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Abstract

Conditions of the collisions induced by Pb projectiles at 158 GeV/nucleon wiil-be reviewed.

Three potential signatures of the formation of a quark-gluon plasma will be discussed : production

of JAj/ and \\f' resonances, of virtual photons and of multi strange baryons and antibaryons.

I. Introduction

It is a well established prediction from lattice QCD calculations that, under extreme energy

density conditions, usual hadronic matter will undergo a transition towards a new phase of matter

called the quark-gluon plasma (QGP). In this QGP, the elementary constituents are the quarks and

gluons which are no longer confined inside the hadrons. It has been stated that such a phase could

be transiently formed in collisions induced by heavy ions provided the beam energy is high

enough, the size of the deconfined volume being of course dependent on the size of the incident

projectiles.

From 1986 to 1992, a first round of experiments has been performed at CERN with O and

S beams at 200 GeV/nucleon and at Brookhaven with O and Si beams at 14.5 GeV/nucleon. The

CERN experiments used recycled apparatuses to which dedicated detectors were added. These

have been upgraded to deal with the new Pb-beams available at the end of 1994 and to cope with

the higher multiplicity of produced particles and the higher irradiation level.

At the expense of a limited amount of beam time (less than 30 weeks) an impressive

amount of experimental results have been obtained with the light projectiles [1]. It has been shown

that a rather high energy density is obtained in very central collisions of these ions on heavy targets

(about 20 times the energy density in a nucleus). Although this value is only an estimation which is

model dependent [2], it is in the range of values predicted for the transition towards the QGP

phase. However no definite conclusion about the possible formation of a QGP has been reached. A

very striking feature is that many signatures which were predicted to signal the formation of a QGP



were observed [1]. But in each case, alternative explanations were found and it has not really been

possible to distinguish between them without ambiguity.

In this paper, I will present results obtained with the Pb-beams at CERN as extensively

discussed for the first time at the conference Quark Matter 1996 in Heidelberg. In the first part, I

will focuss on the conditions of the collision and especially on global observables in view of a

comparison with the case of S projectiles. In the second part, I will report on the signatures and

mostly about two of them which have been the object of exciting discussions at QM96.

II. Conditions of the collision

As previously observed with light projectiles, the stopping power of matter is important.

Stopping decreases very slowly from Bevalac to SPS energy and is slightly larger in Pb-Pb than in

S-S [3] as can be deduced from rapidity distributions of "protons" (fig. 1 and 2). These are

obtained by subtracting rapidity distributions of positive and negative particles and assuming equal

numbers of positive and negative pions. "Protons" from target and projectile are shifted towards

mid-rapidity and there is no region which is free from baryons. This will be important to

understand strangeness behaviour.
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Fig. 1 : beam energy dependence of the
baryon distribution.

Fig. 2 : system size dependence of the
baryon distribution.

An observation which may be disappointing is the fact that all global observables seem to

be mainly governed by geometry as was the case with the S-beam and do not display any special

unexpected feature. This is true for instance for the transverse energy - which measures the energy

deposited in the system - (fig. 3) [3, 4] and for the zero degree energy. Both are correlated as

expected if the collision is governed by geometry. The zero degree energy is the energy of

spectator nucleons measured in the forward direction and is directly related to the impact parameter.

From Monte Carlo simulations based on event generators and including the geometry of the



collision, it is possible to deduce from ET, EZDC distributions the impact parameter and the number

of wounded (participant) nucleons [5] of the collision.

Pb + Pb
S + Au
VENUS 4.12

200 400 600 800
ET (GeV)

Fig. 3 : E j spectrum of Pb-Pb and S-Au collisions [6], The histogram corresponds
to predictions of the VENUS simulation code.

Another similarity with S-induced collisions concerns the rapidity distribution of produced

particles. Its shape is similar to that of S+S with a standard deviation value of 1.4 which is higher

than the 0.88 value expected for an isotropic fireball but which do not exhibit a plateau at mid-

rapidity as should be the case for a total transparency in the collision [6]. This feature is in

agreement with the baryon distribution shown on fig. 1.

An important physical parameter is the energy density attained in the initial phase of the

system whatever its nature. While the energy deposited in it can be deduced from the transverse

energy of measured hadrons, its volume is not known. The energy density can thus only be

estimated from a modelisation of the volume. The most popular relation used is that of Bjorken [2]
|p (mt)dN/dy | me B J

A
max

which applies to the extreme case of ultrarelativistic collisions where there is total transparency of

matter. In that case, in the central rapidity region which is free from baryons, the produced

particles develop a plateau in their rapidity distribution and ~-p I max is the value of this plateau,

while mj is the mean transverse mass of each particle. The volume is Aj_ To where A i is the

transverse overlap area between target and projectile at a given impact parameter and To the

formation time of the initial phase, TO is not known and is usually taken as 1 fm/c. As explained

above, at CERN, we are not yet in the transparency regime. Here dN/dy I max will be the volume

in one unit of rapidity around the maximum of the dN/dy distribution. Coupled with the fact that TO

is not known, the Bjorken estimate provides only a credible value for relative comparisons. When

applied to the Pb-Pb case for central collisions, it gives a value of = 2.5 GeV/fm3 close to the value

of = 2.4 GeV/fm3 which was obtained for central SU collisions. As most of the global observables

are essentially sensitive to the mean energy density it is not surprising that no striking difference



appears between Pb-Pb and S-U collisions. Let us remind that despite its uncertain absolute value,

this energy density is in the range of values expected for the transition towards the quark-gluon

plasma phase.

In the Bjorken estimate, nuclei are treated as flat disks. When realistic nuclear shapes are

taken into account, the energy density exhibits a profile which have a maximum value much higher

in the case of Pb-Pb than for SU. On figure 4, is shown the density of participants np along the

axis of the impact parameter (from ref. [7]) for equidistant lines of impact parameter. As the

transverse energy has been shown to scale with the number of participant nucleons [8], np is

proportional to £. It can be seen on fig. [4] that at b=0 fm in a localized region with a transverse

size similar to that of sulfur, the energy density of the Pb-Pb system is 30 to 40 % higher than the

mean value. This is an essential difference with S-U collisions and will have an incidence on

charmonium production, as JP¥ and *F' are mostly formed in this region.
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Fig. 4 : Density of participant nucleons along the axis of impact parameter [7]. The solid lines
correspond to equidistant lines of impact parameter plotted every 2 fm. TTie dashed line

is the threshold value used in the calculation described further.

Finally a longer life-time of the system is expected in case of QGP formation. This has not

been seen for the moment. The size of the hot zone at freeze-out seems to be rather "round" and not

much bigger than that expected from nuclear sizes. [9]

To summarize this part, there is no clear signal that something new has happened in global

observables. This is not surprising as the mean energy density of the system is similar to that

obtained with light ions. Still, local multiplicity fluctuations, due to QGP droplets could occur.

None have been seen so far. The only new feature as compared to SU collisions, is the consequent

increase of the energy density in a localized region of space.



III. More about signatures

In this chapter, different particles production rates advocated as potential signatures of a

QGP formation will be reviewed. They will be presented following the order of their emission time

in the collision.

1) Charmonium state production
iP¥ "suppression" has been proposed very early in this physics as an "unambiguous"

signature of QGP formation. The initial prediction by Matsui and Satz [10] was that, in case of

QGP formation, because of Debye color screening, I/H* production should be suppressed.

Screening should even be easier for *F' which is a n=2 state of the cc system and which is thus

bigger than J /¥ . From 1987 and on, ]!*¥ and *P' have indeed been found suppressed, as

predicted, by the NA38 collaboration with O and S projectiles : a strong effect for J/47 [11] and an

even stronger suppression of 4*' [12, 13] for SU collisions. These results have induced a lot of

debates about their interpretation and alternative explanations involving conventional physics have

been proposed [1]. Little by little some of these explanations were abandonned thanks to a wealth

of new and precise data in collisions induced by hadrons [14]. The main issues from these data can

be summarized as follows : i) J/4* production is also suppressed in hadron-A collisions as was

previously observed by the NA3 experiment [15]. Its cross-section does not follow the law

<*hA = C?NN A a with a = 1 as expected if no effect in the final state was present. But here a = 0.91

ii) In spite of its size, the ¥ ' is not more suppressed than the J/4* : B' Cy' / Baj/y = 1.74 ± 0.20 %

whatever the target or the center of mass energy. B and B' are the respective branching ratios of the

decay of the resonances into two muons.

An important step was crossed over in 1991 when it has been shown [16] that there was no

discontinuity in J/*F suppression from hadron-A to O-Cu, O-U and S-U collisions. The 1/4*

suppression exhibits an exponential decrease with L, the length of matter in the final state after the

cc pair formation (fig. 5). L is a geometrical variable which is related to the radius of the target for

pA collisions [16]

L = 1 AzI rQ Ai/3 w i t h r o = 1.2 fm

4 A

For AB collisions, it can be simulated from the knowledge of the impact parameter or deduced

from the mean square momentum < px^> of JA|/ [16]. This exponential behaviour is characteristic

of a nuclear absorption process. The corresponding absorption cross-section is = 6.5 mb. The

decrease of J/*F production with centrality for SU collisions is also shown to exhibit the same

absorption cross-section (full dots on fig. 5). Although well present in the experimental data, this

L-scaling has been very much controverted from a theoretical point of view. Due to the constant

4* W ratio in pA collisions, it seemed impossible that the observed absorption was that of the final

]fy¥ and 4*' resonances which differ too much in size. In 1995, two new theoretical works [17, 18]

have overcome that difficulty. In particular, it has been proposed [17] that the observed absorption



was that of a preresonant state of the J/*F and 4/> mesons. This state, made of a color octet cc pair

with a colinear gluon, is similar for the 1PV and 4*' and thus suffers similar absorption in nuclear

matter. In case of SU collisions, an additional suppression of *¥' production, in a further stage of

the collision, is assigned to comovers, those particles like TC, p produced in the collision at the same

time as JW. The 4/1, contrary to JP¥, is a loosely bound state and is easily destroyed in collisions

with the comovers.
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Fig. 5 : Cross-section per nucleon as a function of the length of matter in the final state. The dotted line

corresponds to nuclear absorption described by O N N exp(-pQ OabsL) with Oabs = 6-5 ± 0.5 mb.

In this framework how do the Pb-Pb results look ?

cross-section does not follow the law aj/^/ (AB) = AB

collisions up to SU. (fig. 6)
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• This not a trivial effect due to misunderstood problems in the luminosity. This has been

checked from the Drell-Yan cross-section for muon pairs in the mass range [2.9-4.5] GeV/c2. The

measured Drell-Yan cross-sections are usually compared to the leading order cross-sections

obtained from simulations. The ratio of both, called K, accounts for higher order corrections. Its

value K = 2.35 ± 0.17 is shown to be perfectly compatible with other experiments.

• The centrality dependence of W suppression is studied by comparing JW cross-section to

that of Drell-Yan in different neutral transverse energy bins. The ratio B aj/y / C D Y exhibits a

strong deviation as compared to the extrapolation of nuclear absorption (fig. 7). For the more

central collisions there is a factor 0.52 ± 0.05 between both. This factor is 0.71 ± 0.03 when

integrated over all impact parameters.

• The ratio B'tfy / Boj/y is equal to 0.06 ± 0.01 %. It is similar to the value for S-U and is

about 3 times smaller than in pA collisions.

• Finally despite the small total number of ¥ ' (•= 350), the centrality dependence of ¥ '

suppression is similar to that of SU. There does not seem to be any additional suppression. This

will have to be checked with higher statistics, (fig. 8)
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Fig. 8 : The same as fig. 7 for \\i'

These results have been the object of exciting discussions at QM96. [1]. There are for the

moment two explanations on the market. The first one [7, 19] assumes that a QGP is formed and

screening effects occur in the region of space where the energy density is higher than a critical

value ec defined by the maximum of the profile of SU at b=0 (see fig. 4). In the rest of space there

is only the absorption of the preresonant state. It works very well for JP¥ and accounts raturaUy for

the threshold behaviour which seems to be present in the data. ¥ ' suppression should be

qualitatively reproduced but no calculation exists for the moment. The second explanation [20]

considers interactions with the comovers added to nuclear absorption of the preresonant state.



Although J/M* is strongly bound, and its absorption cross-section in an interaction JW + n is

predicted small [21], the density of comovers is high as seen on fig. 4 and may produce a non

negligible effect. Although comovers are not necessary to account for J/v|/ suppression in collisions

induced by light projectiles they are artificially introduced in order to give a global description of all

collisions up to Pb-Pb. It seems that the total suppression of J/*P OF'), i.e. a factor = 5 (15)

between pp and Pb-Pb central collisions, is reasonably reproduced. However, the detailed

suppressions are not satisfactory and in particular the scaling property with L which seems to be

present in the data is not reproduced. This explanation needs further studies but it seems clear

nevertheless that Pb-Pb results exhibit a very different behaviour from those of collisions induced

by light ions.

2) Electromagnetic probes

The emission of real and virtual photons (studied from e+e~ or (J."*"(LX~ pairs) should in

principle be the ideal signature of QGP formation as they do not suffer strong interactions and thus

carry informations about the conditions of the system at the time when it was formed. However

they are pleagued with experimental and physical difficulties - experimental, because they are

superimposed on a strong background of hadron decays which has to be carefully taken into

account - physical, because their rate is predicted to be very small and they are superimposed on

photons resulting from hard processes which are well known but quite dominant.

Real photons were not found with light projectiles [1]. They are searched for by WA98 and

CERES with Pb beams. But there is no results yet.

The NA50 experiment has looked at the invariant mass M spectrum of dimuon pairs below

JW where thermal pairs are expected. The signal exhibits an excess above the well known

processes of Drell-Yan and semi-leptonic decay of DD mesons. This excess defined as the ratio

D/S where D is the number of pairs in the data, in the mass range between 1.5 and 2.5 GeV/c2 and

S is the number of expected pairs from the known sources and extrapolated from pW. It is found

D/S = 2.03 ± 0.55(stat) [22]. A similar excess was observed in SU [13] and SW [23] systems.

This excess could be thermal but it exhibits a rather flat dependence on centrality in contradiction

with this hypothesis. Its nature for the moment is not well understood.

Virtual photons have been also studied in the low mass region (M < 1.5 GeV/c2) by the

CERES experiment. Very nice results have been presented at QM96 which instigated many

discussions [24]. Figure 9 and 10 show the measured dielectron spectrum from CERES for p-Be,

S-Au and Pb-Pb collisions. Results are compared with the expected yield from the hadron decay

sources in p-p collisions, normalized to the charge particle density. While the known sources

describe very well the p-Be data, there is a significant enhancement of dileptons in the invariant

mass range 0.2 - 1.5 GeV/c2 for S-Au and Pb-Pb collisions. This enhancement sets in just above

twice the mass of the pion which could indicate that it is related to n-n annihilation in a dense

fireball. Another interesting feature of this excess is that it seems to depend non-linearly on the

multiplicity of charged particles (fig. 11). A quadratic dependence is indeed expected if these



S-Au 200 GeV/u p-x > 200 MeV/c
© t e>35mrad
2.1 <T)< 2.65

= 125

CERES/NA45 p-Be 450 GeV/u
2.1 < T I < 2 . 6 5

> 50 MeV/c
6, e > 35 mrad
<dNe))/dTi>

10

m(GeV/o
Fig. 9 : Invariant mass spectrum of dielectron pairs for p-Be and S-Au collisions. The different

hadron decay sources are shown. The black area corresponds to the sum of all these components.

virtual photons are emitted from hot matter. At the opposite, a linear dependence is expected if

these photons come from the decay of hadrons after freeze-out. This is for instance observed

(fig. 11) for dileptons with masses < 0.2 GeV/c2 which correspond to the decay TC° -» e+ e- y. For

the moment, the errors do not allow to rule out a conventional linear dependence of the excess but

this will be checked with better statistics.
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These results have generated a great deal of interest in the heavy-ion community. Several

interpretations have been proposed to account for S-Au collisions. References [25, 26] are based

on a microscopic approach to the nuclear collision based on the relativistic transport model while

reference [27] considers the initial formation of a QGP. In these papers, dileptons are produced

from n-n annihilation (or qq in the plasma phase) and also of course from mesons decay.

These three calculations give similar results. They are able to account for the excess in the p

mass region but only of a fraction of the pairs produced below the p resonance. An extension of

the models of references [25, 26] introduces medium effects on the mass of the mesons [28]. The

agreement with the data is then excellent for SU collisions. As far as Pb-Pb collisions are

concerned, there is only a prediction [28] for central b=0 fm collisions which cannot be directly

compared to experimental data where a large range of impact parameters is included.

These interesting results call for experimental and theoretical confirmations. They suggest

partial restoration of chiral symmetry in the dense fireball and its effect on the vector meson

masses.

3) Strangeness production

I will also present results concerning the production of multi-strange baryons and anti-

baryons. Although very preliminary for the moment, these important results, if confirmed, will

offer complementary informations about the anomalous behaviour of the collisions.

Strange particles have been proposed long ago [29] as an important diagnostic tool of QGP

formation since their production should be favoured if this new state of matter is formed.

Enhancements of different kind of strange particles have indeed been observed [1] in nucleus-

nucleus collisions when they are compared to collisions induced by protons. However their

interpretation in terms of QGP formation is not straightforward, since secondary interactions

occuring in the hadron phase could produce a strange particle enhancement even in the absence of

an initial QGP phase provided the life-time of the hadronic phase up to freeze-out is long enough.

However, antihyperons are particularly interesting as their production by rescattering is slow in the

hadronic phase while hyperons and antihyperons produced during the hadronization of a QGP can

have abundances close to chemical equilibrium. It is thus very important to compare the relative

rates of the A, E and Q antihyperons which have an increasing strangeness content and thus a

decreasing probability of being produced by rescattering. An increase of the ration S/A when

compared to E/A has been reported by the WA85 collaboration for S-W collisions [30]. These

results have been strongly debated concerning their interpretation [1].

Very interesting preliminary results related to Pb-Pb collisions have been presented at QM96 by the

WA97 collaboration [31] about Q, and E production. On figure 12, hyperon + antihyperon mass

spectra are displayed for p-Pb and Pb-Pb collisions in the rapidity range 2.0 < y < 3.1. For Pb-Pb,

only a small fraction of the recorded events have been analyzed and the samples of data from 1994

and 1995 are shown separately as taken with different experimental conditions and not corrected



for acceptance and efficiency. Despite the preliminary character of these measurements, it appears

that the ratio CI + D./Z + E increases strongly in Pb-Pb collisions.

If confirmed, these results should reinforce the idea emerging from NA50 observations

about JAp production that some new physics is appearing in Pb-Pb collisions.

4) Summary
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Fig. 12 : Invariant mass spectra of Arc and AK pairs.

The physics of ultra-relativistic heavy ions collisions is a very vivid field. Its interest has been

renewed thanks to the Pb projectiles. The behaviour of global observables may look disappointing

at first glance revealing no departure from what had been observed with S projectiles. But this is

not surprising since the mean value of the energy density has not been increased by the increased

size of the projectile. However, in localized regions of the collision, the energy density is enhanced

up to 40 % as compared to the mean value. This significant change is of high importance for the

production of some particles which are used as a tool to recognize the possible formation of a

QGP. And indeed, and anomalous J/\|/ production has been observed by NA50 which departs

clearly from the extrapolation of SU results. The region where the departure from absorption

occurs has to be carefully scrutinized in order to reject definitively, or not, the possible influence of

comovers. This could be done in the future with a lighter target, and much better with a lighter

projectile like Sn for instance.



If confirmed with better statistics, the preliminary results of WA97 about multistrange

baryon production will reinforce the idea that something new is happening with Pb projectiles and

that perhaps we are on the way of observing deconfmed matter at CERN.

Finally, to find signatures of QGP formation it is essential to have a good knowledge of

hadronic matter which is present in the collision. In particular, the in-medium modifications of

hadron properties in hot and dense matter may provide new signatures of the hadronization

process. In that sense, the results obtained from CERES are very promising. We can thus

conclude, without taking many risks, that the game with Pb-beam projectiles is not yet over.

It is a pleasure to thank F. Plasil for having provided me some of the figures used there and

F. Antinori who gave me the latest results of WA97 concerning strangeness.
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