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Anomalous J/ ¢ suppression and charmonium dissociation cross sections
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We studyJd/ s suppression in PbPb 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 variatidhodurvival probability from peripheral to
central collisions can be explained as induced by hadronic matter absorption in central collisions.
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I. INTRODUCTION [19], Haglin[20], Lin and Ko[21], Song and Le¢22], and
Navarra and collaboratof®3] recently reported results for

Following the suggestion of Matsui and S&i13 to probe these dissociation cross sections in meson exchange models.
quark-gluon plasmaQGP with heavy quarkonium, the These references all use effective meson Lagrangians, but
NA50 Collaboration investigated/s suppression in high- differ in the interaction terms included in the Lagrangian.
energy heavy-ion collisions. Anomalodéy suppression has Results depend on a choice of meson coupling schemes and
been observed in PEPb collisions at 158 GeV[2,3]. Itis  assumed form factors. Charmonium dissociation by nucleons
of interest to investigate whether deconfined matter is creDas also been considered recently using similar effective La-
ated in these collisions. Many different mechanisms havdrangian formulation$24]. _
been proposed to explain the phenomenon. It has been sug- W€ favor the use of the known quark forces to obtain the
gested that the suppression was due to a new phase, the QE&perlying scattering amplitudes from explicit nonrelfativistic
[4], a change of the equation of state due to the QCD pha uark model wave functions of the initial and final mesons

transition [5], the melting of charmonia in QGEB], or a 5,2§|. In this approach we first look for the interquark in-
ercolation deconfinemeri7]. It has also been suggested teraction by using the meson spectrum. The wave functlo_n
b : and the interaction are then used to evaluate the cross section

that th(_a anomalous suppression comes from the _a_bsorptiqgr the quark-interchange proce$25,26. The calculated
by various comovers produced in the PBb collisions . ,s5 sections are first compared with experimental data of
[8-14. » ) . 1=2 77 phase shifts, and excellent agreement between
In addition to the genergl suppression over a large regiokheory and experimental data was obtaifi26,26. Such an
of transverse energliy, which is related to the impact pa- approach allows us to calculate all charmonium dissociation
rameterb, the data forJ/¢ suppression in the large trans- cross sections by collisions with hadrons. Martins, Blaschke,
verse energy region witkr>100 GeV are also of special and Quack previously reported dissociation cross section cal-
interest. This region corresponds to the most centratP®  culations using essentially the same apprd@di. Two gen-
collisions. The possible presence of a rapid drop of the rati@ral characteristics of the cross sections obtained in this ap-
of J/y to Drell-Yan production cross sections, proach areii) for endothermic reaction, the cross section
B(J/¢y)o (I y)/a(DY), has been interpreted in a comover rises after the hadron energy exceeds some threshold ener-
model as a result of multiplicity fluctuation, subject to a largegies and the maximum magnitude of the cross section is in
uncertainty of the measured ddtb]. It has also been sug- the mb rangeii) for exothermic reaction, the cross section is
gested that larg&+ fluctuations lead to increasing probabil- infinite at zero kinetic energy and decreases as the energy
ity for deconfinement and therefore possible complete supincreases.
presssion ofl/¢ [16]. A definitive understanding on the The J/ ¢ dissociation cross section depends on the meson
nature of J/¢ suppression in PbPb collisions is still wave functions and the interquark interaction. The latter
lacking. quantities depend on temperature. By wusing such a
The absorption ofl/ 4 by comovers depends on thé)  temperature-dependent interquark potential inferred from lat-
dissociation cross sections in collision with hadrons. Jhe  tice gauge calculationg8], the temperature dependence of
dissociation cross sections in collision with hadrons havel/y dissociation cross sections can be obtained. The new
been considered previously in several theoretical studies, batoss  sections are now  applied to  study
the predicted cross sections show great variation at low erB(J/¢) o (Jd/ )/ (DY) versusEt, to be compared with the
ergies, largely due to different assumptions regarding th€ERN-SPS Pt Pb data of the NA50 Collaboration.
dominant scattering mechanism. Kharzeev and Satz and col- The concept of the temperature dependence of the disso-
laboratorg17] employed the parton model and perturbativeciation process should be clarified as many different pro-
QCD *“short-distance” approach of Bhanot and Peskli8]  cesses are involved. There are two types of thermalization
and found remarkably small low-energy cross sections fof26,29. First, there is the thermalization of the hadronic mat-
collisions of J/¢ with light hadrons. Matinyan and Mler  ter, in which theJ/ (or its precursor resides. It occurs
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rapidly as it depends on the cross section for the scattering of In Sec. Il we describe the interquark potential used to
light hadrons with light hadrons, which is of the order of tensobtain meson wave functions. In Sec. Il we present the
of mb. We expect that the dense hadronic matter is thermal-J/¢ and 7 — x; dissociation cross sections and show their
ized within a time of the order of 1 fro/after light hadrons dependences on temperature. In Sec. IV charmonium sup-
are produced(In our numerical results below, the thermali- pression in Pk-Pb collisions is examined. Numerical calcu-
zation time for the hadronic matter is 1.9 firdfter the light  lations and results are shown and discussed in Sec. V. Con-
hadrons are produced. clusions are given in Sec. VI.
The second type of thermalization is the thermalization of
the “charmonium system” with its surrounding medium. If @ 'y pE R ATURE-DEPENDENT POTENTIAL AND WAVE
quarkonium is placed in a thermalized hadronic medium, FUNCTIONS
there will be nondissociative inelastic reactions between the
quarkonium and medium particles which change a charmo- In a medium at high temperatures, the gluon and light
nium state into another charmonium stateh quark fields fluctuate and the alignment of the color electric
+(QQ);.s—h'+(QQ),/ /s . These reactions lead to the fields due to the QCD interaction is reduced by the thermal
thermalization of the charmonium systé@6,30. When the motion for a random orientation of the color electric fields.
heavy quarkonium system is in thermal equilibrium with the The “pressure” from the QCD vacuum to confine the quark
medium, the probabilities for the occurrence of heavyand antiquark pair also diminishes with increasing tempera-
quarkonium states will be distributed according to the Boselure. The interquark potential is thus a sensitive function of
Einstein distribution. The time for the thermalization of suchtemperature, resulting in the vanishing of the string tension
a system depends on the nondissociative inelastic cross Se’%’f_the critical temperature of deconfinement phase transition.
tions. As these cross sections are different from the pion-pion Even atT=0, a proper description of the heavy quarko-
scattering cross section, the charmonium system thermaliz&ium state should be based on a screening potential, as the
tion time is different from the light-hadron matter thermali- heavy quarkonium becomes a pair of open charm or open
zation time. bottom mesons whenbecomes very large, due to the action
The cross sections for nondissociative inelastic reaction8f dynamical quark pair$34]. Recently, the central inter-
between a charmonium and a light hadron and their temper&tuark potential has been obtained from the lattice gauge re-
ture dependences remain a subject of current research. Pi@ilts of Karschetal. [28] and analyzed by Digakt al.
vious estimates ofr+J/¢— -+ ¢’ by Fujii and Kharzeev [35,36 and by Wong[26]. The temperature-dependent po-
[31] gave a cross section of the order of 0.01 mb. In thetential for T<T. can be represented by
guark-interchange model of Barnes and Swanfgit 33,
such a process is forbidden in the first order and takes place
only in the second order. The higher order process presum-
ably will lead to a smaller cross section. The nondissociative
inelastic cross sections need to be evaluated for the interaghere oy is a running coupling constafi2s]. The effective
tion of pions with different charmonia using different mod- string-tension coefficient is
els, to provide an estimate of the time for the thermalization
of the; charmpniqm sys.tem with thg hadronic med'ium. If the b(T)=bo[1— (T/T)2]6(T.—T), )
nondissociative inelastic charmonium cross sections are of
the same order as im—  collision, then the charmonium | ) bo=
system will be also thermalized and the dissociatiod/af
should be treated by the method of statistical mechanics. On
the other hand, if the nondissociative inelastic cross sections

are all of the order of 0.01 mb, as estimated by Fujii and B . .
Kharzeev form+J/— a7+ ¢, the thermalization time for where 119=0.28 GeV and the step functiofl signifies the

the charmonium system will be quite long and we will not vanishing of the string tension at the phase transition tem-

need to consider a thermalized charmonium system. In thBeratureTC=O.175 GeV. . .
present work, we have not taken the process of dissociation The charrnpmum wave functions can be obtained by solv-
by thermalization into account. ing the Schrdinger equation
For a charmonium placed in a thermal medium, the ther- 1
malized hadronic matter alters the interaction between the >
charm quark and charm antiquark and changes the QCD V'g 12V+V12(r,T)+A(r,T) Yos(r,T)
vacuum surrounding the charmonium. The threshold energy .
for J/y dissociation is shifted and consequently the dissocia- =e(T)ys(r.T), (4)
tion cross section changes as a function of the hadronic mat-
ter temperature. The dissociation cross section is, howevewhere w, is the reduced mass and the mass difference
of the order of a few mip26]. Thus, in the treatment of the A(r,T) is
collision of J/¢ with the dense hadronic matter, the cross
section is still small enough so that we can treat the A(r,T)=my(r, T)+my(r,T) —my(o°,T)—my(,T).
—J/¢ dissociative collision as a two-body process. (5

4 age M p(T)
V(r, T)=—= - e #(Dr) 1
wrN==-3— (M) 1)

0.35 GeV and the effective screening parameter

w(T)=pob(Tc—T), (€©)
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The energye(T) is measured relative to two separated me- o e . s e ey sy e

sonscq andqc atr—oo wherec andc become open charm
mesons andmy(r,T),my(r,T)}={M(T),Mq(T)}.

The bound-state wave function and eneegyave been
obtained by diagonalizing the Hamiltonian using a nonor-
thogonal Gaussian basis with different widf@6]. When the
energye becomes positive, spontaneous dissociation occurs_
subject to the selection rules based on the conservation cg

12.5

10

total angular momentum and parit26]. S 75k
e |
I1l. CHARMONIUM DISSOCIATION CROSS SECTIONS © L
5 —
For meson-meson scatterings- B— C+ D, the differen- L
tial cross section is given by C
25
dO’fi 1 r
= —— | Mil? (6) C
dt  64ns 2| v L
[PA % 0.2 0.4 0.6 0.8 1 1.2
. E, . (GeV)
wheret is the momentum transfer squarads the center-of-
mass(c.m) energy squared, anf, is the momentum of FIG. 1. J/y dissociation cross sections for various temperatures
mesonA in the c.m. system. The matrix elememl;; is as a function of Exg. From left to right are T/T,
calculated with the four meson wave functionsAfB, C, =0.45, 0.35, 0.25, 0.15, 0.05 for these curves without labels.

andD and the interquark interaction. The latter is the poten-

tial in Eq. (1) plus a spin-spin term for quark-quark —J/¢ dissociation cross section is larger than the peak values

interaction, of m— xe and m— x.; dissociation cross sections when
T/T. are larger than 0.65 and 0.55, respectively.

):1 ):2 8’77'013 O d3 —d32
Vspin-spir(r) =— 5 5 Xz —S1'S e )
2 2 3mm, IV. CHARMONIUM SUPPRESSION IN Pb +Pb

(7) COLLISIONS

Working in the nucleon-nucleon c.m. frame, we assume
the following scenarios to investigaféys suppression. In a
nucleus-nucleus collision, hadronic matter consisting mainly

wherem;(m,) ands, (s,) are individually the mass and spin
of quark X12), andd is a spin-spin interaction width including
relativistic correctiong26,37. For quark-antiquark poten-
tial, (X1/2)- (X,/2) is replaced by- (X1/2)- (X3/2). This po- 10
tential generates wave functions which are then used to cal
culate the dissociation cross sections, as discussed in Re 5
[26]. The dissociation cross section &fis in collision with
7 varies as a function of /T, and the c.m. kinetic energy
Exe= VS—Ma—mg wherem, andmg are the masses of the
incident mesons. We plot in Fig. 1 the+ J/¢ dissociation
cross sections. Since about 35%Jéfy comes from the ra-
diative decay ofy.j, the dissociation cross sections af;
and y., in collisions with7r are also important. We evaluate
these cross sections which are plotted in Fig. 2.

As the temperature increases, the temperature—dependewﬁ 7.5
interquark potential becomes weaker. Then the energy forg

=

separating andc in the charmonium decreases and the root- %‘ 5
mean-square radius of the meson increases. As a conseg
guence, the dissociation cross section for a charmonium ir 2.5
collision with a pion rises with increasing temperatures. For
various charmonia, different sizes also lead to different dis- ¢
sociation cross sections. A{T,~0.7, the peak cross section

of 7+ xc1 Or 7T+ x¢ iS @bout 2.1 times that &ti=0. Since

the ., is less bound compared jg,, the dissociation cross |G, 2. Upper and lower panels show and x., dissociation
section fory., is slightly larger. Thewm+ x., reaction be- cross sections for various temperatures as a functidfef From
comes exothermic at a lower temperature thafr y.:. left to right areT/T,=0.35, 0.25, 0.15, 0.05 for these curves with-
Comparing Figs. 1 and 2, we find that the peak valuerof out labels.
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of pions is produced at,,, after the collision. The hadronic evolution of hadronic matter. The volume of hadronic matter

matter is initially not in thermal equilibrium. It becomes ther- depends on the impact parameteas well as the proper time
malized by elastic scatterings of pions at timg,m,, and the 7, which is measured relative to the moment of maximum
expansion of hadronic matter lowers the temperature and theverlap of the colliding nuclear matter,

density until freeze-out at;,. On the other handgc pairs 5
. __h2
are created by the hard scattering processes between a pro- VAR, —b
jectile nucleon and a target nucleon in a very short time. The v

cc pair evolves into a charmonium or its precursor which b
interacts and becomes dissociated by colliding first with +Tveﬂ)2cos‘l(—)
nucleons in the two colliding nuclei and subsequently with 2(Rat 7Vex)
the produced hadronic mattel/s will be dissociated by b2
collision with pions during the time fromy,,, to 7,. The —b\/(RA+ ™Vey )2— —]. (12)
differential cross section fad/ ¢ production with respect to 4

the impact parametdy is

V(b,7)=| 27+

x{Z(RA

Here R, is the lead-nucleus radiu¥,, is the transverse
AB ., 3 3 NN . velocity for radial flow, andy is the Lorentz contraction
dayy(b) :fd_p Ed Ty J db, (1-[1 factor, y=/s/2my, with nucleon massny, and /s is the
db E d®p 2 c.m. energy of a nucleon-nucleon collision. As a result of the
) o above consideration, the pion number density depends on the
—Ta(ba) ony ) H1—-[1—-Tg(b—ba) oyl impact parameter and proper time as

ONJYy

><exp( f ey n.(b )) b N(b)
- TUe|0 7. 0,7 n ,T)= 12
_ relV wdly 77( 7') V(b,T) ( )
N The mr-charmonium dissociation cross sections depend on
xexp( fT[herde@’9'0”3’¢>n”(b’T))' ®  ihe temperatur& and the collision energy. Pions in thermal

equilibrium have the momentum distributiorf (k)
For the production of Drell-Yan dilepton pairs, the cross~3eE~/T with the pion energ\E .. Integrating the whole
section scales with the number of nucleon-nucleon collipion momentum contribution to,qo and dividing by the

sions, and we have pion number density, we obtain
daAB(b) . 3
470V _ wwapr, (5. ) | ! 0uew
(Vre0) = FEN, ) (13
The quantitiesE andﬁ are the energy and momentum of f 2 )3fw(k)
aw

Ily; o)y, andopy are cross sections faf y and Drell-Yan
productions in a nucleon-nucleon collision, respectively;
oy 1S theJ/ ¢ dissociation cross section in collision with
m; onyy IS thed/ ¢ absorption cross section in collision with

nucleons;BA is the nucleon coordinate in the target nucleus

which depends op; andxg of charmonium and-.
The differential cross sections with respectge for J/ s
production is given by

A; Tp andTg are nuclear thickness functiof38]; andv . is d(,?/E;j d"?/?b
the relative velocity of charmonium and. The thickness 4E :j dzbﬁD(b,ET)r (14
T

function for the colliding nuclei is

and the differential cross section for the Drell-Yan process is

Tas(b)= J dbATA(bA) Te(b—by). (10
dO‘AB dO’AB
DY 2 DY
. . . . —f d“b——=—D(b,Ey), (15
The expression for the differential cross section g5 and dEr db
' production can be obtained by replacidfgy with x.; or

W whereD(b,E+) relatesb to E; [40]
If the hadronic matter is in thermal equilibrium, the pion
number multiplicities are obtained from the familiar momen- 1

tum Qistribution. Befqre thermalization, .the pion number /_Zmr(b)
density has to be estimated from experimentally measured

multiplicities of charged pions. The total pion numidéf as  with the average transverse energy
a function of the impact parameterfor Pb+Pb collisions at
158A GeV was measured by the NA49 Collaborati@9].

We assume that the total pion number is conserved in the

D(b,ET) — e*[ET*ET(b)]Z/ZO'Z(b)’ (16)

135 GeV

B0 = T exgb=6.9/3]"

(17)

014907-4



ANOMALOUS J/¢ SUPPRESSION AND CHARMONIUM . ..

and the variance

- 11 GeV
7(0) = T e (b=10/2]"

(18)

V. RESULTS AND DISCUSSIONS

A. Differential cross sections forJ/ yield in nucleon-nucleon
collisions

To generate momentum distribution &f, we need to
parametrize the initially produced! ¢ distributions. The in-
variant differential cross section fai/¢ production in a
nucleon-nucleon coIIisiorEd3aJN,ﬁ/d3p, is factorized as

3 NN
d O-J/lﬁ_

W_f(XF)g(pT)- (19

The parameters of(xg) andg(py) obtained by fitting ex-
perimental data ip-p andp-A collisions have been summa-
rized in Refs[41,42. We take the parametrizations

p2| °
g(pr)~| 1+ E) , (20)
(1=x)%(1—xp)?
f(XF)"" X1+X2 3 (21)

where xl,zz0.5(\/x2F+4MJ2,¢/sixF) with the J/¢ mass

PHYSICAL REVIEW @7, 014907 (2003
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FIG. 3. The experimental data are from Rpt7]. The solid
curve is the theoretical result whileya,e=4.2 mb. The dashed
curve is obtained with no largé+ fluctuation considered.

In a thermal medium, the charmonium will spontaneously
dissociate if the energy obtained from the Schdinger
equation relative to the mass of two open charm mesons is
positive. The energy varies with temperature. The critical
temperaturel 4 for the spontaneous dissociati¢et which e

My,. The quantitys is related to the average transverseis zerg was determined by Wongd26] to be Tq/T

momentum (py) by B=(256/357){ps). The quantity 8
=2.24+0.28 GeVt is inferred from (py)=0.96
+0.12 GeVk for the J/¢ production inp-Be collisions at
\Js=16.8 GeV[43]. The parametea=4.95 fits thex; spec-
tra of J/¢ in p-Be collisions at\s=38.8, 31.6, and 16.8
GeV [43,44 andp-Li collisions ats=23.8 GeV[45]. The
Xg spectrum provides the average valuéxg)
=6 2dxexef(Xe)/f§ %dxef(xe)~0.16 with 5=M3;/s.
The conditionx, ,<1 requirexg<1— 6. We use the param-
etrizations off(xg) and g(pt) to generate thexg and pr

=0.99, 0.90, and 0.91 fod/ ¢, xc1, and xqo, respectively.
SinceT/T.<Tem/ Tc=0.91 for any centrality, we can ne-
glect the spontaneous dissociation 3}, x.;, and x¢, in

the pion matter.

We assume that all charmonia concerned have the same

absorption cross section in collision with nucleoms

= 0Ny, = ONy, = TNy’ = ONabs: Since these cross sections
have not been fixed by-A reactions, we take a value of 4.2
mb. The remaining adjustable parameterjs,,{(b=0) for

the most central PbPb collision. The thermalization time

spectra of a charmonium produced in nucleon-nucleon collihas a centrality dependencé@zinen~ 110 7N (b, Ttorm) ],

sions in Pb-Pb collisions at 158 Ge\¢/ per nucleon.

whereo .. is the wm elastic scattering cross section at zero

In Eq. (8) we assumé/¢» mesons are produced uniformly temperature. Since the pion number density is given by Eq.
in the collision region. The successive collisions of a projec{12), the thermalization time after the formation of hadronic

tile nucleon in the target nucleus cause the nucleon to los@atter can be obtained by

energy gradually so thdt sy mesons are not evenly produced

in space. Such an effect was discussed in R].

B. J/ ¢ suppression in hadronic matter

As seen in Eq(8), the differential cross section explicitly
depends on the pion formation time,,,, the pion thermal-
ization time 7yherm, and the hadron freeze-out timg,. We
estimate the formation time,,,, to be 1 fmt from nucleon-
nucleon collision datf38]. Then in the most central PtPb
collision, n,.(b=0,7¢m) =2.38 fm 3. We use a freeze-out
number density oh,=0.5 fm™3. The initial temperature of

N (b= 0,75orm)

N (B, Tiorm) 22

OTtherd P) = 0Tiherm{D=0)

The thermalization time measured relative to the moment of
maximum overlap of the colliding nuclei is thefpe{b)
= Trorm™ OTthern{ D) -

The value of the adjustable parametgy..{(b=0) and
the transverse velocity,, are obtained by fitting the latest
data of B(J/ ) o (Il )lo(DY) from the NA5O Collabora-
tion [47]. As shown in Fig. 3, the latest data in Rpt7] are
slightly different from the earlier dat,3] in the peripheral

pion matter is close to the QCD phase transition temperaturand central collisions. Other quantities such as the pion num-

T.=0.175 GeV[28] and is taken a3 ,o;n=0.16 GeV.

ber density at thermalizationy,e,,,, proper timer;, and
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TABLE I. Values of o'naps: Vext s Ttherms Niherms Tiz» @nd Ty, .

ONabd MD) Vex (€) Tihernd fM/C) ntherm(fm_3) mi,(fm/c) T, (GeV)

4.2 0.75 2.9 0.88 4.44 0.139

temperatureT;, at freeze-out are then calculated and also In addition to the spontaneous dissociatidfy suppres-
tabulated in Table | for the central collisionla0 fm. The  sion may receive contributions from the thermalization of
quantity Nyerm™= N (0=0,7erm is calculated with Eq(12).  charmonium in hadronic matter. The thermalization process
The freeze-out timey, depends on the centrality. The freeze- leads to a thermal distribution of charmonium, and the states
out temperaturd;,, determined in the most central collision, above the dissociate threshold can dissociate spontaneously
is the same for hadronic matter yielded at any centrality. Thé26,30. The thermalization of charmonia depends on the dy-
temperature betweeTe, and Ty, approximately obey the hamic processes such as scatterings of lower charmonium
relation given by Bjorkeri48]. In the survival probability of ~ states in collision with pions leading to higher charmonium
total J/, we include contributions at the level of 58% for States. The work of Fujii and Kharze¢81] gave the cross
direct J/y, 20% for yo;, 14.5% for yc,, and 7.5% fory’ sections forr+J/ y— 7+ ¢’ less than 0.01 mb in the region
[41]. of interest. We assume implicit generalization of this cross

From central to periphera| Co”isior]S, pion number densitysection to other pion-Chal’monium Scatterings. Then the ther-
decreases and thermalization time increases according to E@alization time of charmonia is very long and the charmonia
(22). At b=8.9 fm the pion number density a§,,is equal ~ cannot be in thermal eqL_uhbrlL_Jm_ before pionic matter freezes
to the freeze-out number density and no thermalization i§ut. Therefore the dissociation by thermalization for
attained. Forb>8.9 fm, the zero-temperature charmoniumJ/#, xc1, andxc, have not been included. If we calculate
dissociation cross sections are relevantfay suppression. Cross sections for processes suchras)/— m+ xc; in the
Since the peak dissociation cross sections)a#, y.;, and quark—lnter'change mechamsm_, we need to interchange the
Yez in collision with 7~ at T=0 are about 1.1, 1.6, and 1.9 quarks twice and the quark-interchange processes are of
mb, respectively, the suppressionJi) due to the collision hlgher_ order. The calculations for these cross sections are
with 7 is very small. Therefore the absorption by-J/y ~ complicated and are left for a future work.
collisions completely dominated ¢ suppression ab>8.9 . .To |IIu§tratg the.role of charmonlum dissociations in col-
fm. Forb<8.9 fm, thermalized hadronic matter sets in with li510ns with pions in hadronic matter, we sefap,s=0 and
Tiem=0.16 GeV and freezes out at,=0.139 GeV. The calcuIateB(Jﬁ//)a(J/z,/;)/U(DY) with different assumptions
dissociation cross section jumps from 1.1 1tib6 mb, 1.9 on therr—(cc)iLS cross sections for the dissociation of the
mb) at T=0 to 6.5 mb(4.1 mb, 4.8 mbat T;,=0.139 GeV  charmonium ¢c);,s. In Fig. 5 we show the results with

and even higher & erm=0.16 GeV ford/ ¢ (xc1, Xc2)- BUt  _(cq), < dissociation cross sections as given Ifiy: of
this sudden rise does not induce a sudden fall of , —

B(J/4)o(J/ )/ (DY) at E;~40 GeV since the time in  (c9atsl for T=0 [25] (dashed cure (i) ofm
which J/¢ interacts with pion matter in thermal equilibrium — (€€)sLs]=1 mb (dot-dashed curve (iii) of m—(cc);.4]
increases gradually as the impact parameter decreases fro™ g4
b=8.9 fm to zero. In these calculations, the suppression of
' has been taken into accoufgee the following para-
graph, asy’ comprises about 7.5% of the unsuppreset 0.5
yield.

To study s’ suppression, we note from R¢R6] that the

spontaneous dissociation @f begins with T4/T.=0.50. §0-4
The pion matter freezes out @, /T.~0.79 for any central- &
ity. Thus ¢’ spontaneous dissociation takes place throughou@
the pion matter. For a full description of th€ spontaneous § 0.3
dissociation, a suitable treatment will be needed in futureg
work. The effect ofy’ dissociation, alternatively, can be ac- =

02

B(

counted for by an approximate effective treatment where we
assume a constagit’ dissociation cross section independent
of energy,o .,» =12 mb. As shown in Fig. 4, the experimen- 0.1
tal data forB(y/')o(¢')/a(DY) reported in Ref[49] and
exhibited in Ref.[42] can be represented by suchma- ¢’

cross section of 12 mb. We shall include this constght ol Lo e Lo o L L1
dissociation cross section in our analysis of iheabsorp- 30 60 E.(GeV) %0 120 150
tion in our model. It can be considered as an effective rep- !

resentation of the experimental data to include the effect of FIG. 4. Solid curve obtained witbry,,=4.2 mb is compared

Y’ suppression. with the 1996 data ofr(¢')/o (DY) ratio.

<
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- B detrstesbbrtytalpstserbate a= T Fa 2
30 ] o ]
3 E ................ E 3.5 - E
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FIG. 5. The same experimental data as Fig. 3. All curves have F|G. 6. The solid, dashed, and dotted curves are
onabs= 0 mb. The solid, dashed, dotted, and dot-dashed curves A& 310, (0 ny ), @nd(o,, ), respectively.
obtained by using the cross sectionsTatO0 and T=0, the two
Eonls,tant Cross sections, ;= o, =0, =2 and 1 mb, respec- <4.95 fm,<0w3/¢,> is larger than(om(cl). At 2.9 fm<r
Vel <3.4 fm(o,y,) even surpasses ,, ). These are not sur-
prising since the peak value dfy dissociation cross section
exceeds that of.1(xc»)for T/T.>0.55(0.65) and the tem-
perature of hadronic matter before freeze-out TisT,
&0.79.
We further calculate the quantity

TXc1 TXc2

=2 mb (dotted curvg (iv) of m—(cc); g] of Figs. 1 and 2
for T>0 (solid curve. The flat curve belowE;=28 GeV
comes mainly from the collisions 4>8.9 fm where no
thermalization is attained. This flatness arises as th
-charmonium dissociation cross section is small and the

pion number density is not high &>8.9 fm. Indeed, the - (™
Urel0 = d7<vrelo'>/( Tt~ Ttherm) - (24)
T

herm

dashed curve gives a smallyy suppression if only the
ar-charmonium dissociation cross sectiongat0 are used.
Even thel/ suppression obtained by using 1 mb cross secThe p; andx: dependences of,,o are shown in Figs. 7 and
tion is larger than that for the cross sectionsTatO. It is

obvious that the suppression obtained from the cross section 5 T
at higher temperatures is greater than that from using a 2-ml

; tur gazt I — I
cross section. This is related to the larger charmonium dis- L —_— %
sociation cross sections at higher temperatures as show R, Ao

below.

The cross sections in Figs. 1 and 2 depend on the tem
perature andr— (cc); g relative momenta. What are the av-
erage cross sections? Figure 6 exhibits cross sections ave _ 3

aged over the pion an¢6JLS momenta in the collision at @ \\\\\\\\\\
b=0 fm, which is defined as % T T ]
> e A P ]
2 \\\\ L
d3 dSO,NN d3k - =
(0= [ 2| e=2 : -
E d®p /(2m)® i i
1 I —
dp[ _d3ah)), d3k - :
Xt (K)ol f— E— f 5K - .
E d3p (27) i ]

11 | 1 I 11 11 I 1 11 1 | 11 11 I 1 11 | I 11 | 1
(23 % 0.5 1 L5 2 2.5 3
Py (GeV/c)

The average cross sectiofis ), (0 ), and{(o, )
decrease with time. At the thermalization time, they are 3.47, FIG. 7. The solid, dashed, and dotted curves are
274, and 2.95 mb, respectively. At 2.94m Vrel0 w3y Vrel0ry,s N0y atXg=0, respectively.

TXc2
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T BELA s e o e s B o s e within the error bar. This behavior is similar to the theoreti-
cal J/ ¢ suppression obtained by Cape#aal. [15]. If ex-
perimental data a@E;>120 GeV can be provided with good
statistics by additional NA60 measuremepi®], then we
need compare our result to the experimental data in this re-
gion to see the possibility of additional suppression due to
the QGP.

— Ny

VI. CONCLUSIONS

We have studiedr-charmonium dissociation cross sec-
tions and thel/¢ suppression in PbPb collisions at the
CERN-SPS. We use dissociation cross sections calculated in
the Barnes-Swanson quark-interchange m¢a82l33 with
the potential obtained from the lattice gauge results. Making
reasonable assumptions about the absorption scenario, we
ol v L e find that theJ/¢ production cross section calculated with

0 0.1 0.2 . 03 04 0.5 these dissociation cross sections can describe the general fea-
F tures of the anomaloud ¢y suppression data. An important

FIG. 8. The same as Fig. 7 except for dependence apr e!emer_1t _of the agreement arises from the inc_rease of the
-0. dissociation cross sections as the temperature increases. For
the largeE+ region atE{>100 GeV, the anomalous addi-

8. These results indicate that the average absorption effectonal suppression can be explained by the fluctuatioBof
due t0J/i, xe1, andy., are not significantly different. The ©OF Multiplicity. L _
above discussion will be useful to understand data from the 1h€7-Charmonium dissociation cross sections depend on

NAG0 Collaboratior{50] where they.; suppressions will be the temperature and the kinetic energy, but the averages
stressed. in hadronic matter forr+J/y, 7+ x¢1, and+ xc, disso-

ciation cross sections are nearly the same. Thus the dissocia-
tions of directd/ ¢, xc1, andxc, give nearly the same con-
tributions to the suppression of the measuiédg.

In addition to the general suppression over a broad region We have chosen the constant absorption cross sections of
of transverse enerdy, the data ford/ ¢ suppression in the charmonia on nucleons. However, the absorption cross sec-
large transverse energy region with>100 GeV are also of tjons are expected to depend on the c.m. energy of charmo-
special interest. FOE1>100 GeV, we consider the effects njum and nucleon. Determining the nucleon absorption cross
arising from the larg fluctuation. Sinceéd(b,Et) has not  sections is an important task. It will be of interest to evaluate

N

C. J/ ¢ suppression at largeE

been constrained to givEér by the average the N—J/¢ dissociation cross sections in the Barnes-
Swanson quark-interchange mogiag,33.

f deET(b)D(b,ET) The temperature effects on the quark-quark.potentiel and

<ET>: ’ (25) charmonium wave functions have been considered in our

5 evaluation of the dissociation cross sections. Following the
f d*bD(b,E+) earlier results of the spectral analysis of Hatsuda using the
0O(4) linear o model [51], we assume that the pion wave
function in the finite-temperature hadronic matter to be ap-

the measured is larger than(E;) for E;>100 GeV, i.e., :
the so-called larg&, fluctuation happeng15,16. In our proximately unatfected by temperature. We .note, however,
T o from recent lattice results using the maximum entropy

calculations, the fluctuation increases not only the pion numf’nethod[SZ,Sﬂ that the light-quark pseudoscalar and vector

ber density by the replacement,(b,7)—n,(b,7)Er/(Er)  gpectral functions change significantly with temperature. On
but also the lifetime of pion matter bW[b,7;(b)]  the other hand, the heavy-quark vector spectral functions are
=V[b, 7iern(b) IN [ b, Tinern(b) 1/ N, . The two changes lead only moderately affected by temperaty#&2]. It should be
to the solid curve in Fig. 3 decreasing continually beyondpginted out, however, that these spectral functions have been
Er=100 GeV. . _ o obtained in the quenched approximation. The effects of vir-
The largeEs fluctuation does not increase the initial tem- ta| production of dynamical fermion pairs on the interaction
perature since we do not consider here the QCD phase trafetween the heavy quark and antiquark are not included. The
sition to a QGP. The spontaneous dissociationd/@f xc.1,  stability of the heavy quarkonium state is affected by the
andy., can still be neglected. The factBr /{E+) shows the presence of dynamical fermions. There remains therefore un-
fluctuation increases smoothly frofy= 100 GeV. Therefore certainties in these latest lattice results. It will be of great
we see that the solid curve does not drop rapidly in the largeinterest to see how the dissociation of charmonium may be
E+ region and does not pass the rightest experimental pointiodified when the properties of the interacting pion and
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