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from the decayof theZ°

DELPHI Collaboration

P. Abreu a, W. Adam h T. Adye C E. Agasi d G.D. Alekseeve A. Algeri ~,

P. Allen g S. Almehedh S.J.Alvsvaag‘,U. Amaldi ~, E.G. Anassontzisk

A. Andreazza’,P. Antilogus ‘~, W.-D. Apel ~, R.J.Apsimon C B. Asman0

J-E. Augustin ~ A. Augustinusd P. Baillon ~, P. Bambade~, F. Barao~‘,

R. Barateq G. Barbiellini r D.Y. Bardin C G. Barker S A. Baroncelli
0. Barring h J.A. Barrio ~‘, W. Bartl b, M.J. BatesC M. Battaglia

M. Baubillier K-H. Becksw C.J. Beeston‘, M. Begalli X P. Beilliere ~,

Yu. Belokopytov Z P. Beltran ~‘, D. Benedic ‘~,A.C. Benvenuti ~, M. Berggren~,

D. Bertrandad, F. Bianchi ~e, M.S. Bilenky e P. Billoir ~, J. Bjarne h D. Bloch ~b,

S. Blyth V. Bocci ~‘, P.N.Bogolubov ~, T. Bolognesezg, M. Bonesini
W. Bonivento , P.S.L. Booth “~, P. Borgeaud~, G. Borisov H. Borner ~,

C. Bosio ~,B. Bostjancic~,S. Bosworth 0. Botner “, B. Bouquet~,
C. Bourdarios “, T.J.V. Bowcock ~“, M. Bozzo~, S. Braibant ~ P. Branchini~,

K.D. Brand ak, R.A. Brenner~,H. Briand v C. Bricmanad, R.C.A. Brown
N. Brummerd J-M. Brunet ~,L. Bugge~ T. Buran~, H. Burmeister~,
J.A.M.A. Buytaert ~,M. Caccia~,M. Calvi , A.J. CamachoRozas~m,

T. Camporesi~,V. Canaleaf, F. Cao ~‘, F. Carena~,L. Carroll ~ C. Caso~,
M.V. CastilloGimenezg A. Cattai ~,F.R. Cavallo ~, L. Cerrito ~ V. Chabaud~,

A. Chan ~ Ph. Charpentier~,L. Chaussard~ J. Chauveauv P. Checchia‘~,

G.A. Chelkove L. Chevalier~, P. Chliapnikov V. Chorowicz ‘, J.T.M. Chrin ~,
M.P. Clara ac P. Collins ~,J.L. Contrerasu R. Contri ~, E. Cortina g G. Cosme~,

F. Couchot‘~,H.B. Crawley~“, D. CrennellC G. Crosetti ~, M. Crozon ~,
J. CuevasMaestroam S. Czellar ‘, E. DahI-Jensena~,B. Dalmagne~ M. Dam ~

G. Damgaard‘°, G. Darho~, E. Daubie~‘, A. Daum~,P.D.Dauncey~,
M. Davenport~,P. David V, W. DaSilva V C. Defoix ~,D. Delikaris ~,

S. Delorme~,P. Delpierre~,N. Demaria‘~, A. De Angelis r M. De Beer~g,

H. DeBoeck ~ W. Dc Boer ~, C. De Clercq~ M.D.M. Dc Fez Laso g

N. DeGroot d C. De La VaissiereV B. De Lotto r A. De Mm ‘, H. Dijkstra ~,
L. Di Ciaccioa~,F. Djama ab j~Dolbeau~,M. Donszelmann~,K. Doroba‘~,

M. Dracos~,J. Drees M. Dris ~ Y. Dufour ~,L-O. Eek a”, P.A.-M. Eerola
R. Ehret~,T. Ekelof ai, G. Ekspong0, A. Elliot Peisertak J-P. Engel~
D. Fassouliotis~, T.A. Fearnley~,M. Feindt~,M. FernandezAlonso ~,

0550-3213/92/$05.O()© 1992 — ElscvierSciencePublishersBy. All rights reserved



472 DELPHI Collaboration / Multiplicity fluctuations

A. Ferrer~,T.A. Filippas‘~, A. Firestone~, H. Foeth~,E. Fokitis ~,

F. Fontanelli~, K.A.J. Forbesau, J-L. Fousset~, S. Franconm B. FranekC

P. Frenkiel ~‘, D.C. Fries ‘~, A.G. Frodesen’,R. Fruhwirth h F. Fulda-Quenzer~,
K. Furnival j”, H. Furstenau“, J. Fuster~,G. Galeazziak D. Gamba

C. Garciag J~Garciaam C. Gaspar~,U. Gasparini l~(, Ph. Gavillet ~,
E.N. Gazis~“, J-P. Gerberi”, P. Giacomelli ~,R. Gokieli ~‘°, B. Golob ~‘,

V.M. Golovatyuke J~J~GomezY Cadenas~,A. Goobar0, G. Gopal C

M. Gorski ap V. Gracco ~, A. Grant~,F. Grard ~ E. Graziani
G. Grosdidier~ E. Gross ‘, P. Grosse-Wiesmann~,B. GrosseteteV J~Guy C

U. l-laedinger “, F. HahnW M. Hahn ‘~, S. Haider d Z. Hajduk ~“, A. Hakanssonh
A. Haligren i”, K. Hamacher‘~, G. HamelDc Monchenault tg, W. Hao~‘,

F.J.Harris s T. Henkes~,J.J.Hernandez~,P. Herquet~ H. Herr ~,
T.L. Hessingah ~ Hietanen‘,C.O. Higgins i”, E. Higon g H.J. Hilke ~,

S.D. Hodgson~,T. Hofmokl ~ R. Holmesa~, S-0. Holmgren~,D. Hoithuizend

P.F. Honore ~,J.E. Hooper~‘°, M. Houldenah J~Hrubec ~,C. Huet ~
P.O.Hulth ~,K. Hultqvist ~, P. Ioannouk D. Isenhower~,P-S. Iversen’,
J.N. Jacksonah, P. Jalochaat G. Jarlskogh P. Jarry ~g, B. Jean-Marie~,
E.K. Johansson0 D. Johnsoni”, M. Jonker~,L. Jonssonh P. Juillot at)

G. Kalkanisk G. Kalmus F. Kapusta M. Karlsson~,E. Karvelasa~,
S. Katsanevask E.C. Katsoufis~ R. Keranen‘,J. Kesteman~

B.A. Khomenkoe N.N. Khovanski C B. King “, N.J. Kjaer ~,H. Klein ~,

W. Klempt ‘,A. Klovning , P. Kluit d A. Koch-Mehrin w J.H. Koehne ‘~,

B. Koened P. Kokkinias a,, M. Kopf “, K. Korcyl”’ A.V. Korytov
V. Kostioukhine ‘, C. Kourkoumelis k o~Kouznetsove P.H.Kramer
J. Krolikowski ~ I. Kronkvist h U. Kruener-Marquisw W. Krupinski ~

K. Kulka ~‘, K. Kurvinen ‘,C. Lacasta~,C. Lambropoulos~, J.W. Lamsa.1)1

L. Lanceri V. Lapin L J-P. Laugier ~ R. Lauhakangas~,G. Leder ~
F. Ledroit q R. Leitner ‘,Y. Lemoigne~ J. Lemonnead G. Lenzen

V. Lepeltier “, J.M. Levy ~h, E. Lieb ‘~, D. Liko “, E. Lillethun ‘,J. Lindgren~,
R. LindnerW A. Lipniackaa~,~ Lippi dk B. Locrstadh M. Lokajicek
J.G. Loken S A. Lopez-Fernandez‘, M.A. LopezAguera i”, M. Los d

D. Loukas~, J.J.Lozanog P. Lutz ~,L. Lyons G. Maehlum~‘, J. Maillard ~,
A. Maltezos~ F. Mand! h j~Marco am M. Margoni ak J-C. Mann ~,

A. Markou ‘~‘, T. Maron ‘~, S. Marti g L. Mathis an F. Matorrasam

C. Matteuzzi , G. Matthiae~°, M. Mazzucato~ M. Mc Cubbinat,, R. Mc Kay
R. Mc Nulty i”, G. Meola ~ C. Meroni ~,W.T. Meyer ~,

M. Michelotto ak, ~ Mikulec ~ L. Mirabito m, W.A. Mitaroff ~
G.V. Mitselmakhere U. Mjoernmarkh T. Moa ° R. Moeller ‘°, K. Moenig ~,

M.R. Monge ~, P. Morettini ~“, H. Mueller “, W.J. Murray C B. Muryn ~°,

G. Myatt F. Naraghi F.L. Navarria~ P. Negri , B.S. Nielsen ~°,

B. Nijjhar ah v~Nikolaenko P.E.S.Nilsen ‘,P. Niss~,V. Obraztsov
A.G. Olshevskic R. Orava~,A. OstankovZ K. Osterberg~,A. Ouraou~g,



DELPHI Collaboration / Multiplicity fluctuations 473

M. Paganoni~,R. PainV H. Palkad Th.D. Papadopoulouaq L. Pape~,
A. Passeri M. Pegoraro~ J. Pennanen V. Perevozchikovz M. Pernickah

A. PerrottaaC C. Petridour A. Petrolini ‘~,T.E. Pettersenak, F. Pierre ‘~,

M. Pimenta~‘, 0. Pingot ~,d, M.E. Pol ~,G. Polok at P. Poropat~,P. Privitera
A. Pullia’, D. Radojicic s 5~Ragazzi‘,H. Rahmani~q, P.N.Ratoff i”,

AL. Read “, NO. Redaelli~,M. Regler I) D. Reid~ P.B. Renton~,
L.K. ResvanisIc F. Richard ~,M. Richardson~,h, ~ Ridky ‘~, 0. Rinaudo
I. Roditi “, A. Romero~ I. Roncagliolo~ P. Ronchesetic, C. Ronnqvist

E.I. Rosenberga”, 5~Rossi~,U. Rossi cC E. Rosso~,P. Roudeau~,
T. Rovelli cC W. Ruckstuhl ci v. Ruhlmann-Kleiderc~g,A. Ruiz am

K. Rybicki °, H. Saarikko Y. Sacquinctg, G. Sajot q J~Salt ~ J. SanchezU

M. Sannino~, S. Schael 1, H. Schneider“, M.A.E. Schyns~ G. Sciolla ~
F. Scuri r A.M. Segar~,R. Sekulin C M. Sessar G. Sette~, R. Seufert1,

R.C. Shellard I. Siccamad P. Siegrist ig, 5~Simonetti ‘~,F. Simonettoak

A.N. SisakianC T.B. Skaali “, G. Skjevling 1, ~ Smadjaa5.m G.R.Smith C

R. Sosnowski~,T.S. Spassoffq E. Spiriti ‘,S. Squarcia ~, H. Staeck
C. Stanescu’,S. Stapnes‘~, G. Stavropoulos ‘, F. Stichelbaut ~d, A. Stocchi ~

J. Strauss“, J. Strayer~,R. Strub “, M. Szczekowski~,M. Szeptycka“~,

P. Szymanski ~ T. Tabarelli , S. Tavernier ~d, ~ Tchikilev Z G.E. Theodosiou“,

A. Tilquin J. Timmermansd V.6. TimofeevC L.G. TkatchevC T. Todorov it),

D.Z. Toet d 0. Toker~,E. Torassa~, L. Tortora’, D. Treille ~,U. Trevisan‘~,

W. Trischuk~,G. Tristram ~‘, C. Troncon , A. Tsirou ‘,E.N. TsyganovC

M. Turala “, M-L. Turluer g, T. Tuuva , l.A. TyapkinV M. Tyndel C

S. Tzamarias~,S. UeberschaerW 0. Ullaland ~,V. Uvarov ~,G. Valenti
E. Vallazza ~, J.A. Valls Ferrer~,C. VanderVelde ~ G.W.Van Apeldoornd

P. Van Dam ~ M. VanDer Heijdend W.K. Van Doninck u~,P. Vaz ~,G. Vegni
L. Ventura ~c,W. VenusC F. Verbeure “, L.S. Vertogradove D. Vilanova ag

P. Vincent m, L. Vitale ~,E. Vlasov Z A.S. VodopyanovC M. Volimer
0. Voulgaris k M. Voutilainen , V. Vrba’, H. Wahlen W C. Walck

F. Waldner r M. Wayne “, A. Wehr w M. Weierstall~ P. Weilhammer~,
J. Werner~, A.M. Wetherell ~,J.H. Wickens “, J.Wikne at, G.R.Wilkinson

W.S.C.Williams ‘, M. Winter at), D. Wormald ~, G. Wormser~ K. Woschnagg
N. Yamdagni0, P. Yepes‘,A. Zaitsev L A. Zalewska °, P. Zalewski ~,
D. Zavrtanik~,E. Zevgolatakosc,,, G. Zhangw N.J. Zimin C M. Zito Ig,

R. Zuheri ~,R. ZukanovichFunchal~,0. Zumerle tic andJ. Zuniga~

LIP, 1ST, FOUL - At. Elias Garcia, 14 - Ic, P-I000Lisbon Codex,Portugal

InstituteofNuclear Physics,N. C.S.R. Demokritos, P.O.Box60228, GR-15310Athens,Greece

Centrede RechercheNucldaire, 1N2P3-CNRS/ULP-BP2O, F-67037StrashourgCedex, France
Dipartimentodi Fisica, Unit ersità di Bologna and INFN, Via Irnerio 46, 1-40126Bologna, Italy

~cc/PhysicsDepartment,Unit. Instc’lling Antwerpen, Unit ersiteitsplein 1, B-2610Wilriik, Belgium

and JIHE, ULB-VUB, Pleinlaan 2, B-1050Brussels,Belgium
and FacultddesSciences,Unit. de l’Etat Mons,Ai’. Maistriuu 19, B-7000Mons, Belgium

Dipartimentodi Fisica Sperimentale,Unii’ersitla di lorino and INFN, Via P. Giuria 1,

1-10/25 Turi,,, Italy



474 DELPHI Collaboration / Multiplicity fluctuations

“~ Dipartimentodi Fisica, Unii’ersità di RomaII and INFN, Tor Vergata,1-00173Rome,Italy
dX Centre d’Etudede Saclay,DSM/DAPNIA, F-91191Gif-sur-YtetteCedex,France

““ Departmentof Physic.s;Unii’ersity of Literpool, P.O. Box 147, GB - Liierpool L69 3BX, UK
Departi,ientof Radiation Sciences,Unit ersily of Uppsala, P.O. Box 535, S-7512/ Uppsala, Sweden
Dipartunentodi Fisica, Uniiersità di Genoaand INFN, Via Dodecaneso33, 1-16146Genoa,Italy
cch Diparti,nentodi Fisica, Unit ersith di Padoiaand INFN, Via Marzolo 8, 1-35131Padua,Italy

“ PhysicsDepartment,Unicersityof Oslo, Blinder,,, N-bOOOslo3, Norway
Facultadde Ciencias, Unit ersidaddeSantander,at. de los Castros,E-39005Santander,Spain

AmesLaboratoryand DepartmentofPhysics, Iowa State Unii’ersity, AmesIA 50011, USA

NielsBohr Institute, Blegdamstej17, DK-2100Copenhagen0, Denmark
~ Inst. NuclearStudiesand, Unit ersityof Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland

““ National TechnicalUnit ersity, PhysicsDepartment,ZografouCampus,GR-15773Athens,Greece
Unit. d’Aix - Mar.seille II - Case 907-70, route Leon Lachamp,F-13288MarseilleCedex09, France

Institut “Jozef Stefan“, Ljuhljana, Slotenia
High Energy PhysicsLaboratory, Instituteof NuclearPhysics, Ui. Kawiory 26 a,

Pl.-30055Krakow30, Poland
Schoolof Physicsand Materials, Unitersity of Lancaster- LancasterLAb 4YB, UK

CentroBrasileiro de PesquisasFIsicas, rua Xaiier Sigaud 150, Ri-22290Rio deJaneiro, Brazil
t’Institut für Hochenergiephysik,Osterr.Akad. d. Wissensch.,Nikolsdorfergasse18, A-I 050 Vienna,Austria

RutherfordAppletonLaboratory, Chilton, GB - DidcotOX/I OQX, UK
“NIKHEF-H, Posthus41882, NL-1009 DBAmsterdam,The Netherlands

Joint Institutefor NuclearResearch,Dubna, HeadPost Office, P.O.Box 79, 101 000Moscow,USSR
/ ResearchInstitutefor High Energy’ Physics,SEFT, Siltatuorenpenger20 C, SF-00170Helsinki, Finland

IFIC’, Valencia-CSI(,and D.F.A.M.N., U. dC’ Valencia,Atda. Dr. Moli,,er 50,
E-46100Burjassot, Valencia,Spain

h DepartmentofPhysics, Unit ersity of Lund, Sdliegatan 14, S-22363Lund,Sweden
Departmentof Physics, Unit ersityof Bergen,Alldgaten55, N-5007Bergen, Norway

CERN, CH-1211Geneta23, Switzerland
PhysicsLaboratory, Unitersity ofAthens,SolonosStr. /04, GR-10680Athens,Greece

‘Dipartimentodi Fisica, Unit ersità di Milano and JNFN, Via Celoria 16, 1-20133Milan, Italy
UnitersitdClaudeBernarddeLyon, 43 Bddu II Notembre1918, F-69622Villeurhan,,eCedex,France

Institut fur ExperimenteileKernphysik, Unit’ersitht Karlsruhe, Postfach6980,
D-7500 KarlsruheI, Germany

Instituteof Physics,Unit ersityof Stockholm,Vanadistdgen 9, S-11346 Stockholm,Sweden
“ UnitersitCdeParis-Sud,Lab. del’AccdldrateurLinCaire, Bat 200, F-91405Orsay, France

Institut desSciencesNucléaires, Unit ersitC deGrenoble 1, F-38026 Grenoble,France
Dipartimentodi Fisica, Unit ersith di Triesteand INFN, Via A. Valerio 2, 1-34127Trieste, Italy

and Istituto di Fi,sica, Unit ersitâ di Udine,1-33/00Udine, Italy
‘NuclearPhysicsLaboratory, Unit’ersity of Oxford, KebleRoad,GB - OxfordOXI 3RH, UK

Istituto Superioredi Sanità, 1st. Naz. di Fisica Nod. (INFN), Viale ReginaElena 299, 1-00/61Rome,Italy
“Unit ersidadCompiutense,At da. Compiutensea / n, E-28040Madrid, Spain

LPNHE, Unit ersitdsParis VI et VII, i’our 33 (RdC),4 placeJussieu,F-75230Paris Cedex05, France
FachbereichPhysik, Unit ersityof Wuppertal,Postfach/00 127, D-5600 WuppertalI, Germany

Depto.de Fisica, Pontificia Unit. Católica, (‘P. 38071 Ri-22453Rio deJaneiro, Brazil
~ Collégede France, Lab. dePhysiqueC’orpusculaire,11 pL M. Berthelot,F-75231 Paris Cedex05, France

Inst. for High EnergyPhysics,SerpukowP.O. Box 35, Protuino (MoscowRegion),RussianFederation

Received24 July 1992
Revised9 September1992

Acceptedfor publication 9 September1992

An analysisof the fluctuations in the phasespacedistributionof hadronsproducedin the
decayof 78829 Z1’ has been carried Out, using the method of factorial moments.The high
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statisticscollectedby the DELPHI experimentat LEP during 1990 allowed studiesof theevent
sampleboth globally and in intervalsof p

1 and multiplicity, and for differentjet topologiesand
for single jets. A largecontribution to the factorial momentsof the one-dimensionaldata on
rapiditywith respectto the eventaxis comesfrom hard gluons.Detailsof factorial momentsin
two and threedimensionsare presented.Influencesof resonancedecayshave beenstudied by
Monte Carlo simulation: one-dimensionalfactorial momentsat low p3, andtwo-, three-dimen-
sional analysesareaffected.Parton showermodels describethe data reasonablywell.

1. Introduction

This paperpresentsresults of the studyof fluctuations in the distribution of
hadrons produced in e~e collisions at the Z’

t energy, using the DELPHI
detectorat LEP. It follows andcomplementspreviousstudies[1] usinga sampleof
hadroniceventswith 10 times higher statistics.Preliminary results have already

beenreported[2].
In order to provide a quantitative test of anomalousmultiplicity fluctuations

(spikes)in variablesintervals of rapidity, Bialas and Peschanski[3] proposedin
1986 to analyzethe distributions of multiplicity in terms of normalizedfactorial
moments.Given an experimentaldistribution of particlesin the rapidity interval
from — Y/2 to Y/2, the interval Y is divided into M equalsubintervals,eachof
size 5y = Y/M. If N is the numberof particlesin the whole rapidity interval and

n,,, the numberof particlesin the mth bin (m = 1,..., M), thefactorial momentof
(integer)rank j of the distribution is definedby

~ M

= /~ ~ n,~(n,~—1)...(n,~,-j+1)), (1)
(N) m~t

wherethe averagesare takenover many events.The factorial momentof rank j
for a rapidity interval ~y selectseventswith j particlesor more in at leastonebin
andis sensitiveto eventswith densityfluctuationsin rapidity.

Simple modelsrepresentingthe hadronizationprocessas a randomcascadewith
self-similar structurepredict a powerlike increaseof the factorial momentswhen
the bin size ~y approacheszero, i.e.

Fl/~y)~f f
1>0 (2)

and the validity of the aboverelation was takenby the authorsof ref. [3] as the
definition of intermittency,a term borrowedfrom hydrodynamics,asare mostof
the mathematicaltechniquesused in this field [4]. Relation(2) has beentakenin
this paper as definition of intermittency, as no universally accepteddefinition
existsin the literature.

The first direct measurementof factorialmomentsin e± e— annihilationsby the
TASSOcollaboration[5],at a centre-of-massenergyof around35 GeV, appeared
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to show an intermittencyeffect that could not be explainedby theJETSETParton
ShowerMonte Carlo [6] (JETSET PS in the following), nor by the Marchesini—
Webber [7] or Hoyer [8] models. The TASSO results agreedwith an indirect
analysisof the HRS data [9] at = 29 0eV. Later, the HRS collaborationhas
madea further analysis[10], which agreedwith ref. [9], but no explicit comparison
with Monte Carlo modelswasmade.The predictionsof various modelsfor e± e-

interactionsdiffer considerablyat high energies[11]. This situationhas motivated
an investigationof possibleintermittencyeffects in e~e annihilationat the Z°
energy.An initial analysis[1] usedthe earliestdata takenby DELPHI [12] at the

e± e— storagering LEP. The presenceof intermittency,asdefinedin eq.(2), was
unclearwhenjust the rapidity distribution of final-statehadronswas studied,but

evidentin a two-dimensionalanalysis.In all casesthe resultswerecompatiblewith
the predictionsof partonshowermodels[13]. Subsequently,CELLO [141reported
an agreementwith parton showermodels at the sameenergyas TASSO, OPAL
[15], ALEPH [16] andL3 [36] at the sameenergyas DELPHI.

The subjectof intermittencyhasmotivatedmany theoreticalstudiesandexperi-
mental investigationsover the last few years,for which exhaustivereviews have
been published [17]. These often introduce new physics to explain the phe-
nomenon.However many authors have pointed out that self-similar cascading
mechanisms[3,18,19],or modelsin which simple hypothesesfor standardshort-
rangecorrelationsare introduced[20], canalso reproducethe observedeffects.

2. Eventselection

The sampleof eventsusedin the presentanalysiswascollectedby the DELPHI
detector at the LEP e~e collider during 1990. A description of the DELPHI
detectorcan be found elsewhere[121.Only chargedparticlesreconstructedby the
centraldetectorswere usedin this analysis,selectedif their:
(a) polar angle 0 with respectto the beamaxis wasbetween25°and 155°;
(b) momentump wasbetween0.1 and 20 0eV/c;

(c) track length in the Time ProjectionChamber(TPC) wasover 50 cm;
(d) projectionof impact parameterwith respectto the origin in the planeperpen-
dicular to the beamaxis wasbelow 5 cm
(e) impact parameteralong the beamwith respectto the origin wasbelow 10 cm.
Hadroniceventswereselectedby requiring:

(a) at least5 chargedparticleswith momentump above0.2 0eV/c;
(f3) a total energydetectedin chargedparticles(assuming ~ ± mass) above 15
0eV;
(y) a total energy in chargedparticlesabove 3 GeV in eachof the two hemi-
sphereswith respectto the beamaxis, i.e. cos 0 <0 andcos 0> 0;
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(~)a sphericityaxis with polar anglebetween40°and 140°;

(�) total momentumimbalancebelow 30 0eV/c;
A sample of 78829 eventssatisfied thesecuts. Beam-gasscatters,yy interac-

tions and decaysof the Z° into i-ti- constitute less than 0.3% of the selected
sample.

The Monte Carlo simulation programDELSIM [21] was usedto correct the
datafor the geometricalacceptance,kinematicalcuts, resolution,particle interac-
tions with the detectormaterialandotherdetectorimperfections.A sampleof ~
decays, with similar statistics to the sample of real events, (see below) was
generatedwith JETSET7.2PS [6] andfollowed throughthisdetailedsimulationof
the detector.The generatedeventsamplecontainedall final-statechargedparti-
cles with a lifetime above iO~ s before any tracking was done through the
detector.All particleswere then followed throughthe DELPHI detector,including
all the effectsof decaysand interactions,in order to simulatethe raw hits in the
sensitivevolumes. Thesedatawere then processedthrough the samereconstruc-
tion and analysischain as the real data to give the final acceptedeventsample.
From the samplesof acceptedandgeneratedevents,correctionfactors

C(~y)= F(~Y)generated
F( iSY)aCCepted

were computed.Thesefactorswere then usedto correct the quantitiescalculated
from the real dataandare shownabovethe figures.

This analysisusesthe rapidity definedas y = ~ ln[(E +pf)/(E —p1)] where E

is the chargedparticle energyassumingthe pion mass and p,, its longitudinal
momentum,transversemomentump1 andazimuthalangle~ (see subsect.3.2). All
three variables, where not explicitly stated, are defined with respect to the
sphericityaxis.

The resolvingpower of the detectorwasestimatedby the Monte Carlo simula-

tion. Typically 2, 3, 4, 5 trackscould be resolvedif their rapiditiesdifferedby more
than0.04, 0.06, 0.07, 0.08, which are less than the smallestrapidity interval usedin
the experimentalstudieshere presented.Resolutionson Pt and 4 variableswere
found to be lower than the smallestbins used in the analysis.

A possiblebias in the evaluationof the “true” factorial momentsdueto limited
statisticshas been investigatedby dividing the data into 10 equally populated
subsamples.Factorial momentsof rank q were calculatedfor each of the 10
subsamplesand their averagevalue was computed;the comparisonbetweenthis
value andthat calculatedfor the whole samplegives the estimateof bias. Monte
Carlo samples(JETSET PS at generatorlevel) andreal datasamplesof different
sizeshavebeenusedandin both casesit was found that the bias is negligible for
samplesof 10000 eventsor more, up to the 5th rank. Moreover,as the analysis
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usessimilar statisticsfor the simulatedandrealdata, sucheffectsshouldcancelin

any comparison.
A correctionto the y conversionlength in the detectorhasbeenincluded.This

correction was estimatedusing the final simulatedPS eventsand adding extra
particles(electronsand positrons) producedby y generatedby JETSETMonte

Carlo and then convertedin an extra 1.1% of a radiation length in the Inner
Detector; comparison between factorial moments obtained with and without
applying this proceduregives a quantitativeevaluationof the systematicshift.

3. Analysis and results

In this section factorial momentsof projections of distributions of charged
hadronfrom the decayof theZ°arecomparedwith the predictionsof QCD-based
Monte Carlo programs.

Initially the corrected data were comparedwith JETSET PS with default
parameters,as thesereproducethe hadronicfinal statesfrom the decayof the Zt~
satisfactorily,both for shapevariables [22—24]and, more importantly, for total
multiplicity and for multiplicity in restrictedintervals of rapidity and in different

jet topologies[25]. They arealso comparedwith JETSETPS after retuningof the
parameters[23,26]; with the JETSET 7.2 Monte Carlo with a matrix-element

calculation up to O(a~)with optimized parameters[23] (JETSET ME retuned)
andwith the ARIADNE [27] Monte Carlo usingoptimizedparameters[23,26].

Taking the uncertaintiesin the retunedparametersinto account,the different
retuned versions of JETSET PS and ARIADNE give compatible results on
factorial moments. The figures show results for JETSET PS and ARIADNE
retunedas in ref. [23].

3.1. ANALYSIS OF ONE-DIMENSIONAL FACTORIAL MOMENTS OF RAPIDITY

Fig. 1 shows the corrected factorial moments of the rapidity distribution
between —2 and +2. The logarithms of the factorial moments grow with the
logarithmof the numberof subdivisionsfor all ranks,but this growth is not linear.
The figure also shows the predictions for JETSET PS default, JETSET PS
retuned,JETSETME retunedandARIADNE. The hatchedregionsrepresentthe
uncertaintiesin the momentsfor the modelswith retunedparametersexceptfor
JETSETME.

The JETSETPS defaultrepresentsthe datawell, asdo the retunedJETSETPS
and retunedARIADNE models.In JETSETME the retuningof the fragmenta-
tion parameterscausesa big changeboth in the magnitude of the factorial
momentsand in the slope of their distribution for small values of ~y, as was
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Fig. 1. Bi-logarithmic plotsof factorialmomentsof rank 2 (a), 3 (b) 4 (c) and 5 (d) versusthenumberM
of subdivisionsof the rapidity interval (—2, + 2), comparedwith severalMonte Carlo predictions.
Hatched areas are introduced for models in which retuned parametersare quoted with errors.

Correctionfactorsareshownin theuppersmall plots.

previously shown [1]. However, even after retuning, the ME model fails to
reproducethe dataquantitatively.

In this analysis (fig. 1) the central region of the rapidity interval was chosen
where the densityof particles is approximatelyuniform, becausea non-uniform
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population can fake the signal from the anomalousclusters [28]. However, this
excludesthe particlescloserto the coreof the jets. To overcomethis Bialas and
Gazdzicki, and Ochs [29] suggestedusing a variable 9, that is the y distribution
rebinnedin the ymjn, Ymax interval in such a way that populationis uniform on
average

1 y 1 dn

“~ ~ dy’,

C=f~~—~(y’) dy’, (3)

where(1/Nevt) dn(y)/dy is therapidity distribution. The 9 rangeis 0 to 1. Using
self-similar modelsfor the hadronizationtheseauthorsfound that factorial mo-

mentsdefinedwith respectto 9 predictthe powerlaw (2) evenmoreclosely than
when using y.

Factorial momentsin the 9 distribution correspondingto the y regionbetween
—5 and + 5 gaveresultsqualitatively similar to thoseusingthe y distribution.

In the following, unlessotherwisestated,the variable 9 is usedwhen analyzing
the dependenceof the factorial momentson p1, the multiplicity and the jet
topologyand y is takenbetween—5 and +5. This providesa convenientway to
comparethe results, independentof changesin the selectedy distribution caused
by the kinematicselections.

3.1.1. Dependenceon p~. The NA22 collaboration, studying i~p and K~p

collision at 250 GeV/c, reported a striking disagreementbetween data and
hadronicMonte Carlo modelsfor chargedparticlesat low Pt [30].

Different dynamicsin hadronicand e~e collisions influence the p~distribu-
tion. Neverthelessit is interestingto seewhetherthe p~distribution in the datais
populatedin the sameway asJETSETPS. Moreover,the low-p1 region is almost
free from effects related to hard gluon radiation, which significantly affect the

factorial moments[16].
Chargedparticlesweredivided into threeregionsof ‘~(p~<0.255,0.255~ <

0.532, 0.532<p1< 2. 0eV/c) chosenso that the total numberof particlesin each
is the same, in order to avoid any bias in the result from statistical differences.
After dividing the final-stateparticles into theseslices of p~the variable y was
transformedinto 9 for eachslice, as discussedabove.

Fig. 2 showsthat the dataarewell reproducedby partonshowermodelsin these
threep1 regions.

At the lowest p1 the factorial momentsfollow a power-lawbehaviourfor M
above 5 but Monte Carlo studiesshow that it is due to resonancedecays; see
subsect.3.3 for a generaldiscussion.

The highestp1 region shows higher factorial moments,but they saturatefor
large M. This behaviouris compatiblewith a rise dueto the spikescausedby the
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data(white circles) arecomparedwith severalmodels asin fig. 1. Correctionfactorsare shownabove

eachplot.

presenceof the hardgluon jets, andflattening off when fluctuationsare reduced
because~v becomesof the sameorderor smallerthan the third jet size.For small
M-valuesfactorial momentsare sensitiveto the large-scaleeventstructure,where
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Fig. 3. Factorial momentsof the 9-distribution (y between—5 and +5) of rank 2 (a) and 3 (b) for
differentobservedmultiplicity intervals.DELPHI correcteddata comparedwith JETSET7.2 PS Monte

Carlo predictions(seetext). Correctinnfactorsare shown in theuppersmall plots.

anyjet not collinearwith the eventaxis behavesas a “spike”; whereasat large M
thevaluesaresensitiveto the structureinside thejets.

The intermediateslice in p1 haslower factorial momentswhich showsaturation

for large M.
3.1.2. Dependenceon charge multiplicit,y. The behaviorof factorial moments

hasbeenstudiedas a function of the chargedmultiplicity of the event.
The sampleof hadroniceventshasbeendivided in 3 sub-sampleswith recon-

structedchargedparticle multiplicities n in the intervals n < 16, 16 <n ~ 22 and
n > 22 in the rapidity interval from —5 up to +5; they correspondrespectivelyto
the low-multiplicity tail, to the central region aroundthe maximum and to the
high-multiplicity tail in the multiplicity distribution andcontain morethan 10000
hadroniceventseach.The 9-variablehasbeencalculatedfor eachof theseregions.

The results shown in fig. 3 demonstratethat the factorial momentsrise with
multiplicity.

To comparedatawith Monte Carlomodelsonefacesthe problemof associating
an observedmultiplicity to a generatedevent.To do this the matrix M(m, n) has
been estimated,whose elementsare the probability of an event with observed
chargedmultiplicity n to havea true chargedmultiplicity m. The threegenerated
sub-samplesare then constructedby weighting eachevent by the proper factor
M(m, n) accordingto its multiplicities (rn-generated,n-observed).The matrix has
beenestimatedusingthe JETSET7.2 PS + DELSIM eventssample.The M(m, n)
valueswere also computedusingHerwig [31]+ DELSIM programandthe differ-
enceswerefound to be less thanthe statisticalerrorson average.

Fig. 3 shows the predictionsof the JETSET7.2 PS Monte Carlo with default
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Fig. 4. Event multiplicity distributions at generation level (hatch histograms)and after detector
simulation andreconstruction(plain histograms)for the threeobservedeventmultiplicity samplesand

for thefull sample.

settings.At low multiplicitiesdifferencesbetweendataandMonte Carlo areof the

order of threestandarddeviations,for mediummultiplicities of two and for high
multiplicities less than one.However this disagreementis aboutthe samesize as
the shifts in the JETSETresultswhen retunedparametersareused in figs. 1 and

2. The shift due to the correction for the extra 1.1% radiation length in the
detectoris not includedhere,seesect. 2.

The dependenceof factorial momentson multiplicity is strongerbefore the
correction to the real data, which can be seenfrom the correction factor be-
haviours for the three multiplicity regions. In particular for the low and the
mediumintervals,factorial momentsfor correcteddataor Monte Carlo samples
are considerablyhigher than for uncorrectedones(or Monte Carlo after detector
simulation and reconstruction),mainly becausemultiplicity distributions for the
former samplesare higherand much broader(with tails) than the latter ones.In
contrast, this difference is not observed for the full samples where the two

distributionsarevery similar (fig. 4).
A similar analysiswas also performedby using y in the interval from —2 to 2

and slicing the hadronic event sample in regions of observedchargedparticle
multiplicities in the plateauof n ~ 10, 10 <n ~ 15 and n > 15. The results are
qualitatively the same.

3.1.3. Dependenceon jet topology. The two-jet and the three-jeteventswere
selectedusingthe JADE/E0 [32] clusteringalgorithm,with valuesof 0.04 and0.01
of the resolutionparameterYcut’ andusingthe following additional selectionsfor
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two-jet and three-jetevents(y~01= 0.04) versusthe numberM of subdivisions; hi-logarithmicscaleis
used.DELPHI correcteddata(open symbols)comparedwith modelsas in fig. 1. Correctionfactorsare

shownaboveeachplot.

cleanersamplesof two-jet and three-jet events.Eachjet must contain at least 3
chargedparticles.The axis of eachjet wasthendefinedas the directionof the sum
of the momentaof the chargedparticlesin thejet. Thisaxis hadto be in the region
of polar anglebetween40°and 140°.The estimatedjet energiesare basedon the
anglesbetweenthejets, assumingmasslesskinematicsat an energyequalto theZ°
mass.Both the estimatedjet energyandthe sumof the observedchargedparticle
energiesmustbe greaterthan 5 0eV.

The two-jet eventsmust haveover 170°betweenthe two jet axes andeachjet
axis within 8°of the sphericity axis. For the three-jetevents,the threejets are
requiredto be planarwith the sumof the anglesbetweentheir axesgreaterthan

3550•

Theseselectionsleft 15044 two-jet and 14843 three-jetevents for ‘2~1 = 0.01
and31 640 two-jet, 12749three-jeteventsfor Yent = 0.04.

Fig. 5 shows results for ~i~1 = 0.04 and fig. 6 for Ycut = 0.01. No striking
disagreementwith respectto JETSETPS is observed.

Factorialmomentsarealways larger in three-jetthan in two-jet events.This is
compatiblewith spikesin rapidity causedby hardgluonjets, aswasfound in the p1

analysisof subsect.3.1.1. This meansthat any studyof intermittencywhich is to be
free of effects from hardradiation needsto analysetwo-jet eventsor to calculate
factorial momentsfor each jet in an event. In this way the core of each jet is
analysedto look for particledensityspikes that are not from hard QCD effects.
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Hencein three-jetevents,selectedfrom the JADE/E0 algorithmusing ~ =

0.04, factorial moments in 9 were also calculated for the charged particles
belongingto jet 1, jet 2 andjet 3, orderedby energy, defining the rapidity with
respectto the jet axis.

The resultsare plotted in fig. 7 for dataand Monte Carlo (only JETSETPS

retuned).The behaviourof the factorial momentsis differentfrom fig. 5. The first

12 p ~.. ~ 15 ~ ~ .~

i4~M~!!!! I

~ io2 io io2

M M
Fig. 7. The factorial momentsof rank 2 (a) and3 (b) of the first, secondand third jet orderedby their
energy. The 9 (y between —1 and +5) distribution is used. M is the number of subdivisions;
hi-logarithmicscaleis used.DELPHI correcteddata(open symbols)arecomparedwith JETSET7.2 PS
Monte Carlopredictionswith retunedsettings(curves).Correctionsfactorsareshownaboveeachplot.
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and third jet havesimilar behaviour,the seconddisplaysinsteadhigher factorial
moments.

3.2. PROJECTIONSONTO HIGHER DIMENSIONS

Recenttheoreticalwork [35]suggeststhat the saturationof factorial momentsat
0.1 is the result of the smearingof fluctuationsdueto the projection of phase

space onto a one-dimensionalsubspace.Strongerintermittency effects should
appear in two and three dimensions. The variables used here for two- and
three-dimensionsfactorial momentsare y, 4 and p1. The angle ~ is measured
starting from the azimuth ~ of the secondeigenvectorof the momentumtensor,
becausethe 4 distribution is peakedat ~s2~

Whenincreasingthe numberof dimensions,the problemof the non-uniformity
of the distributionsbecomesof primary importance.The variablesy, p1 and~ are
not uniformly distributedwithin eacheventandarecorrelatedwith eachother and
thereforethey havebeen transformedin the way suggestedby Bialas and Gazd-
zicki [29]. This transformationacts in multi-dimensionalspacesas 9 does in one
dimension. In two dimensionsit defines two new variablesX2(y), Y2(y, q5)with
uniform meanpopulation of the (X2,Y2)space.This is often called the (y, ~)
transform. In three dimensions ((y, 4 p1) transform) it defines X3(y),

Y3(y, 4), Z5(y, 4, p1), where X2 =X3 =9 andY2 = Y3. The X, Yand Z rangeisO
to 1; p1 were selectedin the range 0 to 2 0eV/c, 4 between0 and

2ir and y

between —5 and +5.
To calculatefactorial momentsthe phasespacehasbeensubdividedby halving

the binsfirst for X, thenYandZ intervals;then againX, Yand Z andso on. If d
is the dimensionof the phasespace,when M = 2°~eachsinglevariable interval
hasbeendivided in M’ = 2°bins. By plotting Eq versuslog

2(M)/d a vertical slice

has always the samenumberof subdivisions in X for all analysesand in Y for
two-dimensionalandthree-dimensionalanalyses.

Factorialmomentshavebeencalculatedalso for ~ and4 one-dimensionaland

(y, p1), (q5, p1) two-dimensionaldistributions.
The factorial momentsof one-dimensional,two-dimensionaland three-dimen-

sional projectionsare plotted in fig. 8 andtabulatedin table 1.

When intermittency is investigated in three dimensions (y, q5, p1) it follows
relation(2) much moreclosely.The predictionsof JETSETPS Monte Carlo model
remain in good agreementwith the data for one-, two- and three-dimensional
analyses.

Factorialmomentsin threedimensionsdisplay a strongerintermittentbehavior
than in the one- and two-dimensional analyses,as qualitatively predicted by
three-dimensionalmodels[35]. The one-dimensional9 factorial momentssaturate
at large M, and a similar effect, though less pronounced,is seenin two dimen-
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TABLE 1
Valuesof factorial momentsfor one-dimensional,two-dimensionaland three-dimensionalanalyses

shownin fig. 8

Al
log

2-~- Rank2

9 4’ i3~ ______
1 1.076±0.007 1.047±0.007 1.040±0.007
2 1.227±0.009 1.039±0.007 1.090±0.007
3 1.341±0.01 1.055±0.007 1.110±0.007
4 1.41 ±0.01 1.071±0.007 1.120±0.007
5 1.44 ±0.01 1.077±0.008 1.123±0.008
6 1.45 ±0.01 1.086±0.009 1.123±0.009

M
log2-~- Rank3

9 43

1 1.25±0.01 1.15±0.01 1.13±0.01
2 1.91 ±0.02 1.13 ±0.01 1.28±0.01
4 2.39±0.04 1.20±0.01 1.36±0.02
4 2.72±0.05 1.26±0.02 1.40±0.02
5 2.86±0.06 1.29±0.02 1.41±0.02
6 3.00±0.07 1.31 ±0.03 1.40±0.03

M
log2-~- Rank2

(y, 43) (y, Pt) (43, Pt) (y, 4i, Pt)

0 1.047±0.007 1.040±0.007 1.042±0.007 1.040±0.006
1 1.064±0.007 1.066±0.007 1.104±0.007 1.082±0.007
2 1.337±0.01 1.075±0.007 1.288±0.009 1.40 ±0.01
3 1.714±0.015 1.126±0.009 1.451 ±0.012 1.96 ±0.02
4 1.99 ±0.02 1.171±0.013 1.588±0.017 2.62 ±0.07
5 2.22 ±0.04 1.208±0.023 1.689±0.029 3.29 ±0.24

— 6 2.59 ±0.07 1.244±0.044 1.673±0.051

M

log2-~- Rank3

(y, 43) (y, Pt) (4.’, p1) (y, 43, p1)

0 1.15±0.01 1.125±0.011 1.29 ±0.011 1.13±0.01
1 1.22±0.01 1.228±0.013 1.352±0.015 1.29±0.02
2 2.38±0.03 1.256±0.016 2.218±0.036 2.76±0.06
3 4.97±0.11 1.46 ±0.033 3.13 ±0.08 7.6 ±0.54
4 7.8 ±0.3 1.79 ±0.10 4.10 ±0.19 17.1 ±4.1
5 9.8 ±1.0 2.13 ±0.40 4.75 ±0.63
6 11.7 ±3.2 2.3 ±1.4 3.96 ±1.8

sions. Three-dimensionalfactorial momentsdo not show saturationeventhough
the numbersM~of bins in which the X interval hasbeendividedare the sameas
for the one-and two-dimensionalanalyses.
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3.3. EFFECTSOF RESONANCE DECAYS AND BOSE-EINSTEINCORRELATIONS

Resonancedecays affect the factorial moments. Results from the CELLO
collaborationhaveshownthat this contribution is relevantin e~e collisions [141
at lower energy.

The effect of resonancedecayshas beenstudiedusingthe JETSETPS Monte
Carlo with default settings,that describesthe data reasonablywell. Samplesof

100000 hadroniceventshavebeengenerated(i) switchingoff the ir~decays,and
(ii) switchingoff ~-°, w, p, ~ and ~‘ decays.

Factorial momentsare mostly affectedby the ‘ire Dalitz decay(‘ir° —~ e~ey)
both in their absolutevalues andin their shapeat high M. The other resonance
decaysmostly affect the absolutevalue, uniformly in M.

The most relevanteffect in one-dimensionalanalysesis at low p1, where the
power-lawbehaviourat high M shown in fig. 2 disappearswhen switchingoff the
ir° Dalitz decay.

The other one-dimensionalanalysesare not essentiallyaffected by resonance
decays,second-and third-rank factorial momentsbeing increasedby 1—2% and

2—5%, respectively.
In two and three dimensionsthe sr~decaysdramaticallyaffect the factorial

momentsof secondrank, whereasthe third rank is relatively unaffected.In fig. 9
are shown results on one-dimensional9, two- and three-dimensionalfactorial
momentsobtainedwith JETSETPS Monte Carlo with default setting, with and
without the contributionof resonancedecays.

4.0 DELPHI /
— Jetset PS defoalt

- - - Jetset PS defoalt
NO resonances

10

a) b)

1.0~ I I I I I I 1 I I I I I

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
log2(M)/d log2(M)/d

Fig. 9. Theeffect of resonancedecayson factorial moment:a MonteCarlo study. Factorialmoment for
9, (y, 43) and(y, 43, Pt) distributions as in fig. 8. JETSET72 PS Monte Carlo prediction for default

settingswith (continuousline) andwithout(dashedlines)ir°,w, n~,n~’and p decays.
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The influence of Bose—Einsteincorrelationson factorial momentshas been
investigated.The comparisonof one-dimensionalfactorial momentsfor samesign

particleswith respectto randomsign particlesdid not show differencesin the first
Delphi analysis [1]. However, this test is not conclusivesince it ignores other
correlationswhich canbe different for the two sets of particles.Comparisonwith
generatorsincluding a description of Bose—Einsteincorrelationshas been done
using JETSETPS Monte Carlo program.No improvement in the agreementof
generatorswith datahas beenfound. In fact, the Bose—Einsteincorrelationshave

no entirely satisfactorydescriptionin the generators[33,34].Sono final conclusion
can be drawn on the eventualeffect of Bose—Einsteincorrelationson intermit-
tencyandthis remainsa subjectof further study.

4. Conclusions

An analysisof factorial momentsof distributions of Z° hadronicfinal states,
basedon a statistics 10 times larger than previouslypublished[1], confirms that
Parton Showermodelsgive a reasonableoverall descriptionof the data.

Analysesof eventsin different jet topologiesanddifferent intervalsof p1 show
that fluctuations in the one-dimensionalstudy come mainly from hard QCD
effects.

The presenceof intermittency, as defined in this paper, is not evident in

one-dimensionalprojections,but becomesmoreevident in the two and three-di-
mensionalanalyses.

Influencesof resonancedecayshavebeenstudiedby Monte Carlo simulation.
Factorialmomentsin the 9-variableareaffectedat low p1 asare the second-rank
factorial momentsin the two- andthree-dimensionalanalyses.

No evidencefor new physicsis found becausethe modelsadequatelydescribe
the data.

We are greatly indebted to our technical collaborators and to the funding
agenciesfor their support in building andoperatingthe DELPHI detector,and to
the membersof the CERN-SLDivision for the excellentperformanceof the LEP
collider.

Discussionswith A. Bialas, N. Geddes,A. Giovannini, R. Hwa, W. Kittel, N.
Lieske, B. Buschbeck,W. Ochs, R. PeschanskiandJ. Seixashavehelpedconsider-
ably in clarifying the interpretationof the results.
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