc̄)JLS#

FIG. 4. Solid curve obtained withsNabs54.2 mb is compared
with the 1996 data ofs(c8)/s(DY) ratio.
7-6
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52 mb ~dotted curve!; ~iv! s@p2(cc̄)JLS# of Figs. 1 and 2
for T.0 ~solid curve!. The flat curve belowET528 GeV
comes mainly from the collisions atb.8.9 fm where no
thermalization is attained. This flatness arises as
p-charmonium dissociation cross section is small and
pion number density is not high atb.8.9 fm. Indeed, the
dashed curve gives a smallJ/c suppression if only the
p-charmonium dissociation cross sections atT50 are used.
Even theJ/c suppression obtained by using 1 mb cross s
tion is larger than that for the cross sections atT50. It is
obvious that the suppression obtained from the cross sec
at higher temperatures is greater than that from using a 2
cross section. This is related to the larger charmonium
sociation cross sections at higher temperatures as sh
below.

The cross sections in Figs. 1 and 2 depend on the t
perature andp2(cc̄)JLS relative momenta. What are the a
erage cross sections? Figure 6 exhibits cross sections
aged over the pion and (cc̄)JLS momenta in the collision a
b50 fm, which is defined as

^s&5E d3p

E S E
d3sJ/c

NN

d3p
D d3k

~2p!3

3 f p~k!s/F E d3p

E S E
d3sJ/c

NN

d3p
D E d3k

~2p!3
f p~k!G .

~23!

The average cross sections^spJ/c&, ^spxc1
&, and ^spxc2

&
decrease with time. At the thermalization time, they are 3.
2.74, and 2.95 mb, respectively. At 2.9 fm,t

FIG. 5. The same experimental data as Fig. 3. All curves h
sNabs50 mb. The solid, dashed, dotted, and dot-dashed curves
obtained by using the cross sections atT.0 and T50, the two
constant cross sectionsspJ/c5spxcJ

5spc852 and 1 mb, respec
tively.
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,4.25 fm,̂ spJ/c& is larger than ^spxc1
&. At 2.9 fm,t

,3.4 fm,̂ spJ/c& even surpasses^spxc2
&. These are not sur

prising since the peak value ofJ/c dissociation cross sectio
exceeds that ofxc1(xc2)for T/Tc.0.55(0.65) and the tem
perature of hadronic matter before freeze-out isT/Tc
>0.79.

We further calculate the quantity

v rels̄5E
t therm

t fz
dt^v rels&/~t fz2t therm!. ~24!

ThepT andxF dependences ofv rels̄ are shown in Figs. 7 and

e
re

FIG. 6. The solid, dashed, and dotted curves
^spJ/c&, ^spxc1

&, and^spxc2
&, respectively.

FIG. 7. The solid, dashed, and dotted curves

v relspJ/c, v relspxc1
,̄ andv relspxc2

āt xF50, respectively.
7-7
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8. These results indicate that the average absorption ef
due toJ/c, xc1, andxc2 are not significantly different. The
above discussion will be useful to understand data from
NA60 Collaboration@50# where thexcJ suppressions will be
stressed.

C. JÕc suppression at largeET

In addition to the general suppression over a broad reg
of transverse energyET , the data forJ/c suppression in the
large transverse energy region withET.100 GeV are also of
special interest. ForET.100 GeV, we consider the effect
arising from the largeET fluctuation. SinceD(b,ET) has not
been constrained to giveET by the average

^ĒT&5

E d2bĒT~b!D~b,ET!

E d2bD~b,ET!

, ~25!

the measuredET is larger than̂ ĒT& for ET.100 GeV, i.e.,
the so-called large-ET fluctuation happens@15,16#. In our
calculations, the fluctuation increases not only the pion nu
ber density by the replacementnp(b,t)→np(b,t)ET /^ĒT&
but also the lifetime of pion matter byV@b,t fz(b)#
5V@b,t therm(b)#np@b,t therm(b)#/nfz . The two changes lead
to the solid curve in Fig. 3 decreasing continually beyo
ET5100 GeV.

The largeET fluctuation does not increase the initial tem
perature since we do not consider here the QCD phase
sition to a QGP. The spontaneous dissociations ofJ/c, xc1,
andxc2 can still be neglected. The factorET /^ĒT& shows the
fluctuation increases smoothly fromET5100 GeV. Therefore
we see that the solid curve does not drop rapidly in the lar
ET region and does not pass the rightest experimental p

FIG. 8. The same as Fig. 7 except forxF dependence atpT

50.
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within the error bar. This behavior is similar to the theore
cal J/c suppression obtained by Capellaet al. @15#. If ex-
perimental data atET.120 GeV can be provided with goo
statistics by additional NA60 measurements@50#, then we
need compare our result to the experimental data in this
gion to see the possibility of additional suppression due
the QGP.

VI. CONCLUSIONS

We have studiedp-charmonium dissociation cross se
tions and theJ/c suppression in Pb1Pb collisions at the
CERN-SPS. We use dissociation cross sections calculate
the Barnes-Swanson quark-interchange model@32,33# with
the potential obtained from the lattice gauge results. Mak
reasonable assumptions about the absorption scenario
find that theJ/c production cross section calculated wi
these dissociation cross sections can describe the genera
tures of the anomalousJ/c suppression data. An importan
element of the agreement arises from the increase of
dissociation cross sections as the temperature increases
the largeET region atET.100 GeV, the anomalous add
tional suppression can be explained by the fluctuation ofET
or multiplicity.

Thep-charmonium dissociation cross sections depend
the temperature and the kinetic energy, but the averagesv rels̄
in hadronic matter forp1J/c, p1xc1, andp1xc2 disso-
ciation cross sections are nearly the same. Thus the diss
tions of directJ/c, xc1, andxc2 give nearly the same con
tributions to the suppression of the measuredJ/c.

We have chosen the constant absorption cross section
charmonia on nucleons. However, the absorption cross
tions are expected to depend on the c.m. energy of char
nium and nucleon. Determining the nucleon absorption cr
sections is an important task. It will be of interest to evalu
the N2J/c dissociation cross sections in the Barne
Swanson quark-interchange model@32,33#.

The temperature effects on the quark-quark potential
charmonium wave functions have been considered in
evaluation of the dissociation cross sections. Following
earlier results of the spectral analysis of Hatsuda using
O(4) linear s model @51#, we assume that the pion wav
function in the finite-temperature hadronic matter to be
proximately unaffected by temperature. We note, howev
from recent lattice results using the maximum entro
method@52,53# that the light-quark pseudoscalar and vec
spectral functions change significantly with temperature.
the other hand, the heavy-quark vector spectral functions
only moderately affected by temperature@52#. It should be
pointed out, however, that these spectral functions have b
obtained in the quenched approximation. The effects of
tual production of dynamical fermion pairs on the interacti
between the heavy quark and antiquark are not included.
stability of the heavy quarkonium state is affected by t
presence of dynamical fermions. There remains therefore
certainties in these latest lattice results. It will be of gre
interest to see how the dissociation of charmonium may
modified when the properties of the interacting pion a
7-8
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heavy quarkonium are obtained including the effects of
namical light quark pairs.

ACKNOWLEDGMENTS

X.-M. Xu thanks the nuclear theory group and PHEN
group at ORNL for their kind hospitality. This work wa

@1# T. Matsui and H. Satz, Phys. Lett. B178, 416 ~1986!.
@2# NA50 Collaboration, M. C. Abreuet al., Phys. Lett. B450,

456 ~1999!.
@3# NA50 Collaboration, M. C. Abreuet al., Phys. Lett. B477, 28

~2000!.
@4# J.-P. Blaizot and J.-Y. Ollitrault, Phys. Rev. Lett.77, 1703

~1996!; C. Y. Wong, Nucl. Phys.A610, 434c ~1996!; A630,
487c ~1998!; D. Kharzeev, C. Lourenco, M. Nardi, and H
Satz, Z. Phys. C74, 307 ~1997!.

@5# E. Shuryak and D. Teaney, Phys. Lett. B430, 37 ~1998!.
@6# R. Vogt, Phys. Lett. B430, 15 ~1998!.
@7# M. Nardi and H. Satz, Phys. Lett. B442, 14 ~1998!.
@8# S. Gavin and R. Vogt, Nucl. Phys.A610, 442c ~1996!; W.

Cassing and C. M. Ko, Phys. Lett. B396, 39 ~1997!; W. Cass-
ing and E. L. Bratkovskaya, Nucl. Phys.A623, 570 ~1997!.

@9# N. Armesto and A. Capella, Phys. Lett. B430, 23 ~1998!.
@10# J. D. de Deus and J. Seixas, Phys. Lett. B430, 363 ~1998!.
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