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A bstract. BoseE instein correlations in pairs of denticalparticleswereanalyzed In " e m ultthadron
annihiltionsat 912 Ge&V at LEP.The st studies nvolved dentical charged pions and the em itting
source size was determ ined. T hen the study of charged kaons suggested that the radius depends on the
m ass of the em itted particles. Subsequenty the dependence of the source radius on the eventm ultiplicity
was analyzed. T he study of the correlations In neutral pions and neutral kaons extended these concepts
to neutral particles. The shape of the source was analyzed in 3 dim ensions and was found not to be
spherically sym m etric. In recent studiesat LEP the correlationswere analyzed in intervals of the average
pailr transversem om entum and of the pair rapidity to study the correlationsbetw een the pion production
points and their m om enta (position-m om entum correlations). The lJatest e" e data are consistent w ith
an expanding source.

1 Introduction

BoseFE instein C orrelations (BEC s) are a quantum m achanical phenom enon which m anifests in nalmul-
thhadron states as an enhanced probability for identical bosons to be em itted w ith an all relative four
mom entum Q , com pared w ith non identical bosons under sin flar kinem atic conditions [, [2,[3]. From
the m easured e ect it is possible to determ ne the space tim e din ensions of the boson-aem itting source.
TheBEC e ectarises from the am biguity of path between sources and detectors and the requirem ent to
sym m etrise the wave function of two orm ore dentical bosons.

In 1954 the radicastronom ers R . HanburyBrown and R.Q . Twiss proposed a new interferom etry
technigue to m easure the angular dim ension of a star. It required to m easure the m ixed intensities in
tw 0 radiotelescopes; the dependence of the correlation on the distance between them yielded the anqular
diam eter of the astronom icalsource [1l]. G .G oldhaber et alapplied the sam e principle in particle physics,
In pp annihilations Into two dentical charged pions, obtaining the radius of the em itting source, 1 fn
21.

The st LEP analyses on BEC s concemed identical charged pions, assum ing a spherical em ission
source and yieded the size of the source (R 1 fin ) and the chaoticity param eter [3,[4]. Neutral were
then considered [B]. Then the study was extended to neutral and charged kaons in order to determ ine if
the source radius depends on the m ass of the em itted particles [6,[7].

Further analyses were perform ed to establish if the em itting source radius depends on the particle
m ultiplicity [8l]. O ther studies involved the search for BE correlations in m ultipions [@].

BECswere studiad in two and three dim ensions and one discovered that the em itting source is not
spherical [10]]. M any studies werem ade for W W correlations [I1l]and also In  interactions [12]. F inally
they involved the study of expanding sources and trials to determ ine the em ission tim e [13].

W e shallm ake a brief survey of these studies, concentrating nally on the very recent works which
prove that even In €' e collisions one has expanding sources.
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Figure 1: Schem e of a m easurem ent of BEC s. Figure 2: D istrbution of tw o-photon in—
a, b are two sources separated by a distance R ; variant mass, M , . The an ooth curves
A, B are two detectors separated by a distance are the total M onte Carlo expectation
L.The en itted particles go from sources to de- (solid line) and the background expecta-
tectorsasa! A,b! B orasa! B,b! A.In as- tion (dashed line). T he shaded region is
tronom y L< <R, In particle physics L> >R . the selected w indow for the ° signal.

2 Experim ental P rocedure

A detailed description of the O PA L experinm entm ay be found in ref [I4]. T hem ost in portant subdetector
for BEC studies is the C entral Tracking D etector, the Jet C ham ber. For 0 studies we needed also the
barrel electrom agnetic calorin eter. A sam ple of 4.3 m illion m ultthadronic events from 7 ° decays were
used. A set of quality cuts was applied and one used cuts speci ¢ for BEC studies.

F irst, the event thrust axiswas com puted, using tracksw ith am inin um of 20 hits in the gt cham ber,
amihinum transversem omentum of 150 M €V and a maximum m om entum of 65 G &V . C lusters in the
electrom agnetic calorim eter were used for energies exceeding 100 M €V in the barrel or 200 M €V in the
endcaps. Only events well contained in the detector were accepted, requiring 70S st < 09, where

thrust 1S the polar angle of the thrust axis w ith respect to the beam axis. Tracks were required to have
amaxinum momentum of 40 GeV and to originate from the interaction vertex. E lectron-positron pairs
from photon conversionsw ere refcted . T he selected events contained am ininum of ve tracks and were
reasonably balanced in charge, ie. 1, n, F+0) + n,) 0#4,wheren) and n, are the number of
positive and negative charge tracks, respectively. About 3.7 m illion events were left after all cuts. A1l
charged particle tracks that passed the selections were used, the pion purity being approxin ately 90% .

Since in m ultthadron events m ore than 90% of the m easured tracks are charged pions, the study of
BEC for lkesign charged pion pairs was usually perform ed w ithout proper particle identi cation and
w ithout purity correction. T his choice Introduces a sm allerror In the chaoticity param eter and in the
radius R of the em itting region. H owever som e analyses w ere perform ed w ith properly identi ed pions.
T hat required som e e ective cuts on the fraction of the global solid angle acceptance.

For © °,K K andK °K ° correlations, particle identi cation was necessary [9,[d]. Fiy. 2 shows
the distribution of the tw o-photon invariantm ass and the ° event selection.
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Figure 3: The BEC distribution C °(Q ) for
charged pions vs Q... The smooth sold Figure 4: Radius of the em itting region for
curve is the tted correlation function (the BEC s of 2 dentical bosons and for FDC s of 2
excluded regions contain e ects from known ddentical baryons produced in €" e collisions at
hadron resonances). LEP.
3 BECSs from a static source
BEC s in one dim ension. Them easured BEC fiinction isde ned astheratio CQ )= Q)= Q) ,
were Q is a Lorenz-invariant variable expressed In term s of the two pion four m om enta p; and p, as
Q%=—p1 —p2)*, (@)= (12 )dN =dQ is the m easured Q distribution of the two pions and ((Q ) is a
reference distribution which should contain all the correlations included in  (Q ), except BEC s. For the
determ nation of (Q ), di erent m ethods were used: for dentical * * and one used the *

sam ple, but also the eventm ixing reference sam ple, w here pion pairs are form ed from pions belonging to
di erent events; also a M onte Carlo (M C ) reference sam ple w ithout BEC swas used.

T he correlation distribution C (Q ) was param etrised using the Fourier transform of the expression for
a static sphere of em itters w ith a G aussian density:

C@Q)=N @1+ exp( R?Q%)(1+ Q+ Q7): 1)

is the chaoticity param eter, R is the radius of the source, and N a nom alization factor. T he em pirical
term (1+ Q + Q%) accounts for the behaviour of the correlation function athigh Q due to any rem aining
long—range correlation. T he largest di erence am ong results from di erent experin ents lies In the choice
of the reference sam ple: the statistical errors on R is an all, but the system atic uncertainty is large.

Fig 3 show s a typicaldistribbution ofC (Q ) versusQ ; it is relative to a three din ensionalanalysis, but
the observed features are typicalofallBEC s: notice the BEC peak at low Q and the tailat large Q ; the
solid line isa tto eg. 1, excluding the Q -intervals indicated In the gure, which contain e ects from
know n hadron resonances.

The sam e analysis was repeated or KK BECs. A sin ibr analysis was perform ed on Fem iD irac
Correlations (FD C s) for dentical ferm ions: in this case there isno peak at smallvalues ofQ ,buta dip.
T he analysis gives the radius of the am itting regions as shown in Fig. 4. Note that there probably is a
decrease of R w ith Increasing m ass of the am itted dentical particles.

Fig. 5a show s the variation of the em itting radius w ith the charged m ultiplicity of the event [8]]: there
is an increase of about 10% of the radius when the m ultiplicity increases from 10 to 40 charged hadrons
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Figure 5: a) Increase of the em itting radius Figure 6: The distributions in Q+,,, and Q«_,,_
w ith increasing event m ultiplicity and b) de- are broader than in Q«: thus R+ > Ry,
crease of . Rigue -

in the nalstate. Thism ay be related to the num ber of hadron fPts: one hasR s4ets > R3jets > Rojets -
N otidce that there is a corresponding decrease of the chaoticity param eter, Fig. 5b.

In ref. [10] it was found that there are 3 BECSs, that is after rem oving the e ect of 2 correlations
on the 3 sam ple. T he present situation is consistent w ith the relation

R; =Ry = 2 2)

In ref. [9] it was found that there are true m ultiparticle correlations up to 5

BEC sin two and three dim ensions. M ultidin ensional static analysesw ere perform ed in 3 din ensions
using the Longitudinal C enter of M ass System (LCM S): the sum of the in pulses of the em itted qg pair
lies in the plane perpendicular to the event axis, de ned by the qq direction. T he com ponents of the
3-din ensional distrbution in the longitudinal, out and side profctions indicate that the last ones are
larger, see Fig. 6. Thus the bngitudinal radius is about 20% larger than the transverse radius: the
am itting source is ellissoidical, elongated in the gg direction.

C om parison of BEC sin €" e and N ucleusN ucleus collisions. Fig. 7 show sthe BEC functions in
e'e ! hadronsand Pb Pb ! hadrons: note how m uch narrow er is the distribution in Pb Pb collisions:
the distribution yieldsa radiusR ’ 6 7 fn for the em issions of pion pairs.

4 Expanding sources

BEC s have been analyzed in NucleusN uclus collisions in order to nd evidence for expanding sources
due to the fom ation of a quark-glion decon ned plasm a [15,[16]. Expanding sourcesm ay arise in €' e
collisions because of string fragm entation [17]. In order to study BEC s in non static, expanding sources
we analyze the correlation functions
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in bins of the average pair fourm om entum w ith respect to the event thrust direction
kt = (pt;l + Pt ) (4)
and of the pair rapidity:

1 E1+ E2)+ (prp+ pp2)
¥i==-hh
2 E1+E2) (a+t pp)

(5)

T he experim ental distributions in dN =d¥ jand dN =dk; are in good agreem ent w ith the distributions
from the Jetset M onte Carlo. The dependences of C and C°% on K were studied in three bins of ¥
(0:0 ¥ j< 08,08 F¥j< 16,16 F j< 24)and vebinsofk: (01 ke< 02GeV,02 ke< 03,
03 ki< 04,04 ki< 05and 05 ki< 06G&v).

T wo-din ensionalprofctions of the correlation fiinction C %(Q «;0 twe 1Q .. ) fora singlebin of ¥ jand
ke are shown In Fig.[9a,b. BEC peaksarevisblatlow Q ;0. iQ¢w,, -

To extract the gpatial and tem poral extensions of the pion source from the experin ental correlation
functions, the Bertsch-Pratt (BP)

2
side  tside

2

(© RL,,+0°7 +02 R +20.0Q R ... )
long t tout  tout tout™ longitoyt )F (Q,;Q toe ;Qtout) (6)

C%Q Qe Qu,)=N 1+ e
and the YanoX oonin (YK )

2 2 2 2 2 2 2 2
Coq;aip)= N (1+ e @eRer T@ vao)lRixr S va ' Rop (4 o sqp) (7)
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Figure 9: Two-din ensional (a), (b) and one-din ensional (c), (d) and (e) profctions of the correlation
function C %(Q 7Q te 1Q ton ) Or 0.8 ¥ j< 16and 03 ki< 04GeV.Qy,, < 02GeV in (a),
Q< 02GeV in (b). In (c), (d), (e) the profEctions at low values (< 0.2 G &V ) of the other variables.

param eterizations were tted to the m easured correlation functions in Intervals of ki and ¥ j. In both
param eterizations,N isa nom alization factor, is the degree of incoherence of the pion sources, related
to the fraction of pairs that Interfere. The param eters N and , whose product determ ines the size of
the BEC peak, are signi cantly (anti)correlated. The two functions F (Q ;0 ¢, iQ¢w,. )= (I+ 1ngQ -+

taeQtume ¥ tuQruu) @and F (qjajqp) = (1+ G+ <+ oPp),where ; and ; are free param eters,
were Introduced in Eq. (6) and (7) to take into account residual long-range tw o-particle correlations due
to energy and charge conservation. T he interpretation of the other param eters In Eq (6), is:
-R¢,. and R 1ng are the transverse and longitudinal radii in the longitudinal rest fram e of the pair;
-R¢,, and the crosstem R g, are a com bination of both spatial and tem poral extentions of the
source. The di erence RZ . R ) is proportional to the duration of the particle em ission process,
and R png;r,,. 0 the source velocity w ith ect to the pair rest fram e.

Inthe YK frameEq. (7),where = 1= 1 v?, the free param eters are interpreted as ollow s:

-V is the ongitudinal velocity, in units of ¢, of the source elem ent in the CM S fram e;
—-R o measures the tin e Interval, tim es ¢, during which particles are em itted, in the rest fram e of the
am itter (source elem ent). T he lin ited phase-space available lin its the analysis for Ré ;
-Rt and R+ are the transverse and longitudinal radii, in the rest fram e of the am itter.




The param eters Ry, Rt and R are evaluated In the rest fram e of the source element. The two
param eterizations are not independent, so that a com parison between the BP and YK tsisan Im portant
test. In the YK picture the source velocity v of each elem ent does not depend on k¢, while it is correlated
with the pair rapdity Y. Yyx measures the rapidity of the source elem ent w ith respect to the cm
frame Yyx = % nh[(1+ v)>=(1 wv)]l. A non expanding source corresponds to Yyx ' 0 forany Y .For a
Jongitudinally boost invariant source (forw hich the velocity ofeach elem ent isv = z=t,wheretisthetine
elapsad since the collision and z is the longitudinal coordinate of the elem ent) the correlation Yyx = Y
is expected as In Fig. 8.

T he follow Ing relations hold between the BP and YK param eters:

2 2
Ri.. = Rt (8)
2 2 2 2 2
Rlong = rems RO+ Toy sRy) 9)
2 2 2 2 2 2 2
R, Riy) = t tems®Ro+ femsR7): (10)

Lcu s is the ve]oci'.j;y of the source elem ent in the LCM S, ie. with respect to the pair longitudinal rest
frame; ;cyws = 1= 1 fCM s - For a boost=invariant source, rcus = 0: (9) and (10) becom e:

Rin, ' R? (11)

2 2 (12)

2
4
tout RT’su&e )

R
In Fig. 10 the best— t BP and YK param eters are com pared:

- The longitudinal param eter R%, . is larger than R? in all rapidity intervals, Fig. 9(a),(d) and (g).
Rfmg > R? corresponds to pecms > 0,1 e. to a pion source whose expansion is not exactly boost—
nvariant.
—The equality of the transverse param eters, R im R E , s con m ed; therem ay be deviations at low k..
-Rj and R? R} ) are essentially equalto zero, suggesting that the present technijue does not
allow to m esure the duration of the em ission process.

5 Conclusions

W e have rst summ arized the results obtained on BECs in e* e collisions at the 7 ° peak assum ing a
static source. Then we presented an analysis in bins of the average 4-m om entum of the pair. Based on
this, the dynam ic features of the pion em itting source were Investigated in the YK and BP form align s.

T he transverse and longitudinal radii of the pion sources decrease for increasing k¢, Indicating the
presence of correlations between the particle production points and their m om enta. The YK rapidity
scales with the pair rapidity, In agreem ent w ith a nearly boost-nvariant expansion of the pion source.
Phase space lim itation did not allow the m easurem ent of the duration of the particle em ission process.

Sin ilar results have been observed in m ore com plex system s, such as the pion sources created In pp
and heavy-ion collisions, w hich are now com plem ented w ith m easurem ents in the sin pler hadronic system
formed in €' e annihilations. T he unexplained sin ilarities between BEC s in di erent reactions m ight
indicate a present lim itation of our understanding of these correlations [18].
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