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ABSTRACT : What follows is the written version of the concluding talk of the XIX"1 Symposium 
on Mdtiparticle Dynamics. It draws most of its material from the contributions to this Conference. A 
few questions related to the electroweak interaction are touched upon, but the emphasis is put on key 
issues of multihadron production. Some aspects of nucleus-nucleus collisions are also discussed, not 
only in this context, but also as a means of producing a quark-gluon plasma. 



Following a tradition in this series of Conferences devoted to multiparliclc dynamics, a large number of 

participants (~ 60 out of- 1251 were given an opportunity to report on their recent results. Many topics 

were covered in a dense way, with a particular emphasis this year on perturbative QCD and on relativislic 

ion physics. I am sorry for not having enough time (or space) for doing justice to all of the 

contributions : 1 can only give a guided tour of some of them. 

l . T W O DECADES OF INVESTIGATION OF HIGH MULTIPLICITY HADRONIC 
INTERACTIONS 

When the first Symposium on multihadron production (MHP) was held 19 years ago, center 
of mass energies accessible with accelerators were limited to 12 GeV -whereas now, the TEVATRON 
can reach Vs values 150 times higher. At that time typical multihadron final stales comprised on the 
order of 10 prongs -now, ultrarelativistic ion beams produce hundreds of charged hadrons in a single 
collision. Then, theorists complained about the lack of (precise) data -now, a great many 
measurements are available, and MHP is observed not only in hadron-hadron collisions, but also in 
lepton-hadron deep inelastic scattering and in e + - e _ annihilation. Areas where MHP enters one way or 
another are ever larger and the practical importance of this field no longer has to be demonstrated. 
This topic is no less important from the theoretical point of view, as will be recalled below. 

2. MULTIHADRON VERSUS MULTIPHOTON PRODUCTION 

The situation where one has to deal with an increasing number of processes involving MHP 
has some analogy with the one encountered some thirty or forty years ago, when reactions involving 
multiphoton emission became more common and QED radiative corrections had to be applied to more 
and more processes. Not only were these radiative corrections important for practical reasons, but one 
had to make sure that higher order terms were under complete theoretical control to assess QED as a 
fundamental theory. 

Similarly, as MHP is expanding in the particle physics field, it has to be well understood, not 
only for pratical reasons, e.g. to set up a program to study in depth heavy flavor properties or to carry 
out searches for new particles at machines like LHC or SSC, but also to confirm QCD as Ihe strong 
interaction theory. 

The i ,'alogy between MHP and multiphoton production can be pushed to some extent (see 
e.g. S. Brodskyl ' i) but, of course, there is an essential difference : whereas the Bloch and Nordsieck 
result'2' obtained to all orders in a provided quite early (1937) a solid theoretical basis for the analysis 
of multiphoton production, there is no such basis in QCD yet. MHP involves confinement effects 
which represent 'the' stumbling block of the Standard Model, and as such is a very challenging topic 
to be attacked both by fundamental methods and by phenomenology. Does one now have, after two 
decades of experimental and theoretical investigation, reliable models to describe MHP ' 
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3. A DETOUR IN THE EILECTROWEAK SECTOR OF THE STANDARD MODEL 

MHP relates only to the SU(3)color piece of the Standard Model (SM). It may lead, and in fact 
it has lead to some surprises (e.g. Polarization of inclusively produced A'3', yield of low mass e+-e~ 
pairs in hadron-hadron collisions'4!, the integral of the spin dependent structure function gi(x) for the 
proton'5', anomalous prompt y production in deep inelistic n-nucleon scattering!6! and, indirectly 
related to MHP, the high value observed for p = sin (f)/Re (0 in p-p scattering'" at Vs = 546 GeV), 
but one does not expect new physics there. On the other hand, the electroweak (EW) sector, i.e. the 
SU(2) x U(l) piece of the SM, provides good hunting grounds for new physics, and it has become 
customary to glance at thir sector in Conferences of this series. 

News from the EW sector were brought to us at this Symposium in a colorful way by 
C. Jarlskog who reminded us that 1987 had been a great year with (i) the experimental evidence for 
direct CP violation (e' * 0), (ii) the experimental evidence for Vut>* 0, (iii) the observation of B°- B° 
oscillations, (iv) the SN87A explosion vhich opened up new ways of studying the v c mass, lifetime 
and magnetic moment. But the past year has not provided any solid indication as to where the SM 
might fail. In fact, previous weak indications for v oscillations have not been confirmed!8! ; the solar 
v c flux measurements by Davis and co-workers'9' are subject, it seems, to variations which may be 
due to some unknown source of systematic errors ; the measurement of the atmospheric v u flux done 
with the KAMIOKANDE-1] detector needs to be corrected for fl polarization effects (C. Jarlskog*). 
This correction will reduce the significance of the v u deficit previously reported"0'. 

A large number of measurements are summarized in the numerical values of the Cabibbo-
Kobayashi-Maskawa matrix elements. Concerning the VDU value, it seems difficult to reconcile the 
ARGUS Collaboration analysis (J. Prentice*) with the CLEO Collaboration's (S. Stone*). Although 
one might st. :tch the statistics to avoid a conflict (the ARGUS branching ratio for B -» pp + 1 or 2)t 
is(11.2 + 2.4±4.1)l(H while the CLEO preliminary analysis leads to an upper limit of ~ 4 1(H), 
when looking at the plots, one is lead to suppose that the ARGUS measurement corresponds to a 
'hicky' fluctuation and to expect that, with more data, the Vbu value will decrease. 

Besides the CKM matrix elements, sin2 6\v is another key parameter of the EW sector. This 
parameter which characterizes the weak neutral mixing has been measured in various processes 
involving Q 2 values which range between a few lO"6 GeV2/c2 in parity violating transitions in atomic 
physics and ~ 104 GeV2/c2 in W and Z physics. The comparison of numerical values obtained for 
sin2 9w at different Q 2 requires radiative corrections which, in turn, involve m^p and, in a much 
softer way, niHiggs- A beautiful consequence of this is the fact that one can put an upper limit on 
m lgp if one makes reasonable assumptions on miriggs (mjtiggs 5 ' TeV). This limit is about 200 GeV 
(C. Jarlskog, see also Ren. 11). 

* Hue and after references to papers which appear in these Pi :ccdings will be indicated in parentheses. 
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New EW precision measurements obtained by Collaborations working at TRISTAN were 
reported by T. Tauchi. In particular, let me mention the measurement of R = 0"(e+e~ —» 
hadrons)/o(e+e- -> y* -> H+H~) "P W Vs = 56 GeV. The approach to the Z° pole is strikingly 
demonstrated by these data, on top of the a s running effect which, by itself, would entail a 
logarithmic decrease of R. By combining such measurements with those of the forward/backward 
asymmetry in the e+e~ —> fl+(J._, T+T~ channels, an allowed region is delineated in the sin2 9w . 
Mz plane. This restricted domain agrees quite nicely with the UA1 and UA2 measurements of these 
two basic EW parameters. 

4. A FURTHER DETOUR : GOING BEYOND THE STANDARD MODEL 
The question of physics beyond the SM was addressed during this Symposium in two 

different ways. Firstly, by looking for compositeness. Machines which provide the highest Q 2 are 
obviously best suited for this program, i.e. TRISTAN for e + -e- collisions and the TEVATRON for 
pp collisions. 

At TRISTAN the detailed study of QED processes up to i/I = 56 GeV allows one to put lower 
limits on the order of 100 GeV on QED cut off parameters (AQED) (T.Tauchi). When analyzed with 
the Eichten et al. parametrizationf'2)^ t n e same data imply cut off values above .7 - 2.7 TeV, 
depending on assumptions concerning the Lorentz structure of the contact interaction. Because the 
statistics at TRISTAN correspond to only one year of data taking (L _ 11 to 14 pb"1), these cut-off 
values are not higher than those obtained previously at PETRA (Komamiyat13!) but better limits 
should come out soon from the TRISTAN data. 

By studying the ET distribution for inclusive jets at the TEVATRON (Vs = 1.8 TeV), the CdF 
Collaboration has set a lower limJt of 400 GeV on A c o m a c l for quarks (H. Frisch). This is a 
preliminary analysis based on small statistics (~ 30 nb _ 1) and here again much more stringent tests 
should be possible in the close future with this collider. 

Secondly, another prospect for new physics was discussed bj R. Barbieri (see also Ref. 14) 
who presented some predictions of the minimal N = 1 supergravity model. The main message here 
concerns the mass spectrum and the coupling constants of the 3 neutral Higgs particles which, 
together with H 1 , survive the symmetry breaking mechanism when one starts with two Higgs 
doublets as is usually done in SUSY models. Barbieri argued that, because of naturalness, 
superpartners must be observed in the region of the Fermi scale. More precisely, the lightest of the 3 
neutral Higgses, say H2, is predicted to be less massive than the Z°. Furthermore, either Hj exhibits a 
sizeable coupling to the Z°, or the next to the lightest neutral Higgs, say H3, has a mass below mzo, 
and then the channel Z° -» P^ H 3 is open and has a sizeable branching ratio. Which of the two 
scenarios is the actual one in Nature depends on m 0and on the ratio V2/V1 of the vacuum expectation 

o values of H, 9 . 
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in other words, according to this analysis, either one of the two following cases should prevail 
at LEP energies (LEP1 or LEPII depending on the value of m n) : (i) e+e~ -» Z° or Z°* -) H j { * r 
where 2 - lepton, or (ii) e+e~ —» Z° or Z°* —» H2 H 3 . This is quite an attractive prospect for 
experimentalists presently busy installing the LEP detectors. 

5. MULTIHADRON PRODUCTION (MHP) AS A 3-STEP PROCESS 

Le! us now come back to the ceniral topic of this Symposium. The material covered in the 
various contributions concerning MHP can be organized by distinguishing three steps or phases in 
this production -realizing this might be somewhjt of an overs-simplification. 

a) Step 1 is the initialization of the conversion of the initial state kinetic energy into color field 
energy. This conversion involves color charge separation, often within a color singlet. Until recently, 
only two quite distinct processes were considered as producing this color charge separation : (i) color 
charge exchange involving soft gluon exchange(s) (see Fig. laj), and (ii) 'hard' collisions involving 
large momentum transfers as in e +e- annihilation (see Fig. I b). In the latter case, one observes the 
production of hadron jets. 

Color charge exchange is a basic assumption of the Dual Parton Model approach"5! to'soft' 
production „f multihadrons. Another approach to soft MHP developped within the framework of the 
Lund Model invokes hadron excitation to large mass states as a result of a longitudinal momentum 
exchange. Such a color neutral exchange (see Fig. Ia2) is assumed in the FRITIOF Monte-Carlo!16!. 

In order to account for 'minijet' production observed by the UA1 Collaboration 
(M. Markytan) at energies up to Vs = 900 GeV, one has to invoke a third type of processes which 
separate color charges, namely collisions between low x partons, mostly low x gluons (see Fig. lc). 
In several respects this third category is intermediate between the two others just discussed, and these 
processes are usually referred to as 'semi-hard' processes. 

b) Step 2 is the one where multiparton production takes place. During this phase, a fraction of 
the field energy materializes into quarks (and diquarks ?). One may look at it in two different ways. In 
the first one, emphasis is put on the color field (cf. C. Maxwell's approach to electromagnetism). This 
'picture' is the one of string dynamics! 17J. The second approach puts the emphasis on the field quanta 
by invoking a coherent parton cascade'18! . By now, these two ways of treating parton production 
(Fig.2a and b) appear to be equivalent as far as their main features are concerned. 

c) The 3 r d and last step of MHP consists in the parton grouping into hadrons. Here one often 
recognizes a 'preconfinement' stage where 'clans' or 'clusters' are being formed before the hadrons 
emerge. 
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6. PROCESSES OF INCREASING COMPLEXITY 

The three steps defined above allow one to break up the (complex) analysis of MHP into as 
many pieces, each one of which can be dealt with using different theoretical techniques. Of course, 
there is also the possibility of going from the simpler cases to the more complex ones (see Fig. 3). 

(i) e+e~ —> multihadrons. In this case, the processes by which color charges are separated are 
theoretically completely under control, and therefore the analysis can focus on stages (b) and (c) 
defined above, 

(ii) lepton + hadron —> mulfihadrons (deep inelastic scattering). Here again, it is the EW 
interaction which is at the origin of the knocking off of color charges in a well understood way, but 
the initial state is a complicated one, described in terms of q, q and g densities. In particular, 
processes of this kind provide ways of checking whether or not diquarks play a role in MHP, 

(iii) hadron + hadron - » W o r Z t X . Such reactions are well suited to observe the initial 
state radiation of gluons, 

(iv) hadron +• hadron —* multihadrons, 

(v) hadron + nucleus —» multihadrons. In this case, one has to allow for the projectile partons 
to interact with partons belonging to different target nucléons, i.e. to different 'bags', 

(vi) nucleus + nucleus -> multihadrons. This is of course the most complicated process in 
MHP where projectile and target comprise many bags. Hence, partons from any given bag (taken 
from the projectile or from the target) may interact with partons belonging to different bags (taken 
from the target or from the projectile). Target and projectile should be treated symmetrically. 

7. THE PERTURBATIVE QCD SECTOR VERSUS THE NON-PERTURBATIVE 
ONE 

Referring to the three phases defined in § 5, let us first note that, in phase 1, the hard 
processes which involve either the electroweak or the strong interaction can be computed 
perturbatively. To some extent the same holds true for the parton shower development for all cases of 
color charge separation whether it follows from a high momentum transfer or from a 'soft' color 
exchange between partons whose momentum difference is large (AQ2 = (p„ - pi,)2 » mh, where mj, 
is a typical hadron mass). How far along the QCD cascade development can the calculations be 
performed perturbatively is not precisely known, but somewhere confinement effects predominate and 
fundamental methods to treat the dynamics of phase (c) have not been found yet. For phase (c), one 
must resort to phenomenology incorporating the results of detailed studies of multihadron final states, 
in particular those bearing on short range correlations, local fluctuations, and KNO scaling violations. 

Let us now come to soft processes and color exchange. Which are the leading dynamical 
effects in this case ? It is generally admitted that up to the highest energies that can be reached 
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presently, the bulk of the soft MHP cannot be treated by pecturbative QCD because it involves Q 2 

values such that ots is of order unity. A large amount of theoretical work has been done based on 1/N 
expansion results (in place of an a s expansion) in the framework of the Dual Parton Model (DPM) 
and its variants. 

What about semi-hard processes ? Since they are intermediate between the so't and the hard 
ones, one can try either to incorporate them in the eikonal approach of the DPM, or merely to extend 
the perturbative QCD calculations to them. Both techniques have their advantages and meet with some 
difficulties. The inclusion of semi-hard processes in the DPM is done in such a way as to preserve 
unitarity, while this is not garanteed at very high energies in the perturbative QCD approach. On the 
other hand, in ;he perturbative QCD calculation, a consistent Og expansion is performed and there is 
no border line problem, whereas within the DPM this border line is more difficult to set between those 
processes which are calculated by performing an 1/N expansion and those which are calculated by 
performing an ots expansion. 

At this point, it should be recalled that the Leningrad Group (Gribov, Levin, Ryskin) claims 
that at high enough energy (Vs > 50 GeV) the bulk of MHP, including those events usually classified 
as 'soft', can be treated by perturbative QCD supplemented by the Reggeon-Pomeron calculus'19'. 
The physics point behind this claim is that, at Vs > 50 GeV the 'soft' processes are dominated by g-g 
collisions with momentum transfer on the order of 2.5 GeV/c at Vs ~ .5 TeV (SppS energy). At Q 2 = 
(2.5 GeV/c)2, as ^ .2 (assuming for AQÇD a value as low as » 50 MeV) and perturbative QCD can 
be applied. The origin of the soft hadrons would be gluon fragmentation. The delicate point in this 
analysis is the evaluation of the gluon density at low x and of the typical transverse momentum of 
these 'wee' gluons. 

8. PERTURBATIVE QCD (PQCD) 

We just saw the relivance of perturbative QCD to MHP. Efforts are being made to extend its 
application to this field as much as possible. 

Looking at PQCD from a general point of view (G. Altarelli, D. Soper) we may list the basic 
ingredients that enter into the machinery needed for comparing PQCD predictions to experimental 
data. 

(') AQCD, the one and only free parameter of the theory (G. Altarelli, L. Fayard, 
M. Williams) besides the quark masses, 

(ii) Higher order calculations (P. Nason), 

(iii) Hadron structure functions, in particular gluon densities (A. Bodek, M. Botje, L. 
Camilleri, F. Sciulli), 

(iv) State of the art Monte Carlo generators (T. Sjostrand). 
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Many contributions to this Symposium have shown the progress made in these areas. The 
following is a selection of a few points. 

(•) AQCD- This fundamental parameter -or equivalent a ^ Q 2 ) - can be measured in a variety 
of processes, as reviewed by G. Altarelli. A good convergence e.g. within an uncertainty of a few 
MeV only, would strengthen our faith in the predictive character of QCD (cf. the convergence of the 
various measurements of sin 28w demonstrating the validity of the Glashow-Weinberg-Salam model 
for the EW interaction), but typical errors on AQCD are still on the order of 50-100 MeV. Among the 
recent structure function measurements, there is one which seems to emerge as far as the overall 
consistency of the QCD analysis is concerned (see § (iii) below) and that is the one of the BCDMS 
Collaboration'2 0! which obtains A__ = 215 + 15(stat! ± 50(syst) MeV in a next-to-leading order 

MS 
analysis of the scale breaking terms in the nucléon structure function (H2 and C combined 
measurements). 

(ii> Higher order calculations. There have been many calculations performed recently to 
2 

order a^ ior hadroprodiiciion processes and to order ct s a for photoproduction or direct photon 
production processes. Depending on the authors, only one free parameter (|.i = M) or two distinct 
ones (|i and M) are introduced to remove singularities. |i is introduced to remove ultraviolet 
divergences in loops while M is needed to remove mass singularities associated with collinear 
emissions in parton fragmentation. Since they are related to different kinds of singularities, one may 
choose different values for u, and M. 

As expected, inclusion of radiative corrections reduces drastically the dependence of the 
predicted cross sections on die unknown u. and M values (P. Nason ; see also L. Camilleri). Which 
numerical value to use in the end for these scales is still a matter of controversy. A recent 
calculation!211 of R = o"(e+e~ -» hadrons)/a(e +e _ -> y* -» li+H~) to order as provides grounds to test 
the now standard optimization procedures. In this quite special case, only one scale (H) appears since 
one deals with <j|o(. In his review talk, G. Altarelli stressed that optimizations have essentially no 
effect on the size of the a term in the perturtmtive series for R. What is not clear is whether this R 
series, with its huge third term, can be considered as a typical case. In any event, if this calculation of 
the a term is correct, one must conclude that the measurement of R might not be such a good way of 
obtaining AQCD as was usually assumed up tc now. 

(iii) Struclure functions and parlon densities. Without going into any detail. I wish 
to call the reader's attention on three analyses presented at this Symposium. The first one, done by 
Aurenche et al.I 2 2! and reported by L. Camilleri, bears on prompt photon produciion data collected in 
the WA70, NA24 and UA6 experiments. The gluon density within the nucléon is probed through the 
process* g + q —> y + q. Using the parametrization xG(x,Q2) = A (1 - x)*1, the value which comes 

* Note that this process is not the only source of prompt photons. 
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out for T] is 4.0 ± 0.15 at u.2 = 2 GeV2 for the WA70 data which are the ones that provide the sharpest 
T] determination. 

The second analysis I wish to mention was reported by A. Bodek who showed that the data of 
the SLAC E140 experiment gives evidence for target mass effects à la Georgi and Politzerl23' in the fit 
to the measured values of R = 0"L/OT at low Q 2 (1 < Q 2 < !0 GeV2/c2) and for x values below .5. 
However, the same data does not bring evidence either for spin 0 diquarks, or for a large dynamical 
higher twist contribution. 

The third analysis that I would like to bring out was discussed in detail by G. Altarelli and by 
F. Sciulli. It concerns the x dependence of the scale violation observed in the nucléon structure 
functions i.e. d-6n (x F3 (x,Q2))/d-Cn Q 2 and din F2 (x,Q2)/d£n Q 2. This x dependence is specified 
by perturbative QCD once AQCD is given*. By checking these variations, one performs an important 
overall consistency check of the data analysis. It turns out that the BCDMS data obtained with H2 and 
C pass thir, test better than the EMC or the BFP data obtained with Fe. In the latter cases, the 
disagreement with theory is not just a question of data normalization : it indicates either some 
unknown effect which would invalidate the AQCD measurement performed this way with iron, or 
some systematic error. A clarification of this question should be given a high priority. 

(iv) State of the art Monte Carlo generators. As shown by T. Sjostrand, there is a lot 
of physics beyond basic cross sections imbedded in Monte Carlo programs such as FRITIOF, 
HERWIG, ISAJET, PYTHIA, etc... A whole Workshop could be devoted to just comparing them ! 
Because they are more or less user-friendly, and because the physics content and the modeling vary 
from one program to another, it turns out that each Group of experimentalists tends to use just one 
Monte Carlo (sometimes after having tuned it to the particular features of its own data). If such a 
situation were to develop more, it would eventually lead to confusion. Collaborations which have 
worked on the a s measurement at PETR A have learned the importance of the consistency between the 
generators they were using. Clearly, the ideal situation would be that these various Monte Carlo 
programs coalesce into a/evv only and that all programs of this restricted set be used by every group 
of experimentalists. 

9. NEW DATA FOR QCD CHECKS 

Some of the most spectacular tests of perturbative QCD are provided by data from the pp 
colliders. These aata allow the checking of the cross sections of hard collisions between partons over 
5 orders of magnitude and over a wide range of jet transverse energies or jet-jet invariant masses. 
Preliminary results from the CdF experiment at Fermilab (H. Frisch) supplement nicely those 
obtained previously by the UA1 and the UA2 Collaborations at the SppS al CERN. Quite 
impressive also -among several other distributions- are the two jet angular distributions in pp 

* In ihc case of F2 this statement holds in the non-singlcl approximation. 
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collisions showing the Rutherford-lypc behaviour with an excellent agreement with PQCD 
calculations which, here again, have some uncertainty related to the choice made for the scale. 

Some other areas are of special interest for the checking of perturbative QCD : 

- Heavy flavor production (P. Nedelec) where the high mass of the produced quarks (at least 
for the b quark) puts PQCD on safe grounds (Collins el a/. ' 2 4!). Concerning charm events, microstrip 
detectors now allow the collection of enough uf them to reconstruct several thousands of charm 
decays (A. Jacholkowski, P. Weilhammer). 

- Charm photoproduction experiments (R. Barate) which benefit from the fact that the 
dominant process is simply yg fusion. Let us note in passing that D/D asymmetry provides ways of 
investigating mesonic versus baryonic string fragmentation. Here again silicium microstrip vertex 
detectors have enabled the collection of very large event samples (more than 1500 reconstructed Ds in 
the case of the NA14-2 experiment) ; 

- Direct y production (L. Camilleri, G. Ginther) at large P j which presents the advantage of 
being free of fragmentation ambiguities. Closely related to direct y production is the Drell-Yan process 
at small invariant mass of the lepton pairs (P. Aurenche et al. I 2 5l) which has been recently studied by 
the UA1 Collaboration!26!. 

Finally, I also wish to point out recent results from the EMC Collaboration bearing on : 

(i) The EMC effect (L. Ropelewski) which was interpreted by U. Sukhatme on geometrical 
grounds, taking into account the probability of bag overlaps in a nucleus. Such overlaps lead to 6q 
clusters with specific momentum distributions for the valence and the sea partons. 

(ii) Shadowing effects (B. Badelek) at small x(x ~ a few 10-3 U p t 0 io-l) well seen with an 
iron target, almost absent with carbon. To interpret them, J. Kwiecinski invoked virtual photon —* 
virtual vector meson transitions followed by Glauber multiple scattering of the vector meson within 
the nucleus and double interactions of partons, the latter being dominated by double Pomeron 
exchange. 

(iii) The spin dependent structure function of the nucléon. A detailed analysis of the errors 

attached to the EMC Collaboration measurements which are quite delicate leads to (R. Garnet) : 

i 

f gP (x) dx = 0.114 ± 0.012 (stat) ± 0.026 (sysl). 

[n tne 'naive' quark parton model, g?(x) is very simply expressed in terms of q. (x) (q. (x)) 
which is the probability that a quark of flavor i has the fractionnai momentum x of the nucléon and 
has its spin parallel (antipurallel) to the nucléon spin, and in terms of similar densilies for the 
antiquarks : 

p / ^ ' t- 2 ë,W = j l e. q T ( x ) + q T (x) - q l ( x ) - qX(x) 
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Then it follows irom the EMC Collaboration measurements that Aa = Au + Ad + As takes the 

vanishing value (MX) + 0.25, where 

1 

Au= f [u T (x) + tiT(x) - «'(x) û^iojdx, 

and similar expressions for Ad and As, whereas the Aa value predicted by SU(6) is one. 

This apparent cancellation between the quark contributions to the nucléon spin came first as a 
big surprise since it was not expected in the quark parton model that the nucicon spin is carried by the 
spin of the gluons and/or by (he orbital momentum of the parlons But there is by now at least two 
interpretations of this result. The first one, given by S. Brodsky el til. I J 7I, is based on (he Skynne 
model for the hadrons where, in the limit of vanishing quark mass, one gets An + Ad + As = 0. T-' ^ 
authors argue that the corrections due to finite quark masses should be small and conclude that the 
proton spin is due to the gluon polarization and/or the orbital angular momentum of the partons. 

Another interpretation of the EMC Collaboration result was proposed by G. Altarelli who 
stressed that there is a gluon contribution :o the proton spin as measured in this deep inelastic 
scattering experiment. This contribution originates in the non conservation of the SU(3) singlet axial 
current. In short, the gluon sea is polarized, and the vanishing value given just above does not apply 
to Aa (the quark contribution) but to the sum of Aa and of the gluon contribution which happens to 
balance Ac Therefore the quark contribution to the proton sp'n does not vanish. 

10. MINUETS 

'Minijets' in hadron-hadron collisions have been observed recently by the UA1 
Collaboration'28' in pp collisions in the energy range 200 < -fs < 900 GeV (C. Fuglesang). The 
definition of a minijet is not all that precise nor is it unique. It is somewhat related to the resolution of 
the detector used to observe ther 1. Furthermore, the minijet production rate is very sensitive to the PT 
cut used to select them experimentally, but minijets are clearly in the picture of MHP at high s, and 
their role is expected to increase at future hadron colliders, with a cross section reaching aboui 60 mb 
at the SSC (Vs = 40 TeV) (J. Ranft), assuming a K factor* equal to 1.5. 

Thus, this semi-hard process involving gluon collisions, i.e. collisions between low x 
partons, is likely to become a major component of MHP and must be properly combined to the other 
ones. Leaving aside the precise value of the K-factor, the difficulty one meets in so doing is twofold : 

(i) the gluon density is still poorly known, all lire more so as one considers lower x values : 

* As usual,IhcK factor represents the ratio a (0(ap)/(<7(0(op) + cT(S(«s))). 
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(ii) as mentionned in §7 above the boundary between 'soft' and 'semi-hard' processes is not 
easy io draw and might be an artificial one. 

11. THE SOFT SIDE OF MULTIHADRON PRODUCTION 

A number of models have been built to describe soft MHP. Three of them were discussed at 
this Symposium by A. Kaidalov : the Dual-Parton-Model type, FRITIOF and the perturbative QCD 
approach by Grioov and co-workers. Here I will only make a few comments on the Dual Parlon 
Model. This model is deeply looted in field theory. It incorporates many features which have emerged 
from years of theoretical investigation of the strong interaction, in particular those related to 
analylicity, unitarity, duality and Regge behavior of scattering amplitudes. 

For the leading amplitudes in MHP the DPM takes the ones which lead in the large N limit (cf. 
Veneziano'MI), more precisely when N c 0 | ( ) r —» <», Nf| a v o r —» <», Nt/Nf = const., g2N = const. These 
amplitudes can be ordered according to the topology of the corresponding Feynman graphs, a factor 
1/N coming in each time one moves from one topology to the next more complicated one (in thr real 
world 1/N2 - 1/10). At larges, the leading topology for elastic scattering is the one of Fig. 4b with a 
cylindrical shape which, once cut to obtain the leading inelastic channels, gives diagrams with double 
chains (Fig. la|). The next more complicated topology is the one with some kind of a handle attached 
to the cylinder side : when cut, it leads to four chain diagrams. 

The main parameters which appear in the model are : the weights of processes with different 
numbers of chains, the quark momentum distribution functions and the fragmentation functions. The 
weights are fixed by unitary. Unitarization is performed!30' in the framework of the eikonal model. 
The few parameters that enter are obtained by fits to am, Cjn and 0"djrr at various energies. As far as 
the quark momentum distributions are concerned, they can be fixed on the basis of Regge behaviour 
of the scattering amplitudes. 

In his review, A. Kaidalov has shown an impressive number of distributions which are well 
reproduced by the DPM. Some of these are : KNO distributions and scaling violations, densities in 
rapidity space (dn/dy), Feynman x-distributions, correlation functions C(yi,y2), forward-backward 
asymmetries, etc... for non-diffractive events. More particularly, concerning KNO distributions, thf 
model predicts that distinct structures should appear at very high s -a feature to be tested with tl.e 
LHC or SSC machines- But one has to keep in mind that the inclusion of semi-hard processes is stiil 
in a preliminary stage, which means that such predictions may have to be revised to some extent. 

One delicate aspect of MHP is the yield of some specific hadron species. Difficulties related to 
this question are met in e+e" -> hadrons (see Ref. 31 ). In hadron-hadron collisions, p production, for 
example, seems to be hard to account for in reactions such as K+p-»p°X (A. de Roeck). These 
difficulties might arise from the fact that the fragmentation models are still too coarse and have to be 
better tuned. If this is the case, it is only the modeling of the last phase of hadron formation which 
needs to be revised. 
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To conclude this section and to come back to the question raised at the end of §2 above, one 
may state that 'he DPM does describe successfully all of the main features of multi-hadron production 
at presently accessible energies. Minijels can be incorporated in this model, as long as they represent a 
corrective term to the main cross section. It is not clear whether this treatment will remain totally 
consistent at very high energies whe'e minijets might represent a very substantial fraction of the tcial 
inelastic non-diffractive cross section. It may turn out that, if such a regime prevails, the perturbative 
QCD approach of Gribov and co-workers should take over and be used to describe the bulk of MHP. 

12. PARTON BRANCHING AND PARTON CASCADES 

A new scheme for developing a parton cascade wa., proposed by B. Andersson. Starting with 
a qq pair, a series of softer and softer gluons are generated according to an algorithm based on 
leading log QCD dynamics. At each step, this algorithm operates in a two dimensional phase space 
which combines a rapidity variable (y) with another one, x, related to the gluon transverse 

2 
momentum : x = £n(k A In this (x,y) space, the density follows from the Lund QCD dipole pattern 

2 2 of radiation and is just dn « cts dx dy = ocs (d k A . ) dy. The overall cascade is characterized by the 
direct product of these 2-dimensional subspaces which are iri one to one correspondence with the 
erritted gluons. 

One particularly interesting feature of this parton branching scheme is its self similarity : each 
subpiece has the same structure as the overall shower. Thus one deals with a fractal pattern. This 
scheme is infrared stable. It turns out that it leads to negative binomial distributions and it may also 
lead to intermittency. Another attractive feature is the possibility of defining a 'measure' of the parton 
shower phase space whose mean value depends on no oiher parameter than AQCD which, in 
principle, could thus be obtained by comparison with experimental data. 

13. M U L T I P L I C I T I E S , KNO DISTRIBUTIONS, FLUCTUATIONS AND ALL 
THAT 

How early, or how late, along the hadron production process do partons regroup to form the 
outgoing hadrons ? Are diquark (and anti-diquarks) produced as entities in the color field ? Are there 
well defined 'clans' or 'clusters' formed prior to the hadrons ? Answers to such questions and some 
insight into the final phase of the space-time evolution of parton cascades are sought in the detailed 
analysis of various distributions concerning the hadrons that emerge from the formation region. The 
study of 

i 
(i) mean densities with respect to selected variables such as rapidity or P p 

(ii) fluctuations with respect to these mean values, and 

(iii) correlations among specified categories of hadrons 
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should narrow down model building ft» he last phase of MHP. 

A few contributions to this Symposium addressed directly or indirectly these issues. Some 
dwelt on the technical aspects of 'intermittency' and of 'spikes' 'I. Dremin, T. Haupt). 

It is interesting to note that many of the basic features of jets produced in e+e" annihilation 
(such as x distributions for it* mesons, KNO distributions, baryon-amibaryon correlation in rapidity 
or in azimuthal angle) appear to be well reproduced whe:. quarks and antiquarks are merely regrouped 
in rapidity space, in such a way that the nearest neighbours combine first (Q.B. Xie). Xie assumes 
complete disorder in rapidity. This leads him to define the following 'Quark Combination Rule' : 

PMB (N) = 3 M " ' OM+3BJV, 2N(N!)2 (M+2B-1)! / [(2N)!M!(B!p] 

which gives the probability that N quark and N antiquark combine into M mesons, B baryons and B 
antibaryons. There is no adjustable parameter. The agreement between Xie's predictions and e+e~ 
data from the HRS or the TASSO Collaborations is quite good. It is rather puzzling that this scheme 
does not -apparently- take into account constraints arising from the fact that color charges should 
eventually combine into singlets. This raises the question of preeminence of rapidity versus color in 
the cluster formation process. 

!*• °"tot (pp or pp) AND RELATED TOPICS 

Three kinds of scattering : elastic, single or double diffractive, inelastic non-diffiactive, 
combine to build up o l o t . At Vï> 10 GeV, one observes a,^ - o l o l/10. At high-nergy, the inelastic 
non-diffractive cross section is the dominant one. 

The study of these cross sections is most interesting since one may apply to them-or check 
with them- basic theorems of field theory. Elastic and inelastic cross sections are related through 
unitarity, pp and pp cross sections are related by crossing, 'low' energy and 'high' energy cross 
sections are related through causality, and analyticity implies an upper bound on o~ lo l 

(M. Froissart'32') in the asymptotic limit. Whether or not presently accessible energies are close to 
this asymptotic regime is an open question. Another point of great interest is the physical nature of the 
Pomeron - still a controversial topic. 

The latter point, i.e. the nature of the Pomeron singularity, was discussed by L. Ter 
Martirosyan. This author stressed the importance of multiple Pomeron exchange in the t channel and 
presented an analytic method to sum up all Pomeron rescattering graphs. 

R. Breedon presented recent results from the UA6 Collaboration on the alue of 
p = Re (fHadVMfW at Vs = 24.3 GeV for pp and pp : p(pp) = .009 ± .012 and p(pp ) = .048 ± 
.013. These measurements fit well in the standard picture of pp" scattering, whereas the p(pp ) value 
obtained by the UA4 Collaboration!7! at higher energy, Vs= 546 GeV, p = 0.24 ± .04, implies 
either a relatively important amplitude which is odd under crossing ('odderon') or something 
unexpected (a new threshold) appearing in pp and pp scattering at energies not too much above those 
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which are accessed with the present colliders, unless the actual p value sits at the very lowest bound 
allowed by the error bars. 

The odderon hypothesis was questionned by C.I. Tan. Using the topological expansion 
approach to non-perturbaiive QCD, Tan finds out that, if one assumes that the Pomeron and an 
odderon are the two leading singularities with intercept above unity before unitarization, then by 
applying an eikonal unitarization, the renormalized Pomeron intercept goes to one while the 
renormalized odderon intercept goes below one. As a consequence Aa = a(pp) - c(pp) falls like a 
power of s and tie odderon hypothesis cannot explain the UA4 result. 

The planned measurement of 0"(pp) at TEVATRON energies and the one of p at an energy 
> 600 GeV with the same machine should settle the matter. 

IS. THE RELATIVISTIC ION PROGRAM OR THE MANY COLOR STRING 
PROBLEM 

The relativistic (heavy) ion program which is being developed at Brookhaven with beam 
energies up tc 15 GcV/nucleon and at CERN at energies up to 200 GeV/nucleon is relevant to several 
important topics : 

- finite temperature field theory (T. Altherr, I. Dadic), 

- non-perturbative QCD, more particularly QCD on lattice, 

- equation of state of hadronic matter, 

- the early stage of the Universe (time - 10'6 - 10 5 seconds, temperature - 200 MeV), 

- heavy neutron stars where densities at center might reach - 10 n0, where n 0 is the nucléon 
density (n 0 =. 17 nucleon/fermi3). As long as the nuclear stopping power remains high, nucleus-
nucleus collisions at ever higher energies produce the hottest chunk of matter that can be observed in a 
laboratory or in any other conditions. This move towards higher temperatures and densities extends 
our knowledge of the properties of matter under extreme conditions insofar as adequate means of 
observations can be developed. 

At high enough temperature and/or baryon density (n = (number of baryons - number of 
antibaryons)/unit volume), two distinct phase transitions are expected (H. Satz) : a nuclear matter 
transition from color insulator to color conductor as a result of the deconfinement of the color singlet 
bags, and restoration of chiral symmetry as a result of the strong decrease of the effective mass of the 
ti, d and s quarks down to values which are at the level of the current masses. 

It has not been prcven that both transitions should occur simultaneously, but numerical 
calculations favor this case ; should there be different transition points, then deconfinement is likely to 
take place first. 
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Signals for deconfinement are expected to appear in the form of an enhanced yield of real or 
virtual ys, of a reduced yield of J/y, y' and diquarks (the latter effect should be revealed by a 
suppression of the number of baryons and of antibaryons produced) and also in the form of new 
kinds of hadron jets or in the form of large fluctuations in hadron densities in appropriate kinematic 
variables. Reduction of the effective quark masses should be revealed by a shift in the p/w resonance 
mass peak and in strange mesons or baryons/non strange ratios. 

Special features related to the mixed phase (hadrons and quark-gluon plasma (QGP)) which is 
likely to prevail during a comparatively long time may also indicate the formation of QGP. 

Obvious difficulties in this business arise from the fact that the process under study, i.e. 
nucleus-nucleus collisions, involves from the start rather small volumes with large collective motions 
along the beam direr''on. The consequence being that the hydrodynamics of the process is all the 
more important, and this means that observations bearing on the space-time evolution of the system 
are crucial. Fig. 5 is a sketch of the simplest scenario one may think of at 200 GeV/nucleon, barring 
such possibilities as plasma oscillations leading to various instabilities (S. Mrowczynski). 

One point worth stressing concerns the density of color strings thus produced. At 
Pbcam = 200 GeV/c, 0\nli\. (pp) = 30 mb. Since a lead nucleus represents (in its thickest part) a 
target about 2 nucleon/fermi2 thick, each projectile nucléon interacts in the 'from' part of the target, 
and the fragments produced in these first collisions are likely to interact again before emerging. In any 
event, in leai'-lead central collisions, most nucléons are expected to contribue at least two units in the 
number of crlor strings produced. As a consequence, - 5 strings or more are being stretched per 
fermi2. 

It is usually assumed that the transverse size of these strings is on the order of 1 fm. This 
would imply a high degree of overlap and presumably plenty of string-string interactions. In other 
models, strings are seen as filaments, but quantum fluctuations should delocalize them, thus allowing 
for string-string interactions again. Then the question is : at which string density are these mutual 
effects so strong as to lead to a regime where strings do not break up in the usual way anymore (that 
is, in a way which leads to the production of qq pairs) ? 

16. MOPE ABOUT CATCHING THE SPACE-TIME EVOLUTION 

In the standard view of a particle physics experiment, no insight into ihe reaction region is 
being sought : pa tides are prepared in the initial state far away from the collision region, and the final 
products are detected fai away too. The duration and/or the spatial extent of the interaction are 
considered either out of reach or of no importance. Still, the idea of using quantum statistics effects in 
MHP to probe the source size is by now an old one. This technique was already one of the topics 
discussed 19 years ago during the very first Symposium of this series. 

In contrast to the Hanbury-Brown and Twiss configuration, in a particle physics experiment 
the interference effects take place near the sou.-e, not near the detectors (Fig. 6). Let A]2 be the 
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amplitude for observing, say, two K" with momenta pj and jJj, given that they were produced at T\ 
and r 2. Insofar as there is no way of knowing which pion was produced by which source, one 
should write'33! 

A)2 = <P|, P2/?i. r2> ~ (e j P]-r"i e ' Pr'z + e ' ?1 h e j Wl). 

Then, if one deals with independent sources distributed with a density D in some domain 2>, 
the probability of observing simultaneously two pions with momenta p} and p-j is 

P(P1. ?i) = JJJD(1,2; IA12 1 2 d 3 ï\ d 3 T2 

a 
~ 1 + | ^ ( D ) | 2 . 

A usual choice for D is D ~ exp (r2/2R2) ; then D(I,2) = D(l) D(2) « exp [(r2 + r?,)/2R2] and the 

Fourier transform &(D) is proportional to exp ( I p*i - P2 1 2 R2)-

Illustrations of this formalism which can be cast in a relativistic covariant form (it then 
includes effects from the source finite lifetime) were presented at this Symposium by M. Markytan, 
C. Fuglesang and J. Zsembery. The measurements made b> the R608 Collaboration on the Pomeron-
proton interaction and reported by J. Zsembery show clear evidence for an elongated pion source as 
observed in the Pomeron-proton CM frame. 

The interpretation of the data is not always straightforward. The shape of the correlation 
P(p*|, P2) for small values of I p*i - P21 may differ from the expected gaussian one'3 4). Although 
many such 'interferometric' measurements have been carried out, especially in e+e" annihilation and 
in pp or pp collisions, it does not seem that much physics could be extracted out of them up to now 
except for the fact that correlations are indeed observed and tha' they correspond to interaction regions 
of reasonable size. But the situation ought to change drastically with the study of nucleus-nucleus 
collisions where this tool should become essential, all the more so as 

(i) it should be possible to use it on an event per event basis, 

(ii) different bosons (y, K, K) may be used to study different stages of the nuclear matter 
evolution and to probe the formation region at different depths. In fact, results from the NA35 
Collaboration (P. Seyboth) obtained with K interferometry look quite promising since they indicate a 
large transverse size 1.R - 8 fm) of the it source, pointing perhaps to fireball expansion effects. 

17. NUCLEUS-NUCLEUS COLLISION MEASUREMENTS AND THEIR 

INTERPRETATION 

A variety of measurements were carried out during the SpS exploratory program on relativistic 
ions. Here is a non exhaust' ve list of them. 
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(i) Energy flow, either in the very forward direction (9j a|, < 0.3 degree) or in the 
transverse direction (da/dEj). Such measurements are interpreted by invoking the collision geometry, 
the number of participants and the stopping power of nuclear matter. Also measured is the differential 
energy flow with respect to the (pseudo-) rapidity (dE-r/dT)) which allows the calculation'35! of the 
energy density (Fig. 7) at some time t whose value is still not so well known, unfortunately. 

(ii) Particle multiplicity (da/dN) which can be used to determine the impact parameter of 
the collision, i.e. its "centrality". Furthermore, dN/dr| gives a value of the entropy density. 
Fluctuations of the particle multiplicity density would reveal instabilities, possibly related to QGP. 

(iii) Particle spectra (da/dpT) which characterize the temperature, and which may reveal 
hydrodynamical effects (P. Seyboth) by comparing the spectra of particles with different masses 
(it, K, p). Note that spectra obtained in the E735 experiment at Fermilab indicate differences in <Pj> 
for pions, kaons and protons produced in pp collisions at Vs = ' .8 TeV (W.D. Walkc). The origin 
of these differences must be understood before one may ascribe similar effects to collective flow in 
nucleus-nucleus collisions. 

(iv) Pion interferometric measurements whose interpretation was discussed above. 

(v) Yields of specific hadron species such as Ku, J/y, A and Â. 

Most of these measurements have been made as a function of the projectile size (A), projectile 
energy (E^) and target size (B). 

A priori, because of the very high multiplicities involved, it was far from being obvious that 
such measurements could be performed. The challenge has been successfully met. Yet, some of these 
measurements suffer from insufficient statistics. Others could just not be performed in good 
conditions (e.g. the real y yield, or the measurement of low mass n+(i~ pairs). Thus, more and better 
data are still needed and, as we shall see below, heavier projecdles would provide significantly better 
conditions to create a QGP. 

18. IN BRIEF : WHAT HAS BEEN LEARNED, OPEN QUESTIONS AND 
PROSPECTS 

The oxygen and sulphur beams at the SpS have demonstrated that the accelerator complex 
could be properly operated with ions. I have just pointed out that a number of measurements were 
performed. Most of them were rapidly processed. What comes out of them is a good understanding 
of the general features of the data in terms of the collision geometry, and the fact that the nuclear 
stopping power (i.e. the ratio of the observed transverse energy/maximum allowed by kinematics) 
remains high at 200 GeV/c Furthermore, on the whole, reference models are holding up. From the 
experience gained, one may think of second generation detectors to obtain a more precise picture of 
the collision dynamics based on improved interferometry, the observation of real photons and of low 
mass lepton pairs, and the detection of identified hadrons with more diversity and higher statistics. 
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Although, at the present stage, most of the observations agree with a mere extrapolation of the 
physics of nucleon-nucleus collisions, several questions need further study : the shape of the p j 
spectra, the large transverse size of the pion source seen by HBT interferometry and, last but not 
least, the JAy and t / suppression (L. Baglin). 

In which respect, and to which extent, would one gain in this investigation by using lead 
nucleus projectiles* ? Table 1 taken from Ref. 36 gives an answer to this question. Note that this 
Table applies to a fraction only of all collisions, all the smaller one as the projectile size increases. But 
this fraction of events should correspond to a cross section no less than - 1 0 - 2 6 cm 2 even for lead 
projectiles. 

In closing this section on nucleus-nucleus collisions, I would again like to stress the 
importance of solid, well tuned" reference models, and the need for improved measurements bearing 
on the space-time evolution of the nuclear matter produced in the interaction volume. 

19. TO SUM IT ALL UP 

As experimentation moves toward higher energies, multihadron production (MHP), the central 
question discussed during this Symposium, is to be dealt with ever more frequently. 

Quite specific features distinguish MHP from multiphoton production. Many of them are 
related to confinement effects which cannot be treated by perturbative QCD. To analyse MHP, most 
of the theoretical tools of particle physics have been put to use, from the very basic and general ones 
of field theory to the more specific ones and more diversified provided by phenomenology. As a 
result, piecise enough models are now available to describe MHP in the energy range presently 
explored. Depending upon the momentum transfer involved, either (1 /N 2 ) n expansions or a " « 
(in Q 2 /A 2 ) n expansions are invoked to determine the leading amplitudes, which are then factorized to 
include the fragmentation phenomenology. Essentially all distributions can thus be reproduced. 

When still higher energies will become available, the relative importance of 'semi-hard' 
processes is expected to increase. They will require an improved knowledge of parton densities at low 
x. Furthermore, ways of bridging consistently the two approaches just mentionned (N- 2 n and a") will 
have to be investigated further, unless these semi-hard processes dominate progressively MHP and all 
other contributions can just be treated as corrective terms. 

With the advent of ultrarelativistic ion beams MHP has acquired a new dimension. Models had 
to be adapted to describe the very complicated nucleus-nucleus collision ovents. In fact, it turns out 
that, to fust approximation, these models are holding well and provide a valuable reference. 

* Besides ihc fact that the complete symmetry between projectile and target would make the analysis an easier one. 

** Daia from E597 presented at this Symposium by W.D. Shcppard and those from E557 shown by C. Halliwell look 
particularly interesting in this respect. 
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It is quite probable that nucleus-nucleus collisions will not produce a juark-gluon plasma in an 
'all or nothing' way. In a given collision, plasma formation is likely to affect only part of the nuclear 
matter, and therefore the emerging hadrons will have mixed origins, some being produced by the 
plasma, others by 'standard' nucleon-nucleon collisions. To untangle such a complex scenario and 
for other reasons too, a detailed investigation of the space-time evolution of the collision region is 
essential. Progress that one may expect in HBT interferometry will be crucial in this respect. 

If one does manage to select events where hadrons are mainly produced by a quark-gluon 
plasma, not only will an essential feature of QCD be checked, but new and powerful ways of 
studying hadron formation will open up. Then, new light will be shed on confinement, the most 
distinct feature of the strongest interaction. 
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a forA**a S/O 
factors 

Pb/O 
factors 

initial net baryon density 0.6 1.5 4.6 

energy density 2/3 1.6 5.5 

plasma lifetime >l/3 > 1.3 >2.4 

mixed phase lifetime 1/3 1.3 2.4 

thermalization time -1/6 0.89 0.65 

confinement time 1/3 1.3 2.4 

Table I : A dependence for central collisions (collisions in which at least 
90 % of the beam nucléons interact). This Table is taken from Ref. 36. 
Note that the scaling factors a are model dependent. This is particularly 
true for the energy density for which a could be as low as 113 or even I/o. 
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Fig. 1 : Processes which lead to color charge separation. 



Fig. 2.a : Schematic views of string evolution, (a) The motion of a quark and an anti-quark in their 
CM frame at low energy, (b) The high energy case where strings break at places where 
new qq pairs are produced. The hatched areas show the space-time domains where the 
color field is !r_ '-vanishing. 

Fig. 2.b : Parton shower development which follows the 
materialization of u lime-like phoion into a qq pair. 
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e*e- -> qq. qqg. qqgg.. 
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The nucleus + nucleus -> X process, which is the most complicated case, is not shown here. 

Fig. 3 : Processes of increasing complexity. 

25 



Pomeron exchange 

Fig. 4 : Topological expansion. At high energy, the leading 

amplitude corresponds to the cylindrical topology. 
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Fig. 5 : Pb nucleus - Pb nucleus collision at 203 MeV/c per nucléon. The process is sketched 

at four different times : t = - 4 fm/c, t = 0 (collision time), t = 1 fm/c and t = 4 fm/c. 
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V^'lj) 
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Fig. 6 : Basic schemes for interferometric measurements 
(a) in astrophysics (b) in elementary particle physics. 

Fig. 7 : Particle density (n) at time 
t in a thin slab of thickness 2d. 
Particles still present in the slab at 
time t are those produced at 
collision time (t = 0) with a 
longitudinal velocity less than d/t. 
(See J.D. Bjorker.ï33!). 
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