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A quantum-statistical approach to two-particle states in a surrounding plasma is applied to
heavy quarkonia. Thermal activation and dissociation of charmonium and bottomonium bound
states is described by chemical reaction kinetics. The momentum dependence of the J/y suppres-
sion ratio is related to the temperature and the lifetime of the plasma phase. From recently ob-
served data for high-energy nucleus-nucleus collisions, a plasma lifetime of the order of 20 fm/c is

estimated.

Recent experiments with ultrarelativistic heavy-ion col-
lisions of oxygen and sulfur at 200 GeV per nucleon on
uranium and copper targets at CERN!? show a decreas-
ing ratio of J/y production, relative to the muon-pair
continuum, when the energy density in the reaction in-
creases. According to Matsui and Satz,’ the suppression
of charmonium production may serve as a possible signal
of formation of a quark-gluon plasma. They proposed a
scenario adopted from the concept of Debye screening in
plasma physics where, due to the Mott effect, the bound
states dissolve at high densities. In further works,* % the
observed momentum dependence of J/y suppression was
interpreted by examining the formation time for the J/y
in the quark-gluon plasma. However, alternate mecha-
nisms, such as J/y absorption in a hadronic-resonance
gas,’ have also been discussed to find out whether suppres-
sion can be understood within more conventional physics
(see also Refs. 10 and 11).

We will reexamine the suppression scenario of Matsui
and Satz? from the point of view of a many-particle treat-
ment of the quark-gluon plasma. Furthermore, we will
show that the suppression of heavy quarkonia can be ex-
plained with the concepts of chemical reaction kinetics on
a quark level.!? In this way, our model allows also for a
link with inelastic scattering in high-energy-density ha-
dronic matter.®

Already in ordinary plasma physics, the simple concept
of a statically screened potential gives no correct descrip-
tion of two-particle states in a dense plasma. In fact, as
seen from a consequent quantum-statistical approach,'?
the continuum of scattering states is shifted downwards
because of the effects of dynamic self-energy. Especially
for Coulomb systems, the effects of dynamic screening
and dynamic self-energy on the energy shift of bound
states nearly compensate each other, and almost no shift
with increasing plasma density occurs. This predicted be-
havior of the binding energy has been confirmed experi-
mentally for the electron-hole plasma in strongly excited
semiconductors. 14

Similar to ordinary plasma physics, the application of
the concept of a statically screened potential to the case of
hadrons in a quark-gluon plasma environment leads to

a8

medium-dependent bound-state energies.>”!" As an il-
lustration, let us consider constituent quarks (masses in
GeV: m, =m;=0.3, m; =0.5, m.=1.32, and m; =4.75)
interacting via an effective ¢g potential

V(r,u) =(o/u)1 —exp(—pur)l —(a/r)exp(—pr), 1)

where 0=0.192 GeV? is the string tension and a=0.471
denotes the coupling constant. The screening parameter u
is supposed to be a function of the temperature.!>!¢ The
dependence of the bound-state energies on the screening
parameter u is shown in Fig. 1(a). However, the use of
the static screening model gives incorrect results for the
bound-state energy shifts already in ordinary plasma
physics, so that this prediction of a mass shift for a
quark-gluon plasma seems questionable. Two-particle
bound-state energy shifts in a dense surrounding plasma
should be derived from a systematic many-particle ap-
proach.

A quantum-statistical approach to a many-quark sys-
tem has been worked out'® introducing the concept of sat-
uration of the quark-quark interaction within color-
neutral clusters. The energy spectra of two-particle cc
and bb states can immediately be obtained'? and are
shown in Fig. 1(b) as a function of the temperature. The
bound-state energies are not shifted as long as there is no
string flip, and Pauli blocking is not operative because of
the low density of the heavy quarks. It is an advantage of
the many-particle approach!® to allow the formation of
scattering states (quasifree quarks) although the two-
particle interaction is of the confinement type. Supposing
the usual Cornell form of the g7 potential [u =0 in Eq.
(1)}, the self-energy shift A¥ is taken in the Hartree ap-
proximation according to Refs. 12, 18, and 19. A transi-
tion to the quark-gluon plasma where the light quarks
move quasifreely is found at a temperature T,.==200
MeV.!® At this temperature, heavy-quark bound states
(J/y and Y) do exist, and their dissolution due to the
Mott effect will take place at still higher values of temper-
ature.!2

The dissolution of heavy quarkonia also occurs below
this Mott temperature because of thermal activation and
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FIG. 1. Two-particle energies of heavy quarkonia (bb and c¢) in a quark-gluon plasma. (a) Static-screening model (Ref. 16). (b)

Quark-potential model with color-saturated interaction (Ref. 12).

the formation of open-charm mesons. We suppose that
after ¢C pairs have been formed due to hard collisions in
the initial state of the reaction, they breakoff into light
quarks of the surrounding plasma, due to string flips.

We apply reaction kinetics to estimate this suppression
mechanism by calculating the reaction coefficient for the
string-flip process from a QQ bound state (Q =c,b) to
another quark g (¢ =u,d,s) of the surrounding plasma of
quasifree light quarks. This string flip may occur if a light
quark is found at a distance smaller than the Q-Q dis-
tance of the bound-quarkonium state. For the string-flip
cross sections we take the geometrical ones aQ-nrzg,
with 7z =0.45 fm for J/y and r,;=0.23 fm for Y. The
frequency factor for the reactive collisions between bound
heavy quarks and quasifree light ones is then given by

_ d?
. ‘-§f6:£)—30'(p)qu(p),
where v is the relative velocity, f;(p) the quark-
distribution function for g, and the reactive cross section
o*(p) accounts only for those collisions that lead to a re-
action process. As usual, we assume that for these reac-
tive collisions the transferred kinetic energy exceeds a
threshold value AEg(T) =E 5 —2mg —A¥(T) given by
the dissociation energy of the bound meson into quasifree
states. As is well known from chemical-reaction kinetics,
the frequency factor of reactive collisions (in quasiclassi-
cal approximation) is given by

70" -nréQ§ (8kpT/nmy)'? nz(T)

Xexp[—AEQ(T)/kBT] , )

where

nz(T) -§ (expil(p2c2+mlc) 2+ A ) /kp T +1) 7!

is the density of the corresponding light quark. Since the
color is fixed (color neutrality of the clusters), we have to

consider only two spin directions and the different flavors
(g =u,d,s). For example, using the values 7, ry; given
above and taking the dissociation energy AEo(T') accord-
ing to Fig. 1(b) (see also Ref. 12), we find for T =180
MeV: 7. =14 fm/c for J/y, and 7, =208 fm/c for Y. The
small value for the reactive collision frequency of b quarks
results from the relative smaller value of r 5 as well as
from the larger value of the dissociation energy.

Before applying this model to high-energy nucleus-
nucleus collisions, one has to take into account the space-
time evolution of the plasma. For small xf, i.e., small
values of the longitudinal momentum, the extension of the
plasma R(T.,t) is characterized by the critical isotherm
T. according to” R(T.,t) =Rol1— (t/t,,)*1'/2. Here Ry
is taken as the radius of the projectile (Ro=1.2 4> fm)
and t,, is the plasma lifetime. Taking the r dependence of
the initial heavy-quark density in the z=0 plane’ as
po(r) =p§(1 —r?/R$) ', one obtains the suppression ra-
tio (hadronic suppression in the mixed-phase regime being
disregarded)

Ry

R0 (o) L rdrj;hdepg(r)exp(-tg/tg)
o\pr)=

S
o 2mrpo(rldr

where 19(r,0;p7) is the time of flight across the plasma
for a heavy quarkonium (Q) with momentum pr, which is
emitted at distance r in the direction 0 relative to the axis
0-r. A simple geometric analysis gives for the determina-
tion of ¢y the relation

, (3)

2
R&(l—té/t,ﬁ)-r2+;ﬁ—c—

3t p7 e

prc
+2rcos@O——————7 1o -
(m§c?+p#)'” ¢

The parameters that determine the behavior of Rg(pr)
[Eq. (3)] are the frequency factor of reactive collisions
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g ! [Eq. (2)], the plasma lifetime t,,, and the plasma radius Ro. In particular, for pr =0 the value R¢(0) is solely
determined by the ratio of the plasma lifetime to the collision frequency according to

Ro(pr=0) -6(1'Q/tm)3{l —exp(—tm/19) [l [_{'L’_
2 79

In Fig. 2, the suppression ratio Ry (pr) is shown for
J/y as a function of the transverse momentum pr. The
experimental values of the J/x abundance (normalized to
the continuum background) at high transverse energy
(Er > 85 GeV) to the abundance at low energy (E < 34
GeV) where no suppression is found are taken according
to the most recently available data.? The theoretical
values according to Eq. (3) are shown for different param-
eter values Ro/tm, but for the same value z,,/ 79 =1.2 cor-
responding to a value R.(0) =0.418. A good fit between
experimental values and theoretical results is found for
Ro/tn, =0.15¢.

For a plasma radius Ro=3 fm (corresponding to the ra-
dius of '%0), t,, =20 fm/c results for the plasma lifetime,
and for the collision frequency . =16.6 fm/c follows. Ac-
cording to Eq. (2), one obtains 7. =178 MeV for the plas-
ma temperature. The value of the plasma lifetime
tm =20 fm/c is on the line with the expected long dura-
tion of the mixed phase during the plasma rehadroniza-
tion (see Refs. 20-23), but is longer than the values as-
sumed within the model of static screening®~® which are
of the order of 1 fm/c. This smaller value results from the
assumption that the suppression ratio is determined by the
formation time of the bound-quarkonium state. Our es-
timation for the plasma temperature T is also in agree-
ment with other theoretical results and seems consistent
with the experimental findings for particle spectra.?*

If the radius Ry of the plasma is increased so that Ro/t,,
is also increased, the ratio R.(pr) as a function of pr is
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FIG. 2. Suppression ratio Rg(pr) of heavy quarkonia as a
function of the transverse momentum pr. Filled circles with er-
ror bars: NA38 data (Ref. 2) for 'O+ U collisions. Solid lines:
model predictions for J/y suppression (3) with #,/7. =1.2 and
different values of Ro/tn (in units of ¢). Dashed line: model
prediction for Y suppression with the parameter values
tm/15=0.1 and Ro/tm =0.15c.
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flattened (as seen in Fig. 2). Therefore, for experiments
with 32S lower values of R.(pr) than for experiments
with '%0 are expected. In general, the value of the plasma
radius R should depend on the energy density in the reac-
tion.

Our simple model also allows us to predict the suppres-
sion of other heavy quarkonia. As an example, the
suppression ratio R,(pr) for the plasma parameters
Ro=3 fm, t,, =20 fm/c, is also shown in Fig. 2. It is
expected that the suppression of Y is small
[Rs (pr=0)~0.93].

Of course, the estimation of the suppression ratio in
high-energy nucleus-nucleus collisions given here could be
improved by taking into account the contribution of
excited-quarkonia states and the analysis of the xr depen-
dence. Furthermore, the hydrodynamical model to de-
scribe the spacetime evolution of the plasma and the eval-
uation of the collision frequency can be refined using more
detailed descriptions which will be the subject of further
works.

Our model will be further improved if additionally reac-
tions within the hadronic state of matter are taken into ac-
count. Hadronic J/y suppression due to inelastic J/y nu-
cleon scattering has been considered recently by Gavin,
Gyulassy, and Jackson® (see also Refs. 10 and 11). The
concept of reactive scattering processes is also used in our
model, but on a quark level where the medium-dependent
cross sections are estimated in the plasma phase from sim-
ple geometry (rp5) and the activation energy AEg(T). It
is expected that the possible transition from dense hadron-
ic matter to a quark-gluon plasma phase may be connect-
ed with an abrupt change of the reactive cross section
which should be seen in the E+ dependence of the heavy-
quarkonia suppression.

In conclusion, we presented a model calculation of the
suppression of heavy-quarkonia states based on a
quantum-statistical treatment of the many-quark sys-
tem, '® which is an improved version of the more phenome-
nological static-screening model introduced by Matsui
and Satz.>'¢ Instead of the quantum-mechanically not-
well-founded concept of the formation time of a bound
state, we describe the suppression of heavy-quark bound
states within the framework of chemical reaction kinetics
which is also more coherent to other conventional ap-
proaches.’ Our simple model allows to extract the param-
eters of the possible plasma phase immediately from the
experimental suppression patterns which are observed in
different reactions'-? (see also Ref. 25). Estimations given
here for the plasma lifetime and the plasma temperature
differ from those of the static screening model,* % but
correspond to expectations derived within other ap-
proaches. 2023

We wish to thank Sean Gavin (H.S.) and L. Kluberg
(D.B.) for valuable discussions on the J/y suppression.
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