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Centrality dependence of charged-neutral particle fluctuations in 158A GeV 208Pb¿208Pb collisions
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Results on the study of localized fluctuations in the multiplicity of charged particles and photons produced
in 158A GeV/c Pb1Pb collisions are presented for varying centralities. The charged versus neutral particle
multiplicity correlations in common phase space regions of varying azimuthal sizes are analyzed by two
different methods. Various types of mixed events are constructed to probe fluctuations arising from different
sources. The measured results are compared to those from simulations and from mixed events. The comparison
indicates the presence of nonstatistical fluctuations in both the charged particle and photon multiplicities in
limited azimuthal regions. However, no correlated charged-neutral fluctuations, a possible signature of forma-
tion of disoriented chiral condensates, are observed. An upper limit on the production of disoriented chiral
condensates is set.
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I. INTRODUCTION

The large number of particles produced in relativis
heavy-ion collisions at the Super Proton Synchrotron~SPS!
and the Relativistic Heavy-Ion Collider provide an oppor
nity to analyze and study, on an event-by-event basis, fl
tuations in physical observables, such as particle multipl
ties, transverse momenta, and their correlations. Th
studies provide information on the dynamics of multipartic
production and may help us to reveal the phase transi
from hadronic matter to quark-gluon plasma@1,2#. The for-
mation of hot and dense matter in high energy heavy-
collisions also has the possibility to create matter in a ch
symmetry restored phase in the laboratory. After the ini
stage of the collision, the system cools and expands, ret
ing to the normal QCD vacuum in which the chiral symm
try is spontaneously broken. During this process, a m
stable state may be formed in which the chiral condensa
disoriented from the true vacuum direction. This transi
state would subsequently decay by emitting pions cohere
within finite subvolumes or domains of the collision regio
The possibility of formation of disoriented chiral condensa
~DCC! has been discussed extensively in recent ye
@3–11#. The detection and study of the DCC state wou
provide valuable information about the chiral phase tran
tion and the vacuum structure of strong interactions.

Theoretical studies@5–7# suggest that isospin fluctuation
caused by the formation of a DCC would produce clusters
coherent pions in localized phase space domains. The fo
tion of DCC domains would be associated with large eve
by-event fluctuations in the ratio of neutral to charged pio
The probability distribution of the neutral pion fractionf in
such a DCC domain has been shown@3# to follow the rela-
tion

P~ f !5
1

2Af
, where f 5Np0 /Np , ~1!

which is quite different from that of the normal pion produ
tion mechanism. For the normal pion production, where
production ofp0, p1, and p2 are equally probable, thef
distribution is binomial, peaking at 1/3.

In the experimental search for localized domains of DC
a practical approach is to search for events with large
localized fluctuations~localized in pseudorapidityh and azi-
muthal anglef) in the ratio of the number of photons t
charged particles, which would directly reflect fluctuations
the neutral to charged pion ratio. Typical event structu
would be similar to the Centauro and anti-Centauro eve
reported by the JACEE Collaboration@12#. Results from
other cosmic ray experiments have not ruled out the po
bility of the DCC formation mechanism@13#. The accelerator
based studies carried out inp-p̄ @14# and heavy-ion@15,16#
reactions have investigated particle production over exten
regions of phase space. These analyses were not sensit
the presence of small domains of DCC localized in ph
space. The first search for evidence of localized domain
DCC has been carried out at the SPS by the WA98 exp
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ment in a detailed study of central Pb1Pb events@17#. The
analysis showed the presence of localized nonstatistical fl
tuations in the multiplicity of both photons and charged p
ticles. However, the charged-neutral fluctuations were fou
not to be correlated event by event, as would be expected
a DCC production mechanism. An upper limit on the fr
quency of DCC formation in central Pb1Pb collisions was
set. Recently, there have been theoretical suggestions to
for DCC formation in events for intermediate centraliti
@18#. In this paper we present first results on the centra
dependence of localized charged-neutral multiplicity fluctu
tions. It is based on an analysis of event-by-event fluctua
in the relative number of charged particles and photons
tected within the common acceptance of the photon
charged particle multiplicity detectors of the WA98 expe
ment @19#.

The paper is organized in the following manner: In t
following section we describe the detectors used for
present analysis; the centrality selection criteria, the data
duction, and simulation. Section III deals with the analy
techniques where two analysis methods are presented,
based on the correlation of photons and charged partic
and the other based on a discrete wavelet transforma
analysis. In Sec. IV, we present in detail the construction
mixed events used for this study. Section V discusses
ability of the mixed events to probe specific fluctuations. T
final results and discussion are given in Sec. VI. A summ
is presented in Sec. VII.

II. EXPERIMENTAL SETUP AND DATA REDUCTION

In the WA98 experiment at CERN@19#, the main empha-
sis has been on high precision, simultaneous detection
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 present study makes use of the data
the photon multiplicity detector~PMD!, the silicon pad mul-
tiplicity detector ~SPMD!, and the midrapidity calorimete
~MIRAC!.

A. Centrality selection

The centrality of the interaction was determined from t
total transverse energy (ET) measured by the MIRAC@20#.
The MIRAC measures both the transverse electromagn
(ET

em) and hadronic (ET
had) energies in the interval 3.5<h

<5.5 with a resolution of 17.9%/AE and 46.1%/AE, re-
spectively, whereE is expressed in GeV. The centrality, o
impact parameter of the collision, has a strong correlat
with the amount ofET produced. Events with largeET pro-
duction correspond to the most central, small impact para
eter, collisions@21#.

The centralities are expressed as fractions of the minim
bias cross section as a function of the measured totalET . For
the present analysis we have used data selections in
centrality bins, the top 5%~henceforth referred to a
centrality-1!, 5–10 %~centrality-2!, 15–30 %~centrality-3!,
1-2
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CENTRALITY DEPENDENCE OF CHARGED-NEUTRAL . . . PHYSICAL REVIEW C 67, 044901 ~2003!
and 45–55 %~centrality-4! of the minimum bias cross sec
tion. The minimum bias distribution of the totalET is shown
in Fig. 1. The centrality bins used in this analysis are mar
in the figure.

B. Photon multiplicity detector

The photon multiplicity is measured using the preshow
PMD located at a distance of 21.5 m from the target. T
PMD consists of three radiation length (X0) thick lead con-
verter plates in front of an array of square scintillator pads
four sizes, varying from 15315 mm2 to 25325 mm2,
placed in 28 box modules. Each box module consists o
matrix of 38350 scintillator pads read out using an ima
intensifier plus charged coupled device~CCD! camera sys-
tem. The scintillation light is transmitted to the readout d
vice via a short wavelength shifting fiber spliced to a lo
extramural absorber coated clear fiber. The total light am
fication of the readout system is;40 000. Digitization of the
CCD pixel charge is done by a set of custom built fast-b
modules employing an 8-bit, 20-MHz flash analog-to-digi
converter~ADC! system. Details of the design and chara
teristics of the PMD may be found in Refs.@22,23#. The
results presented here make use of the data from the ce
22 box modules covering the pseudorapidity range of
<h<4.2. The clusters of hit pads, having total ADC conte
above a hadron rejection threshold are identified as pho
like, the multiplicity being denoted byNg-like . If the number
of incident photons is denoted byNg

inc and the number of
photons detected above the hadron rejection threshold
Ng

th , then the photon counting efficiencyeg and purity of
photon sample (f p) are defined aseg5Ng

th/Ng
inc and f p

5Ng
th/Ng-like , respectively. These are estimated from det
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FIG. 1. The totalET distribution ~solid dots! measured in 3.5
<h<5.5 for Pb1Pb collision at 158A GeV/c. The totalET distri-
bution as obtained fromVENUS is also shown as dashed histogra
TheET values corresponding to the different centrality bins used
the analysis are shown.~a! Centrality-1 (0 –5 %),~b! centrality-2
(5 –10 %), ~c! centrality-3 (15–30 %), and~d! centrality-4
(45–55 %) of the minimum bias cross section as determined
selection on the measured transverse energy distribution.
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tor simulations@22,23#. The photon counting efficiencies fo
the central to peripheral cases varies from 68% to 73%.
purity of the photon sample in the two cases varies fr
65% to 54%@22,23#. The acceptance in terms of transver
momentumpT extends down to about 30 MeV/c, however,
the PMD energy resolution is not sufficient for particle-b
particlepT measurement.

C. Silicon pad multiplicity detector

The charged particle multiplicityNch is measured using
the circular SPMD located 32.8 cm from the target and h
ing full azimuthal coverage in the region 2.35,h,3.75,
corresponding to the central rapidity region at SPS ener
~wherehCMS52.92). The detector consists of four overla
ping quadrants, each fabricated from a single 300-mm-thick
silicon wafer. The active area of each quadrant is divid
into 1012 pads forming 46 azimuthal wedges and 22 ra
bins, with the pad size increasing with increasing radius
provide equal sized pseudorapidity bins. The efficiency
detection of a charged particle in the active area has b
determined in test beam measurements to be better
99%. Conversely, the detector is transparent to high ene
photons, since only about 0.2% are expected to interac
the silicon. During the data recording, 95% of the pa
worked properly and are used in this analysis. Details of
characteristics of the SPMD can be found in Refs.@15,24#.
The SPMD does not providepT measurement, but provide
the multiplicity measurement integrated over transverse m
mentumpT with a threshold which extends down to abo
20 MeV/c.

D. Data reduction

The data presented here were taken in 1996 at the CE
SPS with the 158AGeV Pb ion beam on a Pb target of thic
ness 213mm. The WA98 Goliath magnet was switched o
during these runs. Events with beam pileup, downstream
teractions, and pileup in the CCD camera system were
jected in the off-line analysis@15,23#. The data have been
analyzed for the region of commonh (2.9,h,3.75) andf
coverage of the SPMD charged particle and PMD pho
multiplicity detectors. TheNg-like and theNch distributions
for the four centrality bins are shown in Figs. 2 and 3. T
number of events analyzed, the mean number of photons
charged particles, along with the root mean square deviat
are shown in the figures. The PMD and SPMD detect
provide momentum integrated multiplicity measureme
with very low thresholds. Since pions from DCC domai
are expected to have smallpT values, below the pion mass
the momentum integration will dilute the DCC signal. On t
other hand, the large coverage of the PMD and SPMD
important to overcome the limitations of small number flu
tuations.

The various sources of systematic errors associated
the Ng-like and Nch distributions have been investigated a
described in detail previously@23,25#. These include the fol-
lowing.

n

y

1-3
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FIG. 2. TheNg-like multiplicity
distributions for the four centrality
selections for Pb1Pb collision at
158A GeV/c. ~a! Centrality-1
(0 –5 %), ~b! centrality-2
(5 –10 %), ~c! centrality-3
(15–30 %), and~d! centrality-4
(45–55 %).
as
je

t
als

tal
~a! The uncertainty in the energy calibration and the
sociated uncertainty in the energy threshold for hadron re
tion in the PMD leads to an error in the efficiency forNg-like
clusters. The nominal hadron rejection threshold was se
three times the minimum ionizing particle~MIP! peak. The
value of the threshold was reduced by 10%@23# in order to
04490
-
c-

at

estimate the systematic error. The associated error inNg-like
is 2.5%.

~b! The error due to the effect of clustering of pad sign
in the PMD is a major source of error inNg-like . This error is
determined fromGEANT @26# simulation by comparing the
number of known photon tracks on the PMD with the to
FIG. 3. The Nch multiplicity
distributions for the four centrality
selections for Pb1Pb collision at
158A GeV/c. ~a! Centrality-1
(0 –5 %), ~b! centrality-2
(5 –10 %), ~c! centrality-3
(15–30 %), and~d! centrality-4
(45–55 %).
1-4
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number of reconstructed photonlike clusters. It is found t
the number of clusters exceeds the number of tracks by
in the case of peripheral events and by 7% for high mu
plicity central events.

~c! The error due to the variation in pad-to-pad gains
the scintillators in PMD was found to be less than 1%.

~d! The uncertainty in theNch determination with the
SPMD has been estimated to be about 4%@15#.

~e! The error due to the finite resolution in the measu
ment of the total transverse energyET in MIRAC @23# trans-
lates into an uncertainty in the centrality selection. The eff
of this systematic error has been determined by perform
the analysis with varying centrality cut within the MIRAC
resolution.

The contribution of each of these various systematic
rors to the final results is discussed in the following sectio

E. Simulated events

Simulated events were generated using theVENUS 4.12
event generator@27# with the default parameter values. Th
output was processed through a detector simulation pac
in the GEANT 3.21 @26# framework. This simulation include
the full WA98 experimental setup and includes experimen
effects such as photon conversions, downstream interact
hadron backgrounds in the PMD, etc., which might dilute
enhance the observed fluctuations. The effect of Landau fl
tuations in the energy loss of charged particles in silicon w
included in the SPMD simulation@15#. For the PMD simu-
lation, the GEANT results in terms of energy deposition
pads were converted to the pad ADC values using the M
ADC calibration relation. After this the ADC distribution i
convoluted with a Gaussian function of proper width tak
from the readout resolution curve. If the energy deposition
less than three MIP, a Landau distribution is used for con
lution. The details of the PMD simulations taking into a
count the detector and readout effects can be found in
@22#. The centrality selection with the simulated data h
been made in a manner identical to the data, determined f
the simulated total transverse energy in MIRAC. The mi
mum bias totalET distribution predicted byVENUS is shown
by the dashed histogram in Fig. 1. The agreement with
data is seen to be quite reasonable. A total of 60 KVENUS

events with simulated detector response were generate
the present study. These simulated events~henceforth re-
ferred to simply asVENUS events unless otherwise specifie!
were then processed with the same analysis codes as use
the analysis of the experimental data.

III. ANALYSIS TECHNIQUES

Two different analysis methods have been used in
present study. In the first analysis method, the magnitud
the Ng-like versusNch multiplicity fluctuations is obtained in
decreasing phase space regions. The second method
ployed the discrete wavelet transformation technique to
vestigate the relative magnitude of theNg-like versusNch
fluctuations in adjacent phase space regions. The results
these methods of analysis applied to data,VENUS, and vari-
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ous sets of mixed events~to be discussed later! are compared
to draw proper conclusions.

A. Ng versusNch correlations

In order to search for localized fluctuations in the phot
and charged particle multiplicities, which may have no
statistical origin, the correlation betweenNg-like and Nch is
investigated at various scales inf.

The event-by-event correlation betweenNg-like and Nch
has been studied in variousf intervals by dividing the en-
tire f space into 2, 4, 8, and 16 bins. The method of analy
is similar to that described in Refs.@15,17#. Figure 4 shows a
scatter plot of the correlation betweenNg-like andNch for the
top centrality bin. The correlation plots for eachf interval
size, including the case of the full interval with no segme
tation, are shown. The distributions for the other three c
trality bins are qualitatively similar. A common correlatio
axisZ has been obtained for the full distribution by fitting th
Ng-like and Nch correlation with a second-order polynomia
The correlation axis with fit parameters is shown in the fi
ure. The distance of separation (DZ) between a data poin
and the correlation axis has been calculated with the conv
tion that DZ is positive for points below theZ axis. The
distribution of DZ represents the relative fluctuations
Ng-like andNch from the correlation axis for any chosenf bin
size. In order to compare the fluctuations for differentf bins
on a similar footing, a scaled variableSZ5DZ /s(DZ) is
used, wheres(DZ) represents the rms deviation of theDZ
distribution forVENUS events analyzed in the same mann
The DZ distributions of data, mixed events, and the sim
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a = -0.2198
b = 0.8810
c = 0.000031
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N
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1 bin

2 bins

4 bins

8 bins
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FIG. 4. The event-by-event correlation betweenNch andNg-like

for centrality bin 1. Overlaid on the plot is the common correlati
axis (Z axis! obtained for the full distribution by fitting theNg-like

andNch correlations with a second-order polynomial. The values
the upper left are the coefficients of the polynomial of the fo
Nch5a1bNg-like1cNg-like

2 . For the other three centrality classe
the plots are qualitatively similar.
1-5
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lated events for a given centrality andf bin size are all
scaled by the sames(DZ) corresponding to theVENUS events
for the respective centrality and azimuthal bin size. The pr
ence of events with localized fluctuations inNg-like andNch,
at a givenf bin, is expected to result in a broader distrib
tion of SZ compared to those for normal events. Compar
the rms deviations of theSZ distributions of data, mixed
events~to be discussed later!, andVENUS events may allow
us to infer the presence of nonstatistical localized fluct
tions.

B. Multiresolution DWT analysis

A multiresolution analysis using discrete wavelet tran
form ~DWT! @28# has been shown to be quite powerful in t
search for localized domains of DCC@29–31#. The signifi-
cance of the DWT technique lies in its power to analyze
spectrum at different resolutions, with the ability to identi
fluctuations present at any scale. This method has been
lized very successfully in many fields including image pr
cessing, data compression, turbulence, human vision, ra
and earthquake prediction@28#. It should be noted that the
DWT analysis provides information different from the m
ment analysis of the preceding section. It analyzes the ev
by-event distribution inf space to characterize the bin-t
bin fluctuations relative to the average behavior.

For the present DWT analysis, the full azimuthal region
divided into smaller bins inf, the number of bins at a give
scalej being 2j . The input to the analysis is a spectrum of t
sample function at the smallest bin inf corresponding to the
highest resolution scalej max. In the present case the samp
function is chosen to be the photon fraction, given by

f 8~f!5Ng-like~f!/@Ng-like~f!1Nch~f!#. ~2!

A multiresolution analysis has been carried out using
D-4 wavelet basis on the above sample function star
with j max55. It may be mentioned that there are seve
families of wavelet bases distinguished by the number
coefficients and the level of iteration; we have used the
quently employedD-4 wavelet basis@32#. The output of the
DWT consists of a set of wavelet or father function coe
cients~FFCs! at each scale, fromj 51, . . . ,(j max21). The
coefficients obtained at a given scalej are derived from the
distribution of the sample function at one higher scalej
11. The FFCs quantify the bin-to-bin fluctuations in th
sample function at that higher scale relative to the aver
behavior. The presence of localized nonstatistical fluct
tions will increase the rms deviation of the distribution
FFCs and may result in non-Gaussian tails@29,31#. The
DWT technique as used in this analysis has been dem
strated in our earlier publication@17#. Once again, comparing
the rms deviations of the FFC distributions of data, mix
events, andVENUS events may allow us to infer the presen
of localized fluctuations. The utility of the mixed events a
the response of the analysis technique are demonstrate
Sec. V.
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IV. CONSTRUCTION OF MIXED EVENTS

It is possible to search for nonstatistical fluctuations in
experimental data in a model independent way by comp
son of the data with mixed events generated from the d
itself. Furthermore, it is necessary to isolate the various c
tributions to the fluctuations and to understand all detec
related effects in the data. This has been done by genera
different types of mixed events which preserve the glo
multiplicity correlation betweenNg-like andNch. Fluctuations
in the ratio ofNg to Nch can arise due to fluctuations inNg
only, fluctuations inNch only, or fluctuation in bothNg and
Nch. Furthermore, the fluctuations inNg and Nch may be
correlated event by event, as nominally expected in the c
of DCC formation. Each of these possibilities is investigat
through the construction of four different kinds of mixe
events. The method of construction of these mixed eve
and the type of fluctuations they probe are described ne

A. Maximally mixed events

The first set of mixed events, referred to asM1 events,
are constructed to remove all correlations to the greatest
tent possible to provide a base line for comparison to the
event data. They were generated by mixing hits in both
photon and charged particle detectors separately, but still
isfying the globalNg-like-Nch correlation of the real event in
the full acceptance. This means that on an event-by-ev
basis, the total photon multiplicity and charged particle m
tiplicity of the mixed event were identical to those of the re
event to which it corresponds. Thus, the scatter plot of
mixed events is identical to the real events for the single-
case shown in Fig. 4. The idea is to constrain the mix
events to be identical to real events globally, and then co
pare them to the real data in localized regions of phase sp
to search for indications of nonstatistical localized fluctu
tions in the data.

The M1 type of mixed events was constructed from t
pool of all photonlike and charged particle hits, in which t
hit position (h andf) and event information~event number
and total multiplicity! were kept for both the photonlike an
charged particle hits. For a given real event measured to h
multiplicities Ng-like andNch in the full acceptance region,
mixed event was constructed by randomly selectingNg-like
photonlike hits from the pool of photonlike hits andNch
charged particle hits from the pool of charged particle h
This procedure was repeated for each real event. Care
taken such that no two hits from the same real event w
used in the construction of a mixed event. Also, for t
mixed events, hits within either the SPMD or PMD detec
were not allowed to lie within the two-track resolution o
that detector. In brief, theM1 mixed events randomly dis
tribute the hits in each individual detector but keep the glo
correlation between theNg-like and Nch multiplicity. They
provide a maximally randomized sample of PMD and SPM
hits. Comparisons of such mixed events to real events wil
most sensitive to the presence of localized fluctuations. H
ever, in themselves they would not isolate the source of fl
tuations as being due toNg and/orNch, or correlations be-
tweenNg andNch.
1-6
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B. Minimally mixed events

A second type of mixed events, referred to asM2 mixed
events, was constructed to investigate the presence of c
lated event-by-event fluctuations betweenNg andNch. These
mixed events had a minimal amount of randomization si
they were generated by mixing the photon hits taken un
tered from one event, with the charged particle hits tak
unmodified from another event. As with theM1 mixed
events, the globalNg-like-Nch multiplicity correlation was
maintained to be exactly the same as the data. To cons
such mixed events, for a given real event measured to h
multiplicities Ng-like andNch in the full acceptance region,
mixed event was constructed by keeping the PMDNg-like
portion of the event intact, but combining it with the una
tered SPMD portion of a different randomly selected eve
but constrained to have almost the same charged par
multiplicity Nch. This procedure was repeated for each r
event. In brief, this type of mixed event keeps the event-
event hit structure in each detector identical to that in r
events. Thus, such mixed events keep the individual lo
ized fluctuations present inNg or Nch, but remove the event
by-event localized correlated fluctuations between the
Comparison of such mixed events to real events may re
the presence of correlated localized fluctuations betweenNg
andNch.

C. Partially mixed events

The intermediates between theM1 and M2 types of
mixed events are third and fourth type of partially mix
events, referred to asM3-g andM1-ch mixed events. Thes
were constructed to provide information regarding the c
tribution to the localized fluctuations in theNg to Nch ratio
from the individual observables (Ng and Nch). They were
generated from real events by mixing hits in one of the
tectors ~following the procedure for construction ofM1
mixed events! and keeping the hit structure of the event
the other detector intact.M3-g mixed events correspond t
the case where the hits within the photon detector are u
tered while the hits in the charged particle detector
mixed. Similarly, in M3-ch mixed events the hits in th
charged particle detector were unaltered and the hits in
photon detector were mixed. In each type of mixed event,
global Ng-like-Nch correlation is maintained as in the re
event. The two-track resolution in the detectors where
hits are mixed is kept identical to that in real events. T
total number of mixed events is the same as the numbe
real events. Comparison of such mixed events to real ev
and the other types of mixed events will reveal the prese
of localized fluctuations inNg or Nch separately.

A summary of the different sources of fluctuations in t
ratio of Ng to Nch probed by each of the types of mixe
events is given in Table I.

V. DEMONSTRATION OF ANALYSIS METHOD

In this section we wish to demonstrate the analy
method and illustrate how the relationship of the measu
result to that obtained with the various mixed events can
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used to provide an essentially model-independent signa
of DCC formation. To demonstrate the analysis method a
the potential to observe DCC event formation, we have
plied the DWT analysis to a simple DCC-like model. Th
analysis is applied to ‘‘real’’ DCC events from the model
well as the various types of mixed events described in
preceding section constructed from the model DCC eve
Since event generators which include DCC formation do
exist, we have implemented a simple DCC model in wh
localized nonstatisticalNg-Nch fluctuations have been intro
duced by modification of the output of theVENUS event gen-
erator. To implement the fluctuations, the final state pio
within a localizedh –f region fromVENUS are interchanged
pairwise (p1p2↔p0p0) according to the DCC probability
distribution P( f )51/2Af . The fluctuations were generate
over a localized region ofh53 –4 and aDf interval of 90°.
The p0’s were then allowed to decay. The resulting eve
were then passed through the WA98 detector response s
lation. The DCC events in the simple model used here g
rise to an anticorrelation betweenNg andNch. It also results
in nonrand‘om fluctuations in bothNg andNch individually.
Since the probability to produce events with localiz
charged-neutral fluctuations is unknown, ensembles
events, here referred to as ‘‘nDCC events,’’ were produced
a mixture of normalVENUS events and events with localize
fluctuations. The fraction of events with localized DCC-lik
fluctuations in each nDCC sample was varied as a param
to be studied.

By usingVENUS events as the basis to introduce the DC
effect, it is ensured that the general features of the ev
including the multiplicity, composition, and momenta of th
produced particles, as well as correlations in the particle m
tiplicities due to impact parameter variation, are reasona
well described. Also theGEANT simulation of the detector
response to these events ensures that other effects su
photon conversions and the response of the PMD to hadr
which might affect the observed multiplicities and the o
served correlations, are also taken into account. While
assumption of a 100% DCC contribution over an interval
fixed size inh2f is certainly a gross simplification, it pro
vides a well-defined reference to gauge the potential
DCC observation. Other assumptions, such as a varying f
tion, which might also be momentum dependent~since
DCCs are expected to be low-pT phenomena!, and different
or varying sizes might be more realistic. However, witho
clear theoretical guidance, we have chosen this very sim
model as a reasonable and well-defined reference.

The DWT analysis was carried out on an ensemble
nDCC events and their corresponding mixed event sets

TABLE I. Type of fluctuations preserved by various mixe
events.

Fluctuation Mixed Event
M1 M2 M3-ch M3-g

Ng only No Yes No Yes
Nch only No Yes Yes No
CorrelatedNg-Nch No No No No
1-7
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ated from each set of nDCC events. By ensemble of nD
events we mean sets of events having different percent
of events with localized fluctuations. The percentage var
from zero, that is, normalVENUS events with no localized
fluctuations, to an event set where all events had locali
charged-neutral fluctuations. For every nDCC event set,
four sets of mixed events (M1, M2, M3-g, and M3-ch!
were constructed from the nDCC events and analyzed.
rms deviations of the FFC distributions for each set of nD
events and corresponding mixed event sets were obtai
The results for scalej 51 are plotted in Fig. 5 as a functio
of the percentage of localized DCC-type events in the nD
event set.

It is seen that the rms deviations of the FFC distributio
of the nDCC events increase as the percentage of events
localized fluctuations inNg-Nch increases. This is the ex
pected behavior and demonstrates the linear response o
DWT to the DCC events when the frequency of events w
fluctuations increases. On the other hand, the rms deviat
of the FFC distributions of theM1-type mixed events cre
ated from the nDCC events are found to be independen
the percentage of events having localized fluctuations. T
is also the expected behavior and demonstrates that theM1
mixed events can be used as a base line from which to
duce the presence of fluctuations in a model-independ
manner. However, the deviation of the real events from
M1 mixed events does not inform about the relative con
butions of the individualNg and Nch fluctuations. The rms
deviations of the FFC distributions of theM3 mixed events
are found to be intermediate to those obtained for nD
events andM1 mixed events. They indicate the separate c
tributions of theNg or Nch fluctuations alone to the ratio. Th
rms deviations of theM2 mixed events are higher than tho
of M1 andM3 mixed events. That is because theM2 mixed
events keep the separate contributions of both theNg andNch
fluctuations. However, the rms deviations of theM2 mixed
events are consistently below those for the nDCC eve
This is because theM2 events randomize the correlation

0.1

0.15

0.2

0.25

10-2 10-1 1

nDCC
M2

M1

M3-ch
M3-γ

Fraction of DCC events

FF
C

 r
m

s 
de

vi
at

io
n

FIG. 5. The rms deviations of the FFC distributions for sim
latedVENUS events containing a variable fraction of localized DC
like events with DCC extentDfDCC590°, as a function of that
fraction. Results are also shown for various mixed events c
structed from those events.
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betweenNg andNch. The difference between theM2 mixed
events and the nDCC events indicates the presence o
DCC-like correlatedNg-Nch fluctuations. The relative patter
of rms values for the real events and the various mix
events constructed from those real events seen in Fig. 5
vides a rather unambiguous model-independent signature
DCC-like fluctuations. Similar relative patterns of the rm
deviations of theSZ distributions for mixed events and simu
lated events were also observed forNg-Nch correlation analy-
sis. In particular, the observation of fluctuations in re
events that are greater than theM2 mixed events would con
stitute what might be called ‘‘smoking gun’’ evidence fo
DCC formation. Conversely, the lack of a difference betwe
real events andM2 mixed events would indicate the lack o
DCC-like correlated charged-neutral fluctuations.

Figure 5 also demonstrates an effect which must be ta
into account when comparing the measured result to
mixed events. For nDCC events with vanishing fraction
events with fluctuations, which is to say for normalVENUS

events, it is seen that the rms deviations of the FFC distri
tions for all types of mixed events are higher than those
the nDCC events. In theVENUS simulations this is due to the
presence of correlations betweenNch andNg-like . These are
primarily due to residual impact parameter correlations~see
Fig. 4! as well as due to the charged particle contaminat
in the Ng-like data sample whereby the charged particles r
ister in both the PMD and SPMD~see Sec. II C! @33#. These
correlations are removed by the event mixing procedure
results in a larger rms deviations for the mixed events. T
real data are presumed to have similar residual correlat
as observed in theVENUS simulations. In order to correct fo
the effects of these non-DCC correlations, all mixed ev
rms values constructed from real events have been resc
by the percentage difference between the rms deviation
the VENUS distributions and those of the correspondi
VENUS mixed events, as also discussed in Ref.@17#.

For nDCC events with larger percentages of DCC-li
events, the anticorrelation betweenNch andNg-like overcomes
the correlations betweenNch andNg-like , and hence the rms
deviations of the FFC distributions of nDCC events beco
greater than those of the mixed events, despite the other
relation effects.

VI. RESULTS AND DISCUSSION

In the analysis of experimental data, the results from
measured data are compared with simulated and m
events. Below we discuss the results obtained from suc
comparison using two different analysis methods discus
earlier.

A. Ng versusNch correlation results

The SZ distributions calculated for differentf bin sizes
are shown in Fig. 6 for data,M1, andVENUS events, for the
four different centrality selections. The distributions for th
other types of mixed events are not shown for clarity
presentation. The small differences in theSZ distributions
have been quantified in terms of the corresponding rms

-

1-8
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FIG. 6. TheSZ distributions for data~solid
circles!, mixed events ~solid histogram!, and
simulated events~dashed histogram! for the four
centrality bins. ~a! Centrality-1 (0 –5 %), ~b!
centrality-2 (5 –10 %), ~c! centrality-3
(15–30 %), and~d! centrality-4 (45–55 %).
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viations; these rms distributions are shown in Fig. 7. T
statistical errors on the values are small and are within
size of the symbols. The bars represent statistical and
tematic errors added in quadrature. The various source
systematic error have been discussed in an earlier section
additional systematic error from the fit errors associated w
the determination of the correlation axisZ is also included.
In general, the width of theSZ distribution increases from th
most central to less central event selections, and decre
with decreasing bin size.

The rms deviations of theSZ distribution for theVENUS

simulated events are 1~by definition! for all centrality and
all bins in azimuth by definition ofSZ , and are significantly
04490
e
e
s-
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different from the measured results. This is primarily beca
the global particle multiplicity as predicted byVENUS and
those measured in the experiment within the coverage of
detectors are not same.

As seen in Fig. 7, the widths of theSZ distributions for
mixed events closely follow those of the data. The mix
events have been constructed such that the globalNg-like
versusNch multiplicity correlations are maintained. There
fore the rms deviations of the data and the mixed event
erence are the same in the firstf bin of Fig. 7 by construc-
tion. Some correlations betweenNch andNg-like are expected,
mostly as a result of the charged particle contamination
theNg-like data sample, but are removed by the event mix
u-
.

FIG. 7. The rms deviations of theSZ distribu-
tions for data, various mixed events, and sim
lated events for the four centrality bins
~a! Centrality-1 (0 –5 %), ~b! centrality-2
(5 –10 %), ~c! centrality-3 (15–30 %), and~d!
centrality-4 (45–55 %).
1-9
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FIG. 8. The FFC distributions
for data ~solid circles!, mixed
events ~solid histogram!, and
simulation~dashed histogram! for
the four centrality bins. ~a!
Centrality-1 (0 –5 %), ~b!
centrality-2 (5 –10 %), ~c!
centrality-3 (15–30 %), and~d!
centrality-4 (45–55 %).
ee
t

d
s
ng

data
i-
by-

the
s-
procedure, and thereby result in a small difference betw
the real and mixed events, as seen in the analysis of
VENUS events discussed earlier. All of the mixed eventSZ
distribution rms values~Fig. 7! have therefore been rescale
by the percentage difference between the rms deviation
the VENUS distributions and those of the correspondi
VENUS mixed events for each centrality class~Ref. @17#!.
04490
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The rms deviations ofSZ distributions of theM2 mixed
events are found to agree with those of the experimental
within errors for all four centrality classes and for all az
muthal bin sizes. This indicates the absence of event-
event localized correlated fluctuations inNg-like andNch, as
expected for DCC-like fluctuations. On the other hand,
rms deviations of theM1 mixed events are found to be sy
i-
u-
FIG. 9. The rms deviations of the FFC distr
butions for data, various mixed events, and sim
lation for the four centrality bins.~a! Centrality-1
(0 –5 %), ~b! centrality-2 (5 –10 %), ~c!
centrality-3 (15–30 %), and~d! centrality-4
(45–55 %).
1-10



i
o
o
e
h
th

s
a

ta
e
fo
ns
o
F
fo
o

-
th
sy

ta
th

F
w

ts

o
ic
s

nd
ra

ys
ve
e

nc
ge

en
te
n
th

sing
D.
by

the
ain
ain
di-
si-
un
h as
the
ects

he

or
of
of

am-
rms
ely

this
se
ich

not
and

he
be-
t
ing
ed
we

son
s-

s-
pill
all

ved

C
c-
he
.

CENTRALITY DEPENDENCE OF CHARGED-NEUTRAL . . . PHYSICAL REVIEW C 67, 044901 ~2003!
tematically lower than those of the data for 2, 4, and 8 bins
f for centrality bins 1, 2, and 3. The results for both types
M3 mixed events are found to be intermediate between th
of the data and theM1 mixed events. The results indicate th
presence of localized fluctuations in the data in both the p
ton and charged particle multiplicities. For the case of
most peripheral centrality selection~centrality-4!, the rms
deviations of theSZ distributions of data and the variou
mixed events are found to be in close agreement to e
other within the quoted errors.

B. Multiresolution DWT analysis results

The FFC distributions at scalesj 51 –4, corresponding to
4–32 bins in azimuthal angle, are shown in Fig. 8 for da
M1, andVENUS events for the four centrality classes. Th
results for other types of mixed events are not shown
clarity of presentation. The widths of the FFC distributio
are found to increase in going from the most central to m
peripheral centrality class. The rms deviations of these F
distributions are summarized in Fig. 9. Similar to the case
the SZ distributions discussed above, the rms deviations
the mixed events have been rescaled by the percentage
ference between the rms deviations of theVENUS FFC distri-
butions and those of theVENUS mixed events for each cen
trality class. The statistical errors are small and are within
size of the symbols. The bars represent statistical and
tematic errors added in quadrature.

The rms deviations of the FFC distributions for the da
VENUS, and mixed events are found to be close to each o
~within quoted errors! for the case of 32 bins inf for all of
the four centrality classes. The rms deviations for the F
distribution ofM2 mixed events are found to closely follo
those of the data for all centrality classes and all bins inf,
while the rms deviations for theM3 mixed events lie be-
tween those of the data andM1 mixed events. These resul
are consistent with those obtained from the analysis of theSZ
distributions. These observations indicate the absence
event-by-event localized correlated fluctuations~DCC-like!
betweenNg-like andNch. They also suggest the presence
localized fluctuations in both photons and charged part
multiplicities for intermediate bin sizes in azimuth. The rm
values of the FFC distributions forVENUS events are close to
those of theM1 mixed events for centrality classes 1, 2, a
3. However, they are slightly higher for the most periphe
centrality class~centrality-4!.

C. Discussion

The results from the two independent methods of anal
are consistent and indicate the absence of event-by-e
correlated DCC-like fluctuations in the photon and charg
particle multiplicities. However, they do suggest the prese
of uncorrelated fluctuations in both the photon and char
particle multiplicities for intermediate bin sizes inf. The
data have been compared to various kinds of mixed ev
and to simulated events which take into account many de
tor related effects. Still it is worthwhile to explore the exte
of other possible experimental effects that might affect
observed rms deviations of theSZ and FFC distributions. As
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discussed extensively in Refs.@15,22,23#, care has been
taken during the data taking and during the data proces
to closely monitor the performance of the PMD and SPM
The detector uniformity of the PMD was studied in detail
using the minimum ionizing particle~MIP! signal from the
data for all pads of the 22 boxes. The fluctuations of
pad-to-pad relative gains were approximately 10%. The g
corrections were made for each pad. Corrections for g
variations during the data taking period were made perio
cally for both the PMD and SPMD. This reduces the pos
bility of abrupt gain or threshold changes during the r
period. Events with obvious detector readout effects, suc
missing or dead regions, were carefully removed from
data sample. It should be recalled that most detector eff
are reflected in the mixed events.

The effect of local fluctuations in the performance of t
PMD has been studied using simulatedVENUS events. In one
test, the gain of a group of pads corresponding to one
more PMD cameras was randomly varied. A 30% change
gain in one camera for all events resulted in an increase
0.7% in the rms deviations. Changing the gains of three c
eras by 30% for all events resulted in an increase of the
deviations by 1.7%. Since the camera gains were clos
monitored on-line and during the processing of the data,
is considered to be a highly unlikely scenario. Still, the
changes are within the quoted errors of Figs. 7 and 9, wh
indicates that local gain and threshold variations would
account for the observed differences between the data
the M1 mixed events.

Several checks were performed to verify the quality of t
data obtained with the SPMD. One of the differences
tween the previous analysis@15# and the present one is tha
while in the previous case the analysis was performed us
the total charged particle multiplicity of the detector deduc
from the magnitude of the measured SPMD signals, here
simply used the total number of hit SPMD pads. The rea
for using hit pads is that the correction in going from depo
ited charge to hits for each event and smallh –f segments is
nontrivial. Also, the effects of two-track resolution and po
sible shifts of the beam position on the target during the s
were studied in detail. However, all of these produced sm
effects that could not account for the differences obser
between the data andM1 mixed events.

D. Strength of localized fluctuations

In order to quantify the strength of theNg-like and Nch
fluctuations for various bins inf and for different centrality
classes, we define a quantityx as

x5
A~s22s1

2!

s1
, ~3!

wheres1 ands correspond to the rms deviations of the FF
distributions of theM1 mixed events and real data, respe
tively. The results are shown in Fig. 10 as a function of t
number of bins inf for the four different centrality classes
Qualitatively similar results are obtained whenx is calcu-
lated using the rms deviations of theSZ distributions. The
1-11



c
e

ho
t
it

rv
uc

n
ce
n

r

r
t
o

ar

,
tr
he

nd

u-
ke
e

otal

uc-
of
the
the
in

of
-
ach

re-
.
ri-

f
at

of
is
ize
for
be
ly-

ra
tra

in
su

t
m
lim

c-

f a
rticle

of
the
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shaded portion indicates the region ofx wheres is ones
greater than the rms deviation FFC distributions forM1
events, wheres is the total error on theM1 event rms de-
viation. It represents the limit above which a signal is dete
able. Sincex is calculated from the rms deviations of th
FFC distributions for data andM1 mixed events, it gives the
combined strength of localized fluctuations in both the p
ton and charged particle multiplicities. We do not presenx
values calculated usingM3-type mixed events. However,
is clear from the rms deviation figures~Figs. 7 and 9! that
both photons and charged particles contribute to the obse
fluctuations. The result shows that the strength of the fl
tuations decreases as the number of bins inf increases, with
a strength that decreases to below the detectable level~within
the quoted errors! for 16 and 32 bins. There is an indicatio
that the strength of the signal decreases with decreasing
trality for 4 and 8 bins in azimuthal angle, although the te
dency is not very strong.

E. Upper limit on DCC production

It has been shown that the rms deviations of theSZ and
FFC distributions for data are very close to those of theM2
mixed events, within the quoted errors. If the DCC-like co
related fluctuations inNg-like versusNch were large, the rms
deviations~Figs. 7 and 9! of data would have been large
compared to those of theM2 mixed events. Since this is no
the case, we may extract an upper limit on the production
DCCs at the 90% confidence level following the stand
procedure as discussed in Ref.@34#.

The errors are assumed to have Gaussian distribution
though they are asymmetric. The larger of the asymme
errors is conservatively used for the limit calculation. T

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
centrality - 1

centrality - 2

centrality - 3

centrality - 4

Number of bins in                             φ

χ

4 8 16 32

FIG. 10. The fluctuation strength parameter for the four cent
ity classes. Centrality-1 corresponds to the 5% most cen
centrality-2 corresponds to 5 –10 %, centrality-3 corresponds
15–30 %, and centrality-4 corresponds to 45–55 % of the m
mum bias cross section as determined by selection on the mea
transverse energy distribution. The error bars are shown only on
centrality-1 selection for clarity of presentation. The errors are si
lar for the other centralities. The shaded portion represents the
above which a signal is detectable~see text for details!.
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90% C.L. upper limit contour has been calculated asx
11.28ex , wherex is calculated using Eq.~3!. Heres1 ands
correspond to the rms deviations of the FFC~or SZ) distri-
butions forM2 mixed events and real data, respectively, a
ex is the error inx from the FFC~or SZ) analysis. If the
difference between the rms deviation of the FFC distrib
tions forM2 mixed events and real data is negative, we ta
the value ofx to be zero. It may be mentioned that for th
calculation of the upper limits we have assumed that the t
difference in the rms values of data andM2 mixed events is
due to DCC-like fluctuations only.

To relate the measured upper limit on the size of the fl
tuations to a limit on DCC domain size and frequency
occurrence, we proceed as follows. Within the context of
simple simulated DCC model described earlier, we obtain
rms deviations of the FFC distributions with various doma
sizes in azimuthal angle (15°,30°,. . . ,180°) and for each
domain size also for different frequencies of occurrence
DCC (0 –100 %). TheM2 mixed events are then con
structed for each of these sets of simulated events. For e
set of DCC-type events of a given domain size and f
quency of occurrence, the value ofx is calculated using Eq
~3!, from the difference in rms deviations of the FFC dist
bution of the DCC event~s! and its correspondingM2 mixed
event distribution (s1). The upper limit is set at that value o
frequency of occurrence for a fixed DCC domain size
which thex value from the DCC model matches with that
the x11.28ex upper limit from the experimental data. Th
is used to set the upper limit contour in terms of domain s
and frequency of occurrence of the DCC. The results
centrality classes 1 and 2 are shown in Fig. 11. It may
mentioned that the upper limit contour set by a similar ana
sis of the rms values of theSZ distributions is very similar to
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FIG. 11. The 90% confidence level upper limit on DCC produ
tion for central Pb1Pb collision at 158A GeV/c, as a function of
the DCC domain size in azimuthal angle within the context o
simple DCC model and the measured photon and charged pa
multiplicities in the interval 2.9,h,3.75. The solid line corre-
sponds to data from the top 5% and dashed line to top 5 –10 %
the minimum bias cross section as determined by selection on
measured transverse energy distribution.
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that from the FFC analysis. Also, from Fig. 10 it is seen th
the total fluctuation is similar or weaker for centrality class
3 and 4; hence the upper limit for these two classes would
similar or weaker than those shown in Fig. 11 for centra
classes 1 and 2.

VII. SUMMARY

A detailed event-by-event analysis of theh2f phase
space distributions of the multiplicity of charged particl
and photons in Pb1Pb collisions at 158AGeV has been car
ried out using two different analysis methods for four diffe
ent centrality classes. The results from the two analy
methods were found to be consistent with each other.
first analysis method studied the magnitude of theNg-like
versusNch multiplicity fluctuations in decreasing phase spa
regions. The second analysis employed the discrete wav
transformation technique to investigate the relative mag
tude of theNg-like versusNch fluctuations in adjacent phas
space regions. The results were compared to pureVENUS

1GEANT simulation events and to various types of mix
events to search for and identify the source of nonstatist
fluctuations. Both analysis methods indicated fluctuations
yond those observed in simulated and fully mixed events
f intervals of greater than 45° and which increased wea
in strength with increasing centrality. The additional fluctu
tions were found to be due to uncorrelated fluctuations
bothNg-like andNch. No significant correlated fluctuations i
Ng-like versusNch, a likely signature of the formation o
disoriented chiral condensates, were observed in all of
four centrality classes studied. Using the results from
hy

er
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data, mixed events, and within the limitations of a simp
model of DCC formation, an upper limit on DCC productio
in 158 A GeV Pb1Pb collisions has been set.
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