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ABSTRACT

Using a statistical method which is based on random matrix theory, the results for the nearest-neighbor energy spacing
distributions E(S) obtained from experimental as well as from computational data have been selected for review study.
The obtained results confirm that the energy spacing correlation between secondary charged particles depends upon the
charged particles multiplicity and central collisions are also associated with charged particles multiplicity.
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1. Introduction

The creation of new phases of strongly interacting matter
is the most interesting area of research for physicist for
last many years. Physicists are interested in studying
characteristics of newly formatting matter under extreme
conditions [1-7]. One way to create these new phases is
the heavy ion collision at relativistic and ultra relativistic
energies. We are interested in centrally dependence of
hadron—nucleus and nucleus—nucleus collisions. These
experiments indicate the regime change at some values
of the centrality as some critical phenomena. If the re-
gime change observed in the different experiments takes
place unambiguously twice, this would be the most direct
experimental evidence to a phase transition from had-
ronic matter to a phase of deconfined quarks and gluons
[1-7]. After point of regime change the saturation is ob-
served. The simple models cannot explain the effect.

To trace anticipated order of the phase evolution, for
example, with increase of the baryon density, one analy-
ses various characteristics of particle production at nu-
clear-nuclear collisions depending on the centrality of
collisions [8-13]. However, there is an ongoing discus-
sion about how to define the centrality experimentally
[1-13]. For instance, in various experiments the centrality
is defined as a number of protons, projectile and target
fragments, slow particles, all particles, as the energy flow
of the particles with emission angles equal 0° or 90°, etc.
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[1-10]. Among the most popular approaches, based on
geometrical picture, is a Glauber modeling which con-
tains some theoretical approximations [14]. This ap-
proach enables one to establish approximately the cen-
trality with the aid of the impact parameter b and the
multiplicity of identified secondary charged particles in
experiments. Note, in this case, however, there is a model
dependent definition of the centrality. Evidently, the ab-
sence of an unambiguous criterion for the centrality may
significantly affect the interpretation of experimental
results and, therefore, hide a true signal on the onset of a
new phase of the hadronic matter. In a preliminary report
[15] it is suggested that tools from Random Matrix The-
ory (RMT) [16-22] might be useful in illuminating the
presence of correlations in the spectral (momentum) dis-
tribution of secondary particles produced in nucleus-
nucleus collisions at high energy [18-22]. It is notewor-
thy that during the last twenty years the RMT grew into
the powerful new statistical theory of fluctuations in a
variety of physical problems [19-22]. In various fields,
the Dyson-Mehta statistical measures are most often used
to quantify a system’s correlations and to determine what
information the fluctuations contain. These measures do
not depend on the background of measurements and used
in the context of RMT give universal forms depending
only on the fundamental symmetries preserved [19-22].
Their only requirement is that local mean densities (or
secular behaviors) be understood and their effects be
removed. Furthermore, a change of fluctuation properties
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of a system under consideration, induced by a change of
its symmetry properties, can be detected by the RMT
tools unambiguously. Therefore these tools could provide
a way of detecting the transition between different phases
(with different fluctuation properties) of strongly inter-
acting matter. Evidently, that the energy of secondary
particles produced in nucleus-nucleus collisions at high
energies is given by continuous distributions. Since in
each event only a finite number of particles are emitted,
the discreteness naturally comes in the analysis of data
[19,22]. The average number of particles per unit of en-
ergy can change with increase (decrease) the absolute
value of the energy and its direction in each event. How-
ever; it is always possible to define regions where the
mean particle density is approximately a constant. On the
other hand, the distance between two successive particles
can fluctuate differently in different energy windows.
And this characterizes the local fluctuation properties of
the system. The astonishing thing is that the fluctuating
properties quite different systems are determined only by
over-all symmetries of system [17]. This fact provides
the basis for application of the RMT tools for analysis of
nucleus-nucleus collision data at high energies [15-22].

Indeed, one can find a good agreement between the
results obtained in this way and a standard analysis based
on the method of effective mass spectra and two-pair
correlation function often used in high energy physics
[18]. The purpose of the present review is to discuss a
novel criterion for the centrality of collision, using a rig-
orous mathematical framework of the RMT [18-22]. Sec-
tion 2 briefly reviews how to detect the manifestation of
correlations with the aid of nearest-neighbor spacing en-
ergy distribution (NND) from the data obtained in light
nuclei collisions in Dubna Experiments. Section 3 is de-
voted to determination of the centrality of the nucleus-
nucleus collisions with the aid of the NND. The main
conclusions are summarized in Section 4.

2. Basic: Nearest-Neighbor Energy Spacing
Distribution

The experimental data [23-25] that have been obtained
from the 2-m propane bubble chamber of the Laboratory
of High Energy, JINR have been used. In this experiment,
there are 37792 '>CC interaction events at energy of 4.5
A GeV (for greater discussion of the details see [23-26])
containing 7740 events with more than ten tracks of
charged particles.

In general [18-22], this procedure does not involve any
uncertainty or spurious contributions and deals with a
direct processing of physical data.

One can recall that the RMT theory [14-16] deals with
the Hamiltonian that belongs to an ensemble of random
matrices that are consistent with the fundamental sym-

Copyright © 2013 SciRes.

metries of the system. In particular [15-22], since the
nuclear interaction preserves time-reversal symmetries,
the relevant ensemble is the Gaussian Orthogonal En-
semble (GOE). When the time-reversal symmetry is
broken one can apply the Gaussian Unitary Ensemble
(GUE). The GOE and GUE correspond to ensembles of
real symmetric matrices and of Hermitian matrices, re-
spectively. Besides these general symmetry considera-
tions, there is no need in other properties of the system
under consideration.

If the “events” [18-22] are independent, i.e., correla-
tions in the system under consideration are absent, the
form of the histogram must follow E(S) = exp(—S)
known as the Poisson density. The Poisson spectrum
corresponds to the dominance of many crossings between
different energies. On the other hand, if the levels are
repelled, the density is approximately given by the

Wigner surmise form E(S) = gS exp(—gszj for the

GOE. In turn, the crossings are usually observed when
there is no mixing between states that are characterized
by different good quantum numbers, while the anti
crossings signal about a strong mixing due to a perturba-
tion brought about by either external or internal
sources[27]. In other words, any correlations that pro-
duce the deviation from the regular pattern (Poisson dis-
tribution): production of a collective state (resonance), or
some structural changes in the system under considera-
tion would be uniquely identified from the change of the
histogram shape [27].

To clearly recognize correlations the total set of spac-
ing’s {S;} has been divided into three sets, in correspon-
dence with three regions of the measured energies: a) 0.1
< |E| < 1.18 GeV(region I); b) 1.18 < [E| < 4.0 GeV (re-
gion II); c¢) 4.0 < |E| < 8.5 GeV (region III) (see Figure
1). The region boundaries were determined with the re-
quirement that the shape of the spacing density E(S) does
not change in the region under consideration [19-22].
Therefore, in the present review only the total near-
est-neighbor energy spacing distribution, related to all
charged secondary particles is considered.

To precede further additionally the events have been
separated into three groups: 1) the events with n = 10 —
14 secondary charge particles; 2) the events with n = 15
— 19 secondary charge particles; 3) the events with n =
20 — 22 secondary charge particles. In this case the sepa-
ration was also done according to the criteria discussed
above [19-22].

One evidently recognizes the onset of correlations for
n = 10 — 14 secondary charged particles with the increase
of the absolute value of the energy distribution (see Fig-
ure 1, top row, from left to right). The onset of correla-
tions in the interval 1.18 < |E| < 4.0 GeV (the region II),
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Figure 1. (Color online) the experimental (data related to all charged secondary particles) nearest-neighbor energy spacing
distribution (histogram) E(S) for different regions of measured energies: the first column corresponds to 0.1 <|E| <1.18 GeV;
the second column corresponds to 1.18 < |E| < 4.0 GeV; the third column correspond to 4.0 < |E| < 8.5 GeV. The NND distri-
bution for different multiplicities n: the top row corresponds to n = 10 — 14; the middle row corresponds to n = 15 — 19: the
bottom row corresponds to n =20 — 22. The Poisson and the Wigner surmise distributions are connected by dashed and solid

lines, respectively.

found in virtue of the RMT analysis, owes their origin to
the protons produced as a result of decays of well known
A" —isobars with masses My, = 1.232 and 1.650
(GeV/c?). The presence of the sharp peak in the third
interval 4.0 < |E| < 8.5 GeV (the region III) can be attrib-
uted to the interaction between stripping protons in the
final state, which dominates in the peripheral collisions
which have been seen in P(S) distributions[19-22].
Indeed, one can find that strong correlations are
brought about by the protons pairs with zero angle in the
energy distribution interval 4.0 < |E| < 8.5 GeV. This
interpretation becomes even more convincing with the
increase of charged particles number (n = 15 — 19 and n
=20 — 22; see Figure 1, right column). With the increase
of the multiplicity of secondary charge particles the
number of the stripping protons decreases. As a result,
the correlations, brought about by these proton pairs,
decrease as well. For the multiplicity n = 20 — 22 the

distribution is neither the Poisson nor the Wigner surmise.

Note, however, that the number of participants is in-
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creased, which can be associated with the onset of the
central collisions.

3. Determination of the Centrality Windows

To shed light on the production of the secondary charged
particles, Dubna Cascade Model [1,21] is used which is
the host of models those are proposed to explain the gen-
eral features of relativistic nucleus-nucleus collisions.
Dubna Cascade Model (DCM) is the most popular model.
It is an approach based on simulation (Monte-Carlo tech-
niques) and applied to situation where multiple scattering
is important. In the simplest approach, it is assumed [21]
that due to the interaction of a projectile hadron with one
of the target nucleons the creation of a new particle takes
place. The participating target nucleon accepts momen-
tum and begins to move in the nucleus. All moving (cas-
cade) particles can interact with other nuclear nucleons to
produce new particles or suffer elastic rescattering.
Therefore, cascade reproduction of moving particles is
assumed. The interactions between cascade particles are
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omitted as a rule. The process continues until all moving
particles either leave the nucleus or are absorbed. In the
case of (A + A) collisions, it is assumed that cascade
particles can interact with projectile and target nucleons.
Due to analysis fast particles and correlations between
slow and fast particles DCM [28-33] was recognized as
the best model applied in the intermediate energy physics
[34,35]. Simulating the secondary charged particles pro-
duction in '*C + "2C collisions at energy of 4.5A GeV,
the same procedure as for the analysis of experimental
data was applied. Surprisingly, the results obtained with
the aid of the DCM nicely reproduce the tendency ob-
served for the experimental data. The model results as
shown in Figure 2 confirm the existing of some peaks in
the region II and their transformation to the Wigner dis-
tribution in the region III. Evidently, the model results
demonstrate the existing of some non-trivial non-kine-
matic correlations for the secondary charged particles in
the regions II and III.

This fact provides a hope that the RMT could be use-
ful for analysis of experimental results obtained in heavy
ion reactions at high energies [15-22].

This analysis provides the basis to identify the critical
multiplicity that would signal on the onset of central col-
lisions [19-22]. To this aim the DCM code [36], is used

which is most suitable for the data obtained in the Dubna
experiment.

4. Summary

Using the experimental data on '?CC interaction events at
energy of 4.5 A GeV obtained from the 2-m propane
bubble chamber of the Laboratory of High Energy, JINR,
the energy distribution of the secondary charged particles
produced in this reaction is analyzed and compared with
the momentum distributions [19-22]. To this aim the
NNDs are calculated in three intervals of the energy dis-
tributions: 0.1 < |E| < 1.18 GeV; 1.18 < |E| < 4.0 GeV;
4.0 < |E| < 8.5 GeV similarly to momentum distributions
in [19-22]. To establish the connection between the
NNDs and the onset of region of central collisions em-
ployed the DCM code. The results obtained with version
of the DCM code evidently demonstrate that the NND
enable one to detect the presence of correlations, brought
about by various new mechanisms. Based on these re-
sults, one can propose novel criteria to define the central-
ity of the nucleus-nucleus collisions, using the NNDs for
different multiplicities. In turn, the centrality of nu-
cleus-nucleus collisions is associated with the absence of
correlations.
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Figure 2. (Color online) similar to Figure 1, simulated with the aid of the DCM code [36].
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