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Event texture search for phase transitions in PB-Pb collisions
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NA44 uses a 512-channel Si pad array covering<ly5< 3.3 to study charged hadron production in A58
GeV Pb+Pb collisions at the CERN SPS. We apply a multiresolution analysis, based on a discrete wavelet
transformation, to probe the texture of particle distributions event by event, allowing a simultaneous localiza-
tion of features in space and scale. Scanning a broad range of multiplicities, we search for signals of clustering
and of critical behavior in the power spectra of local density fluctuations. The data are compared with detailed
simulations of detector response, using heavy-ion event generators, and with a reference sample created via
event mixing. An upper limit is set on the probability and magnitude of dynamical fluctuations.
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I. INTRODUCTION symmetry restoration are expected to take place during the

) ) ) o . hot, strongly interacting stage early in the collision. As a
The main experimental challenge in relativistic heavy-ion

lisi is to find evid f th ted OCD oh hase transition in such collisions is inherently a multipar-
COlISIONS 1S 1o 1ind €evidence of the expecte Q P as%?cle phenomenon, multiparticle observables, defined on an
transition at high temperature. Deconfinement and chira

event-by-event basis, are of great interest. Recently pub-
lished event-by-event analyses of the 158-GeV/nucleon
Pb+Pb data either analyzed a small number of evghfsn
great detail, or analyzed properties of a large ensemble of
events using a single observabler] to compare different
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In 1985, Van Hove formulated a model of quark-gluon
plasma hadronizatiofd] with a first-order phase transition.

A longitudinal expansion of the colliding system, with par-
ticle formation via string or color flux tube breaking, can
result in plasma droplets as large as a few fm across. The
droplets hadronize byeflagration[5]. This is expected to
result indN/dy distributions with bumps or spikes on top of
an otherwise smooth structure. Other modé§ also pre-
dicted bubbles of one phase embedded in the other.

In the absence of a direct, event-by-event observable-
based test of these predictions, the picture was further devel-
oped[7,8] in order to connect it with traditional observables
such as them; slope parameteil and the baryon and
strangeness chemical potentials: the hadron “temperatures”
T in the SPS data are higher than lattice QCD predictions for
a phase-transition temperature. Using a first-order phase-
transition hydrodynamical model with a sharp front between
the phases, Bilic and co-work€lg,8] concluded that quark-
gluon plasmdQGP supercoolingand hadron gasuperheat-
ing are consequences of the continuity equations and of the
requirement that the entropy be increased in the transition. In
the case of bubbles in the QGP phase, the plasma deflagrates;
otherwise it detonates. A direct measurement of the hadron
texture at freeze-out, if it detects the presence of droplets or

bubbles, could provide an argument in favor of the first-order
phase transition. FIG. 1. (a) The experimental setup: the target, the Si pad array,

and theTO scintillation counter. See the text for a description of the

The order of the confinement phase transition is still un detectors(b) The set dt ROMD EANT Si
der debate. It is a fluctuation-driven first-order transitiond€tectors(b) The setup exposed to an RQMD evéB simu-
lation). The magnetic field is on.

[9,10] in SU(3) with three massless quarks, but second order
in the case of finite masil1] or infinitely massive[9,10] . ) , ) , o

strange quarks. A tricritical point may exist, separating theIet IS a step.functlon'wnh given width, oscillating around
first-order transition from a second-order transition with the“€™® W'th. a single period. . .
same critical exponents as the three-dimensi¢8B) Ising , The d|§cre_te wavele_zt transformati¢dWT) [17] quanti-
model[9]. For a second-order phase transition, local quctua—fles contributions of differents and 7 SC"’%'ES to the event
tions of isospin or enhanced correlation lengths may be opfexture. We use a DWT to test for_ possmle Ia_rge-scale en-
servabld12,13. Large-scale correlations formed early in the hancement, as a function (_)f the colhsmn gentrahty.. We report
collision are more likely to survive diffusion in the later the DWT power spectrum in pseudorapldrt_)anq _a12|muthal
stages. Small-scale fluctuations, conversely, are more easi _gleqb, for different charggd_ particle multlpI|C|t|es. We use
washed out by diffusion due to secondary scattering amon ixed events to remove trivial fluctuations and background
the hadrong14]. Consequently, an analysis method which €ECtS-

can identify fluctuations on any scale is desirable. In this

paper, we utilize a discrete wavelet transformation, which Il. EXPERIMENTAL SETUP

has this property.

Awavelet is a function zero everywhere except for awell-  The experimental setupl8] is shown in Fig. 1. The
localized spot. For a pad detector, the discrete positions diA44 Si pad array, installed 10 cm downstream from the
the spots correspond naturally to the pad positions, and th@rget, in the magnetic field of the first dipole, measured
possible scales are multiples of the pad sizes. The scale is #nization energy loss of charged particles in its 512 300-
analog of the Fourier frequency. Location has no analog inem-thick Si pads. The plastic scintillat@iO (two rectangles
the Fourier transform, and it provides an additional degree o$een in Fig. 1 was used for a centrality trigger. The SPS
analytical power, which explains much of the success thabeam was collimated to ax2-mn¥ profile. TO covered
wavelets met in the fields of data processing and patterd.4< »<3.7 for an»-dependent fraction of azimuthal angle,
recognition. (Examples of Fourier-based analyses of large-0.22<A ¢/2w=<0.84, respectively. The silicon detector had
scale azimuthal texture in the field of relativistic heavy-ion,an inner radius of 7.2 mm and an outer radius of 43 mm,
collisions also exisf15,16]; this is how the elliptic flow at covering 1.5 =<3.3. The detector was spliadially into 16
ultrarelativistic energies was measujetihe binning of the rings of equalyn coverage. Each ring was further divided
charged particle density inherent in measurements with azimuthallyinto 32 sectors of equal angular coverage to form
segmented detector such as a Si pad detector makes the Hagads. The pads were read out hyPLEx [19] chips, one
wavelet a natural choice of analyzing function; a Haar wave<hip per sectord electrons, produced by the Pb beam tra-

044903-2



EVENT TEXTURE SEARCH FOR PHASE TRANSITIOS!. . . PHYSICAL REVIEW C 65 044903

' ' ' ' ' bution d?N/d¢’d7n’ (in the presumed coordinatesliffer
from a simple function ofyp’:
£ 0.025
S d’N 1 dN
o 002 - d¢'dn T dgy
u . - -
gj 0.015 - In the true coordinateg and ¢, inequality (1) becomes an
% equality. However, the detector’s acceptance area in the true
£ coordinates becomes distorted. In the following we will refer
o 0.01 - to this as a “Jacobian effect.” The Jacobian effect, obviously,
pd contributes to the event textures, especially on a large scale,
0.005 |- and needs to be evaluated and corrected for.
From Eg. (1), the criterion of the true coordinate basis
0 s (n,¢) emerges naturally: it is the basis which makes the
50 100 150 200 250 observabled®N/d¢d 5 independent ofs. The minimization
ADC channel problem was solved numerically witinuiT [21], and the

resulting offsets are within the tolerance of the detector or
FIG. 2. Digitized amplitude distribution from channel 1 of the Si beam position. Cross-talk between the electronics channels is
pad array. The smooth curve shows a minimyfnLandau fit per- g detector-related correlation phenomenon, and introduces a
formed in the course of the amplitude calibration. The pedestal anétextyre” effect of its own. Both global cross-talk in the
the single and double hit peaks are distinguishable. AMPLEX read-out chif19] and read-out board cross-talk are
. ) . expected. In our detector with 512 channels, there are 512
versing _thg target, were swept away to one side by the dipolg (512—1)/2=130 816 two-channel pair@nordereq, all
magnetic field £1.6 T). Only thes-electron-free side was ¢ \hich were subjected to covariance analysis off-line. To
used in this analysis. Only four of the remaining 256 chanynagnify the nontrivial instrumental contribution to the cova-

nels were inoperative. _ riance matrix elements, we analyzed covariances not be-
An amplitude distribution from a typical channel, ob-i

: ; e g ween the amplituded,; of channelsi themselves, but be-
served in the physics run and digitized with a 256 channel,cen
analog-to-digital convertgflADC) is shown on Fig. 2. Chan-
nel pedestals had, on the average, a full width at half maxi-

mum of 0.48 @E) of one minimum ionizing potential 2, A 1

(MIP). In the texture analysis, every event was represented a=A— halbring ot _ A—— A. (2

by a 2D array of the calibrated digitized amplitudes of the 16 halfring ofi

channelgan amplitude array. Empty target runs were used half-fing ofi

to measure the background, and cross-talk in the detector

was evaluated off-line. Otherwise, the dominant contributor to the cAy(A) is the
trivial variation of the event’s common multiplicify22]. Us-

l1l. ANALYSIS TECHNIQUE ing this method, we concluded that the effective cross-talk

coupling was non-negligible only for neighboring channels
within the same chip; it was found to be 8.5%. As a remedy,
The NA44 spectrometer information was not used in thisa chip-wise(i.e., sector-wisge event mixing technique, in-
analysis, which focused on the Si pad array data. ADC pedeluding cross-talk in the reference sample, was used to con-
estals were fitted channel by channel with a realistic funcstruct a reference event sample.
tional shape, determined from low multiplicity events in a  The double-differential multiplicity datéFig. 3) illustrate
minimum bias triggered run. The amplitude calibration of thethe quality of the detector operation, calibrations, geometri-
Si detector was carried out channel by channel, by fitting theal alignment, and Jacobian correction. The data set is com-
amplitude distribution with a sum of single, double, triple, posed of two pieces, obtained by switching the magnetic-
etc. (up to septupleminimum ionizing particle Landau dis- field polarity: a negative polarity run is used for sectors 9-24
tributions [20] with variable weights. The Landau distribu- (range ofm/2< ¢$<3/2); a positive polarity run is used for
tions were numerically convoluted with the pedestal shape tsectors 1-8 and 25-3@anges of X ¢<w/2 and 3m/2
account for noise in the fit. A typical fit from a single channel < $<2). The reason to disregard one side of the detector
is shown in Fig. 2. Parameters of the fit were used to simuis the additional occupancy due #belectrons, as explained
late noise in a GEANT-basdd1] detector response Monte in Sec. Il. Figure 3 demonstrates the quality of alignment as
Carlo code. well, since#n and ¢ along the horizontal axes are the aligned
An offset of the event vertex with respect to the det-coordinates. Any geometrical offset of the detector makes the
ector's symmetry axis results in a nontrivial functional de-acceptances of different pads nonequal and dependent on the
pendence between the actualand ¢, and then’' and ¢’ pad position. The acceptance of each pad has been calculated
presumed based on the “ideal” geometry= n(%',¢'), ¢ in the aligned coordinates, and tHéN/d¢d» uses the ac-
=¢(n',¢'). This makes the observable multiplicity distri- tual acceptanced¢ d{. The shape of the dependence of

A. Detector calibration
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100 T T T[T T T T T 1
+1, Osx<2
2
o 1 () 1 @
X =
o
5 60 . _
= 0, otherwise
2 40 .
= is the wavelet functiofi24].
© If the interaction vertex lies on the detector's symmetry
20 - 1T ] axis, every pad’s acceptance is a rectangle in then]
space. Then the Haar basis is the natural choice, as its scaling
0 ' * = L ' ' : J function in two dimensionsG(¢,7)=9(4)g(7) is just a
¢ 2 . €18 2 25 3 35 pad’s acceptancémodulo unity. We set up a two dimen-
o n sional wavelet basis:
FIG. 3. Double-differential multiplicity distributions of charged Fi\n,i,j(fﬁyﬂ):ZmF)‘(Zm(ﬁ—i,2m7}—j)- (4)

particles plotted as a function of the azimuthal angléwith dif-

ferent symbols representing different ringsd of the pseudorapid- The scaling function in two dimensions iS(¢,7)

ity % (with different symbols representing different sectos and =g(#)g(7). As in Eq.(4), we construcG,, ; (¢, 7) where

are inaligned coordinates. : : : : M8 m

K 9 m is the integer scale fineness index, anahdj index the
positions of bin centers i and » (1=m=<4 and I=<i,]j
<16 because we use £ rings and 16 sectoysDifferent

d*N/d¢d 7 (left panel of Fig. 3is flat, as it should be for an values of\ (denoted asp, 7, and$7) distinguish, respec-

event ensemble with no reaction plane selection. hde-  tively, functions with azimuthal, pseudorapidity, and diago-

pendenceright panel of Fig. 3 shows an increasing multi- nal texture sensitivity:

plicity toward midrapidity, as expected. As can be seen from

Fig. 3, the detector's acceptance is asymmetric around F*=f(#)a(n), F7=g($)f(n), F?"=f($)f(n).

midrapidity. A correction for the cross-talk has been applied. ®)

Then Fﬁmi,j, with integersm, i, andj, are knowr{17] to form
an orthonormal basis in the space ofratasurable functions
defined on the continuum of real numbér&R). Figure 4
hows the wavelet basis functiofsin two dimensions. At
Irst glance it might seem surprising that, unlike the 1D case,
“both f andg enter the wavelet basis in two dimensions. Fig-
. . . L ure 4 clarifies this: in order to fully encode an arbitrary shape
location. The set of possible scales and locations is dlscret%]c a measurable 2D function, one considers it as an addition
The .DWT formalizes th.e.two.—dlmensmnal 'pgrncle d|str.|bu— of a change along [f(#)g(7), panel(b)], a change along
tion in each PB-Pb collision in pseudor_apldltw and azi- 5 [g(#)f(5), panel (0], and a saddle-point pattern
muthal angle ¢ by performing an image analysis— [1(#)f(7), panel(@)], added with appropriate weigkposi-
transforming the event into a set of functions orthogonal withtive, negative, or zedo for a variety of scales. The finest
respect to scale and location in thg, () space. We accu- scale available is determined by the detector segmentation,
mulate texture information by averaging the power spectra ofvhile coarser scales correspond to successively rebinning the
many events. track distribution. The analysis is best visualized by consid-
The simplest DWT basis is the Haar wavelet, built uponering the scaling functio,; ;(#,7) as binning the track
the scaling function 23] g(x) =1 for 0O<x<1, and 0 other- distributionp(¢, ) in binsi,j of finenessn, while the set of
wise. The function wavelet functionézﬁ‘mi’j((b,n) (or, to be exact, the wavelet

B. Discrete wavelet transformation(DWT)

Discrete wavelets are a set of functions, each having
proper width or scale, and a proper location so that the fun
tion differs from O only within that width and around that

FIG. 4. Haar wavelet basis in two dimensions.
The three modes of directional sensitivity deg
diagonal, (b) azimuthal, and(c) pseudorapidity.
For the finest scale used, the acceptance of a Si
pad would correspond to the white rectangle
drawn “on top” of the function in pane{a). Ev-
ery subsequent coarser scale is obtained by ex-
panding the functions of the previous scale by a
factor of 2 in both dimensions.
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expansion coefficient@,Fﬁnvi'j)) gives the difference distri- e = 40 [ L
bution between the data binned with given coarseness and =3 a0l |
that with binning one step finer. ) g
While the DWT analyzes the obje@n image, a sequence q 9 CEoo—fefeo
of data points, a data arrply transforming it, thefull infor- scgle ﬁ%ene‘mss
mation content inherent in the object is preserved in the
transformation. = 200 i ! ' '
We adopt the existing25] 1D DWT power spectrum 5 3 q00 - i
. . . . . o
analysis technique, and expand it to two dimensions. The =
track density in an individual event j5( ¢, ) and itslocal b) R e O §
fluctuation in a given event is=(p—p,p—p), Wherep is 1 scg,e ﬁ%ene“ss
the average (over the acceptangén the given evenf26]. - | | | |
Using the completeness of the basis, we expand ‘£ e o o o
== 1+ —
—p=(p,FN OFN . —(p,FN . VFN (6) E
P=P= P mii’Tmi,j— \PrFmij/Tmiij- &
n: 0 1 | 1 1

Note thatp, being constant within the detector’s rectan- scza']e ﬁ%ene4ss

gular acceptance, is orthogonal to aﬁ%’i’j with m=1.

- c)
m,i,]

=0\ Omm' 6ii" 0, the p—p components for different FIG. 5. Understanding the analyzing potency of the DWT power
scales do not form cross-terms in thé sum, and the sum spectra:(a) for a checkerboard patterth) for a smooth gradient
contains no cross-terms betweeandp for the four observ-  pattern, and(c) for a sample of a thousand random white noise
able scales. Instead of @,G_s; ;) Set, the Si detector Images—in this case thaveragepower spectrum is shown.

en:argy amplitude array—its ClOSﬁSt experimentally aChier\]’épplied the wavelet transform to three test patterns, shown in
able approximation—is used as the DWT input. We used the;jg 5 || patterns are 1816 pixel matrices. The left-hand

WAILI [27] software library to obtain the wavelet decompo- gide shows the test pattern, and the right shows the power
sitions. _ _ _spectrum resulting from the wavelet transform. Pattarna
The Fourier power spectrum of a random white-noisecheckerboard, has structure only on the finest scale and all
field is known to be independent of frequeri@@]. We are  power components of scales coarser than 4 are zero. Pattern
looking for dynamical textures in the data, and therefore(b) has exactly the opposite scale composition: the slow gra-
would like to treat the random white noise case as a “trivial” dation between black and white corresponds to a structure on
one to compare with. Therefore, it is interesting to reformu-the coarsest scale, as seen in the accompanying power spec-
late this property for wavelets, where scale plays the samgum. The smoothness of the gradient means that neighbor-
role as frequency in a Fourier analysis. to-neighbor changes do not add much to the pattern once the
To do this we link scales with frequencies, or in otheroverall trend(the large scale featurés taken into account.
words, we must understand the frequency spectra of the These two examples illustrate the property of scale local-
wavelets. The Fourier images of 1D wavelet functions ocization, made possible by virtue of the scale orthogonality of
cupy a set of wave numbers whose characteristic broadnesise basis. Patterns encountered in multiple hadron production
grows with scale finenesa as 2"; 2°™ should be used in the involve a variety of scales, and yet they are more likely to be
2D case. Discrete wavelets of higher orders have better fresf type (b) rather than(a@). An important conclusion follows
quency localizations than the Haar wavelets. Despite this admmediately: in this type of measurement, large acceptance,
vantage, we use Haar wavelets because only Haar waveldike the one used in this analysis, rather than fine segmenta-
allow one to say that the act of data taking with thenned tion, is the way to accomplish sensitivity.
detector constitutes the first stage of the wavelet transforma- Case(c) shows patterns that arise from white noise. They
tion. produce signals in the power spectrum independent of scale,
In two dimensions, we find it most informative to presentas expected. In the first approximation, the white noise ex-
the three modes of a power spectrum with different direcample provides a base-line case for comparisons in a search
tions of sensitivityP?”(m), P?(m), andP”(m) separately. for nontrivial effects.
We define thepower spectrunas Figure 6 shows the power spectra measured i P for
one multiplicity range. The unit on the vertical scale
[0?/{dEy,p)?] is chosen so that the power of fluctuations,
whose variance? is equal to the squared mean energy loss
by a minimum ionizing particle traversing the detector, is the
where the denominator gives the meaning of spedeabity  unit. The first striking feature is that the power spectra of
to the observable. So defined, th&(m) of a random white-  physical events are indeed enhanced on the coarse scale. The
noise field is independent . task of the analysis is to quantify and, as much as possible,
In order to illustrate the sensitivity of the wavelet trans- eliminate “trivial” and experiment-specific reasons for this
formation to texture features of the different scales, we havenhancement.

. . \ N’
Due to the orthonormality conditior(F Fm,‘i,'j,>

1
PYm)= Som IE] <P’F)r;1,i,j>2’ )
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< 10 F 1[F. ‘ 1[lg" ] spectra of local fIl_JctuatiQns. The method of solving the prob-
% F R s 1Fae, o 1fF @ . lem is a comparison with the reference sample created by
w4 L 11l o o 1L & event mixing. Thus thé®,,,.— Pnix Observable was created.
2 . For comparison with models, a Monte Carlo simulation of
) af 5 the Si detector is used. It includes the known static texture
T 10 F o N Sodf =i effects and undergoes the same procedure to remove the ef-
Y [ To 1f C1E L] fects. The “irreducible remainder” is the residual effect
6o 2 4 0 2 4 0 2 4 which may (1) survive the elimination procedure, arig)
on fineness ¢ fineness  n fineness emergeas a differencebetween the data, subjected to the

elimination procedure, and the MC analyzed in the same
FIG. 6. Power spectra of ¥10° events in the multiplicity bin  manner.

326<<dN/d7<398 (between~6% and 10% centralijy O, true Table |1 lists the sources of static texture and summarizes
events;A, mixed events[], the average event. the methods of their treatment. We group thackground
o _ texturesources according to similarity of manifestation and
C. Identification and control of systematic errors treatment, into(i) statistical fluctuations(ii) static texture,

The average event, formed by summing amplitude image8nd (i) background dynamic texture.
of the measured events in a given multiplicity bin, and di- The statistical fluctuation is the most trivial item in this
viding by the number of events, has a much reduced texturlist. Both event mixing(provided that mixing is done within
as statistical fluctuations candshown a1 in Fig. 6). Av-  the proper multiplicity clagsand a Monte CarlgMC) com-
erage events retain the texture associated with the shape parison solve this problem. The statistical fluctuations do not
d2N/d¢d», with the dead channels and the finite beam geo¥esult in irreducible systematic errors.
metrical cross sectiofthough this is only partially visible in The static texture group includés the geometrical offset
the average event, due to the fact that event averaging Rf the detector with respect to the beam’s “center of gravity”
done without attempting to select events according to thén the vertical plane(ii) dead pads, andiii) the dN/d7
vertex position. P*(m) is proportional to the variance, or shape: a genuine large scale multiparticle correlation sensi-
squared fluctuation?. Therefore, for Poissonian statistics of tive to the physics of the early stage of the collision.
hits in a pad, the event averaging owdrevents should de- The cleanliness of the static texture elimination via event
creaseP*(m) by a factor ofM. The average event whose Mixing has been checked by simulating the contributing ef-
power spectrum is shown on Fig. 6 is formed by adding 7fects separately. First, we ran the detector response simula-
X 10° events; however, it®(m) is down less than % 10° tion on MC-generated eventgithout an offset of the beam
compared to that of the single events. This demonstrates thifith respect to the detector and with a beam of zero thick-
the average event's texture is not due to statistical fluctua€ss, it was ascertained that the remaining dynamic texture is
tions, but, rather ispredominantlydue to the systematic un- Very small compared with the systematic errors due to the
certainties listed. Consequently, we can use the averageackground Si hits and the beam geometrical cross section,
events PM(m) to estimate the magnitude of the static for all scales and all directional modas Due to the finite
texture-related systematics. As seen from Fig. 6, the systenfize of the multiplicity bin, the mixed events consist of sub-
atics are far below the®*(m) of single events(true or  €vents coming from events of different total multiplicity.
mixed), with the exception of pseudorapidity, where the non-With the sectpr-_wise mixing_, this causes an additional sector-
constancy ofdN/d# over the detector’s acceptance is vis- {0-S€ctor variation of amplitude in the mixed events, thus
ible. resulting in an enhancement Bﬁ’]ix primarily on the finest

The way to get rid of the “trivial” or static texture is to scale, with respect tﬁﬁue. In Fig. 7, this effect can be seen
use mixed events, taking different channels from differenas theP¢, . — PZ;, values progressively grow negative with
events. The mixed events preserve the texture associatedultiplicity in the finest scale plot. However, as can be seen
with the detector position offset, the inheretitl/d» shape, on the same figure, the effect is small compared with the
and the dead channels. This istatictexture, as it produces total systematic error bars shown as boxes.
the same pattern event after event while we are searching for The background dynamic texture group include<llip-
evidence of dynamic texture. We reduce sources of the statitic and directed flowfii) finiteness of the beam cross section,
texture in the power spectra by empty target subtraction andii) background hits in the Si, andv) the channel-to-
by subtraction of mixed events power spectra, thus obtaininghannel cross-talk.
the dynamic texture P(m)yye— PN (M) mix. IN order to re- Elliptic and directed flows, observed at SP$5], are
produce the electronic cross-talk effects in the mixed evenfarge-scale dynamic texture phenomena of primarily azi-
sample, the mixing is done sector-wise, i.e., the sectors comnuthal (elliptic) and diagonal(directed flow modes. Be-
stitute the subevents subjected to the event number scrarnause both the reaction plane and direction angle vary event
bling. by event, the respective dynamic textures cannot be sub-

We continue with a brief summary of the systematic er-tracted by event mixing, unless the events are classified ac-
rors in the measurements of the DWT dynamic texture obcording to their reaction plane orientation and the direction
servableP;,,.— Pmix. The static texture and dynamic back- angle, with mixing andP;,,.— Pmix Subtraction done within
ground texture present the largest problem in the search fdhose classes. Neither the reaction plane nor direction angle
the phase transition-related dynamic texture via the powewas reconstructed in the present analysis, Bigde— Pmix
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TABLE I. Sources of background textufdynamic and statjcand their treatment. The irreducible re-
mainder estimate is quoted for diagonal texture correlation in the<82§d <398 bin, and is expressed in
the units ofo?/(dEyp)?; see text for information on how it was obtained.

Correction
event mixing

Source subtract subtract preserve do Irreducible
empty mixed sectors MC remainder
target events estimate

o?{dEy;p)*

stat. fluctuations N/A yes N/A yes 0

dN/d n shape, N/A yes OK yes 0

offset, dead pads

finite beam yes 0.14

Xsection N/A N/A N/A

1X2 mm

background hits yes yes yes can’t

channel Xtalk ] >0.070,<0.37

8.5% for N/A yes yes can’t

neighbors

(especially that of the azimuthal and diagonal modes on thaith multiplicity, on a coarse scale, attributed to the geo-
coarse scaleretains the elliptic and directed flow contribu- metrical offset of the detector with respect to the bedime
tion. The effects of flow on dynamic texture observables aréeading one in the static grolpis present in the switched
smaller than other texture effects, so they cannot be singlegolarity empty target runs as well. For this reason, it was
out and quantified in this analysis. impossible to disentangle the background dynamic contribu-
The finite beam cross-section effect belongs to this grouption on the coarsest scale. In Table I, the “irreducible re-
despite the fact that a very similar effect of the geometricalnainder estimate” for the diagonal, coarse scale is bracketed
detector or beam offset has been classified as static texturgith two numbers, which form the lower and upper esti-
An effect must survive mixing with its strength unaltered in a5 The lower estimate is obtained by taking the scale one

foct of d i i the PIPb . " &init finer and quoting its number. This, indeed, sets the lower
efiect of random variations in the vertex on ihe I%mit because the deviations d(m) e from P(m)mix

power spectra n the mixed events requires a classlflcatlon 0generally grow with scale coarseness. The upper limit is set
events according to the vertex position, and mixing only,

within such classes. This requires a knowledge of the vertegy ascribing theentire texture correlation, abserved in the

for each event, which is not available in this experiment. -electron data, to the background hits and channel cross-

Therefore, a MC simulation of the beam profile remains thé@/k: and ignoring the fact that significant portion of it must
only way to quantify the false texture arising from vertex be due to the vertex fluctuatioffinite beam me”@i This
variations. MC studies with event generators showed that thePPer limit is likely to be a gross overestimation, and in Fig.
beam spatial extent and the resulting vertex variation is thd We show systematic errors, obtained by adding in quadra-
source of the growth of the coarse scal@muthaltexture ture the finite beam error with the background hit error.
correlation with multiplicity(see Fig. 7. The uncertainty in

our knowledge of the beam’s geometrical cross-section must IV. RESULTS

be propagated into a systematic error®p,e— Pmix- . . .
The other two effects in this group are difficult to separate 19Uré 7 presents a comparison of the DWT dynamic tex-

and simulate, and the error estimate reflects the combine® in the measured and relativistic quantum molecular dy-
effect. The systematic errors were evaluated by removing thB@Mics(RQMD) simulated 30] Pb+Pb collision events. The
Pb target and switching the magnetic-field polarity to exposdhree directional sensitivity modesiagonal¢ 7, azimuthal
the given side of the detector ®electronsfrom the air and ¢, and pseudorapidity)) have four scales each, so that there
TO), while minimizing nuclear interactions. This gives an are 12 sets of points in the DWT dynamic texture as a func-
“analog” generator of uncorrelated noise. All correlations tion of the charged multiplicitgiN.,/d 7 bin. The systematic
[i.e., deviations ofP*(m) e from P*(m).i] in this noise  errors on the pointgshown by vertical bajshave been
generator are treated as systematic uncertainties. Thus thésaluated following the procedure described in detail in Sec.
component of the systematic error receives a sign, and thidl.

systematic errors are asymmetric. The effect of increasing Figure 6 demonstrates that the major fraction of the ob-
the texture correlatiorifor diagonal and azimuthal modes served texture also exists in mixed events. A detailed account
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modes with 90% and 95% confidence, respectively. The
monotonic fall of the curve is consistent with the absence of

FIG. 7. Multiplicity dependence of the texture correlatich, ~ abnormal subsamples in the data.
the NA44 data®, RQMD. The boxes show the systematic errors RQMD events were fed into the GEANT detector re-
vertically and the boundaries of the multiplicity bins horizontally; Sponse simulation and analyzed using the same off-line pro-
the statistical errors are indicated by the vertical bars on the point:edure as used for the experimental data. The detector offset
The rows correspond to the scale finenassthe columns to the Wwith respect to the beam center of gravity and the beam
directional modex (which can be diagonap», azimuthalg, and  profile were included in the simulation. In a separate simu-

dN/dn charged

pseudorapidityy). lation run, the beam profile was identified as the cause of the
. . . _ rise of the azimuthal dynamic texture with the multiplicity on
of the causes was discussed in Sec. I, including knownhe coarse scale. In our experiment, this purely instrumental

physics as well as instrumental effects. It is therefore cleaeffect dominates the azimuthal component of the DWT dy-
that the observable most directly related to the dynamicahamic texture.

correlations and fluctuations is n&*(m) but P*(m) e The most apparent conclusion from Fig. 7 is that a large
—P*(mM)mix. This quantity, normalized to the rms fluctua- fraction of the texturgseen on Fig. Bis not dynamic, i.e.,
tion of P*(m),ix, can be used to characterize the relativenot different between true and mixed events. Being mono-
strength of local fluctuations in an event. The distribution fortonic (or absent, the change of the data points with multi-
different A (or direction$ is plotted in Fig. 8 in an integral plicity does not reveal any evidence of a region of impact
way, i.e., as anx(x) graph where, for everyk, « is the parameters or baryochemical potentials with qualitatively

fraction of the distribution above: different properties, such as those of a critical point neigh-

borhood. The RQMD comparison confirms that particle pro-

+°°d duction via hadronic multiple scattering, following string de-

a(X)= f df/f ®)  cavs (wi o ol
ys (without critical phenomena or phase transijiaran

explain the observed results when detector imperfections are

where ¢ denotes the fluctuation strength, taken into account. A more detailed discussion of the impli-
cations of these data on various phase transition models will

PM1)true— PM1) mix © be given in Sec. VI.
RMSPM(1)mid

. . T . V. SENSITIVITY
anddN/d¢ is the statistical distribution of, obtained from

the experimentally known distributions d®*(1);,. and Interesting physics can manifest itself in the ensemble
PM(1)mix- Expressior(9) is constructed to be sensitive to the probability density distributions as well as in the event-by-
difference betwee (1), andP(1)mix, While minimiz-  event(EbyE for short observables. To illustrate the power of
ing detector specifics to enable comparison between differerthe EbyE observable we used, we should construct final
experiments in future. The latter is accomplished by normalstates of charged particles indistinguishable from the point of
izing to RMS,,;,. This normalization also eliminates the view of “traditional,” or ensemble-wise observables, such as
trivial multiplicity dependence of the observable. (1) dN/dy distribution,(2) dN/dpy, 1/mTdNdmy distribu-

The fluctuation strength observable provides a limit on theions, etc., and3) multiplicity distribution, and compare the
frequency and strength of the fluctuations and expresses ttsensitivity of the above-mentioned observables with that of
result in a model-independent way. Téenfidence levekith ~ the EbyE one.
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FIG. 9. dN/dy distribution of charged particles in the multifire- ~ FIG. 10. Coarse scalg texture correlation in the NA44 data,
ball event generator in fouindividual eventswith different number ~ shown byO (from the top right plot of Fig. ¥, is compared with
of fireballs: A, two fireballs; O, four fireballs; ¢ , eight fireballs; that from the multifireball event generator for three different fireball
O, 16 fireballs. One can see how the texture becomes smoother &&€s. Detector response is simulated. The boxes represent system-
the number of fireballs increases. We remind the reader that thatic errorbargsee the caption of Fig.)7
detector’s active area coversazimuthally and the pseudorapidity
from 1.5 to 3.3. In general, acceptance limitations make it mordiar to these particular events, and are gone aftsfdy of
difficult to detect dynamic textures. many events are added.

We simulated average fireball multiplicities of 10, 50, 90
A sensitivity study was performed using a multifireball (with RMSquctuatlon of 3’- and Iarger. Figure 10 shov_vs_

. ) comparison of our data with the simulated pseudorapidity
event generator created specially for th's_ purpose._The 9€Max- ture. With~10* events, the detector plus software can
erator produces textures of known magnitude by simulatingige rentiate between the cases of 50 and 90 particle fireballs.
the _observed multlpll_cny as arising from an arb|tra_ry numb_er-rhe signal grows with the charged particle multiplicity and
of fireballs. Correlations among groups of particles arisyji, N,. Figure 10 provideguantitativeinformation on the
when the particles come from the same fireball. We do nokensitivity of the texture measurements by relating the ex-
suggest that the physics of PPb collisions is properly de- pected strength of response to the strength of texture via
scribed by a superposition of fireballs of a fixed size. Rathervonte Carlo simulation. The sensitivity is limited by system-
we use the fireballs as a way to generate controlled multipaatic errors of the measurement, discussed in Sec. lIl. Never-
ticle correlations. theless, it is instructive to compare sensitivity of this method

This picture is inspired by Van Hove’s scenaf®] of a  with other methods; in particular with two point correlators.
first-order phase transition via droplet fragmentation of a The sensitivity of the method is remarkable indeed if one
QGP fluid. We measure texture in two directions, spanned byakes into account that statistics in the fifth multiplicity bin
polar and azimuthal angles, and are also sensitive to the sptor each of the three event generator points is below 3
tial texture of longitudinal flow. For a boost-invariant expan- x 10* events—too scarce, e.g., to extract three source radius
sion[31], two droplets, separated along the longitudinal co-parameters via HBT analygi42] even with a well optimized
ordinate, will be separated yand 5. As long as there is a spectrometer.
longitudinal expansion, a spatial texture will be manifested The use of two particle correlation in rapidif,(y) to

as a(pseudgrapidity texture. In the multifireball event gen- gearch for droplets was discussed fop collisions aty/s
erator, we generate the p_seudorapidity texture explicitly—1 8 Tev (at FNAL) [32]. R, was reported todecrease
omitting the spatial formulation of the problem. The tatal  ith multiplicity, so that it would not be expected to be vis-
of each fireball is 0; its totap, is chosen to reproduce the jple for dN/dy above~ 20; the signal would beveakerin a
observediN/dy of charged particles by Lorentz boosting the scenario with correlated droplets. In contrast, the wavelet
fireballs along th& direction, keeping the totad of an event transformation retains sensitivity at high multiplicity, as we
at 0 in the rest frame of the colliding nuclei. The fireballs see in Fig. 10. In the fifth multiplicity bin, with total number
hadronize independently into charged and neutral pions andf hadrons at freeze-out around X.50?, a typical fraction
kaons mixed in a realistic proportion. By varying the numberof particles coming from the same fireball for the clustering
of particlesN,, per fireball, one varies the “grain coarseness” parameters of 5090) would be 3%(6%) [33]. In either case
of the event texture im. there is little hope of seeing any trace of such dynamics
To illustrate the discussion, Fig. 9 presents examples oéither in ensemble-averaged/dy or in dN/dy of a single
dN/dy distributions in four events with different number of event, but the systematic difference between the power spec-
fireballs. The dynamic textures seen on the figures are pectra of the real and mixed events, integrated over multiple

044903-9



|. BEARDEN et al. PHYSICAL REVIEW C 65 044903

events, nevertheless reveals the difference. The data are comith this method, a texture sensitivity at least down to the

sistent with clustering among 3% of the particles. typical fireball (cluste) sizes observed ipN collisions in
cosmic rays and accelerator experimelg9,40 would be
VI. DISCUSSION necessary. In the absence of such direct evidence, the nonob-

. _servation of critical fluctuations can imply either the absence
The order of the expected QCD phase transitions igf a second-order phase transition or presence of thermal
known to be a complex issue for realistic current masses ofquilibration—the latter voids the criticality signature, ac-
quarks in the system of a finite size. It is generally expectedording to Rajagopal and Wilczgi2].
that a first-order phase transition would be easier to observe.

Our dynamic texture measurement tests the hypothesis of the
first order phase transition viRGP droplet hadronizatiof]
in a way more direct than interpretation @f spectra involv- We have developed a method of measuring the dynamic
ing latent heat. Our result can be used to constrain phenongomponents of local fluctuations in charged particle density
enological quantities which represent basic QCD propertiesh pseudorapidity and azimuthal angle, and applied the
and affect texture formation in this class of hadronizationanalysis to Ph Pb collisions measured by the NA44 experi-
models[4,6,8. Such quantities are the energy flux, or thement. Comparison of the data to a simple Monte Carlo tex-
rate at which the QGP transmits its energy to hadronsure event generator indicates that sensitivity to pseudorapid-
[34,39, the critical size of the QGP dropl¢6], and the ity density clusters involving as few as 3% of the particles is
initial upper energy density of the transitiag . accomplished in this experiment. The probability of encoun-
The specific experimental signature of a second-ordefering a real event whose dynamic azimuthal texture exceeds
phase transitioiknown since the discovery of critical opal- in strength that of a random mixed event bRBIS is below
escencg36]) is the emergence of critical fluctuations of the 10%. For the pseudorapidity texture, the respective probabil-
order parameter with an enormous increase of the correlatioity is below 5%. We conclude that this method of event-by-
lengths. However, for physical quark masses Rajagopal angvent analysis, sensitive to particular signatures of first- and
Wilczek[12,37] argued that, due to the closeness of the piorsecond-order phase transitions, does not reveal such sig-
mass to the critical temperature, it would be unlikely for thenatures in 158-GeV/A PbPb collisions at the SPS.
correlation volumes to include large numbers of pions, if the
cooling of the plasma and hadronization proceeds in an ACKNOWLEDGMENTS
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