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We examine the possibility that the J/ti s produced in nucleus-nucleus collisions could be subse-

quently destroyed by the inelastic scatterings that they may undergo as they travel across the hot
and dense hadronic matter also present in such collisions. The consequences of such an absorption
mechanism are then compared with those of a model of J/P suppression based on Debye screening
of the binding potential in a quark-gluon plasma. One finds that the two mechanisms differ mainly
in the way they affect the J/g momentum distribution. Impact-parameter effects are analyzed in

terms of a simple geometrical model which fits the gross features of nucleus-nucleus collisions. De-
tailed results are presented for collisions of ' 0 and S projectiles on U and 'Cu targets, as well

as for 'Pb on 'Pb collisions. These are compared with available experimental data.

I. INTRODUCTION

There is presently considerable interest in the study of
J/g production in nucleus-nucleus collisions at high en-
ergy. This is because the J/f is made of heavy quarks
which tend to be produced early in the collision and
therefore the characteristics of J/g production in a
nucleus-nucleus collision could reveal some basic proper-
ties of the matter in the early stage of the collision. In
particular, it has been suggested that, if a deconfined
quark-gluon plasma were formed in a collision, one
should expect a strong suppression of the J/g produc-
tion. ' The argument is based on the fact that a quark-
gluon plasma at a suSciently high temperature screens
the heavy-quark potential, thus preventing the formation
of a bound state. Models based on this idea, and which
incorporate essential expected features of the space-time
development of a quark-gluon plasma, have been pro-
posed. These models give in particular a definite predic-
tion concerning the way an expanding plasma affects the
production of the J/g's, depending on the momentum of
the J/g's (Refs. 2—4). The interest in these questions is
also strongly motivated by the experimental data ob-
tained recently by the NA38 Collaboration. These data
do indeed suggest that there is some J/P suppression in
central nucleus-nucleus collisions, with qualitative
features which are those expected from the simple models
that we have mentioned. However, one should refrain
from jumping to conclusions concerning possible evi-
dence for quark-gluon plasma formation, and this for
several reasons. First of all, the analysis of the data is not
yet in a definite form; in particular the measured suppres-
sion is only a relative one with respect to a continuum
which is not totally understood. Second, even if one ig-
nores possible ambiguities in the data, one should keep in
mind that our theoretical models are still rather crude
and many questions remain to be investigated before any
firm conclusion could be drawn.

In this paper we shall address questions which are re-
lated to the overall space-time development of the sys-
tem. We shall ignore the very short time processes which
could lead to a modification of the ce production in a nu-

clear environment [initial-state interactions, European
Muon Collaboration (EMC) effect, etc.]. We would like
to characterize the reasons why a cc pair, created in a
nucleus-nucleus collision with the proper kinematical
conditions to form a J/g, does not lead to a J/f. We
shall critically examine two apparently distinct models.
One is based on the picture of Debye screening: the J/f
is suppressed because the potential which binds a cc pair
is screened by the quark-gluon plasma. In the other mod-
el, one tries to account for J!fsuppression by invoking
inelastic scattering of the J/P, or more properly of the cc
system, on other particles which are copiously produced
in a nucleus-nucleus collision; one assumes then that each
collision breaks the cc pair, thus preventing the formation
of the bound state. In both cases, we shall investigate the
interplay between the space-time development of the
matter and the microscopic mechanism of J/g suppres-
sion. For simplicity, we shall restrict our consideration
to the central rapidity region.

In order to compare the model predictions to experi-
mental data, we shall rely on the fact that the bulk
features of nucleus-nucleus collisions at high energy are
dominated by elementary geometrical effects. Thus,
quantities such as the transverse energy produced in the
collision, or the multiplicity in the central rapidity re-
gion, can be related in a straightforward way to the im-
pact parameter. This will allow us to discuss noncentral
collisions in a simple fashion. The comparison with the
available data will lead us to critical conclusions. On the
one hand, the model based on Debye screening is found
to be able to account for most of the data; however, the
resulting values of the parameters are such that the mi-
croscopic picture is not at all convincing. On the other
hand, the model based on J/f absorption could be
pushed to describe part of the data, but not all; and there
too one runs into a problem of interpretation: the densi-
ties of the scatterers which are involved are so large that
it does not make sense any more to think of them as real
hadrons.

Let us mention that the possibility of J/g absorption
by a nuclear medium has been considered recently by
several other groups. ' In Refs. 6 and 7 one attempts
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to relate the J/P suppression observed in nucleus-nucleus
to the absorption found in proton-nucleus collisions. The
other works ' are close to what we do and actually
contain some of our intermediate results. However, our
analysis is more complete. We give in particular a full
treatment of the transverse expansion and we study the
dependence of the results on target and projectile masses
and on the observables of the collision: namely, the total
transverse energy and the J/1( transverse momentum.
Also, we would like to point out our disagreement about
one conclusion reached in Refs. 8 and 9. It is found there
that the eff'ect of absorption cuts off when the J/g
momentum exceeds a certain value. This is in contrast
with our finding that the absorption actually depends
very little on pT. The origin of this discrepancy lies in
the fact that those authors are introducing a J/P forma-
tion time and assume that absorption sets in only after
that time. This point will be discussed in Sec. II. Let us
finally indicate that the propagation of a cc system in a
quark-gluon plasma has been considered in Ref. 11 from
a different point of view. Also, the change in cc produc-
tion due to the nuclear environment has been calculated
in Ref. 12.

Let us now indicate the plan of this paper. In Sec. II
we isolate and study several physical effects which have
to be taken into account when describing the interaction
of a cc pair with an expanding hadronic Quid. In Sec. III
we recall the main features of the model for J/g suppres-
sion by a quark-gluon plasma which has been developed
in Ref. 3. In both Secs. II and III the fraction of surviv-
ing J/g s is calculated as a function of dimensionless pa-
rameters; this allows us to extract a universal behavior
for each model. In Sec. IV we relate our calculations to
experimental quantities: using a simple model for parti-
cle production in the collision, we compute the fraction
of J/g suppression as a function of the transverse energy.
The free parameters of our models are fitted to experi-
mental results for oxygen-uranium, and predictions are
done for other types of collisions. Our conclusions are
summarized in Sec. V.

II. ABSORPTION OF A J/g BY
AN EXPANDING HADRON FLUID

For simplicity, we shall consider in this section, as well
as in Sec. III, only ideal central collisions of identical nu-
clei at very large energy. Collisions involving nonidenti-
cal nuclei at nonzero impact parameter will be treated in
Sec. IV.

We assume that cc pairs are created in hard processes,
which last a very short time, of the order of 1/2m, SO. 1

fm/c, m, being the mass of a charm quark (m, ~ 1 GeV).
These processes take place at the very beginning of the
collision. There is, of course, some ambiguity in what we
call the beginning of the collision, since in the center-of-
mass frame, it takes a time of the order of 2R0/y for the
two nuclei to cross each other, RD being the radius of one
nucleus and y the Lorentz contraction factor. For
definiteness, we shall call t =0 the time at which the two
nuclei have maximum overlap and consider that the cc
pairs appear at that time, assuming that the y factor is
large enough so that the aforementioned ambiguity can
be ignored. In the same spirit, we shall also assume that

all the pairs are created, and remain, in a plane at z =0
perpendicular to the collision axis, that is we consider
only those pairs which have no longitudinal momentum.
We call pT the transverse momentum of a pair.

Once a cc pair has been created, it takes some time,
which we call r&, before a J/g appears as a bound state
in the system. It is sometimes argued that because the cc
is such a small system when it is first created, it does not
interact much with the surrounding medium; then all in-
teractions are ignored before time t@. On the other hand,
in models of absorption of a J/f by nucleons, it is impli-
citly assumed that the absorption takes place as soon as
the cc is created; ' if it were not so, no absorption would
take place since one finds that the J/P is formed outside
the nucleus, whatever reasonable value is chosen for the
formation time t& Th. e estimates of the g-nucleon ab-
sorption cross section, ' used, for example, in Refs. 6 and
7, refer thus to an interaction between the nucleon and
the cc system at a time where this system is not yet really
a J/f. This point has also been emphasized in Ref. 14.
We shall therefore take the view that absorption can set
in as soon as the cc quark-antiquark pair is created. We
shall ignore in this paper the absorption which results
from interaction of the cc system with the nucleons in
both nuclei. This has been estimated in Refs. 6 and 7 and
found to account for a sizable P suppression. In a com-
plete, quantitative estimate, that should therefore be tak-
en into account. We shall concentrate here only on the
absorption which could take place in the central rapidity
region as soon as hadronic matter, or a quark-gluon plas-
ma, has been formed there.

Continuing our discussion of time scales, we now con-
sider the time t0 at which matter starts to appear in the
central rapidity region. It cannot be smaller than typical-
ly half the crossing time of the two nuclei, if we take for
time t =0 the time at which the two nuclei have max-
imum overlap. This minimum value is the one which we
shall adopt in our work and, in particular, in Sec. IV.
Whatever absorption takes place before t0 may be con-
sidered as absorption by the nucleons of the nuclei and
this is ignored here. One should note that, if one insists
on having real hadrons in the central region, t0 should be
taken to be somewhat longer than the value we are choos-
ing, in order to account for the hadron formation time
which may be typically 1—2 fm/c (Ref. 15). Finally, we
shall assume that at time ta the matter is thermalized.
This allows us to perform detailed calculations of the evo-
lution of the system.

As soon as it is produced, the cc system starts to in-
teract with the nucleons of both target and projectile nu-
clei, and also with the other particles produced in the col-
lision; we assume that the latter form either a quark-
gluon plasma or a hot gas of hadronic resonances. For
the sake of simplicity we shall consider mainly pions in
this paper, although heavier mesons may constitute a
large fraction of hadronic matter at high temperatures.
In fact, we shall indeed, for definiteness, refer to pions as
the objects on which the cc system scatters inelastically,
however, we shall see that most of our results, and also
our main conclusions, are actually independent of the
precise nature of the scatterers. We shall describe the in-
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teraction between J/P's and pions as an incoherent sum
of individual collisions. Since the elastic cross section is
expected to be small in comparison with the inelastic
one, ' we shaH ignore elastic collisions and assume that
each collision of the cc system inhibits the formation of
the J/g. We shall call f (r, pz. , t) the distribution of
J/f's in phase space (in the same way as we shall often
call pions the scatterers, we shall not always, unless need-
ed, distinguish the "J/P" from the "cc system" from
which it originates); because of our assumptions, the posi-
tion r and the momentum pz of the J/f are vectors in
the z =0 plane. We write for f the following simple ki-
netic equation:

(2~)'
+v Vf = fI —f (r, p', t)au„i, , (2.1)

where U„& is the relative velocity of the pion with respect
to the J/f:

Ure&
= m~1—

(p p') (2.2)

The left-hand side of Eq. (2.1) is the time derivative of f
along the J/g trajectory which is a straight line since we
ignore elastic collisions, and v=pz-/E is the velocity of
the J/P. On the right-hand side, f (r, p, t) is the distri-
bution of pions in phase space, p' (p) is the four-
momentum of the pion (of the J/i)'j), E' (E) its energy,
m (M) its mass, and o is the invariant total cross sec-
tion for g-m scattering. Given the initial distribution
fo(r, pr) =—f (r, pz-, t =0), one obtains from (2.1) the dis-
tribution at any time t & 0:

3 I If (r, p&, t)=fo(r vt, pr) e—xp —I dt' I 3f (r v(t t'—),p', t')o—u„i
o (2~)

(2.3)

The total J/g suppression factor due to inelastic scatter-
ing with pions is given by

fd rf(r, pr, t=+~)
A(pz. ) =1- —= 1 —A'(p, ) (2.4)

Jd r fo(r, pz-)

f (r, p', t)= 3

exp(p' u "/T) —1
(2.5)

where the factor 3 is the degeneracy factor for pions.
The mass of the pion is a smaH quantity which can most
often be ignored. In this case the relative velocity is al-
ways 1 and Eq. (2.1) takes a simple form:

a
at

+v Vf= fo n (I —v -v)—,f
where n is the fIuid density,

n (r, t)= f (r, p', t),d p
(2' )

and vf the Quid velocity:

1
v&(r t)= f f (r p' t)

n r, t (2~)3 E'

(2.6)

(2.7)

(2.&)

In this paper, we shall use the hydrodynamical model
developed in Refs. 16 and 17 which allows a complete

and A' is the probability that the J/g escapes the system.
We shall, furthermore, assume that the distribution
fo(r, pr) factorizes into fo(r)g(pr).

Finally, in order to compute the suppression factor, an
expression for the pion distribution function is required.
As already mentioned, we assume that the pion Quid
quickly reaches local equilibrium, and that its expansion
is governed by the laws of hydrodynamics for ideal Auids.
If u "(r,t) is the fiuid four-velocity and T(r, t) the temper-
ature at point r and time t, f (r, p', t) is simply the Bose-
Einstein distribution for noninteracting particles:

A. J/g in a static pion gas

We start by considering the absorption of a J/g by a
static, uniform pion gas in thermal equilibrium at a tem-
perature T. The distribution function for noninteracting
pions, given by Eq. (2.5), reduces to

f (E)=
exp(E/T) —1

(2.9)

where F. is the pion energy. The distribution function of

description of the longitudinal and transverse expansion
of the Auid produced in the central rapidity region.

Since several physical effects mix in the solution of Eq.
(2.1), we shall, for pedagogical purposes, explore a few
special cases, in order of increasing complexity. We shall
first study absorption by a static, uniform pion gas (Sec.
II A). At this point, several effects can be discussed:
when the temperature is raised, both the total number of
pions and their average velocity increase, which results in
an increase of the absorption; another effect is the depen-
dence of absorption on the threshold of the reaction:
such a threshold cuts off the absorption of low-pz- J/P's.
In Sec. II 8 we consider a uniform pion gas undergoing
regular cooling, according to Bjorken's law for the longi-
tudinal expansion. ' We show that, because of the slow
decrease of the pion density (n cc 1/t), the absorption is
total for large times. In fact, at a time of order Ro, two
effects contribute to cut off the absorption. First, the
transverse expansion strongly accelerates the cooling, i.e.,
the dilution of the pion Auid. Second, cc pairs which
have large velocities, i.e., large pz, start to leave the in-
teraction region; this finite-size effect decreases the ab-
sorption at large pz, in contrast with the effects of thresh-
old and relative velocity discussed above. In Sec. II C we
give a full treatment of these two effects (transverse ex-
pansion, finite size) and we derive an approximate simple
formula for JV(pr ).
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cc then takes the simple form

f ( r, p T, t ) =fp (r v—t, p T ) exp( t—/8),
where 0, the collision time, is given by

(2.10)

where n (T) is the fluid density at temperature T. On the
other hand, when the J/1t is at rest, that is, when pT =0,
Eq. (2.12) gives

3 f (E')crv„~
(2m )

(2.11)
1 d p' , p'

(2~)' "E,—CTn T U (2.14)

The integral in (2.11) can be easily evaluated if E' and
p.p' are taken as integration variables. A quick calcula-
tion then gives

—= fdE'f (E')f ov
0 1T

(2 )P
fcl (2.12)

1 d p', p'

(2~)'
—=o. E' 1 —v, =O.n T, 2.13

In order to estimate (2.12) numerically, we assume that o
has a constant value above threshold, that is when
(p+p') )Mp, where Mp is the mass of the reaction
products. Then the integral over p.p' can be carried out
very easily.

Figure 1 displays the absorption rate 1/8, for difFerent
values of the temperature, and as a function of the J/g
momentum pT, in the case where there is no reaction
threshold, that is Mp=m +M (solid line), and for a
threshold at 498 MeV corresponding to the reaction
gm~DD (dashed line). The temperature dependence of
the rate is seen to be quite appreciable; this is due to the
fact that the pion density is a rapidly growing function of
T (n(T)=[3/(3)/m ]T for T~m ) In the .case when
there is no threshold, the absorption rate also slowly in-
creases with the J/f momentum since the average rela-
tive velocity of the J/P and the pion increases when pT
increases. However, this effect of the relative velocity is a
very small effect. If indeed the J/f momentum is infinite
the relative velocity is 1 and one has

where (v ) T is the average thermal velocity of the pion.
Comparing Eqs. (2.13) and (2.14) we see that the slight in-
crease of the absorption rate with pT in Fig. 1 is simply
an effect of the m-P relative velocity. When T =100
MeV, (u ) T=0.862 and when T =300 MeV, (u ) T
=0.968. Of course, the relative velocity is close to 1 be-
cause the pions behave nearly as massless particles for
T~ 100 MeV. The effect of the variation of the relative
velocity would be larger if more massive hadrons were
considered. For example, with the p meson we would get
(u )T=0.517 when T =100 MeV, and (u ) T=0.752
when T =300 MeV. If the pion mass was strictly 0, the
relative velocity would always be 1, and Eq. (2.13) would
hold for any value of pT. This means that in the zero-
pion-mass limit, the collision time does not depend on pT
as long as there is no reaction threshold.

A much stronger dependence on the J/g momentum
can be obtained if threshold effects are taken into account
in the cross section. This is due to the fact that when the
J/g momentum is low, very few pions have enough ener-

gy to reach the reaction threshold. When pT goes to
infinity, however, the g ~ center-of-mass energy is always
above threshold: thus the curves in Fig. 1 have the same
asymptotic limit, given by Eq. (2.13). The threshold
effect can be evaluated by considering the ratio of absorp-
tion rates 1/8 with and without threshold, for a J/g at
rest (pT =0). This ratio is 0.05 at T = 100 MeV, and 0.38
at T =200 MeV, indicating that the threshold effect
could be strong even for high temperatures.

0,15

0.1— T =300MeV

B. J/P in an expanding pion gas

We now study the absorption of a J/g in a pion gas
which undergoes a one-dimensional uniform expansion.
We assume that the total entropy is conserved and there-
fore that the following law holds

s(T)t =sptp (2.15)

T = 250MeV

T = 200 MeV

T=150MeV——~-
0 1 2 3 4 5 6

Pz [GeVj

FIG. 1. The quantity 1/0. 0 as a function of the momentum

pr of the J/f, for a pion gas in thermal equilibrium. o is the
absorption cross section expressed in millibarns. 0 is the col-
lision time given by Eq. (2.12) and expressed in fm/c. The solid
line corresponds to a constant cross section, while the dashed
line includes the effect of the threshold for the reaction
Qvr~ DD.

where s ( T) is the entropy density at temperature T, itself
a function of time, and the index 0 refers to an arbitrary
initial time. Equation (2.15) expresses the conservation of
total entropy for the system whose volume increases like
t. Let us recall that for massless particles, the entropy
density is directly proportional to the particle number
density n, s =3.6n. We shall use this relation throughout
this paper (strictly, it holds only for massless bosons).

Let us now study absorption of a J/f by this expand-
ing pion gas. The integral over time t in Eq. (2.3) can be
replaced by an integral over the temperature, thanks to
Eq. (2.15). A straightforward integration gives the frac-
tion JV of J/g's which remain after the temperature has
dropped from To to T:
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PT =6

, (0)
0 50 )50 200 250 300

0.8—

(b) PT [GeV]

5

A(T)
~(Tc) "ro s(T) 8(T) ' (2.16)

where the collision time 8 is defined in Eq. (2.11). Figure
2(a) shows how the absorption varies as a function of
temperature for a few values of pT, assuming a constant
value for o above a threshold which corresponds to the
reaction fm~DD, as in Fig. 1. There is a strong depen-
dence of JV on pr. due to the reaction threshold, low-
momentum J/lt's are only absorbed at high tempera-
tures. For massless pions and in the limit pT~~, we
can use Eq. (2.13) to estimate 8(T). Since both n (T) and
s (T) are proportional to T for massless pions, Eq. (2.16)
becomes

JV( T)
JV(Tc)

on (Tc)tc T
ln

3 To
(2.17)

This limit of zero pion mass and infinite pT is the dashed

FIG. 2. (a} The quantity (1/o. noto) lnJV'(T) as a function of
the temperature T. A'(T) is chosen to be 1 when T=300 MeV.
The dashed curve corresponds to the zero pion mass limit [see
Eq. (2.17)]. (h) The quantity JV(T= 1 OOMeV) as a function of
the momentum pr of the J/f for several values of the dimen-
sionless parameter o.no to. As in (a), JV( T =300 MeV) = 1.

line in Fig. 2(a). Note that if there is no reaction thresh-
old, JV does not depend on pT so that the limit given by
(2.17) holds in this case for any value ofpT.

A further illustration of the way a reaction threshold
affects the survival probability is given in Fig. 2(b) which
shows the fraction of J/l(j's which remain at T =100
MeV, as a function of their pT and for typical values of
the dimensionless parameter o.noto. The shape of the
curves reAects again the fact that the reaction threshold
suppresses the absorption of low-momentum J/lt's.

We have chosen a specific reaction to estimate the
effects of a threshold in the cross section. However, the
conclusion we wish to draw from our calculation is a
qualitative one which does not depend on the choice of
this particular process (more quantitative studies taking
into account other reactions have been considered in
Refs. 8 and 10). We have seen that the existence of a
threshold in the reaction cross section tends to decrease
the absorption of low-pT J/l(j's. The effect of the relative
velocity of the J/l( with respect to the scatterers, which
may be appreciable when the scatterers are massive parti-
cles, goes in the same direction. This behavior is opposite
to that observed experimentally. For this reason, from
now on, we shall ignore threshold effects and assume that
the pions or more generally the scatterers are massless.
Let us also remark that a reaction threshold can be
defined without ambiguity whenever the interacting par-
ticles in the initial and the final states are we11-defined ob-
jects; this may not be the case in the present problem.

If we let the temperature go to zero in Eq. (2.17), we
see that JV goes to zero also: thus if the interaction re-
gion undergoes a longitudinal expansion only, all the
J/P s will eventually be absorbed. This is because, in this
regime, the fiuid density n (T) decreases like I/t [see Eq.
(2.15)]. This result is unphysical since we know that the
transverse expansion, which becomes important at times
t =Ra, accelerates the dilution of the Quid: indeed, in a
three-dimensional expansion n ( T) goes typically like
1/t and this is enough to allow the distribution function
of J/g's, f (r, pT, t), to converge in general to a nonzero
value at large times. Along with the transverse expan-
sion, finite-size effects must also be considered. Indeed,
at times t ~ Ro a substantial fraction of the J/g's having
a velocity close to that of light will have escaped the in-
teraction region, and this provides an extra cutoff on the
absorption. These effects are studied in the next subsec-
tion.

C. Finite-size effects and the transverse expansion

Since we now have to cope with many physical effects,
a few simplifying assumptions are necessary in order to
solve Eq. (2.1). First, we assume a constant cross section
o (no reaction threshold) and massless scatterers in local
thermal equilibrium. Then the J/g distribution is given
by the solution of Eq. (2.6) which reads

tf (r, pT, t) =fc(r —vt, pT) exp —o n (x, t')[I —v.v&(x, t')]dt'
0

(2.18)
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with x=r —v(t —t'). Notice that the pT dependence appears in the geometric translation v(t —t') contained in x, but
also in the relativistic factor (1—v v&).

We want to calculate the suppression factor A, , Eq. (2.4), using Eq. (2.18). Because it is difficult to calculate the in-
tegral over the JIf initial position r, we are going to make a further simplifying assumption, namely that absorption is
small for any of the J/g trajectories, which allows us to linearize the exponential in Eq. (2.18). We obtain then an ap-
proximate expression for the fraction of absorbed J/g's:

o f d r fp(r, pT) f dt n(x, t)[1 v—vI(x, t)]
Au. (pT) = (2.19)

d'rfp(r pT)

(2.20)

where x=r+vt. For a central collision, n and uI only depend on the distance r to the collision axis and A depends
only on pT, the norm of pT. Let P denote the angle between r and v, or equivalently between the fluid velocity and the
JIf velocity; then Eq. (2.19) can be written in the form

A~;„(pT)= J dr f dt n(r, t)[gi(r, ut) —vv&(r, t)g2(r, ut)],
0 0

where the integral over P is contained in g, and gi, which
are functions of r and of the distance d =ut crossed by
the JIf:

g, (r, vt) =

g2(r, ut) =

r "d Or-vt, PT

f d r fp(r, pT)

r d or —vtpT cos

J d'rfp(r, pr)

(2.21)

r 2

n (r, tp) =(a +1)np 1 —
2
0

(2.23)

and we assume that vI(r, tp) =0.
Before we discuss our results, let us start by analyzing

how the suppression factor A~;„, given by Eq. (2.19), de-
pends upon the parameters entering our problem. First
of all, we note that M ~;„ is obviously proportional to o.. It
is also directly proportional to no. Indeed, let n0 be mul-
tiplied by a factor A, , which corresponds simply to a
change in the initial temperature To. Since our equation
of state, which is that of an ideal gas of massless particles,
does not contain any temperature scale, a change in TO
does not induce any change in the hydrodynamic Aow:

u& still takes the same values at any point, whereas n is
multiplied by A, . Thus, A~;„simply gets multiplied by A, ,
which proves our statement. Now let us keep n0 con-
stant and multiply both RO and to by the same constant
A, . In such a transformation, the distribution function fp,
defined by Eq. (2.22), becomes fp(r, pT) =fp(rlk, ,pT)lk,
and similarly, the initial fiuid density given by Eq. (2.23)
becomes n'(r, At )=np(r/A, , tp). On the other hand, the

In our numerical estimates, we have taken the' following
expression for the initial J/g distribution function:

b+1 r2
fp(r, pT)=, 1—,g(pT), (2.22)

mR() R 0

where b is a free paraineter which ranges from —,
' to 1 (see

the Appendix). In Eq. (2.20), n (r, t) and vI(r, t) are com-
puted using the hydrodynamical model developed in Ref.
17. We take for the initial fiuid density n (r, tp ) an expres-
sion similar to (2.22):

I

equations of hydrodynamics, when there are no dissipa-
tive terms, are invariant under a dilatation of space-time:
(r ~Ar, t —+At). It follows, for example, that the density
n' and the Quid velocity uI corresponding to the new
(scaled) boundary conditions are given by n'(r, t)
=n(rIA, , t/I, ) and vI(r, t)=vI(rIA, , t/A, ). Using this
scaled solution in Eq. (2.19) and performing the change of
variable rlk=r', t lk=t', we, find that, in the transfor-
mation considered, A ~;„~AA &;„. We conclude that
Ai;„(pT) may be written as the product of trnptp and a
universal function of tp/R p and pz. (as well as of the pa-
rameters a and b of the initial distribution):

tO
A„„(pT)=o'nptpA pT

0
(2.24)

In Fig. 3 we show the behavior of h (tp/Rp, pr) as a
function of pT, for a few values of tp/Rp. The absorption
is decreasing with increasing pT and saturates when

pT 3 GeV. This saturation is easily understood since pT
appears only through v in Eq. (2.19) and A~;„(pT ) quickly
converges when pT ~ 3 GeV to a nonzero limit which cor-
responds to u =1. Thus, there is a residual absorption,

3 I I

g),.„(pT ) /a'not()

2.5

0=

1 .S

0 = O. t

o =0.
R. =0

o =0

P [GeV]

0 l 2 3 S 6

FiG. 3. The absorption factor A. l;„(pT) in units of the dirnen-
sionless parameter o nato as a function of the JIQ momentum

pT, and for various values of to /R o. to is the time at which
matter appears in the central rapidity region and starts to ex-
pand; it is also the time at which the absorption starts.
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01
A~ (pT)=0'17prpln (rpp&r &rp~)

toe

where

f d r fo(r)n(r, to)

fd r fo(r)

(2.25)

(2.26)

is the mean value of n(r, tz) over r, weighted by the dis-
tribution function fo of cc pairs. For example, with the
initial distributions given by Eqs. (2.22) and (2.23), we get

(a+1)(b+1)
n0 —n0 a+b+1 (2.27)

The logarithmic behavior implied by Eq. (2.25) is clearly
visible in Fig. 3. Equation (2.25) expresses the fact that
absorption at early times is independent of pT. Indeed,
the initial distribution fo(r) is assumed to be independent
of pT, and from Sec. II 8, we know that absorption on
massless particles does not depend on pT if there is no re-
action threshold. This point is further illustrated in Fig.
4 which shows the results obtained by switching on the

even for high pT. We also notice that the absorption in-
creases when to/Ro decreases, which follows simply from
the fact that t0 is the time at which the absorption starts.
Note that the curves in Fig. 3 are roughly parallel. This
can be easily understood in the following way: we know
from a previous study' that hydrodynarriic Aows do not
depend on t0 provided t0 «R0 and n0t0 is held constant.
Thus, the increase in h(to/Ro, pT) between two values of
r, , r» («R, ) and to& &to„simply comes from the ab-
sorption between. t = t0z and t = t0, . In order to evaluate
this contribution, we make use of Eq. (2.19) again. Since
the fiuid transverse velocity is small at early times, we
may set Uf -0; furthermore, between t0, and t0z, the
J/g's travel a distance which is small compared to Ro.
Thus, we are back to the situation discussed in Sec. II B
where transverse expansion and finite geometry were ig-
nored. The integral over t can be carried out using the
relation r =ton(r, to)/n(r, t). The result is

W„,(p, ) =exp[ —A„„(pT)], (2.28)

which is to be compared to the exact value obtained from
Eqs. (2.4) and (2.18). Equation (2.28) means that we take
the exponential of the average over the J/g initial posi-
tions in place of the average of the exponential which
would correspond to the exact calculation. Since the ex-
ponential is a convex function, JV,~~(pT) JV(pT). That
is, our approximation overestimates the absorption.
Equality would actually be obtained if the probability for
the J/P to be absorbed was the same along all the possi-
ble trajectories. The validity of our approximation can in
fact be checked easily when pT =0, in which case the ex-
act value is

f d r fo(r) exp —o.f n(r, t)dt
JV(pT =0)=

fd r fo(r)
(2.29)

This value is shown in Fig. 5, together with the approxi-
mation given by (2.28). One sees that the error, which
rejects the fact that the g trajectories are not all
equivalent to each other, is only a few percent in absolute
magnitude, and (2.28) is therefore excellent for all practi-
cal purposes.

We can now present an approximate formula which ac-

absorption at various times t; ) t0, t0 being as before the
time at which the Auid starts to expand. We see that the
curves for t; =t0 and t; =2t0 are parallel, which expresses
that the absorption between t0 and 2t0 is independent of
pT. Most of the pT dependence comes from the absorp-
tion at t )4t0, and finds its origin in effects related to the
transverse expansion and the finite size of the system.

In the preceding calculation, we have assumed that the
absorption is small; this has allowed us to give a full
treatment of geometry and transverse expansion. Howev-
er, if we are to believe experimental results, J/g suppres-
sion may exceed 50% at low pT. Thus, it is important to
have an estimate of nonlinear terms in Eq. (2.18) and as a
simple approximation we shall use

3

&lin&PT~
noto o.e

0.6

t = t
I 0

t; =8t,
I I I

0 1 2 3 5 6

P iG~V~

FIG. 4. Same as Fig. 3, but here the absorption is allowed to
start at various times t; ~ to; for all these curves, to/Ro =0.15.
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crn, t,
I

0.8

FIG. 5. Fraction of surviving J/g's with zero momentum as
the function of the dimensionless parameter o.noto. The solid
line corresponds to the exact calculation {2.29). The dashed line
is the linear approximation {2.28). As in Fig. 4 to/Ro =0.15.
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A. .lin(BT) =0'ringo ln (2.30)
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p
max —~

2 1/2
D —1

beyond which no suppression takes place. Actually the
formula (3.4) only holds in cases where the plasma lives
for a time short compared to the average transit time t,
of a J/p in the system, t, —(8Ro/3m. )[1+(M/PT) ]'
If this is not the case, a maximum transverse momentum
still exists and is obtained by equating t, with t&, this
gives

g Romax

3' 7 f
(3.6)

0 ro Ro

FIG. 8. Space-time diagram illustrating the various factors
which enter the calculation of the J/g suppression based on
Debye screening. The line which goes from (t =O, r =Ro) to
(tD, O) is the isotherm T(r, t) = TD. The point (O, ro) is the point
where the cc pair is produced. Dashed lines indicate the light
cone of the center of mass of the pair. Also indicated is the hy-
perbola of constant proper time Qt' —(r —ro) = r&, where ~& is
the J/g formation time. The cc pair going through the point la-
beled (1) will not give birth to a J/g, whereas the one going
through point labeled (2) will.

as produced J/g's only those which are formed outside
the isotherm. Thus, the model establishes a correlation
between the momentum distribution of the produced
J/ttj's and the space-time evolution of the plasma.

With an initial density profile of the plasma given by
Eq. (2.23), and taking into account only the longitudinal
expansion of the plasma, one obtains a simple parame-
trization of the isotherms in the (r, t) plane. These are
circles with radius

(3.2)

0 if t~&tD,
JV= '

1 if t~)tD . (3.7)

The critical value of t& at which suppression sets in is
then given by

noto

nD
(3.8)

This value reflects a finite-size effect: a J/p with a large

pT escapes the interaction region before it is formed, and
it is not affected by the plasma. The value of pT'" de-

duced from (3.6), which corresponds essentially to that
found in the original work by Karsch and Petronzio, is
in general much larger than the one predicted by Eq.
(3.5). In the rest of this work, we shall only consider situ-
ations where tD & t, and shall consequently ignore finite-
size effects when discussing J/g suppression by a quark-
gluon plasma.

Let us now turn to the dependence of the results upon
the initial conditions in the plasma. To make things sim-
ple, we shall consider the distribution (2.23) with a ~0,
corresponding to a uniform entropy density of the plas-
ma. Then from Eq. (3.4) one gets

where tD is the time at which the isotherm reaches the
collision axis, that is the time at which all the plasma has
cooled down to a temperature less than or equal to TD.
This time tD, to which we shall loosely refer as the life-
time of the plasma, is given by

soto noto

$D nD
(3.3)

A characteristic feature of the model is its prediction
concerning the dependence of the J/P suppression on the
J/f momentum PT. In particular a simple formula was
obtained in Ref. 3 for the number of produced J/g's as a
function of their pz.

(1+b) la

JV= (3.4)

max
p

M

2 2
noto

nD
(3.9)

In order to estimate the total amount of suppression, one
needs therefore to know the pT distribution of the cc
pairs which we take of the form

which reveals that t&nD is the important critical parame-
ter. If indeed noto ) nDt&, then tD ) t& and there will be
suPPression. If noto & nDt& there will be no suPPression.
Note that

nest&

depends upon the momentum of the g. If
noto & nD~&, there will be no suppression for any pT, thus
IV=1. If, on the contrary, noto) nDT&, the pairs with
momentum pT &pT'" will be suppressed, with pT" given
by Eq. (3.5), or equivalently by

g (PT ) PT xp( PT /PTQ ) (3.10)
where t& is related to PT by (3.1), and a, b are the parame-
ters entering the distributions (2.23), (2.22). This number
A' cannot be greater than 1 so that there exists a max-
imum value ofpT, pT", given by

This distribution is compatible with the experimental
data from which one can extract PTo-570 MeV/c (Ref.
5). Integrating over PT, one then finds
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max

JV= 1+
I'ro

p
maX

exp
Pro

(3.11)

1.0

o.e—

0.6—

0.2—

0.0 i I ) I s I

0.0 0.6 ).6
no to / no74,

FICi. 9. The fraction of produced J/g's in the presence of a
quark-gluon plasma, as a function of the parameter ratio
nptp/nDr@. As explained in the text, the plasma suppression
sets in only when nolo nD7y.

1.2

The variation of JV as a function of the dimensionless pa-
rameter nor p/12D1 y is a universal curve given in Fig. 9.

The parameter nD~& depends in principle on the type
of resonance one is considering. Here we refer constantly
to the J/f but similar considerations apply as well to the
g' or to the g, for example. The various estimates of
these parameters which have been attempted so far leave
us with a large uncertainty. The minimum Debye radius
below which no bound state can exist is obtained from
the solution of the Schrodinger equation for the reso-
nance and depends on the specific form of the cc poten-
tial. This minimum Debye radius is related to the tem-
perature TD which can, in principle, be obtained from
lattice gauge calculations. ' Thus nD, which is propor-
tional to TD, is subject to the uncertainties in both the ce
potential and lattice gauge calculations. Furthermore,
the formation time is not known either with a good pre-
cision. As a result, we are not able to make quantitative
predictions for the values of nD v.

&
corresponding to

different resonances.
Let us now summarize the main qualitative features of

the two mechanisms which we have studied in Secs. II
and III. Both of them predict a decrease of the total J/P
yield as a function of the control parameter of the prob-
lem which in both cases appears to be the number of par-
ticles per unit area noto cc A dN/dy. However, this is
a smooth and regular decrease for the absorption process,
while Debye screening sets in only when npto exceeds a
certain value. The most dramatic difference between the
two mechanisms is the PT dependence. There is a cutoff
in the plasma model, while the absorption picture leads
to a very weak dependence on PT, the absorption taking
place for arbitrarily large pT. Let us mention that recent
attempts to explain the J/g suppression in terms of an

absorption mechanism have obtained a rather strong PT
dependence in their results. ' This is simply because
they include in their calculation a formation time for the
J/f. The efFect of the formation time is easy to under-
stand. In the plasma model, a J/g with a large pT is
formed after the plasma has cooled down to a low enough
temperature. In the absorption model, a J/g with a
large pT starts to be absorbed only when the density is
low and has therefore little absorptive power. However,
in this later case, the use of a formation time seems to us
very little justified, for reasons which we explained in Sec.
II.

IV. RESULTS AND COMPARISON
WITH EXPERIMENT

dt's AB 2~b db
~T~~ (b)JV( b)

dET T
(4.1)

We assume that the number of continuum events may be
evaluated from Eq. (4.1) with JV(b) set equal to 1. Let

The NA38 Collaboration at CERN (Ref. 5) measures
the dimuons which are produced in nucleus-nucleus col-
lisions, with a mass of the order of the J/g mass. Con-
tinuum p+p pairs which are produced directly, for in-
stance, in a Drell- Yan process, interact weakly after they
are formed, and are not expected to disappear. On the
contrary, a resonance such as the J/P, which also decays
into p+p, may be destroyed by any of the two suppres-
sion mechanisms described in the previous section. In or-
der to provide a measure of the suppression, one calcu-
lates the ratio S of the number of muon pairs coming
from J/l( decays to the number of continuum dimuons.
This is done for several bunches of events classified ac-
cording to the total transverse energy produced in the
collision. It is found that the ratio S decreases with in-
creasing ET, the suppression being enhanced at low p„.

In order to compare our results with experimental
data, we need a model for the space-time distribution of
J/g's and pions, as well as its relation to transverse ener-
gy. We shall use the fact that the transverse energy, as
well as the multiplicity density in the central rapidity re-
gion, are proportional to the average number of partici-
pant nucleons. ' ' We recall in the Appendix how these
can be related to the impact parameter in a simple
geometrical model. As for the initial distribution of cc
pairs, we assume that it is proportional to the number of
individual nucleon-nucleon collisions. Details are given
in the Appendix.

Let us now discuss how the parameters of the model
have been adjusted. In both models, we have one un-
known parameter: the inelastic cross section o in one
case, and the quantity nD~@ in the other case. The proba-
bility to produce a J/g is proportional to the probability
to produce a cc pair multiplied by the survival probability
JV(b) defined in the previous sections. We shall explain
later how we calculate JV as a function of the impact pa-
rameter. As said before, we assume that the probability
to produce a cc pair is proportional to T„~(b), that is to
the number of nucleon-nucleon collisions at impact pa-
rameter b (see the Appendix). Then we have
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then S, be the ratio of J/g over continuum muon pairs
in a low-transverse-energy bin, say E, & ET & E', and S2
the same ratio in a high-transverse-energy bin, say
E2(ET&Ez, then, provided the two bins contain the
same numbers of continuum events, we obtain an experi-
mental measure of J/g suppression which can be com-
pared to the calculated value

I

I (4.2)

tp-
2Xc.m.

[(R„+Rs) —b ]' (4.3)

where y, is the y factor of the nucleons in the center-
of-mass frame of a colliding nucleon-nucleon pair
(y, =10 at 200 GeV/nucleon). It was found in Sec.
II C that for a central collision, the quantity tp/Rp is an
important parameter. For a collision of nonidentical nu-

TABLE I. Values of to/Ro used in our calculations for cen-
tral collisions.

16O 238U

32' 238U

16O 65cu
208pb 208pb

o/Zo

0.17
0.15
0.13
0.10

The crudest way to measure J/g suppression is to take
only two bins: the events are separated in two sets, one
containing the low-transverse-energy events (smaller than
some value ETD), and the other the high-transverse-
energy (bigger than ETQ) events. We have chosen to ad-
just the parameters in our model in such a way that the
corresponding ratio Sz/S„Eq. (4.2), falls in the range
70—75 % for 200-GeV/nucleon oxygen-uranium col-
lisions, as indicated by NA38 data. This leads us to the
values o. =1.5 rnb and nD~&-5. 5 fm . If the formation
time takes the value r&=0.7 fm/c, this value of nDr& cor-
responds, for a plasma made of u and d quarks, to a tem-
perature TD =240 MeV above which the J/g cannot be
formed.

In order to evaluate the amount of J/g suppression in-
duced by inelastic scattering, we use the approximate for-
mula (2.31) derived at the end of Sec. II. This formula
strictly applies to central collisions. However, we shall
use it also for nonzero impact parameter, taking advan-
tage of our understanding of central collisions to propose
reasonable estimates of the various quantities which enter
this formula.

The first thing we need is an estimate of the time tp at
which the cc system starts to interact with the surround-
ing matter. As mentioned at the beginning of Sec. II we
choose for tp half the time it takes for the nuclei to cross
each other; for the collisions of two nuclei with radii R ~
and R~, at impact parameter b, we take

clei R p is understood as being the smallest of R ~ and R~.
Typical values of tp/R p for b =0 are listed in Table I.

Next, we must estimate the freeze-out time tf at which
the J/g ceases to interact with the surrounding matter.
As explained at the end of Sec. II, tf incorporates all the
effects of finite size and transverse expansion and is pro-
portional to the radius of the region of interaction. We
distinguish two cases (R~ )Rz ): b (R„—R~, the col-
lision is fairly central and the interaction region is a disk
with radius Rz, and we take the same value for tf as for a
central collision; b & R „—R~, the region of interaction is
no more circular [see Fig. 16(b) below] and the time re-
quired for the transverse expansion to reach the middle of
the interaction region is of the order of (R „+Rs b)—/2
In this case, we take for tf the value appropriate for a
central collision, multiplied by the factor
(Rz+Rs b)/2R—~. In order to determine the freeze-
out time tf for b =0, we refer to Fig. 6 in Sec. II. There
it can be seen that for pz =1 GeV, which is roughly the
mean value of pT, we have tf -R p for all values of tp/R p
between 0.1 and 0.2; this is the value that we shall take.

With these estimates of tf and t p, we are ready to com-
pute JV from Eq. (2.31). We compute no [Eq. (2.26)] us-
ing the distributions derived in the Appendix. The re-
sulting JV is displayed in Fig. 10 as a function of
(o /S, s)dN/dy. The present estimate takes into account
the fact that for a peripheral collision, it takes less time
for the transverse expansion to cool the system than for a
central one. This effect is partly balanced by the decrease
of tp with increasing impact parameter. The spatial inho-
mogeneities of the initial distribution of cc pairs and
pions represent only a correction of a few percent which
enhances absorption for central collisions. In fact, a
crude approximation consists in ignoring the variation
with b of to/tf and in replacing noifo by (1/S fr)dN/dy.
This yields the dashed lines in Fig. 10. Note that there is
a turning point in the solid curve of Fig. 10(b); this is due
to the fact that (o /S, fr)dN/dy is not a monotonous func-
tion of b for a lead on lead collision, and thus there may
be two values of b that give the same value of
(o /S, fr)dN/dy. The latter quantity reaches its maximum
value at an impact parameter b =3.6 frn and is there
20% higher than for an oxygen-uranium collision [see the
Appendix and Fig. 17(b)]. Note that the parameter
(cr/S, fr)dN/dy does not absorb the full A dependence of
JV and the curves in Fig. 10 still depend upon which col-
lision is involved. In particular there is more absorption,
i.e., JV' is lower, in Pb-Pb collision than in 0-U collision
because tp/tf =0.1 for Pb-Pb instead of 0.17 for O-U.

Figure 11 displays the variation of JV with pT for an
oxygen-uranium collision and for two values of the im-
pact parameter. We see that the behavior of A" with pT is
the same for a peripheral collision with b =6 fm as for a
central collision. In particular, the ratio JV(b =0)/
JV(b =6 fm) will be almost independent ofpT.

Let us now study the J/P suppression due to Debye
screening. Here, it is a good approximation to ignore
effects of finite size and of transverse expansion. Assum-
ing that no J/f is going to be formed at point r if
n (r, to)to ) nDt&, with t&= v&[1+(pT/m) ]',we obtain
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f d rfo(r)
H'

d r fo(r)
(4.4)

O.B—

p
max

f fo(r) 1+0 Pro

fd r fo(r)

exp
max

Pro
(4.5)

where the integral in the numerator is carried over the re-
gion H' where n (r, to)to ) nDt&. In writing Eq. (4.4), we
have also assumed that fo(r vt—&)=fo(r), in line with
the fact that we ignore finite-size effects. The fraction
JV(pT ) can be easily integrated over pT ..
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FICx. 11. pT dependence of J/P absorption by a pion gas, in
the case of an oxygen-uranium collision, for two values of the
impact parameter: b =0 corresponds to a central collision, that
is to a maximum suppression; b =6 fm is a peripheral collision.
As in Fig. 10, o =1.5 mb.
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FICx. 10. The fraction of surviving J/P's after absorption by

the pion gas formed in a nucleus-nucleus collision, as a function
of the control parameter (o./S, &)dN/dy; the dashed line is the
crude estimate given in (2.31), and displayed in Fig. 7. (a)
Oxygen-uranium collision; (b) lead-lead collision. In both cases
we have taken the value cr = 1.5 mb. The numbers in

parentheses are the values of the impact parameter b in fm.

is the maximum transverse momentum for which the for-
mation of the resonance is inhibited, and H is the region
where n (r, to)to ) nDr&.

In Fig. 12, numerical results are presented as a func-
tion of 1/(nDrg, ft)dN/dy These a. re compared with the
result of a simpler approximation in which one ignores
inhomogeneities of the initial distribution; then JV is
given by Eq. (3.11) and the parameter noto is set equal to
(I /S, fr)dN/dy (dashed lines in Fig. 12). In the case of a
central oxygen-uranium collision [Fig. 12(a)], the dimen-
sionless parameter 1/(nnrP, tt)dN/dy is only slightly
above 1 which is the critical value for the J/f suppres-
sion to set in. As a consequence, the inhomogeneities of
the initial distribution, which are taken into account in
Eq. (4.4), play an important role. In a lead-lead collision,
the parameter I /(nDrP, tt)dN/dy has a maximum value
which is 20% higher than in an oxygen-uranium col-
lision. Although this may seem to be weak, it is not since
the typical variation of JV with this parameter, displayed
in Fig. 9, is very steep. Indeed, we find some 75~o max-
imum suppression for lead-lead, instead of 50% for
oxygen-uranium. Note that the solid curve in Fig. 12(b)
has a turning point, for the same reason as in Fig. 10(b).

The pr dependence of the suppression induced by a
quark-gluon plasma in an oxygen-uranium collision is
displayed in Fig. 13 for two values of the impact parame-
ter. If there is 1arge suppression at low pr for a central
collision, we see that there is hardly any suppression at
all for a peripheral collision with b =6 fm. This behavior
is very di6'erent from that obtained with the absorption
model. In particular there is a maximum value beyond
which the suppression disappears.

Let us now discuss our results in terms of their depen-
dence on the transverse energy of the collision or
equivalently on the number of participants. Figure 14
displays, for the absorption model, the dependence of the
surviving fraction of J/1(t's on the number of partici-
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pants. %"e see that absorption is already important for
peripheral collisions, and saturates for central collisions.
An indication on how absorption depends on the trans-
verse momentum of the pair is also shown in the same
figure: the pz- dependence of the e6'ect does not exceed
20%%uo even for very central collisions, and furthermore has
a very Hat variation with ET. Correspondin j results for
the plasma model are displayed in Fig. 15. Let us first
look at Fig. 15(a). The variation of JV is very different
from that seen in Fig. 14(a): indeed, for peripheral col-
lisions, the plasma is not hot enough and there is no
suppression at all. On the other hand, suppression is very
important for central collisions. The pT dependence is
also very different, as was expected from the general dis-

O.e

0.2

16 O
238

U

PT (GeV]T

5

1.0

0.1—
16

O
288

I

(a)
FIG. 13. pT dependence of J/lt suppression by a quark-gluon

plasma in an oxygen collision, for two values of the impact pa-
rameter: b =0 (central collision) and b =6 fm (peripheral col-
lision). As in Fig. 12, nD~@=5.5 fm
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0.0
0.0

1.0—

(S.6)

0.4

(&.0)

D.e

Flu'K(p

I

1.2
I

1.6 2.0

cussion in Sec. III. The ratio S2/S1 calculated according
to Eq. (4.2), separately for pairs with momentum lower
than and higher than 1 CxeV/c is 0.42 for pT (1 GeV/c
and 0.81 for pT) 1 CxeV/c, for an oxygen-uranium col-
lision. These values are somewhat smaller than those ex-
tracted from the data. In the case of a lead-lead col-
lision, displayed in Fig. 15(b), the density is only slightly
higher than for an oxygen-uranium collision; but since
ihe variation of A' with the density is so steep in this
model, we now obtain considerable suppression, even for
rather peripheral collisions.

It should be noted that the screening mechanism tends
to give severe J/g suppression as soon as the tempera-
ture goes over the critical temperature TD. In other
words, the value of A' depends sensitively on the precise
value of the parameter nD~&. We have computed numeri-
cally the variation, near the point nD~&=5. 5 fm /c:

0.8— d lnJV

d in(nD~~)
(4.6)

0.6—
208pb 208 pb Things are smoother for the absorption model. There the

variation of JV with a is not too important. Indeed, we
get, from Eq. (2.31),

0.4— d lnJV =lnJV= —0.3 .
d lnu

(4.7)

02—

( 13.6)
I

0.4

(11.6)

0.6

($.8)
l

1.2 1.6

l

2.0

1 dN

&D&q Seff
FICx. 12. The fraction of J/10's remaining after interaction

with a quark-gluon plasma, as a function of the control parame-
ter (I/n~rP', ~)dN/dy; the dashed line is the universal curve
shown in Fig. 7. (a) Oxygen-uranium collision; (b) lead-lead col-
lision. For both, we have taken nD ~&=5.5 fm . The numbers
in parentheses are the values of the impact parameter b in fm.

That is, our results do not depend crucially on the param-
eter cr. In fact, there is another parameter on which we
have little control in our calculation, which is the initial
time to at which absorption starts. If we take a value ato
instead of to and keep JV unchanged, we get a new value
o. ' for the cross section which is easily derived from Eq.
(2.31):

ln(tf /tz)
In(tf /ctto )

(4.8)

For to/tf-0. 15 and +=2, we get an enhancement of
-60go in the cross section. Thus, the value o =1.5 mb
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which we have used in our calculation should not be con-
sidered as a well-determined quantity.

Finally, we have gathered in Table II some predictions
of the two models for several nucleus-nucleus collisions at
200 GeV per nucleon. The parameters o. and nD ~& have
been kept equal to their value chosen for 0-U collisions.
The main difference between the two models lies in the
fact that in the case of inelastic scattering with pions,
most of the absorption already takes place in the first
transverse-energy bin, and JV remains then roughly con-
stant as one increases the transverse energy. A similar
observation was made in a related situation in Ref. 7. On
the contrary, the plasma model induces a steep variation
of the suppression with transverse energy: except for
Pb-Pb collisions, there is no suppression at all in the first
transverse-energy bin. In particular, in 0-Cu collisions,
the initial temperature is not high enough for Debye
screening to play any role. Note however, that uncertain-
ties in the formation time of the cc pair (our time t =0},

or in other times such as ~&, the formation time of the
J/P, may induce Auctuations which could smoothen this
steep variation.

V. CONCLUSIONS

1,0

I

(a)

%'e have presented a detailed study of two possible
mechanisms which could account for some suppression of
J/g production in nucleus-nucleus collisions as com-
pared to proton-proton collisions. These two mecha-
nisms are the absorption of the J/1' by the dense matter
produced in the collision and the Debye screening of the
binding potential by a quark-gluon plasma. In both cases
we have treated with care the space-time evolution of the
system. Even though some rather crude approximations
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FIG. 14. J/g absorption by the pion gas as a function of the
number of participants. Solid line: fraction of remaining J/g s,
integrated over pT, dashed line: comparison between suppres-
sion at low pT and suppression at high pT. (a) Oxygen-uranium
collision; (b) lead-lead collision. As in Figs. 10 and 1 1, o.= 1 .5
mb. The calculations have been done with the following values
of the freeze-out time for b =0: tf /R 0 = 1 . 1 for low pT and
tf /R 0 —0.8 for large pT.

Number of pa rticipants
FIO. 15. J/P suppression by a quark-gluon plasma, as a

function of the number of participants. Solid line: fraction of
remaining J/P s, integrated over pr', dashed line: ratio of JV in-
tegrated over pT ( 1 CzeV to JV' integrated over pT ) 1 CieV. (a)
Oxygen-uranium collision; (b) lead-lead collision. As in Figs. 12
and 13, nD ~@=5.5 fm for both curves. Values of the impact
parameter b (in fm) are given in parentheses.
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have been used, and our comparison with experimental
data is still somewhat superficial, a number of con-
clusions can be drawn from our work and we shall surn-
marize them in this section. Some of them can already be
found in Ref. 22.

Let us consider first the absorption mechanism. We
have calculated the ainount of absorption which could
arise because the cc system, after it is born, propagates in
a dense system of particles (quarks, gluons, hadrons'?) also
produced in the collision. We have taken into account in
our work only that part of the absorption which takes
place after the cc pair has escaped the baryon-rich region.
Absorption by the baryon-rich matter has been con-
sidered explicitly in Refs. 6 and 7. We have estimated the
effects of the fast dissolution of the matter because of its
expansion both in the longitudinal as well as in the trans-
verse directions. Our net result is that the absorption
mechanism could account for a substantial suppression of
the J/g production. One should emphasize, however,
that most of the absorption takes place at very short
times, that is when the density of hadronic matter is quite

large, so large that it probably does not make sense to
think of it as being composed of hadrons only. Note that
the parameter which controls the absorption is not the
cross section alone, but the product of the cross section
by the density of scatterers, and this product may not
change drastically as the hadron matter dissolves into a
partonic system. In other words, even if some absorption
mechanism of the type described in this paper were re-
sponsible for the J/P suppression, it would still be hard
to unambiguously decide the nature of the absorbing
medium. Another feature of the absorption mechanism,
at least in the way we calculated it, i.e., using a constant
cross section, is its very weak dependence on the J/g
momentum.

The model based on Debye screening does predict a
strong dependence on the J/l( transverse momentum.
This is directly related to the short plasma lifetime.
When compared with experimental data, it seems to pro-
vide an overall better picture. This may look encourag-
ing, but our analysis raises some important questions
which should be answered before conclusions could be

TABLE II. (a) Definition of the four transverse-energy bins with equal statistics. N is the total num-
ber of participating nucleons and b is the impact parameter, expressed in fm. (b) J/f absorption by in-
elastic scattering on pions, with cr =1.5 mb. The numbers in italics (first lines) give the fraction JV of
surviving J/g's, averaged over the transverse energy bin. The other numbers are the ratios JV(ith
bin)/JV(first bin). For ' 0- U collisions, these can be compared to the experimental results taken from
Ref. 5 (numbers in parentheses). (c) Same as table (b) for J/g absorption by a quark-gluon plasma
(PlD7 y= 5.5 fm ).

16O 238U

16O 65Cu

208pb 208pb

First bin

N &38
b &6. 1

N &57
b )6.4
N &22
b )4.4
N &144
b &7.7

Second bin

(a)
38&N &57
4.6&b &6. 1

57&N &87
4.8&b &6.4
22&N &34
3.2&b &4.4
144&N &229
5.6&b &7.7

Third bin

57&N &66
3.2&b &4.6
87&N &108
3.2&b &4.8
34&N &44
2. 1 & b & 3.2
229&N &310
3.6&b &5.6

Fourth bin

66&N &73
b &3.2
108&N & 120
b &3.2
44&N &51
b &2. 1

310&N &416
b &3.6

16O 238U

32S 238U

16O 65C

208pb 208pb

0.30
1

(1)
0.25
1

0.36
1

0.16
1

0.25
0.82
(0.85)
0.19
0.77
0.29
0.81
0.08
0.53

(b)
0.23
0.75

(0.80)
0.18
0.72
0.28
0.78
0.08
0.49

0.21
0.69

(0.63)
0.17
0.66
0.27
0.75
0.08
0.49

16O 238U

32S 238U

16O 65C

208pb 208pb

1
1

(1)
0.98
1

1

0.59
1

0.94
0.94

(0.85)
0.78
0.80
1
1

0.32
0.54

(c)
0.77
0.77

(0.80)
0.62
0.63

1

0.27
0.46

0.60
0.60

(0.63)
0.49
0.50
1
1

0.27
0.46
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drawn concerning the formation of a quark-gluon plas-
ma. First of all, it is somewhat unpleasant to find that all
the time scales entering the problem are mixed. The J/g
formation time, the lifetime of the plasma, the formation
time of the plasma, the time for the two nuclei to cross
each other, all these times end up being of the same order
of magnitude, typically 1 fm/c. Certainly one would feel
more confident in the overall picture if these various
times were clearly separated. Besides, there are times
such as the J/f formation time, which are really meant
to be averages (the formation of a resonance is clearly a
quantum-mechanical process and the time that it takes
cannot be sharply defined); it is somewhat embarrassing
to find a situation where the fluctuations that one could
reasonably expect are of the same order of magnitude as
the averages themselves. Finally, one could also worry
about the validity of the microscopic picture underlying
the model. Our results when compared with experiment
imply that the J/g production is suppressed by a mecha-
nism which takes place at early times, i.e., when the plas-
ma is hot enough. Do the quark and the gluons produced
in the collision reach a state of thermal equilibrium
quickly enough to allow such a collective effect as Debye
screening to set in rapidly? Or is the formation process
strongly disturbed by collisions of the charm quarks with
the surrounding gluons and light quarks?

The two mechanisms which we have been studying
refer, quite generally, to two distinct microscopic pic-
tures. Screening is usually understood as resulting from a
collective behavior of the whole system, while absorption
is caused by independent collisions of the cc system on
whatever particles surround it (quarks, gluons, hadrons).
If one tries to compare the predictions of the two mecha-
nisms, one 6nds similarities and differences in their
dependence on the total transverse energy of the col-
lision, i.e., the impact parameter, or on the momentum of
the J/P. We have seen that the absorption depends very
smoothly on the impact parameter, while the screening
sets in only if the initial density is large enough. Howev-
er, the fluctuations which could be expected in the vari-
ous time scales in the problem may partly wash out this
threshold effect. The pT dependence is large in the model
based on plasma screening; this pz- dependence originates
from combined e8'ects of J/P formation time, Lorentz di-
lation, and plasma finite lifetime. On the other hand, the
absorption mechanism was found to depend very little on
the J/tP momentum.

Note added. While this paper was being reviewed for
publication, we have estimated the effects of initial-state
scatterings on the J/g momentum distribution. We find
these to be large; they may account for a substantial frac-
tion of the momentum dependence see in the NA38
data 23
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APPENDIX: SIMPLE GEOMETRICAL
CONSIDERATIONS

Let us consider the collision of a projectile nucleus of
mass number B on a target nucleus of mass number A,
with an impact parameter b (see Fig. 16). We call z the
coordinate along the collision axis and denote by s the
coordinates in the orthogonal directions ("transverse
plane" ). Let p„(s,z) and p~(s —b, z) be the density of
nucleons in the target and projectile, respectively. Then
we define

T„(s)=f p„(s,z)dz (Al)

and similarly for the nucleus B. For a nucleus with a uni-
form density inside a sphere of radius 8 ~

= ~p A '

(ro=1.2 fm), one has

T ( ) (g 2 g2)l/22
A 3 A

3&7 p

(A2)

In order to estimate the average number of participating
nucleons in a nucleus-nucleus collision at impact parame-
ter b, we assume that all the nucleons of the projectile
(target) that cross the target (projectile) nucleus interact.
That is, all the nucleons which are in the surface S,ff
where the two nuclei overlap in the transverse plane
(crosshatched region in Fig. 16) undergo at least one in-
elastic collision. Thus, the density of participating nu-
cleons per unit area d s is simply T„(s)+T~(s—b) in

S,&, and 0 outside. The total number of participants

B I

rrI

b

(a)
FIG. 16. Picture of a peripheral oxygen-uranium collision

(R&-3 fm, R& -7.4 fm} with impact parameter b =6 fm. (a)
View of the collision in the plane of incidence, in the nucleon-
nucleon center-of-mass frame: the two nuclei are Lorentz con-
tracted by a factor y = 10. (b) View in the transverse plane: the
region where the nuclei overlap, which is the region of interac-
tion, has been crosshatched; its area is the quantity S,ff.
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2mb db

EodN (b)
(A3)

N(b) obtained after integration over s, is displayed in
Fig. 17 as a function of the impact parameter. In the
case of oxygen-uranium collisions [Fig. 17(a)] one sees
that when b &R~ —Rz-4. 4 fm, all the nucleons in the
oxygen nucleus participate. If one assumes that the total
transverse energy produced in the collision is directly
proportional to the number of participants, with an aver-
age energy per participant Eo, one obtains a simple
geometrical description of the transverse-energy distribu-
tion:

n (s, to)to= [T„(s)+Ts(s —b)] .
dX
dy

(A4)

This distribution reproduces the bulk features of the mea-
sured distributions.

It is also commonly accepted that the multiplicity of
particles produced in the central rapidity region is pro-
portional to the number of participants. Let (dN/dy)0 be
the multiplicity density per participant. From Ref. 21
one gets (dN/dy)O-2. 3. We then estimate the density of
particles per unit area, at time to, with the formula

100 I
I

Number of participants

BQ—
'Iso 23BU

When T„and Ts are given by Eq. (A2) and in the case of
a central collision of identical nuclei, Eq. (A4) gives the
distribution (2.23) with a =

—,'. The mean value no of
n (s, to) in the surface of interaction is obviously given by
nota = ( I/S, fr )dN /dy. For a central collision with
B « A, the total number of participants is
N(b =0)=B + ', B ~ A '~ .—This yields

1 dN

S,z dy

1 dN (B)g, , g
)

~ro "y o
2 2

(A5)
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In Fig. 17 we also show the product of the number of
participants by the quantity m.Rz/S, &. The quantity thus
obtained is directly proportional to (I/S, ft)dN/dy. In
the case of an oxygen-uranium collision [Fig. 17(a)], it is a
monotonously decreasing function of b, which is equal to
the number of participants when b & R ~

—Rz, since then
S,~=~Rz,' when b )R „—Rz, it is bigger than the num-
ber of participants since S,z & ~Rz. On the contrary, we
see that for a collision of two identical nuclei such as lead
[Fig. 17(b)], the maximum of (I/S, ff)dN/dy is obtained
for a nonzero impact-parameter (6 =3.6 fm for lead).
This maximum value, which is easily calculated from Fig.
17, is found to be 5.7 fm for an oxygen-uranium col-
lision and 6.8 fm for a lead-lead coHision.

With regards to the production of cc pairs, we assume
that it is proportional to the number of individual
nucleon-nucleon collisions. More precisely, we assume
that the probability to create a cc pair per unit area d s is
proportional to the product T„(s)T~( s b). Therefore,
the distribution function for cc pairs at time t =0 is taken
of the form

100 fo(s) ~ T„(s)T~ (s —b) . (A6)

10
b [Fm]

FIG. 17. Number of participants as a function of the impact
parameter: (a) oxygen-uranium collision: the number of parti-
cipating nucleons from oxygen and uranium are displayed sepa-
rately (dashed curves); the total number of participants is the
solid curve; the dotted curve is the product of the number of
participants by the quantity ~R&/S, &. (b) Lead-lead collision:
the solid curve is the total number of participants, which is mul-
tiplied by ~R~ /S, z in the dotted curve. T„s(b)=Jd s T(s)T~(s —b) . . (A7)

For a central collision of identical nuclei, and with T~
and Ts given by (A2), Eq. (A6) reduces to Eq. (2.22) with
b =1. For a small projectile colliding with a large target
at zero impact parameter, T~ is almost constant over the
region of interaction, and (A6) is equivalent to (2.22) with
b =

—,'. The total number of nucleon-nucleon collisions at
impact parameter b is proportional to T„z(b) where
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