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Dissociation of a heavy quarkonium at high temperatures

Cheuk-Yin Wong
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

~Received 3 October 2001; published 14 February 2002!

We examine three different ways a heavy quarkonium can dissociate at high temperatures. The heavy
quarkonium can dissociate spontaneously when it becomes unbound at a temperature above its dissociation
temperature. Following the recent work of Digal, Petreczky, and Satz, we calculate the dissociation tempera-
tures of heavy quarkonia taking into account the angular momentum selection rules and using a temperature-
dependent potential inferred from lattice gauge calculations. We find that the selection rules change the
dissociation temperatures substantially for charmonia but only slightly for bottomia. A quarkonium system in
thermal equilibrium with the medium can dissociate by thermalization. The fraction of quarkonium lying above
the dissociation threshold increases as temperature increases. A quarkonium can also dissociate by colliding
with light hadrons. We evaluate the cross sections for the dissociation ofJ/c andY in collision with p as a
function of the temperature of the hadron medium, using the quark-interchange model of Barnes and Swanson.
We find that as the temperature increases, the threshold energy decreases and the dissociation cross section
increases.

DOI: 10.1103/PhysRevC.65.034902 PACS number~s!: 25.75.2q, 14.40.2n, 25.80.2e
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I. INTRODUCTION

The suppression of heavy quarkonium production in
quark-gluon plasma has been a subject of intense inte
since the pioneering work of Matsui and Satz@1#. Initial
insight into the dissociation temperatures of heavy quar
nium was further provided by Karsch, Mehr, and Satz@2#.
Recently, Digal, Petreczky, and Satz@3,4# reported theoreti-
cal results on the dissociation temperatures of heavy qua
nia in hadron and quark-gluon plasma phases. These ar
teresting results as they are related to the use of
suppression of heavy quarkonia production as a signal for
quark-gluon plasma@1#.

The basic input of Digalet al. is the temperature depen

dence of theQ-Q̄ interaction as inferred from lattice gaug
calculations@5#. We can understand conceptually such a te

perature dependence of theQ-Q̄ potential by placingQ and

Q̄ as an external source in a QCD medium. If the tempe
ture of the medium is zero, the linear confining potent

betweenQ andQ̄ is the result of the alignment of the colo
electric fields at neighboring sites inside the flux tube,
analogy with the alignment of spins in a ferromagnet@Fig.
1~a!#.

When the medium is at a high temperature, the gluon
light quark fields fluctuate and the alignment of the co
electric fields due to the QCD interaction is reduced by
thermal motion for a random orientation of the color elect
fields @Fig. 1~b!#. The greater the temperature, the stron
the tendency for thermal disorientation, and the weaker
resultant linear interaction betweenQ andQ̄. This tendency
continues until deconfinement sets in at the phase trans
temperatureTc .

The variation of theQ-Q̄ potential gives rise to three
different modes of heavy quarkonium dissociation at h
temperatures:~1! spontaneous dissociation,~2! dissociation
by thermal thermalization, and~3! dissociation by collision
0556-2813/2002/65~3!/034902~11!/$20.00 65 0349
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with particles in the medium. We shall discuss them in tu
A heavy quarkonium dissociates spontaneously when

binding energy of the quarkonium relative to a pair of fin
open charm or open bottom mesons vanishes. Utilizing
temperature-dependent potential for charmonia and
tomia, Digal et al. found that the dissociation temperatur
for c8, xc , andY8 in units ofTc are, respectively, 0.1 to 0.2
0.74, and*0.83, while the dissociation temperatures f
J/c, Y, andxb are aboveTc @3,4#.

Even atT50 a proper description of the heavy quark
nium state should be based on a screening potential@2,6–8#,
as the heavy quarkonium becomes a pair of open charm
open bottom mesons whenr becomes very large, due to th
action of dynamical quark pairs. Previously, a screening
tential was obtained to provide a good description of ch

FIG. 1. ~a! A schematic configuration of the color electric fie

betweenQ andQ̄ at T50. ~b! A possible configuration of the colo
electric field in a hot medium. Many different configurations of t
color electric fields are possible, with a distribution centered ab
the mean color electric field configuration which is aligning alo
the flux tube.
©2002 The American Physical Society02-1
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CHEUK-YIN WONG PHYSICAL REVIEW C 65 034902
monium bound states, resonances, ande1e2 decay widths at
T50 @8#. This screening potential can be used as the star
point for studying heavy quarkonia at high temperatures.
ing a potential different from that of Digalet al. @3# will help
us find out the sensitivity of the values of dissociation te
peratures on the potentials. We would also like to inclu
spin-dependent interactions. Their inclusion is useful
cause they lead to a better description of the energy splitt
of the quarkonium states which affect the dissociation te
peratures. Furthermore, these spin and angular momen
quantum numbers give rise to selection rules for the fi
meson states and alter the dissociation threshold energie
the dissociation temperatures.

TheQ-Q̄ potential at temperatureT refers to the situation
of placing an external quarkonium~at rest! in a medium of
temperatureT. The changes of the gluon and light qua
fields between theQ and Q̄ due to the temperature of th
medium give rise to a change of theQ-Q̄ interaction and the
subsequent change of the binding energy. The exte
quarkonium needs not be in thermal equilibrium with t
medium.

The quarkonium placed in a hot medium however w
collide with particles in the medium and become therma
zed. When the quarkonium reaches thermal equilibrium w
the medium, the quarkonium will be in a mixed state who
occupation probabilities for the different energy levels w
be distributed statistically according to the Bose-Einstein d
tribution. There is a finite probability for this system to pop
late states whose energies lie above their respective diss
tion thresholds. This fraction of the quarkonium syste
above the thresholds will dissociate into open charm or o
bottom mesons. Dissociation of this type can be called
sociation by thermalization. Because the binding energie
the quarkonium states decrease as temperature increase
probability of dissociation by thermalization also increas
as the temperature increases.

Finally, a heavy quarkonium can also be dissociated
collision with particles in the medium. The threshold en
gies and dissociation cross sections will be affected by
temperature dependence of the heavy quarkonium states
would like to investigate how these dissociation cross s
tions depend on the temperature of the medium, using
quark-interchange model of Barnes and Swanson@9# which
has been applied successfully to many hadron-hadron@9–14#
and hadron-~heavy quarkonia! reactions atT50 @15–18#.

In Sec. II, we describe the Schro¨dinger equation and the
potential used to calculate the energies and the wave f
tions of quarkonium states. We introduce a single-part
potential with simple spatial and temperature dependenc
represent the results of the lattice gauge calculations.
single-particle states are calculated and exhibited in Sec
We discuss the selection rules for the spontaneous diss
tion of heavy quarkonia in Sec. IV. In Sec. V, the dissociat
temperatures are listed and compared with previous resul
Digal et al. @3#. In Sec. VI, we introduce the concept o
dissociation by thermalization and estimate the fraction
the quarkonium system which can dissociate spontaneo
as a function of temperature. In Sec. VII, the cross secti
03490
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for the dissociation ofc and Y in collision with pions are
calculated as a function of temperature. We estimate the
vival probability of a heavy quarkonium in collision with
pions in Sec. VIII. We present our conclusions and disc
sions in Sec. IX.

II. SCHRÖ DINGER EQUATION FOR HEAVY
QUARKONIUM STATES

The energye of the heavy quarkonium single-particl
state (QQ̄)JLS can be obtained by solving the eigenvalue
the Schro¨dinger equation

H 2¹•

\2

2m12
¹1V12~r ,T!1D~r ,T!J cJLS~r,T!

5e~T!cJLS~r,T!, ~2.1!

where

D~r ,T!5m1~r ,T!1m2~r ,T!2m1~`,T!2m2~`,T!.
~2.2!

We have followed Ref.@8# and describe the system as
two-body system whose properties and masses vary witr.
At a distancer &R whereR;0.821.0 fm, the system con
sists of a quark and an antiquark, and their mas
$m1(r ,T),m2(r ,T)%5$mQ(T),mQ̄(T)%.

The nature of the two-body system atr *R depends on
the temperature. If the temperature is below the phase t
sition temperatureTc for light quark deconfinement, a heav
quark Q and antiquarkQ̄ separated at large distances w
lead to the production of a light quark pairq̄q in between
and the subsequent formation of open charm or open bot
mesons (Qq̄) and (qQ̄). At temperatures belowTc , the
system atr *R therefore consists of a pair of heavy ope
flavor mesons (Qq̄) and (qQ̄) and their masses
$m1(r ,T),m2(r ,T)%5$MQq̄(T),MqQ̄(T)%. By including dy-
namical quarks, the lattice gauge calculations of Kars
et al. @5# incorporate this change of the configuration at lar
distances. In order to match with the lattice gauge calcu
tions, the pair of mesons at large distances (Qq̄) and (qQ̄)
should be taken to be the lowest-mass pair, because the
tice gauge calculation results refer to those of the lowe
energy states of the system. The quantitym12 is the reduced
mass. The interactionV12 is the interaction betweenQ andQ̄

for r &R and between (Qq̄) and (qQ̄) for r *R. As the
interaction between mesons has a short range, the intera
V12(r ,T) vanishes asr approaches infinity.

Above Tc , light quarks are deconfined and the syste
is a separatedQ and Q̄. Thus, $m1(r ,T),m2(r ,T)%
5$mQ(T),mQ̄(T)% and D(r ,T)50. The interaction
V12(r ,T) also vanishes asr approaches infinity because th
interaction betweenQ andQ̄ is screened at large distances
the deconfined phase.

In Eq. ~2.1! the energye(T) is measured relative to th
two-body pair atr→`. The quarkonium is bound ife(T) is
negative. The quarkonium is unbound and dissociates sp
2-2
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DISSOCIATION OF A HEAVY QUARKONIUM AT HIGH . . . PHYSICAL REVIEW C65 034902
taneously into two particles ife(T) is positive, subject to
selection rules which we shall discuss in Sec. IV.

In the present manuscript, we shall limit our attention
T<Tc for which the free energy contains contributions on
from the color-singlet component and the extraction of
color-singlet potential from the lattice gauge calculations
without ambiguity. ForT slightly greater thanTc , it is nec-
essary to make assumptions on the relative fractions of
color-singlet and color-octet contributions in order to extr
the Q-Q̄ potential@4# and the extracted potential there m
depend on the assumed color-singlet and color-octet f
tions.

Limiting our attention toT,Tc we note that the mas
term D(r ,T) can be approximately represented as

D~r ,T!'@2mQ~T!22MQq̄~T!# u~R2r !. ~2.3!

The meson massMQq̄(T) vary with temperature@20–22#.
Neglecting the kinetic energy of the heavy quark, the me
mass at temperatureT is

MQq̄~T!5mQ~T!1Apq̄
2
1@mq̄~T!#21^VQq̄~T!& ~2.4!

which leads to

@2mQ~T!22MQq̄~T!#2@2mQ~T50!22MQq̄~T50!#

522@Apq̄
2
1@mq̄~T!#21^VQq̄~T!&#T50

T . ~2.5!

In the evaluation of the Polyakov loop one obtains t
free energy of the system from the lattice calculations. T
free energy contains the interactionV12 betweenQ andQ̄ or
between (Qq̄) and (qQ̄), depending on the separationr. In
addition, the free energy includes also the term on the r
hand side of Eq.~2.5! due to the variation of light quarkq
with temperature, since the light quark fields are dynam
variables and they change the energy of the light quark,
the interaction between the light quark and the heavy qu
^VQq̄(T)&. The free energy of the lattice gauge calculatio
actually yields an effective interactionV(r ,T) which in-
cludesV12(r ,T) and the temperature dependence ofD(r ,T)
2D(r ,0):

V~r ,T!5V12~r ,T!1@D~r ,T!2D~r ,T50!#. ~2.6!

This effectiveQ-Q̄ interactionV(r ,T) vanishes at large dis
tances.

In terms of this potentialV(r ,T) extracted from the lattice
gauge calculation, the Schro¨dinger Eq.~2.1! is then

H 2¹•

\2

2m12
¹1V~r ,T!1D~r ,T50!J cJLS~r,T!

5e~T!cJLS~r,T!. ~2.7!
Our first task is to obtain a convenient representation

V(r ,T) from the results of lattice gauge calculations of Ka
sch et al. @5#. Following Karsch et al. @2#, we represent
V(r ,T) by a Yukawa plus an exponential potential@2,6–8#
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4

3

ase
2m(T)r

r
2

b~T!

m~T!
e2m(T)r , ~2.8!

whereb(T) is the effective string-tension coefficient,m(T)
is the effective screening parameter, and the potential is c
brated to vanish asr approaches infinity. The results of th
lattice calculations of Ref.@5# for T<Tc , which has been
normalized to the Cornell potential@19# at short distances
can be described by

b~T!5b0@12~T/Tc!
2#u~Tc2T! ~2.9!

and

m~T!5m0u~Tc2T!, ~2.10!

where b050.35 GeV2, m050.28 GeV, andu is the step
function. The value ofm0 has been fixed to be the same as
T50, and the value ofb0 is close to the value ofb
50.335 GeV2 obtained earlier atT50 @8#.

As a comparison, we plot in Fig. 2 the quanti
@V(rAs)2V(0.5)#/As calculated with the above potentia
Eqs. ~2.8!–~2.10!, as a function ofrAs for charmonium at
different temperatures. The scale constantAs50.425 GeV
is used to convert distance and energy to dimensionless n
bers as in the lattice gauge calculations of Ref.@5#. The gen-
eral features of the spatial and temperature dependence o
potential in Eqs.~2.8!–~2.10! agree well with the lattice
gauge results~Fig. 6 of Ref.@5#!. In particular, there is good
agreement between the variation of the potential differe
betweenrAs55 andrAs50.5 as a function of the tempera
ture calculated for charmonium, as shown in Fig. 3.

In our calculation, we use a running coupling consta
obtained in another meson spectrum study@18#

as~Q2!5
12p

~3322nf !ln~A1Q2/B2!
, ~2.11!

FIG. 2. Quark-antiquark potential as a function ofr obtained by
using Eqs.~2.8!–~2.10! andb050.35 GeV2.
2-3
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CHEUK-YIN WONG PHYSICAL REVIEW C 65 034902
where A510 and B50.31 GeV, with Q identified as the
mass of the meson. The above formula givesas;0.32 for
charmonium andas;0.24 for bottomium. We include, in
addition, the spin-spin, spin-orbit, and tensor interactions

Vspin-spin1Vspin-orbit1Vtensor

5
4

3
3

8pas

3m1m2
s1•s2S d3

p3/2D e2d2r 2
1CLSL•S1CTS12,

~2.12!

wheresi are the spins of the interacting constituents,L is the
orbital angular momentum,S5s11s2, and S125$3(s1• r̂)
3(s2• r̂)2s1•s2%. For our calculations, we take
$CLS ,CT%5$34.6,9.78% MeV for charmonium, $CLS ,CT%
5$14.25,2.98% MeV for bottomium. The width parameterd
is the range of the spin-spin interaction. Following Godfr
and Isgur@23#, we use a running width parameter to inclu
the relativistic effects on the width of the spin-spin intera
tion

d25s0
2H 1

2
1

1

2 S 4m1m2

~m11m2!2D 4J 1s1
2S 2m1m2

m11m2
D 2

,

~2.13!

where we obtain the values ofs050.591 GeV ands1
51.967 by examining the hyperfine splittings ofp-r and
hc-J/c.

For T50, MQq̄ are known from experimentalB and D
meson masses. Using theV(r ,T50) extrapolated from lat-
tice gauge calculations, we varymc and mb and find the
zero-temperature constituent quark massesmc51.89 GeV
and mb55.22 GeV which give a good fit to the heav
quarkonium spectrum~Figs. 4 and 5!. These heavy quark

FIG. 3. The potential difference betweenrAs55 and rAs
50.5 as a function of the temperature. The curve gives the res
of Eqs.~2.8! and~2.10! with the parameterb050.35 GeV2 and the
solid points are lattice gauge results of Ref.@5#.
03490
-

constituent mass values are close to those ofmc
51.84 GeV andmb55.18 GeV in the Cornell potentia
@19#, whose short-distance values have been used to nor
ize the results of the lattice gauge calculations@5#.

The string tension term in the screening potential E
~2.8! needs to have the property that it vanishes atr→`, and
the exponential potential has been conveniently chosen
describe such a property. It is of interest to compare
exponential potential2b0exp$2m0r%/m0 with the standard
linear potentialsr at T50. The effective local string ten
sion, as obtained by takingdV/dr, is s for the linear poten-
tial, independent ofr. For the exponential potential, it i

lts

FIG. 4. Charmonium single-particle states as a function of te
perature. The threshold energies are indicated as horizontal l
The solid circles indicate the locations of the dissociation tempe
tures for states with significant decay branching fractions intoJ/c.

FIG. 5. Bottomium single-particle energies as a function of te
perature. The solid circles indicate the locations of the dissocia
temperatures for states with significant decay branching fract
into Y.
2-4
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DISSOCIATION OF A HEAVY QUARKONIUM AT HIGH . . . PHYSICAL REVIEW C65 034902
b0exp$2m0r% which is equal tob0 at r 50 and zero atr
→`. At the radius of J/c, the local string tension is
0.57b050.20 GeV2, which is close to the standard value
s50.18 GeV2, as it should be. It is therefore reasonab
that the parameterb0 is approximately two times the stan
dard value ofs @18#. The large value ofb0 in comparison
with s was noted earlier by Dinget al. @7#.

III. HEAVY QUARKONIUM SINGLE-PARTICLE STATES

The eigenvalues of the Hamiltonian can be obtained
matrix diagonalization using a set of nonorthogonal Gauss
basis states with different widths, as described in Ref.@18#.
For the construction of the Hamiltonian matrix, the mat
elements of the Yukawa potential and exponential poten
between Gaussian basis states are

^ i ue2mr u j &5S 2A i j

i 1 j D
l 13/22l 13/2~ l 11!!

Ap

3expH m2

4~ i 1 j !b2J US 2l 15,
m

A~ i 1 j !b
D
~3.1!

and

K iU e2mr

r U j L 5S 2A i j

i 1 j D
l 13/24pbAi 1 j ~2l 11!!

~2p!3/2~2l 11!!!

3expH m2

4~ i 1 j !b2J US 2l 1
3

2
,

m

A~ i 1 j !b
D ,

~3.2!

whereU is the cylinder parabolic function,b is the width
parameter of the wave function basis, and we have used
notation and normalization of Ref.@18#. The matrix elements
of the kinetic energy operator are

^ i u2¹•

\2

2m12~r!
¹u j &5Ti j .1Ti j , , ~3.3!

where

Ti j .5
\2

2m.
S 2A i j

i 1 j D
l 13/2

~ i 1 j !b2H l

~2l 11!!!

3@2~2l 11!2l I l~z!12l 11I l 11~z!#

1
i j

~ i 1 j !2

~2l 13!!! 22l 12I l 12~z!

~2l 11!!! J , ~3.4!
03490
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Ti j ,5
\2

2m,
S 2A i j

i 1 j D
l 13/2

~ i 1 j !

3b2H l

~2l 11!!!
@~2l 11!2l I l~z!22l 11I l 11~z!#

1
i j

~ i 1 j !2

2l 12I l 12~z!

~2l 11!!! J , ~3.5!

z5Ai 1 j

2
bR, ~3.6!

I n~z!5
2

Ap
E

0

z

t2ne2t2dt5~21!n

3H S ]

dl D n

@l21/2erf~l1/2z!#J
l51

, ~3.7!

andm. andm, are the reduced masses in the regionr .R
and r ,R, respectively.

After the Hamiltonian matrix is constructed using the
matrix elements, the single-particle state energies and w
functions can be obtained by matrix diagonalization. In Fi
4 and 5, we show charmonium and bottomium single-part
states as a function of temperature. On the left panel of e
figure, the experimental single-particle energies atT50 are
also shown for comparison. The single-particle energies$e i%
rise with increasing temperatures. At a certain temperat
the energy of a single-particle state will rise above its thre
old for dissociation. But what is its dissociation threshold

IV. SELECTION RULES FOR SPONTANEOUS
DISSOCIATION OF HEAVY QUARKONIUM

In considering the dissociation belowTc , it is necessary
to find the selection rules for the spontaneous dissociatio
a heavy quarkonium state with initial quantum numbersJ,
Li , andSi into two mesons with a total spinSand a relative
orbital angular momentumL. We shall only discuss the se
lection rules for charmonium states, as similar rules apply
the case of bottomium states. We limit our attention to fin
states consisting of aD or D* with an antiparticleD̄ or D̄* .
The parity of a quarkonium state is (21)Li11. On the other
hand, the parity of a pair of dissociated open charm mes
is (21)L. Parity conservation requiresDL5uL2Li u51 in
this dissociation. Hence,J/c and c8 will dissociate into a
pair of open charm mesons withL51, while x states will
dissociate into a pair of open charm mesons withL50 or 2.

The threshold for spontaneous dissociation ofJ/c andc8

is thereforeM (D)1M (D̄)12/2mDD̄R2 where mDD̄ is the
reduced mass of the final two-meson system and the t
2/2mDD̄R2 represents theL51 centrifugal barrier height a
the distanceR at whichD andD̄ become on the mass she
The reduced massmDD̄ is equal tomD/2. For numerical pur-
poses, we useR50.8 fm.

Consider now the dissociation ofxc2. If the final orbital
angular momentum of the two-meson state isL50, then
2-5
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CHEUK-YIN WONG PHYSICAL REVIEW C 65 034902
becauseJ5L1S52, the final two-meson system must ha
S52 and the two mesons must each haveS51. The thresh-
old energy for the dissociation ofxc2 into two mesons in the
L50 state isM (D* )1M (D̄* ). On the other hand, if the
final state hasL52, then any spin combination of the fina
meson is allowed, and the lowest threshold for the disso
tion of xc2 into two mesons in theL52 state isM (D)
1M (D̄)16/2mDD̄R2.

Consider next the dissociation ofxc1. If the final state has
L50, then becauseJ5L1S51, the final meson states mu
haveS51. The threshold energy for the dissociation ofxc1

into two mesons in theL50 state isM (D)1M (D̄* ). The
dissociation ofx1 into D1D̄ is not allowed.

One can obtain the selection rules forhc , xc0, andhc in
a similar way. We list the selection rules for theS-wave
charmonium states (J/c, c8, and hc) in Table I, and the
P-wave charmonium states (xcJ andhc) in Table II.

Similar selection rules can be written down for bottomiu
dissociation by replacingJ/c by Y, c8 by Y8, xc by xb , hc
by hb , andD by B in Tables I and II.

V. DISSOCIATION TEMPERATURES
FOR CHARMONIA AND BOTTOMIA

Figure 4 shows the charmonium single-particle states
function of temperature. The dissociation temperatures
different quarkonium states can be determined by plott
the threshold quantities and the state energies of the qua
nia. The points of intercept, as indicated by solid circles
Fig. 4, give the positions of the dissociation temperatur
Because the observedJ/c receives little feeding from the
xc0 andhc states, andhc is not observed in dilepton decay
we shall not include the dissociation temperatures ofxc0 ,
hc , andhc ~and similarlyxb0 , hb , andhb) in our consid-
eration. Figure 5 gives similar temperature dependence o
bottomium single-particle states as a function of temperat

We list the dissociation temperatures of charmonia a
bottomia in Table III. If the dissociation threshold is ju
M (D)1M (D̄), the dissociation temperatures in units ofTc
for c8, xc2 , xc1, andJ/c in units ofTc would be 0.37, 0.66,
0.72, and 0.94, as listed in the second row of Table III. T
is in rough agreement with the results of Digalet al. which
give the values of 0.1–0.2, 0.74, and 1.1 forc8, xc , and
J/c, respectively. One of the main reasons for the obser

TABLE I. Selection rules for the dissociation ofS-wave char-
monia.

Initial heavy
charmonium

Final mesons L Threshold

J/c, c8 D1D̄ 1 M (D)1M (D̄)12/2mDD̄R2

D1D̄* 1 M (D)1M (D̄* )12/2mDD̄* R2

D* 1D̄* 1 M (D* )1M (D̄* )12/2mD* D̄* R2

hc D1D̄ 1 not allowed

D1D̄* 1 M (D)1M (D̄* )12/2mDD̄* R2

D* 1D̄* 1 M (D* )1M (D̄* )12/2mD* D̄* R2
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differences is that the locations of the dissociation tempe
tures depend on the energies of the theoretical single-par
states. Hyperfine interaction, spin-orbit interaction and
shape of the potential affect the positions of the sing
particle states. Although the fine structures are small in te
of the separation between major shells, they are nonethe
important in determining the locations of the dissociati
temperatures.

With the additional threshold energies due to the angu
momentum selection rules, the dissociation temperaturesTd

in units of Tc for c8, xc2 , xc1, andJ/c are shifted to 0.50,
0.91, 0.90, and 0.99, as listed in the first row of Table I
The increase in the dissociation temperature is greates
xc2 and least forJ/c.

For the bottomium system, because the mass of the
tom quark is very large, the mass difference betweenB* and
B and the centrifugal barrier energies are small; the selec
rules do not lead to substantial changes of the thresho
The shifts of the dissociation temperatures are not as larg
in the case of charmonium states. The dissociation temp
tures for various bottomium states are listed in Table III. W
confirm the general features of the results of Digalet al. but
there are also differences in the details as the dissocia

TABLE II. Selection rules for the dissociation ofP-wave char-
monia.

Initial heavy
charmonium

Final
mesons

L Threshold

xc2 D1D̄ 0 not allowed

2 M (D)1M (D̄)16/2mDD̄R2

D1D̄* 0 not allowed

2 M (D)1M (D̄* )16/2mDD̄* R2

D* 1D̄* 0 M (D* )1M (D̄* )
2 M (D* )1M (D̄* )16/2mD* D̄* R2

xc1 D1D̄ 0 not allowed

2 not allowed

D1D̄* 0 M (D)1M (D̄* )
2 M (D)1M (D̄* )16/2mDD̄* R2

D* 1D̄* 0 M (D* )1M (D̄* )
2 M (D* )1M (D̄* )16/2mD* D̄* R2

xc0 D1D̄ 0 M (D)1M (D̄)
2 not allowed

D1D̄* 0 not allowed

2 not allowed

D* 1D̄* 0 M (D* )1M (D̄* )
2 M (D* )1M (D̄* )16/2mD* D̄* R2

hc D1D̄ 0 not allowed

2 not allowed

D1D̄* 0 M (D)1M (D̄* )
2 M (D)1M (D̄* )16/2mD* D̄* R2

D* 1D̄* 0 M (D* )1M (D̄* )
2 M (D* )1M (D̄* )16/2mD* D̄* R2
2-6



31

DISSOCIATION OF A HEAVY QUARKONIUM AT HIGH . . . PHYSICAL REVIEW C65 034902
TABLE III. The dissociation temperaturesTd in units of Tc for various heavy quarkonia.

Heavy c8 xc2 xc1 J/c Y9 xb28 xb18 Y8 xb2 xb1 Y

quarkonium

Td /Tc 0.50 0.91 0.90 0.99 0.57 0.82 0.82 0.96. 1.00 . 1.00 .1.00
Td /Tc 0.37 0.66 0.72 0.94 0.54 0.75 0.78 0.95 1.00 .1.00 .1.00
~Selection rules
not invoked!
Td /Tc 0.1-0.2 0.74 0.74 1.10 0.75 0.83 0.83 1.10 1.13 1.13 2.
~Digal et al.!
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temperatures depend on the potential and interactions
well as on the selection rules.

With the temperature-dependent potential of Eqs.~2.8!–
~2.12!, all the dissociation temperatures of heavy quarko
are belowTc , except for xb1 , xb2, and Y. The present
analysis uses a potential valid in the rangeT<Tc and cannot
be used to determine dissociation temperatures beyondTc .

VI. DISSOCIATION OF QUARKONIUM
BY THERMALIZATION

In addition to spontaneous dissociation, dissociation
interaction with particles in the medium can also lead
dissociation. In order to bring out the salient features, i
useful to present simplifying descriptions of these dissoc
tion processes in terms of dissociation by thermalization
dissociation by collisions. A full description will involve th
interplay between the dynamics of thermalization and
dynamics of different types of dissociation.

In the dissociation by thermalization, we consider a tw
step process. In the first step, a thermal equilibrium can a
from inelastic reactions of the type

h1~QQ̄!JLS→h81~QQ̄!J8L8S8 ~6.1!

in which the collision of a hadronh with a quarkonium in
state JLS results in the excitation or deexcitation of th
quarkonium state. If the heavy quarkonium reaches ther
equilibrium with the medium, the occupation probabilities
the heavy quarkonium statee i will be distributed according
to the Bose-Einstein distribution

ni5
1

exp$~e i2m!/T%21
. ~6.2!

If there is no dissociation of the quarkonium, then the sum
the occupation numbers is

n5(
i

~2Ji11!ni51, ~6.3!

where 2Ji11 is the spin degeneracy. This equation can
used to determine the chemical potentialm. At temperature
T, the fraction of heavy quarkonium whose single-parti
state energies lie above their dissociation thresholds is
03490
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ni ue i>e i th
. ~6.4!

In the second step, after the quarkonium reaches ther
equilibrium with the medium, there is a finite probability fo
the quarkonium system to be found in excited states. If th
excited states lie above their thresholds for spontaneous
sociation, the heavy quarkonium system will have a fin
probability to dissociate into open charm or open botto
mesons.

Previously, dissociation by thermalization was studied
Kharzeev, McLerran, and Satz@24# with a temperature-
independent dissociation threshold and free-gas continu
states in a Boltzmann distribution. They found that the d
sociation by thermalization does not provide a significa
amount ofJ/c dissociation at temperatureT50.2 GeV. Re-
sults in Secs. III and IV indicate, however, that the dissoc
tion thresholds and the positions of the single-particle sta
change with temperature. Furthermore, the set of statee i
included in Eqs.~6.2! and ~6.3! in the quarkonium therma
equilibration process~6.1! should consist only of bound an
resonance states@25#, because the thermal equilibration o
the heavy quarkoniumQQ̄ takes place whenQ and Q̄ re-
main in the vicinity of each other. Free-gas continuum sta
off the resonance representQq̄ andqQ̄ states whose spatia
amplitudes lie predominantly outside the quarkonium syst
and they do not participate significantly in the quarkoniu
thermal equilibration process~6.1!.

To study dissociation of heavy quarkonium by therma
zation, we evaluate the fractionf of heavy quarkonium
whose single-particle energies lie above their dissocia
thresholds, as a function of temperature, using the sin
particle states obtained in Secs. III and IV. The results
shown in Fig. 6. The fractionf increases with temperature
due predominantly to the change of the positions of
single-particle energies. In Fig. 6, a state label shown al
the curves denotes the onset of spontaneous dissociatio
that state. As the temperature approachesTc , the fraction
lying above dissociation thresholds is quite large for charm
nium, and is considerably smaller for bottomium.

By the dissociation of the excited heavy quarkonium, t
occupation number is no longer constant and the rate of
sociation of the quarkonium is

dn

dt
52(

i
l i~2Ji11!ni ue i>e i th

, ~6.5!
2-7
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wherel i is the decay rate of the dissociating excited quar
nium state i. These dissociation rates for various excit
heavy quarkonium states have not been evaluated. It wil
interesting to calculate these rates using explicit quark mo
wave functions and the formalism discussed by Ackleh, B
nes, and Swanson@26#.

In order to appreciate the effect of dissociation by th
malization on quarkonium survival probability, one can co
sider as an example the case of placing aJ/c in a medium
below the dissociation temperature ofJ/c. If the J/c is not
in thermal equilibrium with the medium, then thisJ/c sys-
tem will be stable against spontaneous dissociation. H
ever, with the approach of thermal equilibrium~by collision
with particles in the medium! at a temperatureT, the initial
J/c system will evolve into a mixed state with a probabili
distribution to populate different states of the quarkoniu
system, some of which lie above their dissociation thresho
at that temperature. As a result, a fraction of the charmon
system will dissociate into open charm mesons, even tho
the temperature is below theJ/c dissociation temperature
Thus, a nonequilibratedJ/c that is stable in the medium ma
become partially unstable against dissociation when
reaches thermal equilibrium. The dissociation probability
a quarkonium system depends on its state of thermal equ
rium or nonequilibrium.

VII. DISSOCIATION OF HEAVY QUARKONIUM
BY COLLISION

In the hadron thermal bath in which a heavy quarkoni
is placed, there will be hadrons which will collide with th
heavy quarkonium. Dissociation can occur as a result
these collisions.

Previously, we studied the dissociation of heavy quar
nium by collision with light hadrons atT50 @15–18#. We
study in this section the dissociation ofJ/c andY by colli-
sion with pions in a medium at temperatureT. The heavy
quarkonia under consideration can be part of a system
thermal equilibrium with the medium. They can also be no
equilibrated heavy quarkonia introduced into the mediu
The kinetic energy of collision would be of the order of th

FIG. 6. The fractions of charmonium and bottomium lyin
above the dissociation threshold as a function ofT/Tc .
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temperature of the hadron gas. As the temperature of
medium increases, the quarkonium single-particle energy
creases and the energy needed to dissociate the h
quarkonium decreases. If the energy threshold for the dis
ciation of the heavy quarkonium is comparable to the te
perature of the hadron gas, the dissociation cross section
be large.

We can calculate the dissociation cross sections ofJ/c
and Y in collision with p as a function of the temperatur
using the Barnes and Swanson model@9#. The calculation
requires the energies and wave functions of the initial a
final meson states, as well as the interquark interaction wh
leads to the dissociation. For the interquark interaction,
generalize the temperature-dependent Yukawa and expo
tial interaction in Eqs.~2.8! and ~2.12! to the form

Vi j 5
l~ i !

2
•

l~ j !

2 H ase
2m(T)r

r
2

3b~T!

4m~T!
e2m(T)r

2
8pas

3mimj
si•sj S d3

p3/2D e2d2r 2J . ~7.1!

For an antiquark, the generatorl/2 is replaced by2lT/2. We
have already calculated the single-particle energies and w
functions ofJ/c andY at various temperatures in Secs. I
and IV. We can calculate the wave functions ofp, open
charm, and open bottom mesons using the above interac
The dissociation reactions with the lowest final mes
masses are J/c1p→DD̄* ,D* D̄,D* D̄* and Y1p

→BB̄* ,B* B̄,B* B̄* . As the final states involves theD* and
the B* while the above potential of Eqs.~2.8!–~2.12! refers
to DD̄ or BB̄ at r→`, we also need the mass differences
M (D* )2M (D) and M (B* )2M (B), which we shall take
from the experimental masses atT50. According to the
spectral analysis by Hatsuda, the mass of pion does
change substantially as a function of temperature~see Fig. 3
of Ref. @21#!. We shall keep the mass of pion to be the sa
as inT50 in this calculation.

The reaction matrix element ofVi j is a product of the
color matrix element, the flavor matrix element, the spin m
trix elements, and the spatial matrix elements, as discusse
detail in Refs.@9# and @18#. With our Gaussian basis state
the spatial matrix elements ofVi j between the initial and the
final states can be reduced to the evaluation of Gaus
integrals of the Fourier transform of the interaction potent
as shown in Eqs.~48!–~50! of Ref. @18#. For the above
Yukawa and exponential interactions, the corresponding
tegrals are

E dqe2(q2q0)2/2b2
VYukawa~q!5

4pas

q0
~A2pb!3I21 ,

~7.2!

E dqe2(q2q0)2/2b2
Vexponential~q!5

4p

q0

3b~T!

4m~T!
~A2pb!3I0 ,

~7.3!

where
2-8
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In5E
0

`

r 11ne2b2r 2/22mrsinq0r dr . ~7.4!

The integralsI21 andI0 are

I2152
i

2b
Ap

2
$exp$z1

2%erfc~z1!2exp$z2
2%erfc~z2!%

~7.5!

and

I05
i

A2b2
Ap

2
$z1exp$z1

2%erfc~z1!2z2exp$z2
2%erfc~z2!%,

~7.6!

where

z15
m2 iq0

A2b
~7.7!

and

z25
m1 iq0

A2b
. ~7.8!

Using these results, the reaction matrix elements can
evaluated and the dissociation cross section can be ca
lated, as in Ref.@18#. The sum of dissociation cross sectio
for p1J/c→DD̄* ,D* D̄,D* D̄* are shown in Fig. 7 for
different temperaturesT/Tc , as a function of the kinetic en
ergy,EKE5As2MA2MB whereMA andMB are the masse
of the colliding mesons. In Fig. 8 we show similar tot
dissociation cross sections forp1Y→BB̄* ,B* B̄,B* B̄* for

FIG. 7. Total dissociation cross section ofJ/c in collision with
p for various temperatures as a function of the kinetic energyEKE .
03490
be
u-

various temperatures, as a function ofEKE . Each cross sec
tion curve is the average of the results from the ‘‘prior’’ an
‘‘post’’ formalisms, as explained in Refs.@10,18#.

We observe in Fig. 7 that the dissociation cross secti
increase as the temperature increases. Such an increase
from decreasing threshold energies as the temperature
creases. AtT/Tc50.95 the reactionp1J/c→D1D̄* is
exothermic and the total dissociation cross section diver
at EKE50. There is another cross section maximum of ab
10 mb atEKE;0.17 GeV, which arises from thep1J/c
→D* 1D̄* reaction. As the temperature decreases, the c
section decreases. At the temperature ofT/Tc50.7, the
maximum cross section decreases to about 4 mb atEKE
;0.320.5 GeV. At T50, the maximum cross section de
creases to about 1 mb atEKE;0.7 GeV and the threshold i
at 0.64 GeV@18#.

We present similar results for the dissociation ofY in
collision with p in Fig. 7~b!. The reactions remain endothe
mic even forT close toTc . For T/Tc50.95 the maximum
cross section of about 15 mb occurs atEKE;0.2 GeV. As
the temperature decreases, the maximum of the cross se
decreases and moves to higher kinetic energy. ForT/Tc
50.75, the maximum cross section is about 4 mb and
located atEKE50.55 GeV. At T50, the maximum cross
section is about 0.6 mb atEKE;1.04 GeV and the threshold
is at about 1.00 GeV@18#. The dissociation cross section is
sensitive function of the threshold. The results in Fig. 7
dicate that over a large range of temperatures below
phase transition temperature, dissociation cross section
J/c andY in collisions withp are large.

In a hadron gas, pions collide with the heavy quarkoniu
at different energies. We can get an idea of the ener
averaged magnitude of the dissociation cross section
treating the pions as a Bose-Einstein gas at temperatureT. In
Fig. 8, we show the quantitŷsv& which is the product of
the dissociation cross section and the relative velocity, a
aged over the energies of the pions. The quantity^sv&
is about 3 mb atT/Tc50.70 and rises to about 4.5 m
at T/Tc50.95 where the value ofTc has been taken to b
0.175 GeV@5#.

FIG. 8. The average dissociation cross section ofJ/c andY in
collision with p as a function of the temperature.
2-9
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VIII. DISSOCIATION OF HEAVY QUARKONIUM
IN COLLISION WITH PIONS

We can estimate the survival probability of a hea
quarkonium in a hot pion gas in the presence of this type
collisional dissociation. If we represent the survival probab
ity S by exp$2I%, the exponential factorI is given by

I 5E
t0

t freeze

^sv&~t!r~t!dt, ~8.1!

wheres is the dissociation cross section,v is the relative
velocity betweenp and the heavy quarkonium,r(t) is the
density ofp at the proper timet, andt0 andt freezeare the
initial proper time and the freeze-out proper time, resp
tively. The quantity^sv& in Fig. 8 can be represented a
proximately by

^sv&'^sv&c~T/Tc!, ~8.2!

where ^sv&c;4.5 mb for J/c or Y. Assuming a Bjorken
type of expansion in which the densityr(t) is proportional
to t21 andT(t) is proportional tot21/3, we obtain

I 5^sv&cr0t0S T0

Tc
D3H 12S r freeze

r0
D 1/3J , ~8.3!

wherer0 is the pion density after all the pions are initial
formed and the heavy quarkonium is thermalized in the m
dium, T0 is the corresponding temperature, andr freeze is the
freeze-out pion density. Continuing the assumption
Bjorken expansion, the initial pion density is given by

r05
dN

t0dyA , ~8.4!

wheredN/dy is the rapidity density of pions andA is the
overlapping area in the heavy-ion collision, which depend
centrality. We therefore obtain

I 5^sv&c

dN

dyA S T0

Tc
D3H 12S r freezet0A

dN/dy D 1/3J . ~8.5!

To make some estimates on the survival probability
J/c andY in a hot hadron gas, we can take the quantityt0
to be (1 fm/c12 fm/c12R/g), where 1 fm/c is the for-
mation time for pions and heavy quarkonium, the additio
2 fm/c is the time for the thermalization of hadrons, a
2R/g is the approximate time spread of the first and the
nucleon-nucleon collisions in a nucleus-nucleus collisionR
is the radius of the colliding nucleus andg is the relativistic
factor in the c.m. frame!. We can taker freeze, the freeze-out
pion density, to be 0.5/fm3, corresponding to an average pio
separation of about 1.3 fm, andT0 /Tc;1.

For the most central Pb-Pb collision at 158A GeV,
dNch/dy;450 @27#, anddN/dy;675. Then for this centra
collision, I 5^sv&c(2.40/fm2) and the heavy quarkonium
survival probability isS5e21.0850.34.

For the most central Au-Au collision RHIC atAsNN
5200 GeV, dNch/dy;650 @28#, and dN/dy;975. Then
03490
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for this central collision,I 5^sv&c(7.13/fm2) and the heavy
quarkonium survival probability isS5e23.2150.04. There is
a substantial absorption of bothJ/c andY by the hot pion
gas at this temperature.

IX. DISCUSSIONS AND CONCLUSIONS

We study the dissociation of a heavy quarkonium in hi
temperatures. The temperature of the medium alters
gluon and quark fields and changes the interaction betwe
heavy quarkQ and antiquarkQ̄ placed in the medium. We
first examine the effects of the temperature of the medium
the quarkonium single-particle states by using a poten
inferred from lattice gauge calculations and evaluate the
sociation temperature at which the quarkonium dissoc
spontaneously. We include spin-dependent interactions
take into account the selection rules. We confirm the gen
features of the results of Digalet al. @3# but there are some
differences in the dissociation temperatures, which dep
on the potential and interactions, as well as on the selec
rules. We find that the selection rules change the dissocia
temperatures substantially for charmonia but only slightly
bottomia.

The results of Digalet al. and our work indicate tha
most, if not all, of the dissociation temperatures of the ch
monium states are belowTc , but the dissociation tempera
tures of a number of low-lying bottomium states lie aboveTc
because of the strong binding of these states.

The quarkonium placed in a medium can collide with p
ticles in the medium to reach thermal equilibrium with th
medium. A heavy-quarkonium in thermal equilibrium ca
dissociate by thermalization as there is a finite probability
the system to be in an excited state lying above its disso
tion threshold. We find that the fraction of the quarkoniu
lying above the threshold increases with increasing temp
tures and is quite large for charmonium atT slightly below
Tc .

Dissociation of a heavy quarkonium can occur in collisi
with hadrons at temperatures below the dissociation temp
tures and the phase transition temperature. As the temp
ture increases, the quarkonium single-particle energies
crease, and the threshold energies for collisional dissocia
decrease. As a consequence, the dissociation cross sec
increase as the temperature increases, reaching an avera
^sv&;3.0 mb for the dissociation ofJ/c andY in collision
with pions just below the phase transition temperature.
have estimated the survival probability ofJ/c andY in col-
lision with pions in central Pb-Pb collisions at SPS a
RHIC energies and found the survival probability to
small. Dissociation ofJ/c by collisions with pions at high
temperatures may be an important source of the anoma
J/c suppression in Pb-Pb collisions observed at CERN@29#.

It has been suggested that collision ofJ/c with ‘‘comov-
ers’’ was the source of the anomalousJ/c suppression in
Pb-Pb collisions@30–32#. There were some uncertainties
the dissociation cross section of the ‘‘comover’’ withJ/c
was not known and the dissociation cross sections for dif
ent hadrons are very different. The large threshold energ
0.64 GeV forJ/c dissociation in collision with pions raise
2-10



ld

r
m
e
re

m

an
rk
Te

S.
his
iolo,
p-
D.

his
in
ra-
or
rch
rt-
rch
er
T-
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questions whether thep-J/c dissociation cross section cou
be large enough to lead to the anomalousJ/c suppression.
The new information from lattice gauge calculations of Ka
schet al. @5# provides valuable input to infer the in-mediu
dissociation energy ofJ/c. The large cross sections for th
in-medium dissociation in collision with pions obtained he
suggest that further microscopic investigations of theJ/c
dissociation in collision with hadrons at high hadron te
peratures will be of great interest.
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