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A. Kugler,15 P. Kulinich,18 M. Kurata,14 K. Kurita,14 N. Kuzmin,6 I. Langbein,11 A. Lebedev,5 Y. Y. Lee,11 H. Löhner,16
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Localized fluctuations in the multiplicity of charged particles and photons produced in central 158A GeV/c
Pb1Pb collisions are studied. The charged versus neutral correlations in commonh2f phase space regions of
varying azimuthal size are analyzed by two different methods. The analysis provides a model-independent
demonstration of nonstatistical fluctuations in both charged particle and photon multiplicities in limited azi-
muthal regions. However, no correlated charge-neutral fluctuations are observed, contrary to expectations for
the production of a disoriented chiral condensate. The result is not explained by the widely used VENUS
model.
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The formation of hot and dense matter in high ene
heavy-ion collisions offers the possibility to create a n
phase where matter is deconfined and chiral symmetr
restored. Indications for the formation of such a quark glu
plasma~QGP! phase are provided by several results fro
experiments at the CERN SPS@1#. Event-by-event fluctua-
tions in the particle multiplicities and their ratios have r
cently been predicted to provide information about the nat
of the QCD phase transition@2,3#. Fluctuations may also be
caused by Bose-Einstein correlations, resonance decay
more exotic phenomena such as pion lasers@4#. Enhanced
fluctuations in neutral to charged pions have been predi
as a signature of the formation of disoriented chiral cond
sates~DCC! @5–8#, which might be one of the most interes
ing predicted consequences of chiral symmetry restoratio

Theoretical predictions suggest that isospin fluctuatio
caused by formation of a DCC, would produce clusters
coherent pions in localized phase space regions or dom
The probability distribution of the neutral pion fraction
such a domain would follow the relationP( f )51/2Af ,
where f 5Np0 /Np . Thus DCC formation in a given domai
would be associated with large event-by-event fluctuation
the ratio of neutral to charged pions in that domain. Expe
mentally, such fluctuations can be deduced from the m
surement of fluctuations in the number of photons to char
particles in limitedh2f regions. The anti-Centauro event
reported by the JACEE Collaboration@9#, with large
charged-neutral fluctuations are possible candidates for D
events. The studies carried out so far inp2 p̄ @10# and
heavy-ion @11,12# reactions have searched for fluctuatio
which extend over a large region of phase space. These m
surements have provided upper limits on the presence
DCC-like fluctuations.

In this Rapid Communication we present first results
the search for nonstatistical event-by-event fluctuations
the relative number of charged particles and photons in
calizedh2f phase space regions for central 158A GeV/c
Pb1Pb collisions. The data presented here were taken w
the 158A GeV Pb beam of the CERN SPS on a Pb targe
213 mm thickness during a period of WA98 operation wit
out magnetic field. The analysis makes use of a subse
detectors of the WA98 experiment. Charged particle h
(Nch) were counted using a circular silicon pad multiplici
detector~SPMD! @11# located 32.8 cm downstream from th
target. It provided uniform pseudorapidity coverage in t
region 2.35,h,3.75. The detector was 99% efficient fo
charged particle detection. The photon multiplicity was m
sured using a preshower photon multiplicity detector~PMD!
@13# placed 21.5 m downstream of the target and cover
the pseudorapidity range 2.9,h,4.2. Clusters of hit scintil-
lator pads having total energy deposit above a hadron re
tion threshold are identified as photonlike (Ng-like). For this
analysis the pseudorapidity region of common coverage
the SPMD and PMD was selected (2.9,h,3.75). The ac-
ceptance in terms of transverse momentum (pT) extends
down to 30 MeV/c, although no explicitpT selection is ap-
plied. Strict data selection and cleanup cuts have been
plied as described in Refs.@11,14#. After cuts, a total of 85 K
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central events, corresponding to the top 5% of the minim
bias cross section as determined from the measured
transverse energy, have been analyzed. Average multip
ties of ^Nch&5323.8 and^Ng-like&5335.7 are obtained for
this centrality selection.

The measured results are interpreted by comparison
simulated events and with several types of mixed eve
Simulated events were generated using the VENUS 4.12@15#
event generator with default parameters. The output was
cessed through a WA98 detector simulation package in
GEANT 3.21 @16# framework. The centrality selection fo
the simulated data has been made in a manner identical to
experimental data by selection on the simulated total tra
verse energy in the WA98 acceptance (3.2,h,5.4). The
simulated VENUS1GEANT events~referred as V1G! were
then processed with the same analysis codes as used fo
analysis of the experimental data. The photon counting e
ciency and the purity of theg-like sample were determine
from these simulations to be 68% and 65%, respectively,
central events@14#.

The effect of nonstatistical DCC-like charged-neut
fluctuations has been studied within the framework of
simple model in which the output of the VENUS event ge
erator has been modified. To implement the DCC effect,
charges of the pions within a localizedh2f region from
VENUS are interchanged pairwise (p1p2↔p0p0) accord-
ing to theP( f )51/2Af probability distribution. The DCC-
like fluctuations were generated overh53 –4 for varying
intervals inDf. Since the probability to produce events wi
DCC domains is unknown, ensembles of events, here
ferred to as ‘‘nDCC events,’’ were produced as a mixture
normal events with varying fractions of pure DCC-lik
events. The nDCC events were then tracked throu
GEANT.

In the search for evidence of nonstatistical charg
neutral fluctuations, two different analysis techniques ha
been applied. The first method employed in the pres
analysis is the technique of discrete wavelet transformati
~DWT!. DWT methods are now widely used in many app
cations, such as data compression and image processing
have been shown to provide a powerful means to search
localized domains of DCC@17,18#. While there are severa
families of wavelet bases distinguished by the number
coefficients and the level of iteration, we have used the
quently employedD24 wavelet basis@20#. The analysis has
been performed with the sample function chosen to be
photon fraction, given by f 8(f)5Ng-like(f)/„Ng-like(f)
1Nch(f)… as a function of the azimuthal anglef, with high-
est resolution scalej max55. The input to the DWT analysis
is the spectrum of the sample function at the smallest bin
corresponding to the highest resolution scale,j max, where
the number of bins is 2j max. The sample function is then
analyzed at different scalesj by being rebinned into 2j bins.
The DWT analysis yields a set of wavelets or father funct
coefficients~FFC! at each scale fromj 51 to (j max21). The
coefficients obtained at a given scale,j, are derived from the
distribution of the sample function at one higher scalej
11. The FFCs quantify the deviation of the bin-to-bin flu
tuations in the sample function at that higher scale relative
the average behavior. The presence of localized nonstatis
1-2
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fluctuations will increase the root mean square~rms! devia-
tion of the distribution of FFCs and may result in no
Gaussian tails@17,18#.

The sensitivity of the DWT technique as used in th
analysis is demonstrated in Fig. 1 where it has been app
to the simulated nDCC events. The rms deviation of the F
distribution is shown as a function of the fraction of DCC
like events in the nDCC sample. The rms deviation is o
served to increase strongly with increasing DCC-like fra
tion. Due to the inherent uncertainties in the description
‘‘normal’’ physics and detector response in the V1G simu-
lations, the observation of an experimental result with r
which differs from simulation with zero DCC fraction cann
be taken alone as evidence of DCC observation. For
reason four different types of mixed events have been
ated from the real or simulated events in order to search
nonstatistical fluctuations by removing various correlatio
in a controlled manner while preserving the characteristic
the measured distributions as accurately as possible. The
type of mixed events~M1! are generated by mixing hits i
both the PMD and SPMD separately, with no two hits tak
from the same event. Hits within a detector in the mix
events are not allowed to lie within the two track resoluti
of that detector. The second kind of mixed events~M2! are
generated by mixing the unaltered PMD hits of one ev
with the unaltered SPMD hits of a different event. Interm
diate between the M1 and M2 kinds of mixed events is
case where the hits within the PMD are unaltered while
SPMD hits are mixed~M3-g), or the SPMD hits are unal
tered while the PMD hits are mixed~M3-ch). In each type of
mixed event the global~bin 1! Ng-like2Nch correlation is
maintained as in the real event.

The rms deviations of the FFCs for the different kinds
mixed events produced from the nDCC events are a
shown in Fig. 1. In the case of vanishing DCC-like fluctu
tions, the rms values of the various types of mixed events
very close to each other, and higher than the V1G rms val-
ues. This is due to the presence of additional correlati
betweenNch and Ng-like , mostly as a result of the charge
particle contamination in theNg-like sample. The rms devia

FIG. 1. The rms deviations of the FFC distributions atj 51 for
simulated nDCC events with extentDfDCC590° and for various
mixed events constructed from those events, as a function of
fraction of DCC-like events present in the nDCC sample.
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tions for the M1 events are found to be almost independ
of probability of DCC-like events, while the rms deviation
of the M2 events increase similarly, but more weakly, th
those of the nDCC events. The rms deviations for the
sets of events are found to lie between M2 and M1. Thus,
sequence of the mixed events relative to the simulated ev
~or data! gives a model independent indication of the pre
ence and source of nonstatistical fluctuations. The sim
DCC model used here results in an anticorrelation betw
Ng-like andNch. It also results in nonstatistical fluctuations
bothNg-like andNch. It is seen that the M2 events have on
the Ng-like-Nch anticorrelation removed while the M1 even
have all nonstatistical fluctuations and correlations remov
The M3 mixed events give intermediate results because
contain only theNg-like ~M3-g) or Nch ~M3-ch) nonstatistical
fluctuations.

The FFC distributions extracted from the measuredf 8(f)
ratio are shown in the bottom panel of Fig. 2 for the expe
mental data, for M1 events~from data!, and for V1G events.
The results are shown for scalesj 51 and 2, which carry
information about fluctuations at 90° and 45° inf. The FFC
distributions of the experimental distributions are seen to
broader than the V1G and M1 results. This suggests th
presence of nonstatistical fluctuations.

A more conventional method similar to that described
Ref. @11# has also been used to search for nonstatistical fl
tuations. The correlation betweenNg-like and Nch has been
studied in varyingf intervals, by dividing the entiref space
into two, four, eight, and 16 bins. The correlation plot ofNch
versusNg-like @19# is obtained for eachf segmentation, and
fitted to a second order polynomial to obtain a correlat
axis (Z). The distance of separation (DZ) between the data
points and theZ axis has been calculated with the conventi

he

FIG. 2. TheSZ and FFC distributions for four and eight divi
sions inf. The experimental data, M1, and V1G events are shown
by solid circles, solid and dashed histograms, respectively.
number of data and mixed events is the same. The distribution
the V1G events is normalized to the data.
1-3
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that DZ is positive for points below theZ axis ~increasing
Ng-like). In order to compare fluctuations at different b
sizes having different multiplicities we use a scaled variab
SZ5DZ /s(DZ), wheres(DZ) is the rms deviation of theDZ

distributions for V1G events. The presence of events w
localized nonstatistical fluctuations would be expected to
sult in a broader distribution ofSZ compared to those fo
normal events. TheSZ distributions calculated at four an
eight bins inf angle are shown in the top panel of Fig. 2 f
data, M1, and V1G events. The experimental distribution
are broader than the simulation and M1 results, again in
cating the presence of additional fluctuations.

The rms deviations of theSZ and FFC distributions as
function of the number of bins in azimuth is shown for e
perimental data, mixed events, and V1G in Fig. 3. As noted
in the discussion of Fig. 1, even in the absence of DC
there exist uninteresting correlations betweenNg-like andNch

which are removed by the event mixing procedure a
thereby result in a difference between the real and mi
events. The mixed event rms values of Fig. 3 have there
been rescaled by the percentage difference between the
deviations of the V1G distributions and those of the corre
sponding V1G mixed events in order to better illustrate e
fects in the data beyond those present in V1G. The statisti-
cal errors on the values are small and lie within the size
the symbols. The error bars include both statistical and s
tematic errors. The systematic errors have been estimate
investigation of effects such as the uncertainties in the de
tion efficiencies, gain fluctuations, backgrounds, binn
variations, and fitting procedures. The total systematic e

FIG. 3. The rms deviations of theSZ and FFC distributions for
various divisions in the azimuthal angle. For V1G s(DZ)517.2,
11.8, 8.12, 5.66, and 4.01 for one to 16 bins, respectively.
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was obtained as the sum in quadrature of the individual e
contributions which have been determined from the variat
of the final result according to the maximum estimated u
certainty for each effect.

Since the mixed events are constructed to maintain
Ng-like2Nch correlations for the full azimuth~bin 1!, the rms
deviations of data and mixed events for this bin are identic
The difference of theSZ rms deviations between data an
V1G for this bin is the same as reported in an earlier WA
publication@11#. The comparison of V1G and the M1 mixed
events demonstrates the utility of the DWT method to n
malize out the average behavior when the bin-to-bin fluct
tion information is extracted. For two, four, and eight bi
the values of theSZ rms deviations of the data are 2.5s,
3.0s, and 2.4s larger than those of M1 events, respective

wheres5A(s lower
data )21(supper

M1 )2 is the sum in quadrature o
the total error separating the points. Similarly, the FFC r
deviations at four and eight bins for data are 3.7s and 2.8s
larger than those of the M1 events. At 16 and 32 bins,
result for mixed events and data agree within the quo
errors. The rms deviations of the M2 events agree with th
of the experimental data within error for all bins. The M
type mixed events are found to be similar to each ot
within the quoted errors and lie between M1 and M2.

The observation that the rms deviations of theSZ and FFC
distributions for experimental data are larger than those
the M1 events provides model-independent evidence for
presence of localized nonstatistical fluctuations. Howev
the comparision of the rms deviations for data with those
M2 events implies the absence of event-by-event correla
fluctuations inNg-like versusNch. The M3-type mixed events
indicate the presence of localized independent fluctuation
Ng-like andNch of similar magnitude.

If the amount of DCC-like fluctuations in the experime
tal data were large, then the rms deviations shown in Fig
for data would have been larger compared to those of
events. Since this is not the case, we compare the meas
results with those obtained from the simulation as shown
Fig. 1 to extract upper limits on the probability of DCC-lik
fluctuations at the 90% confidence level. Within the cont
of this simple DCC model, upper limits on the presence
localized nonstatistical DCC-like fluctuations of 1022 for
Df between 45–90° and 331023 for Df between
90–135 ° are extracted.

In summary, a detailed event-by-event analysis of
fluctuations in theh2f phase space distributions of charg
particles and photons has been performed for central Pb1Pb
collisions at 158A GeV using two complementary analys
methods. The first analysis employed the discrete wav
transformation technique to investigate the relative mag
tude of theNg-like /(Nch1Ng-like) fluctuations in adjacentf
intervals of varying size. The second method studied
magnitude of theNg-like versusNch multiplicity fluctuations
in decreasingf regions. Both analysis methods provid
model-independent evidence for nonstatistical fluctuation
the 3s level for f intervals of greater than 45°. This i
shown to be due to nonstatistical fluctuations in bothNg-like
and Nch. However, no significant correlated fluctuations
1-4
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Ng-like versusNch were observed, contrary to naive expec
tions for a DCC effect. The result is not explained
VENUS1GEANT simulations or by a simple model o
DCC-like fluctuations. The interpretation of the result r
mains an open question.
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