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Jyyyc Suppression in Pb-Pb Collisions: A Hint of Quark-Gluon Plasma Production?
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The NA50 Collaboration has recently observed a strong suppression ofJyc production in Pb-Pb
collisions at 158 GeVynucleon. We show that this recent observation finds a quantitative explanation
in a model which relates the suppression mechanism to the local energy density, whose value
higher in Pb-Pb collisions than in any other system studied previously. The sensitivity of the
phenomenon to small changes in the energy density could be suggestive of quark-gluon plasm
formation. [S0031-9007(96)00831-9]

PACS numbers: 25.75.Dw, 12.38.Mh, 24.85.+p
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The NA50 Collaboration has recently reported t
observation of a strong suppression ofJyc production in
Pb-Pb collisions at 158 GeV per nucleon [1], which is n
explained by conventional models of nuclear absorpti
Since such models have been found to account reason
well for all the previous data involving lighter nuclei [2
the immediate implication seems to be that new physic
involved in Pb-Pb collisions, possibly the formation of
quark-gluon plasma [3].

In this Letter, we present an interpretation of the d
based on the observation that thelocal energy density
is higher in Pb-Pb collisions than in any of the syste
studied previously, in particular, the S-U system.
order to explore the possibility that the large suppress
which is observed in Pb-Pb collisions could be due to
formation of a quark-gluon plasma, we adopt a simplifi
description [4] in which one considers thatall the Jyc ’s
produced in a region where the energy density exce
some critical value are suppressed. We emphasize tha
we do not, and cannot at this stage, make prec
statements about detailed microscopic mechanisms
a recent review, see [5]). Our purpose is only to t
the idea that the suppression depends solely on the l
energy density, and to see whether consequences of
assumption are supported by the data.

We first review briefly the conventional treatment
nuclear absorption [2,6]. The ratio of theJyc production
cross section in proton-nucleus collisionssspAd to that in
proton-proton collisionsssppd is given by

NA 
1
A

spA

spp


1
Asa

Z
d2bh1 2 expf2saTAsbdgj ,

(1)
whereTAssd 

R1`
2` rAss, zddz is the nucleon density pe

unit area in the transverse plane (i.e., the plane transv
to the collision axis), andsa is an absorption cross sectio
(although we do not write it explicitly, in our calculation
sa is multiplied by the correction factor1 2 1yA, where
A is the mass number of the nucleus [2]). The quan
NA may be interpreted as the probability that a produc
Jyc survives nuclear absorption.
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In a nucleus-nucleus collision, the survival probabil
NAB takes, after integration over the impact parame
the factorized formNAB  NANB. Within the range of
A values considered, and for the chosen parametriza
of the density, lnNAB , A1y3 1 B1y3 (see Fig. 1). We
use forrsrd the expressionrAsrdyr0  1yh1 1 expfr 2

RAyagj with RA  1.1A1y3 fm, a  0.53 fm, and r0 is
fixed by the normalization

R
rAsrdd3r  A (e.g., in208Pb,

r0  0.17 fm23).
As seen in Fig. 1, nuclear absorption explains both

proton-nucleus and nucleus-nucleus data up to the
system, with a common value of the absorption cro
section (we have adopted the valuesa ø 6.2 mb used by
e
d
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FIG. 1. TheJyc survival probability after absorption throug
nuclear matter, as a function ofA1y3 1 B1y3, whereA andB are
the mass numbers of the colliding objects. The full line (dot
line) is the survival probability for the proton-nucleus (nucleu
nucleus) systems, calculated with a cross sectionsa  6.2 mb.
The data at 450 GeV are obtained from Refs. [1] and [7], th
at 200 GeV from Refs. [1] and [8]. In order to obtain th
survival probability, each set of data has been rescaled
a constant factor so as to obtain the best fit with the th
retical curve.
© 1996 The American Physical Society 1703
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the NA50 Collaboration [1]). However, the Pb-Pb syst
deviates significantly from that common trend. One c
measure this deviation by the ratio

rc 
NABsmeasuredd
NABsestimatedd

, (2)

whereNABsestimatedd is the value of the survival prob
ability to nuclear absorption alonefNABsestimatedd ø
0.43g. The value ofrc , as read from Fig. 1, is0.68 6

0.06. The survival probabilities plotted in Fig. 1 are e
tracted from absolute cross sections which contain
tematic errors of the order of 10% to 20%. These err
have been reported in the figure, although they larg
cancel in the relative values of the survival probabilit
corresponding to a given set of data. In its analysis,
NA50 Collaboration uses the ratio of theJyc produc-
tion cross section to the Drell-Yan cross section, wh
reduces most of these systematic errors. It also relie
extracting nuclear absorption, on the transverse energy
pendence of the S-U data, rather than on integrated
alone. It obtains thus, for the ratiorc , the more precise
value0.72 6 0.03.

We turn now to the dependence of the effect on
impact parameter of the collision. We write theJyc

production cross section at impact parameterb as follows:

1
spp

dsAB

d2b
 TABsbdN sbd , (3)

whereTABsbd 
R

d2s TAssd TBss 2 bd is proportional to
the probability to produce acc̄ pair, andN sbd is the
survival probability at impact parameterb. The quantity
N sbd is related toNAB introduced above byNAB 
s1yABd

R
d2b TABsbdN sbd. If nuclear absorption is the

only suppression mechanism,

N sbd  Nabssbd

;
1

TABsbd

Z
d2s

1
s2

a
s1 2 e2saTAssdd

3 s1 2 e2saTBss2bdd . (4)

In analogy with Eq. (2), we define

rcsbd 
N sbd

Nabssbd
. (5)

From the NA50 data, assuming that the last bin
transverse energy corresponds to central collisions,
to b ø 0, one extracts the valuerc sb  0d ø 0.50.

We now show that the values of these two ratios,rc

defined in Eq. (2) andrc s0d defined in Eq. (5), can be
understood quantitatively if one assumes that the supp
sion mechanism is sensitive only to the local energy d
sity. A central assumption here is that the suppress
of the Jyc takes place at times short compared with
transverse size of the interaction region, i.e., before a
stantial transverse expansion of the produced matter
occurred, and before theJyc has traveled a long distanc
1704
-
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in the transverse direction (we consider the production
Jyc ’s near central rapidity). We shall therefore igno
both the transverse expansion and the transverse mo
of the Jyc ’s. Under these conditions, the fate of aJyc

is determined by the properties of the medium in the
gion where it is created, and is controlled by the ene
density in the transverse plane.

To estimate this density, we assume that it is prop
tional to the density of participants. This assumption
motivated by the fact that, in nucleus-nucleus collisio
the multiplicity and the transverse energy grow appro
mately linearly with the number of participants [9]. Th
participants are the nucleons which collide at least o
during the collision of nucleusA on nucleusB at impact
parameterb. They have a density per unit transverse a
given by

npss, bd  TAssd h1 2 expf2sN TBss 2 bdgj

1 TBss 2 bd h1 2 expf1 2 sN TAssdgj , (6)

wheresN ø 32 mb is the nucleon-nucleon inelastic cro
section. The total number of participants at impa
parameterb is Npsbd 

R
d2s npss, bd.

A plot of np for the two systems S-U and Pb-P
is given in Fig. 2. One sees that, up to impact p
rameters of about 8 fm, there are regions in the Pb
system where the density exceeds that in central
collisions. The transverse energydET ydy achieved in
central collisions is roughly proportional toNps0d. From
this, one deduces that the average energy density prod
in central collisions, proportional toNps0dyR2, is approxi-
mately the same in the S-U and Pb-Pb systems. Howe
the maximum density achieved in Pb-Pb is about 3
larger than in S-U. One may get an estimate of the ma
mum value ofnp by using sharp sphere densities. O
then getsnmax

p sbd  2r0

p
sRA 1 RBd2 2 b2, which, for

central collisions, is proportional toA1y3 1 B1y3. Note
that theJyc production, being proportional toTA TB, oc-
curs dominantly in the regions of largest density.
n
e.,

es-
n-
on
e
b-
as

FIG. 2. The density of participantsnpssd, for s along the
direction of the impact parameter, for various values of t
impact parameter:b  0, 2, 4, . . . fm. The origin is at a
distancebys1 1 RByRAd from the center of nucleusA. Left,
S-U collision; right, Pb-Pb collision. The horizontal dashed li
corresponds to the largest density achieved in the S-U sys
np  3.3 fm22.
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Following [4], we now model the effect of quark-gluo
plasma formation by assuming that theJyc produced at
point s is completely destroyed whenever the density
that point exceeds a critical value. That is, we calcula

N sbd 
1

TABsbd

Z
d2s

1
s2

a
s1 2 e2saTAssdd

3 s1 2 e2saTBss2bddusssnc 2 npssdddd . (7)

A plot of N sbd as a function of centrality, defined a
NpsbdyNpsb  0d, is shown in Fig. 3 for various value
of the critical densitync. Given the fact that no sup
pression is observed in S-U collisions other than nuc
absorption, the critical density has to be bigger than
highest value attained in S-U collisions, i.e.,3.3 fm22 (see
Fig. 2). Choosing this particular value fornc, one obtains
NAB  0.28. Therefore,rc  0.28y0.43  0.66, to be
compared with the valuerc  0.72 obtained by NA50.
Furthermore, for central collisions, we findrcs0d 
0.17y0.39  0.44, to be compared with the valuercs0d ø
0.50 of NA50. Thus the two main observations of NA5
can be accounted for quantitatively by this simple pictu

Within the present model, the valuerc  0.66 is to
be looked at as the lowest possible value since we h
considered the most extreme scenario: total suppres
above nc and lowest possible value ofnc. The fact
that the resultingrc is only slightly smaller than the
experimental one puts very severe constraints on
suppression mechanism. It seems, for instance, diffi
to arrive at a value ofrc as small as 0.72 by
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FIG. 3. The survival probability of aJyc in Pb-Pb collisions
after absorption in nuclear matter and dissolution in a qu
gluon plasma [Eq. (7)]. For valuesnc . 4.4 fm22, there is
no suppression beyond nuclear absorption. The three cu
showing an effect of the quark-gluon plasma correspond
nc  3.7, 3.5, and3.3, respectively. The corresponding valu
of the ratiorc [Eq. (2)] are, respectively, 0.82, 0.74, and 0.6
The diamonds indicate the value of the impact parame
b  0, 2, . . . , 14 fm.
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mechanism which would set in gradually beyond S
and/or suppress only a fraction of thec ’s, as in a scenario
advocating the suppression of resonances decaying
Jyc, such asx, for example. In order to attain the valu
rc ø 0.7, all resonances have to be suppressed abovenc.

Since the suppression mechanism is very sensitiv
the local energy density, the obtained value ofrc will
also be sensitive to a number of factors. For exampl
is sensitive to the parametrization of the nuclear dens
Thus, by taking another common parametrizationsRA 
1.19A1y3 2 1.61A21y3, a  0.54 fmd which makes the S
nucleus smaller, we getrc  0.72 instead of0.66. The
deformation of the uranium nucleus could also sligh
alter the value ofrc . We should also mention that, i
comparing the two systems S-U and Pb-Pb, we h
neglected the variation of the colliding energy, from 2
to 160 GeV. Such an energy shift results in a slig
decrease of the multiplicity density (inp-p collisions,
this can be estimated from [10] to be about 4%).
the other hand, the energy density is likely to incre
with the number of participants faster than linearly, as w
assumed in our calculation. These effects should be ta
into account in a more complete calculation. It sho
also be stressed that none of the results on which
rely are totally model independent, since the ratiosrc are
obtained after extraction of nuclear absorption.

It would obviously be desirable to get confirmatio
of the present scenario from independent observables
particular, it is worth recalling that the existence of
threshold effect is not a clear-cut theoretical predict
[11]. It is therefore crucial to confirm experimentally su
an effect and to determine the corresponding density;
could be achieved by exploring collisions with smal
targets. There are also several effects which could
looked for in the Pb-Pb data, and which, if observ
would give confidence in the overall picture. The
include the effect of fluctuations at large transve
energy, and the expected saturation with centrality of
ratio rc 0yrc and of the average transverse moment
squared of theJyc ’s. We now discuss these three poin

It can be seen in Fig. 3 thatrc is very sensitive to
the value of the critical density. One can get a sim
estimate by considering sharp sphere nuclear dens
and by neglecting nuclear absorption. Thenrcs0d 
sncynmax

p d4 for nmax
p . nc, in rough agreement with th

results displayed in Fig. 3. We can write this same ra
in terms of energy densities:rcs0d  secyemaxd4. Thus,
ec being fixed, a 10% increase inemax due to fluctuations
leads to a decrease of about 30% inrcs0d. One could
therefore observe a further noticeable decrease ofrc in
collisions involving the largest transverse energies.

It has been observed in the S-U system that the
tio rc 0 yrc decreases with increasing centrality. Beca
there are evidences that theJyc and thec 0 suffer the
same nuclear absorption [12], it is natural to attrib
the extra suppression to collisions with comovers (it
1705
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B

0),
plausible that the loosely boundc 0 is more easily de-
stroyed in hadronic collisions than theJyc). However,
in the present scenario, both theJyc and thec 0 are de-
stroyed before the comovers have a chance to do
thing. As a result, the ratiorc 0yrc remains approximately
constant as a function of centrality, as soon as the c
cal density is reached, i.e., forb , bc. This is easily
deduced from Eq. (7): Whenb # bc, rc 0sbdyrc sbd ø
NcomsbcdNc 0sbcdyNc sbcd, and is approximately inde
pendent ofb, while it should decrease if no plasma
produced. We have made a crude estimate, using
model discussed in [4] of the quantityNcom, which is
the survival probability of theJyc after its interactions
with comovers. The values that we obtain depend so
what on parameters. However, the saturation of the r
rc 0sbdyrc sbd with increasing centrality is a fairly robus
consequence of the model.

A natural explanation for the variations of theJyc pT

distributions observed in nuclear collisions has been gi
in terms of initial state scatterings [13]. In this pictur
the increase ofkp2

T l at impact parameterb is given by
kp2

T l  kp2
T l0 1 C n̄ABsbd, whereC is a constant whos

value can be determined from proton-nucleus data and

n̄ABsbd 
1

TABsbd

Z
d2s TAssdTBss 2 bd

3 fTAssd 1 TBss 2 bdg N sbd (8)
is the average density of nucleons seen by aJyc. The
factor N sbd has been left out in previous analys
However, it is important whenever the suppression
large. In particular, it is responsible here for the fact t
n̄ABsbd remains roughly constant whenb , bc, while,
in the absence of a plasma,n̄ABsbd would continue to
increase by some 25%. This result, at variance with e
expectations that a quark gluon plasma would stron
affect theJyc momentum distribution [14], comes from
the fact that in the present scenarioall the Jyc ’s need to
be suppressed, irrespective of their transverse momen
whenb , bc.

In conclusion, we have explored a scenario in wh
Jyc production is totally suppressed in regions wh
the energy density exceeds some critical value. Quan
tive agreement with the present NA50 data is obtained
choosing the critical density slightly greater than the d
sity attained in central S-U collisions. The fact that t
maximum densities reached in the Pb-Pb and S-U sys
may differ by no more than 35% suggests a strong sens
ity of the suppression mechanism to small changes in
energy density. It makes it difficult to interpret the pres
Pb-Pb data in terms of collisions with comovers (such
1706
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interpretation is also made difficult by the theoretical
guments developed in [15]). It is therefore tempting
speculate that the large increase in the suppression is
to a dramatic change in the properties of the produced m
ter, pointing to the possible production of the quark-glu
plasma. We wish to stress, however, that the picture p
sented in this letter is very crude, and although it appe
to account for the bulk features of the present data, m
refinements need to be worked out, and detailed confro
tions with more data need to be made, before unambigu
conclusions can be drawn.

We wish to thank the members of the NA50 Collabo
tion for discussions concerning their data.

Note added.—After this work was completed, we
learned from D. Kharzeev that he and H. Satz have d
similar estimates.
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