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One-, two-, and three-particle distributions from 158A GeVÕc central Pb¿Pb collisions
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Several hadronic observables have been studied in central 158A GeV Pb1Pb collisions using data mea-
sured by the WA98 experiment at CERN: singlep2 and K2 production, as well as two- and three-pion
interferometry. The Wiedemann-Heinz hydrodynamical model has been fitted to the pion spectrum, giving an
estimate of the temperature and transverse flow velocity. Bose-Einstein correlations between two identifiedp2

have been analyzed as a function ofkT , using two different parametrizations. The results indicate that the
source does not have a strictly boost invariant expansion or spend time in a long-lived intermediate phase. A
comparison between data and a hydrodynamical based simulation shows very good agreement for the radii
parameters as a function ofkT . The pion phase-space density at freeze-out has been measured, and agrees well
with the Tomás̆ik-Heinz model. A large pion chemical potential close to the condensation limit ofmp seems to
be excluded. The three-pion Bose-Einstein interferometry shows a substantial contribution of the genuine
three-pion correlation, but not quite as large as expected for a fully chaotic and symmetric source.
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I. INTRODUCTION

The study of single-particle distributions of particles pr
duced in heavy-ion collisions gives access to the degre
0556-2813/2003/67~1!/014906~13!/$20.00 67 0149
of

thermal and chemical equilibrium at freeze-out, and allo
the determination of the parameters of hydrodynamical
pansion models of the source. The spatiotemporal exten
of the interaction region created in such collisions is n
©2003 The American Physical Society06-1
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FIG. 1. The WA98 experimen-
tal setup.
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directly observable, but the study of Bose-Einstein interf
ometry between identical particles provides information
the geometry and on the dynamical evolution of the part
emission sources. In particular, the correlations between
duced pions give access to the size of the homogeneity
gion, to the duration of emission, and to various parame
characterizing the spatial extension of the fireball@1#. In ad-
dition, by combining information from the source size
momentum-space obtained by interferometry, and from
momentum-space density provided by the single-particle
tributions, an average phase-space density at freeze-ou
be calculated.

Compared to the two-particle correlation, the thre
particle correlation can provide additional information on t
chaoticity and asymmetry of the source emission@2–4#. In
particular, the three-pion interference produced by a fu
chaotic source is sensitive to the phase of the Fourier tr
form of the source emission function and, hence, to
asymmetry of the source.

In this paper, we present the analysis of single-part
production, and of two- and three-pion interferometry me
sured in the WA98 experiment for central 158A GeV
208Pb1208Pb collisions at the CERN SPS. In addition, es
mates of hydrodynamical expansion model parameters, t
perature and transverse flow velocity are extracted fr
these results.

II. EXPERIMENTAL SETUP AND DATA PROCESSING

The CERN SPS fixed target experiment WA98@5# com-
bined large acceptance photon detectors with a two
charged particle tracking spectrometer. The experimental
out is shown in Fig. 1. The 158A GeV Pb beam interacte
with a Pb target near the entrance of a large dipole mag
The online trigger centrality selection used a forward ca
rimeter located at 0° and a midrapidity calorimeter meas
ing the total transverse energy in the pseudorapidity inte
3.2<h<5.4. The results presented here have been obta
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from an analysis of the complete data set. These data w
taken with the most central triggers corresponding to ab
10% of the minimum bias cross section of 6300 mb@6,7#,
with an average of 330 participating nucleons per collisio
These quantities are estimated to have an overall system
error of less than 10%. The charged particle spectrom
made use of a 1.6-Tm dipole magnet with a 2.431.6-m2 air
gap which deflected the charged particles in the horizo
plane into two tracking arms located downstream, one
each side of the beam axis. The results shown here are m
surements ofp2 and K2 observed in the negative particl
tracking arm of the spectrometer. This tracking arm consis
of six multistep avalanche chambers with optical readout@8#.
Inside the chambers, triethylamine photoemissive vapor p
duced UV photons along the path of charged particles, th
photons being subsequently converted to visible light
wavelength shifter plates. On exit, the light was reflected
mirrors at 45° to CCD cameras equipped with two ima
intensifiers. The active area of the first chamber was
30.8 m2 and that of the other five 1.631.2 m2. Each CCD
camera pixel viewed a region of about 3.133.1 mm2 on the
chambers. Downstream of the chambers, at a distance of
m from the target, a 431.9-m2 time of flight wall allowed
for particle identification with a time resolution of better tha
120 ps. The resulting particle separation is shown in Fig
The p2 rapidity acceptance ranged fromy52.1 to 3.1 with
a rapidity average at 2.7, close to the midrapidity value
2.9. The momentum resolution of the spectrometer w
Dp/p50.005 atp51.5 GeV/c, resulting in an average pre
cision of better than or equal to 10 MeV/c at vanishingpT

for all the Q variables used in the correlation analysis a
defined in Secs. IV and VI:s(Qinv)57 MeV/c, s(QTO)
510 MeV/c, s(QTS)55 MeV/c, s(QL)53 MeV/c,
s(QT)58 MeV/c, s(Q0)55 MeV/c, and s(Q3)
57 MeV/c. Severe track quality cuts were applied, resulti
in a final sample of 7.93106 p2, providing 13.73106 pairs
6-2
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ONE-, TWO-, AND THREE-PARTICLE . . . PHYSICAL REVIEW C 67, 014906 ~2003!
and 13.13106 triplets for the Bose-Einstein correlatio
analysis.

III. SINGLE-PARTICLE SPECTRA AND
HYDRODYNAMICAL MODEL

The study of inclusive distributions of single particle
produced in heavy-ion collisions can be interpreted in
context of models of the source using hydrodynamical
pansion. Within the context of such models, which assu
local thermal equilibration, parameters like the temperat
and collective velocity at freeze-out can be determined
the limit of a stationary fireball, the distribution takes th
simple form@9#

E
dN

dp3
[

dN

mTdmTdydf
}Ee2(E2m)/T, ~1!

where p is the Cartesian particle momentum,mT

[ApT
21m0

2 is the transverse mass,pT is the transverse mo
mentum, m0 is the rest mass,y is the rapidity, E
5mTcosh(y2yfireball), m is the chemical potential, andT is
the temperature.

In the limit where only a narrow rapidity interval close
yf ireball is measured, the spectrum becomes

E
dN

dp3
;mTe2mT /T,

and, in the case of a rapidity-integrated spectrum,

FIG. 2. Particle identification in the negative arm of the sp
trometer.
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dN

mTdmT
}mTK1S mT

T D→;AmTe2mT /T

whereK1 is a modified Bessel function. The last approxim
tion holds in the limitmT@T. Plotted againstmT2m0, all
particles from a thermalized emitter should show the sa
universal exponential behavior. However, different additio
features like transverse hydrodynamic expansion or parti
originating from the decay of resonances will distort t
shape of the spectrum. It was noted in Ref.@10# that for the
popular fit with a simple exponential inmT ~without themT
prefactor!,

E
dN

dp3
5Ce2mT /T, ~2!

an interpretation of the resulting slope parameter in terms
a temperature is not possible. However, since it is found to
the measured spectrum better than the previous express
it is useful for obtaining an estimate of the inverse slo
parameterT.

A. Data analysis

A detailed description of the analysis of the single parti
spectra presented here can be found in Ref.@11#. The correc-
tion for detector acceptance and efficiency applied to
measured spectrum is based on a precise simulation o
detector, tuned in order to reproduce the measured dete
response as accurately as possible using the VENUS@12#
event generator as input. Multiple scattering, decays, and
other reactions within the detector material are taken i
account. Efficiency maps depending on the hit position
each chamber, the particle momentum, and its identity
applied, together with position resolution and noise simu
tion. Simulated events are then reconstructed using the s
code as for real data, ensuring that any software-indu
systematics are also taken into account. The output is t
matched to the VENUS input. This correction procedure
sures that the final result is little sensitive to remaining co
tamination, such as pions in a kaon sample. A detailed st
of the systematic uncertainty has been performed and
found to be small, especially as regards the slope of
spectrum (;3%). Theabsolute normalization, on the othe
hand, is more sensitive to detector instabilities which co
not be perfectly simulated, and is found to have an estima
uncertainty of at most 20%.

Since the statistical uncertainty on the finalmT spectrum
is negligible compared to the systematics, it is possible
apply very severe quality cuts on the reconstructed tra
and on the events used.

In contrast to the Bose-Einstein analysis, only a subse
all data is kept using only run periods where the detec
operation remained particularly stable. The analysis is p
formed separately for identifiedp2 andK2. The final data
sample consists of 4.73105 p2 tracks and 1.83104 K2

-

6-3
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drawn from 3.83105 central events. Figures 3 and 4 sho
the detector acceptance for negative pions and kaons, res
tively, obtained from the simulation. Thep2/p1 ratio and
the K2/K1 ratio of the number of detected pions and kao
have also been measured using two opposite magnetic
polarities. The results will be presented in a separate pu
cation.

FIG. 3. Acceptance of tracking arm I in the (pT ,y) plane
for pions.

FIG. 4. Acceptance of tracking arm I in the (pT ,y) plane
for kaons.
01490
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s
ld

li-

B. Results

Figure 5 shows the final~fully corrected! single-particle
spectrum forp2 plotted as a function of the two variable
mT andy. The form of the detector acceptance shown in F
3 is clearly noticeable, except for the lowpT-low y lobe,
which has been omitted here.

FIG. 5. Two-dimensional~fully corrected! single pion spectrum
as a function of the two variablesmT andy.

FIG. 6. One-dimensional~fully corrected! mT spectrum forp2.
The errors are statistical. The power-law fit of Eq.~3! is superim-
posed on the data points. The fit interval ismT2m0

5@0.05,1.2# GeV/c2.
6-4
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ONE-, TWO-, AND THREE-PARTICLE . . . PHYSICAL REVIEW C 67, 014906 ~2003!
Figure 6 shows the projection on themT axis ~norm-
alized to a unit rapidity interval using the VENUS pro
file! of the two-dimensional spectrum of Fig. 5. A fit t
the exponential form of Eq. ~2! over the
interval mT2m05@0.1,1.2# GeV/c2 ~not shown in Fig. 6!
yields C55220680 (stat.)2200

11270(syst.), and T50.168
60.001 (stat.)20.005

10.001 (syst.) GeV, with ax2 per degree of
freedom of 1.6. This result is in agreement with the NA
result @13#.

At high pT , where perturbative QCD becomes applicab
the spectra are expected to attain a power-law behavio
observed in numerous high-energy pp measurements~see,
for example, Ref.@14#!. The heavy-ion data of this exper
ment seem to follow that trend even into the lowerpT range.
Therefore, a parametrization originally inspired by QCD@15#
and successfully applied already topp data@14# and heavy-
ion data@16# can be used to fit the spectrum,

E
d3s

dp3
5CS p0

pT1p0
D n

, ~3!

with C, p0, and n taken as free parameters. A link to th
more familiar exponential slope parameterT is obtained
from the derivative of this expression according to

Tpower-law52
f ~pT!

] f ~pT!

]pT

5
p0

n
1

pT

n
.

Thus,p0 /n characterizes the slope of the transverse mom
tum spectrum in the limitpT→0, while 1/n characterizes its
gradient alongpT , i.e., the strength of the concave curvatu
The extracted parameters areC54150670, p054.80
61.04 GeV/c and n529.065.9, which gives a slope pa
rameterT[p0 /n50.16660.005 GeV. Thex2 per degree of
freedom is 1.0. The same fit performed on thep0 spectrum,
measured by the WA98 experiment@7,6,17,18#, yields C
551206140, p055.0860.18 GeV/c, n529.360.8, and so
T50.17360.002 GeV. The acceptance for thep0 measure-
ment being different, it is interesting to note that fitting on
the pT5@0.3,1.4# GeV/c common interval of both spectr
yields T50.169 GeV forp2 and T50.166 GeV forp0,
showing that the result is stable with respect to the fit inter
and that the spectra agree quite well.

It has also been shown that fluctuation of the paramete
an exponential distribution leads to a final distribution of t
powerlike form @19#. This behavior can be interpreted
terms of a suitable application of the nonextensive statis
of Tsallis @20#. This interpretation is convenient to describ
particle production at fluctuatingT, as may occur near th
phase transition. These fluctuations would exist in sm
parts of the hadronic system with respect to the whole s
tem rather than between events. The average^T& around
which the temperature fluctuates is given byp0 /n
50.166 GeV, and the relative variance of 1/T is
01490
,
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n-

.

l
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s
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v5

K S 1

TD 2L 2 K 1

TL 2

K 1

TL 2 5
1

n
50.034,

both for p2 andp0.
This corresponds to a nonextensivity parameterq51

1v of 1.034. This result, interpreted in the spirit of Re
@19#, indicates a relative fluctuationDT/T of 18.461.9%
(18.460.3%) for thep2 (p0) measurement. However, thi
analysis neglects the contributions of resonance decays
flow velocity distributions. Both of these effects increase t
curvature of the pion spectrum. Thus the value ofDT/T
518.4% should be considered an upper limit on the te
perature fluctuations.

The averaged negative pion yield per un
rapidity in the acceptance window is 1/NevtdN/
dy512961 (stat.)25

123(syst.). Figure 7 shows the sam
plot as above for kaons. A fit to the exponential for
2 yields C510006120 (stat.)21

1260 (syst.), andT50.181
60.005 (stat.)20.009

10.001 (syst.) GeV. So the inverse slopeT for
kaons and pions are comparable. It should be noted tha
rapidity acceptance is quite different for the two particle sp
cies, thep2 acceptance being much closer to midrapidi
An estimate of the effect induced by this difference in acc
tance can be made using the term cosh(Dy) given below Eq.
~1!. The inverse slope forK2 would become of the order o
0.230 GeV. TheK2/p2 ratio at a common rapidity of 2.3 is
11.460.4 (stat.)22.7

10.6 (syst.)%, which is in agreement wit
the NA49 result@13#.

FIG. 7. p2 ~black circles! and K2 ~empty circles! single-
particle spectra. The error bars are statistical only. Note that for
same transverse mass,pT is different for pions and kaons. The inse
shows the~bin by bin! ratio of the twopT spectra.
6-5
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C. Hydrodynamical source expansion model

The single pion spectrum has been fitted in the inter
0.05,mT2m0,1.2 GeV/c2 with the Wiedemann-Heinz
~W.-H.! model @21–26#. It relies on the following idea: the
main characteristics of the particle phase-space distribu
at freeze-out can be quantified by its widths in the spatial
temporal directions, a collective dynamical component~pa-
rametrized by a flow field! which determines the strength o
the position-momentum correlations in the source, and a
ond, random dynamical component in momentum space~pa-
rametrized by a temperature!. The model emission function
contains seven parameters, but the shape of the sin
particle transverse mass spectrum is fully determined by
temperatureT and the transverse flow rapidity profil
hT(r )5h f(r /R) which is assumed to depend linearly on t
transverse coordinater, whereh f is the transverse flow ra
pidity strength, andR the Gaussian transverse spatial wid
The mean transverse flow velocity^bT& can be easily calcu
lated as the mean value of tanh@hT(r)# over the transverse
source profile. The results will be given as a function of^bT&
rather thanh f , since its physical interpretation is mor
straightforward.

The three parameters that are allowed to vary freely d
ing the fitting procedure areT, h f , and an overall normal-
ization factor. The result of the fit isT50.08460.003 GeV
and^bT&50.5060.02, thex2/d.o.f. being 1.1. The resulting
curve is not shown in Fig. 6 as it is hardly distinguishab
from the power-law fit. The temperature and flow paramet
are strongly correlated, so it is more interesting to consid
x2 contour plot of the fit to the measured single partic
spectrum as a function of those two parameters. Figur
shows the result assuming a Gaussian transverse spatia
file, and Fig. 9 assuming a box profile of the same rms wi
as the Gaussian one. Only direct pions are considered in
model. Furthermore, only statistical errors are taken into
count during the fit. The curves displayed represent differ
confidence levels for the (T,^bT&) values.

The dependence of thex2/d.o.f. on the shape of the
source is very small, the bestx2/d.o.f. being slightly larger
for the box profile~1.5!. While the best fit temperature ap
pears to be independent of the shape of the source, the
fit flow velocity is considerably smaller (^bT&50.29) for the
box profile. Inclusion of the resonance decay contribution
the model calculation would be expected to reduce the
tracted flow velocity parameters and increase the tempera
parameters. The precise effects do however depend on de
of the models used.

IV. TWO-PION CORRELATIONS

Bose-Einstein interferometry is most commonly used
study pairs of identical particles. The correlation functionC2
is defined, up to a proportionality factorN, as the ratio of a
two-particle spectrumP2 over the product of two single
particle spectraP1,

C2~pW 1 ,pW 2!5N P2~pW 1 ,pW 2!

P1~pW 1!•P1~pW 2!
,
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FIG. 8. x2 contour plot of the hydrodynamical model fit to th
measuredp2 single-particle spectrum of Fig. 6. A Gaussian profi
is assumed for the transverse spatial profile of the source.
curves displayed represent successively~starting with the innermost
one! contours at 50% C.L., 90% C.L., 99% C.L.~dashed line!, and
99.9% C.L., and the last curve indicates a highly excluded reg
The black square represents the best parameter values.

FIG. 9. Same plot as in Fig. 8, but assuming a box profile for
transverse spatial profile of the source.
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with

P1~pW !5E
dN

dp3

and

P2~pW 1 ,pW 2!5E1E2

dN

dp1
3dp2

3
,

whereEi andpW i are the energy and momentum of particlei,
respectively.

Experimentally, the product of one-particle distributio
in the denominator is commonly obtained by a mixed ev
technique whereas the two-particle distribution in the n
merator is constructed from all pair combinations of identi
particles found in each event.C2 is then normalized to unity
far away from the interference region.

A fully chaotic source can be seen as a superposition
uncorrelated elementary sources, and one- and two-par
distributions may be expressed through the Wigner func
of the sourceS(x,k12) @1#. The correlation function is then
written

C2~pW 1 ,pW 2!511l
u Ed4xS~x,k12!exp@ iq12x#u2

u Ed4xS~x,k12!u2

with q125p12p2 the four–momentum difference of the tw
particles, k125(p11p2)/2, and x5(x11x2)/2 the mean
space-time coordinate of the pair emission point. The ch
ticity parameterl is inserted to take into account the pos
bility that the source may not be fully chaotic and also th
any wrongly reconstructed tracks, or tracks originating fro
decays of long-lived resonances, will dilute the Bos
Einstein correlations in the data. A one-dimensional inter
ometry analysis is commonly made as a function ofQinv

[A2q12
2 , whereas a multidimensional analysis uses a se

Q variables which are defined as various projections ofq12.

A. Data analysis and results

Two independent analyses were performed with the co
plete data set recorded in the negative tracking arm@11,27#
totalling 13.73106 pairs of identifiedp2. These data were
corrected for resolution and Coulomb effects in an iterat
way @28#. The Gamow correction was not used as it overc
rects the data in theQinv range of 0.1–0.3 GeV/c. Because
the finite resolution in the measurement of theQ variables
leads to an underestimate of the radii andl parameters, a
correction has to be implemented in the fitting procedu
This is done by a convolution method, replacing theC2(QW )
formula expressing the two-particle correlation function us
to fit the data by
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C2
rc~QW !5E E E r ~QW ,QW 8!C2~QW 8!dQW 8,

wherer (QW ,QW 8) is the resolution function which is chosen
be Gaussian:

r ~QW ,QW 8!51/~2p!3/21/uVu1/2

3exp@21/2~QW 2QW 8!TV21~QW 2QW 8!#.

The diagonal elements of the covariance matrixV are set
equal to the square of the variousQ resolutions, which are
estimated by a full simulation of the experimental setup a
function of thekT5upW T11pW T2u/2 of the pairs. The nondiago
nal elements ofV are neglected, as the resolution correcti
has a very small effect compared to the Coulomb correct
Figure 10 showsC2, the measuredp2p2 correlation func-
tion, plotted as a function ofQinv before and after the reso
lution and Coulomb corrections. In the plot, the correcti
for resolution is obtained by multiplying each data point
C2

rc(Qinv)/C2(Qinv). C2 is clearly exponential@29#. The
solid curve is a fit of the form 11leexp@22QinvRinv] which
gives Rinv57.3360.08 fm andle50.78860.009 for ^kT&
50.116 GeV/c. This exponential behavior appears not
hold in the three-dimensional analysis, where projec
slices are better represented by Gaussians.

The three-dimensional analysis of Bose-Einstein corre
tions has been done using two different parametrization
the longitudinally comoving system~LCMS!: the standard
Pratt-Bertsch fit~PB! in the three-dimensional space of m
mentum differencesQTS ~perpendicular to the beam axis an

FIG. 10. The measured two-pion correlation functionC2 ~full
symbols!, corrected for resolution and Coulomb effects, as a fu
tion of Qinv . The full line is a fit to an exponential form, wherea
the dashed curve is a fit to a Gaussian form. The empty sym
show the data before corrections.
6-7
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to the transverse momentum of the pair!, QTO ~perpendicular
to the beam axis and parallel to the transverse momentu
the pair!, andQL ~parallel to the beam axis! @30#, including a
cross termRout-long

2 as predicted@31#,

C2511lexp@2QTS
2 RTS

2 2QTO
2 RTO

2 2QL
2RL

2

22QTOQLRout-long
2 #,

and the Yano-Koonin-Podgoretski� fit ~YKP! @21# in the Q0
~energy difference of the pair!, QT ,QL space,

C2511lexp@2QT
2RT

21~Q0
22QL

2!R4
22~Q•U !2~R0

21R4
2!#,

where U5g(1,0,0,vL), g51/A12vL
2 with vL in units

of c51.
In the YKP parametrization the different radii are inva

ant under a longitudinal Lorentz boost, and the speed par
eter vL connects the local rest frame to the measurem
frame ~the LCMS in our case!. The results as a function o
thekT of the pairs are shown in Figs. 11 and 12 and summ
rized in Table I. Thel parameters of the YKP fit~not shown
in Table I! are found compatible with thel parameters of the
PB fit.

The systematic errors, not included in Figs. 11 and
and Table I, are estimated by varying the different analy
cuts, including the cuts used to identify the pion with t
time of flight system. The systematic error on the Coulo
correction due to the error on the determination of the rad
parameters is also taken into account. All these variations

FIG. 11. ThekT dependence of the Pratt-Bertsch paramete
The points are plotted at the averagekT of the bin, and the horizon-
tal bars indicate the bin width. The open symbols in the figure
bottom right show thel parameter after correction for backgroun
from misidentified pions, as explained in Sec. V.
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added in quadrature. The total relative systematic errors
the radii DR/R amount to 0.8% forRinv , 1.4% for RTS,
3.5% forRTO , 9.1% forRL , 0.8% forRT , and 9.7% forR4.
Systematic errors onRout-long

2 and vL are asymmetric and
reach, respectively,21.7

12.2 fm2 and 20.08
10.13.

The RTS and RL parameters from the PB fit are in goo
agreement, respectively, withRT and R4 from the YKP fit.
The cross termRout-long

2 from the PB fit andvL from the
YKP fit deviate from zero.

In a source undergoing a boost invariant expansion
local rest frame coincides with the LCMS. Both the cro
term andvL expressed in the LCMS are then expected
vanish@21#. As this is not quite the case, it suggests that
source seen within the acceptance does not have a str
boost invariant expansion. The strong decrease of the lo
tudinal radiusRL or R4 with kT compared to the transvers
radii RT , RTS, and RTO shows a longitudinal expansio
which is larger than the transverse one. Finally, theR0 pa-
rameter~not shown in the figures!, which corresponds to the
duration of emission of particles from the source, is comp
ible with zero for allkT bins, excluding a long-lived inter-
mediate phase. These results agree with the previously
lished WA98 results obtained using roughly half of th
present data sample@29#. The WA98 analysis is compatible
with the NA49 results obtained in a slightly different rapidi
range (̂ y&53.2) with unidentified negative particles@32#.
The direct comparison with the NA44 results is not possi
because NA44 and WA98 do not have the same rapi
range. The smallerRTO measured by NA44@33# can be ex-
plained by the larger rapidity range of its acceptance~3.1
,y,4.1!.

.

t

FIG. 12. Comparison between the PB and YKP fits in t
LCMS. The cross termRout-long

2 from the PB fit andvL from the
YKP fit both show a deviation from zero at largekT when estimated
in the LCMS. TheRTS and RL parameters from the PB fit are i
good agreement with, respectively,RT andR4 from the YKP fit.
6-8
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TABLE I. Three-dimensional analysis as a function ofkT for the PB and YKP fits.l after correction for
backgrounds from misidentified pions is also shown.

^kT& 0.02 GeV/c 0.07 GeV/c 0.125 GeV/c 0.175 GeV/c 0.285 GeV/c

RTS 6.4860.18 fm 6.6760.15 fm 5.5560.24 fm 5.1360.32 fm 4.8160.29 fm
RTO 6.9560.20 fm 6.6260.16 fm 6.7060.29 fm 6.2960.43 fm 6.0760.50 fm
RL 8.6960.26 fm 7.5460.19 fm 5.9560.27 fm 5.4560.37 fm 5.1560.34 fm
Rout-long

2 1.5162.11 fm2 0.5561.45 fm2 20.5261.96 fm2 23.0162.31 fm2 24.5161.94 fm2

l 0.33460.012 0.36260.010 0.33760.018 0.32460.026 0.39160.036
lcor 0.64660.023 0.63460.018 0.55760.030 0.51160.041 0.59660.055
RT 6.6660.14 fm 6.5460.13 fm 5.9960.19 fm 5.7860.29 fm 5.1760.26 fm
R4 8.6860.26 fm 7.5260.19 fm 5.9760.28 fm 5.4960.39 fm 4.9460.35 fm
vL 0.0260.08 fm 20.0460.06 fm 0.0860.08 fm 0.1460.10 fm 0.2060.09 fm
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B. Comparison with a hydrodynamical model based simulation

The W.-H. model can be used to generate correla
functions which can be compared to the data. For that p
pose, all necessary integrations are performed numeric
@25# to get the value ofC2 in the PB parameterization fo
given values ofQTS, QTO , QL , kT , and the rapidityY
5(y11y2)/2 of a pair. To simulate properly the acceptan
of the negative tracking arm, the mean values ofkT and
Y for each (QTS,QTO ,QL) bin are calculated using rea
data, and then for each bin the mean valu
(^QTS&,^QTO&,^QL&,^kT&,^Y&) are used as input for the hy
drodynamical calculation. This procedure is repeated for
five kT intervals used in the data analysis. The correlat
functions are generated neglecting contribution fro
resonances, usingT585 MeV, h f50.5 ~values extracted
from the single-particle spectra analysis!, R58 fm, t0

FIG. 13. Comparison between simulation and data as a func
of kT . The open symbols are the result of the fit of the PB form
to the correlation functions produced by the hydrodynamical mo
whereas the full symbols are the result of the fit to the data.
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511 fm/c, Dt52 fm/c, and Dh51.3 ~see Ref.@25# for
definitions of the parameters!. Figure 13 shows the Bose
Einstein radii extracted from fitting the simulated correlati
functions with the PB formula. The error bars used to p
form these fits are taken to be the same as the ones calcu
for the real data in each (QTS,QTO ,QL) bin. The measured
results are shown on the same plot, and the agreeme
found to be good. The shift in the the cross termRout-long

2

between data and simulation is compatible with the syste
atic uncertainty.

V. AVERAGE PION PHASE-SPACE DENSITY AT FREEZE-
OUT

As themT spectrum gives the momentum-space density
freeze-out and as the Bose-Einstein correlation radii prov
information on the covariant volume for particles of mome
tum pW , it is possible, by combining these results, to extra
the average phase-space density^ f &(pT ,y) at freeze-out
@34,35#,

^ f &5
Al

S Ep

p3/2D RTSARTO
2 RL

22Rout-long
4

dn

dypTdpTdf

with Ep5Amp
2 1p25mTcoshy. The radii andl are func-

tions of pT andy. The factorl, which comes from the two-
pion correlation analysis, corrects for contributions of pio
originating from long-lived resonances decaying close to
primary vertex. A difficulty of this method is to include onl
the contribution of the real pions in the determination ofl,
excluding backgrounds from misidentified particles. This
achieved by applying tol, separately for eachkT bin, a
correction factor obtained from a full simulation of the e
perimental setup, taking into account geometrical acc
tance, backgrounds and efficiency of the chamber-cam
time of flight system. The effects can be seen in Fig.
bottom right, wherel with and without correction is
displayed.

n

l,
6-9
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Figure 14 and Table II show the results on the aver
phase-space density forp2 as a function ofpT . The error
bars reflect the statistical errors only. The systematic un
tainties are dominated by the uncertainty of the correction
the l parameter, which is estimated to be 20%, and by
systematic error onRL , giving a total of 13.7% systemati
error on ^ f &. Within errors, all nuclear collision measure
ments at the SPS are found to be indistinguishable@36#, and
our result at mid-rapidity agrees well with these previo
measurements. The dashed lines indicate Bose-Einstein
sity distributions^ f &5@exp(Ep /T)21#21 of static sources of
pions (Ep'mT) for three choices of the freeze-out tempe
ture T: 80, 100, and 120 MeV, from the lower curve to th
higher curve. The results are in rough agreement with
100-MeV distribution at lowpT , but show a clear deviation
from a Bose-Einstein distribution at highpT . As pointed out
in Ref. @37#, this deviation is mainly due to the strong lon
gitudinal expansion of the fireball which reduces the s
tially averaged phase-space density and, to a lesser ex
due to the radial collective flow, which adds extra transve
momentum to the particles compared to particles emitted
a static source. Consequently, even in the absence of tr
verse flow,̂ f & will be reduced compared to a Bose-Einste
density distribution. This effect may necessitate a posit
pion chemical potential in order to match the experimen
observation. Such a positive potential can be related to
presence of pions from short-lived resonance decays.

FIG. 14. Average pion phase-space density as a function opT

compared to different models~see the text!.
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Tomás̆ik-Heinz ~T.-H.! model @37# used to fit the data as
sumes a thermalized fireball with a longitudinally boo
invariant expansion and a transverse flow rapidity pro
which depends linearly on the transverse coordinate. T
model includes a pion chemical potential and has three
parameters, the freeze-out temperatureT, the strength of the
transverse flow rapidity profileh t , and m0, the chemical
potential value in the center of the fireball. In Fig. 14, the f
line is a fit of the T.-H. model with a box transverse dens
profile, whereas the point-dashed line is a fit of the sa
model with a Gaussian transverse profile. Both fits ag
well with the data with ax2/d.o.f. of 0.78 and 0.93 for,
respectively, the box and Gaussian profiles, givingT
587227

152 MeV, h t50.4920.22
10.07, andm05572125

129 MeV for the
box profile. Thish t result corresponds to a mean transve
flow velocity ^bT&50.4220.18

10.05. Due to the lack of experi-
mental points at largepT , the T.-H. model with the Gaussia
profile provides very loose estimates of these paramet
which are nevertheless compatible with those from the b
profile. Figure 15 shows thex2 contour plot for the T.-H.
model with the box profile forT andh t . The curves repre-
sent ~starting from the center! contours at 39%, 70% and
99% confidence level. The best fit is obtained for a pi
chemical potentialm0557 MeV ~black square! but a solu-

FIG. 15. x2 contour plot for the T.-H. model with a box profile
Starting from the center, the curves represent contours at 39%, 7
and 99% confidence levels forT and h t . The black square is the
best fit (m0557 MeV). The full circle is the result withm0 ex-
cluded from the fit and set to zero.
TABLE II. Averagep2 phase-space density^ f & at freeze-out as a function ofpT .

^pT& 0.02 GeV/c 0.07 GeV/c 0.125 GeV/c 0.175 GeV/c 0.285 GeV/c

^ f & 0.31960.018 0.27260.012 0.23760.019 0.18260.022 0.08860.012
6-10
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ONE-, TWO-, AND THREE-PARTICLE . . . PHYSICAL REVIEW C 67, 014906 ~2003!
tion with m050 MeV is also possible~full circle!. On the
other hand, a large pion chemical potential at freeze-
close to the Bose condensation limit ofm05mp , as could be
speculated given the rather low mass of the pion, seems t
excluded in view of the error bar onm0.

The results of the fit of the W.-H. model on the singlep2

spectrum can be compared to the fit of the T.-H. model
the phase-space distribution. The agreement is good foT,
and satisfactory for̂bT& when taking into account the sys
tematic error. It should be noted that the constraint provid
by the fit of the T.-H. model is weak compared to the o
given by the W.-H. model because of the relatively sm
amount of experimental points in the phase-space distr
tion. Moreover the T.-H. model uses a pion chemical pot
tial whereas the W.-H. model does not. Finally, as^ f & is the
pion occupation per six-dimensional position^ momentum
cell, the obtained values do not provide striking evidence
the presence of an excess of pions or for the presenc
large disoriented chiral condensates. This chiral conden
phenomena has been investigated by other means w
WA98 @38,39#.

FIG. 16. The three-pion correlation functionC3 as a function of
Q3. The full line is a fit to a double exponential form~see the text!.
The dotted and dashed lines are fits, respectively, to a single e
nential and a Gaussian form.
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VI. THREE-PION CORRELATIONS

In the hypothesis of a fully chaotic source of identic
particles, the two-pion correlation function can be writt
C2511uF12u2 whereuF12u2 is the Fourier transform square
of the space-time source function. The three-pion correla
function is thenC3511uF12u21uF23u21uF31u212•Re$F12

•F23•F31%. The termsuFi j u2, which express the contribution
of the three combinations of the two-pion correlations co
tained in the triplet~123!, provide the largest contribution to
C3. The last term only represents the genuine three-b
correlation. It can be written 2•uF12u•uF23u•uF31u•W, where
Fi j is defined as uFi j uexp@ifij# and W[cos(f121f23

1f31). The simultaneous measurement ofC2 and C3 pro-
vides information onW, the cosine of the sum of the thre
phases of the Fourier transforms. In contrast, the meas
ment ofC2 alone gives access only to the radii of the sou
and not to the phases. If the emission source is fully chao
W measures the asymmetry of the source. In the presenc
not fully chaotic sources, which is likely to be the case,W,
the strength of the true three-body correlation, is basica
sensitive to the coherence. So, in the framework of the p
tially coherent model@40#, W gives information on the de

o-

FIG. 17. The factorW as a function ofQ3. The error bars
include statistical and systematic errors. The statistical errors a
are contained within the size of the symbols.
TABLE III. Weighted mean of the strength of the genuine three-pion correlations^W& as a
function of Q3.

Q3 range 0.01–0.02 GeV/c 0.02–0.03 GeV/c 0.03–0.04 GeV/c 0.04–0.05 GeV/c 0.05–0.06 GeV/c

10.201 10.156 10.145 10.177 10.258
^W& 0.830 0.780 0.736 0.654 0.557

20.175 20.143 20.138 20.193 20.293
6-11
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gree of chaoticity of the emission source in a manner wh
is insensitive to backgrounds such as the contributions f
resonances. The complete data set recorded with the neg
tracking arm yielded a total of 13.13106 triplets of p2.

After correction for resolution and Coulomb effects,1 a
strongC3 signal is observed~Fig. 16! as a function ofQ3

[AQ12
2 1Q23

2 1Q31
2 with Qi j [A2(pi2pj )

2, which can be
fitted by a double exponential function
e
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e
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C3511l1exp@22Q3R1#1l2exp@22Q3R2#,

with fitted parametersR155.0860.26 fm, l153.1260.27,
R251.6660.08 fm, l250.34160.046, and x2/d.o.f.
51.10. Such a non-Gaussian behavior was in fact predic
by a final-state rescattering model@41#. After the measure-
ment of C2 and C3, the data are analyzed again, and t
experimental value ofW is calculated using
W5
$C3~Q3!21%2$C2~Q12!21%2$C2~Q23!21%2$C2~Q31!21%

2•A$C2~Q12!21%$C2~Q23!21%$C2~Q31!21%
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individually for each triplet found, characterized byQ3 and
by the valuesQ12, Q23, andQ31 corresponding to the thre
pair combinations contained in the triplet.

As described earlier, the estimate of systematic error
done by varying the different analysis cuts, both in the tw
and three-pion correlation analysis. The effects onW of the
statistical errors in the measurement ofC2 andC3 are treated
as systematic errors by changingC2 (C3) by 6sC2

(6sC3
). This last source of error dominates the other on

All these variations are then added in quadrature.
Figure 17 and Table III showW as a function ofQ3 for

Q3<60 MeV/c, beyond which theW significance is too low.
The error bars include statistical and systematic errors.
statistical errors~not shown separately in Fig. 17! are by
comparison negligible. In view of the errors, no significa
Q3 dependence is observed. The genuine three-pion cor
tion is found to be substantial with a weighted mean over
five bins ^W&50.73560.004(stat.)60.146(syst.).2

This result is in agreement with the previously publish
WA98 result obtained using about half of the present d
sample@42#, where a more detailed description of the thre
pion analysis method can also be found. More recently,
NA44 experiment@43# obtained with lower statistics a facto
^W& which agrees with our results.

VII. CONCLUSIONS

We have studiedmT distributions for identifiedp2 and
K2 produced in central Pb1Pb collisions at 158A GeV. The
W.-H. hydrodynamical model has been fitted to the p

1The Coulomb correction applied to a particular triplet is the pro
uct of the Coulomb corrections used for the three pair combinat
contained in that triplet.

2The weighted systematic error is obtained by calculating
weighted average over the fiveQ3 bins separately for each kind o
systematic error. These errors are then added in quadrature. O
other hand, adding quadratically the systematic errors of the fiveQ3

bins, as done for weighted statistical errors, would give60.078
instead of60.146 for the systematic uncertainty.
is
-

s.

e

t
la-
e

a
-
e

spectrum. The resulting fitted parameters favor a comb
tion of a relatively low temperatureT;85 MeV and an av-
erage transverse flow velocity^bT& ;0.50. The shape of the
p2 mT distribution is in good agreement with thep0 mT

distribution measured in the same experiment.
Bose-Einstein interferometry ofp2 pairs gives fitted radii

of typically 7 fm. This has to be compared to the equivale
rms radius of the initial Pb ion of 3.2 fm, indicating an e
panded emission volume at freeze-out.

The analysis of two-pion correlations has been perform
as a function ofkT using two different parametrizations i
the LCMS. The results are consistent between the stan
three-dimensional Pratt-Bertsch fit and the Yano-Koon
Podgoretski� fit.

A clear dependence of all radius parameters onkT is ob-
served, with a stronger dependence for the longitudinal ra
indicating a larger longitudinal than transverse expansi
Both the cross termRout-long

2 from the PB fit andvL from the
YKP fit deviate from zero, which suggests that the sou
seen within the acceptance does not undergo a strictly b
invariant expansion. Moreover, the short duration of em
sion disfavors any long-lived intermediate phase.

A comparison of the data with a hydrodynamical simu
tion based on the Wiedemann-Heinz model, and taking i
account acceptance and resolution effects has been mad
the radii parameters as a function ofkT . The agreement is
found to be very good.

The average pion phase-space density at freeze-out
been calculated from measured quantities as a function
pT . The results indicate a clear deviation from a Bos
Einstein distribution at highpT , but are very well fitted by
the Tomás̆ik-Heinz model. The pion chemical potentia
which is included in the model, is found to be compatib
with zero, while a large pion chemical potential close to t
condensation limit ofmp , seems to be excluded.

Finally, we have studied thep2p2p2 interference and
found a substantial contribution of genuine three-pion cor
lations in central collisions. ForQ3<60 MeV/c a weighted
mean of the strength of the genuine three-pion correlati
^W&50.73560.004(stat.)60.146(syst.) was extracted. Th

-
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6-12



ot

ew
p

S.
he
n
t

gy
t of

of
e
id
-

pport
e-
T-

er

ONE-, TWO-, AND THREE-PARTICLE . . . PHYSICAL REVIEW C 67, 014906 ~2003!
is somewhat smaller than what is expected for a fully cha
and symmetric source.
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