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Centrality dependence of charged-neutral particle fluctuations in 158 GeV 2°%Pb+2%pp 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 Pb+Pb 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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[. INTRODUCTION ment in a detailed study of central PPb event§17]. The
analysis showed the presence of localized nonstatistical fluc-

The large number of particles produced in relativistictuations in the multiplicity of both photons and charged par-
heavy-ion collisions at the Super Proton Synchrot(8RS ticles. However, the charged-neutral fluctuations were found
and the Relativistic Heavy-lon Collider provide an opportu-not to be correlated event by event, as would be expected for
nity to analyze and study, on an event-by-event basis, fluca DCC production mechanism. An upper limit on the fre-
tuations in physical observables, such as particle multipliciquency of DCC formation in central PiPb collisions was
ties, transverse momenta, and their correlations. Thesget. Recently, there have been theoretical suggestions to look
studies provide information on the dynamics of multiparticlefor DCC formation in events for intermediate centralities
production and may help us to reveal the phase transitiofl8]. In this paper we present first results on the centrality
from hadronic matter to quark-gluon plasiiig2]. The for-  dependence of localized charged-neutral multiplicity fluctua-
mation of hot and dense matter in high energy heavy-ioriions. It is based on an analysis of event-by-event fluctuation
collisions also has the possibility to create matter in a chiraln the relative number of charged particles and photons de-
symmetry restored phase in the laboratory. After the initiaftected within the common acceptance of the photon and
stage of the collision, the system cools and expands, returrcharged particle multiplicity detectors of the WA98 experi-
ing to the normal QCD vacuum in which the chiral symme-ment[19].
try is spontaneously broken. During this process, a meta- The paper is organized in the following manner: In the
stable state may be formed in which the chiral condensate i®llowing section we describe the detectors used for the
disoriented from the true vacuum direction. This transientpresent analysis; the centrality selection criteria, the data re-
state would subsequently decay by emitting pions coherentlguction, and simulation. Section Il deals with the analysis
within finite subvolumes or domains of the collision region. techniques where two analysis methods are presented, one
The possibility of formation of disoriented chiral condensatebased on the correlation of photons and charged particles,
(DCO) has been discussed extensively in recent yearand the other based on a discrete wavelet transformation
[3-11]. The detection and study of the DCC state wouldanalysis. In Sec. IV, we present in detail the construction of
provide valuable information about the chiral phase transimixed events used for this study. Section V discusses the
tion and the vacuum structure of strong interactions. ability of the mixed events to probe specific fluctuations. The

Theoretical studief5—7] suggest that isospin fluctuations final results and discussion are given in Sec. VI. A summary
caused by the formation of a DCC would produce clusters ofs presented in Sec. VII.
coherent pions in localized phase space domains. The forma-
tion of DCC domains would be associated with large event-

by-event fluctuations in the ratio of neutral to charged pions. Il. EXPERIMENTAL SETUP AND DATA REDUCTION

The probability distribution of the neutral pion fractidnn In the WA98 experiment at CERNL9], the main empha-
such a DCC domain has been shol@j to follow the rela-  sis has been on high precision, simultaneous detection of
tion both hadrons and photons. The experimental setup consisted

of large acceptance hadron and photon spectrometers, detec-
1 tors for charged particle and photon multiplicity measure-
P(f)=—=, where f=N_o/N_, (1) ments, and calorimeters for transverse and forward energy
2.f measurements. The present study makes use of the data from
the photon multiplicity detectoiPMD), the silicon pad mul-
which is quite different from that of the normal pion produc- tiplicity detector (SPMD), and the midrapidity calorimeter
tion mechanism. For the normal pion production, where thg MIRAC).

production of#°, =%, and 7~ are equally probable, the
distribution is binomial, peaking at 1/3.

In the experimental search for localized domains of DCC,
a practical approach is to search for events with large and The centrality of the interaction was determined from the
localized fluctuationglocalized in pseudorapidity and azi-  total transverse energye¢) measured by the MIRAC20].
muthal angle¢) in the ratio of the number of photons to The MIRAC measures both the transverse electromagnetic
charged particles, which would directly reflect fluctuations in(ES™ and hadronic E}*%) energies in the interval 357
the neutral to charged pion ratio. Typical event structures<5.5 with a resolution of 17.9%/E and 46.1%4{E, re-
would be similar to the Centauro and anti-Centauro eventgpectively, whereE is expressed in GeV. The centrality, or
reported by the JACEE Collaboratidri2]. Results from  impact parameter of the collision, has a strong correlation
olther cosmic ray experiments have not ruled out the possiyith the amount off; produced. Events with largé; pro-
bility of the DCC formation mechanisii13]. The accelerator - duction correspond to the most central, small impact param-
based studies carried out pjrp [14] and heavy-iorf15,16  eter, collisiond 21].
reactions have investigated particle production over extended The centralities are expressed as fractions of the minimum
regions of phase space. These analyses were not sensitivelias cross section as a function of the measured EgtaFor
the presence of small domains of DCC localized in phas¢he present analysis we have used data selections in four
space. The first search for evidence of localized domains afentrality bins, the top 5%(henceforth referred to as
DCC has been carried out at the SPS by the WA98 experieentrality-1), 5—10 % (centrality-2, 15—30 %(centrality-3,

A. Centrality selection
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3 tor simulationg 22,23. The photon counting efficiencies for
10 5"’0..;0* 0% 1% 10% 5% the central to peripheral cases varies from 68% to 73%. The
: Sopoce purity of the photon sample in the two cases varies from
104 Pesssseivs, 65% to 54%[22,23. The acceptance in terms of transverse
i momentumpy extends down to about 30 Me¥/ however,
.- the PMD energy resolution is not sufficient for particle-by-
: particle pr measurement.

10%

Events
[ )

103 o C. Silicon pad multiplicity detector
I C) © o @ % P Prery
I . The charged particle multiplicitN., is measured using
10 £ ; the circular SPMD located 32.8 cm from the target and hav-
f ; ing full azimuthal coverage in the region 2:8%<3.75,
1 ““““‘1‘ corresponding to the central rapidity region at SPS energies
0 50 100 150 200 250 300 350 400 450 500 (where ncs=2.92). The detector consists of four overlap-
ET (GeV) ping quadrants, each fabricated from a single g®0-thick
silicon wafer. The active area of each quadrant is divided
FIG. 1. The totalE distribution (solid dot3 measured in 3.5 into 1012 pads forming 46 azimuthal wedges and 22 radial
< 7=<5.5 for PbtPb collision at 158 GeV/c. The totalE distri-  pins, with the pad size increasing with increasing radius to
The E; values corresponding to the different centrality bins used i”detection of a charged particle in the active area has been
the analysis are showifa) Centrality-1 (05 %),(b) centrality-2 : ;
(5-10%), (c) centrality-3 (15-30%), and(d) centrality-4 dngrmcl:r;end elrnsetle Stthzeggegce)?'ssu;regingsretr?t tl?)ehber:ttzrn;?an
(45-55 %) of the minimum bias cross section as determined b)§9 2 V Y, ol P I,g 93’
selection on the measured transverse energy distribution. phOtO_n_S’ since (_)nly about 0.2% are_ expected to interact in
the silicon. During the data recording, 95% of the pads
. - . worked properly and are used in this analysis. Details of the
a}nd 45—55_%.(central_|ty-4.of _the_mmlmum bias CroSS S€C- cnaracteristics of the SPMD can be found in Ré15,24).
tion. The minimum b!as Q|str|but|o_n of .the tOtEH. is shown he SPMD does not providgr measurement, but provides
in Fig. 1. The centrality bins used in this analysis are marke S .
in the figure. he multlpI|C|ty measurement mtggrated over transverse mo-
mentumpy with a threshold which extends down to about
20 MeVlc.

B. Photon multiplicity detector

The photon multiplicity is measured using the preshower D. Data reduction

PMD located at a distance of 21.5 m from the target. The _
PMD consists of three radiation lengti{) thick lead con- The data presented here were taken in 1996 at the CERN

verter plates in front of an array of square scintillator pads ofSPS with the 158 GeV Pb ion beam on a Pb target of thick-
four sizes, varying from 1815 mnf to 25x25 mnf, ness 213um. The WA98 Goliath magnet was switched off
placed in 28 box modules. Each box module consists of &uring these runs. Events with beam pileup, downstream in-
matrix of 38<50 scintillator pads read out using an imageteractions, and pileup in the CCD camera system were re-
intensifier plus charged coupled devi@@CD) camera sys- jected in the off-line analysi§15,23. The data have been
tem. The scintillation light is transmitted to the readout de-analyzed for the region of comman (2.9< <<3.75) and¢

vice via a short wavelength shifting fiber spliced to a longcoverage of the SPMD charged particle and PMD photon
extramural absorber coated clear fiber. The total light amplimultiplicity detectors. TheN,. e and theN, distributions
fication of the readout systemis40 000. Digitization of the  for the four centrality bins are shown in Figs. 2 and 3. The
CCD pixel charge is done by a set of custom built fast-bushumber of events analyzed, the mean number of photons and
modules employing an 8-bit, 20-MHz flash analog-to-digitalcharged particles, along with the root mean square deviations
converter(ADC) system. Details of the design and charac-are shown in the figures. The PMD and SPMD detectors
teristics of the PMD may be found in Reff22,23. The  yrovide momentum integrated multiplicity measurements
results presented here make use of the data from the centig|i, very low thresholds. Since pions from DCC domains
22 box modules covering .the pseudqrapidity range of 2.9 expected to have smait values, below the pion mass,
<7=4.2. The clusters of hit pads, having total ADC contentihe momentum integration will dilute the DCC signal. On the
above a hadron rejection threshold are identified as photonsiher hand, the large coverage of the PMD and SPMD are

like, the multiplicity being denoted bl jie - If the number  jportant to overcome the limitations of small number fluc-

of incident photons is denoted by’ and the number of yations.

photons detected above the hadron rejection threshold as The various sources of systematic errors associated with
N, then the photon counting efficienay, and purity of  the N, ke and N, distributions have been investigated and
photon sample f(;) are defined ase,=NJ/N""® and f,  described in detail previousf23,25. These include the fol-

= Ntythy_,ike, respectively. These are estimated from deteclowing.
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tion in the PMD leads to an error in the efficiency 1
clusters. The nominal hadron rejection threshold was set ah the PMD is a major source of error M e
three times the minimum ionizing particiMIP) peak. The

(b) The error due to the effect of clustering of pad signals

. This error is

determined fromGEANT [26] simulation by comparing the

value of the threshold was reduced by 1028] in order to  number of known photon tracks on the PMD with the total
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number of reconstructed photonlike clusters. It is found that 500

the number of clusters exceeds the number of tracks by 3% . a=-02198

; ; ; ; 450 - :

in the case of peripheral events and by 7% for high multi- © b=08810 Z

plicity central events. 400FE ¢ =0.000031
(c) The error due to the variation in pad-to-pad gains of i

the scintillators in PMD was found to be less than 1%. 350 -
(d) The uncertainty in theN, determination with the 8

SPMD has been estimated to be about AP5). -
(e) The error due to the finite resolution in the measure- — 55,

ment of the total transverse energy in MIRAC [23] trans-

lates into an uncertainty in the centrality selection. The effect 200

of this systematic error has been determined by performing r

300 |-

the analysis with varying centrality cut within the MIRAC 150;
resolution. 100 4 bins
The contribution of each of these various systematic er- ¥
rors to the final results is discussed in the following sections. 50 8 bins
0 L ‘\\\\‘\\\\‘]-\6\t\]i\n‘s\\\\‘\\\\‘\\\\‘\\\\‘\\\\
E. Simulated events 0 50 100 150 200 250 300 350 400 450 500
Ny—like

Simulated events were generated using veeUs 4.12

event generato27] with the default parameter va_lues. The  FIG. 4. The event-by-event correlation betwedg, and N, ke

output was processed through a detector simulation packageér centrality bin 1. Overlaid on the plot is the common correlation

in the GEANT 3.21[26] framework. This simulation includes axis (Z axis) obtained for the full distribution by fitting thal,, i

the full WA98 experimental setup and includes experimentakndN, correlations with a second-order polynomial. The values in

effects such as photon conversions, downstream interactione upper left are the coefficients of the polynomial of the form

hadron backgrounds in the PMD, etc., which might dilute orNci=a+bN,jye+CNZ .. For the other three centrality classes,

enhance the observed fluctuations. The effect of Landau fludhe plots are qualitatively similar.

tuations in the energy loss of charged patrticles in silicon was

included in the SPMD simulatiofL5]. For the PMD simu-  ous sets of mixed even(t be discussed lateare compared

lation, the GEANT results in terms of energy deposition in to draw proper conclusions.

pads were converted to the pad ADC values using the MeV-

ADC calibration relation. After this the ADC distribution is A. N, versusN,, correlations

convoluted with a Gaussian function of proper width taken In order to search for localized fluctuations in the photon

from the readout resolution curve. If the energy deposition is ) SO ) P

less than three MIP, a Landau distribution is used for convofind. c.hargeq .partlcle mult|pI.|C|t|es, which may have_ hon-

lution. The details of the PMD simulations taking into ac- statistical origin, the correlation betwedf i and N, is
vestigated at various scales ¢n

count the detector and readout effects can be found in Ref” .
The event-by-event correlation betwedh, . and N,

[22]. The centrality selection with the simulated data ha b wudied i ) it s by dividing th
been made in a manner identical to the data, determined frofg> P€€n Studied in varioys in ervais by dviding the en-
tire ¢ space into 2, 4, 8, and 16 bins. The method of analysis

the simulated total transverse energy in MIRAC. The mini-;" ~ % . : .
mum bias totaE+ distribution predicted byENUS is shown is similar to that described in Refl5,17). Figure 4 shows a

by the dashed histogram in Fig. 1. The agreement with thgeatter plot of the correlation betwedl, . andNe, for the
data is seen to be quite reasonable. A total of 608KUS tqp C?”"a"FV bin. The correlation PIOtS for gadhmterval
events with simulated detector response were generated fgf2&: including the case of the full interval with no segmen-
the present study. These simulated eveffisnceforth re- tation, are shown. The_dlstrlb_ut|_0ns for the other three cen-
ferred to simply as/ENUS events unless otherwise specified trality bins are qualitatively similar. A common correlation

were then processed with the same analysis codes as used ﬂﬁjsz has been obtain(_ed for_the full distribution by fitting f[he
the analysis of the experimental data. N,.ike and Ney correlation with a second-order polynomial.
The correlation axis with fit parameters is shown in the fig-

ure. The distance of separatioD£) between a data point
and the correlation axis has been calculated with the conven-
Two different analysis methods have been used in thd&ion that D is positive for points below th& axis. The
present study. In the first analysis method, the magnitude dfistribution of D, represents the relative fluctuations of
the N, e versusN, multiplicity fluctuations is obtained in N, andN, from the correlation axis for any chosenbin
decreasing phase space regions. The second method esize. In order to compare the fluctuations for differeénbins
ployed the discrete wavelet transformation technique to inon a similar footing, a scaled variab®,=D,/s(D;) is
vestigate the relative magnitude of tie, . versusNg, — used, wheres(D) represents the rms deviation of the
fluctuations in adjacent phase space regions. The results frodistribution for vENUS events analyzed in the same manner.
these methods of analysis applied to datyus, and vari- The D5 distributions of data, mixed events, and the simu-

Ill. ANALYSIS TECHNIQUES

044901-5



M. M. AGGARWAL et al. PHYSICAL REVIEW C 67, 044901 (2003

lated events for a given centrality angl bin size are all IV. CONSTRUCTION OF MIXED EVENTS

scaled by the sam® D) corresponding to theENUS events It is possible to search for nonstatistical fluctuations in the

for the respective-centrali_ty and azimgthal -bin size. The preséxperimental data in a model independent way by compari-
ence of events with localized fluctuationshy.jxe andNcn,  gon of the data with mixed events generated from the data
at a giveng bin, is expected to result in a broader distribu-jtself. Furthermore, it is necessary to isolate the various con-
tion of S; compared to those for normal events. Comparingriputions to the fluctuations and to understand all detector
the rms deviations of thé&; distributions of data, mixed related effects in the data. This has been done by generating
events(to be discussed latgrand VENUS events may allow  different types of mixed events which preserve the global
us to infer the presence of nonstatistical localized fluctuamultiplicity correlation betweeN. . andNg,. Fluctuations
tions. in the ratio ofN,, to N, can arise due to fluctuations M,
only, fluctuations inNg, only, or fluctuation in bottN,, and
B. Multiresolution DWT analysis Nen. Furthermore, the fluctuations iN,, and N, may be
correlated event by event, as nominally expected in the case
X . of DCC formation. Each of these possibilities is investigated
form (DWT) [28] has been shown to be quite powerful in the y, . .1 ‘the construction of fourpdifferent kinds of mgi]xed
search for localized domains of DA@9-31. The signifi- g ents. The method of construction of these mixed events

cance of the DWT techniqug lies in its power to analyzg 8and the type of fluctuations they probe are described next.
spectrum at different resolutions, with the ability to identify

fluctuations present at any scale. This method has been uti-
lized very successfully in many fields including image pro- _ _
cessing, data compression, turbulence, human vision, radar, The first set of mixed events, referred to s events,
and earthquake predictidi28]. It should be noted that the are constructed to remove all correlations to the greatest ex-
DWT analysis provides information different from the mo- tent possible to provide a base line for comparison to the real
ment analysis of the preceding section. It analyzes the evenBY€Nt data. They were generated by mixing hits in both the
by-event distribution ing space to characterize the bin-to- phqton and charged particle detectprs separately, but St'!l sat-
bin fluctuations relative to the average behavior. istying the globalN.ie-Ney correlation of the real event in
For the present DWT analysis, the full azimuthal region isthe 'fuII acceptance. This means that on an event'—by—event
divided into smaller bins i, the number of bins at a given basis, the total photon multiplicity and charged particle mul-

lei being 3. The inout to th vsis | ¢ f1h tiplicity of the mixed event were identical to those of the real
Scal€ being 2. 1he Inputto In€ analysis IS a Spectrum ot tNe o et to which it corresponds. Thus, the scatter plot of the

sample function at the smallest bingncorresponding to the  iyeq events is identical to the real events for the single-bin
highest resolution scalg, .. In the present case the sample c3se shown in Fig. 4. The idea is to constrain the mixed

A multiresolution analysis using discrete wavelet trans-

A. Maximally mixed events

function is chosen to be the photon fraction, given by events to be identical to real events globally, and then com-
N pare them to the real data in localized regions of phase space
() =Nike( H)/[Ny.tice( #) + Nen(h) . (@) {0 search for indications of nonstatistical localized fluctua-

tions in the data.
, , , i i The M1 type of mixed events was constructed from the
A multiresolution analysis has been carried out using thg,qo| of all photonlike and charged particle hits, in which the

D.—4 yvavelet basis on the ab_ove sample function starting,j position ( and ¢) and event informatioievent number
with jma,=5. It may be mentioned that there are severalang total multiplicity were kept for both the photonlike and
families of wavelet bases distinguished by the number otharged particle hits. For a given real event measured to have
coefficients and the level of iteration; we have used the fremultiplicities N, ke andNg, in the full acceptance region, a
quently employed>-4 wavelet basi$32]. The output of the mixed event was constructed by randomly selectinge
DWT consists of a set of wavelet or father function coeffi- photonlike hits from the pool of photonlike hits arid,
cients(FFC9 at each scale, from=1,...,(max—1)- The charged particle hits from the pool of charged particle hits.
coefficients obtained at a given scalare derived from the This procedure was repeated for each real event. Care was
distribution of the sample function at one higher scgle, taken such that no two hits from the same real event were
+1. The FFCs quantify the bin-to-bin fluctuations in the used in the construction of a mixed event. Also, for the
sample function at that higher scale relative to the averaggixed events, hits within either the SPMD or PMD detector
behavior. The presence of localized nonstatistical fluctuawere not allowed to lie within the two-track resolution of
tions will increase the rms deviation of the distribution of that detector. In brief, thé11 mixed events randomly dis-
FFCs and may result in non-Gaussian tdi®9,31. The tribute the hits in each individual detector but keep the global
DWT technique as used in this analysis has been demorcorrelation between thé\l, . and Ng, multiplicity. They
strated in our earlier publicatidd7]. Once again, comparing provide a maximally randomized sample of PMD and SPMD
the rms deviations of the FFC distributions of data, mixedhits. Comparisons of such mixed events to real events will be
events, and/ENUS events may allow us to infer the presence most sensitive to the presence of localized fluctuations. How-
of localized fluctuations. The utility of the mixed events andever, in themselves they would not isolate the source of fluc-
the response of the analysis technique are demonstrated timations as being due td, and/orNg,, or correlations be-
Sec. V. tweenN, andNgy,.
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B. Minimally mixed events TABLE I. Type of fluctuations preserved by various mixed
A second type of mixed events, referred toNM& mixed events.

events, was constructed to mveshgate the presence of Corrgy,cy,ation Mixed Event

IaFed event-by-event fIchuaﬂons betweNapanchh. T.hese. M1 M2 M3-ch M3y
mixed events had a minimal amount of randomization since

they were generated by mixing the photon hits taken unalN, only No Yes No Yes
tered from one event, with the charged particle hits takeNcn only No Yes Yes No
unmodified from another event. As with thd1 mixed  CorrelatedN,-N, No No No No

events, the globaN, je-N¢, multiplicity correlation was

maintained to be exactly the same as the data. To constiugle 1 provide an essentially model-independent signature
such mixed events, for a given real event measured to havg b formation. To demonstrate the analysis method and
multiplicities N, e andNcy, in the full acceptance region, a he potential to observe DCC event formation, we have ap-
mixed event was constructed by keeping the PMDje  plied the DWT analysis to a simple DCC-like model. The
portion of the event intact, but combining it with the unal- analysis is applied to “real” DCC events from the model as
tered SPMD portion of a different randomly selected eventy, e "as the various types of mixed events described in the
but constrained to have almost the same charged part'CEreceding section constructed from the model DCC events.
multiplicity Nep. This procedure was repeated for each realgince event generators which include DCC formation do not
event. In brief, this type of mixed event keeps the event-bygyist we have implemented a simple DCC model in which
event hit structure in gach detector |dent|ca! to t_hat in realgcalized nonstatisticall N, fluctuations have been intro-
events. Thus, such mixed events keep the individual localg ;e by modification of the output of theNus event gen-
ized fluctuations present N, or Np,, but remove the event- grai0r To implement the fluctuations, the final state pions
by—even.t localized correlated fluctuations between themyinin 4 localizedy—d region fromvenus are interchanged
Comparison of such mixed events to real events may reveiﬂairwise @+ 7 < 7°7°) according to the DCC probability
the presence of correlated localized fluctuations betwégn distribution P(f)=1/2ﬁ. The fluctuations were generated
andNep. over a localized region off=3-4 and a\ ¢ interval of 90°.
_ _ The #%s were then allowed to decay. The resulting events
C. Partially mixed events were then passed through the WA98 detector response simu-
The intermediates between thd1 and M2 types of lation. The DCC events in the simple model used here give
mixed events are third and fourth type of partially mixed rise to an anticorrelation betweéh, andNg. It also results
events, referred to @3-y andM 1-ch mixed events. These in nonrand‘om fluctuations in botN,, and N, individually.
were constructed to provide information regarding the conSince the probability to produce events with localized
tribution to the localized fluctuations in thé, to N, ratio  charged-neutral fluctuations is unknown, ensembles of
from the individual observables\(, and N). They were €vents, here referred to as “nDCC events,” were produced as
generated from real events by mixing hits in one of the de@ mixture of normaVENuUs events and events with localized
tectors (following the procedure for construction a1  fluctuations. The fraction of events with localized DCC-like
mixed eventsand keeping the hit structure of the event in fluctuations in each nDCC sample was varied as a parameter
the other detector intacM3-y mixed events correspond to to be studied.
the case where the hits within the photon detector are unal- By USingvENUS events as the basis to introduce the DCC
tered while the hits in the charged particle detector areeffect, it is ensured that the general features of the event,
mixed. Similarly, in M3-ch mixed events the hits in the including the multiplicity, composition, and momenta of the
charged particle detector were unaltered and the hits in thBroduced particles, as well as correlations in the particle mul-
photon detector were mixed. In each type of mixed event, théplicities due to impact parameter variation, are reasonably
global N je-N, correlation is maintained as in the real well described. Also thesEANT simulation of the detector

event. The two-track resolution in the detectors where théesponse to these events ensures that other effects such as
hits are mixed is kept identical to that in real events. ThePhoton conversions and the response of the PMD to hadrons,
total number of mixed events is the same as the number o¥hich might affect the observed multiplicities and the ob-
real events. Comparison of such mixed events to real eveng€rved correlations, are also taken into account. While the
and the other types of mixed events will reveal the presenc@ssumption of a 100% DCC contribution over an interval of
of localized fluctuations iN,, or N, separately. f|?<ed size iny—¢ is certainly a gross simplification, it pro-

A summary of the different sources of fluctuations in thevides a well-defined reference to gauge the potential for
ratio of N, to N, probed by each of the types of mixed DCC observation. Other assumptions, such as a varying frac-

events is given in Table I. tion, which might also be momentum dependdsince
DCCs are expected to be lop+- phenomeni and different
V. DEMONSTRATION OF ANALYSIS METHOD or varying sizes might be more realistic. However, without

clear theoretical guidance, we have chosen this very simple

In this section we wish to demonstrate the analysismodel as a reasonable and well-defined reference.
method and illustrate how the relationship of the measured The DWT analysis was carried out on an ensemble of
result to that obtained with the various mixed events can b@DCC events and their corresponding mixed event sets cre-
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0.25¢ betweenN, andN,. The difference between thd2 mixed
’ events and the nDCC events indicates the presence of the
——nDCC . - -
______ M2 DCC-like correlatedN -N¢, fluctuations. The relative pattern
. —-—--M3-ch of rms values for the real events and the various mixed
021 e MEV events constructed from those real events seen in Fig. 5 pro-

vides a rather unambiguous model-independent signature for

DCC-like fluctuations. Similar relative patterns of the rms

deviations of thes, distributions for mixed events and simu-

lated events were also observed foj-N, correlation analy-

sis. In particular, the observation of fluctuations in real

events that are greater than & mixed events would con-

F stitute what might be called “smoking gun” evidence for

01t——— 1(‘)2 — 1(‘)1 e DCC formation. Conversely, the lack of a difference between
Fraction of DCC events real events an®12 mixed events would indicate the lack of

DCC-like correlated charged-neutral fluctuations.

FIG. 5. The rms deviations of the FFC distributions for simu-  Figure 5 also demonstrates an effect which must be taken
latedvENUS events containing a variable fraction of localized DCC- into account when comparing the measured result to the
like events with DCC extenA ¢pcc=90°, as a function of that mixed events. For nDCC events with vanishing fraction of
fraction. Results are also shown for various mixed events conevents with fluctuations, which is to say for normaNus
structed from those events. events, it is seen that the rms deviations of the FFC distribu-

tions for all types of mixed events are higher than those for
ated from each set of nDCC events. By ensemble of nDCGhe nDCC events. In theenus simulations this is due to the
events we mean sets of events having different percentag@gesence of correlations betwehl, and N, i These are
of events with localized fluctuations. The percentage Varie(ﬂ)rimarily due to residual impact parameter correlatiésee
from zero, that is, normaVENus events with no localized Fig. 4) as well as due to the charged particle contamination
fluctuations, to an event set where all events had localizeg, the N4 data sample whereby the charged particles reg-
charged-neutral fluctuations. For every nDCC event set, thgter in both the PMD and SPMizee Sec. Il €[33]. These
four sets of mixed eventsM1, M2, M3-y, andM3-ch  correlations are removed by the event mixing procedure that
were constructed from the nDCC events and analyzed. Thgssyits in a larger rms deviations for the mixed events. The
rms deviations of the FFC distributions for each set of NDCGeea| data are presumed to have similar residual correlations
events and corresponding mixed event sets were obtaineds ohserved in theenus simulations. In order to correct for
The results for scalp=1 are plotted in Fig. 5 as a function the effects of these non-DCC correlations, all mixed event
of the percentage of localized DCC-type events in the nDCGms values constructed from real events have been rescaled
event set. by the percentage difference between the rms deviations of

Itis seen that the rms deviations of the FFC distributionshe venus distributions and those of the corresponding
of the nDCC events increase as the percentage of events witfgnus mixed events, as also discussed in R&f].
localized fluctuations inN-N, increases. This is the ex- For nDCC events with larger percentages of DCC-like
pected behavior and demonstrates the linear response of tB@ents, the anticorrelation betwellg, andN.,. . Overcomes
DWT to the DCC events when the frequency of events withihe correlations betweeNg, andN ., and hence the rms
fluctuations increases. On the other hand, the rms deviationgeyiations of the FEC distributions of nDCC events become

of the FFC distributions of thé1-type mixed events cre- greater than those of the mixed events, despite the other cor-
ated from the nDCC events are found to be independent qk|ation effects.

the percentage of events having localized fluctuations. This
is also the expected behavior and demonstrates thdflthe
mixed events can be used as a base line from which to de- VI. RESULTS AND DISCUSSION

duce the presence of fluctuations in a model-independent | the analysis of experimental data, the results from the
manner. However, the deviation of the real events from theneasured data are compared with simulated and mixed
M1 mixed events does not inform about the relative contrieyents. Below we discuss the results obtained from such a
butions of the individuaN,, and N, fluctuations. The rms  comparison using two different analysis methods discussed
deviations of the FFC distributions of ti3 mixed events ggylier.
are found to be intermediate to those obtained for nDCC
events and 1 mixed events. They indicate the separate con-
tributions of theN,, or N¢,, fluctuations alone to the ratio. The

rms deviations of thé&12 mixed events are higher than those  The S, distributions calculated for differenp bin sizes

of M1 andM 3 mixed events. That is because 1@ mixed  are shown in Fig. 6 for datd/ 1, andvENUS events, for the
events keep the separate contributions of bottiNthandN.,  four different centrality selections. The distributions for the
fluctuations. However, the rms deviations of ke mixed other types of mixed events are not shown for clarity of
events are consistently below those for the nDCC eventgresentation. The small differences in tBe distributions
This is because th&12 events randomize the correlations have been quantified in terms of the corresponding rms de-

FFC rms deviation

A. N, versusNg, correlation results
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10

viations; these rms distributions are shown in Fig. 7. Thedifferent from the measured results. This is primarily because
statistical errors on the values are small and are within théhe global particle multiplicity as predicted byeNuUs and
size of the symbols. The bars represent statistical and syshose measured in the experiment within the coverage of the
tematic errors added in quadrature. The various sources afetectors are not same.
systematic error have been discussed in an earlier section. An As seen in Fig. 7, the widths of th8, distributions for
additional systematic error from the fit errors associated wittmixed events closely follow those of the data. The mixed
the determination of the correlation axtsis also included. events have been constructed such that the gldbake
In general, the width of th&; distribution increases from the versusN, multiplicity correlations are maintained. There-
most central to less central event selections, and decreaskse the rms deviations of the data and the mixed event ref-
with decreasing bin size. erence are the same in the figstbin of Fig. 7 by construc-
The rms deviations of th&; distribution for thevENus  tion. Some correlations betweéh, andN,, ;. are expected,
simulated events are (by definition for all centrality and mostly as a result of the charged particle contamination in
all bins in azimuth by definition 08, and are significantly theN,, ;. data sample, but are removed by the event mixing
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FIG. 8. The FFC distributions
for data (solid circles, mixed

":‘1 events (solid histogram, and
simulation(dashed histograpfor

the four centrality bins. (a)
Centrality-1 (0-5%), (b
centrality-2 (5-10%), (¢

centrality-3 (15-30%), andd)
centrality-4 (45-55 %).

procedure, and thereby result in a small difference between The rms deviations 08, distributions of theM2 mixed
the real and mixed events, as seen in the analysis of thevents are found to agree with those of the experimental data

VENUS events discussed earlier. All of the mixed evé&at

within errors for all four centrality classes and for all azi-

distribution rms valuegFig. 7) have therefore been rescaled muthal bin sizes. This indicates the absence of event-by-
by the percentage difference between the rms deviations @vent localized correlated fluctuationshh, . andNg,, as
the VENUS distributions and those of the correspondingexpected for DCC-like fluctuations. On the other hand, the

VENUS mixed events for each centrality cla@Ref. [17]).
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tematically lower than those of the data for 2, 4, and 8 bins irdiscussed extensively in Ref§15,22,23, care has been

¢ for centrality bins 1, 2, and 3. The results for both types oftaken during the data taking and during the data processing
M3 mixed events are found to be intermediate between thoge closely monitor the performance of the PMD and SPMD.
of the data and th# 1 mixed events. The results indicate the The detector uniformity of the PMD was studied in detail by
presence of localized fluctuations in the data in both the phodsing the minimum ionizing particléMIP) signal from the

ton and charged particle multiplicities. For the case of thedata for all pads of the 22 boxes. The fluctuations of the
most peripheral centrality selectioiwentrality-4, the rms  pad-to-pad relative gains were approximately 10%. The gain
deviations of theS, distributions of data and the various corrections were made for each pad. Corrections for gain
mixed events are found to be in close agreement to eacVariations during the data taking period were made periodi-

other within the quoted errors. cally for both the PMD and SPMD. This reduces the possi-
bility of abrupt gain or threshold changes during the run
B. Multiresolution DWT analysis results period. Events with obvious detector readout effects, such as

missing or dead regions, were carefully removed from the

The FFC distr_ibutions at scalgs-1-4, cqrres_ponding 00 gata sample. It should be recalled that most detector effects
4-32 bins in azimuthal angle, are shown in Fig. 8 for data, . reflected in the mixed events

M1, andVvENUS events for the four centrality classes. The  tpe effect of local fluctuations in the performance of the

results for other types of mixed events are not shown folby\p has been studied using simulatezhus events. In one
clarity of presentation. The widths of the FFC distributionsoq; the gain of a group of pads corresponding. to one or

are.found to incregse in going from the T“C?St central to MOShore PMD cameras was randomly varied. A 30% change of
peripheral centrality class. The rms deviations of these FFGy5in jn one camera for all events resulted in an increase of
distributions are summarized in Fig. 9. Similar to the case foly 7o, in the rms deviations Changing the gains of three cam-
the S, distributions discussed above, the rms deviations Of 5 1y 309 for all events resulted in an increase of the rms

]Ehe mlxel;i teventstrr]]ave b%en.r?.scale(?c %ther'):eécg_n?ge dieviations by 1.7%. Since the camera gains were closely
erence between the rms deviations o us ISU- " monitored on-line and during the processing of the data, this

butions and those of theeNus mixed events for each cen- is considered to be a highly unlikely scenario. Still, these

trality class. The statistical errors are small and are within th%hanges are within the quoted errors of Figs. 7 and 9, which
tSIZG ?.f the symgglsd The bz(ijrs trepresent statistical and SYfhdicates that local gain and threshold variations would not
ematic errors added In quadrature. account for the observed differences between the data and
The rms deviations of the FFC distributions for the data,the M1 mixed events

VENUS, and mixed events are found to be_ clo_se to each other Several checks were performed to verify the quality of the
(within quoted e_rror)sfor the case of 32 b|_ns_ ieb for all of data obtained with the SPMD. One of the differences be-
the four_ centrality c!asses. The rms deviations for the I:FQWeen the previous analydi45] and the present one is that
distribution ofM2 mixed events are found to closely foII_ow while in the previous case the analysis was performed using
thﬁ.‘?‘e %f the data for all cefntrarl]lty classes and all tifnd’m the total charged particle multiplicity of the detector deduced
while the rms deviations for th&13 mixed events lie be- 5y the magnitude of the measured SPMD signals, here we
tween those of the data andll mixed events. These results gjmny ysed the total number of hit SPMD pads. The reason
are consistent with those obtained from the analysis oBfhe o, using hit pads is that the correction in going from depos-

distributions. These observations indicate the absence g,y charge to hits for each event and smallé segments is

event-by-event localized correlated fluctuatid¥CC-like) — onprjvial. Also, the effects of two-track resolution and pos-
betweenN, e andNey,. They also suggest the presence ofgipje shifts of the beam position on the target during the spill
localized fluctuations in both photons and charged particlgere studied in detail. However, all of these produced small

multiplicities for intermediate bin sizes in azimuth. The rms o¢acts that could not account for the differences observed
values of the FFC distributions f®ENUS events are close 0 panveen the data arfd1 mixed events.

those of theM 1 mixed events for centrality classes 1, 2, and
3. However, they are slightly higher for the most peripheral

centrality clasgcentrality-4. D. Strength of localized fluctuations

In order to quantify the strength of thid, . and N,
C. Discussion fluctuations for various bins ig and for different centrality

) _classes, we define a quantjtyas
The results from the two independent methods of analysis q b

are consistent and indicate the absence of event-by-event V(252

correlated DCC-like fluctuations in the photon and charged X=——, 3
particle multiplicities. However, they do suggest the presence S1

of uncorrelated fluctuations in both the photon and charged

particle multiplicities for intermediate bin sizes . The  wheres; ands correspond to the rms deviations of the FFC
data have been compared to various kinds of mixed even@stributions of theM1 mixed events and real data, respec-
and to simulated events which take into account many detedively. The results are shown in Fig. 10 as a function of the
tor related effects. Still it is worthwhile to explore the extent number of bins ing for the four different centrality classes.
of other possible experimental effects that might affect theQualitatively similar results are obtained whgnis calcu-
observed rms deviations of ti8& and FFC distributions. As lated using the rms deviations of tt& distributions. The
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FIG. 10. The fluctuation strength parameter for the four central- Domain sizein Ag
ity classes. Centrality-1 corresponds to the 5% most central, E|G.11. The 90% confidence level upper limit on DCC produc-
centrality-2 corresponds to 5-10%, centrality-3 corresponds tQion for central Ph-Pb collision at 158 GeV/c, as a function of
15-30%, and centrality-4 corresponds to 45-55% of the miniyhe pcC domain size in azimuthal angle within the context of a

mum bias cross section as determined by selection on the measurgglyple DCC model and the measured photon and charged particle
transverse energy distribution. The error bars are shown only on thﬁultiplicities in the interval 2.9 7<3.75. The solid line corre-

centrality-1 selection for clarity of presentation. The errors are simi-sponds to data from the top 5% and dashed line to top 510 % of

lar for the other centralities. The shaded portion represents the limilye minimum bias cross section as determined by selection on the
above which a signal is detectalilgee text for details measured transverse energy distribution.

shaded portion indicates the region pfwheresis oneo 909 C.L. upper limit contour has been calculated yas
greater than the rms deviation FFC distributions M +1.28 , wherey is calculated using Eq3). Heres,; ands
events, wherer is the total error on thé11 event rms de- correspond to the rms deviations of the FRZ S;) distri-
viation. It represents the limit above which a signal is detecthutions forM2 mixed events and real data, respectively, and
able. Sincey is calculated from the rms deviations of the e, is the error iny from the FFC(or S;) analysis. If the
FFC distributions for data anldl 1 mixed events, it gives the difference between the rms deviation of the FFC distribu-
combined strength of localized fluctuations in both the pho+ions forM2 mixed events and real data is negative, we take
ton and charged particle multiplicities. We do not presegnt the value ofy to be zero. It may be mentioned that for the
values calculated usiniyl 3-type mixed events. However, it calculation of the upper limits we have assumed that the total
is clear from the rms deviation figurébigs. 7 and 9 that difference in the rms values of data akt® mixed events is
both photons and charged particles contribute to the observetlie to DCC-like fluctuations only.
fluctuations. The result shows that the strength of the fluc- To relate the measured upper limit on the size of the fluc-
tuations decreases as the number of bing increases, with  tuations to a limit on DCC domain size and frequency of
a strength that decreases to below the detectable(ittin  occurrence, we proceed as follows. Within the context of the
the quoted errojsfor 16 and 32 bins. There is an indication simple simulated DCC model described earlier, we obtain the
that the strength of the signal decreases with decreasing cefms deviations of the FFC distributions with various domain
trality for 4 and 8 bins in azimuthal angle, although the ten-sizes in azimuthal angle (15°,30°,.,180°) and for each
dency is not very strong. domain size also for different frequencies of occurrence of
DCC (0-100%). TheM2 mixed events are then con-
structed for each of these sets of simulated events. For each
set of DCC-type events of a given domain size and fre-
It has been shown that the rms deviations of $3eand  quency of occurrence, the value pfis calculated using Eq.
FFC distributions for data are very close to those of ¥h2 (3), from the difference in rms deviations of the FFC distri-
mixed events, within the quoted errors. If the DCC-like cor-bution of the DCC evens) and its correspondiniyl2 mixed
related fluctuations iMN . . versusN., were large, the rms event distribution ¢1). The upper limit is set at that value of
deviations(Figs. 7 and 9 of data would have been larger frequency of occurrence for a fixed DCC domain size at
compared to those of thd 2 mixed events. Since this is not which they value from the DCC model matches with that of
the case, we may extract an upper limit on the production othe xy+1.28, upper limit from the experimental data. This
DCCs at the 90% confidence level following the standards used to set the upper limit contour in terms of domain size
procedure as discussed in REg4]. and frequency of occurrence of the DCC. The results for
The errors are assumed to have Gaussian distribution, atentrality classes 1 and 2 are shown in Fig. 11. It may be
though they are asymmetric. The larger of the asymmetrienentioned that the upper limit contour set by a similar analy-
errors is conservatively used for the limit calculation. Thesis of the rms values of th®, distributions is very similar to

E. Upper limit on DCC production
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that from the FFC analysis. Also, from Fig. 10 it is seen thatdata, mixed events, and within the limitations of a simple
the total fluctuation is similar or weaker for centrality classesmodel of DCC formation, an upper limit on DCC production
3 and 4; hence the upper limit for these two classes would ban 158 A GeV Pb+Pb collisions has been set.

similar or weaker than those shown in Fig. 11 for centrality
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