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I. Introduction

Studies of high energy nucleus-nucleus collisions have mostly focused

on single particle inclusive measurements up to now]). The wide range

of particle species in the final state, from nucleons, 7, K, A to clusters
and heavy nuclei, with their different specific energy ranges, required a
set of devoted experiments expioiting the various specitic messages such
particles provide about the complicated overall process of a

2)

nucleus-nucleus collision. Multiplicity selection

3)

ard triggering on
the extent of projectile degradation™’ have helped to study specifically
peripheral and central collisions, thus removing in part the loss of

information detail due to impact parameter averaging., 1. we describe the

final state of N particles in the continuum by

. o L > 12 e o
0(py...py) = |S(A],A2.E,b, pl...pN)1 t(py.eeby)



where S is the matrix element for the flux into this configuration from a
collision of nuclei A],A2 at energy E/A and impact parameter b, and *
is the appropriate phase space func n, then we obtain single particle

observables by taking the integral
jb(p]...pN)dpi...de_]db = 0(pN) .

It is clear that features of the reaction mechanism, as contained in S,
will only in exceptional cases, as in remote regions of phase space, leave
a distinct signature in inis average. With N ranging up to A‘ + A2 in
central collisions, each event constitutes an ensemble average in this
mod- of observation, dominated by the phase space functional, which takes
care of overall energy, momentum, and particle number conservation.
Statistical models are naturally linked to such observables.

In order to obtain qualitatively different information, we want to
study multiparticle exclusive observables, up to the extreme of a fully
exclusive experiment identifying all the final state particles, including
neutrals, leptons, and photons. The instrumentation effort is about
linear with the number of particles per event, whereas the data analysis
computer time grows nearly quadratically with N. This analysis, however,
is now carried out event by event. From the Ni momenta obtained for
each particle species i of the event, we shall construct certain
collective variables, like the mean transverse and longitudinal momentum,
overall momentum/energy flux directions, measures of symmetry and isotropy
of the event, invariant mars spectra, etc. The high number of identical
particles in each event provides some elementary statistics per event in
this analysis, such that the total number of events required in order to

satisfy statistical needs is not too high, thus keeping the overall



analysis effort within manageable limits. Consider the example of
event-by-event analysis of <pf>/<pﬁ>. This ratio may be linked to the
gquestion of transparency in a nucleus-nucleus collision, measuring the
overall degradation of the initial relative longitudinal motion of target
and projectile nuclear matter. For complete thermalization we would
expect ; g p?i ~ g p?u for each event in its center-of-mass frame.
The ratioIOf the t;o sums, taken event by event and then averaged over a
et of events, is a more sensitive measure of equilibration than picking
at random one particle out of each event {in a single particle inclusive
measurement) and then constructing the same ratio where the sum is now
taken over the number of events considered. The reason is that, in each
svent, equilibration takes momentum flux out of the longitudinal c.m.
motion and puts it into transverse flux. This cannot be seen if only one
particle is observed per event., Another simple example for the benefits
of prxelusive measurement is the analysis of two particle correlations. A
double arm experiment gets one pair per event, whereas an exclusive
measurement yields N(N - 1)/2 pairs if N is the multiplicity per event of
the particle species considered. With N = 30 protons in a central Ca + Ca
CUllisionB), one event is equivialert in information to 435 double arm
spectrometsr pvents,  Moreover, other types of observables may be
constructead ~rom the N exclusively measured protons.

The main purpose of this talk is, therefore, to consider the
poterntial of exclusive measurements, a field that we are just beginning to

get acquainted with in experiments like the streamer chamber3’4), the

plastic ba]ls), or emu]sions6). There are concepts of analysis
available from particle physics, but we will have to find out which types
of obsarvahles are of specific interest towards our understanding of

nucleus-nucleus collisions.



After these introductory remarks, the structure of the talk will be

as follows:

IT.

IT1.

Iv.

II.

Global features of exclusively measured events:

A.  Number correlations, where we shall exploit the multiplicities
of pions, protons, clusters, strange particles measured per
event, as well as certain simple quantities as <p;>, <pj>.

B. Vector correlations, where we shall consider appropriate
measures for isotropy, symmetries, clustering, or substructure
in the final state like jets or preferred flux directions.

Hybrid analysis:

Here we consider the measurement of one or two specific fragments,

like heavy spectator nuclei, high Py particles, polarization of one

particle, etc., along with a characterization of certain global
features of the event such as a localization of the reaction plane or
another anisotropy of the final state.

Conclusions:

About future experiments employing the concepts developed, with a

side glance at two-particle correlation studies.

Global features of exclusively rmeasured events

How do we approach an exclusive measurement? Up to now, only charged

particle exclusive observation has been employed in our field, using

emulsions, the streamer chamber, and the Plastic Ball spectrometer.

Simultaneous measurement of neutrals and photons will be a next

significant step in the future7). A streamer chamber picture3) shown®

in fig. 1 for a central collision o

f 40Ar + KC1 at 1.8 GeV/A may serve
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in order to illustrate the situation we encounter. We see about 40
charged particles, with negative and positive charge distinguished by
curvature in the magnetic field and fast/slow particles identified by
their ionization density in the chamber gas. Measuring of the tracks
results in the picture nf fig. 2 where we see a blind spot caused by a
flare around the target. From three stereoscopic views measured for each
event, track reconstructioin in the magnetic field leads to a measurement
of rigidity for each track. Combining rigidity, sign of curvature, and
ionization density information, we proceed to an exclusive determination
of charged particle identity and momentum/energy. Before we consider
ohservables that may be associated with all these momentum vectors of each
event, let us first look at certain simple types of analysis regarding
multiplicities and mean values of momenta, event by event.

A. Mumber correlations

What we mean with such correlations is indicated in fig. 3. It shows
event frequency contour lines in the plane of 2 multiplicity vs total
charged particle multiplicity, for Ar + KC1 at 1.8 GeV/A in the streamer
chamber3). The data are .aken in a "minimum bias" trigger mode,
registering each event in which there is no beam particle, Z = 18,
detected within a 5° cone about the 0° direction, thus making sure that
the projectile has undergone an interaction. The bulk of the cross
section is found in peripheral interactions with small n__sNepe Towards
the more central collisions, nearly complete explosions into all the
original single constituent charges, plus emission of more pions, is

observed; the events approach the complete disintegration line along which
- 7A {
Oen = Z]r + ZB’C] + n__ +n_4 (where we assume <n__> = <nﬁ+>).

The dashed line indicates the ridge of the cross section. The smooth



shift to higher n__ with increasing degree of disintegration indicates
that there is no unusual pion production mechanism taking over in head-on
collisions, at least not visibly at the multimillibarn level of cross
sections to which this plot is sensitive. This disappoints the hopes of a
phase transition setting in at small impact parameters when the reaction
volume and the degree of momentum equilibration are large--at least as far
as the idea of "copious pion production”, originally associated with such

8), is concerned. In fact, a closer ana]ysis3)

a phase transition
shows that the mean number of 7~ increases linearly with the number of
participant nucleons.

However, we may not have chosen the interaction such that there is a
chance to observe drastic signatures of a phase transition. First, with
A] = 40, A2 = 37/39 the reaction volume may still be too small.
Furthermore, at 1.8 GeV/A the internal free energy per nucleon in central
collisions may be too high, leading to an effective temperature that is
far above the critical temperature associated, for example, with pion
condensation. The high temperature, of about 100 MeV, is reflected in the
close approach of the cross section ridge towards the complete
disintegration line. The mean multiplicity of clusters with Z =2 does
not exceed one or two in the most violent events. It has been shown that
the ratio of cluster to nucleon multiplicity can serve as a reaction
thermometerg).

Figure 3 also includes A production in this reaction]o), with the
corresponding events given as dots in the contour diagram. The A
particles were measured in a central trigger mode of the streamer chamber,

which cuts out events with "h £ 25, leaving the multiplicity contour*

lines unchanged at higher Mg We note that the A-producing events fall
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mostly on the Tow n__ side of the cross section ridge. A particles emerge
from associated production, N + N » A + K + N having the lowest threshold
energy; rest mass and kinetic energy require about 1 GeV from the total
available c.m. energy. Such events are, therefore, somewhat depleted in
energy, resulting in less pion production. On the other hand, the nucleon
“temperature" appears not to be decreased; the A events closely approach
the complete disintegration limit., This aspect deserves further study
when better A statistics become available.

It is obvious how rich in information such plots of rather simple
results of an event-by-event analysis can be. Special "trigger" particle
events, beyond * particles, may be studied this way, such as events wth a
high ) particle, with several transverse clusters or with E; N towards
higher than Bevalac energies. Also, other variables may be used, 1ike the
total energy observed in ©~ and ot vs the transverse energy of protons in
ecach event, etc.

As a final example for number correlations, fig. 4 shows preliminary
data for the sum of lpll and Ipnl for the first 20 events of central Ar +

) at 1.8 GeV/A that have been completely analyzed. This

KC1 collisions
analysis is quite time consuming at the present instrumentation level of
m2asuring without computer automatization. The semiautomatic PEPR system
at the University of Heidelberg is getting ready to take over this task;

it will process about 5-10 full events per hour. In fig. 4, each evsnt is
represented in the c.m. system by a dot in the plane fﬁflpjl Vs :-1‘-]-! IPJI.
At these preliminary statistics, thermalization appears to be somewhat
incomplete, but much less so than in cascade model predictionslz) that
indicate a very high degree of transparency for this reaction at 1.8 GeV/A.

The lower part of fig. 4 gives similar data for the reaction Ar + Pb at
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800 MeV/A. We observe an almost isotropic distribution of momenta in the
fireball center of mass.

B.  Vector correlations

1. Visualizing complete events

Before we turn to a quantitative analysis of F-space or E-space
global features of events, in terms of collective variables constructed
from all the particle vectors, we may stop to consider which features we
see, or expect to see, in nucleus-nucleus collision final states. Our
expectations are mostly based on the recent discussion of participants,
spectators, thermalization (isotropy in the c.m. system) versus
transparency (elongation along the beam direction), cascades versus
hydrodynamic flux {phase space statistics vs. sidewards flow into certain
preferred directions), etc. Can we identify such features in the
confusing richness of information provided by the 50 to 100 vectors of
each :vent? Can we guess about the appropriate observables? And finally,
are there features obvious in the events that point towards other, new
observables that might take us beyond the present korizon of models?

Let us proceed from the Ar + KC1 "central® event shown in figs. 1 and
2. Figure 5 gives a side view of the momentum vectors in the lab frame,
with x being the beam direction. Always remembering that we do not see
the neutrals, carryirg about half the momentum flux, we may still say the
picture looks as expected; in a neir-central collision of equal size
nuclei, there is no target fragmentation region left, with particles
rather slow in the lab frame. A thermalized system decaying {with high
internal energy) in the overall c.m. frame would produce exactly the
focusing into a 45° cone zbout 0° that we see. Figure 6 gives a "top"

view but now in the c.m. frame. We think about momentum balancing, and
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there appears to be some flux anisotropy. No leading particles are
apparent. Figure 7, a side view, reveals an entirely different aspect of
our event. It offers four jets, forward/backward and up/down, in a
distinctly nonspherical pattern. Hydrodynamical prejudices: do we see
target/projectile spectator flux because we did not really hit head-on,
plus sidewards splashing? Final view, fig. 8, in beam direction: the
downward jet is still visible, but an obvious lack of Py balancing remirnds
us of the missing neutrals and of all the various ways to be fooled by
statistics in one single event.

What are the collective features? First, this event is flat; it
stands upright in a plane made up by the x-z direction. Furthermore, it
exhibits four jets, i.e. it is not even isotropic in that plane. Thus, we
need a measure of flatness and of multi-jettiness. 1t is also clear from
this sequence of views how rewarding it is to have a display capable of
rotating the =vents into any desired orientation, in order to help our
limited stereoscopic perception. An experimentalist's approach towards
the collective observables would be to look at such displays of hundreds
of events, but nobody has done this cheap, visual experiment yet.

Striking differences are obvious in comparing central events in Ca +
Ca with Ca + Pb. Figures 9 and 10 show examples of these reactions at 1.8
GeV/A. The first exhibits a similar forward focus althocgh the main part
of the momentum flux seems to be diverted to the uppcr half plane, in

which we also see a pair of =~ very close in momentum. Such two =~

corretations at AB + 0, imbadded in the final state, exhibit the
Hanbury-Brown, Twiss effect'a). Figure 10, Ca + Pb, looks qualitatively
different, with about 30 rather slow particles covering all polar angles

around the target, plus the forward cone of mostly fas: particles.
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Apparently, no common moving source is governing this pattern; do we see
target "spectator" breakup plus a fireball? The incoming projectile
energy is considerably degraded into transverse and even backward motion
in the lab frame. In any moving frame, we expect this pattern to break up
into two (or more) separate particle manifolds, calling for a collective
analysis treating several superimposed flux patterns. Again, energy
degradation is obvious in the Ca + Pb event shown in fig. 11, with no
charged particle at all within about 15° to the beam axis. Whether or not
this event is cylinder-symmetric and thus a c'ndidate for near-zero impact
parameter selection can only be seen in the 3-dimensional analysis.

From these pictures, we expect to need measures for substructure like
clustering or jetting, for cylinder symmetry, for isotropy or flatness
and, particularly in light projectile and heavy target reactions, for two
separate components far separated in phase space. Furthermore, in
semiperipheral reactions, we wish to localize the effective reaction plane
between projectile fragments and recoiling target remnants.

2. Axes and scalar measures of event structure

In this section, we shall introduce the concepts of sphericityla)

15) analysis. developed in particle physics. After looking at

and thrust
some applications to relativistic heavy n reactions we shall be in the
position to see their benefits and limita.ions in our case and to look out
for othewr, more flexible pattern analysis methods, such as the minimum
spanning tree]e).

Sphericity analysis

Here we are fitting a triaxial ellipsoidal shape to the square of the
momentum components of the i = 1...N final state particles, in their t.m.

frame; the method is formally identical to the inertia axis determination
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of a rigid body, with the local mass density replaced by the local square

momentum {scalar) density. The usefulness for identification of

back~to-back jets in hadron or e+e' physics is obvious; the high

momentum flux along the jet axes is accentuated by the p2 weight, which

s .ppresses the other reaction products that emerge from soft scattering.
Formally, one proceeds as foilows:

Construct the guantity

t
. 2
pglﬁ/g LI

e

4

S{A} = 3

—_

i

where A is & arbitrary direction unit vector, and p?ln is the component
squared of ~ae ith particle momentum perpendicular to n., The axis of
maximum elongation is the one of minimum inertia = flux perpendicuiar to
this axis; ‘therefore, the sphericity is obtained as

S = Min S{n)
a

5y veriation of the direction n. This is equivalent to finding the
highest eigenvalue 03 and, in addition (for further information) the
other two, Q? and Q], of the symmetrical matrix

N
M= Y pi pi*’ o= d.0u0h9,8 2 10003 .
1- v B

formalizing Q] + QZ , 03 = 1, and ordering 0 € Q] < 02 < 03, we can express
the sphericity by
S = %(Ql + Q)] » 0 for Q3 > 01’02’ j.e. a "two jet-pencil®

- 1 for le 0= g

2 .€. a sphere.

» |
If G » R, we have a rctation ellipsoid, but if Q) << 0, the event

is flat. We thus define
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-
= Y3 - 5
Flatness F = ‘?(QZ - Q]) 0 for cylinder symmetry
about 03—direction

S
+ 3= for coplanar events.
— for coplanar eve

v3

The coplanarity is a characteristic feature of e+e', 3-jet events
where the third jet results from gluon bremsstrahlung.

What we do in sphericity anmalysis is to fit a four-parameter
collective flux ellipsoid (0],02,03, direction of 03) to the
square of the N momenta of each event. [t is clear that N has to be large
in order to attach signiffcance to four variables; we shall illustrate
this be'ow. Furthermore, in the application to nucleus-nucleus collisions
we have to avoid being misled by the square-momentum analysis; one heavy
projectile or target fragment with its high p in the ¢.m. is sufficient to
dominate all the other particles, pulling the O3 direction along with
it. Therefore, sphericity is very sensitive to spectator motion. The
positive aspect of this: if we search for the raaction plane cf a
semiperipheral reaction, S(n) is the appropriate measure to select it from
an isotropic participant backgrcund.
Thrust analysis

Here we simply look at momentum flux density. The quantity

- {pyi » f arbitrary direction unit vector,
i

may te visualized as the flux density in direction -,. as given by a
scalar, which we may teke as the radius in -, direction of a deformed
flux spheroid. The direction of maximum elongation is called thrust

direction, and
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T =HMax T(A) [ - 1 for 2 jets back to back along n
n

for isotropic emission

-

~N| —

is defined as the (maximum) thrust of an event.

Tnrust anelysis determines just one scalar plus a direction, as the
collective features of the event. Clusters that are "coalesced" out of
ruclenons are given the same weight in T as their constituents would have.
“n the other hand, pne axis may not be sufficient in all cases of
interest. We might then want to construct the whole T{n) flux spheroid
and fit certain simpie shapes to it (pancakes, cigars, etc.).

1. Applications of sphericity and thrust analysis

1. MNegative pion emission in Ar + KC1 at 1.8 GeV/A

We shall illustrete sphericity analysis in an application tg -
vmienign in central Ar + KC1 events studied in the streamer chamberl]).

At 1.8 GeV/A, the mean -~ multiplicity is about 6 and the mean participant
proton number is 30, indicating a selection of impact parameters b 0.3
bwqx in this trigger modeH).

Fiqure 17 gives a contour plot in p, and rapidity Yem of the
invariant pion cross section, for all -~ from an analyzed sample of about
100 events.  The contours are approximately symmetric about midrapidity,
with a slight shift towards positive rapidity caused probably by the fact
tnet A = 40 collides with A = 38 and by the neutron excess of the
projectile (- are produced by n + N - -~ + p + N). So the pion source is

ving witn about the velocity of the N + N center of mass, Emission ‘s
nct quite isatropic, however, as can be seen from the dashed lines

resracer*ing an isotropic source at midrapidity; there is a

foraard-backwerd enhancement of the yield. The same feature is obvious
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from fig. 13, showing the distribution in cose of observed emission angles

in the c.m. system. We might conclude that there is in the c.m. system a

memory of the beam direction preserved in the nucleon motion, i.e. that

participant nucleons are not completely thermalized, because then the
known forward-backward enhancement of T emission in nucleon-nucleon
collisions would explain our observation. However, this conclusion is not
stringent from the data of figs. 12 and 13 for the following reasons:

1. Due to the finite number of nucleons in the colliding nuclei, there
may occur a shift away from midrapidity in the effective center of
mass of each individual event, caused by fluctuation in the
projectile and target participant numbers. The individual c.m.
rapidities would te symmetrically distributed about midrapidity, and
a half-width Ay = 0.3 would be sufficient to explain the elongation
of the contour plot along *y. We would, therefore, like to see
whether this elongation is a feature of the individual events or one
of ensemble averaging.

2. As to fig. 13, it is not so much the emission angle but the momentum
flux angular distribution of the pions that we should analyze.

This appears to be a good case for sphericity analysis. There are no
leading, high p pions that might obscure the picture. Figure 14 gives the
anqular distribution for the direction of the main axis, 03, resulting
from a fit of all events with n 24, We note here, without proof, that
the direction of 03 is the most statistically significant of the four
sphericity analysis parameters, i.e. the most reliable in a situation of
relatively small event multiplicity. The corresponding Monte Carlo
simulation gives a flat distribution. HWe can now safely conclude that the
square momentum flux in n~ shows a forward-backward enhancement on the

event-by-event basis.
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Proceeding to the other collective parameters, fig. 15 shows event
frequency contours in the plane of coplanarity or flatness vs sphericity.
The events cluster at F = 0.2 and S = 0.5, i.e. at drastically
nonspherical, rather flat shapes. Figure 16 shows the projection onto the
S axis; the length of the main axis appears to be about twice that of the
other axes. The events thus look 1ike flattened cigars, oriented
preferentially along the beam axis. But comparing with a Monte Carlo
simulation with respect to S and F leads to a big surprise! Figure 17
shows this for S, giving the ratio of true event to Monte Carlo event
frequency along the S axis; the ratio is compatible with 1 for all S,
within statistics. The same is found for the flatness variable. At the
level of statistics provided by several thousand events and with a mean
particle multiplicity of avcut 8 (resulting from the cut m - = 4), the
parameters S and F are governed by finite particle number effects; i.e., a
multiplicity 8 event, under the square weighting of momenta, is on the
average nonspherical by its very nature!. The full set of collective
parameters, introduced by sphericity analysis, thus ove-stretches the
informalion that 8 momentum vectors can provide. We need more particles
in order to make the square momentum flux density functional continuous
enough for the fit not to get hooked on statistical fluctuations.

We conclude that the elongaticn direction is the least critical
parameter in sphericity analysis, which makes a maximum thrust analysis
the more promising candidate in such low M cases because it focuses
specifically on this feature of the event. Much better event statistics
may help for the essay about S and F, with some small signal standing out

above the Monte Carlo simulation.

-15-



At the present level of analysis, we may conclude that n emission is
enhanced forward-backward in central Ar + KC1 collisions at 1.8 GeV/A; but
we cannot learn more about the collective features of the square momentum

flux pattern.

b. Collective observables of proton emission, predicted by cascade and

hydrodynamical models

After having absorbed the warnings about sufficiently high particle
multiplicities from the pion case, let us turn to proton emission analysis
from central collisions where the mean multiplicities are about % to 10
times larger. The analysis of experiments, like the streamer chamber or
the plastic ball, will be progressing within the next year. Meanwhile, we
may look at the predictions of the two most contradictory models for the

]2']7), and hydrodynamicsls’]g).

reaction mechanism, cascades
The main difference in the predictions of these two models for
central collisions of A =40 nuclei 1is appropriately expressed in momentum
flux variables; cascades predict drastic transparency effects towards the
top Bevalac energies, i.e. P> > <py> in the c.m. frame, whereas
hydrodynamics predicts a 90° deflection of the incident momentum flux.
Thus the cascade final state is a cigar along the beam direction, but
hydrodynamical models predict a pancake momentum pattern, perpendicular to
the beam axis at small impact parameters.
In terms of sphericity analysis, fig. 18 illustrates the cascade
mode predictions17) for proton emission from 38Ar' + 38Ar at 360
MeV/A and 1180 MeV/A. The variables used here are (1-sphericity), which
we might call elongation, and the polar angle of the main axis Q3 with
respect to the beam direction. The plots refer to the c.m. frame, giving

contour lines of event frequency in the (1 - s) vs 6 plane. Only
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participant protons are included in the analysis of each event, i.e. those
protons that did engage in the cascade. We are thus avoiding spectator
effects; but note that these figures are not directly comparable to data
except for the 1imiting ideal case of an extremely strict b = 0 selection
in the data. Nevertheless, they may serve to enhance the specific
features of cascade model predictions. For each energy, contours
equivalent to an inelastic and central trigger mode are obtained by
multiplicity cuts. At 360 MeV/A, the plot for M > 4 is again governed by
small particle number effects; for M > 20 we observe shapes that are very
close to perfect spheres: no transparency in central collisions at this
energy but also no signal of a sidewards enhancement (2 - 90°). At 1180
MeV/A the picture is different., 1In the M =2 30 selection we observe a
statistically significant elongation, corresponding to a ratio of about
1.6:1 of the principal axis to the mean of the two smaller axes. The
orientation is along the beam axis.

The cascade model thus predicts the onset of transparency in central
Ar + Ar collisions already at intermediate Bevalac energies. Comparing
with the |pl‘ vs ’p”: plot of the Ar + KC1 data in fig. 4 we conclude,
with the necessary reservations in view of very low statistics, that even
at 1.8 GeV/A no such drastic transparency is observed. Note, moreover,
that the data should be even more forward-backward enhanced because they
still include some spectator motion (in the sense of the cascade model)
due to the contributions from b # 0,

Turning to tke hydrodynamical model, fig. 19 showslg) the familiar
plot of density t.me development in configuration space for a symmetric
collision at 400 MeV/A. The three typical impact parameters range from

peripheral to head-on. There are no spectators in hydrodynamics because
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the collective pressure gradient, built up in the zone of geometrical
overlap, acts on all the nucleons. The final state exhibits a collective
sidewards deflection {"bounce-off") cf the momentum flow, increasing with
smaller impact parameter. At b = 0, the final state is a pancake both in
configuration and momentum space because 6 = 90° is the preferred flow
direction, and we have cylinder symmetry about the beam axis. Figure 20
shows the result of a thrust analysis of these calculations, as a function
of impact parameter b/bmax' The Tower horizontal axis gives the
“"bounce-off" angle 8, identical to the thrust direction, corresponding to
the impact parameter shown on the upper horizontal axis. The maximum
value of T decreases from complete elongation of the flux pattern along
the beam direction for grazing collisions, to “isotropy" for head-on
collisions. Here we observe an inadequacy of thrust analysis; it cannot,
in the value of T, distinguish between a sphere and a cylinder symmetric
but flat distribution. Generalized sphericity analysis, with its higher
number of collective variables, could appropriately describe this final
state: Q3< 02 = Qps 9(03) = 0°.

We have to wait for more data analysis to decide how nature falis in
between these two model extremes. There is one point important about these
models: hydrodynamical predictions are A-invariant, whereas cascade
predictions are not; at fixed incident energy, the cascade final state gets
more spherical with increasing A. For heavy nuclei, the hydrodynamical
approach appears to be more appropriate than for A < 40; we shall at
Bevalac energies be trying to decide whether a slightly cigar-shaped
cascade or a pancake hydrodynamical final state fits the data. The
transient state of maximum compression, to which we have not yet found a
direct experimental access, looks alike in both models (pancake shape in

P-space). Figure 21 summarizes these features in a schematic way.
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4.  More general pattern analysis

We have seen that event-by-event analysis of momentum thrust and
sphericity appears appropriate, most of all, in collisions of equal mass
nuclei, in order to select more sharply for b ~ 0 events [cylinder
symmetry: Q] = 02, ﬂ(03) = 0] and then check
transparency/equilibration, and to decide between various models of the
reaction dynamics by means of their characteristic flux predictions.
However, the Ca + Pb events shown in figs. 10 and 11 indicated a problem
not easily handled by thrust and sphericity; two or r re separate
components in the final state, perhaps to be identified with the spectator
and participant regions of phase space, call for a more flexible treatment
capable of identifying the particle "families" and then analyzing each one
by itself. Furthermore, there may be other observable multiparticle
correlation features, beyond our present concepts of equilibrium, cascades
vs hydrodynamical flux, etc. Such features may be discovered by looking
at other representations of the final state.

As an example for an 7—space representation that may be useful, fig.
22 shows a polar plot of the emission angles &,¢ in the c.m. system, for
all charged particles of a central Ar + KC1 event at 1.8 GeV/A. A similar
plot could be made separately for each kind of particle, found with
sufficiently high multiplicity in the event, like all pions vs protons vs
d,t,He. Clustering in configuration space would show up as regions of
high point density. A pattern analysis method appropriate to such a
"family" search is the minimum spanning tree]6), illustrated in fig.

23. Three families of particles are shown in a plane that could be that
of the fig. 22 graph or any other suitable ¥ or E space, 2- or

3-dimensional representation of the event. The quantity minimized is the
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total length of lines connecting all the particles; the families thus
emerge as branches with internal short distances, connected to a "tree" by
a minimum number of long lines. The method is applicable to any kind of
multiaxial, multicluster features, where the meaning of the axes depends
on the choice of metr . and representation. In 3-dimensional 3 space, for
example, this picture would be interpreted as a 3-jet event, and we might
then look at the total momentum of each jet and obtain the mean P within
each family with respect to its jet axis. In 3-dimensional [ space, we
might check with the same method whether or not there is a preferred
orientation of pion emission with respect to proton emission or whether
there are participant and target/projectile spectator families. The
resulting main branches would then fix the orientation of the impact
plane. These examples may be sufficient to illustrate how the desired
observable is connected to an appropriate choice of the metric in this
method of analysis.

5. Experimental considerations

We have seen tnat collective analysis, event by event, may become
meaningful provided that certain conditions are met:
a. Multiplicities should be high for each family of particles, to be
separately studied in the final state.
b. The fraction of unobserved or misidentified particles should be kept
as low as possible.
¢. The experiment should have a highly uniform detection efficiency over
all 4=,
As to the multiplicities required, the sphericity analysis example of
n from Ar + KC1 has served as a warning about finite particle number’

effects. In order for a collective degree of freedom (such as flatness)
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to be a meaningful concept, there has to be a sufficient number of
microscopic degrees of freedom (1ike single particle momenta) folding into
jts definition. Each event has thus to provide elementary statistics.

The number of events considered can only in part make up for a lack of
elementary statistics; it is obvious that even a million events, with two
pions in each of them, cannot support a sphericity analysis. Requiring at
least one order of magnitude in the ratio of microscopic to collective
degrees of freedom, the mean number of about 40 charged particles in a
central Ar + KC1 collision may be just about sufficient to perform a
4-parameter sphericiiy analysis. We thus need all their individual
momenta, and the experimant should have sufficient spatial resolution in
order to register them. Track detectors and the streamer chamber are
adequate in this respect. A multisegmented hodoscope array or a plastic
ball type system must have a resolution of 2-4 degrees in both 6 and v,
which leads to the about 900 modules in the plastic ba]]/ua]]s), as
sketched in fig. 24.

At the extremes of attainable Bevalac reaction multiplicities, such
as «m., > ~ 160 in central Pb + Pb at 1 GeV/A, we may reach a critical
point because neither of the familiar experiments will be fully adeguate.
How shall we go beyond? A general idea might be to give up individual
particle identification, from which then to construct the collective
observables, measuring local averages of certain particle, momentum or
charge fluxes instead. The appropriate ways of calorimetry have not yet
been worked out; the energy range of particles, from about 20 to 1000 MeV,
mostly not yet minimum ionizing, is inconvenient. Particle physics
calorimetry is not applicable in a straightforward manner. Furthermore,

the desired flux observables would have to be built into the mode of
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observation, thus limiting the range of accessible information unlike in
the case of a fully exclusive experiment. At the present time when we are
just starting to guess about the collective degrees of freedom, relevant
to nucleus-nucleus collisions, a decision about the appropriate
experiments seems premature. Let us wait to see what the next year of
plastic ball and streamer chamber data analysis will tell us.

The fraction of unobserved particles in present 4n experiments is
about 1/2, i.e. the neutrals. ine plastic ball offers some promise as to
neutron detection; however, with a different efficiency from that for
charged particles. On the event-by-event basis, a 47 detection with about
15% efficiency for neutrons is of no real use unless the neutron
mul+iplicity gets so high that even sampling them becomes significant,
i.e. in Pb + Pb collisions. 1In such collisions, another indirect solution
comes to mind; the fraction of clusters, d, t, 3He, 4He, will hava
such a high multiplicity that we might guess the neutron flux from the p:d
and 3He:t ratio in phase space, on the event-by-event basis. This might
help to understand semiperipheral collisions, in the colder "spectator"
regions of phase space. We shall come back to this aspect in the next
chapter.

Finally, any nonuniformity of the detection efficiency can be a major
obstacle in collective analysis. There is always a difficulty in the
target plane, due to particle absorption, increased y conversion, and
multiple scattering. In addition, the streamer chamber cannot momentum
analyze the 90° particles emitted along the magnetic field direction, and
to some extent all particles moving along the camera viewing angles. The
plastic ball appears, at first sight, to be free of such additional "blind

spots™. Howev r, its finite energy range of particle identification, from
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<bout 30 to 200 MeV/A, leads to tinuble after transforming into the center
of mass or any other moving frame; only about half the relevant phase
space is covered. In the streamer chamber data analysis, we thus have to
watch out for an instrument-induced flatness of the events, with a part of
P missing. The plastic ball has a built in forward-backward anisotropy
in the center of mass; its main strength thus lies with target
fragmentation pattern analysis.

In general, all the three topics mentioned here, low multiplicities,
lack of exclusivity, and detecticn efficiency anisotropy, result in a
heavy leaning on Monte Carlo simulation of random but detector-typical

ackground before significant information may be extracted.
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I11. Hybrid Analysis

In this chapter we shall sketch ceriain types of analysis in which
there is a trigger particle selected, either by hardware or off jine, and
collective features of the event associated with it are considered at the
same time. The simplest example is the familiar selection for small or
large iwpact parametersz), by requiring a high/low multiplicity of
charged particles associated with a single reaction product. This is not
an event-by-event analysis but just a selection of a restricted sample of
events. Let us now inok into examples that use a higher degree of
exclusivity.

A. Localization of the imiact nrlane

The concept for this experiment (yet to be carried out) originates

18,19) of ' ght projectile-heavy target

from hydrodynamic model studies
reactions, like Ne + U. Oue approach towards testing the predictions of
sidewards collective flow, made by this model, is to identify b = 0 as
closely as possible, by requiring cylinder symmetry cbout the beam axis
and then look for directions of preferred emfss?on of protons, clusters,
etc. This selection is difficult because of the smali cross section
associated with b > 0. To test hydrodynamics at finite impact parameters
we have to select an effective b window and to localize the orientation of
the impact plane, i.e. to find the plane that contains the beam axis and
the two centers of the collidizg nuclei.

This idea is illustrated in fig. 25 by the results of a

18) of matter flux in Ne + U at 393

hydrodynamical model calculation
MeV/A, for various impact parameters. Invariant nucleon cross section
contour levels are given, projected onto the impact plane defined by tp

and rapidity. The impact vector is always pointing to the positive p
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direction, from the target to the projectile center. At b = § w2 observe
total degradaticn of the incident projectile matter and momenium flux; the
bulk of it is emitted at small rapidities and 50° ¢ = < 90°, witr
azimuthal (= cylinger) symmetry. At b = 8 fm, on the other hand, we find
the target- and projectile-like regions of phase space preferentially
populated. More accurately, the projectile remnart flux centers at a
finita - = 15°; it has acquired a finite total P s due to the rollective
"bounce-off" from the target surface. For b = 6,4,2 fm, the two flux
families merge more closely but all the time exhibiting two peaks falling
onto the impact plare. The "bounce-off" angle increases with b. Figure
26 shows a Ca + Pb event at 2.1 GeV/A that might correspond to b = 6 fm.
How would a collective analysis of exclusively measured events of Ne
+ 'Y or Ca + Pb proceed in order to check this prediction? The nucleon and
cluster multiplicity will be %i1gh enough, for all but the largest impact
pas:leters, to perform & flatness analysis in terms of sphericity
veriahies, obtaining 0] < 02 and the direction of 03. Conveniently,
the limiting case of cylinder symmetry, Q = 02, n(03) + 0, is
contained in this. The directions of 02 and 03 define the impact
plane. Of course, its orientation will only be approximately localized
due to the finite particle number statistics of each event, perhaps to
about -20° in the azimuth. Alternatively, we might use the minimum
spanning tree to identify the target/projectile particle families. The
impact plane is then defined by the connecting main branch vector and the
beam axis. After this, we shall rotate all the events into a common
{arbitrary) impact plane orientaticn. Furthermore, we may sort the events
into bins of 03 direction Ay in this plane, correspanding in the

hydrodynamical modal to bins of -impact parameters (bounce-off angle}.
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Finally, we shall take an ensemble of about 500 to 1000 events per 5
bin, which means about 25 000 to 50 000 particle vectors per bin, at a
mean multiplicity of about 50 in a minimum bias Ne + U experiment. HNow we
may construct invariant cross section contours and compare to the
prediction of fig. 25 for the nucleon and cluster flux 1ensity
dgistr.bution.

Ho.ever, the check of hydrodynamics does not stop here. We may get
one step fu~ther in looking at protons and clusters separately. This is
significent because the regions of collective flux in phase space are
relatively low i internal thermal enerqy, in the hydrodynamical model.

In these regions, therefore, we expect an enhanced cluster abundancy.
Figures 27 and 28 illustrate this prediction for the proton and a-particle
flux at b = 6 fm., Chemical equilibrium conditions have been assumed for

]8). at densities below

the final state of the hydrodynamical calculation
that of normal nuclear matter, resulting in a prediction of the flux
carried by each nucleon or cluster species. It is obvious that the
~particle flux, fig. 28, exhibits the asymmetry and flatness of fluid
dynamical flux predictions in a much more drastic way than the proton
tlux, fig. 27. The protons originate more specifically from the hot
fi~epall zones {called head shock in the model terminology) and are
emitted more spherically.

Such a comparison of data with theory will certainly be much more
conclusive than anything we have done thus far. The corresponding phase
space calce ation, by means of the cascade model, will require a chemical
equilibriur treatment of the final state of that model. Such calculations

29)

are also vecoming available now The difference in the predictions

of these twe models should be that hydrodynamical collective flux leads to
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a nore narrow confinement of the spectator and participanc particle
families in phase space. The experimental effort, going into this test of
reaction dynamics, is fairly high hut still manageable.

A final remark is in order now about the term "hybrid analysis”, that
1 use for such studies. They proceed from an event-by-event analysis
(impact olane and bounce-off direction) to a single particle density
distribution, as obtained from an ensemble of events binned according to
their collective features.

. Heavy spectator nuclear fragments and the bounce-off effect

A special case of the bounce-off mechanism in hydrodynamics arises
if, in a reaction like Ca + Pb, a large fraction of the target spectator
remains intact, with the emission of a heavy fragment that carries most of
“ho target part of the collective momentum flux. This type of event will
be associated with rather large impact parameters. In hydrodynamics
terminolagy, the mechanism would be understood in terms of a collective
rrassure field associated with the high density in the target-projectile
uverlep region that is localized on the surface of the heavy target
nucleus. The target spectator region is pushed to the side, as is the
ornjectile remnant, The energy transfer is relatively small (unlike in
~ontril cnllisions) and shared equally between the target 2ad projectile
remnants. 1t will be sufficient to fragment the small projectile remnant
mta nucleons and light clusters, but in the target remnant there may be
reqiecns 12ft cold enough in order to survive as heavy fragments, still
carrying the collective bounce-off momentum transfer. From elastic

-particle scattering at 130° it is “nown that the target mean field can

onarh several GeV/c of recoil momentum without fragmentation.
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The resulting final state: light projectile fragments, near beam
velocity, are emittea at small but finite & < 10°. Also on the projectile
side in the impact plane, we shall observe the expansion products from the
hot overlar zone, mostly nucleons at about midrapidity. The heavy target
remnant recoils to the opposite direction in the impact plane. The
experimental program is then to
1. Identify the projectile fragment family and determine the

corresponding thrust direction that, together with the beam

direction, fixes the impact plane and the projectile bounce-off angle.

2. Identify the “fireball" particles near midrapidity. Their number is
a measure of the size of the overlan zone and, thus, of the impact
parameter. Their total energy approximates the energy transfer
between target and projectile {the degree of inelasticity).

3. Identify the target fragments, triggering the experiment by the
occurrence of a heavy (A 2 50) nucleus that is slow in the laboratory
frame. At 10 MeV/A, such a fragment carries z 7 GeV/c of collective
momentum! At 2 GeV/A incident 40Ar energy, about 30 projectile
fragment nucleons balancing this momentum would be distributed around
f = 5°,

In connection with this type of expected event, the remark has often
been made that all its features follow directly from energy/momentum
conservation., This is not true, however. Of course, any final state is
consistent with the conservation laws, but the hydrodynamical model
predicts a much sharper focusing of the momentum flux into the two
bounce-off directions than any phase space model (cascade), due to the
collective pressure gradient established in the interaction zone. The

shape of the colliding nuclear matter distribution, at given impact
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parameter, plays a decisive role in the orientation of the resulting
pressure field, unlike in cascade calculations in which each binary
nucleon scattering is assumed to proceed as in free space, and the shapes
are of secondary importance, affecting the outcome only through subsequent
rescattering. A different way of stating this: the overlap zone in such
a semiperipheral event has a thickness of only about two mean free paths,
in the cascade view of things. These two binary scatterings per nucleon
are governed by free N-N collision phase spacc, with little chance of a
cocperative effect setting in that could simulate the collective
deflection of flow in hydrodynamics. Thus, an event with sharp focusing
of the flux is rare in the cascade model, whereas it is predominant in the
hydrodynamical model. Of course, the applicability of hydrodynamics
appears to come to its very limit in this situation. Zero mean free path
is assumed locally, in the rather small subvolume of target and projectile
overlap, which accommodates only about two binary collisions, in the
cascade approach.

This rather risky theoretical situation has attracted several

21,22)

experiments, reported at this conference Figure 29 shows a

sketch of oneZ])

, using three major components: a set of detectors for
heavy, slow target fragments inside a vacuum chamber; a multiplicity array
for fast particles surrounding the forward hemisphere of the chamber
(fireball products); and the segmented plastic wall array, identifying the
projectile fragment flux distribution at small forward angles by means of
time of flight and specific ionization measurement, The data of this
experiment, which is only exclusive to the extent required by the sought

observables, are not yet fully analyzed. We are also waiting for a

cascade model treatment of the bounce-off effect.
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C. Pion condensation search

Let us now reach out, with some speculative remarks, beyond the
familiar teritory of models. Of course, hydrodynamics will only be
conclusively tested in exclusive analysis, and in this way we may
indirectly approach the still evasive conditions at high density in the
transient, short-lived state before expansion. One qualitative step
further into the unknown do we go in thinking about phase transitions and
their possible characteristic observables, because such theories require a
detailed microscopic state of nuclear matter, for the short transient time

scale of some 10'23

s, beyond the development towards local equiiibrium
or the onset of collective flux. At Bevalac energies, pion condensation
is the only 1ikely candidate for a phase transition because the total
energy density of at most 0.8 GeV per cubic Fermi, reached at density p =
400 in a 2 GeV/A Ca + Ca collision, falls well below the present
estimates for a quark matter transition23).

Let us disregard, for the moment, the critical gquestions about short
lifetime, finite size, and high temperature of the fireball, assuming that
a small but finite fra~tion of near-central collision events result in

24); a spin-isospin

pion condensation. This results in symmetry breaking
ordered lattice is being established in the interaction zone, leading to
long-range orientation along a plane that is fluctuating from one event to
the other. This state may be reflected in an emission anisotropy because
the nucleons in the remote regions of target and projectile, streaming
into the overlap zone where a condensate is already established, will
scatter anisotropically with respect to the lattice direction (critical
opalescence}. Thus, at least at b =0, t' :re are no leading fragments but
the event still shows no cylinder symmetry. We are referring to a

collision of equal size nuclei.
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The experiment should thus select nonspherical events of maximum
multiplicity, no leading particles, and a thrust of sphericity orientation
towards large . Unfortunately, such an event pattern might also be
caused by hydrodynamical flow, at small but finite impact parameters (fig.
19). We would then localize nothing but the impact plane. We need
another additional observable to be selective to pion condensation. Can
we make use of the spin orientation along the lattice? One idea might be
to identify a signal of magnetic moment orientation in observing
y-emission anisotropy. However, let us stay within the capabilities of
exist{ng instrumentation, 1ike the streamer chamber. We may think, then,
about a polarization measurement of the produced particles. Proton
polarization can be measured by secondary scattering from spin zero
nuclei. This would require something 1ike a carbon foil surrounding the
target, measuring the up/down asymmetry of secondary interactions in it.
Each event provides a sufficient nuinber of emitted protons, such that at
least one such reaction takes place, per event, even in a thin foil.
However, the analyzing power of double scattering is low, and we may be
unable to satisfy statistical requirements, within the limits imposed by
the effort of exclusive event analysis.

An alternative approach may be to look at A particle
po]arization‘o). The A particles produced in the interaction decay in
flight, away from the primary vertex, a -~ = + p with 67% branching
ratio. In this weak decay, the A polarization direction is preserved (by
parity nonconservation) in the spatial orientation of the a-p production
plane. The analyzing power of this process is high (0.64). The rationale
would be that A parti-zles are produced in the high energy density zoné,

i.e. in the pion condensate. They rescatter from the lattice, orienting
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their spin direction relative to it. We would thus have to obtain an
ensemble of high multiplicity, no leading particle, nonspherical events
with a A in it. This set of requirements implies a lot of running time
because the mean A multiplicity in Ca + Ca central collisions at 2.1 GeV/A
is only about 0.08. We should gather several thousand A-producing events,
to look for a change of polarization with the orientation of A emission
relative to the event asymmetry plane, as resulting from sphericity
analysis of the event protons. Unless a 4n-A trigger is used--a detector
system by far exceeding familiar experiment dimensions at the
Bevalac--this amounts to gathering about 200 000 central trigger events in
the streamer chamber (=200 Bevalac hours), scanning all of them for A
events, and exclusively analyzing the resulting sample of several
thousand. Figure 30 shows how A particles are identified from an
invariant mass analysis of the measured negative and positive track
rigidity in a "Vee" event10). Competing Vee-producing events are K° -

n+ + < decay and y ~ e+ + e~ conversion; they are discriminated by
invariant mass analysis.

We see that the effort is very high; we are certainly approaching the
level of particle physics experiments here. Furthermore, this experiment
proposal is based on theoretical dreams. In particular, one might argue
that the Bevalac maximum energies, at which we reach the A production
threshold, come along with reaction temperatures that are beyond the
critical temperature for pion condensation. With considerations such as
these, we have obviously exhausted our present experimental and
theoretical capacities. They may still serve for an orientation as to

what lies ahead.
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I1vV. Conclusions

In this talk, I have focused entirely on multiparticle correlations
because this field is new and relatively unfamiliar to all of us, but our
experimental developments, like the plastic ball or the streamer chamber,
do already allow for this type of analysis. Two particle correlation
analysis is certainly as promising a tool, to proceed beyond single

particle inclusive observables. Such correlations as

a. YAnomalon® decay studies by o« = d + d invariant mass reconstruction
with the HISS spectrometerZS),

b. Di-lepton measurementszs),

c. Back-to-back proton or pion emission correlation27),

d. Proton-proton quasifree scattering kinematical corre]ationZB),

29) at 4p > 0 (Hanbury-Brown,

e, Identical pion and nucleon correlation
Twiss effect), and
f. "Vee" events from i, K° decay, and y conversion, imbedded in the
final statelo)
are being actively pursued at the present time, and contributions to this
cenference illustrate their richness in information.
Let me end with some conclusions about exclusive, event-by-event
analysis:
A. As examples of collective analysis of the final state, we have
described the concepts of thrust, sphericity, and the minimum spanning
tree. The first two lead to the construction of multiaxial 3-dimensional
surfaces, representing the density distribution of momentum and square
momentum flux, respectively. Two jet structure, flatness, leading

particle motion, and the orientation of the impact plane, as well as zero

impact parameter selection by cylinder symmetry, are the observables most



casily accessible in this framework. The minimum spanning tree is the
most flexible approach, applicable to any 2- or 3-dimensional, ¥ or P or E
space representation of the event. It identifies any clustering or
particle family structure, depending on the choice of metric, and thus
appears to be suitable for exposing unexpected features for which we do
not yet have theoretical prejudices.

Furthermore, we should exploit scalar quantity correlations in the
events, such as proton, pion, cluster multiplicities, or ‘pl’ and ]pnl
sums and the total transverse energies carried by various particle species.
B. To apply collective analysis, we need a sufficient number of
microscopic degrees of freedom per collective degree of freedom. Monte
Carlo simulation of events becomes extremely significant, to assess the
essaying power of collective analysis. Thus, we should be delighted,
rather than frightened, about the high multiplicities of particles in
Bevalac energy collisions! Proton (and neutron) multiplicities are always
adequate, but pion and cluster statistics will be marginal. At CERN PS
energies of up to 15 GeV/A, pion analysis will come to the foreground, and
strange particle statistics will be marginal.

Loaking ahead to Bevalac Pb + Pb reactions at 1 GeV/A, with proton
multiplicities exceeding 100, or to VENUS or CERN ISR reactions producing
even more pions, we shall reach a point at which individual particle
momentum reconstruction becomes both overwhelmingly tedious and perhaps
unnecessary. Calorimetric experiments that measure local averages of
particle, energy, or charge flux appear more appropriate. However, we
shall then lose some of the nice aspects of fully exclusive
identification, for example the possibility to construct any desirable two

particle correlation observable. Furthermore, at Bevalac energies, a
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large fraction of the final state particles will be too low in energy to
apply familiar calorimetry. New experimental designs, not provided by
present particle physics, have to be developed.

C. The presently available 4n” instrumentation, i.e. the plastic ball
and wall, the streamer chamber, and emulsions, are perfectly suitable for
us to test conclusively the dynamical models, discussed now. Kinematica?
equilibrium vs transparency, local chemical equilibrium, etc. are
approached in observables 1ike event-by-event Py to p, ratios, cluster and
nucleon flux comparison, and the distribution of the charge to neutral
ratio in phase space. For, example, in collisions of zero isospin nuclei

3He

like *0Ca with high isospin targets, the distribution of the t:
ratio in phase space, along with a determination of the impact plane, will
serve to pin down the flux pattern of projectile and target matter and the
extent of equilibration (mixing).

Beyond this, the selection of events corresponding to finite impact
parameter domains, by cylinder symmetry for b -+ 0 and impact plane plus
"bounce-off" pattern identification for finite b, will enable us to
discriminate phase space/cascade mechanisms from collective fluid dynamics
patterns. The overall result of this might be that one of the models will
he substantiated, in all its predicted observable features, by the
features of a certain class of reaction, 1ike Fe + Fe or Ca + Pb, to such
a degree that its implications about density and temperature in the
transient compressional phasc gain credibility. Such that, although we
are still not finding direct probes for the ratio of potential
(compressional) to thermal energy, as a function of reaction time, the

features of the nuclear matter equation of state become known.
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D. Beyond our present model discussion of hydrodynamical collectivity
versus phase space/cascade statistics, the guidance provided by theory is
scarce, as far as suitable observables, corresponding to phase
transitions, are concerned. If pion condensation occurs, and if it leads
to a macroscopic plane of lattice order in the collision (and not to a
multitude of randomly ordered domains as in a ferromagnet), we may
identify it by decay anisotropy, detected event by event, and by
additional probes of the spin/magnetic moment orientation.

Finally, beyond the guidelines and prejudices established by theory,
there is always the empirical approack. Let us look, by means of

exclusive analysis, for unexpected and surprising features of the event.
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Figure Capti~cns

Fig. 1.

Fig. 2.

Fig. 2.

Fig. 4.

Fig. 10.

Fig. 11.

Streamer chamber view of a central 40Ar + KC1 interaction at
1.3 GeV/A.

The same event as fig. 1, after measurement.

Correlation between negative pion and total charged par ‘cla
multiplicity in Ar + KC1 at 1.8 GeY/A. The smooth lines give
contours of event frequency. Events that produce a . particle
are given as crosses.

Preliminary data from an exclusive analysis of Ar + KC1 centra:
coilisions at 1.8 GeV/A for the event-Ly-event values of total
%%—épli and ip“g in the center of mass, as normalized by the
multiplicity M of charged particles. The lower part shows Ar +
Pb et 0.8 GeV/A with P referring to the fireball center of mass.
The laboratory momentum vectors of the event shown in figs. 1
and 2 in a side view. The besm is in x direction.

Top view of the same event, as transformed into the center of
mass sytem,

Side view of the same event in the c.m. system. Four jets are
clearly distinguished in this projection.

The same event, as viewed in beam direction.

Central collision of 40Ca + 4OCa at 2.1 GeV/A, exhibiting

the typical forward focus in the lab frame of equal mass central
collisions.

%ca + Pb at 2.1 GeV/A. HNote the

Central collision of
different emission pattern in the target fragmentation region.
Another example of 4OCa + Pb at 2.1 GeV/A, showing complete

projectile energy degradation.
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Contour plot of invariant ar + KE1 - 7 crogs section, for
central collisinng at 1.8 GeV/A, The dashed linw< correqpird ¢
arn isotrapical pion sgurce at midrapidity.

2i,cribution of polar anale in the c.m. system of ~ oproduced in

Aco+ b0 2t 1.8 GeV/A.

sripution of palar angle in the com, cvstam af tha

sphericity direction, from an evert_biyepyvant snaiveic of Ar

fueens frequency contour lines, in the plane f sphoricity vs

flatness/coplanarity, fram colisctive anilysic of the negqitive
pinns in the ¢.m, system of Ar + 771 3t 1.9 GeV/x,

Py Cercion nf fig 15 onta the spheririty avis,

Same nlot as fig. 1A, now showing the ratin of deta events to
Moncte Carle eveate, for each bin in €. The ratin is ~ompatible
41ty one, for 510§,

Pl oA pyent 6 cortagrs in the plane oF waximgm

Tonuitior - ] = S) vs polar arientatian of (1 - S), resulting
fros cohoricity analvsin aof the narticinant protornc ir a cascade
Codel alaul tion af YA« Far at e and 1100 Mevia,
“alavelioaty cuts carresponding to o minimgm higs trigoner (m °
oand o2 central collision eriection are shawn,
Tonfigiritian space rlot of the den<ity develapwent with time,
Sy sy radmanic caloulation or easal ese pucled oolliding
at cheee 11ffarent impact parameters,

Pesults of nocleon thruct analysis of the npdrognanicsd

calcalition, shown in fig, 19, exhihiting T 3¢ 3 functinn of

h/&m ant bonce-of< arqle relative to the heam axis.
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Fig.
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Fig.
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Sketch of the global features of a central A + A collision, as
predicted by hydrodynamical and cascade models.

Plot of polar vs azimuthal angle in the c.m. system of charged
particles in a central Ar + KC] event at 1.8 GeV/A.

Sketch of an application of the minimum spanning tree analysis
to three groups of particles, clustering in a 2-dimensional
representation.

Sketch of the plastic ball, plastic wall 4--detector system.
Hydrodynamical model: centours of invariant nucleon + cluster
cross section, projected onto the impact parameter plane, for b
=1,2,4,6,53 fm, in Ne + U collisions at 393 MeV/A.

Streamer chamber view of an event 4OCa + Pb at 2.1 GeV/A,

which exhibits the qualitative features of a bounce-off reaction.
Hydrodynamical model: contour plot for impact parameter b = 5 fm
in Ne + U}, showing the part of matter flux emerging in free
protons.

The same plot, for .-particle emission, in chemical ecuilibrium.
Sketch of an experiment designed to identify the bounce-off
effect predicted by the hydrodynamical model. The three main
components are shown: a set of detectors for slow, heavy tarqet
fragments inside a vacuum chamher; surrounding it is a
ailtiplicity array for fast fireball fragments; farther
downctresm, the segmented plastic wall registers projectile
remnarts at 0 < 9°.

inavariant mass plot constructed from "Vee*” events in Ar + K(1
central collisions at 1.8 GeV/A. The branches due to & -~ p.~

+ -
and £° - - - are exhibited.
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Fig. 7 _ XBL 816-5044
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Ar + Ar — protons, Cascade model
Knoll, Riedel, Yariv
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Symmetric collisions in CM
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