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ABSTRACT
The azimuthal substructure of particles produced in ultra-
relativistic heavy-ion collisions is investigated. The
observed substructure seems to be of stochastic nature and
the features of the experimental data can be understood
when effects like y-conversion and particle interference
(HBT) are taken into account.



1 Introduction

Whenever densities of secondary particles produced in high energy interac-
tions between particles of various kinds are analysed in terms of fluctuations,
the observed effects are dominated by statistical fluctuations. Significant
deviations from these statistical fluctuations are only observed after
painstaking efforts to remove the statistical part of the fluctuations. Several
such attempts have been made during recent years[l] most of which have utilized
variations of the method with factorial moments proposed by Bialas and
Peschanski[2].

At the same time, when individual events are imaged visually, the human eye,
however, has a tendency to observe all kinds of intricate patterns. For
instance, when azimuthal distributions of particles from relativistic heavy ion
collisions, produced within a narrow region of pseudo-rapidity, are studied, the
eye spontaneously suggests a classification into two classes; distributions with
a jet-like structure and distributions with a ring-like structure. These
structures are also referred to as tower and wall structures[3]. The jet-class
consists of cases where several particles seem to form clusters in the azimuthal
plane, clusters which are separated with rather large void regions, as sketched
in fig. la. The ring-class consists of cases where the particles are distributed
almost regularly as the spokes in a wheel (cf. fig. 1b).

When a factorial moment analysis is performed in one (e.g. pseudorapidity, n)
and two dimensions (e.g. pseudorapidity and azimuth) the same two classes
emerge[4]. In a one-dimensional analysis the main contributions come from
ring-like substructures in the event whereas in a two-dimensional analysis
jet-like substructures are the dominant contributors.

In this paper we have made an attempt to see if two such classes, jet-like
and ring-like, have any physical significance in the particle production in high
energy heavy ion interactions, or if they are of purely stochastic nature. For
this purpose we apply a new method which will be described in section 3 and the
results of the analysis will be given in section 4.

2 The Experiment

The EMUOl-collaboration has collected data from collisions between various
projectiles and targets at different incident energies in the ultra-relativistic
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region[5]. Two different techniques have been employed, both utilizing nuclear
emulsion; ordinary emulsion stacks with exposures parallel to the emulsion
plates and emulsion chambers in which the exposures are perpendicular to the
plates. The second technique is best suited for an analysis in which the
azimuthal emission angles are of interest since, in this case, the detector has
azimuthal symmetry and high resolution. With this technique a resolution of 4n =
0.013 rapidity units in the central region can be obtained[6]. Pseudorapidity is
given by n = -1n(tg(6/2)), where © is the emission angle with respect to the
beam direction. A major fraction of the chambers are equipped with thin target
foils, providing possibilities to study interactions with various targets.

In this paper we have analyzed data from interactions induced by the CERN/SPS
200 A GeV oxygen and sulfur beams on targets of emulsion, silver and gold
recorded in emulsion chambers.

Further details on the experiment, measurements and experimental criteria can
be found elswhere[7].

3 The Method

Many different ways of sampling narrow, dense groups of particles can be
devised. One method is to use a fixed scale of length And, and to move it
continuously along the rapidity axis. Each group will then be described by a
multiplicity n, and a density p, = n_/An,. All groups where e (pc)cut can
then be recorded and used in the subsequent analysis. This method has the
drawback that the sample will consist of several different multiplicities n.,
which will make the study of the azimuthal structures unnecessarily complicated.
Furthermore the discarded groups with Pe < (pc) cut will have yet other
multiplicities, preventing a direct comparison between the dense and the more
dilute groups.

Another method, in contrast to the previous one, is to keep the multiplicity
ny fixed. Each consecutive nd-tuple of particles along the n-axis can then be
considered as a group characterized by an, and e = nd/Anc. Dense groups can
then be defined and recorded as above. This method has the advantage that all
groups, including the discarded, more dilute ones, have by definition the same
multiplicity ng, and can be readily compared. With this method it is also a
fairly simple task to compare the obtained sample with samples obtained by a
purely stochastic process as well as samples obtained from model-based



Monte-Carlo calculations.

Next we need to parameterize the azimuthal structure in a suitable way, so
that large values of the parameter represent one type of structure and small
values the other. Two sums have been suggested as such parameters[8] and are
given by

5, = - ) 1n(8¢;) (1)
and
5, =y (85)2 (2)

where 8¢ is the azimuthal difference between two neighboring particles in the
group. For the sake of simplicity we can count A¢ in units of full revolutions
and thus we have

Sl(ey) =1 (3)

Both these parameters will be lar}gev(s1 5 @, S2 > 1) for jet-like structures and
small (S1 > ng c 1n n,, S2 - 1/hd) for ring-like structures. Furthermore the
expectation values for the two parameters, in a purely stochastic scenario with
independent particles, can be analytically expressed as

nd—l
1

s> =ngr ), = (4)

k=1
and

2

<Sy> = (5)

nd+ 1

respectively. Both these expectation values can be derived from the distribution
of gaps between azimuthal neighbors given by

(nd - 2)

£(a¢) d(84) = (ng- 1)-(1 - b¢) da(ae) (6)

Although the two parameters 54 and S, have similar features S, is essentially
only sensitive to the smallest gaps, A4¢, whereas the main contribution to §,
comes from the largest gaps or the voids in the group. In this respect the two
parameters are complementary and in the next section both parameters will be
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used. It should be noted that it is enough with one extremely small gap in order
to obtain a large value of S1- 5 will thus be very sensitive to any kind of
pair production of particles, e.g. electron-positron pairs from y-conversion.

4 Results

Average values of the parameters 54 and S, (egs. 1 and 2) are calculated in
the region 1.32 < n < 6.0 as functions of the size of the group, 4n = Npax ~
Nnin’ where Nnin and Npax 2r€ the pseudo-rapidity values of the first and last
particles in the group. In fig. 2 we show the results for central 200 A GeV
O+Ag(Br) collisions; fig. 2a for Sqs fig. 2b for S,- A total multiplicity of at
least 150 produced charged particles (shower particles) was required and ny is
chosen to 17. The dashed lines correspond to the stochastic averages given by
egs. 4 and 5. Since each consecutive nd-tuple of particles along the n-axis is
considered, a given particle may belong to several groups. In the error
calculation this has to be taken into account, and furthermore it means that the
data points are somewhat correlated. The sizes of the error bars have also been
checked by use of Monte-Carlo methods. Also indicated in the figures are the
outcome of the same analysis performed on a sample of collisions generated by
FRITIOF 1.7[9]. As can be seen in figs. 2a and 2b there is good agreement
between FRITIOF and stochastic averages, and this agreement is found also for
other projectile-target combinations. The data points have a weak tendency to be
above the stochastic averages indicated by the dashed 1line (i.e. towards
jet-structure). Furthermore there seems to be no significant dependence on the
group size, 4n. If n4 is varied the results are very similar.

In fig. 3 the results for the data set from 200 A GeV S+Ag collisions are
given. Again the data points are somewhat above the stochastic level (and
FRITIOF), but no significant An-dependence is seen.

In fig. 4 the analysis is repeated for 200 A GeV S+Au collisions. In this
case the data is significantly above the stochastic level. This clearly
indicates that a certain "jettyness" is present.

A comparison between the three data-sets thus reveals that the observed
structure is on the jet-like side (above the stochastic level) and any sign of
ring-like structure (below the stochastic level) is washed out in the averaging.

In an earlier analysis with 2-dimensional factorial moments[4] it was found
that the background from y-conversion in the S+Au sample, estimated to be 3 % of
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all gammas (smaller for the other samples), to a large extent could explain the
observed effects. We have thus also generated a FRITIOF—sample in which 3 % of
the produced gammas are converted to electron-positron pairs according to the
description of Borzelino[10]. The results from the analysis of this sample are
also given in fig. 4. As can be seen in fig. 4a, there is a satisfactory
agreement between the data and the sample from FRITIOF+y-conversion when S, is
used. However, the results in fig. 4b, where 52 is used, clearly indicates that
the global structure in the two samples differ considerably, especially for the
rather dilute groups. We thus conclude that the small gap structure is a
consequence of y-conversion, but that the real sample shows larger void regions
in than the generated sample.

another effect, not accounted for by FRITIOF 1.7, which is of relevance here,
is the Hunbury-Brown and Twiss effect (HBT), originating from the interference
between identical particles. In order to study how the HBT effect would
influence our results we have parameterized the effect and slightly shifted
particles in a FRITIOF generated sample accordingly, in much the same way as the
effect is mimiced in recent versions of JETSET[11]. Using a static Gaussian
distribution model[12] with a source radius of 3.5 fm and a chaotisity parameter
of 0.7, only considering pions, we obtain the correlation function Cz(Q), given
in fig. 5, where Q is the four-momentum difference between the two particles in
the pair. As can be seen this essentially imitates the HBT-effect and enhances
the probability for particles to end up with smaller relative space angles.

Fig. 6 shows the results of the analysis of the generated FRITIOF+HBT sample,
with and without y-conversion, compared with the results obtained from the data.
From these results we can conclude that the HBT-effect qualitatively explains
the general trend of the data, and an even better agreement would be possible to
achieve with a tuning of the radius and chaotisity parameters. Except for some
additional jet-structure seen by the S, parameter for the dilute groups, the
features of the data can be understood as a superposition of stochastic
fluctuations, y-conversion and particle interference. This small excess cannot
be accounted for even if the HBT-parameters are tuned, since that would mean
that the jet-structure for the dense groups would be much more pronounced than
in the data.

in fig. 7 we have compared the distribution of the structure parameters from
individual dense groups (nd = 35; 0.0 < on £ 0.2) obtained from the different
S+au samples; fig. 7a for Sy fig. 7b for S,. All the distributions have similar



-8-

shapes, although there is a weak tendency for the experimental distribution to
be broader. There is however no signal for any separation between the two
classes with jet-like and ring-like structures. Dilute groups show the same
features. The ring-like tails (left side of the distributions) are nicely
reproduced by stochastic emission, clearly indicating the origin of the
ring-structure. In the right tails (jet-like region) there are deviations
between the different distributions. Distributions for dilute groups (0.5 < &n <
1.0) show the same features. Furthermore the features are independent of the
chosen multiplicity ny-

Figure 8a displayes experimental azimuthal distributions from a typical
example of a group with large values of the parameters, i.e. corresponding to
jet-structure, and fig 8b shows a typical example of a ring-structure found in
the data (cf. fig 1). However in the analysis presented here such jet-like and
ring-like events do not exhibit significant deviations from what can be expected
from stochastic emission.

5 Conclusions

We have investigated the azimuthal substructure of particles from central
high energy heavy ion collisions, produced within dense and dilute groups along
the rapidity axis. The jet- and ring-like structures, suggested by studies of
one- and many-dimensional factorial moments, seem to lack any physical signi-
ficance, i.e. no large deviations from the stochastic averages are seen. The
"jettyness" observed in the data can essentially be attributed to electron-
positron pairs from y- conversion and to particle interference between identical
particles (HBT). However, when the parameter S, (eq. 2) is used in the analysis
there seems to be some jet-structure for the dilute groups which cannot be
accounted for, not even with a stronger interference effect.
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captions

1:

Examples of two extreme azimuthal structures.
a) Jet-like. b) Ring-like.

: The dependence of the parameters a) <8,> and b) <8,> on group size,

An, for central 200 A GeV O+Ag(Br) interactions. The dashed lines
indicate the expectation values for purely stochastic emission. S1 and
S2 are given by eqgs. 1 and 2, respectively.

: As fig. 2, but for S+Ag.
: As fig. 2, but for S+Au.

: The correlation function CZ(Q) obtained by mimicing the interference

between identical pions (HBT).
As fig. 4, but including the HBT-effect.

Probability distributions a) P(Sl) and b) P(Sz) for central S+Au
interactions at 200 A GeV.

Examples of two extreme structures found in the experimental data.

'a) Jet-like. b) Ring-like. The numbers indicate directions where there

are several close particles.

The figures have been incorrectly
numbered. The figure numbered 8
should be number 5 and the figures
numbered 5-7 are consequently
figures 6-8.
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