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Abstract

We explore the temperature dependence of the heavy-quarkonium interaction based on the Bhanot–Peskin lea
perturbative QCD analysis. The Wilson coefficients are computed solving the Schrödinger equation in a screened
heavy-quark potential. The inverse Mellin transform of the Wilson coefficients then allows for the computation of the
2S heavy-quarkonium gluon and pion total cross section at finite screening/temperature. As a phenomenological ill
the temperature dependence of the 1S charmonium thermal width is determined and compared to recent lattice QCD
 2005 Elsevier B.V.
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1. Introduction

The Debye screening between two opposite co
charges is clearly seen in the QCD static poten
computed at finite temperatureT on the lattice[1].
Consequently, heavy-quark bound states (which
call Φ) may no longer exist well above the deconfin
ment critical temperatureTc, of order 200–300 MeV
[2]. This has made the heavy-quarkonium suppr
sion in high energy heavy-ion collisions (as compa
to proton–proton scattering) one of the most po
lar signatures for quark–gluon plasma formation[3,4].
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On the experimental side, a lot of excitement ca
out a few years ago after the NA50 Collaborati
reported a so-called “anomalous” suppression in
J/ψ channel in the most central lead–lead collisio
(
√

s � 17 GeV) at the CERN SPS[5]. At RHIC en-
ergy(

√
s = 200 GeV), J/ψ production has been me

sured recently by the PHENIX Collaboration althou
the presently too large statistical and systematic e
bars prevent one from concluding anything yet qua
tative from these data[6].

The NA50 measurements triggered an intense
oretical activity and subsequently a longstanding
bate on the origin of the observedJ/ψ suppression
However, it became unfortunately rapidly clear th
no definite conclusion could be drawn as long as t
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oretical uncertainties exceed by far that of the h
statistics data. Indeed, both the realistic descriptio
the space–time evolution of the hot and dense med
as well as the interaction of heavy-quarkonia with
relevant degrees of freedom (let them be pions or
ons) are required to be known. While the former c
be constrained by global observables, the latter ne
to be computed theoretically. Several approaches h
been suggested to determine heavy-quarkonium
cross sections, from meson exchange[7] or constituent
quark models[8] to the perturbative framework de
veloped by Bhanot and Peskin[9,10] upon which the
present Letter relies. Let us remark in particular t
many recent phenomenological applications have u
the latter perturbativeΦ–gluon cross section to est
mate the heavy-quarkonium dissociation or format
in heavy-ion collisions[11].

However, although derived from first principle
in QCD perturbation theory, the Bhanot–Peskin
sult describes the interaction of Coulombic bou
states, that is for which the heavy-quark poten
is well approximated by the perturbative one-glu
exchange potential. As indicated from spectrosco
studies[12], this may be too crude an assumpti
to describe bound states in the charm or (even)
bottom sector. Furthermore, it does not take into
count the possible effects of the medium on the hea
quarkonium interaction. It is the aim of this Letter
explore how theΦ interaction with gluons and pion
gets modified at finite temperature. The Letter is or
nized as follows. The general framework is first brie
recalled in Section2. Our results are then detailed
Section3 while Section4 is devoted to a concludin
discussion.

2. Heavy-quarkonium interaction in QCD

2.1. Resummation of the leading-twist forward
scattering amplitude

At leading-twist, the forward heavy-quarkoniu
(Φ)–hadron(h) scattering amplitudeMΦh is an op-
erator product expansion of perturbative Wilson co
ficients d2k evaluated in the heavy-quarkonium sta
and computable in perturbation theory times n
perturbative matrix elements in the hadron state
reads[9]

MΦh(λ) =
(

g2Nc

16π

)
a2

0

∑
k�1

d2kε
1−2k

(1)× 〈h|1
2
F 0ν

(
iD0)2k−2

Fν
0|h〉,

wherea0 andε stand, respectively, for the Bohr radi
and the binding energy for theΦ system,g the QCD
coupling andNc the number of colors. Each of the m
trix elements〈h| · · · |h〉 in Eq. (1) is proportional to a
traceless fully symmetric rank 2ktensor in the spin
averaged hadron state[9]

Πµ1...µ2k(p) = pµ1 . . . pµ2k − trace terms,

wherepµ is the hadron momentum. The trace ter
correspond to target mass correctionsO(m2

h/ε
2)

which are neglected here as we shall deal only w
pions in the present approach. Note that such cor
tions were systematically included in Refs.[13,14]
and proved relevant only slightly above the thresh
for the quarkonium-hadron interaction process. T
matrix elements can be written as

(2)
〈h|1

2
F 0ν

(
iD0)2k−2

Fν
0|h〉 = A2kΠ

0...0(p) = A2kλ
2k,

whereλ ≡ p0 is the hadron energy in theΦ rest frame
and theA2k coefficients are the Mellin transform of th
unpolarized gluon densityGh in the hadron target[10,
14]

A2k =
1∫

0

dx

x
x2kGh(x).

Plugging(2) in (1), the leading-twist forward scatte
ing amplitude can be written as

(3)MΦh(λ) =
(

g2Nc

16π

)
a2

0ε
∑
k�1

d2kA2k(λ/ε)2k.

Expressing the Wilson coefficients in terms of th
Mellin moments,

d2k =
1∫

0

dx

x
x2kd̃(x),

the power series(3) can be conveniently resumed a
continued analytically throughout the whole comp
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plane of energies[14]. This allows for the computatio
of the imaginary part of the forward scattering amp
tude along the real axis,λ > ε,

(4)ImM(λ) =
(

g2Nc

32

)
a2

0ε

1∫
ε/λ

dx

x
G(x) d̃

(
ε

λx

)
.

Dividing Eq. (4) by the flux factorλ leads to the tota
heavy-quarkonium cross section via the optical th
rem

(5)σΦh(λ) = 1

λ
ImM(λ) =

1∫
0

dx G(x)σΦg(xλ),

where the heavy-quarkonium gluon cross section
defined as

(6)σΦg(ω) =
(

g2Nc

32

)
a2

0
ε

ω
d̃

(
ε

ω

)

with the gluon energyω = λx in theΦ rest frame.
The Wilson coefficients need first to be compu

in an arbitrary heavy-quark potential and later be
verse Mellin transformed in order to determine t
heavy-quarkonium gluon Eq.(6) and hence the heavy
quarkonium hadron Eq.(5) total cross sections. Thi
task is carried out in the next section.

2.2. Wilson coefficients and inverse Mellin transfor

Resuming all diagrams contributing to leading
der ing2 to theΦ–h interaction, Peskin made explic
the heavy-quarkonium Wilson coefficients[9]. They
are given by1

d2k = 16π

N2
c a2

0

ε2k−1〈φ|ri 1

(Ha + ε)2k−1
rj |φ〉

= 16π

N2
c

∫
d3k

(2π)3

1

3

∣∣∣∣ r
a0

ψ

∣∣∣∣
2

(k)ε2k−1

(7)× 〈k| 1

(Ha + ε)2k−1
|k〉,

1 Note that the coefficients(7) are a factor(ε/ε0)2k−1 smaller
than in Ref.[9]. This difference is because the energyλ is normal-
ized to the binding energyε in the amplitude(3) and not to the
Rydberg energyε as in[9].
0
where |φ〉 and k are respectively theQQ̄ internal
wavefunction and momenta, whileHs (Ha) is the in-
ternal Hamiltonian describing the heavy-quarkoni
state in a color-singlet (color-adjoint) state,

Hs,a = k2

mQ

+ Vs,a(r),

mQ being the heavy-quark mass andVs,a the heavy-
quark potential. The heavy-quarkonium wave fu
tion ψ(r) in coordinate space and the binding e
ergyε appearing in Eq.(7) are determined solving th
Schrödinger equation

(8)Hs |φ〉 = −ε|φ〉
in the color singlet potential.

2.2.1. Coulomb potential
The leading-twist amplitude(1) was determined

assuming theQQ̄ binding potential is well approxi
mated by the one-gluon exchange Coulomb poten

Vs = −g2Nc

8πr
+O

(
N−1

c

)
,

(9)Va =O
(
N−1

c

)
,

in SU(Nc) gauge theory. To leading order inO(N−1
c ),

Ha is given by the free-particle Hamiltonian and t
Wilson coefficients(7) read

d2k = 16π

N2
c

∫
d3k

(2π)3

1

3

∣∣∣∣ r
a0

ψ

∣∣∣∣
2

(k)

× (ε/ε0)
2k−1

[(ka0)2 + ε/ε0]2k−1
,

where we have introduced the Rydberg energyε0 for
theQQ̄ system

ε0 =
(

g2Nc

16π

)2

mQ = 1

mQa2
0

.

Solving the Schrödinger equation(8) gives the well-
known 1S and 2S Coulomb wave functions with t
corresponding binding energies,

a
3/2
0 ψ(1S)(r) = 1√

π
exp

(
− r

a0

)
, ε1S= ε0,

a
3/2
0 ψ(2S)(r) = 1√

8π

(
1− r

2a0

)
exp

(
− r

2a0

)
,

ε2S= ε0/4
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which eventually allows for the computation of th
Wilson coefficients[9]

d(1S)
n =

1∫
0

dx

x
xn 163

3N2
c

x5/2(1− x)3/2,

(10)

d(2S)
n =

1∫
0

dx

x
xn 16× 163

3N2
c

x5/2(1− x)3/2(1− 3x)2.

From Eqs.(6) and (10), the expression for the invers
Mellin transformd̃(x) is straightforward and one ge
directly [10]

(11)

σΦ(1S)g(ω) = 162g2

6Nc

a2
0
(ω/ε1S− 1)3/2

(ω/ε1S)5
θ(ω − ε1S),

for 1S states and[14]

σΦ(2S)g(ω) = 16
162g2

6Nc

a2
0
(ω/ε2S− 1)3/2(ω/ε2S− 3)2

(ω/ε2S)7

(12)× θ(ω − ε2S)

for 2S states. Note that these expressions were als
tained by Kim, Lee, Oh and Song from the QCD fa
torization property combined with the Bethe–Salpe
-

amplitude for the heavy-quark bound state, which
lowed them to include relativistic and next-to-leadi
order corrections[15].

2.2.2. Screened Coulomb potential
As stressed in the introduction, the above formu

may serve as an important input to estimate the he
quarkonium dissociation processΦ + g → Q + Q̄ (or
the detailed balance process) in a hot gluon or pion
formed in high energy heavy-ion collisions. We wou
like here to go one step further and to discuss po
ble medium modifications to these total cross sectio
Medium effects will be modeled at the level of th
heavy-quarkonium potential by considering a scree
Coulomb potential (Yukawa type) characterized b
dimensionless screening parameterµ,

Vs = −g2Nc

8πr
exp(−µr/a0),

(13)Va = 0.

Solving the Schrödinger equation(8) using the poten
tial (13), the wave functions and binding energies
1S and 2S states are determined and the corresp
ing Wilson coefficients(7) are computed numericall
subsequently. For the illustration, we plot inFig. 1the
ction of
Fig. 1. Top: mean radius (solid) and root mean square radius (dashed) of the 1S (left) and 2S (right) heavy-quarkonium states as a funµ.
Bottom: 1S (left) and 2S (right) binding energy as a function ofµ.
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rgy
Fig. 2. 1S (top) and 2S (bottom) charmonium (left) and bottomonium (right) gluon total cross section as a function of the gluon eneω for
various values of the screening parameterµ.
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typical size (mean and root mean square radii, top
well as the binding energy (bottom) for the 1S (le
and 2S (right)Φ states. Finally, the inverse Melli
transform

d̃(x) = 1

2iπ

c+i∞∫
c−i∞

dzx−zd(z)

c being a real constant, is performed thus giving acc
to the medium-modified total cross sections.

3. Results

3.1. Finite screening

Before discussing the results, both the Bohr rad
a0 and the Rydberg energyε0 in the charmonium and
bottomonium channel need to be fixed. Assuming b
the 1S and 2S states to be Coulombic, the heavy q
massmQ and the Rydberg energyε0 can be deter
mined from the 1S and 2S heavy-quarkonium mas
One then obtains[14]

ε0c = 0.78 GeV, a−1
0c = 1.23 GeV,

ε0b = 0.75 GeV, a−1
0b = 1.96 GeV.

Using the above (not too hard) scales, the 1S (t
and 2S (bottom) heavy-quarkonium gluon dissoc
tion cross sections are computed inFig. 2 as a func-
tion of the gluon energyω for various values of the
screening parameterµ. The dominant effect of the
screened heavy quark potential is the decrease o
1S (respectively, 2S) heavy-quarkonium binding
ergy fromε0 (respectively,ε0/4) to ε which leads to a
lower threshold for the inelastic process. The medi
modifications of theΦ–gluon total cross sections a
nevertheless not only due to the smaller binding
ergy, yet the characteristic shapes of the cross sec
are reminiscent to what is already known for pu
Coulombic states,µ = 0 (Fig. 2, solid). We checked
for instance that the Wilson coefficients get someh
modified at finite screening and consequently the p
tonic cross sections do not simply scale asω/ε in
Eq. (11). This is a strong indication that cross se
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Fig. 3.J/ψ–π (left) andΥ –π (right) total cross section as a function of the pion energyλ for various values of the screening parameterµ.
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tions cannot be deduced with a simple rescaling of
binding energy fromε0 to ε to mimic medium effects
in the heavy-quarkonium dissociation process. Fina
the significant increase of the 1S partonic cross s
tions at large screening is particularly noticeable
the dipole size gets larger. However, as discussed l
reliable calculations require the space–time scale
remain small which prevent one from taking arbitrar
large screening parameter values, at least when
sidering such “light” heavy quarks.2 Moreover, since
the heavy-quark potential in the original QCD ana
sis needs to be Coulomb-like, the screening param
µ in the model Eq.(13) should remain small as com
pared to one.

Let us now discuss the heavy-quarkonium had
cross section. Since heavy-quarkonia plunged into
hot medium are most likely to interact with pions, w
shall only consider theΦ–π channel and choose th
GRV LO parameterization for the gluon distributio3

in the pion[16]. TheJ/ψ–π andΥ –π cross sections
are computed inFig. 3 as a function of the pion en
ergyλ. Again, the threshold for the process, located
λ = ε, gets shifted to lower values leading to a stro
modification of the heavy-quarkonium pion intera
tion in this region. At high energy, smallx = O(ε/λ)

gluons dissociate heavy-quarkonia, thereby incre
ing theΦ–π cross section by a factor(ε0/ε)

δ where

2 According to[10], the assumption of heavy-quark Coulomb
bound states should be appropriate for more than 25 GeV h
quark mass.

3 These should be evaluated at a factorization scaleε. We take in
the following a frozen scaleε .
0
,

δ � 0.3 governs the rise of the gluon distribution
smallx, xG(x) ∝ x−δ [17].

3.2. Finite temperature

The Φ interaction with gluons and pions ha
been computed so far using a heavy-quark scree
Coulomb potential characterized by one parameteµ.
Interpreting µ as the screening mass in a glu
plasma, the model for the finite temperatureQQ̄ po-
tential now looks like

(14)Vs = −g2(r, T )Nc

8πr
exp

(−mD(T )r
)
.

At short distance and/or low temperature, we sh
consider a frozen coupling constant

(15)g2(r, T ) = g2 for rT 	 Λ

and recover the Coulomb potential behavior(9), while
the QCD coupling starts to run withT at large distance
and/or high temperature. At two loops, we have

g2(r, T )

≡ g̃2(T )

=
(

11

8π2
ln

(
2πT

ΛMS

)
+ 51

88π2
ln

[
2 ln

(
2πT

ΛMS

)])−1

(16)for rT 
 Λ

with Tc/ΛMS = 1.14 [18]. The Debye massmD is
related to the temperature through the leading-o
perturbative result,

mD(T ) = g̃(T )T .



50 F. Arleo et al. / Physics Letters B 614 (2005) 44–52
Fig. 4.J/ψ (left) andΥ (right) total cross sections with gluons (top) and pions (bottom) at various temperatures.
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The Λ dimensionless parameter introduced
Ref.[18] separates somewhat arbitrarily the short fr
the long distance physics at finite temperature.
ting pure gauge SU(3) heavy quark potential, the
obtained the empirical valueΛ = 0.48 fm× Tc. Fol-
lowing [18], we shall take the 2-loop running couplin
(16) rescaled by 2.095 and interpolate smoothly
tween the short and long distance regime.4

The partonic and hadronicJ/ψ andΥ cross sec-
tions are computed inFig. 4 for several temperature
in units of the critical temperature for deconfineme
Tc = 270 MeV in SU(3) pure gauge theory[2]. The
temperatures selected for the bottomonium system
chosen to be slightly higher than those for the ch
monium system since the larger bottom quark m
(hence, smaller size) probes more efficiently ho
QCD media[19].

The effects of the running coupling in Eq.(14) be-
ing quite small, rather similar features at finite te

4 Similar results are obtained using the one loop running c
pling with an appropriate rescaling.
perature and at finite screening are observed. In
ticular, the charmonium binding energy (hence the
elastic threshold) drops by a factor of two already
T/Tc = 0.5 and thus affects dramatically theJ/ψ in-
teraction in the vicinity of the threshold. At high
temperature, theJ/ψ–gluon cross section is signifi
cantly enhanced at small gluon energy due to the la
charmonium size. TheJ/ψ–π cross section is als
somewhat modified with a magnitude increasing
ticeably with the temperature. Moving to the botto
sector (Fig. 4, right), theΥ cross sections exhibit th
same general characteristics yet the medium effec
a given temperature prove much less pronounced f
the smaller bottomonium size.

At high temperature, heavy-quarkonium interact
cannot be described by short-distance techniques
Fig. 1) and our predictions are not valid any longer.
top of that, the process described here is the he
quarkonium dissociation by hard gluons as oppo
to the soft gluons which only affect its propertie
Therefore, our calculations should be valid as lo
as the Debye mass is kept smaller than the he
quarkonium Rydberg energy,m (T ) � ε . This con-
D 0
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dition is fulfilled provided the bath temperature
smaller than 350 MeV. Above that scale, the scree
exchanges are able to dissociate the bound states
factorization between the heavy-quarkonium phys
and the external gluon field is broken and the ab
QCD picture loses its significance.

3.3. J/ψ spectral function width

The former results indicate that Debye screen
effects may play an important role in the heav
quarkonium dissociation by incoming gluons or pio
In order to illustrate how medium modifications cou
affect theΦ suppression in heavy-ion collisions, w
compute in this section the 1S charmonium therm
width ΓJ/ψ (or equivalently its lifetime,τJ/ψ = Γ −1

J/ψ )
in a hot gluon bath. Assuming theJ/ψ suppression is
only due to the gluon dissociation process, the wi
can be written

ΓJ/ψ(T ) = 1

2π2

∞∫
0

ω2 dωσJ/ψg(ω,T )ng(ω,T ),

whereng(ω,T ) = 2(N2
c − 1)/(exp(ω/T ) − 1) is the

gluon density in a gluon gas in thermal equilibrium
The thermal width is computed inFig. 5as a func-

tion of the temperatureT assuming the vacuum (solid
and the in-medium (dashed)J/ψ–gluon cross section
At small temperature,T 	 ε, most gluons are not su
ficiently energetic to dissociateJ/ψ states and the
width remain small as the phase space selected b
J/ψ gluon threshold is restricted. When the mediu
gets warmer, more and more gluons are able to
teract inelastically with theJ/ψ , hence the therma
width increases. Interestingly enough, the in-medi
J/ψ thermal width proves larger by a factor of two
more up toT = Tc due to the lower threshold in th
medium modified cross sections. At even higher te
perature, the medium modified result becomes sma
to that in the vacuum since dissociating gluons (w
ω of orderε) grow scarce. Also plotted inFig. 5 is the
J/ψ width computed recently on the lattice at fin
temperature in the quenched approximation[20]. Al-
though a significant discrepancy remains between
calculations and the lattice data point, it is interest
to note that adding medium effects tends to reduce
disagreement, whose origin is not clarified.
e

Fig. 5. J/ψ thermal width as a function of the temperature w
(dotted) and without (solid) modifications of the heavy-quark
tential. The lattice data point obtained in Ref.[20] is also shown for
comparison.

4. Concluding discussion

Before summarizing our main results, we wou
like to discuss the limitations of our approach. T
starting point of the calculation is the forward scatt
ing amplitudeMΦh originally derived for Coulomb
bound states. To go beyond this one-gluon excha
picture would require to include light quark loops
the diagrammatics, to which the soft gluon source m
couple, that we have not attempted. However, as c
jectured in[10], it is appealing to guess that the gene
dipole coupling appearing to leading order ing2 in
the heavy-quarkonium Wilson coefficients(7) sur-
vives perturbative and non-perturbative modificatio
of theQQ̄ binding potential. Therefore we believe th
taking the literal expression for the Coulomb sta
Wilson coefficients and compute them in a scree
Coulomb potential appears sensible, at least as lon
the screening remains reasonable,mDa0 	 1. This is
certainly the case when the temperature is kept s
as compared to the heavy quark mass. In that se
the smallness of the charm and bottom quark mas
compared to the non-perturbative scale of QCD ind
remains a problematic issue. As we have seen, typ
space time scale becomes increasingly larger with
temperature, thus strongly limiting our confidence
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the high temperature regime. Finally, one should k
a clear factorization between the gluon source and
heavy-quarkonium swimming in the gluon bath. W
have seen that such a separation should be achiev
long as the Debye mass is small as compared to
bound state Rydberg energy, that is for temperatu
T � 350 MeV.

We presented a numerical calculation of the hea
quarkonium cross section with gluons and pions, t
ing into account the possible medium-modifications
the heavy-quark potential at finite temperature. S
a work can therefore be useful to estimate hea
quarkonium production in high energy heavy-ion c
lisions. In particular, we feel it would be interesting
explore the phenomenological consequences of s
corrections comparing them to present calculati
based on the vacuum heavy-quarkonium interact
Finally, this very framework could be applied to stu
the Φ interaction using a variety of realistic heav
quark (confining) potentials currently used in charm
nium and bottomonium spectroscopy[12] to describe
more accurately, although further away from the p
turbative requirement, heavy-quarkonium interact
with gluons and hadrons.
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