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Abstract

The role of quantum correlations, the rescattering of the produced particles and mixing of events with various impact
parameters on intermittency in nucleus-nucleus collisions at 200 A GeV is studied in the framework of the RQMD model. We
generated an RQMD data sample with Bose-Einstein correlations of identical pion pairs included. One can get quantitative
agreement with the measured intermittent behaviour of the pion pseudorapidity spectra if these quantum correlations are

taken into account.

1. Motivations

To investigate properties of dynamical fluctuations
in relativistic heavy ion collisions Bialas and Peschan-
ski proposed to study the scaled factorial moments
of the (pseudo) rapidity distribution of the final state
particles and introduced the concept of intermittency
into high energy nuclear physics [ 1]. The effect of in-
termittency is quantified by the power law behaviour
of the scaled factorial moments (F;) and loosely re-
garded as having fractal properties.

Intermittent behaviour of spectra was observed
in several experiments. After an early analysis of
cosmic-ray events this effect has been observed in
ete™, muon-hadron, hadron-hadron, hadron-nucleus
and nucleus-nucleus collisions [2], thus it seems to
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be a universal feature of particle production at high
energies.

It is an important question whether the intermit-
tency can be understood on the basis of our conven-
tional physical knowledge or we should suspect new
physics behind it. For answering this question it is
necessary to study whether the commonly used mod-
els of particle production can account for the gen-
eral features of the observed intermittent behaviour.
This problem was studied using Fritiof, Jetset, Herwig,
Pythia and Venus codes which generally give a good
description of the single particle features observed in
experiments. However, it was found that intermittency
effects are much stronger in the measured data than
in these Monte Carlo simulations. It means quantita-
tively that the anomalous fractal dimensions (d;) cal-
culated from the experimental data are several times
larger than those calculated from the models, other-
wise, practically there was no intermittency (d; ~ 0)
in several cases in the model calculations [2,8]. Fur-
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ther checks are of course necessary to understand this
situation.

It is a well-known fact that in the experiments the
impact parameter of the collisions cannot be identified
precisely, the analysis of events from experiments nat-
urally includes mixing events of widely different im-
pact parameters. Recently the effect of mixing events
on the factorial moments was investigated by Li using
the Boltzmann-Uehling-Uhlenbeck approach [9,10]
for 10 + Ag/Br collisions at 2.1 GeV/nucleon en-
ergy. It was found that the values of anomalous frac-
tal dimensions are practically insensitive to the impact
parameter b, only the value of the moments has b de-
pendence. The averaged multiplicity of the event sam-
ple was very small that can result in a rather big error
in the calculation of the factorial moments and anoma-
lous fractal dimensions. So, it is worth reconsidering
this problem in systems where the multiplicities are
higher.

The transport models of heavy ion reactions are
based on classical propagation between stochastic col-
lision and decay points. They do not include quantum
mechanical interference effects of a many-body wave
function for identical particles. The question naturally
arises whether these quantum mechanical effects can
give rise to changes in the properties of factorial mo-
ments and fractal dimensions calculated from the mod-
els.

Our aim here is to study both these problems out-
lined above within the framework of the RQMD model
[11]. RQMD is a microscopic phase space approach
based on resonance and string excitations, fusion of
neighboring strings into so-called ropes and subse-
quent reinteractions of all secondaries with each other
and with the original ingoing baryons (see [12] and
[13] for a description of the recently updated ver-
sion RQMD 1.08 which was used for the calculations
presented here). In order to study the effect of Bose-
Einstein correlations on intermittency we have to put
the correlation of identical particles due to quantum
mechanical symmetry by hand into RQMD, because
quantum correlations are not dynamically included.
Using the spacetime and momentum coordinates of
the particles at their point of last interaction (freeze-
out) from RQMD we calculated the correlation func-
tion of identical pion pairs and generated ‘improved’
RQMD events which contain the quantum statistical
correlation. Both sets of events were analised with

the method of factorial moments. We also discuss in
this paper whether dynamically generated correlations
contribute to intermittency. In the model fluctuations
from event to event can be caused by the initialization
and random hadron-hadron collisions during the colli-
sional process. For our treatment a major advantage of
the RQMD model is that it includes the rescattering of
the produced particles, so we could also study whether
this rescattering can produce dynamical fluctuations.

Recently, Sengupta et al. studied dynamical fluctua-
tions in quasicentral events from the EMU-08 experi-
ment [8] performed at the CERN SPS for 32S beam at
200 GeV/nucleon energy interacting in Ag/Br emul-
sion. We have investigated this reaction in the frame-
work of the RQMD model.

2. Scaled factorial moments

The dynamical fluctuations can be described by
studying the scaled factorial moments (F;) [1] of the
(pseudo) rapidity distribution of the produced parti-
cles:

<Zﬁ1 ni(nj—1)---(nj —i+ 1)>
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where the considered pseudorapidity interval Ay was
split into M equal bins of size 6n = An/M, n; is the
multiplicity of the j-th bin, » is the averaged multiplic-
ity of events and the brackets denote the average over
the events of the sample. The power law behaviour of
the scaled factorial moments with increasing resolu-
tion is called intermittency, namely, F; ~ (8n) ~ (or
F; ~ M%) with decreasing 7.

The intermittency indices ( f;) are related to the so-
called anomalous fractal dimensions (d;): d; = f;/(i—
1). The analysis of scaled factorial moments reveals
properties of fluctuations through both the magnitude
of the moments and the slopes of the In F’s. It is
easy to show that the factorial moments are indepen-
dent from the resolution for Poissonian distribution
of n; [14,15], i.e. when only statistical fluctuations
are present in the system. The large magnitude of the
moments requires a sample of events having differ-
ent multiplicities, and the non-zero slopes of the In F;
require events having holes or spikes at different po-
sitions in the distribution. If one of the intermittency
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indices is non-vanishing it reveals a rich structure of
holes and spikes. Intermittency and scaling of parti-
cle rapidity distributions may occur as a result of a
self-similar cascading process or in a system under-
going second-order phase transition close to the crit-
ical point. Such a system is known to scale at the
critical point because the correlation length diverges.
The correlation functions exhibit power law singular-
ities and this implies the scaling law. In this partic-
ular case the intermittency exponents are all related
to critical exponents of the phase transition. Conse-
quently, all anomalous fractal dimensions are equal,
i.e. the spectrum is described by a mono-fractal. This
was demonstrated explicitly for the Ising model [4,5]
and for the Feynman-Wilson fluid [3]. There were
some efforts to understand the intermittency observed
in heavy ion collisions on the basis of the conven-
tional short-range correlation [ 6,7] and the linked-pair
ansatz for higher-order correlations. Good agreement
was found between the theory and measurements at
lower rank of the factorial moments (i = 2, 3) for the
NA22 experiment. There are also some indications for
the connection between the Bose-Einstein correlation
and the intermittency [18-21]. This draws attention
to the role of the short-range correlations in the fac-
torial moments. Consequently, it is very important to
study whether the anomalous fractal dimensions ob-
served in heavy ion reactions can be understood by
taking into account the quantum correlations.

3. Computational procedures, results

Our method of treatment is briefly the following.
At first we generated a sample of events with RQMD
for the heavy ion reaction considered, 32S + Ag/Br
with a beam energy of 200 A GeV. The sample of
events on emulsion was composed of elementary col-
lisions between the sulphur projectile and the com-
ponents of the target, their numbers within the sam-
ple were chosen to be proportional to the total cross-
sections. The data sample contained 1000 events for
every fixed impact parameter b (1,3,5 fm), and the
number of events was chosen proportional to b for
impact parameter mixing, so it was 500, 1500 and
2500 for 1, 3, 5 fm respectively. We analized the calcu-
lated pseudorapidity distribution for the factorial mo-
ments taking into account mixing of events with var-
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Fig. 1. The calculated scaled factorial moments F; vs. the number
of bins M at the impact parameters of b=1 fm ([J) and b =3
fm (). i denotes the rank of the moments.

ious impact parameters. The analysis was performed
for charged pions in the 0.5 < 5 < 5.5 pseudo-
rapidity window. In a second step we constructed a
modified sample of events, containing the quantum
statistical two-particle correlation for identical pions.
RQMD yields the (x;, p;) final spacetime and mo-
mentum space production points of all the particles
where x; = (t;, x;), pi = (E;, p;). Using these produc-
tion points we calculated the pair-correlation caused
by Bose-Einstein statistics in the plane-wave approx-
imation [17]. It has already been demonstrated that
RQMD reproduces the measured two-pion correlation
in AA collisions at 200 A GeV very well if the quan-
tum statistical two-particle correlation after freeze-out
isincluded (see e.g. Ref. [ 16] ). Afterwards, we mod-
ified our data sample to include this calculated pair-
correlation, retaining the one-particle pseudorapidity
distribution and the multiplicities. Then, the modified
sample was reanalized and compared to the experi-
mental data.

Fig. 1 and Fig. 2 show the factorial moments F; vs.
the number of bins M for the original RQMD events,
i.e. without any Bose-Einstein correlations, for 1,3
fm and mixed events, respectively. It can be seen that
the F;’s are practically independent from the resolu-
tion M. This holds true even for impact parameter
mixed events. It means that only statistical fluctua-
tions are present in the system, the rescattering of the
produced particles does not generate dynamical fluc-
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Fig. 2. The scaled factorial moments F; for mixing of events.
(i=2,..7).

tuations. The anomalous fractal dimensions are prac-
tically zero d; ~ 0 independently of b, but the values
of the factorial moments are sensitive to the impact
parameter, the increasing b causes increment in F;. As
expected the value of Fs for mixed events is higher
than that for any fixed impact parameter.

The one-particle pseudorapidity distribution and
the pseudorapidity pair-correlation function of the
original RQMD simulated data set was calculated
at the resolution corresponding to the finest resolu-
tion in the determination of the factorial moments
(M = 100). Based on this one-particle pseudorapidity
distribution, the multiplicity distribution and the cal-
culated pair-correlation function of the original data
set we generated a new data sample in the following
way. Every original event with multiplicity N was
substituted by N/2 pairs. The centre of a pair was
positioned according to the original one-particle dis-
tribution, and the difference of the two particle pseu-
dorapidities was stochastically chosen on the basis
of the calculated pair correlation. In the new sample
created in this way the one-particle distribution and
the distribution of event multiplicities remained the
same but a strong short-range correlation occurred
corresponding exactly to the calculated correlation
caused by Bose-Einstein statistics. This new sample
was reanalized by means of factorial moments.

Fig. 3 and Fig. 4. show the new factorial moments
F; for b =3 fm and for mixed events as a function of
the number of bins M. It can be seen that the features
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Fig. 3. The calculated scaled factorial moments F; (i =2, ...,7) of
the modified sample at b = 3 fm. The solid lines are the least square
fitted straight lines whose slopes are the intermittency indices f;.
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Fig. 4. The scaled factorial moments F; (i = 2,...,7) obtained
from the modified sample by mixing of events. The solid lines
are the least square fitted straight lines.

of the factorial moments drastically changed, they can
be very well approximated by straight lines, and they
show characteristic intermittent behaviour. From the
slope of the least square fitted straight lines we ex-
tracted the anomalous fractal dimensions. Fig. 5 shows
the comparison of the anomalous fractal dimensions
extracted from the experiments and the new data sam-
ples, separately for each impact parameter and for
mixed events. It is important to note that the values of
d; depend on b, increasing b results in larger d;. The
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Fig. 5. The anomalous fractal dimensions d; obtained from the
experiment and from the modified data samples as a function of
the rank of the factorial moments.

mixing of events leads to d; values in an intermediate
place. The d; functions can be well approximated by
straight lines. The role of the different impact parame-
ters in the values of the factorial moments is the same
as before. One can conclude that the quantum correla-
tions have a very strong effect on the values of d;. The
new anomalous fractal dimensions d; fall close to the
measured values, a reasonable quantitative agreement
was found.

4. Conclusions

In the present paper we have investigated the role
of quantum correlations, rescattering of the produced
particles and the mixing of events with different im-
pact parameters on the phenomenon of intermittency.
It was found that rescattering of the produced particles
does not lead to dynamical correlations, and mixing
of events has only a weak effect on the factorial mo-
ments. Pair correlations have been introduced into the
model on the basis of the calculated quantum statisti-
cal pair correlation function. This crude incorporation
of quantum statistical effects leads already to a rela-
tively good quantitative agreement of the calculated
anomalous fractal dimensions with experimental data.
It turns out that accounting for quantum statistical ef-
fects in the models of heavy-ion reactions is of partic-

ular importance in order to obtain a better understand-
ing of intermittency in nucleus-nucleus collisions.
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