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Fluctuations of the spatial pattern are investigated by analyzing
14.5 A GeV/c 28Si-nucleus interactions on event-by-event basis. For this
the nearest neighbor rapidity spacings are analyzed. The two entropy like
quantities, Sq and Σq, estimated from the two moments of the rapidity gap
distributions Gq and Hq, are observed to deviate significantly from 1. This
would indicate the presence of erratic nature of event-by-event fluctuations
in rapidity gap distributions. The variations of lnSq and lnΣq with q and
their dependence on multiplicity of relativistic charged particles are investi-
gated. A similar analysis is carried out for a Monte Carlo generated event
sample using the event generator, Hijing 1.33. The results obtained for
the simulated data are observed to compare well with the corresponding
experimental values.

PACS numbers: 25.75.–q, 25.70.Pq, 24.60.Ky

1. Introduction

The method of scaled factorial moments, Fq [1] has been extensively used
to investigate the fluctuations and chaotic behavior of multiparticle produc-
tion in high energy e+e−, pp, p–nucleus (pA) and nucleus–nucleus (AA)
collisions [2–6]. However, owing to the averaging procedure used in these
studies, some interesting effects or information on the chaotic behavior, if
any, in a part of an event, might be overlooked [7, 8]. To account for these
fluctuations, a new method of analysis, referred to as the erraticity analysis,
has been introduced [9] and successfully applied by some workers to explain
multiparticle production phenomenon [8, 10–13]. In these investigations pos-
itive values for the entropy index, µq are found, indicating the presence of
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erraticity or the event-by-event(e-by-e) fluctuations in multiparticle system.
However, it is not yet clear whether these fluctuations have some dynamical
origin. It has, however, been pointed out [14, 15] that such a study is not
very effective for analyzing the low multiplicity events, because when event
multiplicity is small and the number of bins are large, then most of the
non-empty bins would have only one particle and, therefore, only a few bins
would have the particles, n ≥ q, where q represents the order of moment
and hence contribute to the event factorial moment F e

q . To overcome such a
limitation, a new method of analysis, based on the rapidity spacings between
the neighboring particles, has recently been proposed [14]. This type of anal-
ysis is rather more suitable for studying the fluctuations and chaos when the
event multiplicity is small. A few attempts have been made [15, 16] to study
the erratic nature of fluctuations in multiparticle system using the method
of rapidity gaps. It was, therefore, considered worthwhile to investigate the
e-by-e fluctuations in 14.5A GeV/c 28Si-nucleus collisions.

2. Method of analysis

Method of erraticity analysis based on the rapidity gaps, has been pre-
sented in detail in Ref. [14]. However, a brief description about the technique
is considered important and hence discussed here. It may be interesting to
mention that single particle density distribution in pseudorapidity (η) space
is non-flat. In order to have a flat distribution, a new cumulative variable,
X(η) has been introduced [17, 18], which is defined as:

X(η) =

η
∫

ηmin

ρ(η)d(η)

ηmax
∫

ηmin

ρ(η)d(η)

, (1)

where, ηmin and ηmax denote respectively the minimum and maximum values
of η interval considered, whereas ρ(η) is the single particle pseudorapidity
density. In X(η) space, the charged particles are uniformly distributed be-
tween 0 ≤ X(η) ≤ 1.0. For an event with multiplicity N , the nearest
neighbor spacing is determined from:

xi = Xi+1 − Xi i = 0, . . . , N (2)

with X0 = 0 and XN+1 = 1, being the boundaries of the X(η) space,
i.e., each event is described by a set, Se, of N + 1 numbers such that
Se = {xi|i = 0, 1, . . . , N} such that

∑N
i=0

xi = 1. For a given event Se

contains significant information and hence e-by-e fluctuations in Se is ex-
pected to provide useful information regarding the multiparticle production
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mechanism. The existence of clusterization and correlation amongst the
produced particles indicates that the particles are not uniformly distributed
in the η space. Some of these will be rather closely spaced while some will
be much farther apart [14, 15]. Thus, presence of small as well large gaps
is expected in an event. A moment that emphasizes large gaps, may too
provide quite important information about an event. One such moment is
defined as

Gq =
1

N + 1

N
∑

i=0

xi
q , (3)

such that G0 = 0 and G1 = 1

N+1
. As Gq fluctuates from event to event, it

would have a distinct distribution for a given set of events. The shape of
the Gq distribution would characterize the nature of e-by-e fluctuations in
the rapidity gap distributions. A moment to quantify the degree of these
fluctuation is defined as [15],

Cq
p =

1

Nevt

Nevt
∑

i=1

(Gq)
p . (4)

As C
q
1 = 〈Gq〉 gives no information about the degree of fluctuations, but the

derivative at p = 1,

Sq = −
d

dp
Cq

p

∣

∣

∣

p=1
= −〈Gq ln Gq〉 (5)

is envisaged to yield maximum information regarding the e-by-e fluctuations.
Unlike Fq, Gq moments, expressed by Eq. (3), do not filter out statistical
fluctuations. The contribution of statistical fluctuations are, therefore, esti-
mated by evaluating Gst

q and hence Sst
q from a correlation-free Monte Carlo

(MC) event sample. Deviation in the ratio,

Sq =
sq

sst
q

(6)

from unity is regarded as a measure of erraticity of rapidity gaps in mul-
tiparticle production. Another moment, which like Gq, receives dominant
contributions from the large gaps, is defined as

Hq =
1

N + 1

∑

(1 − xi)
−q, N ≥ q + 1 (7)

where N denotes the event multiplicity. Using the values of Hq, an entropy
like quantity is defined as

σq = 〈Hq ln Hq〉 (8)
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while for measuring contribution from the statistical fluctuations, a similar
quantity,

σq
st = 〈Hst

q ln Hst
q 〉 (9)

is estimated from correlation-free MC data. Thus, a quantity Σq which is
regarded as another measure of erraticity is calculated from:

Σq =
σq

σst
q

. (10)

3. Experimental details

A stack of G5 emulsion horizontally exposed to 14.5A GeV/c Silicon
beam from BNL-AGS has been used. The events were scanned by along the
track method, while the angles of the emitted relativistic charged particles, θ,
were measured by using coordinate method. The events which were selected
for the measurement, satisfy the following criteria:

1. The incident beam should not be inclined by an angle more than 3◦

with respect to the mean beam direction, so as to ensure that a par-
ticular event is caused by the genuine primary.

2. The events lying within 20 µm from the top and bottom surfaces of
the emulsion pellicle were rejected.

In emulsion experiments [19], tracks of emitted particles are classified as
black, grey and shower tracks on the basis of their ionization.
Black tracks: Ionization, I, produced by the particles forming black tracks
is, I ≥ 10 I0, where I0 being the minimum ionization produced by a singly
charged particle, the range of the tracks ≤ 3 mm and relative velocities,
β ≤ 0.3. They are usually the target fragments.
Grey particles: They are mostly recoiling target protons. The values of
ionization produced by such tracks lie in the range 1.4 I0 ≤ I ≤ 10 I0.
Relativistic particles: They are mostly pions having relative velocities,
β ≥ 0.7. The ionization produced by these particles satisfy the condition
I ≤ 1.4 I0.
By adopting these criteria, a sample of 505 events, having shower particle
multiplicity, N ≥ 4, are analyzed.
Hijing data: In order to compare the experimental results with the predic-
tions of QCD-based theoretical models on multiparticle production, Monte
Carlo event generator, Hijing 1.0 [20], is used to simulate 15000 28Si-emulsion
interactions at 14.5A GeV/c; these events are also analyzed.
Correlation-free MC data: For estimating the magnitude of fluctuations due
to the statistical reasons, a sample of correlation-free Monte Carlo (MC)
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events (statistical data) corresponding to the experimental and the Hijing
event samples are simulated by applying the following criteria:

(i) Multiplicity distribution of the simulated data sample should be sim-
ilar to the experimental one,

(ii) for events with multiplicity N , X(η) values of the N particles should
be randomly distributed in the range 0–1, and

(iii) the emitted particles should be uncorrelated.

4. Experimental results

The η values of the relativistic charged particles produced in each event
lying in the interval η0 ± 3.0, where η0 is the central hadron–nucleon ra-
pidity, are transformed into the variable X(η) through Eq. (1) and rapidity
gaps xi between adjacent particles are estimated. Distribution of rapidity
gaps between two adjacent particles, xi for the experimental, Hijing and
statistical data sets are displayed in Fig. 1. It is observed that distributions
corresponding to the experimental and the statistical data samples acquire
almost similar shapes, while that obtained for the Hijing data is somewhat
narrower as compared to the other two distributions. This might be due to
the higher value of mean multiplicity, 〈N〉, for the Hijing data as compared
to the experimental one: The values of 〈N〉 for the experimental and Hijing
data are respectively 20.26 ± 1.04 and 28.74 ± 0.15.
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Fig. 1. Distributions of rapidity gaps, xi for the three data samples.

Variations of lnSq and ln Σq with the order of the moment q are shown
for both the experimental and Hijing events in Figs. 2–3. Since mean multi-
plicity, 〈N〉, for the Hijing events is comparatively larger than those for the
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experimental data, the Hijing events having multiplicity, N > 70 are not
considered in order to keep the value of 〈N〉 close to the experimental value.
It may be interesting to note that the values of 〈N〉 for the experimental
and Hijing data sets are found to be 20.26 ± 1.04 and 23.04 ± 0.17, respec-
tively. For determining Sq and Σq for the Hijing events an equal number of
correlation free MC events has been simulated by the criteria as discussed
earlier.
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Fig. 2. Variation of lnSq with q. Solid line is due to the 2nd order polynomial fit

to the experimental data.
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Fig. 3. Variation of lnΣq with q. Solid line is due to the 2nd order polynomial fit

to the experimental data.
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The following observations may be made from Figs. 2 and 3:

1. The values of both Sq and Σq deviate significantly from 1, revealing
thereby the existence of erraticity behavior in multiparticle production
in relativistic AA collisions.

2. Values of Sq for the Hijing data are slightly higher while that of Σq are
somewhat smaller in comparison to the corresponding values for the
experimental data. This difference might arise due to the difference
in the mean multiplicities of relativistic charged particles for the two
data sets.

3. The trends of variations of both lnSq and ln Σq with q are nicely
reproduced by the second order polynomial of the type

y = a + bq + cq2 ; y = ln Sq , ln Σq . (11)

The values of the parameters a, b and c obtained in the present study, are
listed in Table I. Power law behavior of the type Sq ∼ qα, as suggested in
Ref. [14] is not observed in our case. Exponential behavior of the type Sq

(or Σq) ∼ eαq may, however, be approximated for q ≥ 4.

TABLE I

Values of parameters a, b, c and χ2/D.F.obtained using Eq. (11)

N a b c χ2/D.F.

Sq ≥ 4 −0.47 ± 0.17 0.24 ± 0.08 0.08 ± 0.01 0.28
≥ 10 −0.36 ± 0.17 0.20 ± 0.08 0.018 ± 0.01 0.22
≥ 20 −0.44 ± 0.36 0.25 ± 0.15 0.02 ± 0.01 0.09
≥ 30 −0.34 ± 0.25 0.20 ± 0.11 0.02 ± 0.01 0.09

Σq ≥ 4 −0.171± 0.200 −0.100± 0.118 0.036 ± 0.016 0.123
≥ 10 0.027 ± 0.143 0.006 ± 0.079 0.008 ± 0.010 0.020
≥ 20 0.16 ± 0.001 0.016 ± 0.001 0.0013± 0.0001 0.013
≥ 30 0.0008± 0.0008 0.013 ± 0.001 0.0006± 0.0001 0.005

In order to investigate the dependence of Sq and Σq on the multiplicity
of relativistic charged particles, the two parameters are calculated using the
events characterized by, (i) N > 10, (ii) N > 20 and (iii) N > 30 for
different values of q. The results are exhibited in Figs. 4–5. It is interesting
to notice in the figures that Sq exhibits a weak dependence while Σq shows
a strong dependence on the multiplicity of relativistic charged particles.
The dependences of ln Sq and ln Σq on q for each group of data are nicely
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fitted by a 2nd order polynomial in q given by Eq. (11). The values of the
constants a, b, c appearing in Eq. (11) obtained in the present study are
given in Table I. It may be noticed that the two quantities, Sq and Σq,
are different from unity, indicating thereby the presence of e-by-e erratic
fluctuations in the rapidity gaps in both the experimental and Hijing data.
It may be of interest to mention that in Ref. [14] it has been stressed that
exact nature of the dependence of Sq and Σq on q has no physical significance,
whatsoever. Hence, the conclusions arrived on the basis of the trends of
variations of Sq and Σq with q would just help compare the results obtained
for different types of data. However, an important conclusion drawn from
such an analysis is that no binning is required and consequently, all the
events are included in the analysis.
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Fig. 4. lnSq versus q for different ns groups of events. Solid lines represent best fit

to the experimental data.
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Fig. 5. Dependence of lnΣq on q for three ns groups of events. Solid lines represent

best fit to the experimental data.
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5. Conclusions

Erraticity analysis using the method of rapidity spacings is carried out
using the experimental data on 14.5A GeV/c 28Si-nucleus collisions and the
findings are compared with those obtained for the Hijing simulated data. It
is observed that Sq and Σq have values greater than 1, indicating that both
the quantities are equally useful for studying the erratic nature of e-by-e
fluctuations in rapidity gap distributions. The trends of the variations of
Sq and Σq with q, seen in the present study, are somewhat different to that
reported earlier [8, 15, 16]. The findings, however, give a positive indication
for the occurrence of erratic nature of e-by-e fluctuations in rapidity gap
distributions.
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