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Abstract

We explore the temperature dependence of the heavy-quarkonium interaction based on the Bhanot—Peskin leading ordel
perturbative QCD analysis. The Wilson coefficients are computed solving the Schrédinger equation in a screened Coulomb
heavy-quark potential. The inverse Mellin transform of the Wilson coefficients then allows for the computation of the 1S and
2S heavy-quarkonium gluon and pion total cross section at finite screening/temperature. As a phenomenological illustration,
the temperature dependence of the 1S charmonium thermal width is determined and compared to recent lattice QCD results.

0 2005 Elsevier B.VOpen access under CC BY license,
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1. Introduction On the experimental side, a lot of excitement came
out a few years ago after the NA50 Collaboration

The Debye screening between two opposite color reported a so_—called “anomalous” suppression_in the
charges is clearly seen in the QCD static potential J /¥ channel in the most central lead—lead collisions
computed at finite temperatur® on the lattice[1]. (v/5 =17 GeV at the CERN Spﬂ:ﬁ]' ALRHIC en-
Consequently, heavy-quark bound states (which we €9y (v/s =200 GeVj, J /4 production has been mea-
call #) may no longer exist well above the deconfine- Sured recently by the PHENIX Collaboration although
ment critical temperatur@,, of order 200-300 MeV the presently too large statlstlgal and systematlc error
[2]. This has made the heavy-guarkonium suppres- ba_rs prevent one from concluding anything yet quanti-
sion in high energy heavy-ion collisions (as compared tative from these dat]. _ _
to proton—proton scattering) one of the most popu- The NA50 measurements triggered an intense the-

lar signatures for quark—gluon plasma formatisy#]. oretical activity qnd subsequently a Iongstandi_ng de-
bate on the origin of the observelyy suppression.

However, it became unfortunately rapidly clear that
E-mail addressarleo@Ipthe.jussieu.{F. Arleo). no definite conclusion could be drawn as long as the-
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oretical uncertainties exceed by far that of the high readg9]

statistics data. Indeed, both the realistic description of 2

the space—time evolution of the hot and dense medium A4, (1) = (g ")ag Zdeel—Zk

as well as the interaction of heavy-quarkonia with the 167

relevant degrees of freedom (let them be pions or glu- 1

ons) are required to be known. While the former can X (hIEFOV (iD°

be constrained by global observables, the latter needs . .

to be computed theoretically. Several approaches haveWhere“0 a_”d.f stand, respectively, for the Bohr radius

been suggested to determine heavy-quarkonium totaland the binding energy for thé system.g the QCD

cross sections, from meson exchafieor constituent cc_)uplmg andv. the ”“f.“ber of cqlors. Each ofthe ma-

quark modelg8] to the perturbative framework de- trix elements{h| - - - |) n Eq.()is propqrtlonal toa

veloped by Bhanot and Peski®,10] upon which the traceless fully symmetric rank 2fensor in the spin-

present Letter relies. Let us remark in particular that averaged hadron st5@]

many recent phenomenological applications have UsedHMJ_WMZk(p) — pMl. . pM2 —trace terms

the latter perturbativ@—gluon cross section to esti-

mate the heavy-quarkonium dissociation or formation Where p* is the hadron momentum. The trace terms

in heavy-ion collisiong11]. correspond to target mass correctiod¥m?/e?)
However, although derived from first principles which are neglected here as we shall deal only with

in QCD perturbation theory, the Bhanot—Peskin re- Pions in the present approach. Note that such correc-

sult describes the interaction of Coulombic bound tions were systematically included in Refd3,14]

states, that is for which the heavy-quark potential @nd proved relevant only slightly above the threshold

is well approximated by the perturbative One_g'uon for the quarkonium'hadron interaction proceSS. The

exchange potential. As indicated from spectroscopic Matrix elements can be written as

studies[12], this may be too crude an assumption 1 N )

to describe bound states in the charm or (even) the <h|§FOV(ZDO) FOlh) = Ag1%%(p) = Agd

bottom sector. Furthermore, it does not take into ac- )

count the possible effects of the medium on the heavy- wherex = p° is the hadron energy in the rest frame

qguarkonium interaction. It is the aim of this Letter to and theAy; coefficients are the Mellin transform of the

explore how thep interaction with gluons and pions  unpolarized gluon densitg” in the hadron targdf.0,

gets modified at finite temperature. The Letter is orga- 14]

nized as follows. The general framework is first briefly

recalled in Sectior2. Our results are then detailed in dx o

Section3 while Section4 is devoted to a concluding 42 = / =7 G"(x).

discussion. 0

k>1

%2 F,%h), 1)

1

Plugging(2) in (1), the leading-twist forward scatter-
ing amplitude can be written as
2. Heavy-quarkonium interaction in QCD

167
2.1. Resummation of the leading-twist forward k=1

scattering amplitude Expressing the Wilson coefficients in terms of their
Mellin moments,

82N,
Mm(m:( )aéeZ@AﬂMe)”ﬂ €

At leading-twist, the forward heavy-quarkonium 1
(®)—hadron(h) scattering amplitudé\ g, is an op- _f d_x 2% j(x)
erator product expansion of perturbative Wilson coef- Z= ) A
ficients dy, evaluated in the heavy-quarkonium state 0
and computable in perturbation theory times non- the power serie€3) can be conveniently resumed and
perturbative matrix elements in the hadron state. It continued analytically throughout the whole complex
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plane of energiel 4]. This allows for the computation
of the imaginary part of the forward scattering ampli-
tude along the real axig,> ¢,

1
2N, d -
g32 >age/7xc(x)d<§>. (4)

€/

ImM(A):(

Dividing Eg. (4) by the flux factorA leads to the total
heavy-quarkonium cross section via the optical theo-
rem

1
%lmM()\,) = /dx G()C)O'(bg(x}")’
0

oon(r) = %)

where the heavy-quarkonium gluon cross section is

defined as
)€ €
= dl =
oorr=(55 )t (5)
with the gluon energw = Ax in the & rest frame.

The Wilson coefficients need first to be computed
in an arbitrary heavy-quark potential and later be in-
verse Mellin transformed in order to determine the
heavy-quarkonium gluon E{¢6) and hence the heavy-

quarkonium hadron Ed5) total cross sections. This
task is carried out in the next section.

gN

2 (6)

2.2. Wilson coefficients and inverse Mellin transform

Resuming all diagrams contributing to leading or-
der ing? to the®—h interaction, Peskin made explicit
the heavy-quarkonium Wilson coefficieq@]. They
are given by

167 (21

1 .
do = N2aZ (lr l(H +€)2k_1rj|¢)
1671 d% 1 1
2n73la lﬁ‘ (k)e
1
X (MWVC)’ (7)

1 Note that the coefficient§?) are a factor(e /eg)%~1 smaller
than in Ref.[9]. This difference is because the enefgis normal-
ized to the binding energy in the amplitude(3) and not to the
Rydberg energyg as in[9].
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where |¢) and k are respectively theD 0 internal
wavefunction and momenta, whilé; (H,) is the in-
ternal Hamiltonian describing the heavy-quarkonium
state in a color-singlet (color-adjoint) state,

k2
Hyqg=—+ Vs,a(r)a
mo

mg being the heavy-quark mass aWgd, the heavy-
guark potential. The heavy-quarkonium wave func-
tion ¥ () in coordinate space and the binding en-
ergye appearing in Eq(7) are determined solving the
Schrédinger equation

H|p) = —€l¢)
in the color singlet potential.

8)

2.2.1. Coulomb potential

The leading-twist amplitud€l) was determined
assuming theQ Q binding potential is well approxi-
mated by the one-gluon exchange Coulomb potential

©)

in SU(N.) gauge theory. To leading order(m(Nc‘l),
H, is given by the free-particle Hamiltonian and the
Wilson coefficient{7) read

(27t)3 3 a_o

167
do = N2 /
(/€)1

" T(kag)2 1 € /e 1’

where we have introduced the Rydberg enesgyor
the Q O system

a3k 1|r |2
(k)

2N,

(g
e=|—-—"—

N o1
167 Q mQag.

Solving the Schrddinger equatig8) gives the well-
known 1S and 2S Coulomb wave functions with the
corresponding binding energies,

,
expl —— ), €15 = €0,
ﬁ ag

v o) 5)
YeT(r) = NG 200 ) P\ " 245 )"

exs=€p/4

3/2

v 90 =



F. Arleo et al. / Physics Letters B 614 (2005) 44-52 47

which eventually allows for the computation of the amplitude for the heavy-quark bound state, which al-
Wilson coefficientg9] lowed them to include relativistic and next-to-leading

1 order correction§l5].

3
d,gls)zfd—xx"—16 x>2(1—x)%?,
X

3N2 2.2.2. Screened Coulomb potential
0 As stressed in the introduction, the above formulas
1 3 may serve as an important input to estimate the heavy-
4@ — / d_xxn 16x 16 x52(1 - x)32(1 = 3x)2. guarkonium dissociation procegs+ g — Q + Q (or
" 3N? the detailed balance process) in a hot gluon or pion gas
0 (10) formed in high energy heavy-ion collisions. We would

From Eqs(6) and (10) the expression for the inverse like here to go one step further and to discuss possi-

Mellin transformd (x) is straightforward and one gets  ble medium modifications to these total cross sections.

directly [10] Medium effects will be modeled at the level of the
heavy-quarkonium potential by considering a screened

16%52 5 (w/e1s— 1)¥? Coulomb potential (Yukawa type) characterized by a

Opus, (@) = 6N, 0 (w/e19)® 0w = 615)’(11) dimensionless screening parameter
for 1S states anfl4] Ve — g°N. exp(— ur/ag)
s 8nr ’
16%2 ,(w/eas— 1)*2(w/e25 — 3)? _
O'(p(ZSg((,()) =16 6N. acz] (w/628)7 Va =0. (13)
% 0(w — €29) (12) Solving the Schrddinger equati@d) using the poten-

tial (13), the wave functions and binding energies for
for 2S states. Note that these expressions were also ob-1S and 2S states are determined and the correspond-
tained by Kim, Lee, Oh and Song from the QCD fac- ing Wilson coefficientg7) are computed numerically
torization property combined with the Bethe—Salpeter subsequently. For the illustration, we plotHig. 1the

18 2S
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Fig. 1. Top: mean radius (solid) and root mean square radius (dashed) of the 1S (left) and 2S (right) heavy-quarkonium states as afunction of
Bottom: 1S (left) and 2S (right) binding energy as a functiopof
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Fig. 2. 1S (top) and 2S (bottom) charmonium (left) and bottomonium (right) gluon total cross section as a function of the gluon tarergy
various values of the screening parameter

typical size (mean and root mean square radii, top) as One then obtainfl4]
well as the binding energy (bottom) for the 1S (left)

— -1_
and 2S (right)® states. Finally, the inverse Mellin coc = 0.78 GeVl ag. =1.23 GeV
transform €y =0.75GeV,  ay'=1.96GeV
1 ctioo Using the above (not too hard) scales, the 1S (top)
d(x) = — dzx7%d(z) and 2S (bottom) heavy-quarkonium gluon dissocia-
2in o tion cross sections are computedFiy. 2 as a func-
o

tion of the gluon energw for various values of the

c being areal constant, is performed thus giving access screening parameter. The dominant effect of the
to the medium-modified total cross sections.

3. Resaults

3.1. Finite screening

screened heavy quark potential is the decrease of the
1S (respectively, 2S) heavy-quarkonium binding en-
ergy fromeg (respectivelygg/4) to e which leads to a
lower threshold for the inelastic process. The medium
modifications of thep—gluon total cross sections are
nevertheless not only due to the smaller binding en-
ergy, yet the characteristic shapes of the cross sections

Before discussing the results, both the Bohr radius are reminiscent to what is already known for pure
ap and the Rydberg energy in the charmonium and

Coulombic statesy = 0 (Fig. 2, solid). We checked

bottomonium channel need to be fixed. Assuming both for instance that the Wilson coefficients get somehow
the 1S and 2S states to be Coulombic, the heavy quarkmodified at finite screening and consequently the par-
massm and the Rydberg energsy can be deter-  tonic cross sections do not simply scale @g in
mined from the 1S and 2S heavy-quarkonium masses.Eq. (11). This is a strong indication that cross sec-
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Fig. 3.J/¥— (left) and T —r (right) total cross section as a function of the pion enerdgr various values of the screening parameter

tions cannot be deduced with a simple rescaling of the § ~ 0.3 governs the rise of the gluon distribution at
binding energy fromeg to € to mimic medium effects  smallx, xG(x) oc x4 [17].

in the heavy-quarkonium dissociation process. Finally,

the significant increase of the 1S partonic cross sec- 3.2. Finite temperature

tions at large screening is particularly noticeable as

the dipole size gets larger. However, as discussed later, The & interaction with gluons and pions has
reliable calculations require the space—time scales to peen computed so far using a heavy-quark screened
remain small which prevent one from taking arbitrarily Coulomb potential characterized by one paramgter
large screening parameter values, at least when con-|nterpreting 1 as the screening mass in a gluon

sidering such “light” heavy quarksMoreover, since plasma, the model for the finite temperat@e po-
the heavy-quark potential in the original QCD analy- tential now looks like

sis needs to be Coulomb-like, the screening parameter 5
p in the model Eq(13) should remain small as com- . — _8° 1 T)Ne exp(—mp(T)r). (14)
pared to one. 8rr

Let us now discuss the heavy-quarkonium hadron At short distance and/or low temperature, we shall
cross section. Since heavy-quarkonia plunged into the consider a frozen coupling constant
hot medium are most likely to interact with pions, we
shall only consider theé—r channel and choose the 8°(r.T)=g* forrT < A (15)
GRV LO parameterization for the gluon distribution
in the pion[16]. The J/v—7 andY—r cross sections
are computed irFig. 3 as a function of the pion en-
ergy A. Again, the threshold for the process, located at
A = €, gets shifted to lower values leading to a strong g2, T)
modification of the heavy-quarkonium pion interac- -2
tion in this region. At high energy, small= O(e¢/1) =g°T)
gluons dissociate heavy-quarkonia, thereby increas- EI 27r_T 51 inl 21n 2nT
ing the ®—r cross section by a factdeg/€)? where “\ 872 Aps 88 8872 WS

forrT > A (16)

and recover the Coulomb potential beha\{i@y, while
the QCD coupling starts to run with at large distance
and/or high temperature. At two loops, we have

"2 pccordi 101 th onof h « Coulombi with T./Ays = 1.14 [18]. The Debye massg:p is
ceording to[10}, the assumption of heavy-quark Coulombic o410 1o the temperature through the leading-order

bound states should be appropriate for more than 25 GeV heavy .

quark mass. perturbative result,

3 These should be evaluated at a factorization scalde take in B
the following a frozen scalep. mp(T) =g(T)T.
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Fig. 4.J /¢ (left) andT (right) total cross sections with gluons (top) and pions (bottom) at various temperatures.

The A dimensionless parameter introduced in
Ref.[18] separates somewhat arbitrarily the short from
the long distance physics at finite temperature. Fit-
ting pure gauge S(B) heavy quark potential, they
obtained the empirical valug = 0.48 fm x T.. Fol-
lowing [18], we shall take the 2-loop running coupling
(16) rescaled by 2.095 and interpolate smoothly be-
tween the short and long distance regifne.

The partonic and hadroni¢/y and " cross sec-
tions are computed iRig. 4 for several temperatures
in units of the critical temperature for deconfinement,
T, = 270 MeV in SURB) pure gauge theori2]. The

perature and at finite screening are observed. In par-
ticular, the charmonium binding energy (hence the in-
elastic threshold) drops by a factor of two already at
T /T, = 0.5 and thus affects dramatically ttig+ in-
teraction in the vicinity of the threshold. At higher
temperature, the’ /yr—gluon cross section is signifi-
cantly enhanced at small gluon energy due to the larger
charmonium size. Thd /¢¥— cross section is also
somewhat modified with a magnitude increasing no-
ticeably with the temperature. Moving to the bottom
sector Fig. 4, right), theY" cross sections exhibit the
same general characteristics yet the medium effects at

temperatures selected for the bottomonium system area given temperature prove much less pronounced from
chosen to be slightly higher than those for the char- the smaller bottomonium size.

monium system since the larger bottom quark mass

At high temperature, heavy-quarkonium interaction

(hence, smaller size) probes more efficiently hotter cannot be described by short-distance techniques (see

QCD medigq19].
The effects of the running coupling in E(i.4) be-
ing quite small, rather similar features at finite tem-

4 Similar results are obtained using the one loop running cou-
pling with an appropriate rescaling.

Fig. 1) and our predictions are not valid any longer. On
top of that, the process described here is the heavy-
quarkonium dissociation by hard gluons as opposed
to the soft gluons which only affect its properties.
Therefore, our calculations should be valid as long
as the Debye mass is kept smaller than the heavy-
guarkonium Rydberg energy;p(T) < €p. This con-
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0.3

dition is fulfilled provided the bath temperature is S
smaller than 350 MeV. Above that scale, the screened (%
exchanges are able to dissociate the bound states, the ~0-25
factorization between the heavy-quarkonium physics [j

and the external gluon field is broken and the above 02 -
QCD picture loses its significance.

0.15
3.3. J/¢ spectral function width
_— . 0.1
The former results indicate that Debye screening
effects may play an important role in the heavy-
quarkonium dissociation by incoming gluons or pions. 0.05 1
In order to illustrate how medium modifications could
affect thefp suppression in heavy-ion coI.I|S|ons, we P I T T
compute in this section the 1S charmonium thermal T/T
C

width Iy (or equivalently its lifetimer, y = FJ_/llp)

in a hot gluon bath. ASS!Jm'”Q tWI// suppression '_S’ Fig. 5. J/¢ thermal width as a function of the temperature with
only due to the gluon dissociation process, the width (gotted) and without (solid) modifications of the heavy-quark po-

can be written tential. The lattice data point obtained in RE0] is also shown for
comparison.
1 o0
ry (T):—/a)zdwoj (@, T)ng(w, T), o
v 272 ) /v ¢ 4. Concluding discussion
wherengy (o, T) = 2(NC2 —1)/(expw/T) — 1) is the Before summarizing our main results, we would
gluon density in a gluon gas in thermal equilibrium. like to discuss the limitations of our approach. The
The thermal width is computed irig. 5as a func- starting point of the calculation is the forward scatter-

tion of the temperatur® assuming the vacuum (solid) ing amplitude M ¢, originally derived for Coulomb
and the in-medium (dashedy v —gluon cross section.  bound states. To go beyond this one-gluon exchange
At small temperature] « e, most gluons are not suf-  picture would require to include light quark loops in
ficiently energetic to dissociaté/y states and the the diagrammatics, to which the soft gluon source may
width remain small as the phase space selected by thecouple, that we have not attempted. However, as con-
J /v gluon threshold is restricted. When the medium jectured in10], it is appealing to guess that the generic
gets warmer, more and more gluons are able to in- dipole coupling appearing to leading order A in
teract inelastically with the//y, hence the thermal the heavy-quarkonium Wilson coefficien{Z) sur-
width increases. Interestingly enough, the in-medium vives perturbative and non-perturbative modifications
J /¥ thermal width proves larger by a factor of two or  of the Q Q binding potential. Therefore we believe that
more up toT = T, due to the lower threshold in the taking the literal expression for the Coulomb states
medium modified cross sections. At even higher tem- Wilson coefficients and compute them in a screened
perature, the medium modified result becomes smaller Coulomb potential appears sensible, at least as long as
to that in the vacuum since dissociating gluons (with the screening remains reasonalg,ag <« 1. This is

w of ordere) grow scarce. Also plotted iRig. 5is the certainly the case when the temperature is kept small
J /¢ width computed recently on the lattice at finite as compared to the heavy quark mass. In that sense,
temperature in the quenched approximatfi@@]. Al- the smallness of the charm and bottom quark mass as
though a significant discrepancy remains between our compared to the non-perturbative scale of QCD indeed
calculations and the lattice data point, it is interesting remains a problematic issue. As we have seen, typical
to note that adding medium effects tends to reduce the space time scale becomes increasingly larger with the
disagreement, whose origin is not clarified. temperature, thus strongly limiting our confidence in
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the high temperature regime. Finally, one should keep
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F. Karsch, J. Phys. G 30 (2004) 887.

a clear factorization between the gluon source and the [2] F. Karsch, Nucl. Phys. A 698 (2002) 199.

heavy-quarkonium swimming in the gluon bath. We

have seen that such a separation should be achieved as[4]

[3] T. Matsui, H. Satz, Phys. Lett. B 178 (1986) 416.
For a review, see M. Bedjidian, et al., CERN-2004-009, hep-
ph/0311048.

long as the Debye mass is small as compared to the (5] NASO Collaboration, M.C. Abreu, et al., Phys. Lett. B 477

bound state Rydberg energy, that is for temperatures

T < 350 MeV.

We presented a numerical calculation of the heavy-
quarkonium cross section with gluons and pions, tak-

ing into account the possible medium-modifications of

the heavy-quark potential at finite temperature. Such
a work can therefore be useful to estimate heavy-

quarkonium production in high energy heavy-ion col-
lisions. In particular, we feel it would be interesting to

(2000) 28.

[6] PHENIX Collaboration, S.S. Adler, et al., Phys. Rev. C 69
(2004) 014901.

[7] S.G. Matinyan, B. Miiller, Phys. Rev. C 58 (1998) 2994,
Y. Oh, T. Song, S.H. Lee, Phys. Rev. C 63 (2001) 034901,
L. Maiani, F. Piccinini, A.D. Polosa, V. Riguer, Nucl. Phys.
A 741 (2004) 273.

[8] K. Martins, D. Blaschke, E. Quack, Phys. Rev. C 51 (1995)
2723;
C.-Y. Wong, E.S. Swanson, T. Barnes, Phys. Rev. C 62 (2000)
045201.

explore the phenomenological consequences of such [g] m.e. Peskin, Nucl. Phys. B 156 (1979) 365.
corrections comparing them to present calculations [10] G. Bhanot, M.E. Peskin, Nucl. Phys. B 156 (1979) 391.

based on the vacuum heavy-quarkonium interaction.

Finally, this very framework could be applied to study
the @ interaction using a variety of realistic heavy-
quark (confining) potentials currently used in charmo-
nium and bottomonium spectroscofiy?] to describe
more accurately, although further away from the per-
turbative requirement, heavy-quarkonium interaction
with gluons and hadrons.
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