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I. ‘ Introduction
One of the features of multiparticle production at high energies is a leading
particle effect,. while another feature is the appearance of short-range order. A
third feature, well known even at low energies, is the limited transverse momentum
distribution of the produced particles.
Examination of the available data has led to the concept of clusters, i. e.,
the creation of particles in small, correlated groups. When "seen” at high transverse
momentum, these groups are called jets. However, these clusters are not self-
evident in the data at current energies. Hence, physicists have examined the data
and in a sense "'created" these clusters. This paper will describe two ways of
"creating' clusters and their possible physical implications.
The first is a zone graph technique suggested by Kryzwicki and Weingarten( 1)

which "picks” out clusters in rapidity space. The second method is a nearest neighbor

(2)

~/
, which effectively operates in invariant mass

technique, first exploited by Ludlam
space. Both these techniques define clusters in different ways, but each of them has
arbitraxry aspects which are chosen to give the best results.

The zone graph technique results in a model which has two leading clusters
and a central fireball. Figure (1) describes this picture.

The nearest neighbor technique views the interaction as creating a number of
small clusters, each of which has its individual properties. Figure (2) displays this

viewpoint.

II. Data Acquisition

The data I will describe comes from experiments using the Fermilab hybrid
spectrometer. Figure (3) shows that layout. The principle component of the spec-
trometer is the 30" hydrogen bubble chamber. The upstream Cerenkov counter

and proportional wire chamber system identifies the incoming beam particles and



the downstream proportional wire chambers measure the trajectories of secondary
particles from the interactions in the bubble chamber.

111, Modified Zone Graph Technique and the Leading Charge Model

The universities associated with this work are shown in fig. (4). The space
E+P \
E-FR| - Figure ()

I
shows a typical 10-prong event. It also describes the construction of the zones

this work concerns itself with is rapidity space, Y = % ln[

associated with this event. As the example shows, one ends up with zones that are
really determined by the change in charge and not determined by any "distance" in
rapidity space. The "creation"” of clusters from this data is done in the following
model. We assume that there are two leading clusters in every interaction and that
these leading clusters have the same charge as the original target and beam that
created them. Hence, we define beam end zone as the -group of particles (usually
1 or 3) with the highest rapidity that have the charge of the beam. We also define a
target end zone as the group of particles (again, usually 1 or 3) with the lowest
rapidity that have the charge of the target. We define é beam cluster of an event as
the particles in the beam end zone plus any minus-plus pion pairs within 1. 0 units of
rapidity of the beam end zone. We define a target cluster of an event as the particles
in the target end zone plus any minus-plus pion pairs within 1.3 units of rapidity of
the target end zone. About 80% of both beam and target end zones contain only one
-particle, while an additional 10% contain three particles. Therefore, in somewhat
over 90 percent of the events, the fastest one or three particles carry the charge of
the beam,and in somewhat over 90 percent of the events, the fastest one or three
particles in the target direction carry the charge of the target. Hence, for the great
majority of the events, it is simple to define the leading clusters.

We therefore propose a leading charge model (LCM) which consists of two
leading clusters and a central cluster. The central cluster is defined to be all the

particles not in either leading cluster.
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The properties of this model are: (1) the central cluster has random distri-
bution in charge, and (2) the transverse momentum and longitudinal momentum
distributions of the central cluster are similar. We therefore call the central

cluster a fireball.
To show that the central cluster indeed has a random charge distribution,

we first look at the charge asymmetry for all the data and for the central cluster.

We define the charge asymmetry A(y) to be:

do| | do

dy [+ Tdy | -
)= 1

Yo 4 do

dy |+ dy -

Figure (6) is a plot of A(y) for all the data and the central fireball. As is displayed.
the data for all the events falls smoothly through zero at y = 0 with no hint of a

zero asymmetry plateau. On the other hand, the data for the central fireball

exhibits a clear zero asymmetry plateau, around y = 0. This is one indication that
the selected fireball particles indeed have a random charge distribution.

The details of a further test made to determine whether or not the central
fireball indeed has random charge distribution is shown in fig. (7). In this test,
which simulates closely the LCM discussed earlier, we identify the two leading
clusters in each event and then in a random way reassign the charges of the central
cluster or fireball. In this process, we, of course, conserve overall charge. We
now have a new sample of events which has been constructed so as to ensure that the
central cluster has random charge distribution. We can now compare detailed distribu-
tions of this new, leading charge model (LCM) sample with the original data.

The first quantity we compare is the charge transfer variable U, first defined

by Chou and Yang 3)

.
.



U=3Qz-Qy)  "3Qp-Q)
*7F Blgl - F QBinitial

where QF (QB ) is the total charge in the forward (backward) hemisphere. Figure 8(a)
displays this distribution.

Notice that the LCM sample, constructed from the data, reproduces the
data quite precisely. This is another indication that the charge in the "fireball" is
randomly . distributed. The dotted line in fig. 8(a) is the distribution you generate if
you randomize all the charges in an event (Random Charge Model - RCM). Note that
this model, as expected, does not match the data at all.

Another test of randomness of charge of the fireball is to compare the zone
multiplicity distribution of the data with the LCM sample. Figure 8() displays this
comparison. Again, the LCM sample follows the data quite accurately. We also
compare the data with the sample of events with all the charges in the event randomized
(RCM). As seen before, this random charge model sample does not match the data.

The zone distribution comparison can be made more detailed by examining the
semi-inclusive zone distributions. Figure (9) displays these distributions. Here
we see in detail how the LCM sample tracks the data. The RCM sample consistently
fails to match the data.

We have made many other tests to see if the data is cousistent with the hypothesis
that the selected fireball particles indeed are randomly distributed in charge and all
tests are affirmative.

Having established that our fireball is randomly distributed in charge, let
us turn our attention to the momentum distribution of the particles in the fireball.

Van Hove (4) has defined a cluster as an aggregate of final particles such that in the
rest system of this aggregate,. the longitudinal and the transverse momenta of the
particlés are similar. In fig. 10(a), the center-of-mass longitudinal and transverse

momenta of all final particles in m p interactions are compared. As is well known,



the effect of limited transverse momenta exhibits itself in this plot; that is, the
particles contain largér amounts of longitudinal momenta than transverse momenta.
In fig. 10(b), we see a comparison of the longitudinal and transverse momenta of
chérged particles in the central fireball. The two components follow very similar
distributions. These data satisfy Van Hove's definition of what constitutes a cluster.
Of immediate interest is the angular distribution of the particles in the fireball.
Figure 11 shows this distribution as a function of the momentum of the particles.
As can be seen for momenta less than 600 MeV /c, the distributions are quite isotropic ‘
with only the fast particles ( p > 600 MeV /c) being strongly anisotropic. These fast
particles represent about 25% of the total number that make up the fireball. This
nearly isotropic behavior and the randomness of the charge distribution account for
our designating these central cluster particles a "fireball. "

Figure 12 shows the multiplicity distribution of this central fireball. The
average multiplicity of the fireball is about three while the average multiplicity per

event is about seven. Various theories (5,6,7 8,9

predict that the xelation
" between the multiplicity n of a fireball and the mass M of a fireball should be of the
form

n=Mb . -

Figure 12(b) shows the plot of our data. The best fit is:
b=.644 .03,

This is close to the 2/3 predicted by Feinberg (9) based on a modified Landau model.

Given a fireball, one can ask, "Does it have a Bose distribution in momentum
and, if so, what is the characteristic temperature?” Figure 13 is our data and a fit
to the momentum distribution of the form:

2
o2



for p < 800 MeV /c. The fit gives T = 131 4+ 2 MeV. with a reasonable X2,

What we have demonstrated is that by a simple and perhaps somewhat
arbitrary procedure, it is possible to separate each event into three regions:
a beam cluster, a target cluster, and a central fireball. This central fireball.
satisfies Van Hove's definition of a cluster; namely, the transverse and longitudinal
momentum distributions are similar. It also has isotropic angular distribution
and the charge distribution is random. The Bose temperature is 131 MeV. This
picture satisfies some theoretical speculations; in particular, Pokorski and

(10) see an interattion as the target and beam passing through the intex-

Van Hove
action region with their identities conserved, producing two leading clusters, while
the central region particles are produced by gluon interactions. Note that this
clustering algorithm was based almost solely on charge configuration and almost

not at all on any kinematic considerations. Namely, it required the fastest group of
particles to have the same charge as either the beam or target, which created two
clusters and all the rest was the third clister. Kinematics played a relatively minor

role.

IV. Nearest Neighbor Technique

Another technique for "cfeating” clusters essentially ignores charge altogether
and basically depends on kinematics. The people associated with this are listed in
fig. 14. In this approach, one looks for clustering in invariant mass space. One
defines a metric, dij, between any two particles i and j with mass Mi and Mj in an

event in the following way:
2 2 _ 2
(dij) (Mij) (Mi + Mj ).

Mij is the invariant mass of the two particles.

The metric dij has the following properties:



(1) It is Lorentz invariant
) It is positive _,
(3) 1f the relative velocity between the two particles is zero, .
then dij = 0.
Having defined a metric, then for each event one can form the "minimal spanning
tree" for that event. The minimal spanning tree is a set of distances connecting
pairs of particles in the event which has the following properties:
1. There is a path from every particle to every other particle in the
event.
2, The total path length is a minimum.
The distance from point to point along the tree is called an edgé. Given this "spanning
tree" the question that arises is can one detect clusters of particles in the geometry
of the tree, Figure (15) is an example of a spanning tree. An obvious way to "create "
clusters is to pick a threshold distance and cut all the edges greater than this threshold
distance. This would create clusters whose mass would depend on this threshold -’
distance. To avoid this choice of threshold distance, we have utilized the concept of
nearest neighbor. The nearest neighbor to a particle is that particle which is the
smallest distance away. We then cut all the edges we can so as to leave all nearest
neighbors connected to each other by edges. In fig. 15 the only edge we can cut is
the edge connecting particle (1) to particle (5). This partitions the event into two
clusters where each particle is in the same cluster as its nearest neighbor. This
technique will break up an event into the maximum number of clusters where each
cluster, if it contains a particle, will contain its nearest neighbor. This algorithm does
not adequately handle leading particles, hence, it is also necessary to break all edges
which are longer than 1.3 GeV/c%
We have téken Monte Carlo data whose cluster structure we know and tested

the above algorithm to see how well it reproduces the known cluster structure. We



assumed the reaction m + P> wi+wy+ws+wy+ N. Each W, was allowed to decay
into a ni+ , 'rri-, and 1ri° .

This is a 13 body final state containing eight charged particles. A perfect
algorithm would divide each event into four clusters where each cluster contained
the correct 'n‘i+ “i- pair.

We generated 1,000 events and the result of our test is shown in fig. (16).

Of the 4, 000 correct wim” pairs, 3,599 appear either in two- particle, four-particle,
or six-particle clusters. Hence, our algorithm generally put the correct 'n'+-n-- pair
into the same cluster; however, over half of the time it joined two or three clusters
together. This positive result led us to try the algorithm on our 147 GeV/c « p

data. Figure 17 shows the cluster multiplicity distribution. The average cluster
multiplicity is just over three, Figure 18 shows the cluster distribution as a function
of event charge prong multiplicity. As can be seen, the number of clusters for each
topology grows with increasing topology, but the multiplicity of each cluster tends to
be independent of topology.

To check whether the clusters located have physical meaning, we looked at
all two-cluster events where one cluster contained an identified proton. The cluster
not containing the proton should be rich in o’ mesons. Figure 19 shows the win
invariant mass for those clusters. As expected, thereis a po shoulder. To test if
the shoulder is real or not, we took the mass recoiling against the proton and had.
that mass decay randomly, assuming the number of w¥'s in each event to be equal to
one-half the number of charged pions in the recoiling mass. The solid curve is the

Monte Carlo result. There is an excess of events in the p" region over that predicted

by the Monte Carlo.

One can now take the created clusters and plot their transverse momentum

distribution. We chose clusters where the maximum individual pion PT was less than



1.5 GeV/c%. Figure 20 plots the single pion P, and the cluster P... distributions.

Note that the cluster PT distribution extends beyond a P of 2.5 GeV /c even though

there is an absolute cutoff of 1. 5 GeV /c? on the individual pions. It is instructive to
compare our cluster PT distribution to the jet distribution of Bromberg et al. (1
which is done in fig. 21, Note that that figure is plotted in terms of an invariant

cross section and our data tends to join in a reasonably smooth fashion with the data
from Fermilab. While our cluster creation technique is somewhat arbitrary, it is
important to note that our low PT data joins onto the high PT data in such a smooth
fashion. The trigger logic used in the Fermilab experiment is different from our
clustering algorithm but the two techniques seem to give consistent results. The
conclusion one may draw is either that both experiments are detecting physical
entities which manifest themselves independently of the technique used to locate them
or any clustering algorithm will find the same PT distributions in the data even though
the clusters created have no physical significance.

We have generated events with a limited PT distribution which have the same
topological properties as the data. The generated events when run through our clus-
tering program do not reproduce the data shown in fig. 21. We deduce from this
that either our Monte Carlo is too naive or fig. 21 represents real dynamics.

V. Conclusion

In conclusion, we have presented two distinct techniques for generating
clusters from our 147 GeV/c m p data. The first yields a picture with three clusters:
two leading clusters with properties of the beam and target, and a central cluster,

a fireball with temperature of 130 MeV., The fireball is isotropic in charge, angular
in distribution, and has similar transverse and longitudinal momentum distributions.

The second technique generates clusters that have a PT distribution that extends
beyond the individual pion PT distribution and joins on smoothly with the high PT jet

structure found in the Fermilab experiments.
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It may be that the true physical situation is a combination of both phenomena
and each techﬁique singles out one aspect of the dynamics. More data is required
(and will be available next year) to explore this possibility.

One should note that all the work presented here refers only tocharged
particle structures., It is expected that the inclusion of neutral particles in the
analysis will not alter any of the conclusions. However, when neutral pion data
becomes available, it will be important to check this point.
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