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MULTIPLICITIES AND CORRELATIONS AT LEP�Edward K.G. SarkisyanCERN, European Organization for Nu
lear Resear
h1211 Geneve 23, SwitzerlandandUniversity of Antwerpen, Universiteitsplein 1, 2610 Wilrijk, Belgium(Re
eived June 28, 2002)A brief review on re
ent 
harge multipli
ity and 
orrelation measure-ments at LEP is given. The measurements of unbiased gluon jet multipli
ityare dis
ussed. Re
ent results on 
harged parti
le Bose�Einstein and Fermi�Dira
 
orrelations at LEP1 are reported. New results on two-parti
le 
orre-lations of neutral pions are given. Correlations of more than two parti
les(high-order 
orrelations) obtained using di�erent methods are performed.Re
ent Bose�Einstein 
orrelation measurements at LEP2 are dis
ussed.PACS numbers: 13.65.+i, 13.38.�b, 12.38.Qk, 05.30.�d1. Introdu
tionThe number of hadrons, or multipli
ity, is one of the most importantobservables in parti
le produ
tion pro
esses [1℄. The distribution of multi-pli
ity is a sensitive 
hara
teristi
s of a 
ollision event. However, the mul-tipli
ity distribution tells us just about average, integrated numbers, whiledeeper information 
omes from moments of the distribution, whi
h measureparti
le 
orrelations, i.e. probe the dynami
s of the intera
tion [2℄.Here, I report on re
ent results on multipli
ity and 
orrelation measure-ments at LEP. The statisti
s of hadroni
 events 
olle
ted by ea
h of fourCERN LEP Collaborations at the Z0 peak ex
eeds four million events andgives an unique opportunity to study details of the theory of strong inter-a
tions, Quantum Chromodynami
s (QCD), and its appli
ability to (�soft�)hadron produ
tion pro
esses. Understanding of 
orrelations at LEP2 is also
ru
ial for ongoing Standard Model measurements.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3305)



3306 E.K.G. Sarkisyan2. De�nitions and notations [1, 2℄The multipli
ity distribution, or density �n, of n parti
les with kinemati
variables p1; p2; : : : ; pn is de�ned by in
lusive probability spe
trum,�n(p1; p2; : : : ; pn) = 1Nev dn(p1; p2; : : : ; pn)dp1dp2 � � � dpn ;where Nev is the number of events.As it follows from this formula, the single parti
le distribution �1(p1)gives an average multipli
ity, R �1(p1)dp1 = hni ; while integration of theq-parti
le density leads to the unnormalised q-th order fa
torial moments,Z �1(p1; p2 : : : pn)dp1dp2 � � � dpn = hn(n� 1) � � � (n� q + 1)i � hn[q℄i = fq :The normalised moments, Fq = fq=hniq have been extensively used to studythe intermitten
y phenomenon [2℄.The q-parti
le densities give us a way to study parti
le 
orrelationsdes
ribed by q-parti
le 
orrelation fun
tions, (fa
torial) 
umulants,Cq(p1; : : : ; pq). The 
umulants vanish whenever one of their arguments isstatisti
ally independent, i.e. these fun
tions measure genuine q-parti
le 
or-relations.The 
umulants are 
onstru
ted from multipli
ity densities, e.g.C1(p1) = �1(p1) ; (1)C2(p1; p2) = �2(p1; p2)� �1(p1)�1(p2) ;C3(p1; p2; p3) = �3(p1; p2; p3)�X(3) �1(p1)�2(p2; p3)+2�1(p1)�1(p2)�1(p3) :These fun
tions, being properly normalised, are used to study multi-parti
le 
orrelations in di�erent kinemati
 variables.3. Multipli
ity of unbiased gluon jetIn this se
tion, I 
onsider re
ent results on unbiased gluon jet multipli
itystudies [3, 4℄. This analysis provides a dire
t 
he
k of the QCD multipli
itypredi
tions for quark jet versus gluon jet. The approa
h used allows tosele
t �unbiased� gluon jet in 3-jet events, i.e. it is independent of jet-�ndingalgorithm whi
h were usually applied in earlier studies [1, 3℄.In theory the gluon jet multipli
ity, Ng, is de�ned in gluon�gluon (gg)jet systems, while experimentally the Ng multipli
ity is obtained from 3-jet
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ities and Correlations at LEP 3307q�qg �nal states. To this end, one uses the formula whi
h 
onne
ts 3-jetmultipli
ity with q�qg and gg multipli
ities, Nq�q and Ngg, respe
tively,Nq�qg = Nq�q(L; k?;Lu) + 12Ngg(k?;Lu) ; (2)Nq�qg = Nq�q(Lq�q; k?;Le) + 12Ngg(k?;Le) : (3)Here, L spe
i�es the e+e� 
.m.s. energy, while Lq�q the q�q system energy.The two expressions are given by two approa
hes to de�ne the gluon jetenergy w.r.t. q�q system by Lund and Leningrad groups. The important fa
tis that Ngg depends only on a single s
ale k?, i.e. it is unbiased in 
ontrastto Nq�q depending on the energy s
ale too.Fig. 1 shows OPAL results on Ngg of 
harged parti
les as a fun
tionof the jet energy Q [3℄. One 
an see that 
al
ulations using the Lund ap-proa
h better des
ribe the data and Monte Carlo predi
tions (the latterswell reprodu
e the data) than that of Leningrad.
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harged parti
le multipli
ity of unbiased gg events as a fun
tionof energy s
ale. Di�erent k? 
orrespond to Eqs. (2) and (3), respe
tively. See textand Ref. [3℄ for more details.The Lund formalism was pro
eed to obtain the ratios, r(j) � (djNg=d")=(djNq=d") of gluon and quark multipli
ities. Here " spe
i�es the jet energy.The ratios were found [3℄ to satisfy the QCD predi
tion, r(0) < r(1) < r(2) !2.25 as Q!1. From this it was obtained an e�e
tive value of QCD 
olourfa
tors, CA=CF = 2.23 � 0.14 being in a good agreement with the QCDvalue of 2.25. A similar value is preliminarly reported by DELPHI [4℄.4. Two-parti
le 
orrelations in hadroni
 Z0 de
aysDuring last years, LEP Collaborations a
tively study two-parti
le 
orre-lations of bosons, Bose�Einstein 
orrelations (BEC), and fermions, Fermi�Dira
 
orrelations (FDC) [5℄. To study two-parti
le 
orrelations one needs



3308 E.K.G. Sarkisyanto measure �2(p1; p2)=�1(p1)�1(p2), where p1 and p2 are the 4-momentaof parti
les. Experimentally, one measures C(Q) = �2(Q)=�02(Q), whereQ2 = �(p1�p2)2. The normalisation �02 of a referen
e sample has to be freeof BEC/FDC and 
an be de�ned in di�erent ways: Monte Carlo withoutsu
h kind of 
orrelations, �2(Q) of unlike-sign hadrons, pairs with parti
lesfrom di�erent events, or from di�erent hemispheres (mixings). Then theC(Q) fun
tion �t assuming the Gaussian sour
e,C(Q) = 1� � exp(�Q2R2) ; (4)gives � to be a measure of the strength of the 
orrelations while R is 
on-sidered as emitter radius. In this approa
h � = 1 indi
ates 
ompletelyin
oherent emission. The �+� sign stands for BEC, and the ��� for FDC.BEC of 
harged pions are well established at LEP, and the radius isobtained to vary between 0.5 and 1.0 fm depending on the referen
e sample.Re
ently, L3 measured BEC of neutral pions [6℄. It is found that in thesame framework for 
harged and neutral pions, R(�0�0) < R(����) (with2� eviden
e). This is in qualitative agreement with the Lund string model.A de
rease of C(Q) as Q! 0 for fermions was observed for � pairs [5℄,while OPAL preliminarly reported [7℄ on a depletion in antiproton pairs.Combining measurements of emission radius of pions, kaons, Lambdasand antiprotons, the hadron mass hierar
hy R� > RK > R�;�p is obtainedas shown in Fig. 2 [8℄. This hierar
hy 
an be explained by Heisenbergun
ertainty prin
iple model [8℄ or with 
orrelation between spa
e/time and

Hadron mass (GeV)

R
ad

iu
s 

(f
m

)

▲ LEP average

●  OPAL (prelim.)

mp mΛmπ mK
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.5 1 1.5Fig. 2. The emitter radius R as a fun
tion of the hadron mass obtained fromLEP [8℄. The thin lines are from the Heisenberg un
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ale values of 10�24 (
entral thin line) and 0:5� 10�24 and 1:5� 10�24 (thindashed lines). The thi
k line is given by the virial theorem with a general QCDpotential. For more details, see Ref. [8℄.
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ities and Correlations at LEP 3309momentum/energy of the parti
le in the hadroprodu
tion pro
ess [9℄. Mean-time, the interpretation of R as the emitter radius leads to the very highemitter energy density at baryon mass, �100 GeV/fm3 [8℄.5. High-order 
orrelations at the Z0 peakFurther step in understanding the hadroprdu
tion pro
ess is to analysethe 
orrelations of more than two parti
les, i.e. high-order 
orrelations [2,5℄.At LEP, 3-parti
le BEC study has been re
ently performed by L3 [10℄, inaddition to the earlier studies [5℄. A key point in this analysis is to removenon-genuine 3-parti
le 
orrelations of two- and single-parti
le produ
t, seeC3 in Eqs. (1). Then, similarly to the two-parti
le 
ase analysis is 
arriedout using Q3 variable along with no-BEC normalisation �03(Q3). ExtendedGaussian �t (4) of the genuine 3-parti
le 
orrelation fun
tion with Hermitepolynomials and used the Fourier transform of a sour
e density, L3 
on
ludeswith fully in
oherent pion produ
tion me
hanism.Genuine 
orrelations up to the 4-th order are observed by OPAL forlike-sign pions in terms of the normalised 
umulants, Eqs. (1) [11℄. BECalgorithm of PYTHIA Monte Carlo is found to reprodu
e multiparti
le 
or-relations in 1- to 3-dimensional phase spa
e regions of rapidity, azimuthalangle and transverse momentum. Interrelation between higher-order andtwo parti
le 
orrelations are obtained.6. Bose�Einstein 
orrelations at LEP2In WW 4-quark hadroni
 de
ays, it is di�
ult to separate produ
ts ofea
h W de
ay sin
e separation of the de
ay verti
es is � 0.1 fm, while thehadronisation s
ale is of 0.5�1 fm. Therefore, due to possible inter-W BEC,the Statndard Model measurement of the W mass is expe
ted to be biasedand needs BE e�e
t between observed hadrons to be taken into a

ount.At LEP, we used the method of ��(Q) fun
tion of two-parti
le densities,�� = �WW!4q2 � (2�W!2q2 + �mix2 ) ;and D(Q) being the ratio of �WW!4q2 to the sum in parentheses [12℄. Thelatter represent faked 4q events of the hadroni
 part of semileptoni
 eventsand mixed events from two independent semileptoni
 events without leptons.If there is no inter-W BE e�e
t, then �� = 0 and D = 1.The��(Q)measurements show 
onsisten
y with the absen
e of the inter-W BEC, and D is found to be about 1 [13℄. Further study is ongoing.I am thankful to DIS2002 Organizing Committee for inviting me, to my
olleagues from LEP for their kind help and support. I apologise to thosewhose results were not 
overed due to the la
k of time and spa
e availablefor this talk.



3310 E.K.G. SarkisyanREFERENCES[1℄ I.M. Dremin, J.W. Gary, Phys. Rep. 349, 301 (2001).[2℄ E.A. De Wolf, I.M. Dremin, W. Kittel, Phys. Rep. 270, 1 (1996).[3℄ G. Abbiendi et al., (OPAL Collab.), Eur. Phys. J. C23, 597 (2002).[4℄ M. Siebel et al., (DELPHI Collab.), note DELPHI 2001-067-CONF-495.[5℄ for re
ent review, see: W. Kittel, A
ta Phys. Pol. B32, 3927 (2001).[6℄ P. A
hard et al., (L3 Collab.), Phys. Lett. B524, 55 (2002).[7℄ OPAL Collab., OPAL Physi
s Note PN486 (2001); see also T. Aziz, J. HighEnergy Phys. Conf. Pro
. PRHEP-hep2001/026 (2001).[8℄ G. Alexander, Phys. Lett. B506, 45 (2001); JHEP Conf. Pro
. PRHEP-hep2001/027 (2001).[9℄ A. Biaªas et al., A
ta Phys. Pol. B32, 2901 (2001); Phys. Rev. D62, 114007(2000).[10℄ P. A
hard et al., (L3 Collab.), CERN-EP/2002-035 (2002).[11℄ G. Abbiendi et al., (OPAL Collab.), Phys. Lett. B523, 35 (2001).[12℄ S.V. Chekanov, E.A. De Wolf, W. Kittel, Eur. Phys. J. C6, 403 (1999).[13℄ ALEPH Collab., note ALEPH-2000-024-CONF-2000-020; DELPHI Collab.,�S. Todorova-Nova et al., note DELPHI-2001-060-CONF-488 (2001); L3 Col-lab., L3 Note 2674 (2001); see also O. Pooth, JHEP Conf. Pro
. PRHEP-hep2001/120 (2001); T.H. Kress, hep-ex/0205022 (2002).


