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Transverse momentum fluctuations in nuclear collisions at 158 GeV
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Results are presented on event-by-event fluctuations in transverse momentum of charged particles, produced
at forward rapidities in p+p, C+C, Si+Si, and Pb+Pb collisions at A6&V. Three different characteristics
are discussed: the average transverse momentum of the evemthIﬁelctuation measure, and two-particle
transverse momentum correlations. In the kinematic region explored, the dynamical fluctuations are found to
be small. However, a significant system size dependendeppfs observed, with the largest value measured
in peripheral Pb+Pb interactions. The data are compared with predictions of several models.
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[. INTRODUCTION a transient state of deconfined matter may be created at col-
lision energies as low as 48GeV.

Nucleus-nucleugA+A) collisions at relativistic energies QGP formation is expected to occur at the early collision
have been intensely studied over the last two decades. Tlgage when the system is sufficiently hot and dense. In the
main goal of these efforts is to understand the properties afourse of further evolution, the system dilutes and cools
strongly interacting matter under extreme conditions of highdown, hadronizes, and finally decays into free hadrons.
energy and baryon densities when the creation of the quarkrherefore, the final state hadrons carry only indirect infor-
gluon plasma(QGP) is expected[1]. Experimental results mation about the early stage of the collision. Thus, firm con-
obtained in a broad range of collision energies indicate thatlusions about the creation of deconfined matter require
an extended zone of strongly interacting dense matter indeestudying a variety of collision characteristics.
occurs in the collision process. Various collision characteris- As fluctuations are sensitive to the dynamics of the sys-
tics and their collision energy dependence sugfgg8| that tem, in particular at the phase transition, the analysis of
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event-by-event fluctuations has been proposed as an impahose of an equilibrated system when the number of partici-
tant tool in the study of A+A collision$4]. Large accep- pating nucleons increases.

tance detectors, which allow the observation of a significant When measuring event-by-event fluctuations in A+A col-
fraction of the final state particles, have made this suggestiofisions, one should consider the influence of two trivial
truly attractive[5]. First pioneering studies were carried out sources of fluctuations. The first one is caused by event-by-
by the NA49 collaboration on the fluctuations of the averagesyent fluctuations of the collision geometry and the second
transverse momenturf6] and theK/ s ratio [7] in central  gpe py the finite number of particléstatistical fluctuations

Pb+Pb collisions at the CERN super proton synchrotronrrpe gynamical fluctuations of interest have to be extracted
(SPS. Transverse momentum fluctuations were further stud¢,om the noise caused by these trivial sources.

ied in several experiments at the CERN SB®] and the In such a situation, a suitable choice of statistical tools for

BNL relativistic heavy ion collidefRHIC) [10,11). The ba- the study of event-by-event fluctuations is really important.

sic finding is that the fluctuations are larger than those X1 this work. mainlv the fluctuation measuieintroduced in
pected for uncorrelated particle production. ’ Y

There are a number of collision characteristics that can b 12] will be employed. However, other fluctuation measures

inferred from experimental data on event-by-event fluctua- ave also been proposed and studied, e’_Tg?dy“ [2_6]’ A‘TPT
tions. First of all, the fluctuation analysis can help to resolvel27], and %, [28]; these measures are in fact interrelated.
the long-standing problem whether, or rather to what extentThe ® value is expected to be zero when interparticle corre-
the strongly interacting matter, emerging from the early colJations are absent. It also eliminates “geometrical” fluctua-
lision stage, achieves both thermdl2—-14 and chemical tions due to the impact parameter variation. Thds,is
[15,19 equilibrium. In the NA49 investigation of eventwise “deaf” to the statistical noise and “blind” to the collision
fluctuations in theK/ 7 ratio [7] in central Pb+Pb collisions centrality. The® measure was already used in the previous
at 158AGeV, no significant deviations from the hadrochemi- experimental study6] of p; fluctuations. It was also calcu-
cal equilibrium ratio were found. If the equilibrium is indeed lated within various models of nuclear collisiof29-34.
reached, the system’s heat capa¢ity,18 and its compress- However, in these model considerations, the effects of ex-
ibility [19] can, in principle, be deduced from the tempera-perimental acceptance were usually not taken into account.
ture and multiplicity fluctuations, respectively. While large Consequently, most of these results cannot be compared to
multiplicity fluctuations can be treated as a signal of particlethe data.
production via cluster$20] or supercooled droplets of de- For better understanding of the structure of the correla-
confined mattef21], small final state fluctuations of the con- tions contributing to®, two-particle transverse momentum
served charges, electric or baryonic, can occur when fluctuacorrelations(as proposed ifi27]) are studied as well. A pre-
tions generated in the plasma phase are frozen due to thieninary analysis was presented [i85].
rapid expansion of the systef22,23. On the other hand, This paper is organized as follows: In Sec. Il the statistical
significant transverse momentum and multiplicity fluctua-tools used in this analysis are introduced and briefly dis-
tions can result if the system hadronizes from a QGP near theussed. The experimental setup and procedures are presented
predicted second order critical QCD end pdih8,24. The in Sec. lll. Experimental effects such as detector acceptance
latter has been shown by recent lattice QCD studies to occuand two-track resolution are discussed in Sec. IV. The results
at a substantial baryochemical potentiab], characteristic on the system dependence of the fluctuations are pre-
of the CERN SPS energy range. sented in Sec. V. Discussion of the results and their compari-
The results of fluctuation and correlation measurementson with theoretical models is given in Sec. VI. A summary
can be significantly affected by the acceptance coverage afoses the paper.
the detector. The size of this bias in general depends on the
nature of the underlying dynamics. Therefore, care has to be
taken to compare results from different experiments and
from model calculations under similar experimental condi- There are numerous observables that can be used to mea-
tions, such as kinematic acceptance of particles used in thsurep; fluctuations in high energy collisions. A natural one

analysis and selected centrality of the collisions. is the distribution of the average transverse momentum of the
This paper extends the previous stud@j of the NA49  events defined as

experiment of event-by-event transverse momentum fluctua-
tions. The main objective is to observe how the fluctuation 1

pattern changes with increasing number of nucleons partici- M(py) = NZ Pri» (1)
pating in a collision, i.e., with the system size. For this pur- =

pose, not only Pb+Pb collisions at various centralities aravhereN is the multiplicity of accepted particles in a given
studied, but also p+p, C+C, and Si+Si interactions at @&vent andpy; is the transverse momentum of tik particle.
beam energy of 158 GeV per nucleon. In particular, it will beThe distribution ofM(py) is usually compared to the corre-
checked whether the correlations present in the final state gfponding distribution obtained for “mixed events” in which
p+p interactions survive in the collisions of heavier systemsthe particles are independent from each other and follow the
as expected if the nucleus+nucle(&+A) collision is a  experimental inclusive specti@he multiplicity distribution
simple superposition of nucleon+nuclegN+N) interac- for mixed events is the same as for the gatadifference
tions. Moreover, a test will be performed of the reasonablédetween the two distributions signals the presence of dy-
expectation that the fluctuations become more similar tayamical fluctuations. Since thé(py) distribution crucially

II. MEASURES OF FLUCTUATIONS

N
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depends on the particle multiplicity, the method cannot be The correlations can be studied by plotting the cumulative
used to compare systems of significantly different multiplici- p; variables of particle pairs. Namely, for a given particle,

ties. instead of itspr one introduces the variabledefined ag36]
A more appropriate measure is the quandity12] which, or

by its construction, is insensitive to the system size. In this x(py) :f p(pr)dpy, (4)

paper the® measure is used for the analysis mf fluctua- 0

tions (@, ). Following the authors of12], one defines the
single-particle variablepT:pT—pT, with the bar denoting av-
eraging over the single-particle inclusive distribution. One
easily observes thaq,T=0. Further, one introduces the event
variabIeZpT, which is a multiparticle analog (z[)T defined as

where p(py) is the inclusivepy distribution, normalized to
unity, which is obtained from all particles used in the analy-
sis. By construction, the variable varies between 0 and 1
with a flat probability distribution. The two-particle correla-
tion plots, as presented in this paper, are obtained by plotting
(Xq,%y) points for all possible particle pairs within the same
_ event. The number of pairs in eatk,x,) bin is divided by

Zp, = E (Pri=pr), ) the mean number of pairs in a biaveraged over allx;,X,)

= bing]. This two-dimensional plot is uniform when no inter-

) ) ) ] particle correlations are present in the system. Correlations
where the summation runs over particles in a given evenigye to the Bose statistics produce a ridge along the diagonal
Note that (ZpT):O, where(...) represents averaging over of the (x1,%,) plot, which starts at0,0) and ends af1,1),

N

events. Finally, theb, measure is defined as whereas temperature fluctuations lead to a saddle shaped
structure[27].
72 As will be seen in the figures, the distribution xaf or x,
_ ( pT> _ /ZrZJ _ 3) obtained from the two-dimensionét,,x,) plots by project-
Pr (N) T ing on thex, or x, axis is not flat. This is due to the method

by which the plots are constructed. Namely, each pair of

The second part of Eq3) is simply the dispersion of the particles is represented by a point on the plot. Therefore, the
inclusive pr distribution (further denoted asy, ). It can be  events with higher multiplicities are represented by a larger
easily shown thatb, =0, when no interparticle correlations number of pairs than those with smaller multiplicities. Since
are present and the single-particle spectrum is independent tife shape of th@; distribution depends on the event multi-
multiplicity. As already mentionedp,, is insensitive to cen-  plicity, the projection of the two-dimensional plot aqor x;
trality. This property may be expressed as followls; is is no longer flat. However, it should be stressed that in the
independent of the distribution of the number of particle@bsence of any correlations thi&;,x,) plot is uniformly
sources if the sources are identical and independent frorpopulated and th&; andx, projections are flat.
each othef12,14. In particular,(l),JT does not depend on the
impact parameter if the A+A collision is a simple superpo-
sition of N+N interactions.

~ In spite of the abovementioned advantages, there is an The NA49 experiment is a large acceptance hadron spec-
important disadvantage of usird, in the fluctuation analy-  {rometer at the CERN-SPS used to study the hadronic final
Sis. WhiIe(IDpT is sensitive to the presence of dynamical cor-states produced by collisions of various beam partigle®b
relations in a system, it does not disentangle their naturefrom the SPS and C, Si from the fragmentation of the pri-
Fluctuations of very different character contributedtg. I mary Pb beamwith a variety of fixed targets. The main
order to achieve a better understanding of the fluctuatioracking devices are four large-volume time projection cham-
structure, one needs to apply a more differential me{2agl bers(TPCs (Fig. 1), which are capable of detecting 80% of

I1l. EXPERIMENTAL SETUP
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approximately 1500 charged particles created in a central TABLE I. Data sets used in analysis. Listed for p+p, C+C, Si
Pb+Pb collision at 158GeV. Two of them, the vertex +Si, and six centralities of Pb+Pb collisions at 188eV are:
TPCs(VTPC-1 and VTPC-2 are located in the magnetic number of eventsir/ oy, the fraction of the total inelastic cross
field of two superconducting dipole magng¢is5 and 1.1 T, section in that bin{Ny), the mean number of wounded nucleons;
respectively and two othergMTPC-L and MTPC-R are  andb, the impact parameter range.

positioned downstream of the magnets symmetrically to the

beam line. The results presented here are analyzed with a No. of events o/ oy in each bin (Ny) b range[fm]
global tracking schemg87], which combines track segments

that belong to the same physical particle but which werd®*P 570000 0.9 2

detected in different TPCs. The NA49 TPCs allow preciseC+C 33000 0.153 14 0-2.0

measurements of particle momergawith a resolution of  Sj+Sj 63 000 0.122 37 0-2.6

U(p)/p25(03—7)><10_4 (GeV/C)_l. The setup is Supple- Pb+Pl§6) 117 000 0.57 42 10.2—

mented by two time of flight detector arrays and a set 0be+Pt65) 59 000 0.10 88  9.1-102

calorimeters.

The targets, @561 mg/cm), Si(1170 mg/cm), and Pb+Pl{4) 68 000 0.10 134 7.4-91
Pb (224 mg/cnd) for ion collisions and a liquid hydrogen Pb+Pt3) 68000 0.11 204 53-74
cylinder (length 20 cm for elementary interactions, are po- Pb+Pl§2) 45000 0.075 281  3.4-53
sitioned about 80 cm upstream from VTPC-1. Pb+Pl§1) 180 000 0.05 352 0-3.4

Pb-beam particles are identified by means of their charge
as seen by a helium gas cherenkov cou¢’) and p-beam
particles by a 2 mm scintillatoiS2). Both of these are situ- IV. DATA SELECTION AND ANALYSIS
ated in front of the target. The study of C+C and Si+Si
reactions is possible through the generation of a secondary
fragmentation beam that is produced by a primary target The data used for the analysis consists of samples of p
(1 cm carboi in the extracted Pb beam. With the proper +p, C+C, Si+Si, and Pb+Pb collisions at 186eV. For
setting of the beam line magnets, a large fraction of allpp+pp interactions a minimum bias trigger was used allow-
Z/A=1/2 fragments at=158 AGeV are transported to the nq a study of the centrality dependence. The distribution of
NA49 experlr?(_ant. On.'“{.'lel’ ?elegtlon basergsoer; a pulsg ?e'ghénergy measured in the VCAL for the minimum bias Pb
measurement in a scintiiator beam cou IS used 10 4 pp events was divided into six centrality bifiEable ),
select par'qc_:les witlz =6 (Carbon ar;dﬁ—li%, 14, l|5(AI’.S" which are numbered from @he most centralto 6 (the most
P). In addition, a measurement of the energy loss in bean5eriphera}. For each bin of centrality, the range of the im-
position detector$BPD-1/2/3 in Fig. } allows for a further act paramete and the mean number of wounded nucleons

selection in the off-line analysis. These detectors consist ,
pairs of proportional chambers and are placed along th Ny were determined by use of the Glauber model and the

beam line. They also provide a precise measurement of théENUS event generatgB89]. The fraction of the total inelas-
transverse positions of the incoming beam patrticles. tic cross section of nucleus+nucleus collisi¢od ay,y) cor-

For p, C, and Si beams, interactions in the target are s¢esponding to each data set was obtained directly by use of
lected by an anti-coincidence of the incoming beam particléhe distribution of energy measured in the VCAL. In order to
with a small scintillation countetS4) placed at the beam estimate the correlation between the energy deposited in the
axis between the two vertex magnets. For p+p interactions alCAL and the impact parameter minimum bias, VENUS
158 AGeV, this counter selects @iggen cross section of events were processed through the GEANT detector simula-
28.5 mb out of 31.6 mb of the total inelastic cross sectiontion code, and the energy deposited in the VCAL was simu-
For Pb beams, an interaction trigger is provided by an antitated. The correlation betwe&rand(N,) was obtained from
coincidence with a helium gas Cherenkov coun®8) di-  Gjauber model calculations using the spectator-participant
rectly behind the target. The S3 counter is used to seleGhodel of A+A interactions. The values of/ oy, (Ny), and
minimum bias collisions by requiring a reduction of the ;) yresented in Table | are taken frge0] for minimum bias
Cherenkov signal by a factor of about 6. Since the Cherenpy 4 pp collisions and frorf#1] for C+C and Si+Si interac-
kov signal is proportional t&@?, this requirement ensures that tions
the Pb projectile has interacted with a minimal constraint on THe minimum bias Pb+Pb data consists of data taken

the type of interaction. This setup limits the triggers on non-y,,ring three different periods and at both magnetic field po-
target interactions to rare beam-gas collisions, the fraction ofities. The most central Pb+Pb events correspond to 5% of
which proved to be small after cuts, even in the case Ofq total geometric cross section. Since the minimum bias

peripheral Pb+Pb collisions. data provide only a small number of events in the most cen-

The centrality of the nuclear collisions is selected by us§g| pp+ph bin, additional central trigger runs were used.
of information from a downstream calorimet¢WCAL),

which measures the energy of the projectile spectator nucle-
ons. The geometrical acceptance of the VCAL calorimeter is
adjusted in order to cover the projectile spectator region by The aim of the event selection criteria is to reduce a pos-

A. Data sets

B. Event and particle selection

the setting of the collimatofCOLL). sible contamination with nontarget collisions. The primary
Details of the NA49 detector setup and performance ofvertex was reconstructed by fitting the intersection point of
tracking software are described [i88]. the measured particle trajectories. Only events with a proper
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FIG. 2. NA49%-pr accep-
tance of positively charged par-
ticles (standard configuration of
magnetic field for two selected
rapidity bins at 158AGeV. The
solid lines represent the analytical
parametrization.
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quality and position of the reconstructed vertex are accepted The NA49 detector is able to register particles produced

in this analysis. The vertex coordinatealong the beam has in a significantly wider rapidity range covering almost the

to satisfy|z—zy| <Az, where the nominal vertex positiag ~ whole forward hemisphere. It would be interesting to deter-

and cut parametekz values are: —579.5 and 5.5 cm, —579.5 mine the correlation measucpr in the mid-rapidity region.

and 1.5 cm, -579.5 and 0.8 cm, and -578.9 and 0.4 cm foPreliminary results for the rapidity range 2.9—-4.0 were re-

p+p, C+C, Si+Si, and Pb+Pb collisions, respectively. ported[42]. However, the azimuthal acceptance in this re-
In order to reduce the contamination of particles fromgion is more limited and systematic uncertainties affecting

secondary interactions, weak decays and other sources df _are not yet fully understood.

nonvertex tracks, several track cuts are applied. The acceptedD T

particles are required to have measured points in at least one _ _

of the VTPCs. A cut on the so-called track impact parameter, C. Corrections and error estimates

the distance between the reconstructed main vertex and the The statistical error o, was estimated as follows. The

- . . T
track in the target plane, is appliegb,| <2 cm and \hole sample of events was divided into 30 subsamples. The
Iby| <1 cm) to reduce the contribution of nonvertex par- yajue of®, was evaluated for each subsample and the dis-
t!clles. Moreo¥er,_part|c:eslare accerp])ted only \;vr;]en the potensersion(D) of the results was then calculated. The statistical
tial number of pointgcalculated on the basis of the geometry ... of ®,,_was taken to be equal ©/+30,

of the trach in the detector exceeded 30. The ratio of the The event and track selection criteria reduce the possible

number of points on a track to the potential number of pomtssystematic bias of the measur@gT values. In order to esti-

is required to be higher than 0.5 in order to avoid the count te th - ¢ i cainty. th | f cut
ing of track segments instead of whole tracks. Only forward"a!€ the remaining systematic uncertainty, the vaiues or cu

s ks( 4.0<y_ <5 ‘o lcul . parameters have been varied within a reasonable range apd
{ﬁglgli%/ntﬁ;si( foroallygart?c%s\r/ﬁﬁl(g;tgocicpi itidsaézli/r?éng the systematic error has been estimated as a half of the dif-

are used in this analysis. The abgueandpy cuts imply that fere.n.ce between the. highest and the IOV_\@% value. In
rapidities of the selected kaons and protons range from 2.7 @ddition, results obtained from the analysis of data taken at
5.0 and from 2.5 to 5.0, respectively. Note that the center ofVO different magnetic field polarities as well as from differ-
mass rapidity in the laboratory system is 2.91 at 2&&V.  ©ntrunning periods have been compared.

The NA49 detector provides a largbut not completg
acceptance in the forward hemisphere. Two example plots of TABLE Il. The parametrization of the NA49-p; acceptance
pr versus azimuthal angle (see Fig. 1 for definitionfor at 158AGeV for positively charged particlestandard configura-
positively charged particle§or the standard polarity of the tion of magnetic fielgl For negatively charged particles, one has to
magnetic field are shown in Fig. 2. The solid lines represent redefine the azimuthal angle and then use the same parametrization.
a parametrization of the acceptance limits by the formula

A[ c ] {Gev] [dengeV]
Ya "y Bl— ————
1 GeV ¢ c
Pr(d) = et ®) 39 a1 0 03 6500
41-4.3 0 0.3 5500
where the values of parameteks B, and C depend on the 4.3-4.5 0 0.25 4500
rapidity interval as given in Table Il. These values apply to4.5-4.7 0 0.25 3500
negatively charged particles as well, providgdh Eqg.(5)is  4.7-4.9 0 0.2 2500
replaced by sigh) -(180—-¢). Only particles within the ana- 4.9-5.1 0.5 0.2 2500
lytical curves are used in this analysis. This well-defineds 1_5.3 1.0 0.1 2500
acceptance is essential for later comparison of the resulis3_s g 15 01 2500

with models and other experiments.
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FIG. 4. The dependence dipT on the upper cut in the impact
é:)arametetbx|. For each point, the cut dh,| was equal half the cut
on|b,|. Note: the values and their errors are correlated. The dashed
line indicates the cut used in the analysis.
Event cuts are used to reject possible contamination of
nontarget interactions, however, there is always a small frac- As an estimate of the systematic error dy_a maximal
tion of remaining nontarget events that can influencedthe  error resulting from the above study has been taken. The
values. The dependence ®f,_on the event selection ciiz  systematic error is about 1.6 MeV/c for Pb+Pb collisions
is shown in Fig. 3. The observed variation(b[,T with Azis  and 1.2 MeV/c for p+p, C+C, and Si+Si interactions.
small. The estimated systematic error is smaller than It has already been show®] that the limited two-track
0.85 MeV/c for peripheral Pb+Pb collisions, 0.55 MeV/c resolution influences the measurdg values. In order to
for Si+Si data, and 0.5 MeV/c for p+p events. estimate this contribution, several samples of mixed events
The majority of tracks selected by the track selection cri-(for different A+A collisiong were produced. Mixed events
teria are main vertex tracks and the remaining fractionyvere constructed from original events, the multiplicities of
(=10%) originates predominantly from weak decays andmixed events being the same as in the case of real events but
secondary interactions with the material of the detector. Ineach particle in a mixed event taken at random from a dif-
order to estimate the influ_ence of this contamination on th@erent real event. Th@pT value calculated for the sample of
measured value cb,,, the impact parameter cut was varied iyo 4 events was consistent with zero. In the second step,
(Fig. 4). A small increase ofb, with increasing impact pa-  the mixed events were processed by the NA49 simulation
rameter cut is observed and may be due to the increasegware. The resulting simulated raw data were recon-

contribution of nonvertex tracks from weak decays and seCztcted and theb. measure calculated. The obtain@gT
ondary interactions. A direct estimate of the effect of nonver- P

tex tracks was obtained by use of events from the VENUS 15
event generatof39]. After full detector simulation and re-
construction by the standard program chain, it was found that
for central Pb+Pb collisions, where the bias is the largest,
the value of®, decreases by about 1 MeV when nonvertex
tracks (about 12% of all acceptedare excluded from the
analysis. The estimated systematic error due to the contami-
nation of nonvertex track@esulting from Fig. 4 is smaller
than 1.6 MeV/c for central Pb+Pb collisions, 0.75 MeV/c
for Si+Si data, and 0.35 MeV/c for p+p events.

Losses of tracks due to the reconstruction inefficiency and
track selection cuts influence the measuégr values. In
order to estimate this effect, the dependenc@QTf on the -5
percentage of randomly rejected particles was calculated.

These dependences for the most periph@galthe most cen- T S R AR R
tral (1) Pb+Pb collisions and for p+p interactions are shown 0 20 40 60 80 100

in Fig. 5. Within the considered kinematic regigiorward % of randomly rejected particles
rapidity) the tracking efficiency of our detector is higher than

95%. Figure 5 implies that the bias due to tracking ineffi- FIG. 5. The dependence @b, on the fraction of randomly
ciency is not higher than 0.5-1.0 MeV/c. rejected particles.

FIG. 3. The dependence dpr on the allowed distancAz of
the reconstructed event vertex from its nominal position. Note: th
values and their errors are correlated.

*  Pb+Pb (periph)

o Pb+Pb (5%)

10
s pp
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o
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1 The mean multiplicities of accepted particles, the disper-
R sions o =+(N)—(N?) of the multiplicity distributions, the
% mean inclusive transverse momenta, the dispersignsof
T = negatively charged 1
|

[MeV/c]

inclusive transverse momentum distributions dnq values

o positively charged for all data sets used in this analysis are given in Table IIl.

The @, vaIues shown in this table have been calculated for
all accepted charged particles as well as for the negatively
and the positively charged particles separately. All values of
<I>pT were corrected for the two-track resolution effect.

l Figure 7 shows the distributions of the meger event

Pr (TTR)
%

AD

transverse momenturVi(py) for p+p, Si+Si and central
Pb+Pb collisions. Points correspond to data and the histo-
grams to mixed events. The data are not corrected for any
experimental effects. Events with zero accepted particle mul-
®5 &g 10 150 200 2ED tiplicity are not taken into account. The small difference be-
tweenM(py) distributions for real and mixed events demon-
strates that dynamical fluctuations are small. Moreover, no
FIG. 6. Additive correctionAd,,_for limited two-track resolu- distinct class of events with unusual fluctuations is observed.
tion effect versus multiplicity(N) of accepted particles. Different The width of theM(py) distribution strongly decreases with
points correspond to positively charged, negatively charged, and athe colliding system size as expected from the increasing
charged particles. The presented corrections have been determinpadrticle multiplicity.
using p+p, C+C, Si+Si, and three centralities of Pb+Pb collisions  The fluctuation measuré, pr is more sensitive to small
at 158AGeV. The lines represent the analytical parametrizationidynamical fluctuations. The measured values, corrected for
Ad,, ((N))=-ay(N)+b with a andb being parameters of a fit to the two-track resolution, are plotted in Fig. 8 versus mean num-
data points. ber of wounded nucleons for all accepted charged particles
and also for positively and negatively charged particles sepa-
values are negative as expected for the anti-correlation intragately. The®,_values are smalwhen compared toy,) for
duced by the losses due to the limited two-track resolutionall investigated systemg®,, |<10 MeV/c), but a signifi-
The additive two-track resolution correction is calculated asant centrality dependence is observed. mbe values in-
the difference(A®, ) between the values ob, after and  crease by about 5 MeV from p+p collisions up to the maxi-
before this procedure Figure 6 presents thls correction velimum value, which is observed for the most peripheral Pb
sus mean multiplicity. The lines correspond to an analyticak pp collisions, and thet,, by values decrease with increasing
parametrization of this dependence. The absolute values @fymber of wounded nucleons. The statistical significance of
the track resolution corrections are larger for heavier collidhjs decrease can be estimated to be about 5.5, 4.6, anmd 4.5
ing systems where the density of tracks is relatively highfor all charged, negatively charged, and positively charged
The absolute values ak®,, are also larger for positively nadrons, respectively. The effect was found to be stable with
charged particles than for negatively charged ones, which igespect to the variation of the track selection cuts.
mainly due to higher track density for positive particlesyajue for Si+Si collisions seems to be lower than that for the
caused by significantly larger number of protons than antiygst peripheral PbPb ones although the number of
protons. TheAd, values are negative, indicating thd,  \wounded nucleons in both reactions is similar. This might
measured with an ideal detector would be higher. For a giveBuggest thagN,) does not fully determine the fluctuations in
multiplicity, ®,_corrected for the limited two-track resolu- A+ A collisions. The®, measure calculated for positively
tion effect equals “raw®, minus the correspondind®;, . charged particles is lower than that for the negatively
The error of the corrected, was calculated by adding in charged ones. However, the measured difference of about
squares the statistical error of the raly, value and the 2-3 MeV/c is comparable with the systematic error. The
statistical error of the correction. D value for all charged particles seems to be higher than
that for the negatively charged particles.
Two-particle correlation plots of the cumulant transverse
momentum variablex are presented in Fig. 9 for p+p, C
The results shown in this section refer doceptedpar-  +C, Si+Si, and three centralities of Pb+ Pb interactigme
ticles, i.e., particles that are accepted by the detector and pas® different color scalgslt is seen that the plots are not
all kinematic cuts and track selection criteria. The data coveuniformly populated. In particular, significant long range cor-
a broad range ipy (0.005< pr<1.5 GeV/9. The rapidity relations of about 40%the color scale varies from 0.75 to
of accepted particles is restricted to the interval 4.0 to 5.51.6) are observed for the p+p data. This is rather unexpected
which corresponds to forward rapidities in the collision of when compared to the lo#,_value. These correlations are
equal mass nuclgiat 158AGeV energy the center of mass not seen when heavier colliding systems are studied. Instead,
rapidity equals 2.9 for fixed target geometrwhere the azi- short range correlations become visible as an enhancement of
muthal acceptance is large. the point density in the region close to the diagonal. They are

<N>

V. RESULTS
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TABLE lIl. Measured inclusive and event-by-event parameters for accepted par{idesry, p_T and
Op, values are not corrected for acceptandg. values are corrected for limited two-track resolution. The
systematic errors ol)pT are smaller than 1.6 MeV/c.

(N) oN p_T [MeV/c] Op, [MeV/c] CIJpT [MeV/c]
p+p (all) 1.4 1.3 304 196 2.2+0.3
p+p(-) 0.6 0.7 283 179 0.8+0.1
p+p(+) 0.8 0.9 317 206 -1.4+0.3
C+Cal) 10 4.3 300 210 5.4+0.7
C+C(-) 4.5 2.4 279 190 1.8£0.8
C+C(+) 55 2.7 317 224 0.7+£0.7
Si+Si(all) 27 7 301 217 49+0.8
Si+Si(-) 12 4 277 195 2.6x0.5
Si+Si(+) 15 4 320 231 -0.2x0.7
Pb+Pl6) (all) 39 18 299 220 7.2+£0.7
Pb+P6)(-) 18 9 270 195 45+0.5
Pb+PHK6)(+) 21 10 325 237 1.9+0.7
Pb Plg5) (all) 73 17 305 226 6.6+0.7
Pb+Pi5)(-) 34 9 273 199 45+0.7
Pb+PW5)(+) 39 9 333 245 0.6+0.8
Pb+PHk4)(all) 104 19 309 230 5.6+£0.8
Pb+Pk4)(-) 49 10 276 202 3.8+0.5
Pb+PH4)(+) 55 11 337 249 -0.6+0.9
Pb+Ph3) (all) 148 21 312 233 4.6+0.8
Pb+PH®3)(-) 69 11 279 204 2.9+0.8
Pb+PH®3)(+) 79 12 342 252 -1.3£0.8
Pb+Pl§2) (all) 193 21 315 234 2.2+1.0
Pb+PH®2) (-) 90 11 281 205 2.4+0.8
Pb+PK2)(+) 103 13 344 254 -3.7£1.1
Pb+Plf1) (all) 230 19 317 236 1.4+£0.8
Pb+PH1)(-) 108 11 281 203 0.9+0.6
Pb+PH1)(+) 122 12 349 257 -2.9+£0.8

most prominent for central Pb+Pb collisions and are consistransverse momenta. For such events, the dynarpjctlic-
tent with the effect of Bose-Einstein statistics. For the mostuations vanish if the azimuthal angle acceptance is com-
peripheral collisions the pattern seen in the two-particle corplete. However, the azimuthal angle acceptance of the NA49
relation plot is different from that in the remaining systems.detector is not flat, and consequently the azimuthal aniso-
One observes an enhancement in the region closg+d  tropy generates a finite value df; , even though ther of
andx;=1. particles are independent of each other. In order to quantify
the effect, a simple simulation was performed in which ellip-
tic flow was the only source of particle correlations. In these
calculations, thev, dependence on transverse momentum
Figure 8 shows tha®,_is a nonmonotonic function of was parametrized as,=0.05p(GeV/c¢) according to the
centrality with the maximum at approximateMy,=40. Such  previous NA49 measuremen3]. The resulting®,, value
a behavior strongly resembles the dependence of the magrig 0.0£0.6 MeV/c. Thus, one concludes that the effect of the
tude of collective flow—directedv,) and elliptic (v,))—on  azimuthal anisotropy caused by the collective flow combined
Ny [43]. Thus, there is a natural suggestion thatphadluc-  with the incomplete azimuthal acceptance is not responsible
tuations measured b@ may be caused by the collective for the observed dynamicapy fluctuations. Finally, we
flow. This suggestion was checked by performing a simplechecked that only the abnormally large value)g£0.5 leads
Monte Carlo analysis generating events with independerio ®,,_as large as 17 MeV/c.
particles, following the measured inclusiyg distribution. In Fig. 10 the dependence df, on the mean number of
The uniform azimuthal angle distribution of the events waswounded nucleons is directly compared to predictions of the
modified by the collective elliptic flow, but the particles re- HIJING [44] model (default parameters were ugefr all
mained independent from each other with respect to theicharged particles, and for negatively charged and positively

VI. DISCUSSION
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-1
w 10 ® Pb+Pb (5%) ) 197 ;
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_10_II|IIII|IIII‘IIII|IIII|IIII|IIII|III\|III
10" 0 50 100 150 200 250 300 350
<N,>
10° T T
10" ' ' ' ' ' ' ' FIG. 8. ®,_versus mean number of wounded nucle¢Ng,.
Data points were corrected for limited two-track resolution. Errors
2 A p+p are statistical only. Systematic error is smaller than 1.6 MeV/c.
10 ——p+p mixed
acceptance and a contribution of protons in the sample of
10° positively charged hadrons.
When®,,_ was first introduced12], it was believed that
10” its value would be nonzero for elementary interactions
[mainly due to theM(p;) versusN dependendeand would

vanish for heavier colliding systems as a result of equilibra-
tion. The present measurements do not confirm this expecta-
tion. Although (DpT is close to zero for central Pb+Pb colli-
sions, the maximum value is observed not for p+p data, but

0 02 04 06 08 1 12 14
M(p,) [GeV/c]

FIG. 7. Distributions of mean transverse momentum for reaI]c lidi it~ 40
(data pointy and mixed eventghistogramg Data points are not or colliding systems wit W .
corrected for acceptance and limited two track resolution. Events Although the value Oﬁ)pT is small for p+p collisions, a

with accepted particle multiplicity equal to zero are not used.  Significant structure appears in the two-particle correlation
plot (Fig. 9). The first candidate for its origin is the depen-

charged particles separately. The same kinematic cuts agence ofM(py) on N, observed for elementary interactions
applied as for the data. The black lines represent the resulfd2]. Figure 11 compare&(py)) versusN for the HIJING
of the HIJING simulations where the effect of the limited model and for real p+p daid...) represents averaging over
NA49 acceptance pr versus azimuthal anglés taken into  events with a giverN). The HIJING model includes the
account. The gray lines refer to the HIJING predictions forNA49 acceptance and all kinematic restrictions. It shows
full azimuthal acceptance to demonstrate the effect of thgood agreement with the measurements. Figure 12 presents
limited acceptance of the detector. the p+p two-particle correlation plots for data), for the

In contrast to the datap, computed within the HIJING  HIJING model(b), and for a simple random generator, which
model does not change when going from elementary to cerreproduces the dependenceMfp;) on N observed in the
tral Pb+Pb collisions because the HIJING model representdata (c). The accepted particle multiplicity distribution for
an essentially independent superposition of N+N interacthe random generatqc) is the same as in the case of data
tions. The effects of short range correlatigi@ose-Einstein  (all kinematic cuts and NA49 geometric acceptance are in-
and Coulomp have not been incorporated in the HIJING cluded. Both models(b) and(c) qualitatively reproduce the
model. However it was estimated in the previous analjlis ~ structure of the two-particle correlation plot observed in the
that the combined effect of short range correlations producegata, however, the HIJING modéb) shows additionally a
®,,_values on the level of 5 MeV/c for central Pb+Pb col- small enhancement of the point density in the region of high
lisions. This effect strongly depends on multiplicity and be-x.
comes negligible for p+p interactions. The (DPT value calculated for modeglc) for all charged

For the HIJING modeld,,_values for positively charged particles equals 1.2+0.2+1.8 MeV/c and is consistent with
particles are, as in the case of real data, lower than for negab, for the p+p data2.2+0.3+1.2 MeV/¢. Nevertheless,
tively charged and for all charged particles. Within thethe small difference might indicate that, in agreement with
HIJING model, the fact thatd, values for positively the analysis presented [83], there could be an additional
charged particles are always lower than for negativelysource of correlations present in the data. However, due to
charged ones has been found to be related to the limitethe relatively high statistical and systematic errors the effect
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FIG. 9. (Color) Two-particle
correlation plots using the cumu-
lant py variable x. After each
charged particle paiftx;,x,) was
entered into the plot, the bin con-
tents were normalized by dividing
with the average number of en-
tries per bin. The data are plotted
with different color scales.

cannot be estimated quantitatively. A similar analysis was The last paneld) of Fig. 12 presents the result of a simple
carried out for negatively charged particles only, where théemperature fluctuation modéthe concept is described in
correlations caused by resonances and by charge consery&4]), which assumes that the only source of fluctuations is
tion are expected to be smaller than those for all chargedvent-by-event fluctuation of the inverse slope param@ier
particles. There, the experimental value ob, is  of the transverse mass spectra. The model assumes a Gauss-
0.8+0.1+1.2 MeV/c, while the model (c) gives ian shaped rapidity distribution and an exponential shape of
0.6+£0.2+0.3 MeV/c. Two-particle correlation plots for the transverse mass distribution with the mean inverse slope
negatively charged particles only are very similar for dataparameteKT)=152 MeV adjusted to agree with the experi-
and for model(c). Thus, one concludes that the results onmental p+p results. All kinematic cuts applied for the real
negative particles from p+p interactions are consistent withlata are also used in this model and the effect of the finite
the conjecturef45] that the particles are emitted indepen- detector acceptance is taken into account. The mean multi-
dently, but that theily and py distributions depend on event plicity of all accepted particles is the same as in the data. The
multiplicity. fluctuations of the inverse slope parameter lead to a saddle
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Z N
0_
i FIG. 11. Mean transverse momentum versus multiplicity of all
- accepted particles. The closed symbols represent p+p data at
5 158 AGeV (data are not corrected for limited two-track resolution
10— . . . effec) and the open symbols corresponds to p+p events simulated
i using the HIJING mode(the effects of the limited NA49 accep-
+ tance are includedEvents with accepted particle multiplicity equal
5'_ to zero are not used.
Q ) whereas theb, measure is not affected by this dilution ef-
ob ¥g & —mg—F . fect.
[ A In order to see how dynamical fluctuations influence two-
i . (} Q particle correlation plots for central Pb+Pb data, the above
5 model with fluctuations of the inverse slope parameter was
0 100 200 300 used again. The mean inverse slope paran{@ewas set to

190 MeV and the mean multiplicity of all accepted particles
to 200 in order to compare the results with central Pb+Pb
FIG. 10.®,_versus mean number of wounded nucleons Calcu_coII|S|0ns. The inverse slope parameter varied from event to

lated using the HIJING model with geometrical acceptance cutsevent with a Gaussian shaped distribution of width Fig-

included (black lineg and without geometrical acceptance restric- ure 14 presentex;,X,) plots for different levels _Of the in-
tions (gray lines. Results are compared to dafoints corrected ~ VErse slope parameter ﬂuctugmons. The fllulctua.tlons lead to a
for limited two-track resolutiorithe markers are the same as in Fig. Saddle shaped structure which is not visible in central Pb
8). The panels represent: all charged, negatively charged, and post-PP collisions. One can thus exclude significaniuctua-
tively charged particles. Data points contain both short and londions in central Pb+Pb collisions at top SPS energy. In Fig.
range correlations. The effects of short range correlations are ndt> the predicted dependenced®f on T fluctuations[34] is
incorporated in the HIJING model. plotted and compared o, measured for the 5% most cen-
tral Pb+Pb interactions. The experimenmjJT value con-
shaped structure in the two-particle correlation plots. Pandhins both short and long range correlations. The solid line
(d) shows the result for fluctuations @fon the level of about corresponds to th&-fluctuation model presented if84],
10% (the dispersiorrr=16 MeV), which results in the value which does not include short range correlations. The dashed
of @, as in the data. Because of the difference between thine is the combination of this model with a contribution of
panels(a) and (d) one concludes that fluctuations of the in- short range correlations estimated experimentgfy as
verse slope parameter are not the source of correlations mMeV/c, in agreement with theoretical argumefit8,14.

<N>

p+p data. One sees that the observed valuelpf is already below the
The HIJING model has also been used to obtain a twoeontribution of the Bose-Einstein correlations and that the
particle correlation plot for C+C collision§Fig. 13b)], inclusion of slope fluctuations makes the difference even

which appears to be similar to that observed for real eventkarger. Thus, one can conclude, in agreement with the previ-
(Fig. 9). Figure 13a) [the same as Fig. 1B)] presents p ous result§6], that the data leave no space for significant
+p events simulated by the HIJING model. The structurefluctuations provided they are not canceled by other negative
observed for p+p collisions vanishes for heavier systems dueorrelations.

to the dilution effect from the higher number of uncorrelated An increase of transverse momentum fluctuations was
particles (resulting from different N+N interactiops predicted[18] to occur in A+A collisions which freeze-out
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FIG. 12. (Color) Two-particle
correlation plots using the cumu-
lant pr variable x. Results are
shown for all charged patrticles for
p+p data(a) compared to: simu-
2 lated p+p HIJING events with
limited NA49 acceptance(b),
simple random-generator model,
which reproduce$/(py) versusN
correlation for p+p datdc), and
model of fluctuations of the in-
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= o i verse slope parameter for p+p
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X,
near a second order critical end point of the QCD phase VIl. SUMMARY

diagram. Based on calculations frorbg] and the numbers Transverse momentum event-by-event fluctuations were
given in Table Ill, it can be estimated that such critical fluc-syydied for p+p, C+C, Si+Si, and Pb+Pb collisions at
tuations alone should result mpT=20 MeV/c. The limited 158 AGeV. The analysis was limited to the forward rapidity
acceptance is expected to reduce the signal dt9.  region. Three different characteristics were measured: the
=10 MeV/c [46]. This number is comparable to the maxi- fluctuations of average transverse momenfivhip;)] of the
mum value ofd, found in this analysis for peripheral Pb event, thed, fluctuation measure, and transverse momen-
+Pb interactiong®, =7.2+0.7+1.6 MeV. Note, however, tum two-particle correlations. All measurabj, values are
that this theoretical estimate is subject to many uncertaintieelow 10 MeV/c and are much smaller than the dispersion
among them how close the freeze-out is to the critical pointof the inclusivep; distribution. However, the correlations

In order to learn whether the critical fluctuations are ob-observed in p+p collisions are not simply more and more
served, measurements &f, (as well as other fluctuation diluted when going to heavier colliding systems, as could be
observablesas a function of energy are needed. expected if the created matter approaches a higher level of

1.2

1.15

1.1 FIG. 13. (Color) Two-particle
correlation plots using the cumu-
lant pr variable x. Results are
shown for simulated p+a) and

1 C+C (b) collisions from the
HIJING model. Limited NA49 ac-
ceptance is taken into account.

1.05

0.95
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1.01

1.005

FIG. 14. (Color) Two-particle
correlation plots using the cumu-
lant pr variable x for the most
central Pb+Pb collisions. The ex-
perimental result is shown ifg)
and compared to the inverse slope
X, parameter fluctuation modéb)—
(d). In the model the mean value
of the inverse slope parameter was
set to 190 MeV. The dispersions
of the Gaussian shaped inverse
slope parameter distributions were
set to: or=5MeV (b), o7
=10 MeV (c), and or=20 MeV
(d).
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Xy

equilibrium with increasing system size. Instead, a signifi-going to heavier colliding systems. Instead, short range cor-
cant system size dependence of‘ﬂb@ measure is seen with relations become visible as an enhancement of the point den-
a maximum for peripheral Pb+Pb collisions witly,=40.  sity in the region close to the diagonal. This effect is stron-
The two-particle correlation plot for p+p data shows agest for the most central Pb+Pb interactions. No structure
prominent structure that was found to be connected with theharacteristic of event-by-event temperature fluctuations is
dependence dM(py) on N. This structure disappears when observed.

The HIJING model qualitatively reproduces the structure

) Lo Hempstaote fuciuations of two-particle correlation plots for p+p and C+C data.
S I temperature’ fluctuations However, in contrast to the data, it shows no centrality de-
= L +shortrange correlations . o pendence Oﬁ)p.r-

e& 8: """" In future, a study of the energy dependence of transverse

o
o
.’
Cidd
et
....

momentum fluctuations in the CERN SPS energy range is
planned using the NA49 Pb+Pb collision data taken at dif-

ferent beam energies. The aim is to search for possible
anomalies connected with the onset of the deconfinement
phase transition, which is indicated by features of pion and

strangeness production at low SPS enerf2e3].

Pb+Pb (5%)
E ACKNOWLEDGMENTS
- 1 1 1 ] 1 1 1 I 1 1 L | 1 1 | 1 1 1
20 0.2 0.4 0.6 0.8 1
o /T [%] This work was supported by the Director, Office of En-

ergy Research, Division of Nuclear Physics of the Office of

High Energy and Nuclear Physics of the U.S. Department of
Energy  (DE-ACO3-76SFO0O098 and DE-FGO02-

91ER40609, the U.S. National Science Foundation, the
Bundesministerium fur Bildung und Forschung, Germany,

FIG. 15. Predicted dependence @LT on T fluctuations[34]
compared to the measurebl, for the 5% most central PbPb
collisions. The uncertainty of the measu@gT value is represented
by the bands for statisticégray) and systemati¢dark gray errors.

034902-13



T. ANTICIC et al. PHYSICAL REVIEW C 70, 034902(2004)

the Alexander von Humboldt Foundation, the U.K. Engineer-04123, 2 P03B 023 the Hungarian Scientific Research
ing and Physical Sciences Research Council, the Polish StakwundationT032648, T14920, and T32293Hungarian Na-
Committee for Scientific Researa2 PO3B 130 23, SPB/ tional Science Foundation, OTKAF034707, the EC Marie
CERN/P-03/Dz 446/2002-2004, 2 P03B 02418, 2 P03BCurie Foundation, and the Polish-German Foundation.

[1] J. C. Collins and M. J. Perry, Phys. Rev. L&, 1353(1975); [25] Z. Fodor and S. D. Katz, J. Hepat0i3, 014 (2002.

E. V. Shuryak, Phys. Rep61, 71 (1980; 115 151(1984). [26] S. A. Voloshinet al, Phys. Rev. C60, 024901(1999.
[2] M. Gazdzicki and M. |. Gorenstein, Acta Phys. Pol. B0, [27] T. Trainor, hep-ph/0001148.

2705(1999. _ [28] STAR Collaboration R. L. Ragt al, Nucl. Phys. A715 45
[3] NA49 Collaboration, S. V. Afanasiest al,, Phys. Rev. C66, (2003

054902(2002). '

[29] M. Bleicheret al, Phys. Lett. B435 9 (1998).

[4] For a review see: H. Heiselberg, Phys. R&1, 161(2002. [30] A. Capella, E. G. Ferreiro, and A. B. Kaidalov, hep-ph/

[5] R. Stock, inProceedings of the NATO Advanced Study Work-

: . 9903338.
SDT\?CE’n y eZ'_OBt al':Z‘drForgfc e'\'/'?ggz_ Theory and Experiment o)) £ i, A. Tai, M. Gadzicki, and R. Stock, Eur. Phys. J. &
[6] NA49 Collaboration, H. Appelshausest al, Phys. Lett. B 649(1999. i
459, 679(1999. [32] O. V. Utyuzh, G. Wilk, and Z. Wlodarczyk, Phys. Rev. &,
[7] S. V. Afanasievet al, Phys. Rev. Lett.86, 1965(2001). 027901(2003).
[8] NA22 Collaboration, M. R. Atayaet al, Phys. Rev. Lett89,  [33] R. Korus and St. Mréwczyski, Phys. Rev. C64, 054906
121802(2002. (2001).
[9] CERES Collaboration, D. Adamoet al, nucl-ex/0305002.  [34] R. Korus, St. Mrowczyski, M. Rybczyiski, and Z. Wlodarc-
[10] STAR Collaboration, J. Adamet al, nucl-ex/0308033. zyk, Phys. Rev. C64, 054908(2001).
[11] PHENIX Collaboration, J. Nystranét al, Nucl. Phys. A  [35] NA49 Collaboration, J. G. Reidt al., Nucl. Phys.A661, 407
AT715, 603(2003. (1999.
[12] M. Gazdzicki and St. Mrowczgski, Z. Phys. C 54, 127 [36] A. Bialas and M. Gadzicki, Phys. Lett. B252 483(1990.
(1992. [37] NA49 Collaboration, L. S. Barnbet al, J. Phys. G25, 469
[13] St. Mrowczyaski, Phys. Lett. B439, 6 (1998. (1999.
[14] St. Mrowczyhski, Phys. Lett. B465 8 (1999. [38] NA49 Collaboration, S. Afanasiest al,, Nucl. Instrum. Meth-
[15] M. Gazdzicki, Eur. Phys. J. G8, 131(1999. ods Phys. Res. 4430, 210(1999.
[16] St. Mrowczyski, Phys. Lett. B459, 13 (1999. [39] K. Werner, Phys. Rep232 87 (1993.
[17] L. Stodolsky, Phys. Rev. LetZ5, 1044(1995; E. V. Shuryak, [40] G. Cooper, Ph.D. thesis, University of California, Berkeley,
Phys. Lett. B423 9 (1998. 2000.
[18] M. Stephanov, K. Rajagopal, and E. V. Shuryak, Phys. Rev. D[41] C. Hoehne, Ph.D. thesis, Fachbereich Physik der Universitat,
60, 114028(1999. Marburg, 2003.
[19] St. Mrowczyski, Phys. Lett. B430, 9 (1998. [42] NA49 Collaboration, V. Frieset al. hep-ph/01114232001).
[20] E. V. Shuryak, Nucl. Phys. AA715, 289 (2003. [43] NA49 Collaboration, C. Altet al,, Phys. Rev. C68, 034903
[21] G. Baym and H. Heiselberg, Phys. Lett. 89 7 (1999. (2003.
[22] S. Jeon and V. Koch, Phys. Rev. Le&5, 2076(2000. [44] M. Gyulassy and X.-N. Wang, LBL-34246, 1997.
[23] M. Asakawa, U. Heinz, and B. Miller, Phys. Rev. Le85, [45] A. |. Golokhvastov, JINR, P2-2003-52003 (unpublishegl
2072(2000. [46] M. A. Stephanov, Phys. Rev. B5, 096008(2002), and pri-
[24] N. G. Antoniouet al,, Phys. Lett. B432 8 (1998). vate communication.

034902-14



