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CORRELATIONS IN WW EVENTS��. TodorovaInstitute of Physi
s, A
ademy of S
ien
es of the Cze
h Republi
Na Slovan
e 2, 182 21 Praha 8, Cze
h Republi
(Re
eived O
tober 1, 2001)A 
riti
al summary is given of the present status of the study of Bose�Einstein 
orrelations in W -pair produ
tion at LEP2. In parti
ular, theeviden
e is reviewed for or against the existen
e of Bose�Einstein 
orrela-tions between pions originating both from a di�erent of the two W 's. Ifpresent, su
h an inter-W interferen
e would not only form a potential biasin the determination of theW mass, but also would provide a laboratory tomeasure the spa
e-time development of the overlap. If absent, this woulddrasti
ally 
hange the 
onventional (Hanbury Brown and Twiss) pi
ture ofpion interferometry in high energy physi
s.PACS numbers: 13.65.+i 1. Introdu
tionCorrelations between pairs of identi
al parti
les (or, in the simpli�edexperimental approa
h, pairs of like-sign parti
les) within a single hadroni
system are a well known phenomenon, however the understanding of thise�e
t is far from 
omplete. Most often, it is 
onsidered to be an equivalentof the Hanbury Brown�Twiss e�e
t in astronomy, re�e
ting the interferen
eof identi
al bosons emitted in
oherently from their sour
e.An alternative model, proposed by Andersson and 
ollaborators [1℄, takesinto a

ount the full pro
ess of parti
le produ
tion in the fragmentationof the Lund string. The 
orrelations appear as a 
oherent e�e
t in thehadronization pro
ess, and they are fully predi
ted for a given set of �nalparti
les (ordered along the string).We are therefore in the situation when the experimentally observed 
or-relations 
an be interpreted in a rather di�erent ways: in the �in
oherent�approa
h, the shape of the 
orrelation fun
tion re�e
ts the shape of the� Presented at the XLI Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, Poland,June 2�11, 2001. (3973)
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e, and 
an be derived from the knowledge of the spa
e-time density ofthe �nal parti
les regardless of the way they were produ
ed; in the �
oher-ent� pi
ture, the 
orrelations stem dire
tly from the string area de
ay law,and depends on the history of the string breaking.For a simple hadroni
 system like q�q from a Z0 de
ay, it may be impos-sible to de
ide between the two possibilities, sin
e the in
oherent approa
hleaves a freedom of the 
hoi
e of the input parti
le density, whi
h 
an beadjusted to reprodu
e the observed data (it should be noted, however, thatthe straightforward implementation of the �in
oherent� formalism fails todes
ribe the Z0 data [2℄).The situation is di�erent in the study of two 
lose hadroni
 systems. Inthe in
oherent s
enario, the di�eren
e between 
orrelations within a singlehadroni
 system, and 
orrelations between the two systems, should dependonly on the overlap of the two systems (sour
es). In the 
oherent s
enario,however, the 
orrelations between the two systems may not exist at all, evenfor overlapping sour
es (as long as there is no intera
tion � 
olour �ow �between them). 2. MeasurementsIn the light of the dis
ussion above, the experimental measurement of
orrelations between two independent hadroni
 systems is of utmost interest,and LEP2 provides a unique laboratory for su
h a measurement in the studyof the de
ay of a pair of W+W� (Z0Z0, respe
tively,) bosons. The lifetimeof these bosons is mu
h shorter than the typi
al hadronization s
ale, andthey de
ay on top of ea
h other, overlapping (partially) in the momentumspa
e.The measurement of the size of the inter-W (Z) 
orrelations 
an be donein a di�erent ways, and it is 
ompli
ated by several fa
tors, namely:� the modelling of the e�e
t is poor (none of models dis
ussed in theintrodu
tion is fully implemented in MC generators); the most widelyused model (LUBOEI/PYBOEI in Jetset [3℄) 
onsists in a simplereshu�ing of momenta of �nal parti
les, leading to an arti�
ial mo-mentum transfer,� the e�e
t is de�ned with respe
t to a referen
e (un
orrelated) sample,whi
h is arbitrary to a large extent, and di�erent for ea
h 
ollabora-tion/measurement,� dete
tor e�e
ts 
an be important, and not easy to 
orre
t for be
auseof model dependen
e of 
orre
tion fa
tors for 2-parti
le spe
tra.The experimental methods used by the LEP 
ollaborations for this mea-surement 
an be roughly 
lassi�ed a

ording to the level of their modeldependen
e.



Correlations in WW Events 3975The �model dependent� methods 
onsist in tuning of a parti
ular modelat the Z0/single W de
ay and in 
omparison of the predi
tion of the modelwith realWW=ZZ events. Su
h a method was used by ALEPH [5℄. The 
or-relations between the like-sign parti
les (after reje
tion of identi�ed ele
tronsand muons) are de�ned with respe
t to the unlike-sign parti
les sample, andthe double ratio with the Monte Carlo sample is used to remove the e�e
tof resonan
es as well as part of dete
tor e�e
ts:R�(Q) = �N++;��N+� �data�N++;��N+� �MCnoBE : (2.1)The tuning of PYBOEI routine is performed on the Z0 sample enri
hedin light �avours and 
he
ked in the semileptoni
 W events. The residualdis
repan
ies between data and simulation are 
orre
ted bin per bin and
orre
tion applied on MC predi
tions for fully hadroni
 events, in the s
e-nario with and without 
orrelation between the two boson systems (Fig. 1).The q�q ba
kground is in
luded in the MC predi
tion. The data disfavourthe presen
e of the inter-W=Z 
orrelations (for this parti
ular tune of themodel) by 2.7 �.Apart from a strong model dependen
e built in this measurement, onemay worry also about the fa
t that due to the use of double ratios, themodel may be a
tually quite far from the data in the dire
t 
omparison (notreprodu
ing the Q distribution, itself).A di�erent method with lower model dependen
e was used by OPAL [4℄.It is based on a simultaneous �t of 
orrelation fun
tions in Z0=
�, q�ql�, andq�qq�q events. The Z0=WW 
ontent in these three samples is parameteriseda

ording to the sele
tion e�
ien
y obtained with the MC simulation. Cor-relation fun
tion, de�ned as the double ratio (2.1), is extra
ted for pairs ofparti
les 
oming from Z0=
, single W , and from di�erent W -s in a simul-taneous �t. The result is shown in Fig. 2. Unfortunately, due to the largeun
ertainties, the method is far from being sensitive to the e�e
t of inter-boson 
orrelations (�di�), and no 
on
lusions about the presen
e of these
orrelations 
an be made.In the measurement proposed in [7℄ and published by L3 [8℄, the modeldependen
e is largely removed due to the use of the referen
e sample 
on-stru
ted by mixing of the hadroni
 parts of the semileptoni
 W+W� events.Su
h a dire
t �data-to-data� 
omparison is experimentally robust and doesnot require a dire
t use of MC simulation (ex
ept for 
he
king of the mixingmethod). The only residual model dependen
e is related to the subtra
tionof ba
kground events.
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Fig. 1. The double ratios R� measured in the Z0 and in the fully hadroni
 W+W�sample, 
ompared to the predi
tion of the model tuned at Z0 (PYBOEI BE3).
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tion for the unfolded 
lasses. The data points show the ex-perimental distributions. The open histogram shows (a) the result of the simulationin
luding inter-W 
orrelations, (b) the result of simulation in
luding 
orrelationswithin a single W . The 
ross-hat
hed histogram in (a) shows result of simulationwith 
orrelation only within a single W , while the hat
hed histograms in (b) and(
) 
orrespond to a simulation without any BE 
orrelations.Fig. 3 shows the ratios of 2-parti
le densities obtained from the fullyhadroni
 W+W� sample and from the mixed sampleD(Q) = �hadr:WW2 (Q)�mixed WW2 (Q) ; (2.2)and the double ratio D0(Q) = Ddata(Q)DMC;noBE(Q) : (2.3)The L3 results do not show any eviden
e for the existen
e of inter-W
orrelations.Sin
e the model dependent measurements have only very limited impa
t,the advantages of the method used by L3 seem to be a
knowledged by theother LEP experiments whi
h are preparing similar measurements. Re
ently,ALEPH released preliminary results using the mixed referen
e sample [6℄.The results 
annot be quanti�ed be
ause of missing systemati
 errors, how-ever the measurement seems to disfavour the presen
e of 
orrelations, inagreement with L3 and with aforementioned ALEPH results.
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Fig. 3. The results obtained by L3 using the mixing method, for like-sign andunlike-sign pairs in WW events, 
ompared to the predi
tion of the tuned model(PYBOEI BE32).



Correlations in WW Events 3979The DELPHI experiment, using similar analysis method, re
ently re-ported results 
ompatible with the absen
e or strong suppression of inter-W
orrelations [9℄. The measured D(Q) (ratio of 2-parti
les densities) and��(Q) (their di�eren
e) for pairs of like-sign parti
les are shown in Fig. 4.The data sample 
ontains 
ombined statisti
s from 3 years of LEP2 run-ning (1998�2000). The predi
tions of the PYBOEI model (BE32 s
enariotuned at Z0 data) with and without inter-W 
orrelations are superposed for
ompleteness.
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inter+intra BEC
intra BEC

data 98-2000 (++,--)
inter+intra BEC
intra BEC

Fig. 4. The results obtained by DELPHI using the mixing method, for like-signpairs in WW events, 
ompared to the predi
tion of the tuned model (PYBOEIBE32). The ratio (upper plot) and di�eren
e (lower plot) of 2-parti
le densities fromfully hadroni
 and mixed WW events are shown. Z0=
� ba
kground is subtra
tedfrom fully hadroni
 WW sele
tion using the PYBOEI model.



3980 �. TodorovaFit of the D(Q) (Eq. (2.2)) by the fun
tionN�(1 + ÆQ)�1 + � exp �1:01 Q~ � ;yields (the parameter in the exponent is �xed to the value obtained when�tting model with inter-W 
orrelations)� = �0:037 � 0:055(stat:) � 0:055(syst:) :The systemati
s of the measurement is largely dominated by the un
ertaintyrelated to the ba
kground subtra
tion.3. Combination of LEP resultsFrom the set of LEP2 measurements reviewed in the previous se
tion one
an 
on
lude that the 
orrelations of parti
les belonging to di�erent, thoughrather 
lose hadroni
 systems, are strongly suppressed with respe
t to theamount of 
orrelations measured within ea
h system separately. Somewhatsurprisingly, measurements are even 
onsistent with the 
omplete absen
eof su
h 
orrelations. The observation 
ontradi
ts the 
onventional per
ep-tion of Bose�Einstein 
orrelations in parti
le physi
s, however it is di�
ultto make quantitative statements in the absen
e of reliable theoreti
al mod-els/
al
ulations. On the other hand, the more profound understanding of thee�e
t is highly desirable for LEP2 
ommunity as the interplay of �nal statesfrom WW de
ay may in�uen
e the dire
t re
onstru
tion of the W mass.In order to provide the best possible experimental upper limit as theinput for further theoreti
al work, LEP 
ollaborations plan to 
ombine themeasurements of inter-W 
orrelations. The experiments 
onverge to a singlemethod à la L3, whi
h provides the most dire
t, and less biased, a

ess tothe inter-W 
orrelations. Be
ause of di�eren
es in the event sele
tion, butalso due to the un
ertainty related to the 
orre
tion of dete
tor e�e
ts, the
ombination may not be done at the level of 2-parti
le densities, but ratherfor D(Q) and ��. The un
ertainty of the ba
kground subtra
tion, largely
orrelated between experiments, is likely to be
ome the limiting fa
tor forthe pre
ision of the 
ombined measurement.
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