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A bstract.Bose-Einsteincorrelationsin pairsofidenticalparticleswereanalyzedin e+ e� m ultihadron

annihilationsat� 91.2 G eV atLEP.The �rststudiesinvolved identicalcharged pionsand the em itting

source size wasdeterm ined. Then the study ofcharged kaonssuggested thatthe radiusdependson the

m assoftheem itted particles.Subsequenty thedependenceofthesourceradiuson theeventm ultiplicity

wasanalyzed.The study ofthe correlationsin neutralpionsand neutralkaonsextended these concepts

to neutralparticles. The shape ofthe source was analyzed in 3 dim ensions and was found not to be

spherically sym m etric.In recentstudiesatLEP thecorrelationswereanalyzed in intervalsoftheaverage

pairtransversem om entum and ofthepairrapidity to study thecorrelationsbetween thepion production

pointsand theirm om enta (position-m om entum correlations).The lateste+ e� data are consistentwith

an expanding source.

1 Introduction

Bose-Einstein Correlations(BECs)area quantum m achanicalphenom enon which m anifestsin �nalm ul-

tihadron states as an enhanced probability for identicalbosons to be em itted with sm allrelative four

m om entum Q ,com pared with non identicalbosons under sim ilar kinem atic conditions [1,2,3]. From

the m easured e�ectitispossible to determ ine the space tim e dim ensionsofthe boson-em itting source.

TheBEC e�ectarisesfrom theam biguity ofpath between sourcesand detectorsand therequirem entto

sym m etrisethe wavefunction oftwo orm oreidenticalbosons.

In 1954 the radioastronom ers R.Hanbury-Brown and R.Q .Twiss proposed a new interferom etry

technique to m easure the angulardim ension ofa star. It required to m easure the m ixed intensities in

two radiotelescopes;thedependenceofthecorrelation on thedistancebetween them yielded theangular

diam eteroftheastronom icalsource[1].G .G oldhaberetalapplied thesam eprinciplein particlephysics,

in �pp annihilationsinto two identicalcharged pions,obtaining the radiusofthe em itting source,� 1 fm

[2].

The �rst LEP analyses on BECs concerned identicalcharged pions,assum ing a sphericalem ission

sourceand yielded the sizeofthe source(R� 1 fm )and the chaoticity param eter[3,4].Neutral�� were

then considered [5].Then the study wasextended to neutraland charged kaonsin orderto determ ineif

the sourceradiusdependson the m assofthe em itted particles[6,7].

Further analyses were perform ed to establish ifthe em itting source radius depends on the particle

m ultiplicity [8].O therstudiesinvolved the search forBE correlationsin m ultipions[9].

BECswere studied in two and three dim ensionsand one discovered thatthe em itting source isnot

spherical[10].M any studieswerem adeforW W correlations[11]and also in � interactions[12].Finally

they involved the study ofexpanding sourcesand trialsto determ ine the em ission tim e [13].

W e shallm ake a briefsurvey ofthese studies,concentrating �nally on the very recentworkswhich

provethateven in e+ e� collisionsone hasexpanding sources.
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Figure 1: Schem e ofa m easurem ent ofBECs.

a,b are two sourcesseparated by a distance R;

A,B are two detectorsseparated by a distance

L.The em itted particlesgo from sourcesto de-

tectorsasa! A,b! B orasa! B,b! A.In as-

tronom y L< < R,in particle physicsL> > R.

Figure2:D istribution oftwo-photon in-

variant m ass,M 2
. The sm ooth curves

are the total M onte Carlo expectation

(solid line)and thebackground expecta-

tion (dashed line). The shaded region is

the selected window forthe �
0
signal.

2 Experim entalProcedure

A detailed description oftheO PAL experim entm ay befound in ref[14].Them ostim portantsubdetector

forBEC studiesisthe CentralTracking Detector,the JetCham ber. For�0 studieswe needed also the

barrelelectrom agnetic calorim eter. A sam ple of4.3 m illion m ultihadronic eventsfrom Z 0 decayswere

used.A setofquality cutswasapplied and one used cutsspeci�c forBEC studies.

First,theeventthrustaxiswascom puted,using trackswith a m inim um of20 hitsin thejetcham ber,

a m inim um transverse m om entum of150 M eV and a m axim um m om entum of65 G eV.Clustersin the

electrom agnetic calorim eterwere used forenergiesexceeding 100 M eV in the barrelor200 M eV in the

endcaps. O nly events wellcontained in the detector were accepted,requiring jcos�thrustj< 0:9,where

�thrust isthe polarangle ofthe thrustaxiswith respectto the beam axis.Trackswere required to have

a m axim um m om entum of40 G eV and to originatefrom the interaction vertex.Electron-positron pairs

from photon conversionswererejected.Theselected eventscontained a m inim um of�vetracksand were

reasonably balanced in charge,i.e. jn
+

ch
� n

�

ch
j=(n

+

ch
+ n

�

ch
)� 0:4,where n

+

ch
and n

�

ch
are the num berof

positive and negative charge tracks,respectively. About 3.7 m illion events were left after allcuts. All

charged particletracksthatpassed the selectionswereused,the pion purity being approxim ately 90% .

Since in m ultihadron eventsm ore than 90% ofthe m easured tracksare charged pions,the study of

BEC for like-sign charged pion pairs was usually perform ed without proper particle identi�cation and

withoutpurity correction.Thischoiceintroducesa sm allerrorin the chaoticity param eter� and in the

radiusR ofthe em itting region. Howeversom e analyseswere perform ed with properly identi�ed pions.

Thatrequired som ee�ective cutson the fraction ofthe globalsolid angleacceptance.

For�0�0,K � K � and K 0K 0 correlations,particle identi�cation wasnecessary [5,6]. Fig. 2 shows

the distribution ofthe two-photon invariantm assand the �0 eventselection.
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Figure 3: The BEC distribution C
0
(Q )for

charged pions vs Q tside. The sm ooth solid

curve is the �tted correlation function (the

excluded regionscontain e�ectsfrom known

hadron resonances).

Figure 4: Radius of the em itting region for

BECs of2 identicalbosons and for FD Cs of2

identicalbaryonsproduced in e
+
e
�
collisionsat

LEP.

3 B EC s from a static source

B EC s in one dim ension. The m easured BEC function isde�ned asthe ratio C (Q )= �(Q )=�0(Q ),

were Q is a Lorenz-invariant variable expressed in term s ofthe two pion four m om enta p1 and p2 as

Q 2= -(p1 -p2)
2,�(Q ) = (1=N )dN =dQ is the m easured Q distribution ofthe two pions and �0(Q ) is a

reference distribution which should contain allthe correlationsincluded in �(Q ),exceptBECs. Forthe

determ ination of�0(Q ),di�erentm ethodswere used:foridentical�
+ �+ and �� �� one used the �+ ��

sam ple,butalso theeventm ixing referencesam ple,wherepion pairsareform ed from pionsbelonging to

di�erentevents;also a M onte Carlo (M C)referencesam plewithoutBECswasused.

Thecorrelation distribution C (Q )wasparam etrised using theFouriertransform oftheexpression for

a static sphereofem itterswith a G aussian density:

C (Q )= N (1+ �exp(� R
2
Q
2
))(1+ �Q + �Q

2
): (1)

� isthechaoticity param eter,R istheradiusofthesource,and N a norm alization factor.Theem pirical

term (1+ �Q + �Q2)accountsforthebehaviourofthecorrelation function athigh Q duetoany rem aining

long-rangecorrelation.Thelargestdi�erenceam ong resultsfrom di�erentexperim entsliesin thechoice

ofthe referencesam ple:the statisticalerrorson R issm all,butthe system aticuncertainty islarge.

Fig 3 showsa typicaldistribution ofC (Q )versusQ ;itisrelativeto a threedim ensionalanalysis,but

theobserved featuresaretypicalofallBECs:noticetheBEC peak atlow Q and thetailatlargeQ ;the

solid line is a �t to eq. 1,excluding the Q -intervalsindicated in the �gure,which contain e�ects from

known hadron resonances.

The sam e analysis was repeated for K K BECs. A sim ilar analysis was perform ed on Ferm iDirac

Correlations(FDCs)foridenticalferm ions:in thiscasethereisno peak atsm allvaluesofQ ,buta dip.

The analysisgivesthe radiusofthe em itting regionsasshown in Fig. 4. Note thatthere probably isa

decreaseofR with increasing m assofthe em itted identicalparticles.

Fig.5a showsthevariation oftheem itting radiuswith thecharged m ultiplicity oftheevent[8]:there

isan increaseofabout10% ofthe radiuswhen the m ultiplicity increasesfrom 10 to 40 charged hadrons
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Figure 5: a) Increase of the em itting radius

with increasing event m ultiplicity and b) de-

crease of�.

Figure6:The distributionsin Q tout and Q tside

are broader than in Q ‘: thus R ‘ > R tside �

R tout.

in the �nalstate. Thism ay be related to the num berofhadron jets:one hasR 4jets > R 3jets > R 2jets.

Notice thatthere isa corresponding decreaseofthe chaoticity param eter,Fig.5b.

In ref. [10]itwasfound thatthere are 3� BECs,thatisafterrem oving the e�ectof2� correlations

on the 3� sam ple.The presentsituation isconsistentwith the relation

R 3� = R 2�=
p
2 (2)

In ref.[9]itwasfound thattherearetruem ultiparticle correlationsup to 5�.

B EC sin tw o and three dim ensions.M ultidim ensionalstaticanalyseswereperform ed in 3dim ensions

using the LongitudinalCenterofM assSystem (LCM S):the sum ofthe im pulsesofthe em itted q�q pair

lies in the plane perpendicular to the event axis,de�ned by the q�q direction. The com ponents ofthe

3-dim ensionaldistribution in the longitudinal,out and side projections indicate that the last ones are

larger,see Fig. 6. Thus the longitudinalradius is about 20% larger than the transverse radius: the

em itting sourceisellissoidical,elongated in the q�q direction.

C om parison ofB EC sin e+ e� and N ucleus-N ucleuscollisions.Fig.7 showstheBEC functionsin

e+ e� ! hadronsand Pb Pb ! hadrons:notehow m uch narroweristhedistribution in Pb Pb collisions:

the distribution yieldsa radiusR ’ 6� 7 fm forthe em issionsofpion pairs.

4 Expanding sources

BECshave been analyzed in Nucleus-Nucleuscollisionsin orderto �nd evidence forexpanding sources

dueto the form ation ofa quark-gluon decon�ned plasm a [15,16].Expanding sourcesm ay arisein e+ e�

collisionsbecause ofstring fragm entation [17].In orderto study BECsin non static,expanding sources

weanalyzethe correlation functions
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Figure 7: Com parison of the BE Correlation

functionsforPbPb and e
+
e
�
collisions.
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Figure 8: YY K vs pion pair rapidity Y . Ver-

ticalbars include statisticaland system atic er-

rors.YY K = Y correspondstoasourceexpanding

boost-invariantly.

C
0
=
C D ATA

C M C
=
N D ATA
like

=N D ATA
unlike

N M C
like

=N M C
unlike

; (3)

in binsofthe averagepairfour-m om entum with respectto the eventthrustdirection

kt = (~pt;1 + ~pt;2) (4)

and ofthe pairrapidity:

jY j=
1

2
ln

�
(E 1 + E 2)+ (p‘;1 + p‘;2)

(E 1 + E 2)� (p‘;1 + p‘;2)

�

(5)

Theexperim entaldistributionsin dN =djY jand dN =dkt arein good agreem entwith thedistributions

from the Jetset M onte Carlo. The dependences ofC and C 0 on K were studied in three bins ofjY j

(0:0� jY j< 0:8,0:8� jY j< 1:6,1:6� jY j< 2:4)and �vebinsofkt (0:1 � kt < 0:2G eV,0:2� kt < 0:3,

0:3� kt < 0:4,0:4� kt < 0:5 and 0:5� kt < 0:6 G eV).

Two-dim ensionalprojectionsofthecorrelation function C 0(Q ‘;Q tside;Q tout)forasinglebin ofjY jand

kt areshown in Fig.9a,b.BEC peaksarevisible atlow Q ‘;Q tside;Q tout.

To extractthe spatialand tem poralextensionsofthe pion source from the experim entalcorrelation

functions,the Bertsch-Pratt(BP)

C
0
(Q ‘;Q tside;Q tout)= N (1+ �e

�(Q
2
‘R

2
long+ Q

2
tside

R
2
tside

+ Q
2
tout

R
2
tout

+ 2Q ‘Q tout
R

2
long;tout

)
)F (Q ‘;Q tside;Q tout) (6)

and the Yano-K oonin (YK )

C
0
(qt;q‘;q0)= N (1+ �e

�(q
2
t
R

2
t
+ 


2
(q‘�vq 0)

2
R

2
‘
+ 


2
(q0�vq ‘)

2
R

2
0
)
)F (qt;q‘;q0) (7)
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Figure9:Two-dim ensional(a),(b)and one-dim ensional(c),(d)and (e)projectionsofthecorrelation

function C
0
(Q ‘;Q tside;Q tout) for 0.8 � jY j< 1.6 and 0.3 � kt < 0.4 G eV.Q tout < 0.2 G eV in (a),

Q ‘ < 0.2 G eV in (b).In (c),(d),(e)theprojectionsatlow values(< 0.2 G eV)oftheothervariables.

param eterizationswere �tted to the m easured correlation functions in intervalsofkt and jY j. In both

param eterizations,N isa norm alization factor,� isthedegreeofincoherenceofthepion sources,related

to the fraction ofpairsthatinterfere. The param etersN and �,whose productdeterm ines the size of

the BEC peak,aresigni�cantly (anti)correlated.The two functionsF (Q ‘;Q tside;Q tout)= (1+ �longQ ‘+

�tsideQ tside + �toutQ tout)and F (qt;q‘;q0)= (1+ �tqt + �‘q‘ + �0q0),where �i and �i are free param eters,

wereintroduced in Eq.(6)and (7)to takeinto accountresiduallong-rangetwo-particlecorrelationsdue

to energy and chargeconservation.Theinterpretation ofthe otherparam etersin Eq (6),is:

-R tside and R long arethe transverseand longitudinalradiiin the longitudinalrestfram eofthe pair;

-R tout and the cross-term R long;tout are a com bination ofboth spatialand tem poralextentions ofthe

source. The di�erence (R 2
tout

� R 2
tside

) is proportionalto the duration ofthe particle em ission process,

and R long;tout to the sourcevelocity with respectto the pairrestfram e.

In the YK fram eEq.(7),where
 = 1=
p
1� v2,the freeparam etersareinterpreted asfollows:

-v isthe longitudinalvelocity,in unitsofc,ofthe sourceelem entin the CM S fram e;

-R 0 m easures the tim e interval,tim es c,during which particles are em itted,in the rest fram e ofthe

em itter(sourceelem ent).Thelim ited phase-spaceavailablelim itsthe analysisforR 2
0 ;

-R t and R ‘ arethe transverseand longitudinalradii,in the restfram eofthe em itter.
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The param eters R 0, R t and R ‘ are evaluated in the rest fram e ofthe source elem ent. The two

param eterizationsarenotindependent,sothatacom parison between theBP and YK �tsisan im portant

test.In theYK picturethesourcevelocity v ofeach elem entdoesnotdepend on kt,whileitiscorrelated

with the pair rapidity Y.YY K m easures the rapidity ofthe source elem ent with respect to the c.m

fram e YY K = 1

2
ln[(1+ v)=(1� v)]. A non expanding source correspondsto YY K ’ 0 forany Y.Fora

longitudinally boostinvariantsource(forwhich thevelocityofeach elem entisv = z=t,wheretisthetim e

elapsed since the collision and z isthe longitudinalcoordinateofthe elem ent)the correlation YY K = Y

isexpected asin Fig.8.

Thefollowing relationshold between the BP and YK param eters:

R
2
tside

= R
2
t (8)

R
2
long = 


2
LC M S(R

2
‘ + �

2
LC M SR

2
0) (9)

(R
2
tout

� R
2
tside

) = �
2
t


2
LC M S(R

2
0 + �

2
LC M SR

2
‘): (10)

�LC M S isthe velocity ofthe source elem entin the LCM S,i.e.with respectto the pairlongitudinalrest

fram e;
LC M S = 1=
p

1� �2
LC M S

.Fora boost-invariantsource,�LC M S = 0:(9)and (10)becom e:

R
2
long ’ R

2
‘ (11)

(R
2
tout

� R
2
tside

) ’ �
2
tR

2
0: (12)

In Fig.10 the best-�tBP and YK param etersarecom pared:

- The longitudinalparam eter R 2
long is larger than R 2

‘ in allrapidity intervals,Fig. 9(a),(d) and (g).

R 2
long > R 2

‘ corresponds to �LC M S > 0,i. e. to a pion source whose expansion is not exactly boost-

invariant.

-The equality ofthetransverseparam eters,R 2
tside

R 2
t,iscon�rm ed;therem ay be deviationsatlow kt.

-R 2
0 and (R 2

tout
� R 2

tside
) are essentially equalto zero,suggesting that the present technique does not

allow to m esurethe duration ofthe em ission process.

5 C onclusions

W e have �rstsum m arized the resultsobtained on BECsin e+ e� collisionsatthe Z 0 peak assum ing a

static source.Then we presented an analysisin binsofthe average4-m om entum ofthe pair. Based on

this,the dynam icfeaturesofthe pion em itting sourcewereinvestigated in the YK and BP form alism s.

The transverse and longitudinalradiiofthe pion sources decrease for increasing kt,indicating the

presence ofcorrelations between the particle production points and their m om enta. The YK rapidity

scales with the pair rapidity,in agreem entwith a nearly boost-invariantexpansion ofthe pion source.

Phasespacelim itation did notallow the m easurem entofthe duration ofthe particleem ission process.

Sim ilarresultshave been observed in m ore com plex system s,such asthe pion sourcescreated in pp

and heavy-ion collisions,which arenow com plem ented with m easurem entsin thesim plerhadronicsystem

form ed in e+ e� annihilations. The unexplained sim ilarities between BECsin di�erentreactionsm ight

indicate a presentlim itation ofourunderstanding ofthese correlations[18].

A cknow ledgem ents. W e thank allthe m em bers of the O PAL Collaboration,in particular the

Bologna m em bers.W e acknowledgethe contribution ofM s.Anastasia Casoni.
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