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Study of central nucleus-nucleus collisions with a new approach
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Abstract: Using a new approach which is based on Random Matrix Theory, the results for the nearest-neighbor mo-
mentum spacing distributions obtained from simulation data on "?CC collisions at 4.2 A GeV/c produced with the aid
of the ultra relativistic Quantum Molecular Dynamics model has been studied. The results shows that the observed
changes in the nearest-neighbor momentum spacing distributions for different multiplicities can be associated with

the central collisions.
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The nuclear matter under extreme con-
ditions produced is one of the main subjects in
experimental high energy physics. To see the
phase evolution, one analyses various characte-
ristics of particle production at nuclear-nuclear
collisions depending on the centrality of colli-
sions [1-6]. However, there is problem to de-
fine the centrality experimentally. Therefore, in
different experiments [1-6] the centrality is
defined as a number of identified protons, pro-
jectile and target fragments, slow particles, all
particles, as the energy flow of the particles
with emission angles equal 0° or 90e, etc. Glau-
ber modeling [7] which contains some theoreti-
cal approximations enables one to establish
approximately the centrality with the aid of the
impact parameter b and the multiplicity of iden-
tified secondary charged particles in experi-
ments. But, in this case, however, there is a
model dependent definition of the centrality.
Evidently, the absence of an unique criterion
for the centrality may significantly affect the
interpretation of experimental results and,
therefore, to hide a true signal on the onset of a
new phase of the hadronic matter. In a prelimi-
nary report [8] one has suggested that tools
from Random Matrix Theory (RMT) [9, 10]
might be useful in illuminating the presence of
correlations in the spectral (momentum) distri-
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bution of secondary particles produced in nuc-
leus-nucleus collisions at high energy. Indeed,
one have found 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 [11]. It have been
demonstrated that the RMT approach does not
depend on the background of measurements
and relies only on fundamental symmetries
preserved in nucleus-nucleus collisions. The
purpose of the present paper is to suggest novel
criteria for the centrality of collision, using a
new method which is based on Random Matrix
Theory (RMT)[8-11] that was originally intro-
duced to explain the statistical fluctuations of
neutron resonances in compound nuclei [16].
The theory assumes that the Hamiltonian be-
longs to an ensemble of random matrices that
are consistent with the fundamental symmetries
of the system. Besides these general symmetry
considerations; there is no need in other proper-
ties of the system under consideration. It is as-
sumed that the momentum distribution of sec-
ondary particles produced in nucleus-nucleus
collisions may be associated with eigenstates
(quantum levels) of a composite system. It is,
therefore, natural to use the momentum as a
proper variable for the analysis in order to
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avoid possible errors at the transformation from
the momentum to the energy, which requires an
accurate determination of the corresponding
mass value.

In general, this procedure does not in-
volve any uncertainty or spurious contributions
and deals with a direct processing of physical
data. If the “events” {x;} are independent, i.c.,
correlations in the system under consideration
are absent, the form of the histogram must fol-
low p(s) = exp (-s) known as the Poisson densi-
ty. The Poisson spectrum corresponds to the
dominance of many crossings between different
energies (momenta). On the other hand, if the
levels are repelled, the density is approximately

given by the Wigner surmise
form p(s) = Esexp(—=Zs?) L

turn, the crossings are usually observed when
there is no mixing between states that are cha-
racterized by different good quantum numbers,
while the anti crossings signal about a strong
mixing due to a perturbation brought about by
either external or internal sources. In other
words, any correlations that produce the devia-
tion from the regular pattern (Poisson distribu-
tion): production of a collective state (reson-
ance), or some structural changes in the system
under consideration would be uniquely identi-
fied from the change of the histogram shape.

To clearly recognize correlations the to-
tal set of spacings {s;} has been divided on
three sets, in correspondence with three regions
of the measured momenta: a) 0.1 < |p| < 1.14
GeV/ce (region I); b) 1.14 <|p| < 4.0 GeV/c (re-
gion II); c¢) 4.0 < |p| < 7.5 GeV/c (region III)
(see Fig.1). The region boundaries were deter-
mined with the requirement that the shape of
the spacing density P(S) does not change in the
region under consideration. Note that there is
no a prescribed procedure how to define such
regions. However, the empirical approach de-
scribed above proved to be useful in data
processing for various systems at the RMT
analysis [9, 12]. In the present paper the near-
est-neighbor momentum spacing distribution
P(S), related to all secondary particles are con-
sidered.

To shed light on the production of the
all secondary particles, a fully integrated Monte
Carlo simulation package UrQMD (Ultra rela-
tivistic Quantum Molecular Dynamics model)

have been employed [13]. The UrQMD model
is aimed for simulation of nucleus-nucleus col-
lisions at relativistic energies. Simulating the all
secondary particles production in "*C+'*C colli-
sions at a momentum of 4.2A GeV/c.

To see the behavior of the nearest
neighbor spacing momentum distributions P(S)
with multiplicity, the events has been separated
in three groups: i) the events with Ny; = 10 — 20
all secondary particles; ii) the events with Ny =
21 — 30 all secondary particles; iii) the events
with Ny =31 — 40 all secondary particles.

One evidently recognizes the onset of
correlations for Ny = 10 — 20 all secondary
particles with the increase of the absolute value
of the momentum distribution (see Fig.1, top
row, from left to right). The presence of the
sharp peak in the third interval 4.0 < |p| < 7.5
GeV/c (the region III) can be attributed to the
interaction between stripping protons in the
final state, which dominate in the peripheral
collisions. Indeed, one could found that strong
correlations are brought about by the protons
pairs with zero angle in the momentum distri-
bution interval 4.0 < |p| < 7.5 GeV/c. This in-
terpretation becomes even more convincing
with the increase of all secondary particles
number (N, = 21-30; see Fig.1, right column).
With the increase of the multiplicity of all sec-
ondary particles, the number of the stripping
protons decreases as shown in Fig.1. As a result,
the correlations, brought about by these proton
pairs, decreases as well. For the multiplicity Ny
= 31-40 the distribution is neither the Poisson
nor the Wigner surmise. Note, however, that the
number of participants is increased, which can
be associated with the onset of the central colli-
sions.

The model results show the existing of
some peaks in the region II and their transfor-
mation to the Wigner distribution in the region
ITII. Evidently, the model results demonstrate
the existing of some non-trivial non-kinematic
correlations for the all secondary particles in
the regions II and III. This analysis provides the
basis to identify the critical multiplicity that
would signal on the onset of central collisions.
Indeed, the UrQMD model enables us to solve
several problems of practical importance.
Namely, altering the impact parameter, one can
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trace the evolution of the multiplicity with the

P(S)
/

variation of the momentum distribution.

FIG. 1: The P(S) distributions, based on the UrQMD results, for different regions of the momentum: the first
column corresponds to 0.15 < |p| < 1.14 GeV/c; the second column corresponds to 1.14 < |p| < 4.0 GeV/c; the third
column correspond to 4.0 < |p| <7.5 GeV/c. The P(S) distribution for different values of the all secondary particles: the
top row corresponds to N, =10-20; the middle row corresponds to N,; =21-30: the bottom row corresponds to N,; =31—
40. The Poisson and the Wigner surmise distributions are connected by dashed and solid lines, respectively.

In conclusion, one has proposed novel

criteria to define the centrality of the nucleus-
nucleus collisions, using the procedure devel-
oped in the framework of the RMT approach.
The transition from the Poisson distribution to
the Wigner surmise distribution signals on the
onset of correlations. In turn, the centrality of
nucleus-nucleus collisions is associated with
the absence of correlations.
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