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MULTIPLICITIES AND CORRELATIONS AT LEP�Edward K.G. SarkisyanCERN, European Organization for Nulear Researh1211 Geneve 23, SwitzerlandandUniversity of Antwerpen, Universiteitsplein 1, 2610 Wilrijk, Belgium(Reeived June 28, 2002)A brief review on reent harge multipliity and orrelation measure-ments at LEP is given. The measurements of unbiased gluon jet multipliityare disussed. Reent results on harged partile Bose�Einstein and Fermi�Dira orrelations at LEP1 are reported. New results on two-partile orre-lations of neutral pions are given. Correlations of more than two partiles(high-order orrelations) obtained using di�erent methods are performed.Reent Bose�Einstein orrelation measurements at LEP2 are disussed.PACS numbers: 13.65.+i, 13.38.�b, 12.38.Qk, 05.30.�d1. IntrodutionThe number of hadrons, or multipliity, is one of the most importantobservables in partile prodution proesses [1℄. The distribution of multi-pliity is a sensitive harateristis of a ollision event. However, the mul-tipliity distribution tells us just about average, integrated numbers, whiledeeper information omes from moments of the distribution, whih measurepartile orrelations, i.e. probe the dynamis of the interation [2℄.Here, I report on reent results on multipliity and orrelation measure-ments at LEP. The statistis of hadroni events olleted by eah of fourCERN LEP Collaborations at the Z0 peak exeeds four million events andgives an unique opportunity to study details of the theory of strong inter-ations, Quantum Chromodynamis (QCD), and its appliability to (�soft�)hadron prodution proesses. Understanding of orrelations at LEP2 is alsoruial for ongoing Standard Model measurements.� Presented at the X International Workshop on Deep Inelasti Sattering (DIS2002)Craow, Poland, 30 April�4 May, 2002.(3305)



3306 E.K.G. Sarkisyan2. De�nitions and notations [1, 2℄The multipliity distribution, or density �n, of n partiles with kinemativariables p1; p2; : : : ; pn is de�ned by inlusive probability spetrum,�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 partile distribution �1(p1)gives an average multipliity, R �1(p1)dp1 = hni ; while integration of theq-partile density leads to the unnormalised q-th order fatorial 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 intermitteny phenomenon [2℄.The q-partile densities give us a way to study partile orrelationsdesribed by q-partile orrelation funtions, (fatorial) umulants,Cq(p1; : : : ; pq). The umulants vanish whenever one of their arguments isstatistially independent, i.e. these funtions measure genuine q-partile or-relations.The umulants are onstruted from multipliity 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 funtions, being properly normalised, are used to study multi-partile orrelations in di�erent kinemati variables.3. Multipliity of unbiased gluon jetIn this setion, I onsider reent results on unbiased gluon jet multipliitystudies [3, 4℄. This analysis provides a diret hek of the QCD multipliitypreditions for quark jet versus gluon jet. The approah used allows toselet �unbiased� gluon jet in 3-jet events, i.e. it is independent of jet-�ndingalgorithm whih were usually applied in earlier studies [1, 3℄.In theory the gluon jet multipliity, Ng, is de�ned in gluon�gluon (gg)jet systems, while experimentally the Ng multipliity is obtained from 3-jet



Multipliities and Correlations at LEP 3307q�qg �nal states. To this end, one uses the formula whih onnets 3-jetmultipliity with q�qg and gg multipliities, Nq�q and Ngg, respetively,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 spei�es the e+e� .m.s. energy, while Lq�q the q�q system energy.The two expressions are given by two approahes to de�ne the gluon jetenergy w.r.t. q�q system by Lund and Leningrad groups. The important fatis that Ngg depends only on a single sale k?, i.e. it is unbiased in ontrastto Nq�q depending on the energy sale too.Fig. 1 shows OPAL results on Ngg of harged partiles as a funtionof the jet energy Q [3℄. One an see that alulations using the Lund ap-proah better desribe the data and Monte Carlo preditions (the latterswell reprodue the data) than that of Leningrad.
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Jetset 7.4 gg eventsFig. 1. The average harged partile multipliity of unbiased gg events as a funtionof energy sale. Di�erent k? orrespond to Eqs. (2) and (3), respetively. See textand Ref. [3℄ for more details.The Lund formalism was proeed to obtain the ratios, r(j) � (djNg=d")=(djNq=d") of gluon and quark multipliities. Here " spei�es the jet energy.The ratios were found [3℄ to satisfy the QCD predition, r(0) < r(1) < r(2) !2.25 as Q!1. From this it was obtained an e�etive value of QCD olourfators, 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-partile orrelations in hadroni Z0 deaysDuring last years, LEP Collaborations atively study two-partile orre-lations of bosons, Bose�Einstein orrelations (BEC), and fermions, Fermi�Dira orrelations (FDC) [5℄. To study two-partile orrelations one needs



3308 E.K.G. Sarkisyanto measure �2(p1; p2)=�1(p1)�1(p2), where p1 and p2 are the 4-momentaof partiles. Experimentally, one measures C(Q) = �2(Q)=�02(Q), whereQ2 = �(p1�p2)2. The normalisation �02 of a referene sample has to be freeof BEC/FDC and an be de�ned in di�erent ways: Monte Carlo withoutsuh kind of orrelations, �2(Q) of unlike-sign hadrons, pairs with partilesfrom di�erent events, or from di�erent hemispheres (mixings). Then theC(Q) funtion �t assuming the Gaussian soure,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 approah � = 1 indiates ompletelyinoherent 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 referene sample.Reently, L3 measured BEC of neutral pions [6℄. It is found that in thesame framework for harged and neutral pions, R(�0�0) < R(����) (with2� evidene). This is in qualitative agreement with the Lund string model.A derease 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 hierarhy R� > RK > R�;�p is obtainedas shown in Fig. 2 [8℄. This hierarhy an be explained by Heisenbergunertainty priniple model [8℄ or with orrelation between spae/time and
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Multipliities and Correlations at LEP 3309momentum/energy of the partile in the hadroprodution proess [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 hadroprdution proess is to analysethe orrelations of more than two partiles, i.e. high-order orrelations [2,5℄.At LEP, 3-partile BEC study has been reently performed by L3 [10℄, inaddition to the earlier studies [5℄. A key point in this analysis is to removenon-genuine 3-partile orrelations of two- and single-partile produt, seeC3 in Eqs. (1). Then, similarly to the two-partile ase analysis is arriedout using Q3 variable along with no-BEC normalisation �03(Q3). ExtendedGaussian �t (4) of the genuine 3-partile orrelation funtion with Hermitepolynomials and used the Fourier transform of a soure density, L3 onludeswith fully inoherent pion prodution mehanism.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 reprodue multipartile or-relations in 1- to 3-dimensional phase spae regions of rapidity, azimuthalangle and transverse momentum. Interrelation between higher-order andtwo partile orrelations are obtained.6. Bose�Einstein orrelations at LEP2In WW 4-quark hadroni deays, it is di�ult to separate produts ofeah W deay sine separation of the deay verties is � 0.1 fm, while thehadronisation sale is of 0.5�1 fm. Therefore, due to possible inter-W BEC,the Statndard Model measurement of the W mass is expeted to be biasedand needs BE e�et between observed hadrons to be taken into aount.At LEP, we used the method of ��(Q) funtion of two-partile 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�et, then �� = 0 and D = 1.The��(Q)measurements show onsisteny with the absene 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 myolleagues from LEP for their kind help and support. I apologise to thosewhose results were not overed due to the lak of time and spae availablefor this talk.
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