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detector acceptance on the multiplicity fluctuations has been studied and demonstrated to follow statistical
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the multiplicity fluctuations have been found to be lower compared to those obtained from a participant model.
The multiplicity and transverse energy fluctuations have also been compared to those obtained from the
VENUS event generator.

DOI: 10.1103/PhysRevC.65.054912 PACS number~s!: 25.75.2q, 13.40.2f, 24.85.1p

*Corresponding author. Email address: bedanga@iopb.res.in
0556-2813/2002/65~5!/054912~14!/$20.00 ©2002 The American Physical Society65 054912-1



lli
th
o
n
-
ro

a
a

s
C
a
c
nt
un
he

i
a

in

so
ob

ha
in

he
a-
al
so

io
n

ll
G

e
i-

th
e

,
on
o

al
is-
the
ob-
ions
of
ed

m-
ol-
de-
of

ared
li-
-

or-

e-
nt-
lli-
l,

t-by-
ic

es
ns-

ed in
has
ori-
n or

ntal
ls
g
. III
c-
of
nce
lti-
to
rse
re-

n of
isted
etec-
re-
rgy
ith

95,

M. M. AGGARWAL et al. PHYSICAL REVIEW C 65 054912
I. INTRODUCTION

Fluctuations in physical observables in heavy-ion co
sions have been a topic of interest for some years as
may provide important signals regarding the formation
quark-gluon plasma~QGP! and help to address the questio
of thermalization@1#. With the large number of particles pro
duced in heavy-ion collisions at Super Proton Synchrot
~SPS! and Relativistic Heavy-Ion Collider~RHIC! energies
@2,3#, it has now become feasible to study fluctuations on
event-by-event basis. Recently, several new methods h
been proposed for the study of event-by-event fluctuation
various global observables to probe the nature of the Q
phase transition@4–7#. In a thermodynamical picture of
strongly interacting system formed in the collision, the flu
tuations in particle multiplicities, mean transverse mome
(^pT&), and other global observables, are related to the f
damental properties of the system, such as the specific
chemical potential, and matter compressibility. These,
turn, lead towards understanding the critical fluctuations
the QCD phase boundary. The existence of a tricritical po
at the QCD phase transition@4#, which has lately been a
topic of intense discussion, has been predicted to be as
ated with large event-by-event fluctuations in the above
servables.

In a first-order phase transition scenario, it is believed t
supercooling might lead to density fluctuations resulting
droplet formation and hot spots@8#. These might lead to
rapidity fluctuations in the form of spikes and gaps in t
rapidity distribution. The study of event-by-event fluctu
tions in the number of photons to charged particles has
been proposed as a means to search for production of di
ented chiral condensates~DCC! @9,10#.

In nucleus-nucleus collisions the transverse energyET is
an extensive global variable@11–13#, which provides a direct
measure of the violence of an interaction.ET is produced by
redirection of the longitudinal energy into transverse mot
through interactions in which the interacting particles u
dergo multiple scatterings and approach thermalization.ET is
also an indicator of the energy density achieved in the co
sion. Since the energy density is directly related to the Q
phase transition, it is extremely important to studyET and
fluctuations inET . Moreover, it is interesting to compare th
fluctuations ofET to those observed in the particle multiplic
ties.

Much theoretical interest has been directed toward
subject of event-by-event fluctuations, motivated by the n
perfect Gaussian distributions of^pT& and particle ratios@14#
measured at the SPS. For these Gaussian distributions
variance or the width of the distributions contain informati
about the reaction mechanism as well as the nuclear ge
etry @4,15–17#.

The relative fluctuation (vX) in an observableX can be
expressed as:

vX5
sX

2

^X&
, ~1!

wheresX
2 is the variance of the distribution and^X& denotes

the mean value.
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The value ofvX that can be extracted from experiment
data has contributions that originate both from trivial stat
tical effects as well as dynamical sources. To extract
dynamical part associated with new physics from the
served fluctuations, one has to understand the contribut
from statistical and other known sources. Examples
known sources of fluctuations contributing to the observ
experimental value ofvX include finite particle multiplicity,
effect of limited acceptance of the detectors, impact para
eter fluctuations, fluctuations in the number of primary c
lisions, effects of rescattering of secondaries, resonance
cays, and Bose-Einstein correlations. These sources
fluctuations, along with estimates of thevX contributions for
each have been discussed by Stephanovet al. @4# and by
Baym and Heiselberg@5#.

In nucleus-nucleus (AA) collisions relative fluctuations in
global observables have been found to be smaller comp
to those inpp collisions. It is suggested that thermal equi
bration inAA collisions makes the fluctuations small. How
ever, the origin of fluctuations and hence the physical inf
mation content are quite different inpp and AA collisions.
While in pp collisions one hopes to extract quantum m
chanical information about the initial state from the eve
by-event fluctuations in the final state, in heavy-ion co
sions equilibration makes it difficult to achieve this goa
instead the basic aim here has been to relate the even
event fluctuations of the final state with the thermodynam
properties at freeze-out.

In this paper, we present fluctuations in the multipliciti
of both charged particles and photons, and in the total tra
verse energy, over a large range of centralities as measur
the WA98 experiment at the CERN SPS. A major interest
been to search for fluctuations that have a new physical
gin, such as those associated with QCD phase transitio
from the formation of a DCC.

We compare the fluctuations observed in the experime
data for varying centrality conditions and rapidity interva
to those obtained from different models. In the followin
section the WA98 experimental setup is described. In Sec
the criteria for the centrality selection appropriate for flu
tuation studies are discussed. Multiplicity fluctuations
photons and charged particles and the effect of accepta
are presented in Sec. IV. In Sec. V, we estimate the mu
plicity fluctuations in a participant model and compare
those obtained from data. Section VI deals with transve
energy fluctuations. A final discussion and summary is p
sented in Sec. VII.

II. EXPERIMENT AND DATA ANALYSIS

In the WA98 experiment at CERN@18#, the main empha-
sis has been on high precision and simultaneous detectio
both hadrons and photons. The experimental setup cons
of large acceptance hadron and photon spectrometers, d
tors for charged particle and photon multiplicity measu
ments, and calorimeters for transverse and forward ene
measurements. The experiment obtained data w
158A GeV Pb beams from the CERN SPS in 1994, 19
2-2
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and 1996. The results presented here are from the Pb ru
1996 taken with the magnetic field~Goliath! turned off. The
analysis makes use of the data taken with the photon m
plicity detector~PMD!, the silicon pad multiplicity detecto
~SPMD!, the midrapidity calorimeter~MIRAC!, and the zero
degree calorimeter~ZDC!.

The circular SPMD, used for measuring charged part
multiplicity, was located 32.8 cm from the target. It had fu
azimuthal coverage in the region 2.35<h<3.75. The detec-
tor had four overlapping quadrants, each fabricated from
single 300-mm-thick silicon wafer. The active area of eac
quadrant was divided into 1012 pads forming 46 azimut
wedges and 22 radial bins with pad size increasing with
dius to provide a uniform pseudorapidity coverage. The
trinsic efficiency of the detector was better than 99%. Dur
the data recording, 95% of the pads worked properly. It w
nearly transparent to high-energy photons, since only ab
0.2% are expected to interact in the silicon. Details of
characteristics of the SPMD can be found in Refs.@19,20#.

The photon multiplicity was measured using the p
shower PMD placed at a distance of 21.5 m from the tar
The detector consisted of 3 radiation length (X0) thick lead
converter plates placed in front of an array of square scin
lator pads of four different sizes, varying from 1
315 mm2 to 25325 mm2, placed in 28 box modules. Eac
box module had a matrix of 38350 pads that were read ou
using one image intensifier and one charge-coupled de
camera system. Details of the design and characteristic
the PMD may be found in Refs.@21,22#. The results pre-
sented here make use of the data from the central 22
modules covering the pseudorapidity range 2.9<h<4.2. The
clusters of hit pads, having total analog-to-digital conver
content above a hadron rejection threshold were identifie
photonlike. Detailed simulations showed that the pho
counting efficiencies for the central to peripheral cases va
from 68% to 73%. The purity of the photon sample,Ng-like ,
in the two cases varied from 65% to 54%.

The transverse energy was measured with the MIR
@23# placed 24.7 m downstream from the target. It consis
of 30 stacks, each divided vertically into six towers, each
size 20320 cm2, and segmented longitudinally into an ele
tromagnetic~EM! section and a hadronic section. The dep
of an EM section was 15.6X0 ~equivalent to 51% of an in-
teraction length!, which ensured almost complete contai
ment of the electromagnetic energy~97.4% and 91.0% con
tainment calculated for 1 GeV and 30 GeV photon
respectively!. The MIRAC was used to measure both t
transverse electromagnetic (ET

em) and hadronic (ET
had) ener-

gies in the interval 3.5<h<5.5 with a resolution of
17.9%/AE and 46.1%/AE, (E in GeV!, respectively. TheET
provides a measure of the centrality of the reaction. Eve
with largeET correspond to very central reactions with sm
impact parameter and vice versa.

The ZDC measured the total forward energyEF at u
<0.3° with a resolution of (80%/AE)11.5%, with E ex-
pressed in GeV.EF provides complementary information o
the centrality with lowEF energy deposit corresponding
small impact parameter collisions.
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For the results to be presented below, the followi
sources of errors have been included in the systematic e
estimates.

A. Errors in Ng-like

~a! The major source of error inNg- like is due to the effect
of clustering of the pad signals. This error is determin
from the simulation by comparing the number of know
tracks on the PMD with the total number of photonlike clu
ters. The result is that the number of clusters exceeds
number of tracks by 3% in the case of peripheral events
by 7% for high multiplicity central events@22#.

~b! The uncertainty in the ADC value of the hadron reje
tion threshold in the PMD leads to an error in the estimat
of Ng-like clusters. The hadron rejection threshold has be
set at three times the minimum ionizing particle~MIP! peak.
The value of MIP peak was changed by 10% of the pe
value~3 ADC! in order to estimate the systematic error. T
error in Ng-like value is 2.5%@22#.

~c! The error due to the variation in scintillator pad-to-p
gains is found to be less than 1%.

The combined systematic error onNg-like is asymmetric
and centrality dependent. The errors are23.2% and13.4%
for peripheral collisions and27.1% and13.0% for central
collisions. The errors onNg , obtained after correcting fo
photon counting efficiency and purity of photonlike samp
will be discussed in Sec. V.

B. Errors in Nch

The uncertainty in theNch obtained from SPMD has bee
discussed in detail in Ref.@19#. The total error has been
estimated to be about 4%.

C. Errors in centrality selection through ET and EF

The centrality of the interaction is determined by the to
transverse energy (ET) measured in the MIRAC. The finite
resolution in the measurement ofET contributes to the sys
tematic error. For the analysis of fluctuation inET , which
uses MIRAC data directly, the centrality is determined by t
forward energyEF . The finite resolution in the measureme
EF contributes to the systematic error inET fluctuations.
These errors are centrality dependent.

D. Fitting errors

The fitting errors associated with the determination of
fit parameters of the multiplicity and transverse energy d
tributions also contribute to the final systematic error in bo
the photons and charged particles and transverse energ
spectively. The maximum contribution of this error to th
fluctuation was found to be 2%.

III. CENTRALITY SELECTION FOR FLUCTUATION
STUDIES

The centrality of the interaction was determined by t
total transverse energy measured in the MIRAC. For the p
of the analysis where transverse energy data are used fo
2-3
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FIG. 1. Minimum bias distributions of~a! transverse energyET and ~b! forward energyEF produced in Pb induced reactions
158A GeV on Pb. Solid histograms show the results obtained fromVENUS event generator.~c! shows the anticorrelation of measured to
transverse energyET and forward energyEF .
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fluctuation studies, the centrality was determined instead
the forward energyEF as measured in the ZDC. The centra
ties are expressed as fractions of the minimum bias c
section as a function of the measured total transverse en
using MIRAC, or total forward energy using the ZDC. Fi
ures 1~a! and 1~b! show the minimum bias distributions o
ET and EF , respectively. The arrows in the figures indica
the values ofET andEF for the top~most central! 1%, 2%,
5%, and 10% of the minimum bias cross section. Predicti
from VENUS 4.12 @24# are also shown as solid histogram
This will be discussed in a later section.

The anticorrelation ofET andEF is shown in Fig. 1~c!. It
illustrates that eitherET or EF can be used nearly equiva
lently to define the centrality of the reaction.

Figures 2~a! and 2~b! show the minimum bias distribu
tions for g-like clusters and charged particles, respective
for the full acceptances of the two detectors~PMD and
SPMD!. The multiplicity distributions corresponding to th
centrality cuts using the totalET for the top 1%, 2%, and
5% of the minimum bias cross section are also shown in
same figures. These distributions have been fitted to
Gaussians. The extracted fit parameters are used for
analysis of the fluctuations.

Figure 3 shows the variation of the mean (m), standard
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deviation (s), and chi square per degree of freedo
(x2/nd f) of the photon and charged particle multiplicity di
tributions for different centrality bins. Here the centrali
class is chosen with increasing width, as 0–1 %, 0–2
0 –3 %, . . . ,0–10 %. Asexpected, the mean value decreas
and the sigma increases as we make broader centrality s
tion to include more of the cross section. From thex2/nd f
values, one observes that the distributions increasingly d
ate from the Gaussians with increasing width in the centra
selection. For a centrality selection width of greater than 5
thex2/nd f rises above 2. The variation ofm ands indicate
that the extracted relative fluctuation (vX) will grow with the
increase in the width of the centrality selection interval. Th
indicates that the impact parameter fluctuations will dom
nate as the centrality selection is broadened. From this
conclude that the centrality selections should be made w
as narrow bins inET as possible, such that the multiplicit
distributions are good Gaussians and the impact param
fluctuations are minimized. With this in mind we have us
centrality selection bins of 2% widths in cross section, tak
as 0–2 %, 224 %, . . . ,62–64 %.

Figure 4 shows the variation ofm, s, andx2/nd f of the
photon and charged particle multiplicity distributions with
the full acceptance of the detectors with these narrow bin
2-4
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FIG. 2. Minimum bias distributions of~a! g-like cluster multiplicity, and~b! charged particle multiplicity produced in Pb induce
reactions at 158A GeV on Pb. The multiplicity distributions for the top 1%, 2%, and 5% most central events are also shown and fi
the Gaussian distributions.
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centrality. The data presented here cover the region f
central~top 2% of the minimum bias cross sections! to pe-
ripheral collisions~up to 65% of the minimum bias cros
section where the average number of participants is 26).
seen that both them ands values decrease towards perip
eral collisions. Thex2/nd f values are mostly in the regio
between 1.0 and 2.0 over the entire range of centralities c
sidered. This suggests that narrow cross section slices in
ET or EF distributions are necessary to study the multiplic
fluctuations and minimize the influence from impact para
eter fluctuations.

IV. MULTIPLICITY FLUCTUATIONS AND THE EFFECT
OF ACCEPTANCE

The relative fluctuations in multiplicity forg-like clusters
and charged particles have been calculated using them ands
values from Fig. 4 and Eq.~1!. These values are shown i
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Fig. 5 as functions of centrality, for full coverage of PM
(2.9<h<4.2) and SPMD (2.35<h<3.75), respectively.
The errors shown in the figures are systematic errors,
sources of which have been already discussed in prece
section. For bothg-like clusters and charged particles th
relative fluctuations are seen to increase in going from c
tral to peripheral collisions. However, for charged partic
the increase is much stronger.

In order to make a direct comparison of the fluctuations
photons and charged particles, the multiplicities should
studied in the region of common coverage of the detector
terms of both pseudorapidity and azimuthal angle. In a la
section, we will compare the results obtained from data w
those from model calculations for the common covera
The region of common coverage of the two detectors in
WA98 experiment was 0.85 units inh (2.9<h<3.75). The
general trend of the variation of the Gaussian fit paramet
with the reduced number of particles, for the common co
ins
FIG. 3. The Gaussian fit parameters of the multiplicity distributions ofg-like clusters and charged particles for increasing centrality b
of increasing width. The centrality selection has been made by increasing the widths ofET bins corresponding to 0 –1 %,022 %,
0 –3 %, . . . ,0–10 % of the minimum bias cross section.
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FIG. 4. The Gaussian fit parameters of the multiplicity distributions ofg-like clusters and charged particles as a function of centra
The centrality selection has been made by selecting 2% bins in minimum bias cross section, viz., 0–2 %, 2–4 %, 4 –6 %,. . . ,62–64 %. The
multiplicity distributions for these centrality bins are near perfect Gaussians as can be seen from thex2/nd f values.
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erage is found to be similar to that obtained with full cove
age for each detector. Fit parametersm, s, andx2/nd f, as
obtained for centrality bins of 2% in width, for the commo
coverage of the two detectors are shown in Fig. 6. As was
case for the larger acceptance, them ands values are seen to
decrease towards more peripheral event selection.
x2/nd f values are reasonable. Using the above values of
Gaussian parameters together with Eq.~1!, the relative mul-
tiplicity fluctuations were calculated and are shown in Fig.
The error shown include the fit errors as well as the ot
systematic errors discussed earlier. The relative fluctuat
for g-like clusters is seen to be rather constant over the
centrality range with an average value of 2.260.21. In com-
parison, the relative fluctuations for charged particles
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1.5660.13 at the most central bin~0–2 %! increasing to
2.860.16 for the least central bin~62–64 %!.

Following this discussion of the fluctuations in the mul
plicity of photons and charged particles for the full acce
tance regions and for the regions of common coverage of
photon and charged particle detectors, we now analyze
effect of detector acceptance on the observed fluctuation
more detail. For this we have taken two differenth coverage
regions for each detector. For the PMD theh ranges chosen
are 3.0<h<4.0 and 3.25<h<3.75 ~with full f coverage!.
The resultingv values for the two cases are shown in F
8~a!. Qualitatively, the variation of the fluctuations with ce
trality is similar for both coverages, but the magnitude of t
relative fluctuations is lower for smallerh coverage.
ious
FIG. 5. Fluctuations of the multiplicity ofg-like clusters and charged particles within the full coverage of PMD and SPMD for var
2% bins of the minimum bias cross section.
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FIG. 6. Centrality dependence of the Gaussian fit parameters of the multiplicity distribution ofg-like clusters and charged particles with
the common coverage of PMD and SPMD.
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For the SPMD, the fluctuations were calculated for t
rapidity intervals 2.35<h<3.35 and 2.65<h<3.15. These
bins have width of one and one half units inh around midra-
pidity. The results are shown in Fig. 8~b!. Qualitatively, the
results are again similar to each other with the magnitude
the relative fluctuations decreasing as the coverage inh is
decreased.

The decrease in the relative fluctuations as the accept
is decreased can be understood in terms of a simple statis
picture @25#. Assume that there arem particles produced in
the collision out of whichn particles are accepted random
into the detector acceptance. In this case, the distributionn
will follow a binomial distribution with meanm f and vari-
ancem f(12 f ), wheref is the fraction of particles accepted
Therefore, the fluctuations in the number of particles
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cepted for a fixed~m! number of particles produced is 12 f .
In principle,m can have an arbitrary distribution as given b
P(m) with known first and second moments. The fluctu
tions in then accepted particles out of them particles pro-
duced is then given as

vn512 f 1 f vm . ~2!

Thus considering the fluctuations in one unit ofh asvm
we can calculate the expected fluctuations for one half uni
h using the above equation. Heref corresponds to the ratio
of the total number of particles accepted in one half unit oh
coverage to that accepted over one unit inh. For the accep-
tance regions used, the average value off for photons is
about 0.52 and that of charged particles is about 0.54. Us
e of the
FIG. 7. Centrality dependence of the fluctuations of the multiplicity of photons and charged particles within the common coverag
PMD and SPMD.
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FIG. 8. Multiplicity fluctuations of photons and charged particles for twoh acceptance selections. The open squares represent estim
values of fluctuations in 0.5 unit ofdh from the observed fluctuations in 1.0 unit ofdh.
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these values in Eq.~2! we can calculate the expected flu
tuations for half unit ofh coverage from the results of on
unit of h coverage, under the assumption of a binomial sa
pling. As shown in Fig. 8 the empirical calculations almo
exactly reproduce the observed result in the narrower ac
tance window for charged particles and agrees reason
well within the quoted errors for photons.

V. ESTIMATION OF FLUCTUATIONS
IN A PARTICIPANT MODEL

In a picture where the nucleus-nucleus collision is thou
of as the sum of contributions from many sources create
the early stage of the interaction, the variance of the dis
bution of any observable has contributions from~a! the fluc-
tuations in the number of sources, largely due to differ
impact parameters. Even if the impact parameter window
narrowed, density fluctuations within the nucleus will ma
this contribution nonzero,~b! the fluctuations in the numbe
of particles produced by each source. Quantum fluctuat
in the nucleon-nucleon~NN! cross section can lead to suc
effects,~c! the fluctuations due to any dynamical process
critical behavior in the evolution of the system.

The contribution from the first two effects leads to flu
tuations in the number of participant nucleons, which may
related to the initial size of the interacting system before
thermalizes. Resonance decays have also been shown
crease the multiplicity fluctuations by a large factor@4,5#.

Following a simple participant model@5,15,16,26,27#, the
particle multiplicity ~of photons or charged particles! N may
be expressed as

N5 (
i 51

Npart

ni , ~3!

whereNpart is the number of participants andni is the num-
ber of particles produced in the detector acceptance by
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i th participant. On an average, the mean value ofni is the
ratio of the average multiplicity in the detector coverage
the average number of participants, i.e.,^n&5^N&/^Npart&.

Thus the fluctuations inN will have contributions due to
fluctuations inNpart (vNpart

) and also due to the fluctuation

in the number particles produced per participant (vn). Again,
the fluctuations ofn given asvn , will have a strong depen
dence on the acceptance of the detector. In the absenc
correlations between theni ’s, the multiplicity fluctuationsvN
can be expressed as

vN5vn1^n&vNpart
. ~4!

Comparison of data with the results of such model cal
lations might reveal the extent to which the principle of s
perposition of nucleon-nucleon~NN! interactions is valid in
the case of heavy-ion collisions. The participant model
expected to hold reasonably well for peripheral collisio
where there are only fewNN collisions, while for central
collisions the particle production gets affected byNN scat-
tering, rescatterings between produced particles, energy
radation, and other effects. Next we discuss the calcula
of each of the terms in Eq.~4!.

A. Calculation of vNpart

The impact parameter fluctuations are reflected in
fluctuations in the number of participants. We have estima
this contribution using theVENUS 4.12 event generator with
default setting. A set of 100-K minimum bias Pb1Pb events
at 158A GeV was generated for calculation of the number
participants. To match the centrality selection of the react
in simulation to that in data, we have carried out a fast sim
lation in which ET from VENUS was calculated within
MIRAC coverage taking the resolution factors for the ha
ronic and electromagnetic energies of MIRAC into accou
2-8
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The correspondingET distributions forVENUS are shown as
the solid curve in Fig. 1~a!. It is seen that the agreement wi
data is quite reasonable.

The distributions ofNpart for the same narrow(2%) bins
of centrality, as discussed above for the data, are well
scribed by the Gaussian distributions. Figure 9 shows
variation of m, s, x2/nd f, and relative fluctuationvNpart

calculated from the fit parameters with the 2% bins in c
trality. One can see that the relative fluctuation in the num
of participants,vNpart

, is around 1. The statistical errors a

small and are within the size of the symbols.
The systematic errors shown in the figures have contr

tion from the following sources, which have been added
quadrature.

~1! Nucleon density distribution: In order to estimate t
error due to this we have calculated the number of part
pants fromVENUS ~as shown in the figure! and those from
FRITIOF. The difference for each centrality bin was cons
ered as representative of the error@28#.

~2! Finite resolution ofET : Systematic errors due to thi
were calculated by varying the centrality as per the MIRA
resolution@22#.

~3! Fitting errors: Errors associated with the determinat
of the fit parameters of the Gaussian distributions also c
tribute to the final systematic error in the number of parti
pants.

The quantitŷ n& is equal to the ratio of the mean charg
particle~or photon! multiplicity for a given acceptance to th
mean number of participants for the same centrality b
Thus the contribution from the term̂n&vNpart

to the total

fluctuations@Eq. ~4!# can be easily obtained.

FIG. 9. Variation ofm, s, andx2/nd f of the distribution of the
number of participants as a function of centrality.
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B. Calculation of vn

This term gives the fluctuations in the number of partic
produced per participant. It has a strong dependence on
ceptance as given earlier in Eq.~2! and shown in Fig. 8. To
calculatevn as per Eq.~2! we next obtain the termsf and
vm . The quantityf is the ratio of the number of particles pe
participant accepted within the acceptance of the dete
(^n&) to the total number of particles produced per parti
pant (̂ m&). The value of̂ n& for each centrality bin and for
a given acceptance can be calculated as discussed in the
ceding section. To obtain the value of^m& we make use of
the data existing in the literature forNN collisions. As dis-
cussed in Refs.@29,30# the mean number of charged particl
and photons produced in nucleon-nucleon collisions can
parametrized as a function of c.m. system energies (As from
2 GeV to 500 GeV! in the following manner:

^Nch&
NN524.7~61.0!15.2~60.8!s0.145(60.01), ~5!

^Ng &NN529.9~62.1!18.5~61.9!s0.113(60.015). ~6!

For the 158A GeV SPS energy discussed here this p
rametrization gives the average charged particle multiplic
to be 7.2 with the corresponding number for photons be
6.3. Thus the average charged particle and photon multip
ties per participant are 3.6 and 3.15, respectively.

In addition, s for the charged particle multiplicity in
nucleon-nucleon collisions shows a linear dependence w
the average charged particle multiplicity as 0.576(^Nch

NN&
21), as given in Ref.@30#.

This can be used to calculatevm , which is given as

vm50.33
~^Nch&21!2

^Nch&
. ~7!

For charged particles at SPS energies this gives a valu
vm51.8. However, for photons this number is not know
since there is no similar parametrization. In the absence
such a parametrization ofs for photons we will also assum
thatvm51.8 for the photon multiplicity. Fluctuations of pho
tons, in principle, are expected to be similar to those
charged particles. This is because the majority of phot
come from decay ofp0, while the majority of charged par
ticles are charged pions (p6).

From the values of̂n&, ^m&, andvm for a given accep-
tance and centrality, the termvn can then be calculated.

C. Comparison of data to model calculations

We first compare the experimental results of multiplic
fluctuations to those of the calculations using the particip
model in the common coverage of PMD and SPMD. Figu
10 shows a comparison of the fluctuation in charged partic
from data to that obtained from the calculations using
model described above. The results are plotted as a func
of the number of participants. The horizontal errors on
number of participants are shown only on the data poin
The error onv calculated in the model is mainly due to th
error on the mean number of charged particles in nucle
2-9
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nucleon interactions, the error in the number of participa
calculated, and the uncertainty in the simulation of the c
culated transverse energy. For clarity of presentation we h
given results corresponding to alternate 2% centrality b
i.e., 0–2 %, 2 –4 %,. . . ,62–64 %. Theresults fromVENUS

are also shown in the form of a solid line in Fig. 10, and a
found to remain almost constant over the entire centra
range. Charged particle fluctuations determined from d
and the participant model decrease in going from periph
to central collisions, although the dependence on centrali
weaker for the model calculation.

Figure 11 shows fluctuations in theg-like clusters as well
asNg after the correction. The results, plotted as a funct
of the number of participants, are compared to those of
participant model calculations for photons and results fr
VENUS. Using the estimated values of efficiency (eg) and
purity ( f p), the number of photons in an event is calculat
by using the relation

Ng5
f p

eg
Ng-like . ~8!

The photon counting efficiency in PMD varies from 68%
73% for central to peripheral collisions. The purity of th
measured photon sample varies from 65% to 54% for cen
to peripheral collisions.

The systematic errors associated withNg-like have already
been discussed in Sec. II. The additional errors in the c
version fromNg-like to Ng are mainly due to errors in est
mation of photon counting efficiency and purity. The sourc
of these errors are given below.

FIG. 10. The relative fluctuationsvch of the charged particle
multiplicity as a function of number of participants. The experime
tal data are compared to calculations from a participant model
those fromVENUS event generator.
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~1! Event-by-event variation in photon counting efficien
(eg) and purity of photon sample (f p). These have been
found to vary from 3% to 6% for central to peripher
collisions.

~2! The purity factor depends on the ratio of the numb
of photons and charged particles within the PMD covera
The systematic error associated with this ratio has been s
ied by using theFRITIOF @31# event generator in addition to
VENUS. The average photon multiplicity estimated by usi
FRITIOF is found to be higher by about 4% in peripheral a
by 1% in central collisions, compared to the values obtain
usingVENUS.

~3! The photon counting efficiency determined in th
present case relies on the energy spectra of photons as g
by theVENUS event generator. As the conversion probabil
for low-energy photons falls sharply@32# with decreasing
energy below 500 MeV, the estimate ofeg may be affected if
the energy spectra in the actual case is different. Photon
ergy spectra have been measured by the WA98 lead g
calorimeter. By extrapolating these measured spectra to
PMD acceptance we have estimated the photon counting
ficiencies for differenth bins and centralities. These resul
turn out to be lower compared to those obtained fromVENUS

by 2–9 % for central events and 3–13 % for periphe
events, the smaller value corresponds to larger pseu
rapidity region of the PMD acceptance. The average diff
ence in efficiencies within the PMD acceptance are 6%
central and 9% for peripheral collisions. These differenc
add to the systematic errors on the photon count
efficiency.

The total systematic error on the multiplicity of photon
(Ng) are 26.7% and112.5% for peripheral collisions and
28.0% and19.0% for central collisions.

The fluctuations in the number of photons have been
timated from the fluctuations in the number of photonli
clusters by using Eq.~8!:

vg5
f p

eg
vg-like . ~9!

These results are shown in Fig. 11. It is observed that
relative fluctuations of photons from the data are in reas
able agreement with those obtained fromVENUS. However,
the results for photons from the participant model are som
what higher than those from the experimental data.

VI. TRANSVERSE ENERGY FLUCTUATIONS

Relativistic nuclear collisions are often described with
the participant-spectator picture in which nuclei are sphe
that collide with a definite impact parameter. The overla
ping volumes that participate in the reaction are violen
disrupted while the remaining spectator volumes shear
and suffer comparatively mild excitations. The magnitude
the ET produced depends on the bombarding energy and
participant volume or equivalently the number of particip
ing nucleons. The cross section for a specific value ofET
production depends to a large extent on the geometric p
ability of a given impact parameter. Therefore impact para

-
d
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eter fluctuations are expected to lead to fluctuations inET .
Corroboration of the participant-spectator picture com

from the strong anticorrelation ofET with the energy ob-
served in the zero degree calorimeter,EF as shown in the
Fig. 1~b!. The smaller the impact parameter, the larger is
participant volume andET , but the smaller is the spectato
volume andEF . ET also correlates strongly with the pro
duced particle multiplicity. Theds/dNch and ds/dNg-like
spectra have virtually the same shape asds/dET @Figs. 2~a!
and 2~b!#.

The study of the average totalET as measured in the
WA98 experiment and its scaling behavior with the numb
of participants have been discussed earlier in detail in R
@28#. Here we concentrate on the second moment, and s
the fluctuations inET as was done forNg-like and Nch . For
this analysis we have again taken 2% width bins in centra
using the forward energy as measured by the ZDC. Du
the poorer resolution in centrality selection of the ZDC f
peripheral collisions, we present the results only up to
50% centrality class.

The ET distribution for the top 2% of the minimum bia
cross section is shown in Fig. 12. The solid curve show
Gasussian fit to the distribution. Them, s andx2/nd f values
for such distributions at centrality bins varying from 0–2
to 48–50 % have been extracted and are shown in Fig.
The x2/nd f values are seen to be between 1 and 2, wh
indicates that the distributions are well described by
Gaussians. The fluctuations inET have been calculated b
using Eq.~1! and are shown in Fig. 14. The relative fluctu
tions are observed to increase in going from central to

FIG. 11. The relative fluctuationsvg of photons as a function o
number of participants. The data presented show the fluctuation
g-like clusters and photons after correction for efficiency and
rity. These are compared to calculations from a participant mo
and those fromVENUS event generator.
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ripheral collisions.ET , measured by the MIRAC was used
the online trigger to define the most central event sam
with a threshold that occurred in the region of the top 1
18 % of the total cross section. This region is not analyzed
avoid trigger bias effects in the measuredET distribution.

ET has a strong correlation with the number of participa
nucleons or the number of effective collisions they unde
@33#. In an attempt to understand the fluctuations in terms
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FIG. 12. The transverse energy distribution for the top 2% of
minimum bias cross section.

FIG. 13. Centrality dependence ofm, s, and x2/nd f of the
transverse energy distribution. The centrality selection is based
EF measured with the ZDC.
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the number of participant nucleons, theVENUS event genera-
tor has been used to determine the ratiom(ET)/m(Npart) as a
function of centrality. Them(ET) per participant has bee
found to be;1.1 GeV60.2. This is shown in Fig. 15. The
main sources of error here are due to the uncertainty in
calculation of the number of participants and the finite re
lution of the calorimeters. Similar results were also obtain
from WA80 and HELIOS Collaborations of Ref.@11,12#.

FIG. 14. Centrality dependence of the relative fluctuations
total transverse energyET with centrality selected byEF .

FIG. 15. ET per participant as a function of centrality. The ve
tical solid line indicates the estimated systematic error inET per
participant.
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While the WA80 Collaboration has shown thatET per par-
ticipant is independent of projectile, target, and centrality
depends only on the number of wounded nucleons and
beam energy, the WA98 Collaboration has shown that tra
verse energy does deviate from a linear dependence on
number of participants for Pb1Pb collisions@28#.

The relative fluctuations in transverse energy can be a
lyzed in a participant picture similar to that employed in t
case of photons and charged particles@33#. An expression
similar to Eq.~4! can be obtained, where the first term d
pends on the fluctuations in the transverse energy depo
by each particle produced per participant nucleon, with
second term coming from impact parameter fluctuatio
within the acceptance of the detector. Since the first te
depends greatly on the detector characteristics, we com
the transverse energy fluctuations in data to those obta
from a fast simulation of the MIRAC and ZDC characteri
tics in VENUS in which the energy resolution for each partic
was applied separately when computing the total transv
energy@23#. Figures 1~a! and 1~b! show the comparison o
the simulatedET andEF distributions with those from data
The agreement is seen to be quite reasonable.

Figure 16 shows the comparison ofET fluctuations from
data to those obtained from simulated events usingVENUS.
The fluctuations are plotted as a function of the mean nu
ber of participants in various 2% bins of centrality obtain
from EF . Errors shown in the data are mainly due to unc
tainties in the determination of number of participants a
the finite energy resolution of the calorimeters as discus
earlier. It is seen that the fluctuation in data are system
cally smaller than those obtained formVENUS. As discussed
in Ref. @33# many effects like energy-momentum degradati

n FIG. 16. Centrality dependence of the relative fluctuations
transverse energyET with the centrality selected from theEF . The
result is compared toVENUS using similar centrality selection crite
ria.
2-12
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EVENT-BY-EVENT FLUCTUATIONS IN PARTICLE . . . PHYSICAL REVIEW C65 054912
of nucleonic objects in successive scatterings and short-ra
correlations between nucleons in a nucleus may be res
sible for the decrease in fluctuations inET of data as com-
pared to those obtained from simulations inVENUS. The role
of rescattering has also to be understood in this context.

VII. SUMMARY

A detailed event-by-event study of fluctuations in the m
tiplicities of charged particles and photons and transve
energy has been carried out using data from the WA98
periment. This has been done by varying both the centra
and rapidity intervals. It is observed that the relative fluctu
tions increase with increase in the impact parameter inter
Hence it is important to control the impact parameter dep
dence by studying narrow bins in centrality. For 2% centr
ity bins, within which the distributions of charged partic
and photon multiplicities, as well as the transverse ene
are well described by the Gaussians, the contribution fr
impact parameter fluctuations is around 1, as expected.
fluctuations in multiplicities andET are found to increase in
going from central towards peripheral events. A decreas
acceptance has been found to result in decreased multip
fluctuations. Using a simple statistical analysis one can
plain the observed decrease in a smaller acceptance kno
the fluctuations in a larger acceptance window. The obser
centrality dependence of the multiplicity fluctuations
charged particles has been found to agree reasonably
with results obtained from a simple participant model th
takes into account impact parameter fluctuations fromVENUS

and multiplicity fluctuations fromNN data, within the quoted
systematic errors. For photons the fluctuations are foun
be slightly lower compared to those obtained from the p
ticipant model.

Similar calculations have been performed for the tra
et

.
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verse energy and multiplicity distributions usingVENUS. The
transverse energy fluctuations from experimental data
found to be smaller than those observed inVENUS. On the
other hand, after corrections for charged particle contam
tion in the photonlike clusters, the relative fluctuations
photons appear to be in rather good agreement w
VENUS.
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