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Relativistic description of J/c dissociation in hot matter
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The mass spectra and binding radii of heavy quark bound states are studied on the basis of the reduced

Bethe-Salpeter equation. The critical values of screening masses forcc̄ and bb̄ bound states at a finite
temperature are obtained and compared with the previous results given by nonrelativistic models.
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I. INTRODUCTION

One of the main aims of high energy nuclear collisions
to explore a new state of matter, the quark-gluon plas
~QGP!, through heavy ion collisions in the laboratory. It w
theoretically proposed that a suppression ofJ/c production
in relativistic heavy ion collisions can serve as a clear sig
ture for the formation of QGP@1#. Subsequently this sup
pression effect was observed by NA38 Collaboration@2#.
However, successive research pointed out that such sup
sion could also exist in hadronic matter~HM!, even though
caused by a completely different mechanism@3#. The anoma-
lous J/c suppression has recently been reported by
NA50 Collaboration@4# and there have been a number
attempts to explain it@5–7#. Some authors believe that th
data may implicate the possibility of the formation of a QG
@8#. For understanding the experimental data clearly, the
sociation mechanism ofJ/c in hot QGP must also be studie
carefully.

In QGP, quarks and gluons are deconfined and the c
fining force between quark and antiquark vanishes, the o
interaction between quark and antiquark is the Coulomb-t
color interaction. The color charge of a quark will b
screened by the quark sea in the plasma. Due to De
screening the final yields ofJ/c will be suppressed. Binding
and dissociation ofJ/c at a finite temperature have bee
studied in the nonrelativistic formalisms@9,10#. TheJ/c was
regarded as a nonrelativistic bound state in those pap
However, generally speaking, the motion of a quark and
antiquark in a meson is relativistic, even for charmonium.
pointed out in Ref.@11#, for thecc̄ system, the kinetic energ
is about 13% of the total energy and the ratio of relativis
corrections to the quark mass will not decrease with the
crease of quark mass if the interaction is of Coulomb-ty
As a result the bound state equation forJ/c in general
should be relativistic. So it is an interesting task to disc
the binding and dissociation of charmonium in hot matter
a relativistic formalism. This is the main purpose of th
paper.

*Mailing address.
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It is well known that the Bethe-Salpeter~BS! equation
@12# is the only effective relativistic equation of the two
body bound state problems. Because of its consistency
quantum field theory, the BS equation can be used for
study of the binding and dissociation of charmonium a
bottonium which has seldom investigated in the framew
of relativistic formalism in a thermal environment and
great interest. We expect that our calculations of observa
could readily yield results at variance with those of no
relativistic models. Furthermore, we are not only interes
in the energy spectrum of mesons, which is an import
source to study the interquark dynamics, but also in the w
functions which play a key role in the calculations of th
root-mean-square~rms! radii of cc̄ andbb̄ bound states.

In this paper, we shall discuss the binding and dissoc
tion of heavy quark resonances in the hot matter within
context of the BS equation. In Sec. II, we focus our attent
on the interaction between quark and antiquark in mes
and the properties of the BS equation. In Sec. III, we use
BS equation to calculate the mass spectra, rms radii and c
cal values of the screening masses for thecc̄ andbb̄ bound
states and compare them with the previous results. The
sitivity of our results to the Lorentzian structure of the co
fining potential is also checked. In Sec. IV, we discuss
results and conclude.

II. FORMALISM

It is well known that the BS equation is a proper tool f
describing the relativistic two-body bound state proble
@13#. The full bound state BS equation in momentum spa
written in the two-sided notation, reads

~h1P” 1p”2m1!xP~p!~h2P” 2p”1m2!

5
i

~2p!4E d4p8V~p,p8;P!xP~p8!, ~1!

where h i5mi /(m11m2) ( i 51,2), xP is the momentum-
space wave function for the quark-antiquark system with
tal four momentumP in momentum space, andp is the rela-
tive four momentum.V is the interaction kernel that acts o
2782 ©1999 The American Physical Society
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xP and formal products of VxP(p8) in Eq. ~1! take the form
VxP(p8)5VsxP(p8)1gm ^ gmVvxP(p8), in which Vs and
Vv are scalar, vector potential respectively. The sho
distance behavior of the V can be calculated in QCD us
perturbative theory. However, the long-distance behavio
the V involves nonperturbative effects, and the Lorentz
structure of the confining potential is not established th
retically in QCD. Consequently, we shall treat the form ofV
in a partially phenomenological way. The parametersm1 ,
m2 should be interpreted as effective constituent masses
similarly the whole propagator is an effective one.

Using the standard reduction and spin-independent tr
ment, one can get the spin-independent reduced Salp
equation@14# for the three-dimensional equal-time BS wa
function

f~pW !5E dp0xP~p0,pW !, ~2!

~M2E12E2!f~pW !5E d3p8

~2p!3 (
i 5s,v

3Fi
si~pW ,pW 8!Vi~ upW 2pW 8u!f~pW 8!, ~3!

whereM is the mass of aqq̄ bound state,Ei5(pW 21mi
2)1/2,

i 51,2 represent a quark and an antiquark, respectively.
functionsFv

si andFs
si appearing in Eq.~3! are

Fv
si~pW ,pW 8!5

1

4E1E2
F ~E11m1!~E21m2!

1pW 21
~E11m1!~E21m2!

~E181m1!~E281m2!
pW 82

1
~pW •pW 8!2

~E181m1!~E281m2!

1S E11m1

E281m2

1
E21m2

E181m1

1
E11m1

E181m1

1
E21m2

E281m2
D pW •pW 8G ~4!

and

Fs
si~pW ,pW 8!5

1

4E1E2
F ~E11m1!~E21m2!2S E11m1

E281m2

1
E21m2

E181m1
D pW •pW 81

~pW •pW 8!2

~E181m1!~E281m2!
G .

~5!

HereEi85(pW 821mi
2)1/2, i 51,2. SinceFv

si andFs
si are spin-

independent, the singlet and triplet are degenerate. The
no coupling between different orbital angular momenta
Eq. ~3!. We can therefore extract the angular dependenc
f(pW ) in a single spherical harmonic basis
t-
g
f

n
-

nd

t-
ter

he

is

of

f~pW !5fnL~ upW u!YLm~pŴ !. ~6!

By using the following identity:

4p

2L11 (
m

YLm* ~pŴ !YLm~pŴ 8!5PL~cosu!, ~7!

whereu is the angle between thepŴ and pŴ 8, one can obtain
the following equation for the radial wave functio
fnL(upW u):

~MnL2E12E2!fnL~ upW u!5E d3pW 8

~2p!3 (
i 5s,v

3Fi
si~pW ,pW 8!Vi~ upW 2pW 8u!

3PL~cosu!fnL~ upW 8u!. ~8!

Equation~8! gives a well-defined eigenvalue problem for th
masses of theqq̄ bound states in momentum space. Here
would like to point out that the momentum dependence
the interaction is treated exactly in the above equation.

In the nonrelativistic limit, Eq.~8! can be reduced to the
usual Schro¨dinger equation

~MnL2E12E2!fnL~ upW u!5E d3pW 8

~2p!3
@Vs~ upW 2pW 8u!

1Vv~ upW 2pW 8!#PL~cosu!

3fnL~ upW 8u!. ~9!

It will be convenient in calculating the rms radii ofqq̄

bound state to transformfnL(upW u) to the position space
Making use of the following identity:

exp~ ipW •rW !54p(
l 50

`

i l j l~pr !Ylm8
* ~Q,F!Ylm8~u,w!,

~10!

where the direction ofpW and rW is specified by the polar
angles (Q,F) and (u,f), respectively, we get

fnLm~rW !5
1

~2p!3E exp~ ipW •rW !fnLm~pW !d3pW

5
i L

2p2E p2dp jL~pr !fnL~ upW u!YLm~u,f!,

~11!

where we have used the orthogonal relation of spherical
monic function and Eq.~7!. According to Eq.~10! one can
get the radial wave function in the position space

fnL~ urWu!5
i L

2p2E p2dp jL~pr !fnL~ upW u! ~12!
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TABLE I. The mass spectra and rms radii of thecc̄ andbb̄ bound states.

nl Data Mnl(GeV) ^r 2&1/2(fm)

Ref. @9# Ref. @10# Ours Ref.@9# Ref. @10# Ours

cc̄ 1S J/c~3.068! 3.0697 3.0700 3.067 0.4490 0.4453 0.28

2S c8~3.663! 3.6978 3.6863 3.663 0.8655 0.9034 0.63
3S c9~4.025! 4.1696 4.0806 4.019 1.2025 1.3765 0.82
1P xc~3.525! 3.5003 3.5054 3.526 0.6890 0.7000 0.51

bb̄ 1S Y~9.436! 9.4450 9.4310 9.436 0.2249 0.2211 0.18

2S Y8~10.013! 10.0040 10.0083 10.013 0.5040 0.4998 0.44
3S Y9~10.341! 10.3547 10.3564 10.343 0.7336 0.7457 0.67
1P xb~9.899! 9.8974 9.8981 9.901 0.4041 0.3982 0.35
u

he
m
n
n

th
to
n
s
la

se
to

ey

ht

th

fr

we

mo-

r-

ass

sted
the

ns,
in which the special functions j 0(x)5sinx/x, j 1(x)
5sinx/x22cosx/x. Solving Eq. ~8! and Eq. ~12!, one can
obtain the masses and corresponding rms radii of the bo
states.

To solve Eq.~8!, one must have a good knowledge of t
potential between quark and antiquark. At present, it is co
monly accepted that the interaction between quark and a
quark consists of a short-range part describing the o
gluon-exchange~OGE! potential and an infinitely rising
long-range part responsible for the confinement of
quarks. As is well known, the OGE potential is a pure vec
interaction. However the Lorentzian structure of the confi
ing interaction is not clear. Wilson loop technique sugge
that the confining potential should be taken purely sca
@15#, but relativistic potential calculations@16,17# showed a
need for some vector confinement. Therefore, we choo
confining potential to be a mixture of a scalar and a vec
@18#. This leads to the following potential:

V~r !5Vs~r !1Vv~r !, ~13!

with

Vs5~12x!sr ,

Vv5xsr 2
4

3

as

r
,

wheres is the string tension,ae f f52 4
3 as the effective cou-

pling constant andx the vector-scalar mixing parameter ob
the condition 0<x<1. Note that the edge of the intervalx
50 corresponds to the case of pure scalar confinement.

In a thermodynamical environment of interacting lig
quarks and gluons at temperatureT, quark binding becomes
modified by color screening@1#

V~r ,m!5Fx
s

m
~12e2m r !2

4

3

as

r
e2m r G

1
s

m
~12x!~12e2m r !. ~14!

Herem is the Debye screening mass~which is assumed to be
a function of temperatureT) and the Debye screening leng
r D is defined as the inverse of the screening mass,r D51/m.
It is necessary to note that the factor exp(2mr) not only
reflects the color screening effects but also avoids the in
nd

-
ti-
e-

e
r
-
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r

a
r

a-

red divergence. In fact, as pointed out in Ref.@19#, the color
screening effects are also required atT50 in order to fit the
experimental properties of quark systems. In this paper,
use the color screening potential@Eq. ~14!# to study the bind-
ing and deconfinement of heavy quark resonances. In
mentum space the potential can be written as

Vs~ upW 2pW 8u!5~12x!F s

m
d3~pW 2pW 8!

2
s

p2

1

@~pW 2pW 8!21m2#2G , ~15!

and

Vv~ upW 2pW 8u!52
2

3p2

as

@~pW 2pW 8!21m2#
1xF s

m
d3~pW 2pW 8!

2
s

p2

1

@~pW 2pW 8!21m2#2G . ~16!

The constantss, m, x, andas are the parameters characte
izing the potential.

III. CALCULATIONS AND RESULTS

Based on the formula above, we first calculate the m
spectra and rms radii ofcc̄ and bb̄ bound states with the
vector-scalar mixing parameterx50, which corresponds to
the pure scalar confinement. The numerical results are li
in Table I. The data used in our studies consisted of
spin-averaged masses ofbb̄ and cc̄ states and are given in
the third column in Table I, with

M̄nl5
1

4~2l 11! (
j

~2 j 11!M ~n, j ,l ,s!. ~17!

Here we restrict ourselves to the first two radial excitatio
corresponding to the~spin-averaged! J/c andY for n51, l
50, to thec8 andY for n52, l 50, and to thexc andxb for
n52, l 51. Therefore M̄nl can be written explicitly as
M̄n05 1

4 @3M (n3S1)1M (n1S0)#, M̄n15 1
12 @5M (n3P2)
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13M(n3P1)13M(n1P1)1M(n3P0)#(n50,1 corresponding to
the first two radial excitations!, where we recall the usua
spectroscopic notation2s11LJ for a state with orbital angula
momentumL, spin s, and total angular momentumJ; S,
P, . . . correspond to orbital angular momentumL
50,1, . . . ,respectively. Since the spin-singletsbb̄(1S0) and
bb̄(1P1) have not yet been unambiguously confirmed by
periment, we have therefore used the results of previ
spin-dependent fits to the data to estimate the center
gravity of the incomplete multiplets@14#. However, Ref.@10#
compared their numerical results with the spin-triplet rat
than the spin-averaged masses ofbb̄ andcc̄ systems.

In our calculations, we have used the following para
eters: s50.22 GeV2, m050.06 GeV, mc51.474 GeV,
mb54.762 GeV, as(cc̄)50.47, and as(bb̄)50.38. All
these parameters are within the scope of customary us
According to the concept of a running gauge coupling c
stant, in the computations we allow different values ofas for
charmonium@as(cc̄)# and bottonium@as(bb̄)# @20#. The
relative magnitude ofas is in accordance with the idea o
asymptotic freedom as expected for the strong gauge
pling constant of quantum chromodynamics, that
as(bb̄),as(cc̄).

In order to compare our results with those given in Re
@9,10#, we calculate the quantityx2 which is defined as

x25

(
nl

~Mnl
exp2Mnl

theory!2

N21
, ~18!

with N being the total number of (nl) state. We obtainx
50.0066 GeV for our numerical results. Comparing w
x50.0223 GeV ~for Ref. @10#! and x50.0511 ~for Ref.
@9#!, one can observe that the mass spectra obtaine
present are more consistent with the experiment than the
vious results.

As mentioned above, the wave functions play a key r
in the calculation of rms radii ofcc̄ andbb̄ systems. The las
column in Table I shows that the rms radii ofcc̄ and bb̄
bound states given by our calculations are smaller than th
of Refs.@9,10#. This means thatJ/c is more tightly bound in
our case than estimated by nonrelativistic models.

Next, we study the dissociation ofbb̄ andcc̄ systems. A
suitable quantity to observe the vanishing of bound state
the dissociation energy

Edis
nl ~m!5m11m21

s

m
2Mnl~m!. ~19!

The dissociation energy is positive for bound states and tu
negative for the continuum. Thus

Edis
nl ~mc!50 ~20!

defines the critical value ofm beyond which there is no
bound state for the given quantum numbers. The calcula
-
s
of

r

-

ge.
-

u-
,

.

at
re-

e

se

is

ns

ed

results of theEdis
nl (mc) for the cc̄ andbb̄ systems are given

in Fig. 1 and Fig. 2, respectively. The figures show that
dissociation energies of our calculations~solid lines! are
shifted to largerm regions in comparision with those~dotted
lines! of Ref. @10#. The reason is that our calculations a
based on the relativistic formula in which the momentu
dependence is treated exactly, which is different from t
used in Ref.@10#.

FIG. 1. The dissociation energies forcc̄ bound states. The solid
lines indicate our results; the dotted ones are from Ref.@10#.

FIG. 2. The dissociation energies forbb̄ bound states. The solid
lines represent our results; the dotted ones are from Ref.@10#.
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TABLE II. The calculatedmc andMnl
c for charmonium (cc̄) and bottonium (bb̄).

State mc(GeV) Mnl(mc)(GeV)

Ref. @9# Ref. @10# Ours Ref.@9# Ref. @10# Ours
Charmonium 1S 0.700 0.600 0.900 2.9145 2.8779 3.19

2S 0.360 0.260 0.470 3.1725 3.2964 3.416
1P 0.342 0.242 0.450 3.1982 3.3513 3.436

Bottonium 1S 1.560 1.500 1.640 9.6108 9.5379 9.65
2S 0.660 0.560 0.690 9.7838 9.7528 9.842
1P 0.578 0.460 0.640 9.8226 9.8274 9.867
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The calculated critical values of Debye masses a
Mnl(mc) for cc̄ andbb̄ resonances are given in Table II.

Table II shows that the critical values of the screen
masses forcc̄ andbb̄ dissociations given by our calculation
are larger than those given by Refs.@9,10#. This indicates
that the results are dependent on the model. So a finer
culation of the screening masses forcc̄ andbb̄ dissociation
is needed. Because theJ/c suppression is related to the col
screening, the dissociation ofJ/c is more interesting at finite
temperatures. According to our calculations, the criti
value of the screening mass forJ/c dissociation is abou
mc50.900 GeV ~the corresponding screening length
0.219 fm!. This information is probably useful to the stud
and observation ofJ/c production in high energy collisions

In view of Table II, we would like to further note that th
masses of all bound states are affected slightly by the cha
of m. As shown by Refs.@9,10#, with the increment ofm the
masses of thecc̄ bound states and those of the higherbb̄
bound states decrease, while theY mass increases, which i
different from ours. In our case, the masses of the highecc̄

andbb̄ bound states decrease withm, while theJ/c andY
masses increase withm. This means that the positive strin
tension part of the potential dominates and is reduced am
increases; only for theY andJ/c does the second term in th
right hand side of Eq.~14! give the main contribution in the
relativistic formalism.

One can also find in Table II that the relativistic corre
tion for cc̄ bound states is larger than that ofbb̄ ones. This is
not surprising. Even before the detailed numerical calcu
tions, this qualitative conclusion can be reached based on
following reasonable physical consideration.

As mentioned above, the Schro¨dinger equation is the non
relativistic limit of the BS equation. Usually, theb quark is
d

al-

l

ge

-
he

heavy enough compared toLQCD , and one can expect tha
the relativistic correction is small forbb̄ bound states. Nev-
ertheless, the mass ofc quark,mc , is not much larger than
LQCD . The relativistic correction may be large in the case
cc̄ bound states, which is corroborated by the detailed
merical calculations listed in Table II.

Finally, we check the sensitivity of our results with re
spect to the vector-scalar mixing parameterx appearing in
the potential, the numerical results are listed in Table III.

On the basis of the analysis of the numerical results~see
Table III!, we come to the following conclusions.

For the systems containing two heavy quarks the sens
ity of the mass spectra to the Lorentzian structure of
confining potential is rather moderate, especially in thebb̄
system. Therefore, our results based on pure scalar confi
potential are insensitive to the particular Lorentzian struct
of confinement.

IV. DISCUSSIONS AND CONCLUSIONS

In summary, we have studied the mass spectra, r
mean-square radii and dissociation ofcc̄ andbb̄ in the rela-
tivistic formalism. We would like to point out that a relativ
istic treatment of quark-antiquark bound states, by mean
the reduced BS equation, does imply some improvemen
the description ofcc̄ andbb̄ meson mass spectra. This ind
cates that the relativistic description is necessary for a fi
calculation ofJ/c at finite temperatures. Because themc is
not heavy enough compared toLQCD , the relativistic effect
cannot be neglected for the description ofJ/c dissociation in
hot matter. The critical values of the screening masses h
also been calculated and compared with the previous res
0

4
0
8
3

58
08
7

TABLE III. The dependence ofcc̄ andbb̄ masses~GeV! on the mixing parameterx.

states x50.0 x50.1 x50.3 x50.5 x50.7 x50.9 x51.0

cc̄ 1S 3.067 3.085 3.120 3.155 3.189 3.223 3.24

2S 3.663 3.686 3.730 3.773 3.814 3.854 3.87
3S 4.019 4.053 4.118 4.180 4.238 4.293 4.32
1P 3.526 3.552 3.602 3.650 3.698 3.745 3.76

bb̄ 1S 9.436 9.440 9.448 9.455 9.462 9.470 9.47

2S 10.013 10.017 10.027 10.036 10.047 10.053 10.0
3S 10.343 10.350 10.363 10.376 10.390 10.402 10.4
1P 9.901 9.905 9.915 9.924 9.933 9.943 9.94
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given by the nonrelativistic models. The critical value of t
screening mass forJ/c dissociation ismc50.600 GeV in
Ref. @10# and mc50.700 GeV in Ref.@9#, respectively. In
the present calculations, however,mc50.900 GeV, which is
larger than those from nonrelativistic models. This mea
that the magnitude of the screening masses is model de
dent. In order to get a finer evaluation of the screening m
of J/c, one must have a good knowledge the confining
tential in addition to a relativistic description. Therefore t
. B

r

s
n-

ss
-

study of quark confining potential is of importance a
should be further proceeded.
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