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J /¢ Suppression in Pb-Pb Collisions: A Hint of Quark-Gluon Plasma Production?
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The NA50 Collaboration has recently observed a strong suppressidiigofproduction in Pb-Pb
collisions at 158 GeYnucleon. 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 is
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 plasma
formation. [S0031-9007(96)00831-9]

PACS numbers: 25.75.Dw, 12.38.Mh, 24.85.+p

The NA50 Collaboration has recently reported the In a nucleus-nucleus collision, the survival probability
observation of a strong suppressionJgi/ production in N, takes, after integration over the impact parameter,
Pb-Pb collisions at 158 GeV per nucleon [1], which is notthe factorized formiN,z = N, Np. Within the range of
explained by conventional models of nuclear absorptionA values considered, and for the chosen parametrization
Since such models have been found to account reasonatd§ the density, Itz ~ A3 + B!/3 (see Fig. 1). We
well for all the previous data involving lighter nuclei [2], use forp(r) the expressioma(r)/po = 1/{1 + exdr —
the immediate implication seems to be that new physics i®4/a]} with R4 = 1.1A'/3 fm, a = 0.53 fm, and py is
involved in Pb-Pb collisions, possibly the formation of afixed by the normalizatiorf p4(r)d*r = A (e.g., in**Pb,
quark-gluon plasma [3]. po = 0.17 fm™3).

In this Letter, we present an interpretation of the data As seen in Fig. 1, nuclear absorption explains both the
based on the observation that tteeal energy density proton-nucleus and nucleus-nucleus data up to the S-U
is higher in Pb-Pb collisions than in any of the systemssystem, with a common value of the absorption cross
studied previously, in particular, the S-U system. Insection (we have adopted the valug = 6.2 mb used by
order to explore the possibility that the large suppression
which is observed in Pb-Pb collisions could be due to the
formation of a quark-gluon plasma, we adopt a simplified 1
description [4] in which one considers thalt the J/¢'s -
produced in a region where the energy density exceeds -
some critical value are suppressedVe emphasize that L

we do not, and cannot at this stage, make precise g’
statements about detailed microscopic mechanisms (for =& i %
a recent review, see [5]). Our purpose is only to test % 05| +
the idea that the suppression depends solely on the local £
energy density, and to see whether consequences of this = L
assumption are supported by the data. =

We first review briefly the conventional treatment of g O 450 deV p-C, Al, Cu, W
nuclear absorption [2,6]. The ratio of thgy production n "+ 200dev p—Cu, W, U |
cross section in proton-nucleus collisiofs,4) to that in ¢ 200 deV 0-Cu, 0-U, §-U
proton-proton collisiongo ;) is given by % 160 deV Pb-Pb

Lopy 1 [ , ) S S E—

Na = A = Ao, f d“b{l — exd—o.,Ta(b)]}, 5 10

0 Al/3Lpl/3
+o0 . . FIG. 1. TheJ /¢ survival probability after absorption through
Wh_ereTA(,S) = [ pals,2)dz is thg nucleon density per ., cjear matter, as a function af/> + B!/3, whereA andB are
unit area in the transverse plane (i.e., the plane transvergge mass numbers of the colliding objects. The full line (dotted
to the collision axis), and, is an absorption cross section line) is the survival probability for the proton-nucleus (nucleus-

(although we do not write it explicitly, in our calculations nucleus) systems, calculated with a cross seatipr= 6.2 mb.
0. is multiplied by the correction factor — 1/A, where The data at 450 GeV are obtained from Refs. [1] and [7], those

. .. at 200 GeV from Refs. [1] and [8]. In order to obtain the
A is the mass number of the nucleus [2]). The quantitysryival probability, each set of data has been rescaled by

Na may be interpreted as the probability that a produced constant factor so as to obtain the best fit with the theo-
J /4 survives nuclear absorption. retical curve.
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the NA50 Collaboration [1]). However, the Pb-Pb systemin the transverse direction (we consider the production of
deviates significantly from that common trend. One can//¢’s near central rapidity). We shall therefore ignore
measure this deviation by the ratio both the transverse expansion and the transverse motion
N, s(measurel pf the J/gl_f’s. Under these cc_)nditions, the fgte qﬂagb
ry = N,p(estimated’ (2) is determlne_d_by the properties of the medium in the re-
gion where it is created, and is controlled by the energy
where Ny (estimatedl is the value of the survival prob- density in the transverse plane.
ability to nuclear absorption alongN,g(estimategl = To estimate this density, we assume that it is propor-
0.43]. The value ofr,, as read from Fig. 1, i9.68 =  tional to the density of participants. This assumption is
0.06. The survival probabilities plotted in Fig. 1 are ex- motivated by the fact that, in nucleus-nucleus collisions,
tracted from absolute cross sections which contain syshe multiplicity and the transverse energy grow approxi-
tematic errors of the order of 10% to 20%. These errorsnately linearly with the number of participants [9]. The
have been reported in the figure, although they largelyarticipants are the nucleons which collide at least once
cancel in the relative values of the survival probabilitiesduring the collision of nucleud on nucleusB at impact
corresponding to a given set of data. In its analysis, th@arameteb. They have a density per unit transverse area
NA50 Collaboration uses the ratio of th&/¢s produc- given by
tion cross section to the DreII-Yan Cross section, V‘_’h'chnp(s,b) — Ty(s){1 — exd—onTs(s — b)]}
reduces most of these systematic errors. It also relies, in
extracting nuclear absorption, on the transverse energy de- + Tp(s — b){l — exdl — onTa(s)]}, (6)
pendence of the S-U data, rather than on integrated dafgheresy =~ 32 mb is the nucleon-nucleon inelastic cross
alone. It obtains thus, for the ratig,, the more precise section. The total number of participants at impact
value0.72 = 0.03. parameteb is N,(b) = [d*sn,(s,b).

We turn now to the dependence of the effect on the A plot of n, for the two systems S-U and Pb-Pb
impact parameter of the collision. We write thg'sy  is given in Fig. 2. One sees that, up to impact pa-
production cross section at impact parameétes follows:  rameters of about 8 fm, there are regions in the Pb-Pb

1 doag system where the density exceeds that in central S-U
P Tl Tap(b)N (D), (3)  collisions. The transverse energifr/dy achieved in
rp central collisions is roughly proportional 16, (0). From
whereT,3(b) = [d*s T4(s) Tg(s — b) is proportional to  this, one deduces that the average energy density produced
the probability to produce ac pair, and N (b) is the in central collisions, proportional t¥,(0)/R?, is approxi-
survival probability at impact parametér The quantity mately the same in the S-U and Pb-Pb systems. However,

N (b) is related toN,p introduced above byN,z = the maximum density achieved in Pb-Pb is about 35%
(1/AB) [d*b T4p(b)N (b). If nuclear absorption is the larger than in S-U. One may get an estimate of the maxi-
only suppression mechanism, mum value ofn, by using sharp sphere densities. One
N(b) = Nows(b) then getsn'®™(b) = 2po\/(Rs + Rp)> — b2, which, for
central collisions, is proportional td!/> + B!/3, Note
= 1 f d2si(1 — ¢ ouTals)) that theJ /¢ production, being proportional t64 Tz, OC-
Tap(b) o; curs dominantly in the regions of largest density.
X (1 — ¢ ouTals=b)y, (4)
5_\\III\\\III\\\II_ 5_III\\III\\\III\\_
In analogy with Eq. (2), we define S L e N N
) o 7 e ER E
r = ——. ! EOTTTTTTU AL T A \ 4
v Navs(b) E G ] 3 ]
From the NA50 data, assuming that the last bin in . 2 — 2 —
transverse energy corresponds to central collisions, i.e., © 1 a3 1 i
to b = 0, one extracts the valug, (b = 0) = 0.50. E m L E
We now show that the values of these two ratigg, 0 0
defined in Eq. (2) and,(0) defined in Eq. (5), can be -10 ‘5X [?m] 5 10 —10 10

understood quantitatively if one assumes that the suppres-
sion mechanism is sensitive only to the local energy denFIG. 2. The density of participants,(s), for s along the
sity. A central assumption here is that the Suppressioﬁlrectlon of the impact parameter, for various values of the

; ; mpact parameter:b = 0,2,4,... fm. The origin is at a
of the J /¢ takes place at times short compared with the‘distanceb/(l " Ry/R,) from the center of nucleus. Left

transyerse size of the intergction region, i.e., before a S“%—u collision; right, Pb-Pb collision. The horizontal dashed line
stantial transverse expansion of the produced matter hagrresponds to the largest density achieved in the S-U system,
occurred, and before the/¢ has traveled a long distance n, = 3.3 fm~2.
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Following [4], we now model the effect of quark-gluon mechanism which would set in gradually beyond S-U,
plasma formation by assuming that théy produced at and/or suppress only a fraction of tiés, as in a scenario
point s is completely destroyed whenever the density atidvocating the suppression of resonances decaying into
that point exceeds a critical value. That is, we calculate J /i, such asy, for example. In order to attain the value

1 , 1 i) ry = 0.7, all resonances have to b_e su_ppressed abg.ye
Trs(b) f d S;(l — e 7)) Since the suppression mechanism is very sensitive to

AB a the local energy density, the obtained value rgf will
X (1 — e 7T6=Pg(n, — n,(s)). (7)  also be sensitive to a number of factors. For example, it

A plot of ' (b) as a function of centrality, defined as is sensitive to the parametrization of the nuclear density.
N,(b)/N,(b = 0), is shown in Fig. 3 for various values Thus,lgy taking é?gther common parametrizatifiy =
of the critical densityn.. Given the fact that no sup- 11947 — 161477, a = 0.54 fm) which makes the S
pression is observed in S-U collisions other than nucleafucleus smaller, we gef, = 0.72 instead of0.66. The
absorption, the critical density has to be bigger than th&eformation of the uranium nucleus could also slightly
highest value attained in S-U collisions, i.23 fm~2 (see alter thg value ofr,. We should also mention that, in
Fig. 2). Choosing this particular value fog, one obtains comparing the two systems S-U and Pb-Pb, we have
Nys = 0.28. Therefore,r, = 0.28/0.43 = 0.66, to be neglected the variation of the colliding energy, from 200
compared with the value, = 0.72 obtained by NA50. 0 160 GeV. Such an energy shift results in a slight
Furthermore, for central collisions, we find,(0) = deprease of thg multiplicity density (ip-p collisions,
0.17/0.39 = 0.44, to be compared with the valug(0) ~ this can be estimated from [10] to be about 4%). On
0.50 of NA5O. Thus the two main observations of NA50 the other hand, the energy density is likely to increase
can be accounted for quantitatively by this simple pictureWith the number of participants faster than linearly, as was
Within the present model, the valug, = 0.66 is to assumed in our calculation. These effects should be taken
be looked at as the lowest possible value since we havBt0 account in a more complete calculation. It should
considered the most extreme scenario: total suppressighSO be stressed that none of the results on which we
above . and lowest possible value of.. The fact rely are totally model independent, since the ratipsare
that the resultingr, is only slightly smaller than the Obtained after extraction of nuclear absorption.
experimental one puts very severe constraints on the It would obviously be desirable to get confirmations

suppression mechanism. It seems, for instance, difficuff the present scenario from independent observables. In
to arrive at a value ofr, as small as 0.72 by a particular, it is worth recalling that the existence of a

threshold effect is not a clear-cut theoretical prediction
[11]. Itis therefore crucial to confirm experimentally such
an effect and to determine the corresponding density; this
could be achieved by exploring collisions with smaller
targets. There are also several effects which could be
looked for in the Pb-Pb data, and which, if observed,
would give confidence in the overall picture. These
include the effect of fluctuations at large transverse
energy, and the expected saturation with centrality of the
ratio ry/ry, and of the average transverse momentum
squared of the /¢’s. We now discuss these three points.
It can be seen in Fig. 3 that, is very sensitive to
the value of the critical density. One can get a simple
estimate by considering sharp sphere nuclear densities,
and by neglecting nuclear absorption. Thep(0) =
(nc/nj_,j“‘”‘)4 for n™* > n., in rough agreement with the
0.0 11 PP AN AP results displayed in Fig. 3. We can write this same ratio
00 02 0.4 0.6 0.8 1.0 in terms of energy densities;, (0) = (e./€max)*. Thus,
Centrality €. being fixed, a 10% increase #y,,x due to fluctuations,
FIG. 3. The survival probability of &/« in Pb-Pb collisions leads to a decrease of about 3,0%”4“0)' One CO‘_JId
after absorption in nuclear matter and dissolution in a quarktherefore observe a further noticeable decreaseoin
gluon plasma [Eq. (7)]. For values. > 4.4 fm~2, there is  collisions involving the largest transverse energies.
no suppression beyond nuclear absorption. The three curves |t has been observed in the S-U system that the ra-

showing an effect of the quark-gluon plasma correspond tg; , PR ; ;
n. — 3.7,3.5, and3.3, respectively. The corresponding Values‘ilo ry/ry decreases with increasing centrality. Because

of the ratior, [Eq. (2)] are, respectively, 0.82, 0.74, and 0_66_there are evidences that thigys and they’ suffer the

The diamonds indicate the value of the impact parameterSame nuclear absorption [12], it is natural to attribute
b=0,2,...,14 fm. the extra suppression to collisions with comovers (it is

N(b) =

1.0|II|||I|||I||||I|||||||I
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plausible that the loosely boungt’ is more easily de- interpretation is also made difficult by the theoretical ar-
stroyed in hadronic collisions than thi'y). However, guments developed in [15]). It is therefore tempting to
in the present scenario, both thigy and they’ are de- speculate that the large increase in the suppression is due
stroyed before the comovers have a chance to do anye a dramatic change in the properties of the produced mat-
thing. As a result, the ratig, /r, remains approximately ter, pointing to the possible production of the quark-gluon
constant as a function of centrality, as soon as the critiplasma. We wish to stress, however, that the picture pre-
cal density is reached, i.e., fdr < b.. This is easily sented in this letter is very crude, and although it appears
deduced from Eg. (7): Whed = b., ry(b)/ry(b) =  to account for the bulk features of the present data, many
Neom (b)) Ny (be)/ Ny (be), and is approximately inde- refinements need to be worked out, and detailed confronta-
pendent ofb, while it should decrease if no plasma is tions with more data need to be made, before unambiguous
produced. We have made a crude estimate, using theonclusions can be drawn.
model discussed in [4] of the quantitiV,.,, which is We wish to thank the members of the NA50 Collabora-
the survival probability of the//y after its interactions tion for discussions concerning their data.
with comovers. The values that we obtain depend some- Note added—After this work was completed, we
what on parameters. However, the saturation of the ratieearned from D. Kharzeev that he and H. Satz have done
ry/(b)/ry(b) with increasing centrality is a fairly robust similar estimates.
consequence of the model.

A natural explanation for the variations of théy pr
distributions observed in nuclear collisions has been given
in terms of initial state scatterings [13]. In this picture,
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