
Chapter 5 

Erraticity in 32S-Ag/Br interaction 

at 200A GeV jc 

Spatial fluctuations as well as event-to-event fluctuations are investigated in terms of the 

erraticity moments of pseudorapidity distribution of singly charged particles produced in 

328-Ag/Br interactions at 200A GeV jc. A generalized scaling law, similar to those for 

the scaled factorial moments and the multifractal moments, has been observed also for 

the erraticity moments. The erraticity parameters have been extracted by analyzing the 

experimental data. These parameters can serve a very useful purpose for future model 

calculations on soft multiparticle dynamics, that takes into account all possible sources 

of fluctuation. The experimental results have been compared with the prediction of Lund 

Monte Carlo code FRJTIOF on corresponding high energy AB interaction. The model 

failed to reproduce any of the present experimental observations. The erraticity technique 

for phase-space gaps between produced particles has also been applied to the present set of 

data. In this regard only the experimental results have been presented. The observations 

from both methods of analysis are consistent with their respective expectations. 
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5.1 Introduction 

It is generally believed that, particles belonging to the final states of high energy AB in

teractions may be an outcome of some kind of phase transition e.g, from the quark-gluon 

plasma to the normal hadronic state of matter. As a result, one can expect various time 

integrated patterns of clusters within narrow regions of phase-space, as well as sharp voids 

in the phase-space distribution. Such unusually large local fluctuations in particle densi

ties observed in the JACEE events [1] indicated that, the fluctuations were not merely 

statistical artifacts. In their pioneering work Bialas and Peschanski [2] showed that, if 

these fluctuations were Poisson distributed, sample averaged factorial moments < Fq > 

of order q (a positive integer) becomes equal to the average of ordinary moments Cq of 

the corresponding dynamical distribution, irrespective of the nature of the latter. Bialas 

and Peschanski also showed that < Fq > anomalously scales with diminishing size of the 

phase-space variable. This scaling behaviour technically termed as the "intermittency", 

has so far been extensively and successfully studied in many high energy experiments 

[3-6]. Efforts have been made to interpret these fluctuations not only in terms of phase 

transition, but also in terms of more conventional phenomena like, production of shock 

waves, Bose-Einstein correlation, or simple cascading effects [7]. Though the factorial 

moments are capable of filtering out the dynamical part of spatial fluctuation, it should 

however be noted that when averaged over a large sample of events, they may loose in

formation on the variation of such spatial fluctuations from event to event. For example, 

creation of an exotic state like the quark-gluon plasma (QGP) may result in large spatial 

fluctuations only in some of the events, and not in the entire event sample under con

sideration. In the process of averaging, information on such large fluctuations may be 

smoothed out. Moreover, these moments are incapable to locate the position of a spik~ or 

a sharp void in an event. When the study is made over a limited region of phase-space, 

and only a few phase-space intervals contribute to the final value of the moment because 

of the finite multiplicity in an event, very little information about that event is contained 

in the value of< Fq >. Therefore, it becomes imperative to study the fluctuation of single 

event factorial moments as well. 

Recently, a few alternative methods have been suggested to overcome the above mentioned 

limitations of< Fq >, and this has sparked some interest to investigate the event-to-event 
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fluctuation of particle distribution. Cao and Hwa [8, 9] have proposed a scheme to in

vestigate the event-to-event fluctuation of single event factorial moments < F; > with 

the help of a new set of moments, called the "erraticity" moments Cp,q where p is any 

positive number. The method as indicated by the authors is free from the limitations of 

the scaled factorial moments as described above, and therefore is a useful technique for 

investigating the chaotic behavior of multiparticle production in high energy collisions. 

The erraticity moments, which also scale with phase-space partition size obeying a gener

alized power law, can be related to several parameters, one of which is an entropy index 

J.Lq that_ can adequately determine the chaotic nature of spatial fluctuation in event space, 

and it also characterizes the degree of fluctuation of the parton multiplicity that initiates 

QCD branching processes. Positive non-vanishing value of J.Lq denotes a wide distribution 

of< F; >, and this implies that the spatial fluctuations are unpredictable from event to 

event. All events in a sample may have started with same initial conditions, but during 

the collision process each event may have evolved with a different strength of dynami

cal fluctuation. Thus such chaotic behaviour may be attributed to different dynamical 

fluctuation strength in different events. If the analysis can be performed with a cut on 

the transverse momentum Pt of produced particles, it can also be checked whether the 

observed chaotic behavior is an outcome of some kind of phase transition or not. As was 

pointed out in [8], to describe the chaotic behavior of particle production in high energy 

interactions these entropy indices are as effective as the Lyapunov exponents are for a 

classical deterministic nonlinear system, and nonvanishing positive values of P,q can be 

used as a criterion for this purpose. The index /-Lq has an added advantage in the sense 

that, it can distinguish a branching process initiated by a quark from that initiated by a 

gluon. If the entropy index is of high value, the initial parton responsible for a branching 

process can be identified as a quark, though in such a case no quantitative criterion for 

how large or small the value should be, has yet been decided. The scaling behaviour of 

erraticity moments has so far been verified in several high energy hadronic and nuclear 

interactions [10, 11, 13, 14], but the reason for such chaotic nature of fluctuation in event 

space is far from clear. Thus the problem has to be investigated by comparing experi

mental results with model calculations with probable mechanisms of particle production 

as input .. While in case of hadronic interactions such comparisons do exist in literature 
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[9-12], for high energy AB interactions it is virtually nonexistent. 

In another method, the erraticity moments of phase-space variable gaps are computed 

[15] to study the event-to-event fluctuation. To some extent this method is complimen

tary to that suggested in [8, 9]. In an event occurrence of large spikes in an event will 

naturally be accompanied with large gaps as a compensating feature to result in a finite 

multiplicity in that event. As far as mechanism of particle production is concerned, often 

these gaps contain more information than the spikes. When the average multiplicity per 

event is high, Cp,q is more suitable; on the other hand if the average multiplicit~ of pro

duced particles is small, or the analysis is made in such a restricted region of phase-space 

that the average multiplicity is not too large, the method of phase-space gaps is a useful 

tool to investigate the chaotic behavior. This method has also been tested for AB and 

hh interactions [11, 13, 16] though a complete analysis of all gap moments, can not be 

found in any of these works. In this chapter we have also incorporated a study on the 

moments of gap distribution of produced charged particles in 32S-Ag/Br interactions at 

200A GeV /c. Objectives of the present work are therefore, (i) to comprehensively investi

gate the erraticty characteristics of particle production in 32S-Ag/Br interactions at 200A 

GeV jc, (ii) to compare the experimentally obtained results with those obtained from the 

LUND Monte-Carlo model for high-energy AB interaction FRITIOF [17], as well as in 

some cases with those obtained by generating simple random numbers, and (iii) to analyze 

the same data on 32S-Ag/Br interaction in terms of erraticity of gap distribution. 

5.2 Erraticity of particle distribution 

The methodology used to analyze distribution of produced particles in terms of "erratic

ity", has been discussed in details elsewhere [8, 9]. Here we are presenting a short account 

of the same technique for the sake of completeness without any claim for originality. The 

single event factorial moment F; of order q (essentially a positive integer) is defined as, 

.1... ""M n (n - 1) ... (n - q + 1) pe = M L._..m=1 m m m (5.1) 
q (nm)q ' 

where rim = M-1 '2::~=1 nm is the average bin multiplicity in that event when the entire 

phase-space interval b.X has been divided into M equal intervals. If X is a cumulant 

variable [18], then oX= M-1 is the bin size. Fqe fluctuates from event to event and the 
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degree of fluctuation can be estimated from the probability distribution P(Fq e) over all 

events. For this purpose, a new moment for the single event is introduced as, 

. pe 
<I> = _q_ 

q (F:) 

that is normalized by (F;) - the event space (vertical) average ofF;, and is determined 

from the distribution P(F;). 
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Figure 5.1: Distribution of single event SFM of second order F2 for all 200 events in the 
smaple of 328-Ag/Br interaction at 200A GeV jc. 

One can now define the vertically averaged pth_order moment of the normalized qth_order 

factorial moment as, 

where the ( · · · ) sign once again denotes an averaging over the event space, and p can 

be any number. Note that Cp,q is not the pqth order moment of multiplicity, but is the 

erraticity moment that measures event-to-event fluctuation of F;. If now one observes 

Cp,q to follow a generalized power law like 

C ex: M'I/Jq(p) p,q , (5.2) 

194 



the phenomenon is then referred to as the erraticity of nonstatistical fluctuation, and 

'!f;q(p) is called the erraticity exponent. If the spatial pattern never changes from event

to-event, Cp,q = 1 and '!f;q(p) = 0 for all M, p and q. Large '!f;q(p) is associated with more 

erratic fluctuation of the spatial distribution of particles. The slope, 

/-Lq = :p '!f;q(p)!p=l (5.3) 

termed as the entropy index, is an efficient parameter to characterize erraticity. We can 

also determine an entropy like quantity L:q directly from <I>q as, 

(5.4) 

that can be used to find out the entropy index from another relation, 

(5.5) 

provided Cp,q exhibits an exact scaling behavior as in Eq. (5.2). On the other hand, if 

Cp,q does not obey an exact scaling behavior like Eq. (5.2), one may take the liberty of 

introducing a more general form of power law behavior, 

Cv,q(M) ex: g(M)'P(v,q) (5.6) 

where g(M) is a function of M. Even if such a relation is only approximately valid for a 

common g(M) but for all p and q, one can express L:q as, 

(5.7) 

where 

d - I P,q = dp'lj;q(p) . 
p=l 

(5.8) 

Under such circumstances we also expect a linear dependence of Eq on 1:2 . The slope for 

such dependence is denoted by, 

(5.9) 

and it automatically follows that, 

(5.10) 

It should be noted that, P,q and the previously introduced entropy parameter /-Lq are 

entirely different quantities, and therefore they can not be compared with each other. 
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5.3 Results on Erraticity of particle distribution 

In Fig. 5.1 the frequency distributions of single event factorial moments F2 computed in 

'f/ space have been shown for M = 5 and 10 for 328-Ag/Br interactions. For a particular 

M, the entire range of F2 values is divided into a number of smaller groups. These fre

quency distributions are obtained by plotting the number within each such group against 

the corresponding F2 range. Though majority of the F2 values are found to be confined 

within a limited range, a significant number of large F2 values are also encountered in 

the distribution. It is these fluctuations, that can be quantified in terms of the erraticity 

moments and erraticity parameters related to the chaotic behaviour of multiparticle pro

duction dynamics. In Fig. 5.2 (a) - (e) the experimentally obtained erraticity moments 

on 328-Ag/Br interaction are graphically plotted as functions of ln M for q = 2 to 6, and 

for p = 0.5, 0.9, 1.2, 1.4, and 1.6. Corresponding FRITIOF predictions are shown in Fig. 

5.2(f) - (j). From these diagrams the following points may be noted. As the relevant er

raticity parameters can all be derived from the variation pattern of the erraticity moments 

in the neighbourhood of p = 1, the analysis has been performed and the graphs are drawn 

only around that region. In general a nonlinear dependence of ln Cp,q(M) on ln M can 

be observed, a feature that is more prominent for moments with p < 1 than for moments 

with p > 1. For larger values of order of spatial fluctuation i.e., q = 5 or 6 and for p > 1, 

saturation effects in ln Cp,q(M) values can be seen in the higher ln M region both for the 

experimental and simulated data sets. This feature can be attributed to the finiteness in 

particle number per event. With increasing M lesser number of events contribute to the 

moments of higher order. A few kinks can also be found in these plots, which probably are 

results of fluctuations in particle number with changing interval size in a particular event. 

This effect can be substantially reduced by accumulating larger statistics. However, on 

an average a heavy-ion event has larger shower multiplicity than a hadronic interaction at 

same energy, and therefore, in a heavy-ion event the bin-to-bin fluctuation of multiplicity 

is not so large as a hadronic event. For each q, the standard statistical errors due to 

event-to-event fluctuation of the scaled factorial moments are computed, and these errors 

are graphically shown only for the highest and the lowest values of p. For the FRITIOF 

generated events the pattern of variation of ln Cp,q(M) on ln M is more or less similar to 

that of the experiment, but the magnitudes of erraticity moments are always significantly 
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Figure 5.2: Erraticity moments Cp,q plotted against phase-space partition number M. 
Whereas, (a)-( e) show experimental results, in (f)-(j) corresponding FRITIOF predictions 
are graphically presented. 

and consistently less than in the experiment. In our work a generalized scaling form as 

given by Eq. (5.6) has been used. It was emphasized by Cao and Hwa [9] that, a common 

function g(M) may not always best represent the variation of Cp,q(M) with M for all p 

and all q. As a possible functional form for g( M), they suggested ln g( M) = (ln M)b, and 

as a consequence ln Cp,q for q > 2 will automatically be linear against ln C2,2 . The best 

linear dependence of ln C2,2 on ln g( M) can be obtained by adjusting the value of b. In 

case of 328-Ag/Br interactions this has been achieved with b = 2.08 for the experiment, 

with b = 3.06 for the FRITIOF, and b = 3.60 for the random number generated sample. 
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Figure 5.3: Generalized scaling of C2,2 with respect to M. The entropy like quantity E2 

has also been included in the diagrams- (a) The experimental result, (b) the FRITIOF 
prediction. The scale difference between (a) and (b) is to be noticed. 

In Fig. 5.3(a) and (b) results of the best linear fit of the experimental data sets, and 

the corresponding FRITIOF predictions are graphically plotted. From Eq. (5.6) one 

can readily see that, the slope of the linear variation of ln C2,2 on ln g( M) gives the 

value of the erraticity parameter i/J2 (2). In the present case the values are, i/J2 (2) = 

2.91 x 10-3 ± 7.2 x 10-5 for the experiment, i/J2 (2) = 5.3 x 10-5 ± 9.9 x 10-7 for the 

FRITIOF, and i/l2 (2) = 2.9 x 10-5 ± 1.2 x 10-6 for the random number. 

As mentioned above, instead of using ln M one can as well use ln C2,2 as the independent 

variable, and hence can obtain a linear dependence of ln Cp,q on ln C2,2 . Such plots for 

the experimental data set can be found in Fig. 5.4(a) - (e) for q = 2 to 6, and for 

p = 0.5, 0.9, 1.2, 1.4 and 1.6. Corresponding FRITIOF results are shown in Fig. 5.4 

(f) - (j). For experiment the linear dependence of ln Cp,q on ln C2,2 is acceptable until 

q = 4. At q = 5 and 6, early saturation effects are observed in ln Cp,q against ln C2,2 plot 

on experiment. In these cases for all q linear dependence of ln Cp,q on ln C2,2 has been 

obtained only within a limited region, e.g., 0.01 < ln C2,2 < 0.02. Corresponding range 

of phase-space partition number would be from M = 10 to 25. In all these cases the 

Pearson's r2 values obtained for the best linear regression between the independent and 

the dependent variables are close to 0.9 to ensure a reasonably good linear dependence 

between these variables. The FRITIOF diagrams however shows more linearity over an 
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wider range of ln M, q and pin the variation of ln Cp,q against ln C2,2 • 
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Figure 5.4: ln Cp,q plotted against ln C2,2 : (a)-( e) experiment, (f)-(j) FRITIOF. For ex
periment the expected linearity holds good for low q while saturation crops up at q = 5, 6. 
No such saturation effect is observed for the FRITIOF result. 

Therefore, one can conclude that a scaling behaviour like, is obeyed by the erraticity 

moments. For each q and for different p values, the exponent x(p, q) are obtained from 

the best linear dependence of ln Cp,q against ln C2,2 , and thereafter these values are fitted 

with a quadratic function of p like, 

(5.11) 
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A plot showing such variations of x(p, q) on p along with the best fitted quadratic functions 

are presented in Fig. 5.5. Derivatives the quadratic functions at p = 1 namely, 

xq' = : x(p, q)l 
p p=l 
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C" 
c:i 

~120 

80 

40 

0 

q=3 

~~~~~~-===~=:;...- q=2 

-40~--~--~--~--~--~--~--~--~--~ 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 p 2.2 

Figure 5.5: Erraticity parameter Xp,q plotted against p. The solid curves are best fitted 
quadratic function given in Eq. (5.11) 

provide us with another erraticity parameter xq', values of which are listed in Table 5.1. 

Using the following relation we are now in a position to derive the entropy index P,q, 

(5.12) 

The values of jlq calculated through Eq. (5.10) and (5.12) are both included in Table 5.1. 

As has been pointed out in the methodology section, making use of Eq. (5.10) one can 

derive the Jlq values in another way. Keeping in mind that ln g( M) = (ln M)b, and setting 

the values of bas obtained before, a linear dependence of E2 against lng(M) can also be 

obtained. Along with lnC2,2 the E2 values are also plotted against lng(M) in Fig. 5.3(a) 

and (b) for 328-Ag/Br experimental data set and for the corresponding FRITIOF data 

set. The slope of the best fitted straight line directly gives us p,2 • As expected, Eq should 

linearly rise with E2 • Graphical plots showing variation of Eq against E2 is presented in 

Fig. 5.6(a) and .(b). Slopes of the best fitted straight lines (wq) obtained from these graphs 

were used to derive P,q from Eq. (5.10). The values of Wq and jlq are also incorporated 

200 



4.0 32s- Ag.'Br at200A GeV/c 0.6 32s -Ag/Br at 200A GeV/c 

L-f (a) Experiment t 'f q~B v.f 
(b)Fritiof $ q=G 

3.0 

tl ~~ -~ q=5 0.4 

2.0 +-~~~ •• ~--"" i}~ 
0.2 If~~~ ·-· q=5 

"1.0 (~. ·•..,..... !l9 .P q=4 ~ ,....... Q=4 Jf···· ~~ A 6.~~.....,..=---:: :: Q=3 
0.0 . .!.-1 :~:: ""':~-·~ .. q=3 0.0 

0.000 0.005 0.010 0.015 0.0000 0.0005 0.0010 0.0015~0.0020 
Lz 

Figure 5.6: Linearity between Eq : q ~ 3 and :E2 is schematically presented- (a) Experi
ment, and (b) FRITIOF. 

into Table 5.1. In Fig. 5.7(a) - (d) all erraticity parameters namely, x/, wq and {lq have 

been graphically plotted against q for all three data sets i.e., experimental, FRITIOF and 

random number. For the FRITIOF and random number generated events, the variation 
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Figure 5.7: Erraticity parameters for the experimental data set as well as for the FRITIOF 
generated data set are plotted against order q. 

patterns of all erraticity parameters are more or less similar. As expected the experi

mental results exhibit different trends. A closer look into these graphs shows that the 
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Xq' and wq values for both kind of generated data increase systematically with q, whereas 

corresponding experimental values after showing a similar initial trend, differ significantly 

from the generated results at q = 6. On the other hand Wq which increases systematically 

for all data sets, again shows significant difference between experimental and generated 

results at q = 4 and 5. Large differences can be observed in the variation of the entropy 

index P,q with q between the generated data and the experimental data. Values of 

Table. 5.1. Erraticity parameters in 328-Ag/Br interactions at 200A GeV fc. 
P,q values presented in the third row are based on Eq. (5.10), whereas those 

in the fourth row are computed by Eq. (5.12). 

Parameter Experiment FRITIOF Random number 

X~ 0.437 ± 0.054 0.497 ± 0.003 0.492 ± 0.006 

X~ 7.06 ± 1.74 4.76 ± 0.11 4.66 ± 0.171 

X~ 33.98 ± 3.17 21.61 ± 1.38 21.64 ± 2.10 

X~ 72.26 ± 17.37 65.47 ± 4.95 67.74± 7.13 

X~ 101.07 ± 25.68 149.50 ± 3.89 154.00 ± 7.81 

W2 1.00 1.00 1.00 

ws 15.55 ± 0.54 9.48 ± 0.09 9.37± 0.11 

w4 79.63 ± 3.33 42.42 ± 0.77 43.08 ± 0.73 

Ws 191.20 ± 5.00 127.70 ± 3.00 134.90 ± 2.91 

W6 282.70 ± 7.53 292.40 ± 7.60 305.00 ± 7.24 

p,2 0.00126 ± 0.000029 0.000026 ± 0.00000049 0.000014 ± 0.00000056 

P,s 0.0195 ± 0.0008 0.00025 ± 0.0000052 0.000134 ± 0.0000054 

P,4 0.10 ± 0.0048 0.00112 ± 0.000029 0.00062 ± 0.000026 

P,s 0.24 ± 0.0084 0.00336 ± 0.0001 0.00193 ± 0.000086 

p,6 0.36 ± 0.0125 0.00769 ± 0.00025 0.00437 ± 0.0002 

p,2 0.00127 ± 0.00016 0.000026 ± 0.00000051 0.000014 ± 0.00000061 

P,s 0.0205 ± 0.0051 0.00025 ± 0.0000056 0.000136 ± 0.0000074 

P,4 0.099 ± 0.0095 0.00115 ± 0.000042 0.00063 ± 0.000066 

P,s 0.21 ± 0.051 0.00347 ± 0.00016 0.00197 ± 0.00022 

p,6 0.293 ± 0.075 0.00793 ± 0.00018 0.0045 ± 0.00029 
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entropy indexes obtained from the FRITIOF and random number generated samples 

change similarly, showing marginal rise in their values with increasing q. The experimen

tally obtained values of p,9 for the 32S experimental event sample systematically increase 

with q, and they are consistently higher than the corresponding simulated values for al

most all q (> 2). Within statistical uncertainties values of P,9 calculated in two different 

ways quite i.e., either using Eq. (5.10) or (5.12), reasonably agree with each other. 

5.4 Erraticity of gap distribution 

In the erraticity analysis of gap distribution, an event with n produced particles is con

sidered. The gap (xi) between two neighbouring particles (in our case the shower tracks), 

is defined as the difference in their cumulative variables X('TJ) in the same event, 

Xi = Xi+l -Xi, i = 0, 1, 2, 3 · · · , n. 
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Figure 5.8: 89 moments plotted as functions of q in all four c.p quadrants. The solid curves 
represent quadratic functions like Eq. (5.20). 

Note that xi+l >xi, L:::~ Xi= 1, whereas, Xo = 0 and Xn+l = 1 are the boundaries. For 

a single event two gap moments Gq and H9 are defined, respectively as, 

1 i=n 

G9 = n + 1 ~::)xi)q, 
~=0 

(5.13) 
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and 
1 

i=n 

Hq = n + 1 ?:(1- xi)-q, 

t=O 

(5.14) 

where n ~ q + 1. These moments provide us with a quantitative characteristic of a single 

event. Here the order of the moment q is an integer, and it is clear that eq is always 

less than unity whereas, Hq is always greater than unity. As the moments Gq and Hq 

fluctuate from event to event, Hwa and Zhang [15] proposed to consider the sample 

averaged quantities Sq and O"q as, 

(5.15) 

and 

(5.16) 

to characterize the event-to-event fluctuation of these quantities. In defining sq and O"q 

the statistical fluctuations are not excluded. The contribution from statistical fluctuations 

can be minimized by eliminating them in the following manner. One may calculate, 

sst= -(est ln est) q q q , 

and 

where G~t and Hgt are obtained using Eq. (5.13) and Eq. (5.14) from a purely statistical 

distribution i.e, when all n particles in an event are randomly distributed in X -space 

within a limit of 0 :::; X :::; 1. The multiplicity distribution of the random number 

generated sample within the phase-space interval under consideration, should match with 

that of the experiment. Finally one defines two moments of gap distribution, normalized 

by the respective statistical contributions as, 

Sq 
Sq = -t, ss 

q 

(5.17) 

These moments indicate how much Sq and O"q stand out above the corresponding statistical 

contributions. One can also calculate the deviation of Gq and Hq from the respective 

event sample averaged quantities (eq) and (Hq), and another set of moments Sq and ffq 

are defined as a measure of such deviations in the following manner, 

- I eq eq ) 
Sq = - \ (eq) ln (eq) (5.18) 
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and 

(5.19) 

These moments can once again be normalized by the corresponding statistical contribu-

tions as, 
- sq - CTq 
Sq = -=;t• and I::q = -st, 

sq crq 

respectively, to provide another set of erraticity moments of gap distribution. 

5.5 Results on Erraticity of Gap Distribution 

As mentioned above, the erraticity analysis of gaps provides information, that is com

plimentary to the analysis of spikes in the phase-space distribution. But gap analysis 

is not very effective for events with very high multiplicity. For heavy-ion interaction in 

most cases the event multiplicity is high. Therefore, one needs to make a severe cut on 

the domain of analysis, so that the average multiplicity under consideration is never too 

large. In the present case the analysis has been performed in a central particle producing 

region given by, rJo- 1 :::; rJ :::; rJo + 1. The peak of a Gaussian fit to the experimental rJ 

distribution of shower tracks occurs at rJo = 3.37. The phase-space domain has further 

been reduced by partitioning the cp space into four quadrants namely, (i) 0 :::; cp < rr /2, 

(ii) 7r/2:::; cp < rr, (iii) rr:::; cp < 3rr/2, and (iv) 3rr/2:::; cp < 2rr. After rJ cut the average 

shower multiplicity < n 8 > in each of these quadrants came out, respectively to be (i) 

25.37 ± 0.84, (ii) 26.65 ± 0.98, (iii) 26.43 ± 1.00, (iv) 25.89 ± 0.94 - values that are not 

too large to make the gap analysis ineffective. Values of the cumulative variable X(rJ) for 

the shower tracks have been obtained belonging to each quadrant separately. The results 

of erraticity analysis on gap distribution of shower tracks from 32S-Ag/Br interactions at 

200A GeV /c starts with a graphical representation of the Sq moments. In Fig. 5.8 the 

ln Sq values have been plotted against q for all four quadrants of azimuthal angle cp, and 

for q = 2 to 10 in each case. The error associated with each data point is statistical 

in nature. They are computed by following standard methods with an assumption that, 

unlike the SFM or multifractal moments no X ( rJ) subinterval is considered to compute 

the single event Gq. Therefore, it is a number with very small statistical error. Though 

the experimentally obtained values of Sq are associated with large statistical errors, one 
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Figure 5.9: Sq moments plotted against q in all four <p quadrants. Note that except q = 2 
the moments are always significantly different from unity. The errors (statistical) are 
often too small to show, and the solid curves are drawn to guide the eye. 

can see from the graphs that, with increasing q the ln Sq values are deviating more and 

more from zero. The change in ln Sq with q has been parameterized by using a quadratic 

form, for 2 :::; q :::; 10. The values of a, f3 and 1 along with the Pearson's r 2 co-efficients 

are listed in Table 5.2, showing that the fit is reasonably good in each case. In Fig. 5.9 

the Sq moments are plotted against q for all four quadrants of <p for q = 2 to 10. One can 

see that the Sq values always deviate from unity beyond statistical uncertainties, which 

are always very small in this case. The variation of Sq with q does not follow any unique 

pattern. While for the first, second and fourth quadrants maxima in Sq occur around 

q = 4 to 6, in the third quadrant only a monotonic rise of Sq with increasing q can be 

seen. 

(5.20) 

Fig. 5.10 shows the graphical plots of erraticity moments I:q against q for all four quad

rants of azimuthal angle and for q = 1 to 10. Like Sq in this case also large statistical 

errors can be seen, particularly in higher q region. The variation of I:q with q has been 

parameterized in the same way as has been done in the case of Sq using Eq. (5.20). The 

values of the parameters as well as the r 2 values are given in Table 5.2. One can see that 

in this case also the fit of a quadratic curve to experimental data has always been good. 
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Figure 5.10: Gap distribution moments ~q plotted against q in four cp quadrants. The 
solid curves represent a quadratic function like in Eq. (5.20). 
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Figure 5.11: Gap distribution moments Eq plotted against q in four cp quadrants. The 
solid curves are drawn to guide th eye. 

In Fig. 5.11 the last set of erraticity moments Eq has been graphically represented by 

plotting ln Eq against q for q = 1 to 10, and for each of the four quadrants of cp. Once 

again no definite pattern in the variation of these moments is observed, except the fact 
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that in the region 1 ::; q ::; 7, the increase of ln tq with q in each quadrant is quadratic in 

nature. Once again like in the case of Sq, very small statistical errors..are associated with 

In tq values. 

Table. 5.2. Fit results from Eq. (5.20) for two sets of erraticity moments of 

gap distribution. 

Moment I (3 

Sq 0 ::; cp < 11" /2 -0.07 ± 0.09 -0.03 ± 0.03 0.03 ± 0.003 0.998 

11" /2 ::; cp < 11" -0.40 ± 0.10 0.16 ± 0.04 0.15 ± 0.03 0.998 

11" ::; cp < 311" /2 -0.14± 0.02 0.06 ± 0.01 0.01 ± 0.0007 1.000 

31!" /2 ::; cp < 271" -0.54± 0.15 0.22± 0.06 0.02 ± 0.005 0.997 

L:q 0 ::; cp < 11" /2 -0.05 ± 0.02 -0.10 ± 0.08 0.06 ± 0.007 0.994 

71" /2 ::; cp < 71" 0.13 ± 0.04 -0.13 ± 0.02 0.04 ± 0.001 0.999 

71" ::; cp < 371" /2 0.07± 0.02 -0.05 ± 0.01 0.01 ± 0.001 0.994 

371" I 2 ::; cp < 271" 0.13 ± 0.06 -0.15 ± 0.03 0.05 ± 0.002 0.998 

5. 6 Discussion 

The erraticity analysis shows signature of chaotic behaviour of spatial fluctuation in multi

particle production mechanism in 328-Ag/Br interactions. Substantial amount of event-to

event fluctuations of factorial moments are observed in the experiments. The fluctuations 

resulted in a power law scaling variation of the erraticity moments Cp,q and L:q. Results 

of FRITIOF and random number generated data sets significantly differ from the cor

responding experimental one. We therefore, ·conclude that the entropy index J.Lq is the 

most suitable parameter to compare experimental results with model predictions, as it 

amply reflects the inadequacy of the model prediction in our case. Neither an indepen

dent emission model, nor a string fragmentation mechanism of particle production can 

account for the variation of J.Lq for the present set of data. While effects of two-particle 

correlation have been taken into consideration in the FRITIOF, such effects can not com

pletely account for the outcome of heavy-ion interactions. Therefore, it is not surprising 

that a smooth model like the FRITIOF also fails to predict the observed event-to-event 

fluctuation of scaled factorial moments, as in this regard no dynamical input has been 

208 

, 



introduced into the code. Consequently the FRITIOF predictions are similar to those ob

tained from random numbers. This suggests that the QCD branching processes associated 

with particle production are more chaotic for the experiment than for both of the corre

sponding generated data sets. Observed fluctuations of scaled factorial moments need to 

be addressed with new physics as input. Experimental values of the erraticity parame

ters given in Table 5.1 may be used for this purpose. On the other hand, in the present 

case experimental values of /Lq are significantly smaller than those involving hadrons and 

nucleons [10, 11, 13]. This indicates that there is more fluctuation in the distribution of 

F; over event space for the present set of experimental data, than in any other hadronic 

or nuclear collision investigated so far. Since the emulsion data do not allow us to make 

a transverse momentum Pt cut in the rJ distribution of produced particles, at this stage it 

is not possible to decide whether or not some kind of phase transition is responsible for 

the observed fluctuations. 

The analysis on gap distribution of shower tracks emitted from 328-Ag/Br interactions 

at 200A GeV /c shows that, event-to-event fluctuation of gap moments Gq and Hq, ex

ists over the corresponding statistical contribution. The conclusion is based on the fact 

that, all entropy like erraticity parameters suggested by Hwa and Zhang [15] namely, 

Sq, Bq, ~q and ~q deviate significantly from unity beyond their standard errors. In gen

eral the erraticity moments behave in a more or less similar way in all four quadrants of 

the azimuthal angle within the central 'TJ region. In view of comparatively smaller errors 

associated with Sq and ~q, we conclude that in the present case these parameters pro

vide a better measure of erraticity than Sq or ~q· It should be noted that, Sq and ~q 

contain information about how much the gap moments, Gq and Hq deviate from their 

average values (Gq) and (Hq), respectively. The other two parameters Sq and ~q have 

been found to increase with increasing q, showing a quadratic variation in each case. The 

exact nature of these variations or the exact values of fit parameters a, f3 and 1 are not 

much important. It would however be interesting to compare the present experimental 

results on erraticity analysis of gap distribution of produced charged hadrons with those 

obtained from other experiments, as well as with the results from event sample generated 

. by computer codes based on some realistic model on relativistic heavy-ion interactions, 

that takes into account all possible sources of fluctuations. As far as erraticity of rapidity 
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gaps is concerned, event generators like PYTHIA or ECOMB underestimate the experi

mental on hadronic interactions, even after the Bose-Einstein correlation has been taken 

into account as a possible source of dynamical fluctuation. Such a comparison is yet to 

be made in case of heavy-ion interactions, where the collision mechanism is much more 

complex involving a large number of hadrons, and the number of participating nucleons 

being dependent on the collision geometry. By choosing only those interactions where 

complete break-up of the projectile nucleus has taken place, an effort has certainly been 

made in the present investigation to restrict the collision geometry within a certain limit 

as can be seen above, from the estimated average value of the impact parameter for the 

event sample. 
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