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Several hadronic observables have been studied in central TV Pbt+Pb collisions using data mea-
sured by the WA98 experiment at CERN: singte and K~ 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 identified
have been analyzed as a functionkgf, 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 kf. The pion phase-space density at freeze-out has been measured, and agrees well
with the Tomaik-Heinz model. A large pion chemical potential close to the condensation limit acfeems 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.

DOI: 10.1103/PhysRevC.67.014906 PACS nunider 25.75.Gz
[. INTRODUCTION thermal and chemical equilibrium at freeze-out, and allows
the determination of the parameters of hydrodynamical ex-

The study of single-particle distributions of particles pro- pansion models of the source. The spatiotemporal extension
duced in heavy-ion collisions gives access to the degree aif the interaction region created in such collisions is not
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directly observable, but the study of Bose-Einstein interferfrom an analysis of the complete data set. These data were
ometry between identical particles provides information ontaken with the most central triggers corresponding to about
the geometry and on the dynamical evolution of the particlel0% of the minimum bias cross section of 6300 fab7],
emission sources. In particular, the correlations between prayith an average of 330 participating nucleons per collision.
duced pions give access to the size of the homogeneity rerhese quantities are estimated to have an overall systematic
gion, to the duration of emission, and to various parametergrror of less than 10%. The charged particle spectrometer
characterizing the spatial extension of the fireba]l In ad-  13de use of a 1.6-Tm dipole magnet with ax246-n? air
dition, by combining information from the source size in 4o which deflected the charged particles in the horizontal

momentum-space obtained by interferometry, and from theyane into two tracking arms located downstream, one on
momentum-space density provided by the single-particle dis

o . each side of the beam axis. The results shown here are mea-
tributions, an average phase-space density at freeze-out @ rements ofr~ and K- observed in the negative particle
be calculated.

. . tracking arm of the spectrometer. This tracking arm consisted
Compared to the two-particle correlation, the three- 9 P 9
particle correlation can provide additional information on theOf SIX multistep avalanc.he chambers with Op.tICé.l| readBlit
chaoticity and asymmetry of the source emisgian-4]. In Inside the chambers, triethylamine photoemlsswe.vapor pro-
particular, the three-pion interference produced by a fullyduced UV photons along the path of charged particles, these
chaotic source is sensitive to the phase of the Fourier tran®N0tons being subsequently converted to visible light via

form of the source emission function and, hence, to thavavelength shifter plates. On exit, the light was reflected by
asymmetry of the source. mirrors at 45° to CCD cameras equipped with two image

In this paper, we present the analysis of single-particldntensifiers. The active area of the first chamber was 1.2
production, and of two- and three-pion interferometry mea-X 0.8 nt and that of the other five 1:61.2 nf. Each CCD
sured in the WA98 experiment for central ¥58GeV  camera pixel viewed a region of about 2.3.1 mnt on the
208ph+ 208ph collisions at the CERN SPS. In addition, esti- chambers. Downstream of the chambers, at a distance of 16.5
mates of hydrodynamical expansion model parameters, tenm from the target, a % 1.9-n7 time of flight wall allowed
perature and transverse flow velocity are extracted fronfor particle identification with a time resolution of better than

these results. 120 ps. The resulting particle separation is shown in Fig. 2.
The 7~ rapidity acceptance ranged froys=2.1 to 3.1 with
Il. EXPERIMENTAL SETUP AND DATA PROCESSING a rapidity average at 2.7, close to the midrapidity value of

The CERN SPS fixed target experiment WA com- 2.9. The momentum resolution of the spectrometer was
bined large acceptance photon detectors with a two arrP/P=0.005 atp=1.5 GeVk, resulting in an average pre-
charged particle tracking spectrometer. The experimental layeision of better than or equal to 10 Med/Aat vanishingpy
out is shown in Fig. 1. The 138 GeV Pb beam interacted for all the Q variables used in the correlation analysis and
with a Pb target near the entrance of a large dipole magnegefined in Secs. IV and ViIo(Qjn,) =7 MeVic, a(Q+o)

The online trigger centrality selection used a forward calo-=10 MeV/c, o(Qrg=5 MeVic, o(Q.)=3 MeV/c,
rimeter located at 0° and a midrapidity calorimeter measure(Qr)=8 MeV/c,  d(Qo)=5 MeV/c, and o(Qs)
ing the total transverse energy in the pseudorapidity intervai7 MeV/c. Severe track quality cuts were applied, resulting
3.2< »=<5.4. The results presented here have been obtaindd a final sample of 7.810° =, providing 13.3<10° pairs
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B an interpretation of the resulting slope parameter in terms of

a temperature is not possible. However, since it is found to fit

FIG. 2. Particle identification in the negative arm of the spec-the measured spectrum better than the previous expressions,

trometer. it is useful for obtaining an estimate of the inverse slope
parameteiT.
and 13.10° triplets for the Bose-Einstein correlation
analysis. A. Data analysis
A detailed description of the analysis of the single particle
ll. SINGLE-PARTICLE SPECTRA AND spectra presented here can be found in Rifl. The correc-
HYDRODYNAMICAL MODEL tion for detector acceptance and efficiency applied to the

. . o . . measured spectrum is based on a precise simulation of the
The study of inclusive distributions of single particles ;

; : - . . detector, tuned in order to reproduce the measured detector

produced in heavy-ion collisions can be interpreted in the ! .

. . response as accurately as possible using the VENLZS

context of models of the source using hydrodynamical ex- : X .

i L . event generator as input. Multiple scattering, decays, and all

pansion. Within the context of such models, which assume . L : )

o . other reactions within the detector material are taken into

local thermal equilibration, parameters like the temperature - X ) -

) . : account. Efficiency maps depending on the hit position on

and collective velocity at freeze-out can be determined. In

the limit of a stationary fireball, the distribution takes the eac? ghambe;], the'pr)]arncl'e' momenltum, andd its 'ldent_lty ?re
simple form[9] applied, together with position resolution and noise simula-

tion. Simulated events are then reconstructed using the same
code as for real data, ensuring that any software-induced
systematics are also taken into account. The output is then
Ed_NE dN wEe (E-wIT 1) matched to the VENUS input. This correction procedure en-
dp® mrdmydyde ' sures that the final result is little sensitive to remaining con-
tamination, such as pions in a kaon sample. A detailed study
of the systematic uncertainty has been performed and it is

where p is the Cartesian particle momentumm,; found to be small, especially as regards the slope of the

— \/5%"'_“13 is the transverse mass; is the transverse mo- spectrum (~3%). Theabsolute normalization, on the other
mentum, m, is the rest massy is the rapidity, E hand, is more sensitive to detector instabilities which could

= mcoshy—Yirena)s 4 iS the chemical potential, and is not be perfectly simulated, and is found to have an estimated
the Iemperatufrlrg.ba” ’ ’ uncertainty of at most 20%.

In the limit where only a narrow rapidity interval close to Since the statistical uncertainty on the fima} spectrum

Vi is measured, the spectrum becomes is negligible compared to the systematics, it is possible to
fireball ' apply very severe quality cuts on the reconstructed tracks

and on the events used.

dN In contrast to the Bose-Einstein analysis, only a subset of

E— ~me ™/, all data is kept using only run periods where the detector
dp® operation remained particularly stable. The analysis is per-
formed separately for identified™ andK™. The final data
and, in the case of a rapidity-integrated spectrum, sample consists of 4710° 7~ tracks and 1.810° K~
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FIG. 3. Acceptance of tracking arm | in the<,y) plane FIG. 5. Two-dimensionalfully corrected single pion spectrum
for pions. as a function of the two variables; andy.
drawn from 3.8 10° central events. Figures 3 and 4 show B. Results

the detector acceptance for negative pions and kaons, réspec-Figure 5 shows the finalfully corrected single-particle

. . - . — + .
tlvely,iobt+a|ne.d from the simulation. The™ /@~ ratio and  gpectrym form~ plotted as a function of the two variables
the K™/K™ ratio of the number of detected pions and kaonsy, andy. The form of the detector acceptance shown in Fig.

have also been measured using two opposite magnetic fielg ;o clearly noticeable, except for the lops-low y lobe,
polarities. The results will be presented in a separate publiynich has been omitted here.
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Figure 6 shows the projection on the; axis (norm- = [ 0.25
alized to a unit rapidity interval using the VENUS pro-
file) of the two-dimensional spectrum of Fig. 5. A fit to =
the exponential form of Eg. (20 over the EH E 0.15 *++ +
interval my—my=[0.1,1.3 GeV/c? (not shown in Fig. & T | - + +
yields C=5220+80 (stat)’ 2 qsyst), and T=0.168 Z | —— : A §
+0.001 (stat.)"$.0% (syst.) GeV, with ay? per degree of > s i
freedom of 1.6. This result is in agreement with the NA49 = 10°F = Py [Gevid
result[13]. oo 0

At high p, where perturbative QCD becomes applicable, r - ——
the spectra are expected to attain a power-law behavior a I o -
observed in numerous high-energy pp measuremees, 10 - -
for example, Ref[14]). The heavy-ion data of this experi- ; - —+—t-
ment seem to follow that trend even into the lovpgrrange. [ —0-

Therefore, a parametrization originally inspired by Q5] r -0 _+_
and successfully applied already fip data[14] and heavy- 1k
ion data[16] can be used to fit the spectrum, F ‘¢‘_¢_

_+_

n 00z oa 0e 08 1 12 '2'
, 3 m,-m, [(GeV/c)]

Po
P+ Po

FIG. 7. «~ (black circle3 and K~ (empty circle$ single-
with C, py, andn taken as free parameters. A link to the Particle spectra. The error bars are statistical only. Note that for the
more familiar exponential slope paramet€ris obtained Same transverse mags; is different for pions and kaons. The inset
from the derivative of this expression according to shows the(bin by bin) ratio of the twopy spectra.

fGllk)

f
(Pr) _Po Pr

T Jaw— = = —=
power-law &f(pT) n n w T n 0.034,
Ipr T

Thus,pg/n characterizes the slope of the transverse momen- B 0

tum spectrum in the limipr—0, while 1h characterizes its Poth forz— and ™. o

gradient alongy , i.e., the strength of the concave curvature. 1 NiS corresponds to a nonextensivity parameter 1
The extracted parameters ar€=4150:70, p,=4.80 1@ qf 1..034. This regult, mterpr.eted in the spirit of Ref.
+1.04 GeVE and n=29.0+5.9, which gives a slope pa- [19], indicates a relative fluctuatioAT/T of 18.4+1.9% '
rameterT=p,/n=0.166+0.005 GeV. They? per degree of (18.4i_0.3%) for thew™ (77?) measurement. However, this
freedom is 1.0. The same fit performed on th&spectrum, analysis n_egle_cts_ the_ contributions of resonance decays and
measured by the WA98 experimefit,6,17,18, yields C flow velocity d|str|bgt|ons. Both of these effects increase the
=5120* 140, py=5.08+0.18 GeVt, n=29.3+0.8, and so curvature of the pion spectrum. Thus the value AF/T
T=0.173-0.002 GeV. The acceptance for th@ measure- =18.4% should_be considered an upper limit on the tem-
ment being different, it is interesting to note that fitting only Perature fluctuations. _ , , _
the pr=[0.3,1.4 GeV/c common interval of both spectra  'N€ averaged negative pion yield per unit
yields T=0.169 GeV form~ and T=0.166 GeV for7°, ~ rapidity in the acceptance window is N&dN/
showing that the result is stable with respect to the fit intervafly=129+1 (stat.) Z5¥(syst.). Figure 7 shows the same
and that the spectra agree quite well. plot as above for kaons. A fit to the exponential form

It has also been shown that fluctuation of the parameter iR Yields C=1000+ 120 (stat)*7* (syst), andT=0.181
an exponential distribution leads to a final distribution of the=0.005 (stat.)" 3005 (Syst.) GeV. So the inverse slofeor
powerlike form[19]. This behavior can be interpreted in kaons and pions are comparable. It should be noted that the
terms of a suitable application of the nonextensive statisticgapidity acceptance is quite different for the two particle spe-
of Tsallis[20]. This interpretation is convenient to describe cies, them™ acceptance being much closer to midrapidity.
particle production at fluctuating, as may occur near the An estimate of the effect induced by this difference in accep-
phase transition. These fluctuations would exist in smaltance can be made using the term cash(@iven below Eq.
parts of the hadronic system with respect to the whole systl). The inverse slope fok~ would become of the order of
tem rather than between events. The averéfje around 0.230 GeV. Th&k /7~ ratio at a common rapidity of 2.3 is
which the temperature fluctuates is given Iyy/n 11.4+0.4 (stat.)fgjg (syst.)%, which is in agreement with
=0.166 GeV, and the relative variance of lis the NA49 resul{13].

014906-5



M. M. AGGARWAL et al. PHYSICAL REVIEW C 67, 014906 (2003

C. Hydrodynamical source expansion model — 01F

>

The single pion spectrum has been fitted in the intervalé
0.05<my—my<1.2 GeVk? with the Wiedemann-Heinz 095
(W.-H.) model[21-26. It relies on the following idea: the
main characteristics of the particle phase-space distributior
at freeze-out can be quantified by its widths in the spatial anc ~ 0-09
temporal directions, a collective dynamical compongia-
rametrized by a flow fiel[dwhich determines the strength of
the position-momentum correlations in the source, and a sec
ond, random dynamical component in momentum sppae
rametrized by a temperatyréeThe model emission function 0.08
contains seven parameters, but the shape of the single
particle transverse mass spectrum is fully determined by the
temperature T and the transverse flow rapidity profile 0.075
71(r)= n:(r/R) which is assumed to depend linearly on the
transverse coordinate where #; is the transverse flow ra- 0.07
pidity strength, andR the Gaussian transverse spatial width.

The mean transverse flow velocifr) can be easily calcu-

lated as the mean value of tdmk(r)] over the transverse 0065 o o 1L 1.1 L1
source profile. The results will be given as a functior 8f) 0.44 0.46 0.48 0.5 0.52 0'54<B )
rather thanz;, since its physical interpretation is more T
straightforward.

The three parameters that are allowed to vary freely dur- FIG. 8. x contour plot of the hydrodynamical model fit to the
ing the fitting procedure ar&, 7, and an overall normal- measuredr~ single-particle spectrum of Fig. 6. A Gaussian profile
ization factor. The result of the fit i§=0.084+0.003 GeV Iis assumed for the transverse spatial profile of the source. The
and(By)=0.50+0.02, the)(z/d.o.f. being 1.1. The resulting CUrves displayed represent successiystgrting with the innermost
curve is not shown in Fig. 6 as it is hardly distinguishable®n® contours at 50% C.L., 90% C.L., 99% C.(dashed ling and
from the power-law fit. The temperature and flow parameter?g'g% C.L., and the last curve indicates a highly excluded region.
are strongly correlated, so it is more interesting to consider 4he black square represents the best parameter values.

x? contour plot of the fit to the measured single particle
spectrum as a function of those two parameters. Figure 8
shows the result assuming a Gaussian transverse spatial pro-
file, and Fig. 9 assuming a box profile of the same rms width
as the Gaussian one. Only direct pions are considered in the
model. Furthermore, only statistical errors are taken into ac-__
count during the fit. The curves displayed represent different=
. L
confidence levels for theT((Bt)) values.

The dependence of thg?/d.o.f. on the shape of the 0.095
source is very small, the begf/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 be
fit flow velocity is considerably smalle 3+)=0.29) for the
box profile. Inclusion of the resonance decay contribution in ygs
the model calculation would be expected to reduce the ex-
tracted flow velocity parameters and increase the temperatur
parameters. The precise effects do however depend on detai  0.08
of the models used.

0.085

T_[G

0.09

0.075
IV. TWO-PION CORRELATIONS

Bose-Einstein interferometry is most commonly used to
study pairs of identical particles. The correlation function
is defined, up to a proportionality factdf, as the ratio of a
two-particle spectruni?, over the product of two single- 0.065
particle spectréP;,

0.07

| IS EFErEEriS BT ETEr STl SIS ST Sr R
026 027 028 029 03 031 032 033

e
0.34

B

. Pa(P1.P
Co(p1,pP2) :N%, FIG. 9. Same plot as in Fig. 8, but assuming a box profile for the
P1(p1)- Pr(p2) transverse spatial profile of the source.
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with S

and

Po(py,P2)=E,E dn
2(P1,P2)=E1E——="=,
dpidp3

whereE; andp; are the energy and momentum of particle
respectively.

Experimentally, the product of one-particle distributions
in the denominator is commonly obtained by a mixed event

technique whereas the two-particle distribution in the nu- Y Y T Y Y R X
merator is constructed from all pair combinations of identical Q. [GeV/c]
particles found in each everg, is then normalized to unity "

far away from the interference region. FIG. 10. The measured two-pion correlation functiogp (full

A fully chaotic source can be seen as a superposition ofdymbols, corrected for resolution and Coulomb effects, as a func-
uncorrelated elementary sources, and one- and two-partict®n of Q;,, . The full line is a fit to an exponential form, whereas
distributions may be expressed through the Wigner functiorthe dashed curve is a fit to a Gaussian form. The empty symbols
of the sourceS(x,ky,) [1]. The correlation function is then show the data before corrections.
written

cx@- [ | [r6.69cs)d0"

|1 d*xS(x, k) exd igqx]|? .
/ 2 = wherer (Q,Q’) is the resolution function which is chosen to

Ca(p1,p2)=1+\
|[d*xS(X,Ky0) |2 be Gaussian:

with q1,=p;— p, the four—-momentum difference of the two

particles, ki,=(p1+p2)/2, and x=(Xx;+X5)/2 the mean r(Q,Q")=1/(2m)%¥/ V|2
space-time coordinate of the pair emission point. The chao- o o
ticity paramete is inserted to take into account the possi- xexd —1/20Q-Q")'V {Q-Q")].

bility that the source may not be fully chaotic and also that
any wrongly reconstructed tracks, or tracks originating from The diagonal elements of the covariance malfiare set
decays of long-lived resonances, will dilute the Bose-equal to the square of the vario@resolutions, which are
Einstein correlations in the data. A one-dimensional interferestimated by a full simulation of the experimental setup as a
ometry analysis is commonly made as a function@f,  function of theks=|p;+ pro|/2 of the pairs. The nondiago-
= \/—qlzz, whereas a multidimensional analysis uses a set ofial elements oV are neglected, as the resolution correction
Q variables which are defined as various projectionggf has a very small effect compared to the Coulomb correction.
Figure 10 show<C,, the measuredr— 7w~ correlation func-
tion, plotted as a function a®;,, before and after the reso-
lution and Coulomb corrections. In the plot, the correction
Two independent analyses were performed with the comfor resolution is obtained by multiplying each data point by
plete data set recorded in the negative tracking gkin27] CY(Qiny)/C2(Qiny)- C, is clearly exponentia[29]. The

totalling 13.7x 10° pajrs of identifiedw™. Thesg datalwere. solid curve is a fit of the form £\ .ex —2Qin, Rin,] Which
corrected for resolution and Coulomb effects in an iterativeyives R,,, = 7.33+0.08 fm and\,=0.788+0.009 for (ky)

. . n
way [28]. The Gamow correction was not used as it overcor-—qg 116 UGeW;_ This exponential behavior appears not to

rects the data in th@;,, range of 0.1-0.3 Ge?/ Because hold in the three-dimensional analysis, where projected
the finite resolution in the measurement of Qevariables  sjices are better represented by Gaussians.

leads to an underestimate of the radii angparameters, a  The three-dimensional analysis of Bose-Einstein correla-
correction has to be implemented in the fitting proceduretions has been done using two different parametrizations in
This is done by a convolution method, replacing &g Q) the longitudinally comoving systerfLCMS): the standard
formula expressing the two-particle correlation function usedPratt-Bertsch fif{ PB) in the three-dimensional space of mo-
to fit the data by mentum difference®-+s (perpendicular to the beam axis and

A. Data analysis and results
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FIG. 11. Thek; dependence of the Pratt-Bertsch parameters, FIG. 12. Comparison between the PB and YKP fits in the
The points are plotted at the averdgeof the bin, and the horizon- LCMS. The cross termR3,ong from the PB fit andu from the
tal bars indicate the bin width. The open symbols in the figure atYKP fit both show a deviation from zero at large when estimated
bottom right show the. parameter after correction for background in the LCMS. TheRys and R, parameters from the PB fit are in
from misidentified pions, as explained in Sec. V. good agreement with, respectivelyy andR, from the YKP fit.

added in quadrature. The total relative systematic errors on
e radii AR/R amount to 0.8% forR;,,, 1.4% for Ryg,
5% forRyqp, 9.1% forR, , 0.8% forRy, and 9.7% foiR,.
Systematic errors onﬁegut_mg and v, are asymmetric and
reach, respectively 22 fm? and * 3.3,
- by - The Ryg and R, parameters from the PB fit are in good
Co=1+rexg —QrsR7s— QToRTo— QLRL agreement, resptzactively, witR; and R, from the YKP fit.
_ 2 The cross ternR§,.. from the PB fit andv, from the
2QroQuRsutiong]: YKP fit deviate from zero,
) . . ; In a source undergoing a boost invariant expansion the
?enr?etgs ;%Z?eﬁggné? tzgdp?g(egtf%,_(zggge[,ﬂ] in the Qo local rest frame coincid_es with the LCMS. Both the cross
term andv, expressed in the LCMS are then expected to
vanish[21]. As this is not quite the case, it suggests that the
Co=1+Nexg — QFRE+(Q5— Q)R —(Q-U)2(R5+R;)],  source seen within the acceptance does not have a strictly
boost invariant expansion. The strong decrease of the longi-
where U=+y(1,0,0p,), y= 1/\/1—UZ|_ with v, in units  tudinal radiusR, or R, with k; compared to the transverse
of c=1. radii Ry, Rrs, and Ryp shows a longitudinal expansion
In the YKP parametrization the different radii are invari- which is larger than the transverse one. Finally, Byepa-
ant under a longitudinal Lorentz boost, and the speed paramameter(not shown in the figurgswhich corresponds to the
eter v, connects the local rest frame to the measuremenduration of emission of particles from the source, is compat-
frame (the LCMS in our case The results as a function of ible with zero for allk; bins, excluding a long-lived inter-
theky of the pairs are shown in Figs. 11 and 12 and summamediate phase. These results agree with the previously pub-
rized in Table I. Thex parameters of the YKP fiinot shown lished WA98 results obtained using roughly half of the
in Table ) are found compatible with the parameters of the present data samp[€9]. The WA98 analysis is compatible
PB fit. with the NA49 results obtained in a slightly different rapidity
The systematic errors, not included in Figs. 11 and 12range (y)=3.2) with unidentified negative particld82].
and Table |, are estimated by varying the different analysiSThe direct comparison with the NA44 results is not possible
cuts, including the cuts used to identify the pion with thebecause NA44 and WA98 do not have the same rapidity
time of flight system. The systematic error on the Coulombrange. The smalleR;o measured by NA4433] can be ex-
correction due to the error on the determination of the radiuplained by the larger rapidity range of its acceptaf8d
parameters is also taken into account. All these variations arey<4.1).

to the transverse momentum of the pald+o (perpendicular
to the beam axis and parallel to the transverse momentum (gf‘
the paiy, andQ, (parallel to the beam axi$30], including a '
Cross terrngut_Iong as predicted31],
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TABLE |. Three-dimensional analysis as a functionkeffor the PB and YKP fits\ after correction for
backgrounds from misidentified pions is also shown.

(k) 0.02 GeVt 0.07 GeVt 0.125 GeVé 0.175 GeVé 0.285 GeVé
Rrs 6.48-0.18 fm  6.67-0.15fm  5.55-0.24 fm 5.13-0.32 fm 4.81-0.29 fm
Rro 6.95-0.20 fm  6.62-0.16 fm  6.70:0.29 fm 6.29-0.43 fm 6.07-0.50 fm
R, 8.69-0.26 fm  7.54-0.19 fm  5.95:-0.27 fm 5.45-0.37 fm 5.15-0.34 fm
Riutiong 1.51+2.11fm? 055-1.45fm? —0.52+1.96 fm® —3.01+2.31 f? —4.51+1.94 fn?
A 0.334:0.012  0.3620.010 0.33%0.018 0.324:0.026 0.39%0.036
Neor 0.646-0.023  0.634:0.018 0.55%0.030 0.51%+0.041 0.5960.055
Ry 6.66-0.14 fm  6.54-0.13fm  5.99-0.19 fm 5.78-0.29 fm 5.17-0.26 fm
Ry 8.68-0.26 fm  7.52-0.19 fm  5.97-0.28 fm 5.49-0.39 fm 4.94-0.35 fm
o 0.02-0.08 fm —0.04+0.06 fm  0.08-0.08 fm 0.14-0.10 fm 0.26:0.09 fm

B. Comparison with a hydrodynamical model based simulation =11 fm/c, A7=2 fm/c, and A5=1.3 (see Ref.[25] for

The W.-H. model can be used to generate correlatiolefinitions of the parametersFigure 13 shows the Bose-
functions which can be compared to the data. For that purEinstein radii extracted from fitting the simulated correlation
pose, all necessary integrations are performed numericalfgnctions with the PB formula. The error bars used to per-
[25] to get the value ofC, in the PB parameterization for form these fits are taken to be the same as the ones calculated
given values ofQrs, Qro, Q.. kr, and the rapidityy  for the real data in eachQrs,Qro,Q() bin. The measured
=(y;+Y,)/2 of a pair. To simulate properly the acceptancer€sults are shown on the same plot, and the agreement is
of the negative tracking arm, the mean valueskgfand found to be good. The shift in the the cross teR§)ong
Y for each QTSvQTO1QL) bin are calculated using real between data and simulation is Compatible with the system-
data, and then for each bin the mean valuestic uncertainty.

((Qr):(Q10).(QL).(k7),(Y)) are used as input for the hy-

drodynamical calculation. This procedure is repeated for allv. AVERAGE PION PHASE-SPACE DENSITY AT FREEZE-

five ky intervals used in the data analysis. The correlation ouT

functions are generated neglecting contribution from
resonances, using =85 MeV, 7;=0.5 (values extracted
from the single-particle spectra analysiR=8 fm, 7

As themy spectrum gives the momentum-space density at
freeze-out and as the Bose-Einstein correlation radii provide
information on the covariant volume for particles of momen-

10 tum f) it is possible, by combining these results, to extract

—
=3

E E o the average phase-space dengify(pr,y) at freeze-out
z; e 34,35,
=4 . z# -4 ; $
£ Yoo
4 4
3 3 (fy= \/X dan
2 2 E, R dyprdprd¢
:) L ; L W_S/ZRTSRTORL_Rout—Iong
¢ 0'1% (GeVie] ¢ 0'1% [GeVie]
— 10 - oF
ng - g M with E = \m2+ p?=mqcoshy. The radii and\ are func-
& 7 R tions of p; andy. The factor\, which comes from the two-
6 ¥ § on pion correlation analysis, corrects for contributions of pions
5 #K Mé' 2f originating from long-lived resonances decaying close to the
4 ~ 4k primary vertex. A difficulty of this method is to include only
; sF the contribution of the real pions in the determination\of
X . excluding backgrounds from misidentified particles. This is
0 N B I i S T achieved by applying to\, separately for eack bin, a

0 02 04 [Gg"ﬁ,/c] 0 02 04 [Gg{‘,/c] correction factor obtained from a full simulation of the ex-
T T perimental setup, taking into account geometrical accep-
FIG. 13. Comparison between simulation and data as a functiof@nce, backgrounds and efficiency of the chamber-camera-
of kr. The open symbols are the result of the fit of the PB formulatime of flight system. The effects can be seen in Fig. 11,
to the correlation functions produced by the hydrodynamical modelpottom right, whereh with and without correction is
whereas the full symbols are the result of the fit to the data. displayed.
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FIG. 14. Average pion phase-space density as a functiq of

FIG. 15. x? contour plot for the T.-H. model with a box profile.
compared to different modelsee the texjt

Starting from the center, the curves represent contours at 39%, 70%,
and 99% confidence levels farand »,. The black square is the
. best fit (up=57 MeV). The full circle is the result withu, ex-
Figure 14 and Table Il show the results on the average|,ded from the fit and set to zero.

phase-space density far~ as a function ofp;. The error

bars reflect the statistical errors only. The systematic uncer- ,_. ) ,

tainties are dominated by the uncertainty of the correction o ©M&ik-Heinz (T.-H.) model [37] used to fit the data as-
the A parameter, which is estimated to be 20%, and by théUmes a thermqllzed fireball with a longitudinally boost-
systematic error ofR, , giving a total of 13.7% systematic mvgrlant expansion and a transverse flow rapid_ity profile
error on(f). Within errors, all nuclear collision measure- Which depends linearly on the transverse coordinate. This
ments at the SPS are found to be indistinguishf®, and model includes a pion chemical potential and has three free
our result at mid-rapidity agrees well with these previousParameters, the freeze-out temperafliréhe strength of the
measurements. The dashed lines indicate Bose-Einstein deffansverse flow rapidity profiley;, and wo, the chemical
sity distributions(f)=[exp(E,/T)—1]"* of static sources of pote_nt|al yalue in the center of the fireball. In Fig. 14, the fL_JII
pions E,~my) for three choices of the freeze-out tempera-“”e is a fit of the T.-H. model with a box transverse density
ture T: 80, 100, and 120 MeV, from the lower curve to the Profile, whereas the point-dashed line is a fit of the same
higher curve. The results are in rough agreement with théodel with a Gaussian transverse profile. Both fits agree
100-MeV distribution at lowpy, but show a clear deviation Well with the data with ay*/d.o.f. of 0.78 and 0.93 for,
from a Bose-Einstein distribution at higlt . As pointed out  fespectively, the box and Gaussian profiles, givifig

in Ref. [37], this deviation is mainly due to the strong lon- =87-37 MeV, 7,=0.49' 0%, and uo=57"{55 MeV for the
gitudinal expansion of the fireball which reduces the spabox profile. Thisy, result corresponds to a mean transverse
tially averaged phase-space density and, to a lesser extefigw velocity (Bry=0.42"59 Due to the lack of experi-
due to the radial collective flow, which adds extra transversenental points at largpy, the T.-H. model with the Gaussian
momentum to the particles compared to particles emitted bprofile provides very loose estimates of these parameters,
a static source. Consequently, even in the absence of tranghich are nevertheless compatible with those from the box
verse flow(f) will be reduced compared to a Bose-Einsteinprofile. Figure 15 shows thg? contour plot for the T.-H.
density distribution. This effect may necessitate a positivenodel with the box profile foil and »,. The curves repre-
pion chemical potential in order to match the experimentakent (starting from the centgrcontours at 39%, 70% and
observation. Such a positive potential can be related to th89% confidence level. The best fit is obtained for a pion
presence of pions from short-lived resonance decays. Thehemical potentiajug=57 MeV (black squargbut a solu-

TABLE II. Average w~ phase-space densify) at freeze-out as a function qf; .

{p1) 0.02 GeVt 0.07 GeVt 0.125 GeV¢ 0.175 GeV¢ 0.285 GeVe¢

(f) 0.319+0.018 0.2720.012 0.23%0.019 0.1820.022 0.0880.012
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FIG. 17. The factorW as a function ofQ;. The error bars

F_II_C; lfel'l IThe _thre]?t-pt)lon ((j:orrsllatlon funct;@lgfas a fu?;t"t)n (t)f include statistical and systematic errors. The statistical errors alone
Qs. The full line is a fit to a double exponential forfsee the teX are contained within the size of the symbols.

The dotted and dashed lines are fits, respectively, to a single expo-
nential and a Gaussian form.
VI. THREE-PION CORRELATIONS

tion with uo=0 MeV is also possiblefull circle). On the In the hypothesis of a fully chaotic source of identical

olther thirr']d’Ba large (pjnon (:then}!cgl po_tentlal at frelzzgomparticles, the two-pion correlation function can be written
close to the Bose condensation limitgg=m,,, as could be C,=1+|F,2 where|F,;? is the Fourier transform squared

speculated given the rather low mass of the pion, seems to kbq the space-time source function. The three-pion correlation

excluded in view of the error bar oa,. f P _ 2 2 2
\ o unction is thenCsz=1+|F 5|+ |Fyq°+|F31“+2-Re[F,
The results of the fit of the W.-H. model on the singte -Fa3 F). The termgF;; |2, which express the contribution

sr|]oectLum can be g?m%ared toTtr:le fit of the T'TH' mo(;j_efl O™t the three combinations of the two-pion correlations con-
the phase-space distribution. The agreement Is good,for oine jn the triple{123), provide the largest contribution to

?nd stgtlsfactolrs/ fr?('glg t:/vhent tzktlrr:gt |tnhto accotun.t tthe sysd- 3. The last term only represents the genuine three-body
ematic error. 1t Snould be noted that the constraint provideq,, .o ation. It can be written AF 19| - |[Foql - |F31l - W, where

by the fit of the T.-H. model is weak compared to the one is defined as |Fij|eXIC[i¢ij] and W= Cos(biot das

given by the W.-H. model because of the relatively smaIIjLij The si
. R T . The simultaneous measurement@f and C5 pro-
amount of experimental points in the phase-space distrib ¢31) ©f 3 P

tion. M the T.-H del _ hemical pot Wides information orW, the cosine of the sum of the three
lon. vioreover the 1.-H. modet USes a pion chemical po en'phases of the Fourier transforms. In contrast, the measure-
tial whereas the W.-H. model does not. Finally,(&5 is the

) i ix-di onal i ¢ ment of C, alone gives access only to the radii of the source
pion occupation per Six-dimensional posttomomentum. oy not 1o the phases. If the emission source is fully chaotic,
cell, the obtained values do not provide striking evidence fo measures the asymmetry of the source. In the presence of
the presence of an excess of pions or for the presence ! :

A . : : ot fully chaotic sources, which is likely to be the cagé,
large disoriented chiral condensates. This chiral condensajg strength of the true three-body correlation, is basically
phenomena has been investigated by other means with '

Ebnsitive to the coherence. So, in the framework of the par-
p
WA98 [38,39. tially coherent mode[40], W gives information on the de-

TABLE Ill. Weighted mean of the strength of the genuine three-pion correlatidghy as a
function of Qs.

Qz range 0.01-0.02 GeW/ 0.02—-0.03 GeW 0.03-0.04 GeW 0.04-0.05 GeW 0.05-0.06 GeW

+0.201 +0.156 +0.145 +0.177 +0.258
(W) 0.830 0.780 0.736 0.654 0.557
—0.175 —0.143 —0.138 —0.193 —0.293
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gree of chaoticity of the emission source in a manner which Cy=1+Nexgd —2Q3R; ]+ N exd —2Q3R,],

is insensitive to backgrounds such as the contributions from

resonances. The complete data set recorded with the negatiwgth fitted parameter®; =5.08+ 0.26 fm, A\;=3.12+0.27,

tracking arm yielded a total of 13<11° triplets of 7. R,=1.66+0.08 fm, A,=0.341+0.046, and y?/d.o.f.
After correction for resolution and Coulomb effects, ~=1.10. Such a non-Gaussian behavior was in fact predicted

strong C; signal is observedFig. 16 as a function ofQ; by a final-state rescattering moddll]. After the measure-

E\/Q212+ Q223+ Q32l with Qijz\/—(pi—pj)z, which can be ment of C, and C3, the data are analyzed again, and the

fitted by a double exponential function experimental value o¥V is calculated using

W:{Ca(Qs) —1}—{Cy(Q12) =1} —{Cx(Q29) — 1} —{Cx(Q3) — 1}
2-J{C2(Q12) — 1HC5(Q29) — 1H{C2(Qzp) — 1}

individually for each triplet found, characterized B and  spectrum. The resulting fitted parameters favor a combina-
by the valueQ,, Q,3, andQz; corresponding to the three tion of a relatively low temperaturé~85 MeV and an av-
pair combinations contained in the triplet. erage transverse flow veloci{y;) ~0.50. The shape of the
As described earlier, the estimate of systematic errors igr— my distribution is in good agreement with the® my
done by varying the different analysis cuts, both in the two-gjstribution measured in the same experiment.
and three-pion correlation analysis. The effectsVgiof the Bose-Einstein interferometry of ~ pairs gives fitted radii
statistical errors in the measuremer)@andcg are treated ¢ typically 7 fm. This has to be compared to the equivalent
as systematic errors by changinG; (Cs) by *oc,  yms radius of the initial Pb ion of 3.2 fm, indicating an ex-
(ia’ca). This last source of error dominates the other onespanded emission volume at freeze-out.

All these variations are then added in quadrature. The analysis of two-pion correlations has been performed
Figure 17 and Table Il showV as a function ofQ; for  as a function ofk; using two different parametrizations in
Q3=<60 MeV/c, beyond which th&V significance is too low. the LCMS. The results are consistent between the standard
The error bars include statistical and systematic errors. Theéhree-dimensional Pratt-Bertsch fit and the Yano-Koonin-

statistical errors(not shown separately in Fig. Lare by  Podgoretskifit.

comparison negllglble In view of the errors, no Significant A clear dependence of all radius parameterskeri’s ob-

Qs dependence is observed. The genuine three-pion correlgeryed, with a stronger dependence for the longitudinal radii,

tion is found to be substantial with a weighted mean over thgndicating a larger longitudinal than transverse expansion.

five bins(W)=0.735+0.004(stat.}- 0.146(syst.). ____Both the cross termR?2,,,,,,q from the PB fit and), from the
This result is in agreement with the previously pUbIISthYKP fit deviate from zerg, which suggests that the source

WAO8 result obtained using ab_out half Qf 'ghe present dataéeen within the acceptance does not undergo a strictly boost
sample[42], where a more detailed description of the three-; . . . .

) . invariant expansion. Moreover, the short duration of emis-
pion analysis method can also be found. More recently, the

NA44 experimen{43] obtained with lower statistics a factor S'OR dlsfavor_s any fli);g'gvfd 'r_]:ﬁ rmﬁd(ljatedphasg. | simul
(W) which agrees with our results. comparison of the data with a hydrodynamical simula-

tion based on the Wiedemann-Heinz model, and taking into
account acceptance and resolution effects has been made for
VIl. CONCLUSIONS the radii parameters as a function lof. The agreement is
found to be very good.

The average pion phase-space density at freeze-out has
been calculated from measured quantities as a function of
pr. The results indicate a clear deviation from a Bose-
Einstein distribution at higlpy, but are very well fitted by

The Coulomb correction applied to a particular triplet is the prod-the Tomaik-Heinz _model. The pion chemical potential,

uct of the Coulomb corrections used for the three pair combinationgv_hICh IS mclqded in the mOdel’ IS found to _be compatible
contained in that triplet. with zero, yvh|l_e a large pion chemical potential close to the
2The weighted systematic error is obtained by calculating thecOndensation limit om,, seems to be excluded.

weighted average over the fi@; bins separately for each kind of  Finally, we have studied the- =~ = interference and
systematic error. These errors are then added in quadrature. On tfUnd a substantial contribution of genuine three-pion corre-
other hand, adding quadratically the systematic errors of thefive lations in central collisions. FoR3;<60 MeV/c a weighted
bins, as done for weighted statistical errors, would give.078  mean of the strength of the genuine three-pion correlations
instead of+0.146 for the systematic uncertainty. (W)=0.735+0.004(stat.}- 0.146(syst.) was extracted. This

We have studiedn; distributions for identifiedr~ and
K™ produced in central PbPb collisions at 158 GeV. The
W.-H. hydrodynamical model has been fitted to the pion
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is somewhat smaller than what is expected for a fully chaoticAtomic Energy, the Department of Science and Technology

and symmetric source.
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