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High energy Pb+Pb collisions viewed by pion interferometry
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Two-pion correlations from PbPb collisions at 158 Ge\/per nucleon are measured by the NA44 experi-
ment at CERN. Multidimensional fits characterize the emission volume, which is found to be larger than in
Sinduced collisions. Comparison to thembd model is used to relate the fit parameters to the actual emission
volume.[S0556-28188)03709-1

PACS numbdps): 25.75.Gz

[. INTRODUCTION constraints on source parameters such as temperature and
radial flow velocity[10].

Two-particle intensity interferometry has been used to Lead beams from the CERN SPS, accelerated to 158
provide information on the space-time extent of the particle-GeV/c per nucleon colliding with a lead target create the
emitting source in heavy-ion collisiodd—4], and has been heaviest system at the highest energy density ever produced
shown to be sensitive to the collision dynam[@s] If a in the Iaboratory. Central PbPb collisions prOduce more
first-order phase transition from a quark-gluon plasma igecondary particles than any nuclear collisions studied pre-
present the duration of particle emission can be comparabously. Consequently, we may naively expect significantly
to the spatial extent of the sourf® 7]. The duration of par- larger source sizes than seen ir-f collisions at 200
ticle emission may be measurable through a multidimenGeV/ie per nucleon, and can investigate whether the-Pb
sional analysis of the two-particle correlation function, al-System is longer lived or has a higher transverse expansion
though the expansion dynamics of the particle emittingvelocity. The NA44 experiment has measured distributions
source and final state interactions complicate the interpretaand correlations of identical particles, which can be used to
tion [8]. The transverse momentum dependence of the corréharacterize this system and search for evidence of a phase
lation function gives insight into the dynamics of the systemtransition.
as well as the resonance decay contributions to the particle This paper reporti25] the w" " and=~ 7~ correlation
sample[9,11]. The two-particle correlation data can be function analysis. Ther 7" correlation analysis is per-

coupled with inclusive particle yields and spectra to provideformed as a function of pair transverse mase?€ p7
+m?), yielding insight into the expansion dynamics of the

source and the resonance contribution to the pion sample.
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ties in the correlation function in the region of the Bose- (MeV/c)
Einstein correlations. Two dipole magnéB1 and D2 and Pr

three quadrupole&Ql, Q2, and QBcreate a magnified im- FIG. 2. The NA44 pion acceptance for the 4 GeMA4 mr and
age of the target in the spectromefté2]. One charge sign at 131 1y horizontal and vertical settings.

a time is detected. The momentum range in this analysis

covers a band of-20% about the nominal momentum set- pions from heavier particles on a track by track basis. The

3\231 ?254 chf\t/é:.tf;re Wgegrrﬁgg;rs Z?g'ﬁ%se dOf zltzrllz:ge:grlomftzw C signal is used in conjunction with the hodoscope infor-
P ’ ' ation to select the pions used in this analysis. The residual

referred to as the low transverse momentufpf~170 g : . . ;
MeVic) and highps ((pr)~480 MeVk) settings, respec- ;:ec;r;tatlgzalt&n from particles other than pions is typically
tlvglﬁ' Irl]e kibg raéo;yGra\%dflty 32 "’Imd Pr range "Zy The NA44 pairs trigger requires a valid beam particle, and
:2'5_3'1’pT:05 08 g w?r the ﬁ_WhPT pions anﬂy]/ at least two hits on both H2 and H3. Central4#b colli-
=2.59-3.1,pr=0.5-0.8 GeVe for the highpy setting. The  on¢ \yere selected by means of a threshold on a scintillator

rapidity of the incident Pb projectile is 5.8. Two focus set- downstream of the target, covering the pseudorapidity range

tings of the quadrupoles, called horizontal and vertical, opti-1_3<77<3_5_ The trigger centralities, target thickness, and fi-

mize the acceptance for different components of the two parz, hymper of pion pairs used in this analysis are listed in

ticle momentum differenced). The rapidity and transverse Table I. The error on the centrality i51%.
momentum ranges of the acceptances for the 44 and 131 mr L . e [R2 2
horizontal and vertical settings are shown in Fig. 2. The mo- We present fits in one dimensioQin,= VQ"~Qq, as

mentum resolution of the spectrometeiis10 MeV; theQ wel asin _three dlmenslonQL is parallel to t_he beam, Wh"e
LT the direction perpendicular to the beam is resolved into a
resolution iso~15 MeV.

Particles are detected and identified using a CherenkovqlreCtlon along the momentum sum of the partidgs and

pad-chamber-time-of-flightTOF) complex. Tracks are re- _ . .
constructed using straight line fits to the hits on two highly ABLE I. The particle species, spectrometer angle mr),
segmented scintillator hodoscop@t2 and H3, a pad cham- quadrupolg focus, lead target thlcknfélssg/cn?),.trlgger centrality
ber (PO, and two strip chamber$SC1 and SCR The time- (Tyig! ototar IN %), and number of valid pion pairs for the data sets

of-flight start signal is derived from a beam counter with a.USEd in these analyses. A lead target thickness of2.23 gler?

time resolution ofo~35 ps[13]. Particle identification in is approximately 2.4.2% of an interaction length for a lead pro-
. . . S jectile.

this analysis uses time-of-flight from the hodoscofeso- .

lution 0=~100 p3 and Cherenkov information. Events with

electrons in the spectrometer are vetoed at the trigger level

using a threshold Cherenkov detect@?). Offline, events = 7 44 Horizontal ~ 2.27 gm/cf 18% 171K

Angle  Focus  Target thickness Centrality No. pairs

with at least two pions are selected by requiring a sufficient Vertical ~ 2.27 gm/crh 18% 149K
analog-to-digital convertefADC) signal in a second thresh- #*#* 44 Horizontal 1.14 gm/cf 15% 140K
old gas Cherenkov counté€l). In addition the combination Vertical ~ 1.14 gm/crh 15% 106K
of time of flight and momentum for the individual tracks is z*#* 131 Horizontal 1.14 gm/cfn 15% 104K
used to construct the square of the mass for individual tracks. Vertical 2.27 gmicrh 18% 84K

A threshold imaging CherenkoyTIC) [14] distinguishes
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perpendicular to thisQ+s. Being parallel to the velocities of the two-particle correlations on the single-particle spectrum
the particles,Qo is sensitive to the duration of particle [16], and the data are corrected for this. Two-particle corre-
emission[6,7]. Data are analyzed in the longitudinally co- lations arising from Coulomb interactions are corrected for
moving systen{LCMS) frame, in which the momentum sum using either a Coulomb wave-function integratifitb] or

in the beam direction of both particles is zero. In this frame Gamow correction. The Gamow correction is the limit of the
the Qo direction corresponds closely to the direction com-Coulomb wave-function integration for a point source. Cou-
ing straight from the source in the rest frame of the sourcdomb interactions with the residual nuclear system are ne-

[11]. glected. The correction procedures are described in more de-
The raw correlation function is tail in Ref. [12]. N _
L. Corrections for the finite momentum resolution and two-
R(Ky, ko) particle acceptance of the spectrometer are made using a

Cran |21,|22)= (2.2

Monte Carlo procedurgl,12]. The Monte Carlo incorporates

- . - a detailed description of the spectrometer response, including
wherek; are the particle momenta&(ky,k;) is the “real  a|l tracking chambers. Two-particle events are generated
distribution” of pion pair relative momenta in the recorded from an exponential transverse mass distribution and propa-
events, and(kq,k») is the “background distribution” gen- gated through the detector simulation. The tracks are then fit
erated using mixed events from the same data sample. Thesing the same reconstruction procedure used with the real
background is generated by randomly selecting ten pairs alata. The correction procedure uses only Monte Carlo events
events for each real event; in these background pairs, ongith two valid tracks after reconstruction: for these events

particle in each event is selected randomly to create a fakghere are two input moment,k,) and two reconstructed

“event” for the background distribution. Consequently the momenta Er Er) The acceptance and momentum resolu-
statistical error is dominated by the real data sample. Th’ﬁon correctilo,n zis.then

background track pairs are subject to the same analysis pro-

B(Ky,kz)

cedure and cuts as the real pairs. K sccentancs C,(idea) — R(Ifl’le)/B(ifl’IfZ)
The background spectrum is distorted compared to the — ---Pa"“® C,(reconstructey R(K},k5)/B(K} kb))
true uncorrelated two-particle spectrum due to the effect of (2.2

2 ~ aamrnm i
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FIG. 3. The one-dimensional correlation functions and the projections of the three-dimensional correlation functions for the 44 mr
m o, 4 mrat o, and the 131 mer™ 7" data. Also included are the projections of the fitted Gaussian parametrizations. The projections
are over the lowest 20 Me¥in the other momentum difference directions. The solid circles are the data from the horizontal setting and the
solid triangles are the data from the vertical setting. The data shown here use the Coulomb wave function integration correction.



PRC 58 HIGH ENERGY Pbt+Pb COLLISIONS VIEWED B . .. 1659

where R(ElJzz) is the real distribution of simulated events +TABLE Il. Fitted results of Gaussian parametrizations of the

. . . R at@* and 7~ 7~ correlation functions irQ;,,. Both the S-Pb
weighted by the Bose-Einstein correlatidd(k, k) is the and Pb-Pb data are Gamow corrected. Errors are statistical

background distribution of simulated everf{k; ,k;) is the 1 systematic. The $Pb results are taken from Refd,5]. ((py) in
distribution of reconstructed Monte Carlo events weightedvievic.)

by the Bose-Einstein correlation and subject to the same
analysis cuts as the real data, &k, ,k5) is formed from ~ System A Riny (fM)  x%/Npr
mixed, reconstructed Monte Carlo events and is subject tg, . o 7w (~170) 0556-0.033 6.62029  32/36

the same analysis cuts as the real dB(&; ,k5) is corrected  pp+pp atmt(~170)  0.536:0.040 6.06-0.31  61/27
for the fact that in the real data the Coulomb correction hagppipp 7+ 7 (~480)  0.446:0.029 4.940.28  56/35

been applied to data which have been measured with a finitg, py, .- 7 (~150) 0.42+0.02 4.00-0.27 19/25
momentum resolution. _ , , S+Pb 7" 7t (~150) 0.56-0.02  5.00-0.22  29/25
One-dimensional and three-dimensional fits are peryg, py 7 7t (=~ 450) 048-002 427023  27/20

formed. For the one-dimensional fits, only data from the
horizontal setting are used and the data are fit with

andi,j are indices for different data points. Only bins with at
C(Q;,)=D(1+ )\e—QﬁwRﬁw)_ (2.3  least 100 counts in the background and 30 counts in the reals
were used in the fitting process. The error matrix includes
In the three-dimensional case, two different Gaussian paranboth statistical and systematic errors. The systematic errors

etrizations are utilized, were evaluated by varying the analysis parameters. These
variations include changing the momentum resolution as-
C(Qro,Qrs,QL)=D(1+\e~ FoRTo~ QrsRts~QRY) sumed in the Monte Carlo correction by20%, changing

(2.4  the minimum two track separation cuts at the pad chamber
and hodoscope 2, changing the minimum number of strip

and chamber hits for a valid pair, and allowing the horizontal and
c vertical data to have different parameters during the itera-
(Qr0,Qrs,Qu) tive correction procedure. The systematic error matrix is cal-
=D(1+ }\e*Q$oR$o* QfRis~ QﬁRﬁ*ZQToQLRéL), (2.5 culated from
R2 H “ H H ” H SYS. EI’EI:lC'kCJk mearn~mean| N
oL Is the “out-longitudinal” cross ternj17] which can be ViYe= —N G C] N=T' (2.7

positive or negative. For the three-dimensional fits without

the cross term, only the magnitudes of the momentum differyhereN is the number of fits performed with different analy-
ences are used. When doing a cross termQfp andQrs  sjs parameters and cuts. The total error matrix is
are defined to be positive, ag] is allowed to be positive or

negative. For the three-dimensional fits, data from the hori- Vii=VH ViR, VRS0 if i #]. (2.8

zontal and vertical spectrometer settings are fit simulta—M . likelihood fit | ; d but t
neously. The Coulomb wave-function integration, back- aximum {ikelihood Tts were also performed but aré no

ground correction, and acceptance correction depend on ﬂ{gesented _due to _the_difficul_ty in including systematic errors
source size so an iterative approach with a Gaussian sourdd thg maxlllrpulr_wr": I|k§I:chood fit. Ihe garartr)]eters fqur(ﬁj ant_:l |
distribution is used. The fits converge inside the experimen—max'mum ielinood fits were found to be nearly identical.
tal statistical error within five iterations. When making the maximum likelihood fits, the cuts on the

The fitted radius and\ parameters presented here arenumber of C°“r_'t5 per bin were varied—the resulting fit pa-
found by minimizing[1] rameters were insensitive to these cuts.

Ill. RESULTS

2_ —R/BI)W YC -R /B
X .2;’ (Ci~Ri/BIV;i (G~ Ry /By), 2.6 The one-dimensional fits and projections of the three-

dimensional3D) fits onto the three axes are shown together
whereR; is the real distributionB; is the background distri- with the Coulomb wave corrected PPb data in Fig. 3. For
bution, C; is the fit function,V;; is the covariance matrix, the three-dimensional projections, the data from the horizon-

TABLE Ill. Fitted results of Gaussian parametrizations of theéw" and#~ 7~ correlation functions in
Qro, Qrs, and Q.. Both the S-Pb and Pb-Pb data are Gamow corrected. Errors are statistical
+systematic. The $Pb results are taken frofil,5]. ((p7) in MeVi/c.)

System A RTO (fm) RTS (fm) RL (fm) XZINDF

Pb+Pb o™ 7~ (~170) 0.526-0.022 4.36:0.18 4.09-0.26 5.55-0.30 1684/2105
Pb+Pb 7" 7" (~170) 0.5910.031 4.820.21 5.36:0.48 5.94-0.40 1442/1720
Pb+Pb 7" 7" (~480) 0.70#0.033 4.06:0.16 4.210.28 3.75:0.20 1124/1574
S+Pb @ " 7+ (~150) 0.56-0.02 4.02-0.14 4.15-0.27 4.730.26 1201/1415

S+Pb 7" 7+ (~450) 0.55-0.02 2.97%0.16 2.95-0.24 3.09:0.19 1500/1095
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TABLE IV. Fitted results of Gaussian parametrizations of ther™ and«~ 7~ correlation functions in
Qinv Using the Coulomb wave correction. Errors are statistisgstematic. (pr) in MeV/c.)

System A Rin (fm) X*INpe
Pb+Pb 7~ 7~ (=170) 0.517-0.040 7.56:0.38 30/36
Pb+Pb 7" 7t (~170) 0.519-0.048 7.16:0.42 52/27
Pb+Pb 7+ 7" (~480) 0.4070.031 5.3%0.36 51/35

tal and vertical settings are both shown. The top row showandR;sradius parameters are consistent witkirbf scaling,

the correlation function and fit for the low; 7~ 7~ data, but the Ryg radius parameters are not. The fitted three-

the middle row shows the low; 7" 7" data, and the bot- dimensional\ parameter increases with increasing as

tom row shows the higipr 7" 7" data. would be expected from a reduced resonance contribution to
The extracted source parameters from Gaussian fits to the highp, pion sample.

Gamow corrected correlation functions are given in Tables Il The fitted three-dimensional radius parameters for pgw

and lll, and compared to those from+®8b collisions. The 7~ data are somewhat smaller than those for the jigw
S+Pb results come from the 3% most central collisions. _+ +

Tables IV and V aive th tracted i hol T It is important to note that thé. parameter is
aples Iv an give the extracted Source parameters w eg‘trongly correlated with the radius parameters, and the fitted
the Coulomb wave function correction is used. Table V als

. . A9\ for 7w~ is smaller than that forr* 7. Consequently,
gives the extracted fit parameters when &g cross term is T : 7 quently
included in the fit function comparison of the fit parameters may overemphasize differ-

Fgure & compares e Gamow conected an Coulf25 DEVIEEn dta et n order 1o st uhether i dfer
wave corrected data and fits for the lgw 7= 7~ setting. In P 9 P P

Mese pios, e projectons @ NS0, come rom the 1> SAEEL v eperay the corelaon uncons i Pl ©
horizontal setting and the projection @5 comes from the X 1ce p 9 o )
IIhe two data sets. This calculation uses bins in which

vertical setting. For extended sources, the Gamow factor, 2
c o by o : Q1d,|Q70l,|QLI<80 MeVr; the x* difference per degree
which is the point-source approximation, overpredicts théOf freedom (2/Ng) in this region is 450/440. As this is

Coulomb repulsion between a pair of charged particles. . g _
Comparing the results from the three-dimensional fits Iisted1early unity, we must conclude that the" 7" and«

in Tables Ill and V we see that using the Gamow factorcorrelations do not, in fact, diffir' I+n contrast, t.hé differ-
reduces the measured radius parameters by 8—12 % for tivd'ce betwﬁeen low and highy 7" 7" data sets in the same
low p; cases and by 4-8 % for the high case. Thex region of Q space is 518/371. This study illustrates an im-
parameters from the 3D data are larger by 3—6 % when thBortant limitation to using only the fitted parameters to com-
Gamow correction is used. All of the changes are consisterare data sets. The problems are certainly exacerbated when
with the overcorrection we expect from the Gamow correccomparing data from different experiments where statistical
tion. and systematic errors depend differently uggnin addition,

The fit parameters from the three-dimensional fits to thehis emphasizes the need to compare the correlation func-
positive pion data without thB3, cross term are plotted in tions derived from models directly to the data and not simply
Fig. 5 as a function of the mean transverse mass. Also plosompare the extracted radius parameters.
ted in Fig. 5 is the fit of theR, radius parameter to the The R3, cross term is nonzero for all data sets, and is
functionR_ =A//my. The fitted value of Ais 2.9 fm Ge\2.  rather large for the lowp; 7" 7" data. It was predicted that
There is a difference in the rapidity of the higtyf~2.8)  in the LCMS frame theR3, cross term should be nonzero if
and low (y)~3.6) m; points, which has been ignored in the source is not symmetric under a reflection abosD,
this fit. We observed that in-8Pb collisions the radius pa- wherez is defined as the beam axi$7]. Since the NA44
rameters follow a common {f; scaling[5]. As can be low p; setting is slightly forward of midrapidity {({)
seen in Fig. 5, the radius parameters decrease with increasirng3.6), this condition of reflection symmetry is not fulfilled.
my, but commonm; scaling is no longer the case. TRg Comparing the fitted results with and without tRé,_ Cross

TABLE V. Fitted results of Gaussian parametrizations of ther™ and#~ «~ correlation functions in
Qto0, Qts, andQ using the Coulomb wave correction. The fitted results with and withouR%lecross
term are shown. Errors are statistiealystematic. (pr) in MeV/c.)

System A RTO (fm) RTS (fm) RL (fm) RéL (fmz) XZ/NDF

Pb+Pb 7~ 7w (~170) 0.4950.023 4.88:0.21 4.45-0.32 6.03:0.35 1683/2105
Pb+Pb 7" (~170) 0.56%0.035 5.5@¢0.26 5.87-0.58 6.58-0.48 1423/1720
Pbt+Pb 7" (~480) 0.67%0.034 4.3%0.18 4.33-0.31 3.96-0.23 1125/1574

PbtPb 7~ 7~ (~170) 0.524-0.026 5.35-0.25 5.0220.35 6.68-0.39 10.72.9 1822/2279
Pb+Pb 7" 7 (~170) 0.6580.035 5.980.23 6.94-0.48 7.39-0.40 28.1-3.5 1746/1786
Pb+Pb 7" 7" (~480) 0.6930.037 4.5%0.21 4.71-0.36 4.15-0.25 3.}x1.4 1187/1655




2T T T [T T T T 1
O COULOMB WAVE O COULOMB WAVE
A GAMOW

A GAMOW

100 150 100 150
Q;,v (MeV/c) Q5 (MeV/c)

L S B | B R I
© COULOMB WAVE O COULOMB WAVE
A GAMOW A GAMOW

50 100 150

Q;,, (MeV/c)

100 150
Q, (MeV/c)

FIG. 4. Comparison of the Coulomb wave and Gamow cor-
rected 44 mrr~ 7~ data. TheQ,,, data and th&;o andQ,_ pro-
jections are from the horizontal setting, and tRes projection is

HIGH ENERGY Pbt+Pb COLLISIONS VIEWED B . ..

1661

e
Annt

0.6 -I L | s | s |

100 150 100 150

Q;,,, (MeV/c) Q5 (MeVic)
2 | ' I ! I ! I ' | ' | ' | ' I
o 18 o T o N
o A 't At

100 150
Q, (MeV/c)

50 100 150

Qo (MeV/c)

FIG. 6. Comparison of NA44 44 mr~ 7~ and 7" #* data.
The Q,,, data and th&);5 and Q, projections are from the hori-
zontal setting, and th@®+g projection is from the vertical setting.

from the vertical setting. The three-dimensional projections are avThe three-dimensional projections are averaged over the lowest 20

eraged over the lowest 20 Me¥in the other momentum differ-
ences.

term, all radius and\. parameters become larger when the

MeV/c in the other momentum differences.

for the low p; setting (py=—0.64+0.09 for #* and

cross term is included in the fit. The cross term can also be 0.29+0.08 for 77) and weaker correlation betweo

expressed18] in terms of a linear out-longitudinal correla-
tion coefficientp, and theRrgo and R parameterstL
—poRToRL - If pg is calculated from the fit parameters in

and Q, for the highpy =" data (p,=—0.16+0.07). A
small p, value is expected for the highy setting since it is
close to midrapidity ang, is expected to be zero at midra-

Table V, the magnitudes are all less than one, as expectegidity (where it changes signThe difference between the

The results show a stronger correlation betw®gsig, andQ
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FIG. 5. Them; dependence of-* w* radius anc\ parameters.
Also included is the fit of thd?; radius parameters to the function

AlJmy.

po Values forr™ and#~ (0.35+0.12 seems significant, but
the direct comparison of the™ and =~ correlation func-
tions (see text above and Fig) 6uggests the two correlation
functions are not significantly different.

The R parameters from PbPb collisions are larger than
those in S-Pb collisions. This may be naively expected from
the larger initial source size with the Pb projectile, but we
note that theR parameters do not directly reflect the size of
the emitting sourcg5,8]. The ratio of Pb to S nuclear radii is
1.87, which is larger than the ratio of the obserfeparam-
eters. In PB-Pb collisions, theR, parameter is larger than
the two transvers® parameters for both the lopy 77"
and lowp; 7~ 7w~ data. This was not visible in-8Pb[1,2]
or S+S collisions[2].

The duration of particle emissiom\¢) can be estimated
using the formuld6,7,19 cA7= \/(RTZO— RTZS)/,B, where
is the transverse velocity of the pion pair. In thetf®b data,
the two transverse radius parameters are similar for all
cases—which appears inconsistent with a long duration of a
mixed (hadronic-partonic phase during which pions are
emitted. However, for an expanding source, the above for-
mula can underestimate the duration of pion emission for
values ofpt above about 100 Me¢/[8]. For such a source,

a particle’'s freeze-out position and momentum are
correlated—violating the assumptions made in deriving the
formula for Ar.
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FIG. 7. Comparison of NA44 data armMD predictions. The solid circles are the NA44 data and the open triangles ar®tie
predictions. The three-dimensional projections are averaged over the lowest 20 iMéhg other momentum differences.

IV. DISCUSSION R, radius parameters than observed in the dava-37 %.

The radius parameter values do not yield the actual sourch direct comparison of the one-dimensional correlation func-
size as expansion-induced correlations between the particF ﬁ[]s In F|g._7 zhows t:'at th'? d|ffr:are|nce IS rg!alr_ﬂy caused by
position and momentum limit the sensitivity to only part of iierences in ata ansQMD for t. € ovyest In In momen-
the emitting sourcé5,8]. However, the larger radius param- tum difference. For the three-dimensional parametrizations

i Y :
eters in Pb-Pb compared to $Pb collisions do reflect a ofdt.he the lowpy th andl'WhT ldata, Rr?MD r;])redmts 4
larger size at freezeout as well as a larger initial source. Thi§2d!Us parameters that are slightly larger than the measure

result shows that predictions of sensitivity only to a thermalfadius parameters. The discrepancy between dat&ard
length scale are not borne oi&0]. is larger for the w7~ measurement than ther™
The ratio of radius parameters for Bb to S+Pb colli- measurementRQMD predicts that the radius parameters

sions is smaller than the ratio of the nuclear radii. This mayshould be larger forr~ 7. RQMD shows the same trend as
indicate that the PbPb radius parameters are more modifiedtne data wher&,_is larger than the transverﬁgparanlet(irs
by expansion than those from+®b. However, the SPb for the low pt cc.)rrelatlo'n functions. For the h|% o
results were for the 3% most central collisions, and the Pilata,RQMD predicts radius parameters that are similar to the
+Pb interferometry results presented here are for semicentri€asured radius parameters, but it significantly overpredicts
collisions (see Table)l the value of thg parameterRQMD doe_s re_produce the r_esult
We compare the experimental results with calculationdhat the one-dimensional parametrization of the high
[11,21] based on th&QMD event generatdr22] and a filter
simulating the acceptance of NA4#&Qwmp (Version 1.08 P =T X . - )
simulates the space-time evolution of heavy-ion collis,ions;:/lQ'\’ID ma" and 7" correlation functions Qi . ((pr) in
including rescattering of the produced particles and the pro- evic)
duction and decay of resonances. Figure 7 compares t@ stem
shape of ther 7~ and #"«* correlation functions from ¥
generator and data; treQMD events are selected on event Pb+Pb 7~ 7~ (~170) 0.58:0.02  9.96-0.29 11.0
multiplicity to match the NA44 trigger. The fit parameters pp+pPb 7 7 (~170) 0.67-0.02 9.06-0.21 8.6
from RQMD are listed in Tables VI and VII. For the one- pp+pb 77" (~480) 0.59- 0.05 7.36-0.48 3.4
dimensional parametrizationeQMD predicts much larger

TABLE VI. Fitted results of Gaussian parametrizations of the

A Riny (fM) X2IN
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TABLE VII. Fitted results of Gaussian parametrizations of themp =" 7+ and =~ 7~ correlation
functions inQ+o, Qts, andQ. . ({(py) in MeV/c.)

System A Rro (fm) Rrg (fm) R, (fm) X2IN
Pb+Pb 7~ 7~ (=170) 0.58:0.01 6.96-0.14 6.23:0.20 7.94-0.21 1.38
Pb+Pb 7t 7" (~170) 0.670.01 6.43:0.11 5.49:0.14 7.68-0.17 1.39
Pb+Pb 7+ 7" (~480) 0.92:0.04 4.93:0.17 3.92:0.21 4.470.22 1.35

«* 7" correlation functions gives a parameter that is which were used to construct tReMmD correlation functions.

smaller than the. parameter from the three-dimensional pa-In these plots, the relative normalizations of the plots with
rametrization. For both the NA44 data and thevD calcu- and without the acceptance cuts are arbitrary—only the
lations, this discrepancy is probably due to fact that a Gaussshapes(and centroids of the distributions should be com-
ian parametrization is used for one-dimensional correlationpared.
functions that are non-Gaussidas demonstrated by the A number of interesting observations can be made from
large x?/Npp). Fig. 8. First, the freeze-out distributions of pions which con-
The NA44 data do not show a statistically significant dif- tribute to the correlation functions are narrower than the
ference betweenr® and 7~ correlation functions. In con- complete freeze-out distributions in all cases shown. Ideally,
trast, there is a significant difference betweeh and 7~ the size parameters from fitting the correlation functions
correlation functions in the&kQMD calculations. They?/N  should reflect the widths of the freeze-out distributions for
difference between therQMD correlation functions for pions within the acceptance. The size parameters should
|Q14,|Q70l,|QL|<80 MeV/c is 819/551. Since Coulomb therefore be smaller than the full size of the source. From
interactions are not included ®QMD, this seems like a sur- Fig. 8 we can also see that all of the distributions become
prising result. The difference is caused by larger contribunarrower aspy is increased—which is consistent with the
tions of long-lived strange baryons and antibary¢ns 3., experimental observatiof@nd therRQMD resul) in which the
=) to the 7~ yield than to ther* yield. In thisrQMD cal-  radius parameters get smaller with increaspg Figure 8
culation, 30% ofz#* and 39% ofz~ in the NA44 44 mr  also shows that the position distribution(wherex is in the
acceptance come from decays of particles with lifetimedirection of Qo) for particles in the acceptance is centered
larger than 20 fn@. This difference is most obvious in the at positivex and that the center of the distribution moves to
lower value of the\ parameter form~. There are also large x values aspr is increased. The HBT method only
slightly different values of the radius parameters for and  “sees” the side of the source closest to it. This behavior is
7~ from RQMD. These are a consequence of extracting raqualitatively consistent with the position-momentum correla-
dius parameters from a fit which does not exactly fit thetions in RQMD. It is also interesting that the widths of the
shape of the calculated correlation function. FwwvD cal-  distributions of particles in the two transverse directi¢rns
culation used the equivalent of 4@airs in each setting for andy) are not the same for particles in the acceptance. For-
the 44 mr case, while the NA44 data typically had abodt 10 mulas which attempt to calculate the duration of pion emis-
Consequently, the calculation is more sensitiventd and  sion from the expressioi6,7,19 cAr= \(RZ,—RZg)/ are

7~ differences. based on the assumption that the “true” size of the source in
It is important to understand the relationship between the
size parameters from fits to a correlation function and the |[+4 mr 44 mr 44 mr 44 mr

size of the source which produced the particles. As a usefu
tool in understanding this relationship, Fig. 8 shows the £
freezeout position and time distributions of pions from sk
RQMD. In these plotsx is defined as th€+ direction andy

is alongQ+s. The beam direction is along tlzeaxis. These
plots are for positive pions and the horizontal focus setting of -
the spectrometer. The centroids and rms widths associate
with the histograms in Fig. 8 are summarized in Table VIII,
which also has the centroids and widths for the vertical focus [
setting of the spectrometénot shown in Fig. 8 The top
part of Fig. 8 shows the position and time distributions of
pions which contribute to theQmD correlation function for
the NA44 low p; setting and the bottom shows the corre-
sponding distributions for the higp; setting. Each indi- -
vidual plot in Fig. 8 shows a histografisolid line) which
represents the distribution for a#t™ produced in arrRQMD FIG. 8. RQMD freezeout distributions for pions. THeolid line)
event—without an acceptance cut. These histograms are th@stograms are for all pions fromomp, and the hatched histograms
same on the toflow py) and bottom(high py) halves of Fig.  are for pions in the NA44 44 mr horizontaipper panelsand 131
8. The hatched histograms in each plot show the freeze-ouitr horizontal(lower panels acceptances. The axis is in the di-
distributions for pions which are in the NA44 lops; (top) rection ofQ1q, they axis is in theQrg direction, andz is the beam
and high pr (bottom acceptances—these are the pionsaxis. The center of mass coordinate system is used.

counts

20-20 20-20 20
x (fm) y (fm) z (fm) t (fm)
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TABLE VIII. The rRQMD freezeout distributions for pions, characterized by a mean valuerghdth in
fm). “All"” refers to all pions from RQMD, “H” is the horizontal setting, and “V" is the vertical setting. Also
shown are results for two ideal detectors which cover3:¥4.1, pt<<400 MeVEk (an idealized version of
the 44 mr settings and 2.5<y<3.1, 306<p<800 MeVk (an idealized version of the 131 mr settings
the tablex is in the direction ofQ;o andy is in the direction 0fQ+s.

X y z t
Mean a Mean o Mean o Mean T
All 0.0 5.6 0.0 5.7 0.0 8.6 15.9 8.8
44 mr H 2.7 5.0 0.0 5.1 4.3 5.6 17.2 7.5
44 mr V 3.3 4.7 0.0 5.0 3.6 5.6 16.8 7.5
3.1<y<4.1, py<400 2.8 4.9 0.0 5.2 3.9 5.9 17.0 7.5
131 mrH 5.8 3.5 0.0 4.2 0.6 4.8 14.3 6.9
131 mrV 5.9 3.4 0.1 4.2 0.0 4.6 14.3 6.7
2.5<y<3.1, 306<p+<800 5.6 3.5 0.0 43 -11 4.9 14.3 6.9
two transverse directions is the same. The size parameters V. CONCLUSIONS

measured by a correlation function c@nd in this case do

break this symmetry20]. This is at least part of the reason In summary, we have measured the first == and

that the duration of pion emission extracted from the abover~ 7~ correlations from collisions of PbPb at high energy.

expression, when applied to the correlation function fit pa-The measured radius parameters are larger than the initial

rameters fromRQMD, do not give the lifetime width values projectile, indicating a large amount of expansion before

shown in Table Vlll—the values from the formula are sig- freeze-out. For example, the measuRyd radius parameters

n_ificantly smaller than the actual duration of particle emis'using the Coulomb wave correction ranged from 4.39

sion. . » . +0.31 fm (high p; =) to 5.87=0.58 fm (low p; 7).

bu J:r?slef(;/rlItlwa:)lssoms]gggigzg‘?atnh; prgz'é'glrsl a?r?e“;rr]st %S;g'eil'hese are lower I?rr_lits to the true size of the hpt—dense region
j ormed in the collision. In order to compare this to the radius

accepts all pions in the range 3:¥<4.1, pty<400 MeVkt ; .
without an azimuthal cut. This is the range of rapidity andof a Pb nucleus, the hard-sphere radius of Pb should be di-

transverse momentum covered by the NA44 acceptance at Mlded by \5 to give ,%3'2 fm. TheR, radius parameter
mr. The numbers for this simple acceptance model are ver}P'_IOWS the 1W/my scaling observed by NA44 for-&Pb col-
similar to those within the NA44 horizontal and vertical fo- 1SI0nS, but theRo radius parameter scalef more weakly
cus acceptance at 44 mr. Another simple acceptance mod@fth increasingmy. At low py the 7~ and " correlation

in Table VIII, with 2.6<y<3.1, 300<p;<800 MeVk, and functions are similar. Th&Qmp model is able to predict
no azimuthal cut, covers the range of the NA44 131 mr aC_reasonab_ly well l_)oth the shape of the correlation function
ceptance. Again, the results are similar to those for the NA4&Nd the fitted radius parameters.

acceptances at 131 mr. This shows that the features seen in

Fig. 8 are not caused by the details of the shape of the NA44

acceptance but should occur for any detector making mea- ACKNOWLEDGMENTS
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