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Preface

Abstraft

Photoproduction events whkh havctwoor morcjcts havc bccn siudicd in thc

M'-y ränge IK Gc\ < II'.,, < ä>0 GcV with the ZEUS dctcctor at HERA.

A class of cvcnis is obscrvcd with littlc hadronic activjty bctwccn ihc jcts,

Thc jcts arc scparatcd l\ pscudorapidiiy iittervals (A'f) of u p to four uuiis

and havc transvcrsc cncrjn'cs grcatcr thau 6 GcV. A fcap ts defincd äs thc

absenre bctwcrn thc jcts of pariiclcs with transvcrsc cncr&v grcatcr than

•WO MeV. Thc fraction of rvcnts coniaining a £ap is mcasurcd äs a funnion

of ATJ. It dcrrcascs cxponcmially äs cxpcctcd for prorcsscs in whieh colour

is cxchangcd bctwccu thc jrcs, up to a value of Aij «* 3, thcu reachcs a

constant valuc of aboui 0.1. Thc cxccss abovc ihc cxponcntial fall-off can bc

iutcrprctcd äs cvidcncc for Lard scattcriuj; via a strongly iiKcractin^ colour

sinket objcct.

Resiime

Des cvcncnvnis de photoproduction ayant deux jccs ou plus ont ctc ctudics

dans TiiHcrvallc de la variable M'.,,, 135 GcV < M'-,,, < 260 Ge\', avcc Ic
dctcctcur ZEUS a HERA Ou obscrve uuc classc d'cveiicmcnts ayant pcu

d'activite hadroniquc cntrc Ics jcls. Lcs jcts sont scparcs par des i[Hcr^^al[cs

jusqu'ä (juatrcs uoit.cs de pseudoiapiditc (AIJ) et ont des ciicroies transvcrscs

de plus de 6 GeV. Un Rap cst drfini conimc unc at«cucc <lc particlcs ayant

des cncrgies trausvcrscs supcricurcs a 300 MC V cncrc les jcts. La fraction
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d'cvoiicrncnts possedant un j;ap est mesurce cn fooction de A^j. Elle dccroit

de fa<;on exponcnticllc teile quo prcvuc pour Ics proccssus oü ä licu l'ccbange

de coulciir cntre Ics Jets, jusqu'ä unc valcur de A>/ ~ '}, pour cnsuitc prcndre

unc valcur coustaatc d'cnviron 0,1. L'cxccs au-dclä de la chuto cxpoucnticllc

pcut ctrc interprctc cotnmc unc indicatiou d'un processus d'cchaugc diffraetif

dur de sin^ulet de couicur.

Outline

Thc aira of this disscrtation is to dcscribe in detail thc analysis of rapidity

gaps bctween Jets which led to the preparation of the prepriiu, DESV l>5

HH, which h äs bccn arccptcd for publiration by Physics Leiters B. In fact
scvcral passa^cs of the thcsis, mosi notably thc abstrart and the conrluding

paragraphs, arc takcn dircctly froni this preprim. In thc first chapter a

bricf rcview of the litcramrf on thc subjcet of QCD in gcneral, and on the

subjert of hard diffrartivc seatteriiiR in partiriilar, is provided. In thc ncxt

chapter thc cxperimcnlal apparatus, ZEUS and HERA, arc briefly dcsrribcd

payin^ partieular attciuion to thc main couipoiients uscd in this analysis. In

Chapter 'i thc proeedurc followed to isolatc a sainplc of hard photoproduction

cveiits is dcseribcd in detail. Monte Carlo methods will bc used in thc analysis

of thc ZEUS data aud thcrcfore Chapter l providcs a dcsrription of thc

gcncrator which was uscd in tlie analysis and of thc Simulation of ihc ZEUS

dctcetor. In Chapter L the dcsrription by ihc Monte Carlo events of the

global cvcnt eharactmsties of thc data is also shown. Inicrcsting rcsults

cau bc obtained froni thc data siniply by romparinfc thc mcasurcincuts to

Monte Carlo gcncratod events whieh havc been subjeetcd to a füll Simulation

of tho ZEUS dctcetor rcsolution and acecptaiiec. These arc prcscntcd in

thc first seclion of Chapter 5. We havc also correctcd thc mcasurcd #ap-

fraclion for thc cffcets of the ZEUS dctcetor and madc a füll dncrmination

of the systcmatir unecrtaintics affeetinj; the mcasurcmcni. Thcs<- results arc

described in thc serond scction of Chapter 5. Fmally, Chapter 6 is dcvoted



to tlie i n irr pro tat i on of ihr rcsnlts.

Acknowledgements

I am gratcful to all of thc members of ihr ZEUS collaboratioll wbo havc pro-

vidod ad vice and constructi vccriticism during my stay at DES V in particular,

Franrois Corrivcau, Maria Roro, Sampa Bliadra, Katsuo Tokushuku, Chris

Youngman, Vivicn O'DHl, Rosario Nania, Juan Terron, Claudia Glasman,

Klaus Dcsch, Jim VVhitmorc, Aharon Lcvy, Robert Klanncr and Malcolm

Dcrrick. I am gratcful to my Supervisor, Prof. P. M. Patel, for bis encour-

axcmcnt, advicc «öd support throughout cach of my projccts. I am gratcful

to Jonathan and Suaanna Buttcrworth and to Orcg Feild for thcir fricndship

and ad vice. I am gratcful to my <?ollcagucs and old fricnds, thc Canadi-

ana wbo havc sharcd my lifc io Hamburg and rnado it casirr, Kon Mclcan,

Frc<lcric Bcnard, Richard Tcuschcr, Marr St. Laurcnt, Corincy Sampson,

Miloä Brkif, Rainer Ullman, Linf, \Vai Hung and Davc Gilkinsoa. I am

also gratcful to thosc at homc, Mom, Dad, Hcaihor, Andrew, Diannc, Tcrry,

Jolicn, Tovict, Ol^a, Earl, thank you for boing thcrr. I will bc back soon.

Pat. to you mydcrpcat gratitudc. You wrrc rij(ht aliout. it bring boauliful.

Latircl E. Sinclair

Hamburg, 19U5.

Contents

Preface iii

1 Introdiiction l

1.1 Coupling SircnRths l

1.2 Runniog Couplings 3

1.3 Hard Photoproduction 7

1.1 Diffractivc Scattcring 11

2 Experiment«! Apparntns 20

2.1 Thc HERA accclcrator '20

2.2 Thc ZEUS dcwctor 22

2.2.1 Thc Calorimctcr 22

2.2.2 Charflcd Particlc Dctcction 25

2.2.3 Luminosity Mcasurcmcnt 26

2.2.1 Backgroimd Veto 26

S Data Selection 28

3.1 Online Triggers 30

3.2 Offline Selection 33

4 Data Simulation and Description 39

1.1 Thc Monte Carlo Event Samples 39

1.1.l Event Generation 39



CONTENTS Vli

1.1.2 Detci-ior Simulation U

1.2 Monte Carlo Dcseriplion of Data i't

i.'2.l Sclcrtion Criteria -13

1.2.2 Jcl Profilcs W

1.2.3 Jet Angle and Energy 51

1.2.1 Island Angle and Energy 56

1.3 Effieicncy and Resolution 60

5 Resulta M
5.1 Rcaults from Uncorrened Data 66

5.1.1 Multiplicity 66

5.1.2 Gap-Fraetion 68

5.1.3 Summaryof Uncorrcctcd Rcsults 73

5.2 Rcsults from Corrcctcd Data 75

5.2.1 Corrcction .Method 75

5.2.2 Systcmatic Unecrtainty 81

5.2.3 Summary of Corrcctcd Reaults 87

6 Interpretation Öl
6.1 Comparison lo Model Prcdictions 91
6.2 Exponcniial Fit 97

6.3 Survival Probability i»

6.1 Summary and Condusions 101

103
101

105

A Kinematics

A.l Photon bcam
A.2 Parton tnomentum fractions

A.3 Energy scalc 106

B Jet Pinding 10«

B.l The Snowmass Standard 108
B.2 Main Jet Finding Algorithm 109

viii LIST OF FIGVRES

B.3 TLT Jet Finding Algorithm ................... m

C Three Jet events 1 12

D Bayesian Unfolding 1 16

D.l Proccdurc ............................. 116

D.2 Application ............................ 119

E Glossftry 124

List of Tables

5.1 Thc difFcrcotial cross aection, rfff/rfAij .............. 89

5.2 Thc cross scction for rapidity gap productton, das"Tjd^i). . . . 89

5.3 Thc Rap-frartioo, /(Av) ...................... 90

E.I Glossary of commonly used cxpressions ............. 127

List of Figures

1.1 der/dQ3 tot neutral and chargcd eurrcnt iütcractiona ...... l

1.2 o,((?) äs mcasurcd by ZEUS ................... 5

1.3 Thc Fj structurc function äs mcasurcd by ZEUS ........ 7

1.1 Diagrams for photoproduction at Icading ordcr and at ncxt to
Icading ordcr ............................ $

1.5 Tbc ZEUS 1993 mcasuremcnt of x™' ............... 11

1.6 A comparisoo of thc diagrams for hard diffrartivc scattcring
and diffractivc hard srattering .................. 13

1.7 Thc plane of tbc variables E/> (sum of momenta of partons in

tbe pomeroo) and cg (relative contribution of hard gluons in

thc pomcrou) ............................ 1 1



LIST OF FKil'RES ix

1,8 Diagrams sliowing ihc diffcrcucc bctwcrn rolonr non-singlct

cxchangr and rolour ainglct cxchan^c, at H E R A 15

!.!> Signatare for hard diffractivc scattcrinK at HERA 16

1.10 Naive cxpcctation for thc bchaviour of thc gap-frartion 18

2.1 Tbc layout of tbc HERA accclcrator complcx 21

2.2 Thc ZEUS dctcctor 23

3.1 A dijct photoproduction cvcnt in thc ZEUS dctcctor 28

3.2 FCALand RCAL timiDj disiributions 32

3.3 tfCAL versus z 33

3.1 y cuts to supprcssji bcam-gas and DIS contamination 35

3.5 Trackiog cuts to aupprcss beam-gas and cosmir contamination. 36

3.6 r of tbc vcrtcxand thccbargod currcnt rcjcction 37

1.1 Global calorimctriccDcrxy sums 11

1.2 yjg 16

1.3 Clcaning quantitics 17

1.1 Vcricx; posjtiou 18

1.5 V'crtcx x and y positioas 18

1.6 Jct profilc Äcomctry for tbc trailing jct iy

1.7 Jct profilcs (all AI;) 51

1.8 Jct profilcs just for ihc Aif > 3.5 subsamplc 52

1.9 Jct profilcs for tbc gap caodidalc cvcnis with AI; > 3.5 53

1.10 rf'1 and ET' distributionsof thc IcaHing and trailing jcta. . . . 51

1.11 ET* in four bins of AI; .55

1.12 Thc diatributions of 7 and AI? 56

1.13 61)"'"* and if"'1""1 witb rcspcct to ihc jct ccntrcs 57

1.11 E^'*4 of thc maximum E1-?'** island bctwccn thc jcts .58

... 601.15 p*fek of tbc maximnm pj"* track bctwccn thc jcts

-1.16 FLT cfBcicncy and tbc cumulativc trijy^cr cffidcncy 61

UST OFFW.TÄKS

1.17 C'nniiilativc cfiiciniry np lo tho rirfinition of tlic rTonsinn'tcd

jrts 62

1.1S Hcsolutions of tlic kincmalic variables. 63

l.lil Thc i/'""'""' rcsoluiion and thc E*"'"'" rrsolntion 6l

1.20 Thc ^Ä"J"M- rcsolütion and thc f1*-"*'0* rcsolution for A^ > 3.5

cvcnts 65

5.1 Thc Island multiplicity distributions in bins of AV

5.2 Thc chargcd multiplinty distributions in bins of Atj

5.3 Uncorrcctcd AI; distribution for gap candidaica, and thc gap-

fraction

5.1 Thc AJJ distribution of gap cvcnts and gap-fraclion madc bv

dcfininj; a gap äs no tracka with T»?1"* > 250 MrV

5.5 Thc AIJ distribution of gap cvcnts and ihr corrcsponding j(ap-

fraction madc by dcfining a j^ap äs < l Island with E'-f1"""1 >

200 McV

5.6 Thc Atj distribution of gap cvcnta and ihc gap-fraftjon madc

by dcfininR a ^ap äs < l track wilh pTact > 200 McV

•5.7 Gap-fractions at thc dctcrtor and hadron Icvcls

5.8 Corrcction factors

5.9 Bin cfficicncica and puritics

5.10 Gap incrcmcntal bin-cfficicncy and bin-purity

5.11 Gnp cfficicncy and purity for a'loosc" ^ap dcfinition
5.12 Gap efficicnry and purity for A i:üghi" fcap dofinitioD

5.13 Resolution voraus AI?

5.11 Inclusivc cross scction computcd in scvcntccn diffcrcnt ways.

5.15 Gap cross scction computcd in scvcntccn diffcrcnt ways. . . .

5.16 Gap-frartion compulcd in scvcntccn diffcrcnl ways

5.17 Comparison of corrcctcdrcsuhsfrom ihcfirst and sccond anal-

67

6!)

73

71

76

77

78

7<J

ciO

81

82

83

81



L/ST OF FIGVRES xi xii LIST OF FIGURES

5. 18 Thr rross scrtions, rfff/rfAt? and d/$jgmagar/dAi) and the ̂ ap-

frarlion /(A?) ........................... 88

6.1 C'oitiparison of the rrosa scctions and gap-fraction with thc

prediction of thc PYTHIA oon-sinjlcl sample .......... 92

6.2 Thc cross scctioos and thc flap-fraction comparcd with several

diffcrcnt modcl prcdictioos .................... 93

6.3 Hadron-lcvcl jct profilcs for tbc non-rinxlct modcl and for thc

low an modcl ........................... 95

6. l Thc cross acctioos and ihc gap-fraction comparcd with HERWIG

modcl prcdictions ......................... 96

6.5 Gap-fraction fit to an cxponcntial form .............. 97

6.6 Contour ploi of thc \* function .................. 98

6.7 x"0s, and the r»w At; distributions and thc ^ap-fractioo in

two bins of x°8i .......................... 100

A. l Diagrama of tbc hard diffractivc scattcrinj; proccss ....... 103

C.l Relative azimuth of thc two hiebest ££* Jets .......... 113

C.2 Aij distributiooa and thc jap-fraction usin^ tbe jcts at hiebest

and lowcst t)'" ........................... 111

D. l Causc versus cffect Examplc of an unfolding problcm ..... 118

D.2 Causc versus cffcct accordioR to tbc mixcd Mootc Carlo sample. 120

D. 3 Unfotdin^ of thc mixed Monte Carlo AI? distributions using

the mixcd Monte Carlo sample inputs .............. 121

D. l Unfolding of tbc Aij distributiona of a pure resolvcd Monte

Carlo sample usinj thc mixcd Monte Carlo sample inputs. . . 122

D.5 l'nfolding of ihc mcasurcd Aij diatributions of tbc data using

thc mixed Monte Carlo sample inputa .............. 123



Chapter l

Introduction

Thc thcorctical motivation for thc study of hard diffractivc scattcring at

HERA is prcscntcd in ihis first chaptcr. An ovcrvicw of ihc ihcorclical

framcwork is dcvclopcd which conccntratcs on tbc issucs relevant to hard

photoproduction and diffraction.

1.1 Coupling Strengths

Thc forccs which govcrn all intcractions of matter fall naturally into four

classcs.

Thc graviiational forcc, wbile vcry murh apparcm in cvcryday lifc, ncv-

crtbclcss is thc wcakcst of tbc four. For instancc, with thc combined mass of

cvcry particlc of tbc carth acting to pull a nccdlc to thc ground, it is still pos-

sihlc for a small magnet to lift thc ncodlc. Evcrything massive or cncrgctic

\s suhjcct to thc gravitational forcc.

Thc intcractions which comc ncxt in strcngth arr callcd thc wcak intcr-

artions, These arc mcdiatcd by cxchangc of the hcavy H-"* and 7° bosona

and are rcsponsiblc, for instancc, for thc radioactivc dccay of ncutrons. Thc

constitucnts of matter, thc fcrmions, can intcract via the wcak forcc. In

that scnsc thcy are said to earry "wcak chargc". The strcngth of thc wcak

coupting ia hcrcdenotcd aw-

1
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A stronger forcc is ihe innre familiär elertromagnciir forre. 1t is respon-

siblc, for instancc, for tlie Kinding of atoms into niolccules by exr hange- of

photons bctween ihe valence clertrons. All parikles which carry clectrir

chargc can cxpcriencc ihc cleciromagnetir force by exchangc of pholons, i-

Thc coupling strength of the elcrtromagneiic forcc is represcntfd by thr di-

mcnsionless quantity o. o is proportional to thc squarc of the cleriric charge

of thc clcctron.

Thc sircnftths of thc ctectromagnctic and weak intcractions can be com-

parcd by considcring ihc lifctimes of particlcs which dccay clectromagneti-

cally and tbc lifctimcs of parlicteg which havc only a weak dccay channel. In

gencral, particlcs which can dccay via thc sirongcsl intcractions will havc tbc

shortcat lifetimcs. For instancc ihe jr°, which decays clcctromaRnetically to

iwo photons, fivcs on avcragc for only about 10~lfi s whcrcas thc x+, which

can only dccay via thc wcak interaction, livcs much longer, for about 10~8 s,

Thc strongcst forcc {callcd simply, thc strong force) is rcsponsible for thc

bin ding of protons and ncutrons into tbc nuclci of atoms. Particlcs wbieh

can dccay via thc strong interactioo bavc lifciimcs of Order 10~23 9.

HistorJcally a quantum numbcr called colour was postulalcd 10 cxplain

ihc cxistcncc of thc A++ particlc which is composcd of thrcc fermions. Thc

thrcc fcrmions bavc idcatical flavour and spin. Howcvcr fcrmi statistics says

that no two fcrmlons can occup}' cxaetly the samc statc. Thcrcfore thc threc

fcrmious wcrc each aasigncd a diffcrcnt colour. Il is now known ihat ihis

colour is ihc chargc of the strong force and thc theory which deseribcs thc

strong inicrartions is callcd quantum cbromodynamics (QCD)- Quarks and

gluons cxpcriencc thc strong force bccausc thcy are colourcd, Howcvcr ihey

are confincd ioto colourlcss statcs consiating cithcr of a quark anti-quark pair

(tbc mcsons) or thrcc quarks (thc baryons). Mesons and baryons collcctivcly

arc known äs hadrons. This ronfinemcnt may bc undcrstood in tcrms of

thc dcpcndcnce of ihc slrong intcraetion coupling constant, (*,(QJ), on ihe

cncr^y scalc of thc intcraetion, Q"1.
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Thia cnrrgy scalc is rclatcd to a distancc scalc tbrough thc uncertainty

prinriple. Tbat is, a largc Q1 proccss can bc considrrod to procccd via cithcr

an cxrhangc of a particlc of largo virtualily or via cxchangc of a particlc which

violatcs cncrgy coßscrvalion by a largc amount, A£". This particlc ran only

live for a timc Af < fi/AF and propagatc at most a dislancc AJT = cA(- Thus

intcractions with a largc cncrgy scalc occur at short distanccs. Hcnccfortb,

thc high cncrgy physics Konvention of using a System of units in which fi and

r havc thc numerical valuc of uniiy will bo adoptcd. Factors of Ä and c. arc

then not writlcn cxplicitly so mass and momontum bavc thc samc dimcnsions

äs cncrgy, and timc and distancc botb bavc thc dimcnsions of invcrsc cncrgy.

1.2 Running Couplings

Tbc Situation i* morc complicatcd than outlincd thus far. Coupling constant

is a mianomcr ai cach of tbc couplings has a distinct dcpcndcncc oo thc cn-

crgy scalc of thc intcraclion. Por insiancc nw(Q') riscs with Q7 such that at

the cncrgy acalcs achicvablc at modern particlc accclcratora such äs HERA,

nn-(Q*) approximatcly cquals o(Qa) This is niccly illustratcd by a rcccm

ZEUS rcsult [l], abown in figure 1.1. Hcrc, thc cross scctions äs a functioo

of cncrgy scalc, do/tlQ3, arc comparcd for neutral currcnt (MC) and chargcd

currcnt (CC) intcractions. Tbc cncrgy scalc, Q3, in thcsc intoractions is

cquivalcnt to ibc invariant mass of thc cxchangcd particlc, prcdominantly

tbc photon for NC intcractions and a W* boeon for thc CC intcractions. At

Iow cncrgics thc neutral currcnt intcractions which arc primarily clcctromag-

notic load to far morc cvcnu than thc cbargcd currcnt, or wcak intcractioDs.

Howcvcr thc wcak coupling strcngth incrcascs with cncrgy with rcspcct to thc

rlrctromagnctic coupling strcngth and whcn tbc intcrarlion cncrgy rcacbcs

thc mass of thc W* boson», Mwt — 80 GcV, thc neutral and chargcd currcnt

rross-scrtions bccomc cqual. This cquality suggcsts that thc wcak intcraction
actually bas a similar coupling strcngth to thc cloctromagnctic intcraction,

CHAPTER I. INTRODUCTION

tf «MV)

Figurc 1.1: ZEl'S mi-asuwmfnt oldff/dQ- tm neu t r »J (urr^üt inlrrartioD$ (bl»rt dnt*)
and ch&tged currcnt intersrlion» (opcn circltt}. The d»t» an ptotted al tb* ivcr»g» Q-
ot tb* ev^nts in tsth bin. Tb* turv« are th» stkodud «Irctfowe&k model cross swtions.

but appcars wcak bccausc MW* is largc.

Thc apparcnt complication of an cncrgy dcpcndcnt coupling constant ac-

tually Icads to a grcat simplification. It is possiblc to uaify thc thcories of

wcak and clcctromagnctic intcractiona into onc thcory of clcctrowcak intor-
actions.

Tbc strong intcraction coupling constant a, also depcnds upon thc cncrgy

sc^lc. Figurc 1.2 sbowa thc rcccnt ZEUS mcasuremcm [2] of o.(Q). <*,(Q)

at Q nt 20 GcV is only about 0.15. Thus thc strong coupling at high cncrgics

is actually wcak cnough for pcrturbativc mcthods to bc applicd in QCD

calculations.

Thc ZEUS mcasuremcm is consistcnt witb QCD prcdictions for thc run-

ning of o,((?} (dashcd linoa). It is cxpcctcd tbat a.(Q) will cominuc to

fall with Q and that at vcry high Q valucs Q,(Q) will bc of thc orrfcr of

thc clcctrowcak «mpling. In fact, grand unificd thcories cxisl, in whicb tbc

strong, clcctromagnctic and wcak intcractions arc all dcscribcd with a singlc
coupling.

In thc thcory of QCD (t,(Q) riscs dramatically äs Q ->• 0 or äs thc distanrc
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Fijturc 1.2: ZEUS meuured vtlutt of«,((?} for Ihrve diff*r«nt Q- regioiu. Tne sUtistkal
titnr torrespondt Io Ihr inner bu and ttw Ihin bar shw* th* stalistical and systM«»tir
unrerfaint)»* »d<i#d in quadralure. Th< dashed rums *how QCD pn'dklion* for ihr

scalc of thc intcrartion incrcases. (See thc dashcd curvcs of Figure l .2.) This

Icads u> thc vcry streng non-pcrturbativc proccascs which arc prcsumably

rcsponsiblc for thc confincmcnt of thc colourcd quarks forcvcr in colourlcss

hadrons. If, for instand, onc of tbc eonstitucnt quarks of a mcson is struck

by a hijr,h Q7 probe, it will movc away from thc othcr constitucnt quark with

a largc relative momentan, for a disiancc of about l fm. At around ihis

distauec, howcver, «,(<?) -» 1. Thai ig, thc potential cncrjy slorcd in the

colour ficld of thc two quarks betontes so high that it is favourablc to ere&tc

a quark anti-quark pair out of thc vacuum. The cscaping quark eoutinucs

oo its way but with Icss kinctie encrsy duc to the eost of rrcating the quark

aoti-quark pair. Thc proccss rootiuucs untit all quarks arc anoeiatcd into

mesons or baryons with a stnall relative momcntum. Thc relative momcntum

sctg the cncrß7 sealc, Q1. Thcrcforc o,((?a) is lar^e and thc quarks arc onee

(.'H \PTEH1.

again confined.

Of roiirse, fcivcn ihr larRc sizc of n,(Q*) at low momcntum transfcr, con-

finemcni proeesses arc not dircrtly calrulablc in pcrlurbalivr QC'U. Howrvcr

all proccss which invoh-c a lar^c momcntum iransfer havc a high cncrj^y scale

(J*. These arc called ''hard" proecsses and ihcy arc caleulablc in perturba-

tive QCD. Thus radiation of hard gluons from thc cscapim> <|iiark of the

previous cxamplc is cakulablc, Thc non-ealrulablc processcs wbirh produrc

the hadrons of thc final statc eomc from only i:soft~, or low Q1 gluon radia-

tioD. This means that the final statc badrons canoot havc a lar^c transvcrsc

momentum witb rcspcet to thc parcnt quark momcntum, This property is
known äs loeal parton hadron duality [•i]. Thus pcrturbativc QCD prcdic-

tions for final siaic quark or xluon diffcrential dislributions may bc tested

against mcasurcmcnts of tbc Jets of hadrons thcy givc risc to.

QCD makes othcr predictions about thc distributions of thc obscrvable

hadrons throu^b thc principlc of colour cohcrcncc (!]. This will bc furthcr
diseusscd in subacction 1.1.

Thc cross scction for thc intcraction AB -> cdX of two hadrona .1 and

B, by thc hard scattcring of thcir partonic eonstituents a and b producing

parton jets r and rfand two rcmnantjcts .V io tbc final statemay bc writtcn,

(1-1)

whcrc thc hard subproccss cross scctioo rf^"*~"1'/rfQ3 involvcs shori diatanrc

iotcraetions only, is cakulablc in pcrturbativc QCD, and is Jndcpcndcnt of

thc parcnt hadrons A and B, This rcvcals an important propcrty of QCD.

All of thc soft, or long-distancc phcnomena cao bc factorizcd into universal

parton diatribution functiorjs of thc form faA(xA,Q*}-

Thc cvolutioD of thc parton dislribuüon functioos with Q3 is prcdktcd

by QCD and is known äs GLAP cvolution [5 7|. For instaocc, Fi^urc 1.3

shows rcecnt mcasurcmcnts of thc proton structurc funrtion Ft by thc ZEUS
collaboration (8j. Linear fits of /i with rcspcet to InQ1 arc ahown aa thc
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Q'lG.V1)

Fipirc 1.3: The Fy stturlu» funclinn mtuuremenU of ZEV5 tos*!h*i wilh liww fits
(solid Im«) u<i tbe »sulli of a G L AP QCD fit (da*h#d-do(ted lin«). Ti* inwr «nor
bm show (h* sfatislical «ror »öd th* ouln error hart *how Ih* tysteniAtk une*rtainljr
added in quadraluie.

solid linca. Tbc dashcd-dotlcd linca abow thc rcsults of * GLAP QCD fit

usint, all ZEUS 1993 fj data äs well aa fixed tWRct data at higher r and
lowcr Q3 from thc NMC collaboratioo [i», 10]. Tbc dashcd-dottcd Lines arc io

agrccmcnt witb thc data and thus tbc ZEUS data support thc validity of thc

GLAP cvolutioo.

1.3 Hard Photoproduction

c+p collisiona witb a hard scalc, Q1, duc to a lar^c invariant mass of thc
photon, arc rallcd dccp inolastic acattrring (DIS) cvcots. In fjcn-
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cral, cross srctions ttff/dQ3 arc hiebest whcn ehe momcDtum transfrr Q* is

small. This mcans that most cvcots produccd in thc c*p collisions dclivcrcd

by HERA arc mcdiatcri by almogt real photona, Q1 ~ 0. Thus tt ja posaiblc

to think of HERA, not äs an c+p collidcr but u a -jp colüdcr, whrrc thc

incomJDB, photOD bcam has a ränge of cncrpca from csscntially 0, up to thc

cncriy of tbc positroo bcam, 27.5 GcV. Thc cl&as of cvcnts mcdiatcd by al-

most real pbotons is rcfcrrcd to äs ';photoproduction~ and for thcsc cvcnts

it is approprtatc to dcnotc thc photon invariant mass by P3 rathcr than Q1.

This is bccauac it is possiblc to havc a larj-c cncr^y scalc in a photoproduc-

lioo cvcnt mcdiatcd by cxcban^c of a quark or Rluon and Q3 is rcscrvcd to

dcnotc thia cncr^j' scalc.

Hard photoproduction cvcnta at HERA m&y bc classificd into two groups

at Icading ordcr (LO) (11,12], shown in Figurcs l.i(a) and (c). AD cxam-

(c)

Figurc l.i: DiagiMiu tot pbnlnproduction at HERA. AD etunpl- of a dirrtt pbolo-
prodiKlion proccM ti leadiag ord«r U sbown in (») whik (b) dtams ». higbrt ord*r diwrl
photopraductioD diagram. Aa exampl* of a beding ordvr rcsdved pbolopiodnclioD pin-
«*» it tbown in (<).

plc of LO ^dircct'' pbotoproduction is shown in FIRUTC l.l(a). Malcini; usc

of tbc factorization propcrty of QCD tbc photon protoa collision is brokcn

down iato two parta. Thc hard subproccss consisu of thc hard colliaion of

thc photon with a gluon from tbc proton. Tbc cmissioo of thc pboton from

ihr dcctron, and of tbc ^luon from thc proton, with ihc subsccjucnt produc-

tion of a proton rcmnant jct, form thc soft part. Thc hard cncrjy scalc, Q3,

of tbis proccss comcs from thc invariant mass of thc quark propagaior and
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is high whrn the two oulgoiiift quarks havc bij"b transmsc moincnium. pr.

witli rcspm 10 thc inroming photon and proton directions. (Somc dctails

of ihc kincmatirs of hard phoioprodurtion ai HERA arc colkrted in Ap-

pendix A.) Thc magniiudc of thc hard subproccss rross scrtion is of ordcr

<m, w indicatcd by the prcscncc of onc clectromagnctic roupling and onc

streng coupling in thc hard subproccss.

Thcrc arc two LO dircct proccsscs, thc onc diagrammcd in Figurc l. l(a)

is callod boson gluon fusion. VVhen a quark from ihc proton scattera with

the photon giviag rise to a quark jct, a gluon jct and a proton rcmnant jct

in thc final staic the procrss is callcd QCD compton scattcring (not shown).

Figurc l.l(b) ibows a higher ordcr proccss in which a gluon is cmittcd

from thc quark propagator of Figurc l.l(a). In ordcr for this proccsa to

bc rakulablc in pcrlurbativc QCD thc momcntum transfcr musi bc high at

cach vcrtcx. Thcn ihc eross scction is of ordcr ooj. Thai is, thia proccss

is supprcsscd by a factor of«, with rcspcct to thc Icading ordcr proccss of

Figurc l-l(a).

However, suppoac that thc momcntum transfcr at ihc photon quark vcrlcx

of Figurc l.i(b) is small, This proccss will not bc dircctly cakulablc in

pcrturbation thcory and yct wc know that thc cross section for such a low

QJ coupling will bc high. Thc factorization propcrty of QCD holds also

for photoproduction cvcnts. That is, whcn thc momcntum transfcr at thc

photon quark vcrtcx is small tho proccss of Figurc l . I (b) can bc calculatcd

acrordjng to thc Illustration in Figurc l.l(c). Thcrc is a hard subproccas

whirh ronsists of thc scattcring of a quark from thc photon with a gluon

from thc proton and tbc subproccsä cross scction is of ordcr <>?. Thc soft

pboton quark vcrtcx is deseribcd by a universal quark distribution function

of thc photon and thcrc is a photon rcmnant jct in tbc fmal statc. Such

proccssrs arc callcd LO ';rcsolvcdTI photon cwnts. Note in particular tbat

thc prcscncc of both a photon and a proton rcmnant jct in thcsc cvcnts

allows for thc possibility of a sccond intcraciion bctwccn thc constitucnts of
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thc photon and proton |i:j 17|.

As with ihr proton, thc parton distrihution funrtions of tlic photon may

bc dctcrmiucd by cxpcrimcnt at somc input scalc Q\d thcn ihcy arc

spccificd at all valucs of Q1 thron^h thc GLAP cvolution cquations (18 20).

In an altcrnatc approach, thc i structurc is dccomposcd into two componcnts.

Thc largc x, componcnt is dcscribcd by thc point-likc couplinj^ of thc •) to

a qq pair. Thc low x, romponcnt is dcacribod by thc fluctuation of thc "\o a vcctor mcson statc, with thc subscqucnt hard intcrariion involving a

partonic conatitucnt of this vcrtor mcson [21,2'-J]. Thc parton distributions of

ihc photon arc of ordcr rt/o, [23] and thcrcforcLO rcsolvcd photon pnxcsscs

arc of ordcr ein,. That is, LO rcsolvcd and LO dircct proccsscs arc of thc

samc ordcr. In faci.in thckincmaticrogimcof thc prescnt study, LO rcsolvrd

proccsscs dominatc (2I,25|.

Dircct and rcsolvcd photoproduction cvcnts arc distinguishcd by thc mo-

mcntum fraction of thc photon which is carricd by its parton into thc hard

intcraciion, i^. For LO dircct pvcnts JT, = l and for LO rcsolvcd cvcnts

x-, < 1. Howcvcr s-, is an cxpcnmcntally inacccssiblc quantity aa il is only

clcarly dcfincd al Icading ordcr. An important rcsult of ihc 1993 ZEUS hard

photoproduction aoalysis was ihc introduction of thc obscrvablc jr"0" whirh

is clcarly dcfincd to all Orders of pcrturbation thcory and which thcrcforc

may bc mcasurcd, and compared to thcorctical prcdtctions [26,27].

(1.2)

whcrc E-, is thc incidcnt photon cncrgy, fj.*' and ip"' arc thc transvcrsc

cncrgy and pscudorapidity rcspcctivcly of thc jcia and ihc sum runs ovcr thc

two jets of highcst encrgy. Rcplacing thc aum ovcr jcts by a sum ovcr thc

two hard partons rcduccs x%BS to thc Icading ordcr i, (scc Appendix A).

Thc ZEUS mcasurcment of x"fls using ihr 1993 dijct sample is shown1

t sup»rsrript OBS U briv
cd fot dftwtot *ff»tts.

by cal In «gnify that tht r»sull hif- not
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in Figurc 1.5 by black dots. A clcar two componcnt structurc consislinft of

Figure 1.5: Th* ZEUS 199J m*asur*m*iM of i*"'. Th* blaek Hot* show inKori*cl*d
ZEUS data. Tb* solid and dasb*d Im« show lie predidions of Iwo diff*rent Hont«
Cwlo Simulation r out in«. Th* LO dir*d coDtribution to tb* distribution »hown by th«
da*b*d lin*. H repK$#ntMt by ihr hasbxd hblogiam. Th* Monte Carlo curv*» bave b**n
normalii«d to fit tb* dit«t pufc in Ih* data.

a narrow pcak &t high j|,>ss and a wider pcak toward low valuca of i?BS

ia apparcm. Somc modcl prcdictions arc ovcrlaid. In partirular thc hashcd

bistogram sbows thc prcdictcd x"BS distributioo for LO dirccl cvcüts. Tbc

pcak at higb x°BS n clcarly assoriaicd with LO dircci proccsscs Icavini, thc

pcak at low z°Bf! to bc cxplaincd by LO rcsolvcd proccsscs. (Tbc failurc

of thc modcl prcdictions to rcproducc this pcak ia undcmaodablc givcn thc

lar^c unccrtaiaty in tbc parton diatributions of thc photon at low j,.)

1.4 Diffractive Scattering

Tbc word '•diffraction" was introduccd to high cncrgy physics to dcscribc

a phcnomcnon whicb was obscrvcd ia tbc cross scction for hadron-hadron

rlastic sfattrrin^. 1t was obscrvod that tbc cross scction diffcrcnlial in thc
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momcntum transfcr looks vcry similar to tbc pattcrn produccd in thc diffrac-

tivc scattcring of ligbl by a» oparjuc objcct. Today thc gtudy of diffractivc

proccsscs is much morc inclusivc. An incrcasin^ly acccptcd dcfinition of

diffractivc proccascs ig thc following [28],

A proccts i» diffraciwc i/ and only \ thcn ia a largc rapidity $ap

in thc prodaccd-particlc phasc npace which i» not crponcntially

whcrc a rapidity flap is a rapidity3 intcrval which contains no final statc

particlcs.

Hard diffractioo thcn refcrs to thosc diffractivc proccsscs which havc high

transvcrsc cncruy jcts in tbc final statc phasc spacc. Hard diffraction may

bc furtbcr distinguishcd [2tt].

/. Diffractivc hard proccsscs havc jcts on only onc sidc of thc

rapidity gap.

ä. ffara diffractivc proccsacs havc jcts on both sidcs of thc ra-

pidäy gap.

If wc dcfinc ( to bc thc momcntum transfcr across tbc cxchan^cd colour

singlct objcct thcn in hard diffractivc acattcrini; proccsscs jt[ corrcsponds to

thc cncr^y scalc Q1 of tbc bard scattcr, Howcvcr in diffractivc hard scattcring

thc mafinitudc of tbc invariant mass of thc cxchangcd colour sinket particlc,

|(j, is much smallcr than thc hard scalc, Q1, which comcs from thc cxchangcd

quark or Rluorj. These two complcmcntary kincmatic rcpmcs arc rcprcscntcd

in Fifturc 1.6. (A dctailcd prescntation of tbc kincmatics of bard diffractivc

scattcriDft may bc fouad in Appendix A.)

Diffractivc hard scattcrinft is bcinj cxtcnsivcly studtcd at HERA by both

thc ZEUS and Hl collaborations [29 33]. These cvcnts can bc intcrprctcd äs

^Rapidilv is approximated by pseudo rapidity. Pwudoripidity is g i v? n hy i; =
- In t«ii!/2 wbi-re 0 r*prc««nt( th* polar aogle witb r*$p*ct lo ihc proton dirrclbn.



U. WFf Ä.1CT/VE SCMTERIXG

-̂öCCq^

r -i

w (b)

Figurc 1.6: ID (a) a hard difftartive *catt»ring pmcess is *hown which ptow-^ds via
nchangr of a colour singM obj^ct. Ubtlled P. of virlualily f = -Q'J. Th*1 eompUm«ilary
dUTiaetiv* bald procKt is shown m(b) . Th« cotour singl«! objett. P.hasasmall virtuality
l. «hilf l h» hard «nrrgy *c*l« Q- tom« from Ih« viriualily of th* exchangrd gluon. j.

thc sratlcring of ibc iocoming posiiron or pboton from a colour-singlci objccl

cmitlcd by thc proion, which bas bccn callcd a pomcron. It is possiblo to

mcasurc tbc parton contrnt of this pomcron, analogously W thc mcasurcmcni

of tbc proton's parton conlcnl. Tbc pomcron is drawa in Figurc l.fi(b) äs a

dashcd linc. A quark from thc pomcron is sbown participating in thc hard

intcraction Icaving bchind a pomcron rcmnani jct. Noic that ibc sum of

all of thc momcntum fractions of thc partons in thc pomcron, Sf, is not

constraincd to cqual unity äs it is for thc proion.

Figurc 1.7 shows ihcrcsulw of a comparison of diffracti vc hard scattcrinjr,

in photoproduction and in dccp inclastic scatlcring (ötl|. cf rcprcscnis ihc

rclaiivc contribution of hard gluons io ihc pomcron. Thc two analyscs con-

slrain Er and c.y in diffcrcnt ways and thcrcforc thc combincd information

constrains cach of Sp and rf scparaicly. Thc data Jndicaic lhal bctwccn

30% and tW% of ibc momcniumof thc pomcron carricd by parions is duc to

bard gluons.

To und erstand thc signat urc for bard diffracti vc scattcrinjr, wc comparc thc

hadron radiation pattcrn in a colour non-sioglct cxchangc proccss shown in

Figurc l.ti(a), with ihc hadron radiation pattcrn in a colour singlct cxchangc
proccss shown in Figurc l.ö(b). In thc cxamplcof Figurc l.J*(a) a red «quark
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Fif>urc 1.7: Th* plan' of ih» vMiaM'-s Er (s«m of nmnwntaof paiton« in l h" ponn-m
and t, (relativ» eoalribuljon of bald glunns in t h» ponirrnn) Thc wilid Im' i; nhlatn
ftom a y'1 fit to Ih* inrlusivf j*t er"» wrlion of Monlr Carlo pr^dktions fnt thf ponic
il tut t uff. Tb« dashwl dotlfd lin^ shotv t h* eontttjünt iaiposed by t h* ni'isur»ni»Bt
Ih« diffractive struclur* funrlion in DIS,

from ihc photon scattcrs wilb a grccn d quark from tbc proton via cxchango

of an fg (or rg) gluon. Thc ccntrc of masa vicw of just ihc scattcring partons

is sbown bclow thc füll diagram. Thc highcst crosa scction ocrura for a

glancing collision, i.e. wbcn thc scattcring angle, i), ia small. Howcvcr noticc

that bccausc of tbc cxchangc of rolour via tbc di-colourcd gluon thc colour

chargc has actually bccn accrlcratcd throu^h ihc largc angle •*-•&. An

accclcratcd colour chargc will radiatc gluons tan^ctitially to its dircction of

travcl in thc samc «ay lhat ad accclcratcd clcctric chargc radiales pbotons.

Thus final statt parliclcs, thc fragmcntation products of this sofl radiation,

arc cxpcctcd tbroughout mosl of thc ccntral rapidity rcgion.

An cxamplc of a hard photoproduciion cvcnt which ia propagatcd by

a colour äinglct particlc is sbown in Figurc l.(J(b). Thc dashcd linc rould

rcprcscnt, for iiistanrc, a phoion. Again, ibc cross scciion is higbcst for Iow

valura of i?, bm in ihis casc thc colour sraiicring angle is «pial to i). Thus
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W (b)

Figurc l .jj; TWO «camp l« of th* colour flow in h»id pbotoproduclion *v*nts «l HERA.
In the top vi«w tbe füll $ch*DUtic diagram of tbe prowss u shown and in the botfonivfew
just ihr bald subprocess it shown, in it* c«ntre-of-mass frame. An «xampl« of a colour
non-singlet exch&ng« event K s ho« n in (a) and an exampk of » colour singl«t exchuige
event i« shown in (b).

thc brcmsstrablung gluori radiation from thc scattcrcd quarka is confincd to

thc narrow forward and rcar rapidity rcgions, and particic productioo in thc

ccntral rapidity rcgion bctwccn thc two quark jcis is supprcsacd.

Such aoft hadrou pbcnomcna arc gcncrally knowo aa colour cobcrcncc

phcnomcna [•!]. Il has bccn proposcd |3-i], for cxamplc, to usc tbc distinctivc

radiation pattcrn in colour singlct cxchangc cvcnts to «carch for Higgs boson

productioD via W+W~ fusion at thc futurc largc hadroo collidcr (thc LHC).

Howcvcr it has also bccn recognizcd (35) that a significant barkgrouod to thc

Higgs signal could comc from proccsscs involving ihc cxchangc of a strongly

iotcracting colour singlct objcct. For inataocc a simple calculation of two

gluon cichangc in a colour singlct statc yiclds a ratr of colour singlct cxchangc

prorcsscs of 10% with rcspcct to gluon cxchangc (-J-5).

Hard QCD colour sieglet cxchaugc proccsscs arc thcmsclvcs of grcat thc-

orctical intcrcst |28,35 10). For instancc it proccsscs whcrc thc final atatc
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partons arc produccd with a largc relative rapidity, thc BFKL rcsummatton

tcchniquc [36,37,11] may bc applicd. This amounts to a dcscriplion of thc

cxchangcd colour singlct objcct in tcrms of a laddcr of iotcracting gluons,

callcd thc BFKL pomcron. Howcvcr thc validity of ihc BFKL approarh has

not yct bccn clcarly csiabliahcd by cxpcrimcnt [12,13].

QCD colour singlct cxcbangc procccds at lowcst ordcr via cxchangc of

a compositc objcct. Tbus onc may rcasooably ask whcthcr gluon radiation

from thc constitucnts of thc colour sieglet objcct might dcstroy tbc rapidity

gap signaturc, A ncxt to Icading ordcr calculatioo has bccn mftdc of thc

radiation pattcrn of soft gluons in colour singlct cxchangc |ll]. It was found

that thc radiation pattcrn of soft gluona is supprcsscd in thc ccntral rapidity

rcgion for two gluon colour singlct cxchangc in thc aamc way äs it is for
photon cxchangc.

Thc pbasc spacc of thc final atatc particlcs may bc mcasurcd in tcrms of

thc "Icgo" variables of pacudorapidity, 17, and azimuthal angle, f. Figurc 1.9

ia an Illustration of thc lego spacc for a hard diffractivc scattcring cvcm

mcasurcd in thc ZEUS dctcctor. Thc black dots show thc final statc hadrons.

Thcrc arc two high transvcrsc cncrgy jcta which arc shown aa circlcs. Thc

y remnont p remnant

Figurc i.9: Thcsign»tur*of & hajd diffractiv» s«lt«ing tvent *t HERA.Tbr final state
ptf ticl«s are shown u black dots. Th* two high transv^rse «oergy j*ts a» dcawn äs cinrl«
of radius R. Thc p utd y rraioant j«t$ ocf upy tht region« of high i) and W ij n-spfflivi-ly.
Th* jets Hf back to batk in ̂  and «paralrf by a pseudorapklity iDlrrval üij, Th^w i?
a gap in thc hadron distribution which nccurs bctwin-n ihr two j*ts and hu a width of
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jcts liavr a conc radiiis of R = i/(^'/)3 + l^'r)1 < ' wlicrc ify (^->) is tlir

diffcrcncc in psrudorapidiiv (aziniuih) brtwccn a badron and thc rrnuc of

ihr jci ronc. (Jet finding will bc discussod in morc dctail in Appendix B.)

Thr jcts arc scparatrd by a pscudorapidity intcn-al Aiy and arc back to back

in tf>. Thcrc arc no hadrons produrr-rl bctwocn thc jci roncs in the rcgion

of width AI? - 2R labcllcd ''fcap". Thc proton rcmnant jct fragmcntation

products arc found at high t; and thc photon rcmnant jct is at low i?-

Thc signaturc of Figurc l.y is cxpcctcd to bc produrcd by clcctrowcak

cxchan^c cvcnta äs well äs by streng colour singlct cxchangc cvcats. In ad-

ditioo such cvcms can bc produccd in non-singlct cxchangc proccsscs duc to

multiplicity fluctuations. In ordcr to dislinguisb bctwccn thcsc contributions

an cxpcrimcmal obscrvablc has hccn d^fincH, callcd thc gap-fraction, /(Atj).

Thc ^ap-fraction is dcfincd äs thc ratio of thc dijct gap cross scction to

thc inclusivc dijcl cross scction,

The gap-fraction is cxpcclcd to cxhibit two componcnts of bchaviour duc to

thc two contributions to f^^,T,

at*r = a*™~"''^" + a*™£ ". (1.1)

It is cxpcctcd that for low valucs of Aij, ar^~'"'>lti will bc thc dominant

componcm of at,r duc to random fluctuations in multiplicity. This com-

poncnt would bc cxponcntially suppresscd äs AI; incrcascd. leading to thc

dominancc of thc ffJJJ*'" component at largc AJJ äs illustratrd schematirally

in Figurc 1.10.

Tbc heiß h t of thc platcau rcgion produccd by thc dominancc of ff™'1"

fan discriminatc bctwccn strong and clcctrowcak proccsscs sincc electrowcak

proccss only occur a fraction o*/°J "* 0-1% of thc time whilc Strang colour

singlct cxchangc could occur in äs many äs 10% of cvents (äs previously

mcnlioncd).

1-S CUAPTKR l.

colour
sin g l et

1.10: [ltutlr«tina of thr ^xp«l*d two ff>niponi«n( h.hsviour nf th» gap-frwtion.
Gap» producfd by multiplicity äucluattons in roloui noo-singM ^whinji' ev^nU giv
tis* In a gap-frvtino which is «xponentially suppt^srd äs AI; m<r»;i$*$. Thf gap-frwtinn
Mmpoo#nt du* to coloursinglft «chanj/ pioc«fe* do»s nnt hnvc ast

Both DO 115,-16) ^^ CDF [17| havc rcportcd thc rcsults of scarrhcs for

dijct cvcnts containin^ a rapidity ^ap bctwccn thc two hiebest transvrrsc

cncrRv jcts in pp collisions at ,/ii = l .(t TcV. Both collaborations scc an

cxcesa of gap cvcnts ovcr thc cxpcctatioos from eolour cxrhan^c proccsscs.

DO rcport an cxcessof l.07±0.10(j(«(.)l«:Ü(-«y^-)5i'. whcrcaa CDF mcasurc

thc fraction to bc 0,t*6' ± O.lüH. It is very intcrcstinü to comparc tlicsc

rcsults from a vastly diffcrcnt kincmatic rcgimc, with thoac of thc HERA

study. (This will bc discussod morc in Scct. 6.3.)

In tbis study wc havc mcasurcd thc gap-frartion for dijct photoproduc-

tion, cp -» t-ip -» f.V, whcrc .Y contains al Icast two Jets of final statc

hadrons3. The. two hifthcst iransvcrac cncrgy* jcts havc transvcrsc cncrgics

of Ff" ? 6 GcV and a relative pscudorapidity of Aij > 'l. Thcsc two jcts in

addition havc pscudorapiditjcs satisfyinj; ri1" < Ü.5 and thc avcragc pseudo-

rapidiiy of thc two jets satisfics |̂ | < 0.75. The gap-frartion is mcasurcd for

ip ccntrc-of-mass cncr^ies in tbc ränge 131 GcV < H'',, < 277 GcV, or cqijjv-

SU> u« th* gfattte ttim "hactrnns" lo refw In «II of Ih» final slat» puliclrs nttcpt
Ih* Sfaltsr«! pnsjtrnn,

1On* of Ibf Ihiwwlical pr^dictinns Tor Ih? gap fuiftioii |37] «sfs instrad th» t wo (»U
al high'ft sind !<iw«t p**udnrapidity. Thr unconnl^d gap-frarljnn with Ihif dcfioitinn i*
d^cus^d in Appendix C.
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alcntly for values of y in thc raiij«c 0.2 < y < 0.85. Thc photon virtualitics

satisfy P3 < t GcV2.

Gap cvcnts arc dcfincd äs having no final statc partklcs betwcen thc jct

concsofiransvcrsccDcrjryE'jV""1 > 300 McV. Thcparticlc transvcrsc cncr^y

thrcshold will bc convcnicnt cxperimcntally äs it makcs tbc dcfinition of a

^ap less sensitive to dctcotor noisc or incffidcncy. It also bas a thcorctical

Interpretation äs tbc scale bclow which soft ^luon radiation is allowcd into thc

Rap [36,37] and thc thcorctical advantajc that it tcnds to rcstrict to particlcs

with pscudorapidilics which arc closc to tbc truc rapiditics [18]. Thcrc arc

cven proposals 10 dcfinc #ip cvcnts at thc LHC usinfl a j« transvcrsc cncr^y

threshoUlof20GcV|19].

Chapter 2

Experimental Apparatus

Thc ZEUS dctoctor has bcrn uscd to study photoproduction cvcnts from r +p

collisions dclivcrod by thc HERA (hadron clcktron ring anläge) accolcrator

in 11W1. This cxpcrimcntal apparatus is dcacribcd in tbc foHowinj.

2.1 The HERA accelerator

HERj\s thc world's only positron proton collidcr (50 52]. It consists of

separate positron and proton accclcrators in a 6.3 km circumfcrcncc. Tbc

positron and proton beams can bc braucht into hcad-on collision at four
locations cvcoly spaccd around tbc HERA ring äs shown in Figure 2.1.

HERA waa dcsigncd to makc usc of thc machinc« which alrcady cxistcd

at DESY {Deutsches clcktroncn sjucbrotron). Positrons arc obtained from

a .500 McV linear accelerator (labclled f. on Figurc 2.1) and injcctcd into

a small Synchrotron. Thcrc tbey arc accclcratcd to 7 GcV and injcctrd

into PETRj\ PETRA accclcratcs thc positrons to 11 GcV bcforc thcy arr

injcctcd into HERJ\ Thcn thcy arc accclcratcd to 27.5 GcV. Thc protons are

obtained from a 50 McV H' linear accclcrator. Tbc H~ ions arc stripped of

tbeir clectrons wbcn injectcd into the small proton Synchrotron. Thcrc thc

protons arc accclcratcd to 7.5 GeV for injortion into PETRA. Thc HERA

injeciion encruy for protons is 10 GcV and HERj\s thc protons to

20
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Fipirc2.1: Ti* Ijyoulof t h* HERA uccleutor compltx. (bowing thepand e* lina
Ih« sfqi*nee of preftceeleriton, ud t h« HERA ring, with (h* tmu expfrimenfal h&lk.

820 GcV.

Thc dcsign instanuincous luminosiiy for HERA is 1.6 • 1031 cm"1 a'1.

Thc avcragc luminosity acnicvcd in 1991 was muchlowcr, 2.3-1030 cm~*s"',
whilc still cofutituting an improvcracm ovcr thc 1993 valuc, 1-1030 cm"19"'.

Thc lumiuosity is limitcd by thc c+ and p bunch oirrcnts. In fact, HERA

orixinally auppticd an clcriron bcam ratbcr than a poaitron bcam but carly

in lyyi it was discovcrcd that thc clcctron currcnl was limitrd by clcctron

intcractions with ionized dusi in tbc impcrfcct vacuum of thc bcam pipc.
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Thcrcfor^ it was dccidcrl 10 switrh to posilron Operation.

In tlWi HERA providcd ^20 GcV protons and 27.5 GcV posiirons cotlid-

ing in 153 bunchcs. 15 unpaired positron bunchcs and 17 unpairrd proton

buncbcs wcrc also rirculatcd. These allow monitorinf; of background froni

bcam-gas intcractions. In addition 21 cmpty bunchcs wcrc uscd to monitor

contamioation from cosmic ray intcractions.

2.2 The ZEUS detector

Thc ZEUS dctcctor occupics tbc aouth ball shown in Fi^urc 2.1. Thc layout

of the ZEUS dctcctor \a shown in Figurc 2.2. Thc priraary componcnts used

in this analysis arc thc forward, barrcl and rcar calorinictcrs (FCAL, BCAL

and RCAL), thc ccnlral trackin^ dctcctor (CTD) and ihc vcricx dctertor

(VXD). In addition tbc luminosity monitor (LUMI) was uscd. Thrcc minor

componcats, ihc C-5 countcr, thc vctowall and thc small an^lc rcar tracking

dctcctor (SRTD), arc uscd in thc cvcnt sclcction. These componcnta arc

dcacribcd in thc followinj-, Furthcr dctails about thcsc and thc oihcr com-

poncnts of thc ZEUS dctcctor may bc obtaincd clscwhcrc [M]. In tbc ZEUS

coordinatc syatcm thc nominal intcraction point ia at (x,y,:) = (0,0,0) and

thc positive z axis pointa in thc dircction of thc proton bcam, i.e. towards

FCAL.

2.2.1 The Calorimeter

Thc study of proccsscs involvinR thc formation of hi^h transverac cnrr^y jcts

in thc final statc rclics primär i ly upon ihc signals produccd in tbc calorimctcr.

Thc cascntial functioo of a calorimetcr is to absorb an incident pariMe and

to eonvcrt its cncr^y JQto a mcasurablc quantity auch äs clcctric charge |5l).

Calorimctcra mcasurc thc cncr^ics and positiona of both rhargcd and neutral

particlcs with a fast timc rcsponac and an cncrgy rcsolutJon which improves
with cncrgy.
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Figurc 'L'l: Tb* eanpoDtnti of th« ZEUS det«tor. showing in p»lkul» tb* wrt«
oVttclor (VXD) nut to t h* bMLin pip«. Ihr «eolrd tru-kiog dH«tof (CTD) whkh tur-
rouods th' VXD ind is «ncw*d in a «okttoktal niign't (SOLENOID) «bkh provides •
143 T magnrtk firld. Surroundiog th* CTD are t h« foiward. hunl and r«-»f cklofinivter*
(FCAL. BCAL ud RCAL mpe

For instance, an cncrgctic clcctron impinging upoo a block of dcnsc matc-

rial will radiale photons in a brcmsstrahlung proccss in thc clcctromagnctic

ficld of ihr atomic clcrtrons and nuclci, The radiatcd f'a will in turn pair

producc r+'s and <;~'9 wbirb will radiale morc i's aod so an clcctromag-

nctic '-sbowcr" is dcvrlopcd. Thc cbaracteristic dislanrc of this abowcr is

ihc radiation IcnRlh, ,¥o, ovcr which aa clcclron's cnerR>- drops by a faetor
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of l/c. Whcn the cncrj^y of tho showcr particlea bccomca too Iow for ihc

brcmsstrahlung and pair produclion proccascs, tbe rcmainin^ encr^y is lost

primarily through ionization and compton scattcriog. An clcctroma^nctic

sbower characteriscs tbc rcsponsc of thc calorimetcr to inddcnl t'a, c~'a and

r+'s and also to incidcnt JT°'S (wbicb convcrt quickly to f •>), It is tbc chargcd
particlcs produccd in thc clcctromagnctic showcr which ultimaicly givc risc

to thc signal mcasured by ihc calorimetcr.

Thc proccss of particlc absorption procccds quitc diffcrcntly for hadrona.

These intcract with thc nuclci of thc absorbcr to producc morc hadrona or

inducc a nuclcar dccay. Thc produccd hadrons intcract furthcr with nuclci

and thus a badronic sbower is dcvclopcd. Somc fraction of ihc timc a T°

will bc produccd which will pvc risc to an clcclromapictic ahowcr compo-

ncni. One major diffcrcoce bctwcen hadronic and clcctromagnclic shower

dcvclopmcnl is thai somc cncrgy may bc lost in a hadronic sbower to nuclcar

binding cncrgy. Thus thc r&tio of thc clcctron signal to thc hadron signal,

r/A is gcncrally grcatcr than onc.

Il is casy 10 i marine difBcukics whkh ran arisc with an Instrument lhat

bas c/h > 1. For inatancc, sclccting cvcnts according to tbc cncrgy de-

positcd by an incidcnt hadron would introducc a bias toward hadron showcrs
wbich produccd a r" carly in ibcir dcvclopmcnl and thus bad a largc c|cc-

tromagnctic componcnt. A aampling calorimetcr has diffcrcat absorbin^ and

activc matcrials. Using a sampling calorimetcr and varyin£ thc relative vol-

umc of absorbing and activc matcrials it ia possiblc to makc a compcnsatiog

calorimetcr wbich bas c./h = 1.

Thc ZEUS calorimetcr (55 -W] is a samplingcalorimctcr which usca platcs
of dcpictcd uranium aa thc absorbing matcrial iotcrlcavcd with SCSX-SÖscin-

tillator tilcs äs tbc activc matcrial in laycrs of about 8 mm total ihickncsa (or

l,Yo). It is longitudipally scgmcntcd into an clcciroma^nrüc scction (EMC)

followcd by two badronic scciions (HAC) in thc forward and barrcl rcgiona or

onc hadronic scetioo in tbc rcar rcgion. Tbe total dcpth ia 1.52 m in FCAL,
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LOS m in BCAL and 0.9 m in RCAL. Typieal lateral EMC ccll dimensions

ränge from 5 x 20 cm3 in thr for ward dircction to 10 x 20 cm1 in ihc rear

dirretion. Thc typical lateral HAC cell dimcnsion is 20 x 20 cm3. Thc scintil-

lation light is collmcd by wavclength stiifting platcs and transmUtcd by total

intrrnal rcflcction onto a light guidc which dirocts it into a photomultjplicr
tube.

Compcnsation is achicved at thc levcl r/A = l .00 ± 0.02 over thc cncrgy

ränge of 2 to 100 GcV. Thc dcpth cnsurcs Containment in cxccsa of i)5%

for 90% of thc particle jcts in all parts of thc calorimctcr. Thc calorimetcr

covcrs 99.7% of thc total solid angle. Thc pscudorapidity covcragc by FCAL,

BCAL and RCAL ia t.3 > t? > 1.1, l.l > tj > -0.75 and -0.75 > tj > -3.8

rcspcctively. Tbc calorimctcr cncrgy resolution achievcd in tcsl bcams, in

tcrmsof tbc cnergy E in GcV, is<?E/E = ItfSfc/x/Tforclcctrons. Forhadrons

of encrgy abovc 10 GcV thc coergy rcsolution is uE/E - 35%/\/E. h

improvcs to ag/E = 26%/v/l? for hadrons of energy 0.5 GcV. Thc timing

rcsolution of a calorimctcr ccll is bcttcr than' o\ l .5/y£ & 0.5 ns.

2.2.2 Cbarged Particle Detection

Tbc firsl ZEUS componcnt cncountercd by charged particlea Icaving thc in-

tcraction rcgjon Ja thc VXD [50], a cylindrical drift chambcr wbich consisla

of 120 radial cclla, cach with 12 acnsc wircs. Surroundtng thc VXD ia tbc

CTD (60) wbich consists of 72 cylindrical drift cbambor laycrs, organizcd into

nine "supcrlaycra71. Fivc of thcsc superlaycrs havc wircs parallel to thc bcam
axis and four havc wircs inclincd at a amall angle to provtdc a atcrco vicw.

Thc trackin g chambcra arc fillcd with gas mixturcs whicb arc ionizcd by tbc

cbargcd particlc äs it passes tbrough. Thc ionization clcctrons drift in thc

clcctric ficlda of thc cclls and thcavalanchc of ionization which occura ncar thc

sensc wires causcs an clectric pulse whicb rcgistcrs that tbc wirc has bccn hit.

Thc pattern of hita and thc associatcd drift timca arc thcn uacd to rcconstruct

synibol -̂  is uf addilion in quadratur«.
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tbc path travcrsrd by thc char^M particle. Thc chargcd partirle expcrieurrs

a transvcrsc forcc duc to a l.l'i T soleuoidal magnctic ficld whirh rauses it

to rurvc and allows its monicntuni to bc rcconstructcd. Thr rrsoluiion in

transvcrsc momcntum for füll Icn^th tracks is TPr/pr = 0.005/>r •!> 0.016 (for

pr in GcV). For cvcnts wilh scvcral char^cd trarks the intcraction vertex

may bc mcasured witb a rcaolution along (transversc to) thc bcam direction

of 0.1 (0.1) cm.

2.2.3 Luininosity Measuremeiit

Thc luminosity, £, ia dctcrmiocd by mcasurin^ the rate. R, of the brcms-

strahluog process, c+p -» <+-)p. Thc brcmsstrablung cvcnts arc dctectcd by

tagjnnx of thc oui^oinR pbotoo in a Icad-scintillator calorimctcr [6l] whirh

is installcd at a distancc of 101 m from thc nominal intcraction point in thc

posttroD bcam dircction. Thc acccptaocc of tbis detcctor AU-MI may ^°

dctcrmincd by Monte Carlo mcthods and brcmsstrahlunf; bas a tcoown cross

acction, ffg. Thua £ raay bc simply calculatcd from3 C = R/(Au'Mi •$ TB)-

In addition thcrc is an clcctroo Icad-scintillator calorimctcr [61 1 situated

at 35 m from thc nominal intcraction point. This is uscd in thc calibration of
thc i calorimctcr and also to tag a subsamplc of thc photoproduction cvcnts

whcrc thc poaitron is tcattcrcd througb an angle of Icsa than 6 mrad.

2.2.4 Background Veto

Two auxiliary dctcctors arc installcd just upstrcam (with rcspcct 10 thc pro-

ton bcam) of thc main detcctor which arc vcry uscful in vctoing background

intcractions. Thc C5 bcam monitor ia a amall lead-scintillator countcr in-

stalled 3.2 m from thc nominal intet artion point (i.e. just bcbind the RCAL).

It is uscd to dctrct upstrcam proton bcam intcractions and to mcasurc thc

timing of thc proton and positron bunchcs. Thc vetowall dctcctor consists of

tnomtott..
symbnl >*•> is uwd to indkal* a convolulion m-fi tbe relevant rang' of •> f«ur
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i»o laycrs of scintillator 011 cithrr sidc of an $7 cm thick iron wall 7.3 m from

thc nominal intcraction point. It absorb* most bcam halo partklcs accom-

panying thc proton bunchcs, and providcs trijy-cr vcto informatioo for thosc

which pass through- Thc SRTD is a sct of scintillator atrip planes attarhcd

to thc front facc of thc RCAL. Its primary purpoac is to improvc thc dctcc-

tion of positrons scattcrcd closc to thc posilron bcam dircctton. Howcvor for

this analyais it was uacd to improvc thc rcjcction of upstrcam proton bcam

intcractions bascd on timinj;.

Chapter 3

Data Selection

An cxamptc of & dijct pbotoproduction cvcnt rcgistcrcd in ihc ZEl'S dctcctor

is shown in Fipirc 3.1. Hcrc thc cncr^y and position mcosurcmcnts of thc

FiRurc 3.1: A dyrt pbotoproduction ÜVMH äs »tu by (hf ZEUS drtwtor. Tb* \efl sid»
show* Ibe n vww of (h* tecoDsttuctml tiacks and t he »oergy depwits in Ib* calnnrnrirr.
Thf upper rigbt view tbows th* tattgy deposits in Ihr ci&tinwtn in tb* ij.^ phn» and
lb' loww right pitlure show» t h» rg vi»w of ib* rmroosttncli-d Irafts,



caliirimoior and rentral trackiiiR dotoctor for a single cvctn arc displayrd in

threc difforcnt vicws.

Tho upper right vicw shows thctransvcrseonorgydeposiis in ihcralorime-

icr, according to thojr position in ij,<p spaco. U is thc cxpcrimcntalists vicw

of thc schematic Icgo signaturc for hard diffractivc scaitcring sbown in Fig-

urc 1.9. Thcrc arc iwo well collimatcd jcts in thc Icgo plot, of Ef' ~ 5 GcV

at rf'' ~ -1.5 and t/*** ~ 2.5 and back to bark in f.

Thc rr vicw is shown oo thc Icft sidc. Thc shadcd area in caeh CAL ccll

is proportional to thc cncrgy dcpositcd in thc ccll. Thc bit wircs of thc CTD

arc shown wilh thc iracks which havc bccn rcconstructcd from thcm. Thcrc

arc largc cncrgy dcposits in tbc forward and rcar calorimclcr scclions which

arc associatcd with thc jcts. Thcrc is a well dcfmcd vcrtcx of tracks clcac

to thc nominal inicrscction poini. Scvcral tracks point from thc vcrtcx to

cacb jci. Thcrc is also a largc encrgy dcpoeit around thc forward bcam pipc,

associatcd with thc protoo rcmnant jct. Ncar thc rcar bcam pipc is a small

dcpoeit which can bc associatcd witb ihc phoion rcmnani.

Thc xy vicw of thc cvcnt is sbown in thc lowcr righl pieiurc. One can scc

ibc back to back spray of chargcd particlcs associatcd with thc two jcts, and

thc good rcscJutioa in thc ty position of thc vcrtcx.

Wc makc usc of thc propcrtica of hijjh transvcrsc cncr^v' in thc calorimclcr,

a well dcfincd vcrtcx and scvcral tracks in thc CTD in ordcr to sclcct a

sample of dijct photoproduction cvcnts. In addition to kccpini; ihc hard

photoproduction cvcnts of intcrcst our sclcction critcria must rcjoct tbc lar^e

backßrounds duc to iolcractions of thc pro ton bcam with thc bcam gas (p

bcam ffa intcractious), collisions bctwccn thc proton bcam and thc bcam

wall (bcam scraping), bcam halo particlcs and cosmic ray cvcnts.

CH.WIER 'i.

3.1 Online Triggers

Thc mosl difficull background comes from tho p boam gas intcractions which

orrur at a rate of about 50 kHz whilc thc rate at which ZEUS can wriic

cvenls to tapc is a fcw Hz. Tho bunch rrossing timc of 96 ns (or rate of

10 MHz) poscs additional proMcms in ihat no component is ablc to rcad

oui ils data and providc a trigger dccision in such a short timo. Tho ZEUS

solulion is a dcadtimcless thrcc-lcvcl pipclinod iriggcr systcm (W).

For cvcry bunch crossing all data arc storcd in a pipcline clockcd at % ns.

Thc Job of tbc first Icvcl iriggcr (FLT) is to rcducc this 10 MHz rate io an

Output rate of l kHz, taking no morc than 16 bunch crossings io makc its

dccision on cach cvcnt. Tbc ralorimctcr is ablc to providc global cncrgy sums

witbin a fcw fia of thc bunch crossing. Thc calorimctcr informalion used at

ihc FLT for ibis analysis ja itcmizcd in tbc following.

~ is thc sum of all cncrgics of all EMC cctls.

r is thc sum of all cncrgics of all BCAL EMC cclls.

• Ej:LT is ihc sum of ihc magnitudcs of all ccll transvcrsc cncrgics (using

ihc nominal vcrtcx position to obtain tbc ccll angle).

• EFLT is ihc summcd cncrgy of all cclls, and

Mc is ihc sum of all cncrgics of all RCAL EMC cclls.

Wc rcquirc a largc cncrgy dcposil in tbc calorimctcr ai ihc FLT- That is,

(Effif, > 10 GcV or ££H/<; > 3.1 GcV or E$LT > 12 GcV or EFLT >

15 GcV or £^3wc > '* GcV) Thc CTD is ablc to providc prcliminary track-

ing informatioD io thc FLT and wc havc rcquircd at Icasl onc track pointing

toward thc nominal vcriex. Fioally wc bavc used liming information from

thc vetowall, thc C5 countcr and ihc SRTD, at ihc FLT, to rcjcct p bcam

gas and bcam scrapiag cvcnts which occur upstrcam of thc dctcctor, and io

rcjoct triggors duc io bcam halo particlcs.
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At ihc sccond lovel trij^cr (SLT) ihc füll data for tbc cvcnt is availablc

and thc rate mim bc rcdurcd from l kHz to 100 Hz. Thc calorimetric cnergy

sums uscd arc,

• E, thc total cncrgy of all calorimctcr cclls,

• Fr, thc sum of tbc magnitudcs of thc transvcrsc cncrgics of all calorimc-

ter tc(\s,

• E™, thc sum of thc ma|raitudcs of thc transversc cncrjics of thc

calorimctcr cdls adjaccnt to tbc FCAL bcam pipc, and

• p,, tbc summcd longiludinal cncrgics of all cclls.

Vcrtcx Information was not availablc at tbc SLT in 1991 so ET, E%B and

p, wcrc calculatcd asauming thc nominal intcraction point. Wc requircd

ET — ETB > S GcV in ordcr to sclcct high transvcwc cncrgy cvents (whcrc

thc high transvcnc cncrgy is not cntircly duc to thc proton rcmnant). p
bcam Ras cvcnt* arc cnormously boostcd in thc p dircction and arc thcrcforc

charactcrizcd by p, ~ E. Wc bavc requircd E - p, > 8 GcV and (E - p, >

12 GcV or p,/E < 0.95) in ordcr to supprcss p bcam Ras cvents.

Thc third Icvcl tri/y(cr (TLT) rcduccs thc cvcnt rate from 100 Hz to

about 9 Hz. Tbc data arc proccsscd through thc offline roconstruction codc-

Detailcd iterative algorithms may bc applicd to pcrform an online analysis

of thc data. Wc havc rcquircd a good rcconstructcd vcrtcx at tbc TLT Icvcl.

Wc bavc also run a jct finding algorithm at thc TLT. (Furtbcr dctails may bc

found iü Appendix B.) Wc thcn rcquirc tbat two or morc jcts bc found with

((E? > l GcV and 2.0 < f« < '2.5) or (E? > 3.5 GcV and ij>" < 2.0)).
Thc calorimctcr timing mcasurcmcnts providc crucial information for für-

thcr background rcjcction at thc SLT and TLT Icvels. Thc diffcrcncc bctwccn
ihc avcragc time of cncrgy dcposits in tbc uppcr half of ihc BCAL and thc

avrragc timc of cncrgy dcposits in ihc lowcr half of thc BCAL is uscd to rcjcct

cosmic ray cvents at thc SLT and TLT. Thc avcrage timc of FCAL encrp
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elcposits, tfrAi, and thc avcragc timc of RCAL cncr^j' dcposits, tn,.AL arc

used to rcjcct p bcam Ras. These distributions arc shown in Figurc :j.2 for

a clcan sample of dijct cvents1. Thc FCAL and RCAL timinfl distributions
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Fijpire 3.2: Th* distiibulion of l h* »vfr&g* lim* of FCAL enrigy dtpasiu i» shoivn in
(a) ind t h« diiltibutioo of (h* »verag« linie of RCAL *n*fgj d«po*its is thovra io (b).

arc narrowly distributcd about tbc nominal value. In contraat, p bcam gas

cvents whifb occur upstrcam of thc main dctcctor jrjve risc to RCAL times

°f tacAL -- 10 os. These cvents arc rcjcctcd with thc cuts, IIKAL > -6 ns

and tfCAL — IRCAL > 6 ns. These cuts arc clearly safc for ihc hard photo-
production cvents äs sfaown by Figurc 3-2.

In faci tbc timinf; rcsolution ia somcwbat bcttcr than that sujy^csicd by

Fipirc 3.2. Thc tails of thc IFCAL distribution arc duc to r. +p intcractions

with a vcrtcx z position away from tbc nominal intcraction point. Figurc 3.3

show« tbc IFCAL ™ 2 distribution for ihc clcan sample of dijci cvcnis. f.+p

coUisions at positive z arrive carly at ihc FCAL giving risc lo negative f FCAL
Signals and vice vcraa.

In addition thcrc arc global vctocs at thc SLT and TLT to rcjcct rvents

wbich arc triRRcrcd by a pbotomultiplicr tubc spark cvcnw bascd on thc

numbcr of hit cclls and on the imbalancc of encrgy read out from ihc two

'Th* l»b*l N oo t h« jud* ft*K tft Ihr numbeT of »vrois p« bin.
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Figurc 3.3: Theav«i»ge t im* oft h* FCAL entigv d#posit* versus th* *- Position of t he
wrtex u drlcrmioMl by the tiwking

photomulliplicr tubcs of a ccll. Thc eharacteristic pattcrn of hit cclls for

costnic muons and for muons which travcl in thc p bcam halo ig uscd to

rejcct tbcsc backgrouads at tbc SLT and TLT Icvcls.

3.2 Offline Selection

Wc find jcu offline from thc calorimctcr ccll cncrgics and anglcs using a

ronc jct Unding algorithm (dcacribcd in dctail in Appendix B). Wc rcquirc

lhat thcrc bc at Icast two Jets and that thc two hiebest transvcrsc cncrgy

jcls salisfy» ££" > 5 GcV, 17*" < 2.5, |vl < 0.75 and AI? > 2. Tbc cut
t)'" < 2.5 is DCccssary to sclcct jcts which lic cntircly within thc acccptancc

of thc calorimctcr. Thc avcragc jct pscudorapidity, |ij|, is to leading ordcr

thc boost of tbc hard aubsystcm. Thc rcstriction \ij\ 0.75 sciccta cvcnts

whcrc at Icast onc of tbc jcts gocs in thc rcar dircction. Thc online triggers

arc morc cfficicnt for thesc cvcnts. In addition it sciccta cvcnta whcrc a largo

fraction of thc photon's cncrgy participates in thc hard iotcraction. {Thc

"Th* reftdn may nolice (bat >h* £f" (hroshold uwd in th* offlip* wlection '» lowrr
IhM thr £J." thrwhold of th«m*Mur»dcn?*s »*rtioos M dcrailrd in Swt. 1.4. Tbltisdu*
to th* ££" r#tolntkin »nd will bf diicussed in Sect. 4.3.
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mran valuc of .r''81" is 0.7, This is disrusscd furlhcr in Seri. 6.3.) These

cvcnts arc brttrr simulatcd by ihr Monte Carlo gcncratora brrausc liiere

is less uncertainty in t ho phoion parton distribution function and bccausc

tbcrc is a lowrr likclihood of a sccondary intcraction taking plarc bctwccn

the photon and proton fonstitucnts. Wc arc not intcrcstccl in cvcnls whcrc

thc jct cones arc ovcrlapping in tj and that is thc reason for the cut Aij > '2.

Additional offline clcaning crjteria arc applicd to further suppress p bcam

gas and cosmic ray cvcnts. Thcrc arc also now considcrablc backgrounds

from non-photoproduction c+p collisioas wbich musl bc supprcsscd.

Thc following figurcs show thc cffccts of cach succcssivc clcaning cut on

thc sclcctcd dijct evcnt sample (dashcd line) whcrc thc cut valuc is show n äs

a vcrtical linc. As an illustration of thc background to bc rcjccted thc solid

linc sbows a loosc dijct sample (££' > •! GeV). Thc dottcd linc shows thc
subsamplc of thc aclectcd dijet sample which has an cncrgy deposit in the r.+

LUMI calorimctcr of morc than 5 GcV (and no corresponding cncrgy deposit

in tbc 7 LUMI calorimctcr). This sample has vcry low backgrounds.

Two important cuts arc based on mcasurcmcdts of the dimcnsionlcsa y

variable (acc Appendix A) whirh in photoproduction cvcnts is cquivalcnt

to thc momcntum fraction of the positron which is carricd by thc photon.

Onc catimatc of y, yjs [62], is based ÖD thc hadronic cncrgy dcposits in thc

calorimctcr. yja = (E - pt)/('2Ef), wbcrc E ia tbc summcd cncrgics of all

calorimctcr cclls, p, is thc summcd longitudinal cncrgics of all calorimctcr

cctls and E, is thc incidcnt poaitron cncrgy, 27.5 GcV. Thc yja distribution
is ahown in Figurc 3.1(a). Clcarly, a fully hermctic calorimctcr will always

havc yjs — l and in fact in DIS cvcnts whcrc thc acaltered e+ is scattcrcd

at a l arge angle and containcd in thc calorimctcr, yja ~ l- Thc contribution

of DIS cvcnts can bc sccn äs a pcak to high valucs of yjB in Figurc 3. l(a).

Wc rcjcct this DIS background with thc rcquircment yjg < 0.7. Rccall tbat

thc requircment E - p, > 8 GeV bas bccn madc at thc SLT. Thercforc the

allowed yj& ränge is given by 0.15 < yjB < 0.7.
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fpirc 3.1: Distribution of th* v estinufors. Th* *olid line (hows & In«* «ample of
dijet «vents. Tb« dathed lin« ihowt the umpl« of dijet eventt which will be used in thi*
analysit and th« dotted hn* *hows a elean sampl* of pbotoproduttion event* wh*i* lb*
scaltettd ** » meMuied in tb* t* LUMI deteelor. MB- whkh is *stim»led nsing th«
hadtonic *n*rgy depotils in IDF raloriineteiT u ibown in (a) and y,. whkh » *$timal«<l
u sing fh* *nergy deposits of a sc»ttfr*d «+ rutdidal«r » shown in (b).

Somc cvcnts rcmain which havc a scattcrcd c+ candidate mcasured in

thc calorimctcr. For thesc cvcnu y can bc mcasured using y, = l — £^(1 -

cos ffr)/('2Et) whcrc E't and fft arc thc cnerf^y and an^le of thc scattcrcd c.+

candidate, rcspcctjvcly. Thc y, distribution is shown in Figurc 3.'l(b). Thc

LUMI ta^cd pbotoprodurtton cvcnts bavc bi^h valucs of yr (dotted linc).

These arc duc to clcctroma^nctic showcrs from *a and 1; mcaons, Low valucs

of y, arc duc to DIS cvcnts (63). Thcrcforc, for thosc cvcnts which havc a

scattcred r+ candidatc, wc makc tbc cut yt > 0.7.

Rcconstructcd track dislributions arc uscd to furthcr supprcas p bcam

gas and coamic ray contamination. Fijr^irc 3-o(a) sbows the distribution of

At^i,«.*, thc number of traeks whicb intcrscct tbc bcam axis at r < -75 cm.

p bcam gas evcnts havc hifih valucs of .V^j „ar* and thc p bcam gas contribu-

tion to thc loose dijct sample is clcarly apparcnt in Figure 3.5(a). Wc havc

madc ehe rcquirernont XMttaci, < 3 in ordcr to supprcs« bcam f,aä cvcnts.

Cosmic ray cvcnts lenH to givc risc to cxactly two reconstructcd tracks

CHAFTER 3. D-VT, l SELECTION

Figurc 3.5: Tratting tut* to suppros b^ani-fn* and cosmk contatnination, Thp solid
lin* thowi « loose Mmpl« of dijet ev*öts. Th* duhrd line show* the unipt* of dij^t
i-vents which will b* used in t bis anaiysis and the dottfd lin« thow* & cl*an s&mpl« of
photoproductioo «r«nt* wh*r« th* s«attfr*d <+ K nwwured in Ih* ** LUMI d*t«ftot.
Tb* distribution of th« number of tracks which point to » v«rtex in th* ttu it shown (a).
The distribution of th* opening angle bi-twwn th« two dick* for fvnts which h&v« ooly
(wo tiafki U showo ia (b).

whicb arc back to baek. Tbc opcning angle bctwcen thc two tracks, tf'"™1""'*

satisficscostf**"""* ~ -1. Figurc3.5(b) sbows thc distribution of cos tf'«"*™«

Wc havc madc tbc requircmcnt eos i?'1""""* > -0.9% in ordcr to rcjccl cos-
mic ray cvcnts.

Tbc z distribution of tbc rcconstructed vcrtex is shown in Figurc 3.6(a).

Wc havc sclcctcd thc cvcnts with -50 cm< z <50 cm which arc within thc dc-

tcctor acccptancc. Tbis cut also rcjccts somc non-r+p collision backftrounds.

Thc last aignificant background which rcmains in thc sample is duc to

chargcd currcnt cvcnts. In thesc cvcnts thc final statc hadroos arc balanccd

in transvcrsc momentum by an outgoint, ncutrino. Thc ncutrino cscapcs
undctcctcd and so thc cncrgj- dcposils in thc calorimctcr cxhibit a largc

momentum imbalancc, \pr\. Of coursc, photoproduction cvcnts with largc

transvcrsc cnergy jcta in thc final statc could also bavc a largc valuc of |p^-|

duc to statistical flucluations. Thercforc thc relative missing transvrrsc mo-

mcntum, \PT\/'/ET, is uscd to rejcct chargcd currcnt cvcntg. Fignre 3.6(b)
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Fifturc 3.6: Th« diilribulioD nf t h» i-position of Ih* reconstrucW v«t»x is showo in
(«). Tb* dvtribution of the wialiw misting Iranswrs« momeotum in t he calorimtter.
\PT\I 'JEj. u ihown in (b). Tbr solid lin« shows & loot* s*mpl* of dij*t evtnt*. The
dmhrd MIM sbows tb.« simpl* of dij«l fvcnls nhich will b« uscd in lhi$ &n&lytis and th«
dolt^d ÜB* thows a rlfin »vnpl« nf photoproduclion 'v^ntt wb^ir lh# <*-Ut»r<d e* K
mettutfd in Ih« e* LVMI detMtor.

r < 2 GcVl/J has bccnshows thc dismbuiioDof IjjJ-l/vTr.

applicd to rcjcct thc charftcd currcot cvcnta.

Thc last stcp which must bc takcn to dcfinc thc sample of cvcnta for thc

study is to mcasurc thc particlc multiplicity io ordcr to sclcct )(ap cvcnts.

Thc particlc multiplicity is dctermincd hy p-oupiof; calorimctcr cclls into

[61], This is donc by assi^niog to cvcry ccll a pointcr to ita highcst

ncJRhbour. A ccll which bas no higbcst cncrj^v nci^hbour is a local

maximum. An Island is formcd for fach local maximum which inchdcs all

of ihc cclls that poini to it. Tbc cvcnts with no islands of transvcrsc cncrgy

£$'"'•* > 250 McV, and pscudorapidity, i}"1""1, bctwccn thc cdgcs of thc jct

concs (äs dcfiocd by thc conc radius R) arc callrd f>ap cvcnts.

From 2.6 pb"1 of r+p collisions dclivcrcd by HERA in iiRH the numbcr

of cvcnts rcmaininj; in tbc data aftcr this sclcrtion is (*3y3. Thc non-r*p

rollision hackground was cstimatcd using ihc numbcr of cvcnts associatcd

witb uapaircd bunch crossings. Thc p bcam gas barkground was found to
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bc Icss i h an 01%. Thc rosmir ray rontainination is rsiimaicd to bc abont

0.1%. Thc 13 fl.ip cvcnts wliidi havc Af > 3.5 wcir also srantnxl vjsually

to scarrh for roiHamination from cvcnts whcrc thc cncrgy dcposits of thc

scattcrcd positron or a hard final slatc photon mij;hi mimir a jct. .No such

cvcnts wcrc found.



Chapter 4

Data Simulation and
Description

Iu tbia chaptcr a dcscription is providcd of bow thc Monte Carlo cvcnt sam-

plcs arc obtaiocd. Thcn thc gcncral charactcristics of thc Monte Carlo cvcnts

arc comparcd with thosc of thc ZEUS data.

4.1 The Monte Carlo Event Samples

VVhcn onc cbooaca a random numbcr n, which lies bctwccn say l aod m, ac-

cording to a probability distribution P(n) onc csscntially tbrowa a wciflhwd,

m-sidcd, die. For this rcason, Computer programs which rcly on random

numbcr gcncration bavc comc to bc known äs Monte Carlo propams. In

ordcr to simulatc high cncrgy physics data thcsc dicc must bc thrown many
timcs in many subroutincs but it is possiblc to group thcsc routincs into two

main programs: thc cvcnt gcncrator, and tbc dctcctor Simulator.

4.1.1 Event Generation

As shown in Figurcs l.l(a) and (c) hard photoproduclion in tbc LO QCD

picturc has cxactly two hard partona in thc final statc. Howcvcr wc know

that gluons arc radiatcd from thc quark and gluon UDOS and that in addition

39
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photon radiatioo can occur from thc Icpton and quark lincs. This parton

showcr proccsa cnds with thc transformation of ihc colourcd partoos into

colourlcss badrons which can thcn dccay, producing cvcn morc particlcs. In

fact, at HERA cncrgics around 50 final stalc particlcs arc produrcd per hard

photoproduction cvcnt. How thcn, is onc to makc a confrontation with thc

LO thcory which prcdicts cxactly two bard partons in tbc final statc?

Owing to tbc largc probability that intcractioos occur at low momcntum

transfcr, thc global cvcnt charactcristics will actually closcly follow thosc of

thc parcnt partons. Howcvcr, any dctailcd study of thc final statc rcquircs

somc undcrstaoding of thc parton showcring, hadromzation and dccay pro-

ccascs. Thc parton showcring proccsscs can in principlc bc calculatcd pcr-
turbativcly whcrc thc branchinga arc of sumcicntly hard scalc. Howcvcr in

practicc, fcw calculations arc availablc bcyond ordcr «J whilc typical hard

photoproduction cvcnts contain around 10 of such parton branchings. Thc

hadronization proccsa which occurs at largc valucs of o, cannot, cvcn in

principlc, bc calculatcd in pcrturbativc QCD.

Tbc solution to this problcm lies in thc factorization propcrty of QCD. It
is posaiblc tocalculatcscparalcly just thc bard subproccss cross scction using

pcrturbativc QCD. Thcn thc probability distribution for tbc initial and final

statc parton showcrs can bc cvolvcd bctwccn tbc hard scattcring sralc and thc

hadronization scalc according to tbc GLAP cvolution (scc Scct. 1.2). Thc

probability distributions for thc final statc particlcs with rcspcct to thcir

parcot partoos must bc obtaincd from a phcnomcnological modcl. In thc

Lund string modcl (65), for instancc, thc colour ficld bctwccn two colourcd

partons is thought of äs a string wbich cxtcnds äs thc partons movc apart

until its tcnsilc cncrgy is high cnough to providc masscs for two (or morc)

ncw partons. Evcntually all of thc colourcd partons arc associatcd by strings

into colour singlct statcs which do not havc sufficicnt invariant mass to br<-ak

apart. Thcsc arc tbc final statc hadrons. Thc Lund string modcl has provcn

vcry succcssful in dcscribing cxpcrimcntal data [6b'j-
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A Computer program is idcally suitcd to generatc separate evcms by

choosing a 'Tandonv' final statc eonfiguration wrighled by thc harH eross

scction probability distribution, thc parton showcring probability distribu-

tions and thc hadronization probability diatribmions.

Wehavcuscd thePYTHIA[tJ7,t&) Monte Carlo program to gcncralc bard
photoproduction evcnls. Thc minimum scalc of thc hard subproccss is act

by restricling tbe transvcrsc momcntum, \pr\, of thc two outgoing partons
to IpVj > 2.5 GcV. Thc parton distributions of tbc proton arc gcncratcd

arcording to the MRSA [&)} paramctrizations. LO rcsolvcd photoo cvcnts

arc gcncrated ua'inf, thc GRV [2l] parton distributions for thc pboton. LO

direet cvents arc gcncratcd scparatcly and eombincd with ibc LO rcsolvcd

processcs. Wc shall refer to thrcc PYTHIA samplca in thc followtng. Thc

"non-sinj^lct" sample contains thc Standard QCD proccsscs which procced

via quark or gluon propagalors. Thc "singlct" sample contains only tbc LO

rcsolvcd proccss of quark-o,uark scattcring via "i/Z° or W* (clcctrowcak)

cxchangc. Thcrc is finalty a "mixcd" sample which consists of <M% of thc

non-singlct sample with 10% of tbc singlct sample. Thua thc mixcd sample
contains clcctrowcak cxcbangc proccsscs at two ordcrs of magnitudc higher

cross scctioo tban tbcy arc cxpcctcd lo occur from tbc cstimation (o/«,)a —

0.001. Tbis is dooc in ordcr to aimulatc a posaiblc strong colour singlct

cxcbangc proccss «hieb is not implctnentcd in PYTHIA.

4.1.2 Detector Simulation

Thc respoDsibility of thc PYTHIA program cnds whcn thc ^cncratcd cvcnt

consists of Icptom and hadrons including thc cclativclyshort-livcd K*,i}, A0,...

particlcs. Thc lifctimcs of tbcac particlcs is such that thcy may dccay witbin

thc volumc of tbc ZEUS dctcctor. Thercforc tbcir intcraction in thc ap-
paratua muat bc takcn into coniidcration. This is thc rcsponsibility of thc

dctcrtor Simulation program MOZART (Monte Carlo for ZEUS analysis rc-

construction and trify"cr).
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MOZART is an extensive Software program whirh i.isrs the GEANT |70]

parkagc of deteetor dcflrripiion aiid Simulation tools. MOZART rontains a

detailrd dcsrription of all of thc drtoctor componcnt materiala and positions.

In faet, Figurc '2.2 of the ZEUS drtcetor was Renrrau-d using MOZART.

MOZART sim'ilatcs tbe passago of gcncratcd particlcs tliroiigh thc ZEUS

deteetor including thc ionization cncrgy toss in thc traeking chaml>cr, the

random chanrc of cnerg)' loss into dcad matcrial and thc amcaring of thc

cncrgy resolution äs a particlc showcrs in thc calorinictcr. These proccsscs

arc all statisücal in nature and handlcd with random number generation on

a probability distribution. Thus dctcctor Simulation codc is also referrcd lo

aa a Monte Carlo program.

Thc Output of MOZART eonsists of thc übles of Information of what

wircs wcrc hit, which calorimcter cclls cootained what cnerf-y, ctcctera. These

tablcs arc formattcd in cxactly thc samc way äs thc Information rcad out by

the ZEUS dctcctor from an actual HERA cvcnl. Thus thc rcconstruction

programs which find tracks from thc hit pattcrn, or jcts from the pattern of
cncrgy dcposits in tbc calorimctcr, do not know whcthcr an analyzcd cvcnt

is aimulatcd or data. Tbus il is possiblc to do a eomplctc analysis in parallel

on Monte Carlo and on HERA data. In this way thcorctiral prcdictions

äs implcmcnted in thc cvcnt gencratioo codc may bc comparcd direetly to

mcasurcd data.

Thcrc is a seeond way to usc thc gcncraled evcnts which have becn passcd

through thc dctcctor Simulation, Thc rclationship bctween thc Monte Carlo

dctmor-lcvel distributions and thc Monte Carlo badron-lcvcl distributions

can bc uscd lo corrcet thc data for thc dctcctor cffccts and to producc what

is callcd a hadron-lcvcl mcasurement. Tbis mcasurcmonl may then bc com-

parcd with diffrrcnt tbcoreticaj modcls (which may not have bcen imple-

mcntcd into a Monte Carlo cvcnt gcncrator).
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4.2 Monte Carlo Description of Data

Tbc mcasurcd gap-fraction will bc intcrprcted through romparison witb thc

gap-fractions of thc Monte Carlo cvcnt sampics dcscribed in tbc prcvious
scrtion. In addition thc non-singlct and thc tnixcd sampics will bc uscd

to dctcrminc tbc cfGcicncy of tbc sclcction critcria and thc aeecptancc aod

smcaring of thc dctector on thc rcconstructcd quantities. Tbcreforc an ad-

cquatc dcsrription of tbe cvcnt propcrtics muat bc providcd by thcsc two

sampics. Thc singlct sample has vcry diffcrcut cvcnt characlcristics from thc

data and will not bc uscd in dctcrmininx thc dctcctor aeecptancc. In thc

föl low i Dg figurcs thc data arc comparcd to thc non-singlct sample and thc

sinket sample. Thc mixcd sample is vcry similar to ihc non-singlct sample

cxccpt at l arge Atj and low muhiplicity. Thcrcforc this sample is not sbown

in ncncral. A black dot indicatcs ZEUS data. Thc non-sin^lct PYTHIA

sample is shown äs an opcn circlc and tbc singlct sample is sbown äs stara.

Unlcss otbcrwisc notcd, thc Monte Carlo sampics arc normalizcd to thc (in-

clusivc) numbcr of cvcnis in thc data and A' on thc vcrtical axis shows tbc

numbcr of cvcnts per bin.

4.2.1 Selection Criteria

Global calorimctric cocify sums arc sbown in Figurc 1.1. Thc cncr^y dc-

positcd in thc FCAL, EFCAI, is shown in Fipirc t.i(a). The data cxbibit a

tail to vcry bij^h values of EFCAL which is not rcproduccd by cithcr Monte
Carlo sample. Tbis forward cnergy discrcpancy bas prcviously bccn obscrvcd

by both thc Hl [Tl] and ihc ZEt'S [7*2] collaborations. h is thou^ht to bc

rclatcd to multiple inicraclions of ihc photoo and proton, which arc not

simulaied in ihc PYTHIA samptcs uscd bcrc. (A small sample of PYTHIA

cvcnts with multiple intcractions is uscd in comparisons with thc corrcctcd

data in Scct. 6.1.) Howcvcr thc FCAL cncrj^y discrepaney does not posc

a rritiral problcm for this analysis aa it is conccntratcd in a narrow eonc
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Figurc i.l: Globilenergy mms. Th* ZEUSdMi»r» ihown by blickdots. Th* pr-dicticn
by t h* PYTHIA sample »ith n« toloui »inglrt «chAüg* rvnitt (rhf non-sinjl^l su»pl<>) K
shnwn bytheopro drei«* and IhepriKlkiion by th« PYTHIA simpl* with nnlyflwtrowcat
quMk-quaik «»lterin$(theHnglet?»inpl?) isthowD by thestw*. ID («) Ih* distiibulionnf
thp Mal *n*rgy d«po«it«d in th» FCAL is shown. In (b) tb* dislribution of th«> transv^rw
«wgy outsidf a oonn of 10* is shown. In (e) one ««es Ih« distiibution of tbr «nngy
d*posit#d in th« BCAL and io (d) on* stes tbr distributioo of tb» tangy d«po»ilcd in l h*
RCAL.

about thc forward dircction. Figurc l.l(b) shows ihc summcd ccll irans-

vcrsc cncr^ica for cclls which havc an an(5lc of morc than 10' from thc r-axis,

ECOXE Thc jci^-tion critcria choosc cvcnts with E$0fiE > 8 GcV and ibc

data exhibit a tail out to £f°-v* ~ 50 GcV. Thc E$°x* distribution is well
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dcsrrilicd by ihr non-singlct sample. The BCAL mcrgy, EBI-AL- 's shown

in Figurc 1.1(<). In tbe data and the non-singlct sample thc avcrage evcot

dcposits aboui 8 GcV of cncrgy in the BCAL, howcvcr in the singlct sample a

largo fraetion of cvcnta deposit < 'i GcV of rncrgy in thc BCAL. Thc RCAL

cnergy dislribulion is shown in Figurc l . l (d ) . EP^AL "s W°H dcscribed by thc
non-singlct sample. Global enrrgy sums arc uscd at thc firsl and sceond Icvcl

triggers to acccpt hard photoproduction cvcnts. Tbc good description of the

global encrgy sums by the non-sioglct (and mixcd) samples mcans that wc

can usc tbcsc samplcs to dctcrminc tbc cfficicncies of these triggcrs.

Anothcr important quantity which is uscd in sclceting thc sample at

both ihc SLT and TLT Icvcls is y j g . Thc yjg distribution is shown in Fig-

urc 1.2(a). Thc yjB distribution shows that thc selcction cuts favour cvcnts

wbcrc half or morc of thc momcntum of tbc t+ is transfcrrcd to the almoat

real •). Tbc yjg diatribution is also well dcacribcd by thc non-singlct sample.

For oventa in whieh tbc c+ is dctcctcd in thc t+ LUMI dctcctor onc may

cstimatc y dircctly using thc scattercd positron encrgy E', and thc incoming

positroo cncrgy E, according to, yu'Hi — (Et - E'f)/Er. Thc corrclaüon

bctwecn yjß and ytt.-,vf is shown in Figures i.^(b), (c) and (d) for thc data,
tbc non-singlct sample, and thc linglct sample rcspcctivcly. That J/JB is

well corrclatcd with j/wjw; in tbc data, and that tbc simulations deacribc

this corrctation, increasc our confidcncc that tbcre is littlc background in thc

data.

Thc othcr quanüiics which arc uscd in ehe offline clcaning cuts (aee

Scct. 3.2) arc shown in Figurc 1.3. Thc distribution of y, for cvcnts with

a scattercd c.+ candidate in tbc calorimetcr and thc distribution of tbc num-

bcr of rcar pointing tracks arc weit dcscribcd by thc non-siuglct Monte Carlo

sample aa can bc sccn in Figures 1.3(a) and (b). Likcwisc ODO can scc from

Figures -1.3(c) and (d) thal thc distribution of thc opcning angle bctwccn two

trarks io cvcnts with only two tracb and thc distribution of the relative mias-

ing transvcrsc momcntum arc also well dcscribcd by thc non-singlct sample.

CHAPTER t. DATA SIMULATION AXD DESCRIPTIVN
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Figurc 1.2: g/a »nd y}f vrrsus HLUMI- Ths ZEl'S <Ut» »r« shown by blatk dnts-
Th* predidion hy the PYTHIA non-singl*t timpl* i« thown by thf open tirrlfs »nd th'
prMlktioo by t h* PYTHIA «ingltl **nipl» U shown by the Mm. In (a) Ih» distributinn
of yja K shown, One sws tb* «ft^ktion Wtwwn SJB «nd yu.ui for 'b* fubsampl» »f
«vr-nls io which t h* M-»tt*t*d «+ b d*tccted in thc t* LUMI dtttetor in (b). (c) and (d)
for the dita. the non-singlet sample and the siuglet saniple rwpsttivety,

Tbereforc it is appropriatc to usc thc non-sißglct sample in undcrstanding

tbc cffcct of thc clcaning euts on thc data.

Thc vertcx distributions arc shown in Figuren 1.1 and -1.5. Thc Monte

Carlo progratns have bccn tuned to deacribc tbcac distributions but thcrc ia

a slight ovcrcstimatioD of tbc tail to largc z valucs. Also thc data arc shiftcd

slightly from ihc nominal .r and y valucs, and this is not doaeribcd by thc



4.2. MONTE CARLO DESCRIPTION OF DATA

70'

10

O

70

7

-1

-

-

14

1.
• *

t

': '

.

1

|

•0J

^A
i• •

u i
(^

i .1n 1 * 1
I.11 . , I. , . ,1

« *.j
W "**

y

jfl

i— '

Z»<

10 J

»'

»

Z

»'

M1

r

f*~

.

j. *

-. J ..
• 2 <

(b) '<—

i*
. Jt

«

t

1 1
. . T. Ti , . . i , .

2 1

W

Fiflurc-t.3: C1«aningquiDlitie«. Tb* ZEUS dala tit shown by black dols. Th* pr«diclion
by Ih* PYTHIA non-singlet tunple » shown by Ihe op*n riid** and tbc prtdirtkm by
Ih* PYTHIA fing M cunple u shown by t h* st «t. Th« distribution of «, fbr *veott with
a «cttttred e* candidat* io th« cnlorim«t«r ii thown in (a). In (b) on* sws the numbei
of rfu poinling tracks. lo (t) one s*n Ih« dbtribution of tb* rosinc of th« op«aing aogk
botm«n th« Iwo Iracks toi *v«nts wbicb bav* only two Itftcks and (d) shows th« relativ«
missing trinsvMj* Konwntum, |

Monte Carlo samplca. These shifts howcver, do oot rosult in & poor dcacrip-

tion of thc anpjlar distributioüs of thc jcts äs will bc shown in Scct. 1.2-3.
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Figurc 1.1: Th* i Position of the v«rt*x. Th« ZEUS da(a ue shown by hlutk dms.
Th* prediction by the PYTHIA Dan-singl*l saniple i* shown by Ihe op*n ciiclp* io<t the
pr«dictioD by th* PYTHIA singl*t sampl* is sbown by Ih« slu*.

•-J.I

l«4

19*

10'

It

HM

H

+

...tf..

k-

>-

.1*
W (b) '

FJgurc 1.5: The f Position of Ih* verl»x it shown in (a) and Ih* s position of th* v*rt*x
i* shown in (b). Tb« ZEUS dati are shown by black dnlt. Th* predktion by the PYTHIA
non-singM tunpl* i» thown by tb* open circles and Ihe pr*dklion by Ib* PYTHIA *ingl»t
sample is shown by the «tMS.
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4.2.2 Jet Profiles

l!'

Thr diffcrcDccs bctwccn thc cwo Monte Carlo samplog and ihr data arc casily

visualizcd witb jct profilcs. Wc sclcct thc two hiebest ££" Jets and thc jct at

higher t/"1 is rcfcrrcd to ag thc Icading jct whilc thc jct at Iower t;'" is callcd

thc trailing jct. The jet profilc gcomctry for thc trailing jct is illustratcd in

Figurc 1.6. Thc r) profilc is madc by plotting 6if" = ij"" - ij'rt, wcightcd

K̂
*r

•1.6: Jet profile geometry for th* trailing j*t. Blwk dnts show tbc final s tat*
p« t k l«. The two Jets »r« thown M «reif*. Th" vertkal *nd hoisonlal *had«i bände
show t h* legioot of th« pbate tptet included in Ibe jet profile with rcspect to fo"" »nd
wilh re»p»rt lo Sif'u tcspc^liwlr

by thc ccll transvcrsc cncrgy, ET", for cclls witbin onc radian in <f of thc

wcigblcd by thc ccll tranavcrsc cocr^y, for cclls within onc unit of ij of thc

jci ccntrc.

Figurc 1.7 shows tbc jct profilcs for tbc data in black dots. Thc Jets arc
hijbly ooHimatcd and thc jct pcdestal is slowly rising with 7. Thc PYTHIA

prcdictions according to thc non-singlct and singlct samplcs arc sbown äs tbc

solid and dasbcd histograms rcspcctivcly. Tbc oon-singlct aamplc dcscribcs

tbc data well. Tbcrc is, bowcvcr a small discrcpancy in thc forward dircction

of < .5 OcV per unit 61). This is thc aforcmcntioncd forward cncrgy discrcp-

ancy (wcrcfcr to tbc disrussion of Fi^urcl.l). Thcjcts of thc ainglct sample
arc morc roUimatcd than thc data jcts, aod tbcy ba\-c a lowcr jct pcdcstal.

Thc high dcgrcc of collimation of the colour singlct jcts is to bc cxpcctcd
of coursc, and thcrc arc two rcasons for it.

CH.\P1ER l. D.\T.\ .\N

First of all rolour sinj;lrl cxrhaiiRC rvcnts arc cxpcctH in j^riirral to have

loss radiation ioto thc ccntral rapidity rcgion This was arguM in a gcncral

way in tcrms of gluon brcmsstrahlun^ from accclcratcd colour chargcs in

Scct. 1/1, Wilh Monte Carlo cvcnts it is possiblc to dcscribc this phcnomena

prcciscly, in tcrms of thc Lund string modcl1 (in thc hard scattcring ccntrc of

masa framc for simplicity). In colour ainglct cxchangc cvcnts each outgoing

parton is asaociated via a Lund striüR with thc rcmnant jct dosest to it in

rapidity. Thcrcforc thc colour ficld in thc ccntral rapidity regton cotuains

little cncrf-y for thc production of hadrona. Howcvcr in non-singlct cxchangc

cithcr each partoo is conncctcd via a Lund string to thc rcmnant jct which

is moving in thc oppositc dircction, or thc two partons arc conncclcd to carh

othcr, and thc two rcmnant jets which arc moving oppositc to carh othcr in

rapidity arc conncctcd to^cther. Eithcr way a lot of cncrgy is rontaincd in

tbc colour ficld in thc ccntral rapidity rcgion and thcrc will bc considcrablc

radiation of hadrons thcrc,

Thc sccond rcason that thc jcts of thc sieglet aamplc arc cxpcrtcd to bc

morc collimatod, ia that thc ainglct sample ccntains ooly quark jcts in thc

final statc. Gluon jcts, which wc know at least to bc prcscnt in thc non-singlct

sample, givc risc to Icss collimatcd jcts [73j.

In Figurc -1.8 thc profilcs arc shown just for thc AIJ > 3.5 subsamplc of

cvcnta. Thc agrccmcnt by thc non-singlct sample is still good at largc A>j.

Tbc high dcgrcc of cotlimation of thc singlct jcts is still apparcnt.

Ia Ftfturc l.K tbc profilcs arc shown for thc Aij > 3.5 gap candidatc

cvcnts. By comparing witb Fi^urc i,(J onc can ctcarly scc thc supprcssion

of cncrgy flow into thc rapidity rcgton bctwccn thc Icading and trailing jcls.

Thia is well rcproduccd by thc gap-candidatca of both thc non-ainglct and

sioglct samplcs.

"Tbe »rgumenl »li« of tours*. fa tb* doniipinc» of Iow angl* scatlcring in t h* (-
chwinel.
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1.7: X Profite for tb« lekding and tr»iling j*u. Th* dit» m sbowo u blaek
dots- Th* pr*dklioD of t h* PYTHIA t&mpl« with no cobur tinglet exchange (Ihe DOD-
tin*l*t saoiplc) U *hown by tb» solid U n*. The ptedktioo by t h* PYTHIA »ample with
only *lerlrow*ak qiurk-quatk statt wing (the sing W umple) b ibown by t he dwbed linc.
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Fi^urc l.#: Jet profil« for thf leading and triiling j«tt. for t h* »ubsamplf nf *vpnrs with
AIJ > 3.3. Th* dal* u* sbown u black dott. Th* pr*dklic>D» nf Ib* FYTHIA siogl't and

»unple* u« Utowu by tbe solid and dvbed lin*s inpeclively.
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Fijjurc i.9; Jet profile* (br Ih* lr»ding and Uailing j*ls. for Ih* gap «ndidsf* »v»oli
«jth Af) > 3.3. Tbc data »r» »hnwn M black dots. Tbc predictions of Ib* PYTHIA singfel
and non tingl«! tunplei «* shopn bj tb* lolid ud d*sh*d lim» KspKtivriy.
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4.2.3 Jet Angle and Energy

Fi^urc 1.10 shows ihc i)'" and Ff* distrtbutions of ihr IradinR aiid Irailing

jcts. Thc IcadiDf; jct vj" Distribution is prakrrl in thr FCAL »t »j ~ 1,75

and thc trailing jct i)1" nrar thc BCAL / RCAL intcrfarc at i) ~ -0-(*-

Thc non-singlct and sieglet aamplcs both havc i)'" Histrihiitions vhirh arc
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-1.10: The dittributiniK of 7"' ud ££." fot Ibr leadiog ud Irailiog j*t*. Tb»
ZEVS dala are «hown by bbck dot». TV ptedktinn by Ihe F\THIA sample witb no
colour singl«t «xehang« «venls (tb» DOD-«inglet tampl») » fbown by Ih» opi-D eitel« mnd
t he prediclioo by the PYTHIA f*nipl» with only eletlroiwak quaik-qu&rk »c »l t «ring (Ihr
*ingl»t MDipl») t* «bown by Ibe ilan.

vcry similar to tbe data. Thc transvcrsc cncrgy distributioos of thc Irading
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and trailing jcts fall approximately cxponentially from tbc thrcshold valuc.

Thc Icading jet ff" distribution cxtcnds to higher valucs than the irailing

Ef* distribution. This is duc to ihc higher forward jct pcdmal. Bolh ff*

distributions arc well dcscribcd by thc non-singlct sample. The singlct sample

docs not agrcc with thc data in thc ff dislributioo- It has rdativcly higher

ff" jcts.
Thc Ff distributions arc shown in four bins of At; in Figurc 1.11.

Partkularly for the trailing jct, thc ££' distribution gcts softcr äs AIJ in-

3.0 S All > 3.5 3.5 S An > 4.0

»'

10 30 10 10 20 10 30
7HAII-JETE,fc>(GeV)

Figurc 1.11: Tb« E?' dislribution of the l«ading and tr»iling j«t* in Ibut bins of AIJ.
Th« ZEl'S data M* shown by black dot«. Th« pr«di(tion by th« PYTHIA non-singkt
sampl« b *hown by th* op«n eitel«» and th« pt«dktion by tb* P\THIA sing]*t sampl« »
shnwn by th« slar«.

creascs. This would cnhancc the migrations across the Ef > 6 GeV bound-

ary. Ncvcrthelcss this Ef behaviour is well dcseribed by thc non-singlet

Monte Carlo sample, so thcsc migrattons should bc propcriy accountcd for

in the rorrcctcd distributions.

CHAPTER -t. DATA SIMULATION AND DESCRIPTION

Thc boost, or averagc jet pscudorapidiiy, ij, is shown in Figurc 1.12(a).

Thc data arc stronftty boostcd in the proton direetion so ij pcaks at the kinc-

±

Figurc i. 12: The dittribution of ij is*hown in (») and Ih« distribution of AI; i» shnwa in
(b). Th« ZEUS data AN ihown by black dols. Th« pwdiction by th* PYTHIA non *ing]«t
sAmpl« » shown by tb* op«o (itck* md the pr«dic(ioa by Ih« PYTHIA fingH s»nipl« b
shown by t h« stirt.

matic limit, ij = 0.75. Botb Monte Carlo samplca dcscribc this diatribution.

Thc AI; distributioo is dcscribcd by ibc non-stnglct sample sä shown

in Fi^urc 1.12(b), although tbcrc arc somewhat too few cvcnts at lar^c Atj.

(This is partly duc to a lack of gap evcrjts at [arge AI? whieh is to bc discusscd

in Scct. 5.1.1.) Tbc sinket sample doea not providc a j?ood deseription of

tbe data.

The global cvcnt propcrtics arc well simulatcd by thc non-singlct Monte

Carlo sample. VVc rcitcratc that thc mixcd sample has esacntially thc same

distributiona of the global event propcrtics äs tbc oon-singlct sample. Thc

narrowcr jcts of thc singlct sample ahow up äs significaiuly diffcrcnt global

cncrgy distributions for tbis sample.

4.2.4 Island Angle and Energy

\Vc havc mcasurcd the multiplicity of £̂ '1""' > 250 McV islanrls betwern thr

jet eonea in ordcr to sclect gap events. Wc must thcrcfore undcrstand the
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iy'"'"' aiid jj"'"1"' distributions in ordrr to rorrert for ihr migrations arross

thc gap dcfinition.

Thc distribution of thc Island position with rcsperl to thr jct ccntro for

islands with £]!'"'"' > 250 MeVisshown in FIRUFC 1.13. This isa multiplirity

jot profilc in contrast to thc iransvcrsc encrgy wrightrd profilcs discusscd in

Sektion l.'l.'l. Thc multiplicily profilcs show thc samo ^radual risc in tho

L£ADMCJET*|H

Fifcurc 1.13: Tb* distribution» otiif'1""1 u<i t?"1"'* wilh r«p«l lo Ih* centres of
Ihe leading and trailing j*tv TJw dala are shown at black dott. The pr^dklion of ihr
PYTHIA «ampl» »ith DO rolour tingln »ichang* (Ihr nnn-singkt «unplr) k shown by
th« solid Im*. Th* predktion by Ihc FYTBIA umplr wilh only «Irctroweak quark-quuk
Kalirriiig (th« Mnglrt Mmpte) is sbown by Ib« dasbvd IJDP.

platcaii of thc jct Koinft fron) thc rcar of tbc dctcctor to thc forward rc^ion.

W f'H.lPT£fl •/. RlT.i S;,\U<'LIT/0,Y 1,\7) UESt'RIPTIOX

A j;ai n thc non-siiiftln sample rlesrribes ehe data well althongh it is sligluly

morc collimated and slighlly undcrcstimates the platcaii rfßion and af>ain

thc sieglet sample is murh morc collimatcd than ihc data and si^nificanlly

u n Hörest i mal es thc island multiplirity in thc platcau re^ion.

Thc Ey'"'"1 distribution for thc maximum Ey'"'"1 bcuvcm thc jets is

shown in Fiffire l.ll(a). Thc PYTHIA sample which cootains 10% of colour

singlct cxchanRc proccssos (thc mixcd sample) is introduccd for thc first time.

It is reprcscntcd hcrc (and in thc following) äs thc solid linc. Thc data are

z

l.ll: The Elf1*"* distribulino of the maximum £JJ'•"* iskod brtwrm lb*>ls,
Tbe ZCl'S data are thown by blark doti. Th« predirtioa by Ihr PYTHIA sample wilh DO
coloui singlet rxchange «vr.nl* (Ihr non-singtel MDiple) is show n by the o p* n drtlrs and
Ihr predictioo by th" r\'THIA samplr wilh only eleclrowrak qoa.it quaik uattpring (thr
singlet sample) K thowD by Ihr slais. The prediclino by Ihr PYTHIA Mtmple wilh 10%
of electroweak rxehang« protesws (Ihr mizrd samplr) it «hown by Ihr solid lin'. In (a)
the dislribution U shown for all rvents and in (b) Ihr distribution i« sbown ju$l fot Ihr
«ubsamplr wilh AIJ > 3.3.

cxponcntially pcakcd toward2 Ey'""11 = 0 GcV with a tail wbich extcnds to

Ey1*^ ~ l GcV. This distribution is well dcscribcd by thc non-sin^H sam-

ple. Thc low hadronic activity betwccn tbc jcts of thc sin^lct sample fjvcs

risc hcrc to an Ey1'** distribution which is c\-cn morc soft.

'The noisr in the talorimrler can bave enetgirs of up to 100 M»V so islinds wilh
'""1 < 100 MeV tan effertiwly b* ignored.
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Figurr l.l l(b) shows ihc Ef1"* distribution for thc AIJ > 3.5 subsamplc.

Hw thc agrcomrni bctwccn thc data and thc non-ainglrt sample at last

brcaks down. Thc data havc morc cvcnts at £}-*''""' ~ 0 GcV than ran bc

dcarribcd by ihc non-singlct sample. Tbc non-singlct E%h"'* distribution ia

conccntratixi at low valucs of £'£'""'. This is thc first hint wc havc that

thcrc arc somc colour sinket cxchangc cvcnts in tbc data. In fact the mixcd

sample which conuins 10% colour sinket cxchangc cvcnts providcs thc best

dcscription of thc data at low £$"**. '

Of coursc, anotbcr possibility to cxplain tbc diacrcpancy bctwccn thc

non-singlct sample and thc data is that thc E-f*™* rcsolution is incorrcctly

modcllcd in MOZART. If, for inalance, MOZART undcrcstimatca thc fluc-

tuationa of £$"fre" > 300 McV hadrons into &£*** < 300 McV islands wc

could obtain tbc discrcpaacy abowu, with disafltrous implications for our un-

dcrstanding of thc fluctuations acrosa thc gap dcfinition. Howcvcr, pven

thc good agrccmcnt bctwccn thc non-singlct aamplc and thc data in Fig-
urc 'l.H(a) ibis would somchow havc to happcn prcfcrcntially at largc Atj.

Thc GTD providcs anothcr iodication tbat tbc diacrcpancy in

distribution is rclatcd to a diffcrcncc in thc undcrlying f ̂ "fr™ distributions

and not an artifact of thc dctcctor. Figurcs l,15(a) and (b) sbow thc jjf***
distribution ovcr all Aij's and for AIJ > 3.5 rcspcctivcly. Thc samc ({cncral

fcaturca arc obscrvcd. In particular, at largc AV thc data havc morc cvcnts
at ^"r* ~ 0 GcV than arc modcllcd in tbc non-aiaglct sample. Thc mixcd

sample providcs a bctlcr dcscription thcrc.

In summary, a satiafactory dcscription of tbc data by thc non-ainglct and

mixcd samplcs has DCCD achicvcd. Thc discrcpancics occur only in rc^imcs

whcrc ncw physics is cxpcctcd to appcar. Wc tbcrcforc procccd in thc ncxt
scttion to cstimatc cffiricnrics and rcsolutions uaing thcsc samplcs.

CHAPTER i. DATA SIMULATION AND DESCRIPTIOX

* ' * — J
W

1.15: ThepJ.""* d»tributioo of t h« maxinium py01* track Mwnn Ihr >ts. Th*
ZEUS dal* ire shown by black dots. The pr*dkliin by Ihr PYTHJA non-fingW winiplc
is shown hy t h* op*n tirelw and Ib* pitdktioD by Ihr P Y THI A fing k-1 sample is shnwn
by fh* sl»ft. The pfdktion by Ihr PYTBIA mix«d sample is shown by Ihr solid l im-. In
(a) th*distribution » shown fn» allcv^nts and io (b) thc distribution isshcwnjust fnr th*
tubsample with Ai) > 3.5.

4.3 Efficiency and Resolution

Efficicncy is dcfincd hcrc to mcan the fraction of thc hadron-lcvcl cvcnls

which arc rccoostructcd and acceplcd äs dctcctor-levcl cvcnts. Tbc cfficicncy

of cach stagc of sclcction is shown in Figurca i. 16 and 1.17 in four bios of thc

badron-lcvcl AI;. Thc cfEcicncy according to thc mixcd aamplc is shown aa

black dots and according to thc non-singlct sample äs opco circlcs. Tbc Erst

column of the figurca shows thc cfficicncy for gap cvcnts, thc sccond column

thc cffictcncy for tbc incluaivc sample. Tbc cfficicncy of tfae FLT docs not
dcpcnd on whctbcr or not thcrc is a gap in tbc cvcnt and is bcttcr tban

8-5% ovcr thc füll ränge of AIJ äs shown in tbc first row of Figurc -1.16. Tbc

cfficicncy of thc SLT ia 100% according to thc Simulation (not shown). Thc

TLT cfficicncy is about 85% Icading to a cumulativc cfficicncy for tbc ibrcc

online triggcrs wbieh ia arouad 80% äs shown in thc third row of Figurc 1.16.

This cfficicncy is indcpcndcnt of whcther or not thcrc is a gap in thc final

statc, and is thc samc for thc mixcd and non-singlct samplcs.
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Figurc i.16: Tb« FLT efficiency is ibown m tb» firsl row »nd ths ciimul»tiw trijgei
tfRettttty (up to ibt TLT) i* shown in Ibc wcond row. Th* rtfkiency for hadron-l«ve| j*p
«V«D(( is (bowo in tb# left «Jumn tnd Ib* ioclusive »ffici^ncy is fbown in tht righl colutnu.
Tb* «flkkiKie* «ctording lo t h» duidud P'VTHIA sampk (the noo singl»t umplej ut
sbown u op#n cmln uid t h* effkwncie* »«ording to Ihr PYTflIA saniplf with 10%
ralout singlrt »chang* procnt«! (th« mixed simple) u« shown äs blkfk dolf.

Thc cumulativc cfficicocy up to ihc offline Clearing cuta is shown ia thc

first row of Figurc i-i~. Tbc offline Clearing critcria arc grcatcr than 95%

cfficicnt and thc cumulativc cfficicncy is 75% or bcttcr ovcr thc ränge of AIJ.

Thc sclcction of thc ralorimctcr jcts rcprrscnts thc loast cfficicnt stagc

of thc scloclion. It is only about 70% cfficicnt and thcrcforc thc cumulativc

cfficicncy aftcr tbc jcl-fmding is about 10% äs shown in tbc sccond row of

Figurc 1.17. This is largcly duc to thc rcsolution of £f" which (u will bc

shoR-n in Figurc 1.18(a)) is 12%. Thc E$* distribution is stccply falling, so

thcrc arc largc migrations bolh into and out of ihc sclcclcd sample across

thc ff cut. Thc cumulativc cfficicncy prcdictions from ihc mixcd and non-

ainglct samplca arc consistcnt,

Figurc l.ljisbows tbc kincmatic rcsolutions according lo tbc mixcd Monte
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Figurc 1.17: Th* finl row shows ibe tumulafivv *fficiency up lo tbe offline il»»ning
"•riterii and l h* Mcond row shows th* rumulative rtficieocv up to ih« defioition of t h*
reconstriKlpd j*ts. The tfficiency fot gap ewntt U shown on Ihr Irfl »nd t br »ffifii'ncy for
the iochltive «unple is sbown on Ih* tigbt, Th* Don-»ingl#l tunpl* *ffiri*nri#s arc shown
a» open ciicles and Ih* mixed sampl» #fficien(i#$ ar* shown äs blick dolf,

Carlo sample comparcd with thc rcsulta of gaussian fits, Thc rcsolulions

from thc noa-singlct sample arc thc samc (within ihr displaycd crrors). It

is becaüsc of thc shift of -16% in thc rcconstructed ££' valuc (showo in

Figurc 1.18(a)) that ihc minimum £f" valuc is 5 GcV in ihc sclcctioo of

cvcnts at thc dctoctor Icvcl äs dcscribcd in Scct. 3.'2, aa comparcd to £"fri >

6 GcV which is thc kincmatic rcgimc of ihc croas scciiona (dcscribcd ai

thc cnd of Sccl. 1.1 and again in Scct. 5.2). Thc y rcsolution is shown in

Figurc 1.18(b). Thcre is a shift of -'20% and thcrcforc ihc cross-scctions

arc cakulatcd in ihc ränge 0.2 < y < 0.8-5 whilc ibc cut applicd lo yjg ia

0-15 <yJB<0.7.

Thc hadroric cncrgy losscs whicb affcci ihc Ef1 and yjß mcasurcmcnts

by thc calorimctcr occur for acvcral rcasons. For insiancc low pr chargcd par-
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Fipirc 1.10: Resohitbnt of tiw kift*m»tk vui&blc«. kccording (o ihr PYTHIA uunptc
which (ODlaint 10% of (oJour singlct wrehang* procacef (th* oiixed s*mpl*}. Tb« rrcalo-
tion of £^" is »howD in (»). l h« K«olnlioa of p is tbown in (b). t he rwolutkm of ̂ " it
sbown in(c). Ih* resolutioo of di( is shown in(<j). Ibr moluttoa of ij U »howo in (t} and
t he multiplicitjr resolution it (bown in (f). Tb« d«h«d (solid) »ertkil linri in (d) thow
t h* bin width thos*n foi Ih« nncon«et*d (cotrected) AIJ distribution*

ticlcs in a jct of hadrons may bc bcot by thc magnctic ficld auch tbat tbcy do

not rcach tbc calorimctcr. Encrfty losscs also occur in uniostrumcntcd ma-

trrial in fropt of thc calorimctcr. Thc cncrjjy losacs obscr^-cd in this analysis

arc consistcnt with tboac found in prcvious studics of hard photoproduction

cvcnts at HER,\]

Thcrc is ncflligiblc shift in ihc mcasurcmcnt of thc jct anjular variables.

til CHAPTER -l. DATA SIMULATION AND DESCRIPTION

äs shown in Fiffirca I.18(c),(d) and (c)), so thc cut valuca arc thc samc at thc

hadronic and calorimctcr Icvcis. Thc bin-widtbs choscn for thc uncorrcrtcd

and corrcctcd Aij distributions arc shown by tbc inner and outcr vcrtical
lincs in Fipirc i.l^fd) rcapcctivrly.

Thc multiplicity rcsolution is shown in Figurc l.lti(f), Thc numbcr of

islands bctwccn thc Jets is well corrclatcd witb thc numbcr of hadrons, bow-

cvcr thcrc will bc migrations jnto and out of thc gap sample duc to thc width

of tbis distribution.

In Fiflurc 'i.lD(a) wc sbow ihc rcsolution of ̂ h"'"fn for inc hiebest trans-

vcrsc cncr^y hadron in thc rapidity intcrval bctwccn ihc jcts. (Only cvcnis

which havc a particlc bctwccn ihc jcis of E^"1"071 > 150 McV at both ihc

hadron and dctcctor Icvcis arc shown.) Tbis distribution is fit to ihc sum of
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•1.19: Tb*r«oliiti<Miofij*'J"" aceording to th* PVTH1A nmed $&mpl* is thown
in (a) and t h* ri*olution Of £*,**™ afcording to t h* PYTHIA mbted *&mple K «bowo in
(b).

a widc and a narrow gaussian distribmion. VVc aasumc thai thc widc gaus-

sian rcflccts incorrcct island-hadron associations and tbat thc truc position

rcsolution is jpvcn by tbc width of thc narrow gaussian which is about 0.01.

For thc subaamplc of thcac cvcnts which havc a hadron associaied with an

island witb a position rcsolution of 0.01 or bciier thc E^'Jran rcsolution is
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shown in Figurc l.lll(b). Thc £}?'<""' throsholH is sct lowcr thaii ihc ££"f""1

thrcsliold to account for the shift in this distribmion-

Fiflure 1,20 shows ihc yMm and Ejajrr" rcsolutions for thc rritical high

Atj > 3.5 subsampic. These arc consistcm with ihc rcsolutiona obtaincd for

thc inclusivc sample.
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Figurc 1.20: R**olu!ion of thc id»nd *ngl« tuid rofigv acfnrdioj to the mix«d Montr
Carlo «»nipl* f« thf mhsunpl* of »vents with AIJ > 3.5. Th* if**"*" nto\u>if>n is shown
in (i) atA th* Ej-"*m r«snltilion » showo in (b).

In sumtnary thc triggcr cffkicncics arc quitc hif;b. Thc worsl loss of

cfficicncy occura in tbc jct-findiog slagc of tbc cvcnt scicction. Howcvcr this

can bc undcrstood in tcrms of tbe rcsolution of thc jct angular and cnerRv

distributions. All of thc mcasurcd dctcctor-lcvcl quantities arc rcasonably

well corrclatcd with thcir associatcd hadron-lcvcl quantitics.

Chapter 5

Results

Rcaults arc oblaincd in thc first scction of this chaptcr by direct comparison of

ihc mcasured gap-fraction with thc dctcctor-lcvcl Monte Carlo ^ap-franion.

In thc sccond scction of tbis chaptcr thc Monte Carlo samplca arc uscd to

corrcct thc mcasured ̂ ap-fraction for dctcctor cffccts to obtaio a hadroa-lcvcl

mcasurcmcnt.

5.1 Results frozu Uncorrected Data

Thc rcsulta from tbc uncorrcrtcd Hat a distributions can bc obtaincd from

thc gap-fractioD or dircctly from thc multiplimy distributions.

5.1.1 Multiplicity

Wc first cxaminc tbc Island multiplicity which js uscd todcfincihcjtapcvcnts.

Thc numbcr of Islands in tho rapidity intcrval betwccn thc jct concs which

havc Ey'"'* > 250 McV is shown in Figurc 5.1 in four bins of AIJ. Thc data

arc shown äs blacfc dots, tbc opcn circlcs reprcscnt thc non-singlct sample,

and tbc Stars sbow ibc singfct sample, äs in prcvious chaptcrs. The mixcd

Monic Carlo sample is shown äs thc linc bistoftram.

Thc avcragc multiplicity inrrcascs with AIJ but thcrc is still a large num-

bcr of cvcnts ia thc data with zcro multiplicity at AIJ > 3.5. Thc Monte

66
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2.0 < Ai] < M l '
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FlRUrc 5. l: Tb« Island mulliplxrity distributions in four bin» of Ai). Tb« data u« thown
u blkrk dol». Tb* predktkm bv t h* PVTHIA events with DO colour singlet «xch&ng« (Ih«
Don-singlrt umple) is shown by open ciieles «ad l h* ptedktioo by the PYTHIA Minpl«
wbkb conUins only «Itctrowtak qo&rk qnuk «catlnmg (th« tingl«t umpk) k thown by
«t&n. Tb« solid litt» showtthcptfdictionof (he P^TBIAevents with 10%of tolonr unglet
«xrhaogf procewet (the nii

Carlo samplcs fail to dcscribc thc data. No modcl can rcproducc tbc tail to

largc muttiplicity. This cffcct mi^bt bc accounicd for by radiation from thc

propa^ator which is not simulalcd in thc Monte Carlo [11,75,76}, or by thc

aforcmcntioDcd multiple intcractioo proccsscs which arc also not simulalcd

in thcsc samplet.

IQ addition, thc Don-ainflkt sample sbowa too fcw n"'"'"' = 0 cvcnts at

W CHAPTER9. RESVLTS

AIJ > 3.5. An addition of 10% colour singlci cvcnts is ablc to dcscribc this low

cnd of thc multiplicity distribution äs shown by thc mixcd sample1. Howevcr

thc mixcd sample ovcrestimatcs the numbcr of n"*""1 = o cvcnts with 3.0 <

AI; < 3.5. Thcsc dcctrowcak cxchangc quark quark scattcrins processcs wilh

no Simulation of multiple intcractions arc clcarly not thc pcrfeet modcl for thc

colour sieglet proccsscs o( thc data. This mixcd sample will thcrcfore only

bc uscd to gct a rough cstimatc of thc pcrrcntage of colour singlct cxchango

proccsscs in thc data. Its most important usc is in estimating thc cffccts of

dctcctor smcaring to bc diacussed in See t. 5.2.2.

Wc check tbc obscrvation from thc island multiplicity that about 10% of

colour sinftlct cxchangc proccsscs occur in tbc data by looking at tbc charged

particle multiplicity. Figurc 5.2 shows thc multiplicity of CTD tracks with

PT > 250 McV. Thcsc distributions also indicate thc nced for somc colour

singlct proccss in ordcr to dcscribe thc numbcr of low multiplicity cvcnts at

largc AIJ in thc data.

In summary thc multiplicity distributions can bc intcrprcted äs indicating

that thc data contain colour singlct cxchangc proccssca at a rate of about

10%.

5.1.2 Gap-EYactioii

Thc distribution of thc numbcr of gap cvcnts äs a function of AIJ is sbown

in Figurc 5.3(a). Hcrc äs throughout thc solid dota rcprcscnt ZEUS data,

thc opcn circlcs tbc noo-singlct Monte Carlo sample, thc stars rcprcscnt thc

sin^lct Monte Carlo sample and thc linc sbowa thc mixcd sample. Thc Monte

Carlo distributions arc normalizcd to thc total numbcr of cvcnts (indepen-

dcnt of whcthcr thcrc is a gap or not) in thc data. Thc numbcr of cvcnts

in thc data cxhibittng a gap falls stceply with AIJ. Howevcr thc cxpcrtation

'Thkob^-tv&tion bof courw r*l»(*d to th'data hsviog mori-evenls wh»r» tb* fj?'™"1

of t h* m*ximimi E'-f1""^ Kland k low. II i* woilb reit'iating thit the Ibr^hnld of
£>>Un<i > 250 ^„y' which K used in de t Training the isluid multiplkily is well ranli™ted
theorrtkaUy [36:S7T48,«J.
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Figurc 5.2: The ch&ged mulfiplidtj dittributions io four hin* of AI;. The dal* u*
sbown u bkck do**. Tb« predktion by t he PYTHIA non-singlet sample i» *bown by opro
rirrles *nd the predktion by the PYTHIA singlH s am p l* is shown by stars. Th* tnlkl lütt
showt tbe predküonof the PYTHIA mixed sample.

from thc PYTHIA oon-ainRlct sample falls morc stccply than thc data, signif-

iraDtly undcrcstimatinK thc numbcr of gap cwnts at largc AIJ. Thc PYTHIA

sample with a raixturc of 10% of clcctrowcak boson cxchao^c can accouot

for tbc numbcr of gap rvcnts in thc rlata at lar^e Aij. Howcvcr tbis sample

signifkaatly ovcrcstimatca thc numbcr of gap c\cots at Iow AI;. These arc

csscntially thc samc obscrvations which havc bcon madc from tbc n"'""' and

Figurc .5.3: The uncortrcttd Ai( disltibulion tm gap r»n<IidatM is shnnn jn (a) and (b)
<hows the uncorrrctrd (»p-fraflinn fhf dal* arc shnwn a* hlack dots. Th? pfdicljon
by Ih^ PYTHIA non-*inglel sample is shown by opm tircln and (h* pt'diclion hy t h»
PYTHIA fiog!»! sampl* is shonn by slars. Th' solid lin* shoivs l h» pr"dklinn nf ih'
PYTHIA mbvd tunplr.

By takioR thc ratio of Fi^urc 5.3(a) to Figurc l.l'2(b), thc gap-frartioa

showo in Fi^urc 5.3(b) is obtaincd. Thc f;ap-fraction falls cxponcntially out

to At; ~ 3.2. Thcrcaftcr it Icvcls off at a valuc of roughly O.OS. Thus
thc uncorrcctcd Rap-fraction cxhibils tbc two compooent bchaviour whicb

is cxpcctcd io indicatc thc prcscnc« of colour sin^lct cxchan^c prorcsscs äs

dcscribcd in See t. 1.1. In thc region of thc cxponcntial fall, 2 < A»? < 3.2,

thc data arc quitc well dcscribcd by thc non-sioglct sample. U is cxpcrtcd
that at Iow AI; thc dominant rontributioo to thc gap-fraction ia from niul-

tiplicity fluctuations io nod-sioglct cvcnts and this cxpcctation is supportcd

by thc rcasonably good dcscription of tbc gap-fraction for Aq < 2.6 by ihc

noD-singlct sample. Howcvcr thc non-singlct sample docs slightly ovcrcsli-

matc ihc fraction of ^ap cvcnts hcrc. It is cxpoctcd that somc addttion of

multiple intcraction cvcnts into thc oon-singlct Simulation would acrount for

this discrcpancy. In thc platcau rcnion of thc gap-fraction, A»; > 3,2, it is

cxpcctcd that thc dominant mechanism for gap production is from rolour

cxrhangc proccsscs. This cxpcctation is bomc out by thc bchaviour
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of thc sieglet sample, which exhibits a rclativcly flat gap-fraclion, and by

thc mixcd sample, wbifh ran dcscribc the platcau of the data. In contrast

the non-singlct sample faila to dcscribc thc fiat rcgion in tbc data, falüng

approximatcly cxponcntially ovcr thc whole measurcd ränge of AI?.

Thc mixcd sample overestimatcs the gap-fraction partirularly in thc in-

tcrmcdiate rcgion 2.6 < AJJ < 3.2. Rccall that wc arc awarc of two possiblc

shortcomings of tbis Simulation. Thc firat Ja thc absencc of multiple intcrac-

tions and tbc sccond is ibc absencc of any gluon Jets. Eitbcr of tbcsc cfFccta

could cxplain thc discrcpancy at iotcrmcdiaic A?.

Thc obscrvation of an cxccss in thc uncorrcctcd gap-fraction, ovcr thc

prcdictcd gap-fraction in ibc non-singlct sample, is important äs it suggcsts

that gaps arc bcing produecd in tbc daia by mechanisms other than «hat

is aimulaicd by thc Standard Monte Carlo cvcnts. It is imperative to assurc

that tbis distribution has not ariscn duc to somc uncxpcctcd bcbaviour of

thc dctcctor. In thc following, thrcc uncorrcctcd gap-fractions (mcasurcd in
four AI; bins) arc shown which havc incrcascd our confidcn« in thc obscrvcd

cxccss.

Figur« 5.1(a) and (b) show tbc .V'*r distribution and thc gap-fraction
(rcspcctivcly) rcsulting from using thc chargcd muhiplicity to dcfinc a gap.

A gap cvcnt is thcn dcfincd has having no tracks of pf°c* > 250 McV in

thc rapidity intcrval bctwccn thc Jets. Thc gap-fraction docs also sbow «

dcviation from an cxponenlial fall althougb it is morc difficult to scc this bcrc

sincc thc gap-fraction obtaincd whcn onc ifroorcs neutral particlcs bctwccn

thc jcts is quitc bigh ovcr thc entirc AV ränge. One also sccs ihc cxccss of
gaps in tbe data at largc Aij ovcr tbc cxpcctation from Standard PYTHIA

proccssca.

As prcviouily shown in Figurc l.lS(f), smcaring of thc multiplicity rc-
construcdon can allow fluciuationa of about onc particlc into and out of thc

rapidity intcrval. Wc prcscni in Figurc 5.5 thc raw rcaults wbcrc a gap has

bccn dcfinM äs < i Island. Therc is vcry little amcaring across this gap dcfi-

CHAPTERS. RESVLTS

f. *

M *! (b) fr)

Figurc 5.1: The AIJ dbfnbulion tot gap tvenls wber* a gap H deßned a* DO track* wilh
Pr > 230 M« V if fhown in (a). The corr«ponding gap-fraction is shown in (b). Tbe
dafaaieihownat blackdots. Tbe pr'dktion by the PYTHIA DOD-sioglet s*mpli-»thown
by op*n eireles aod tbe predklion by the PYTHIA tinglet uunple is shotvn by stats.

nition. (Wc havc Iowcrcd thc £1J.''nn'f thrcsbold to 200 McV bccausc othcrwisc

thcnumbcrofgapcvcntsis too high to scc any structurc in thc gap-fraction.)

Thc gap-fractions arc quitc high throughout tbe AI; ränge, but onc can still

scc an cxccsa in tbc data ovcr thc cxpcctation from thc Standard PYTHIA

W *i (b> fr)

Figurc 5.5: Tbe AI? dislribntion fnr gap cvrnts wher« a gap is defined äs < l Island wilh
Ey ""' > 200 MeV it shown in (a). The cnrrecpnnding gap-fraclioa is show n in (h). The
dala ar* sbnwn äs blick dots. Tbe pr-dirlion by (he PYTHIA WID singlet sample is shown
by open t:\it\ff aod Ibe pn-diclion by the PYTHIA «inglet sample U shnwn hy stat».
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Thr eorrrspondinj; results from dcfining a gap äs < l rhargrd track are

shown in Figure 5.6. Herc onc also sccs lhat Standard PVTHIA cvcnls un-

dorcstiniate tbc fraction of gap cvents at largc A 17.

Figurc 5.6: The AI? distributicm foi g&p *v*nl* whct* & gap U d^flned, a* < l track with
£j!"* > 200 M«V » thown ia (»). Tb» eormponding g&p-frsctioo is shown in (b). Th*
dftl* jue tbown u bUtck dols. Tb« prtdklioB by Ih« PVTHIA non-tingltt umplt is t ho* D
by open eüclet utd Ih« pieditlioD by t h* PYTHIA singist tampl* is shown by ttars.

These distcibutioDs confirm tbat thc cxccss of gap cvcnts at larRc AI? in

tbc data aa comparcd to thc Monte Carlo cvcnta is not duc to a misundcr-

Standing of thc caloriractcr pcrformancc.

5.1.3 Summary of Uncorrected Results

Tbc un^orrcclcd j^ap-fraction cxhtbita a two componcnt bchaviour, an cx-

poncntial fall at |ow AIJ and a platcau at high AIJ. It also indicatcs that

thcrc is an cxccss fractioo of Rap cvcots at A*j > 3.2 ovcr thc prcdiction

from Standard QCD proccsscs. Tbcsc two obscrvattoas indicatc a nccd for
colour sio l̂ct cxchangc proccssca in tbc data at a Icvcl of about 10%. Wc

wish to also makc somc intcrprctation of tbc data without rcfcrcncc to a

partirular Monte Carlo modcl. Also, wc wish to asccrtain wbcthcr thc two

71 CH.\PTEHS. RESVLTS

•"omponent bchavjour of ihr ^ap-frariion roulcl hc aii artifart of thc drirr-

tor smcaring and acccpianrc. Therrforc wc nmst rorrccl thc data for thc

dcicrtor rcsponsc.

Fi^urc 5.7 j^ivcs an idca of ihr sizc of thc detcrtor rorrcrtions. In Fi^-

urc 5.7 astcrixcs arc uscd to ahow thc gap-fraction in thc Monte Carlo sim-

ulations at thc badron-lcvel, bcforc any dctcctor stncariüj; Figurc 5.7(a)

'* '

;*

i»

3t=
-«-

-3K-

=*=

-t

-. .. . i . . . . i . . . . i . . . . i

S '

It

1» "l 1 . . . . 1 . . . . 1

Figurc 5.7: Gap-fr&etioo* st Ih* dfi«t"t aod hadmn l*v*k In (») th» gap fratlion "f
t h* noD-fJDglrt ttmpl« is t hon D at tti* drtKtoi-kvfl by np»o tiidn und »l t h» h&drnn-
\fvr] by «t CT ix«. ln(b) Ih« jap^fr»ctinnof th* $ingl«l umpWis shown. Thr d'fi^tor l*v*l

K shown by 5t u* and th* h»dTon-l*vel gip fractkin i* shown by «st^rutes.

sbows tbc Kap-fraction in tbc non-ainglct modcl. Hcrc no si^nificant dctcc-

tor cffcct is apparcnt, siocc thc hadron-lcvcl and dctcctor-lcwl j;ap-fractiona

arc in aRrccmcnt (within thc statistical crrors). Wc thcrcforc fccl that thc

platcau in thc uncorrcrtcd ^ap-fraction can not arisc äs a dctcctor cffcct on

an original badron- Icvcl rxponcntial distribution. Fijrurc 5.7(a) shows tbat

thc dctcctor docs not havc a largc cfFcct on an cxponcntially supprcssrd )(ap-

fractton. Howcvcr Figurc 5.7{b) shows ihal thc gap-fraclion for thc pure

singlct aamplc is affcctcd by thc dctcctor. Overall thc dctcctor tends to
lowcr thc fraction of gap cvcnts. Thcrcforc, in ordcr to makc a quantitative

intcrprctation of the platcau in thc gap-fraction, comrtions for thc dctector

rcsponsc muat bc madc. Tb i s is undcrtakcn in thc following acction.
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5.2 Results from Corrected Data

75

Thc mixcd and non-singlct Monte Carlo sampics havc bccn used 10 corrcct

thc data for all dctcctor cfferts, including acccptancc, smcartng and thc shift

in thc measurcment of cncrgics, in ordcr lo obtain a quantitative cstimatc of

thc amount of colour sieglet cxchanjjc proccssca in thc data. Cross sections

arc dctcrmincd and a gap-fraction is rncaaurcd in four bins of AV in the ränge

2 < A? < l.

Thc cross scclion rf<r/rfAf for dijct photoproduction, c.p -» np —» cX,

whcrc X contains at Icasi two jcts of final state partictcs is mcasurcd in

thc ränge O.ü < y < 0.85 for pboton viriualilics P3 < l GcVJ. Thc two

jcis arc dcfmcd by a conc algorithm wilh a conc radius of 1.0 in i) - f and

satisfy ££" > 6 GcV and i/"1 < 2.5. Thc two jcts of habest E'T" satisfy

Aij > '2 and |$| < 0.75. Thc gap cross scction, <fo>,P/<fAt}, is mcasurcd in

thc samc kincmatic ränge, whcrc a gap cvcnt has no final atatc particlcs with

transvcrsc eoerny fjl"1"" > 300 McV betwccn thc jct concs. The corrcctcd

gap-fraction /(Aij) is thcn obtaincd from thc ratio of rfff^/rfAi? to i/ö/rfAij.

5.2.1 Correction Method

Thc corrcctcd cross scctions havc bccn obtaincd by a bin-by-bin corrcction

method according to,

- Cl (5.1)

whcre A;(Aij) is thc numbcr of cvcnts mcasured in a AIJ bin, C(&i}) is thc

corrcction factor, thc ratio of the hadron-lcvcl to dctcctor-Icvcl Monte Carlo

rross scction in thc AI; bin, Ctf"T is thc intcgratcd luminosity uscd and thc

factor of 2 comcs from dividiag by thc bin-width.
Thc corrcction factors dctcrmincd from thc mixcd (non-singlet) sample

arc shown in Figure 5.8 äs black dots (opcn circles). The corrcction factors

varv smoothlv bctwecn 1.6 and 1.3 and arc not diffcrenl for thc two Monte
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5.8; Tb* cnrrwtion faclors for Ih» inclusiv* eross ««clion »i» ihoan in (a) and
th< totr*ttioü fattors for Ibe g»p cross wrlion a» »hnwn in (b). (c) thnws th* *ffective
rorr*etion faclors for Ih' g*p-fnclinn. Tb* forrwtiou faetors tccordinj lo ihr Standard
PYTHIA sainpl« (Ihr non-singlet faoiplp) ar« shown äs op*n circks and thf (otrwtinn
factors atrording lo t h» PYTHIA samplr wilh 10% rnlout singl«) ticbaagt proc^ww (th»
mixcd suDipl») u« shown u blark dol».

Carlo sampics. Thc corrcction factors for tbc gap distribution arc shown

in FiRurc 5.Ü(b) and arc aroutid 1.5. Hcrc somc diffcrencc bctwecn thc two

sampics can bc sccn witb thc mixcd sample yiclding hif^icr corrcction factors

than thc non-sin|-lci sample. (This will bcfurthcrdiscusscd in thcfollowing.)

Effcclivc corrcction factors for tbc gap-fraclion arc shown in Figurc 5.8(c).

Thc corrcctiona largcly canccl in this ratio. This auffjcala lhat thcy arc
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this correctioD method arc dcscribcd in Appendix D. Thc rcsults arc not

signifirantly diffcrcnt, äs will bc shown in Scct. 5.2.2.

5.2.2 Systeinatic Uncertaiiity

To invcsligatc thc syatcmatie uncertaintv of thc mcasurcmcnt wc havc cor-

rcctcd the data io acventeen diffcrcnt waya. The correetcd dala points arc thc

averajjed rcsulu of thcsc acvcntccn mcthoda. Thc ineluaivc fiosa scction, thc

Rap cross amion and ihc j^ap-fraction computcd in tbc scventccn diffcrcnt

wavs arc shown in Flures 5.11, 5.15 and 5.16 respcctivcly.
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hf inclutivr (ross srclioo compulrd ID s*v#otfrn difftrcnt w»ys
bl»ck dnls and Ihr wbil* dnts sho* tbr ctislributinn beforn Ihr
Mnparison.

Thc Icft-most sei of points (and tbc solid liuc horizoiitally across räch

bin) shows tbc mcan of all of the aystcmatic variationa. The nc-xt point

shows ihc "ccntral1* corrcction which is madc usin^ thc selcction cxaftly äs

dcscribcd in C'haptcr 3 and thc mtxcd Monte Carlo sample. Thc mixcd

Monte Carlo sample is cbosen for thc ccntral correction beraiisc it is thc

best dcacription that wc havc of thc largc AI? mukiplicity distribution. Thc

crror bars on this point (and thc rcst of the black dota too) comc from thc

propagatioo of data and Monte Carlo statistical crrors. This ia thc statistical

crror of thc final rcsult. Tho outcr crror bars of the final regult arc obtaincd

by adding the statistical rrrors in qnadrature wich thc lärmest systematic
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Figurc 5.15: TV gip trots **crion ecmiput*d in wvnteen diff«rent way» (»* t «t) i*
thnwn by Ihr bU(k doU and (h* while dots show tb» distribution b«forr Ihr drlxlot
rortwtions for (omp»risoo.

dcvjatioQ (scparatcly for thc upward and downward unrrrtaintica) in cach

bin. Tbry arc illuatratcd hcrc by thc dasbcd horizontal linca. Tbc ncxt

sixuxn points show thc systcmatic variations.

Thai is, from Icfl to ri^bt thc black dota rcprcscnt:

1. Thc mcan of all thc systomalic variationa.

2. Thc ccntral corrcction.

-t. Lcavinn out tbc LO dircct cvrnts from ihc oon-sinf-lct PYTHIA sample.

Thefractionof LOdifect prorwses is not well kaownand LO dirert evenWdo
have Roniewhat diffweat iMolutioos from LO re*olvecl event». We estiniate
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Figurc 5.16: Tl» gsp-fraction cnmputfd in s'vmtwn diffn^nt ways (M* t«l) i« shown
by t h* blacfc dols *nd rh* whit* dots show th? gap-fnctkin b^fnrc th» d'tfclnr <orr«ction*
for cooipuisoD.

the size of the uncertainty due to the oiixing of LO direct processn with
ths Bytteniatir variatjon. h leada to DO Bignificant effect.

-1. CorrcctinR usinj tbc non-sioglot PYTHIA sample.

The nod-smglei and iiii.t«! sauiples have different increniental gap bin
efficiencies and bin purities aa dearribed in See t. 5.2.1. TbJs systepiatic
Variation show s (hat their uncertainty ha» only i small effert.

5. Changiafl ibc proton and phoion partoo distributions.

IQ ihis systeoiatir variatkm the photon parton dJstribution is rhanged to
LACl [19] and the proton partoa distribution is chaaged to CRV [7XJ. There
is a aoticeable effert on the cross sertions but it ranreis in the gap frarrion.
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6. Lowcring ihr F£'! cut to 1.5 CW.

T. RaisiiiR thc i)'" forward cut to 3.

8. Changing tbc yjß ränge to brtwccn 0.2 and O.ci.

These threesystematic Variation* allow for fiurtuaticms of barkground lato
the sample from oittside the kinematic ränge of interest. They yieM about
the same deviatian in esc h bin of Äff and largely raocel in t he gap fractiou.

l». Changing tbc E'f1™* thrcshold to 300 McV.

10. Changing thc Ef"^ thrcshold to 200 McV.

1 1 . Cbanging thc cffcctivc conc rarlius to O.lt.

12. Changing thc cffcctivc conc radius to 1,1.

These Cour systematics allow for ruigrations across the Ej>anJ and i)"tand

tuU in evenis that do have a partkk in or n«ar the gap region and form the
large«! syitematic uncertaiDty of the gap fraction.

13. Lowcring thc ealorimcicr cncrgy scalc by 5 pcrccnt.

11. Supprcssing 'Tjolay1" calorimctcr c clls in thc data.

The ealorimeter energj- Kaie i« known to «i t hin §% for hard photoprcxliic
tion eveoU (74]. These l wo »yeteiuaticg actouni for the eit^ot to which w«
linder* t a öd the calibra tion of thecalorimeier.and the eiruiüalion of noisein
Jt. They form the largest systematic uncertainty of the two crom sections
bin cauce] in the gap fraetba.

15. UsinR an altcrnatc '-island' al^orithm.

The ISLAND algorithm clttsten cells based oo the relative E?" of neigh
b oii ring ceSs. To investigale the systematic uncertainty diie to this algorithui
we have used an alterpate du»! er in g algorithm io which all cells whirh are

within r = litten + f f a t i °f "-2 of °ne »nother are joined. This obviously
does not afleci the inelueive rroes section and the effect ÖD the gap cross
s« tion and gap-fraction ts s mall,

16. Haising thc iotCRratcd luminoaity by 3.3%.

86 CH.\PTKR 5. RKSl'LTS

17. Lowcring thc imcgrated luminosity by 3.3%.

This small systematir unrertainly on 'he rrciss serlion« from ihp measure-
ineni of the integral cd luuünosity ranrels of course in the gap franbn.

Itf. Uofolding for ATJ migrations using an algoriihm basrd upon Bayrs tho
orcm.

This is an iniportant systematic given the reasonably large Atj migratbns i>s
discussed in Sect. 5.2.1. The iletaib of this unfolding niethod are presentpd
in Appendix D. The iiofolding procedure yields cross «ections which are
eonsisteot with thoae obtained from the bin by bin correction method,

For comparison, thc uncorrccted data arc shown in Figures 5.11, 5.15 and

5.16 äs opcn circles. Thus one can see that botb of the rross scctions arc

significantly raiscd by the corrertion proccdurc, but thc <"orrrctions do not

significantly alter the gap-fractioo.

Thc analysis has becn rcpcatcd indepcndcntly for somc of thc systematic

variatiorja. Figurc 5.17 sbows thc comparison of thc corrcctcd rross sections

and thc Rap-fraction for thc two analyscs. The black dots show thc results

from thc first analysis and thc opcn circlcs show the results from thc sccond

analysis. Shown bore is the systematic Variation l, for corrcction using the

Don-singlct sample. Thc diffcrcncca bctwccn thc two analyscs lic mainly io

thc cvcot sclcction proccdurc. Thc sccond analysis uscd a diffcrcm algorithm

for Unding thc scattcrcd f-+ candidatc in tbc rcjection of ÜIS barkground.

Thc p beam gas rcjcction is also donc diffcrcntly. Thc second analysis madc

usc of tbc ratto of thc numbcr of CTD tracks which point to thc vcncx to

thc numbcr of CTD tracks which do not point to thc vcrtcx whilc thc first

analysis uscd thc numbcr of rcar-pointing tracks. An cxcellent agrecmcnt

betwccn thc two analyscs is obtained.

Thc systematic checks 5 and 11 wcrc actually pcrformcd by thc second

analysis. This mcans that thc systcmatic check of corrccting with thc non-

singlei sample is actually wcightcd by 3 with rcspcct to thcothcr systematic

chccks. This arosc simply out of ronvcnicnce but wc fccl that it is sensible
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Figure 5.17: Th* correcled inclusive and gap ««s s*clions und th* mtrtcttA gap-
fiactioo M* shown in {»). (b) ud (e) mp«clively. Th« non-*ingW P\TBIA &impl« WM
usfd in obt&ioing tk* coirectton factojt. The w»ult* from th* first an&lytis ar* fhown u
bhek dots and ib« muH« from t he second uuly&is u« «hown u op*n drei«.

anyway to weicht this sysicmatic morc hcavily; altbou^b thc mixcd sample

providcs thc best dcscription of thc data at largc A^, thc noo-sin^lct sample

docs dcscribc thc data bcttcr at intcrmcdiatc AI;.

5.2.3 Suiniuary of Corrected Results

Thc rcsulls aficr dctcctor correotions arc shown in Figurc 5.18. Thc inner
crroT bars show thc statistiral errors and thc outer crror bars show thc sys-
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tcmatir unccrtaintics, addcd in fjuadraturc. (In somo rascs it is not possiblc

to scc the cnds of thc innor (statistiral) crror bar bccausc it is within llic

black dot markcr.) Thc oross scrtion points arc plottcd at thc ccntrcs of

thc bins. Thc gap-fraction points arc plottcd at the mcan AI? valurs of thc

inclusivc cross scctioo.
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: The cross »eetioo rfff/rfAij K shn«vD in (a). The gap «nss $»cf ion
K shown in (b) ajid Ihe gap-Ovtion. /(Aij) : is *hnwo in (r). The corrected ZEl'S d»ta
u« shown K black dots. The inner eiror bars show the stitistic»! «roi» (in fnaif txfft
ivithin tbe maiker) and the out er «ror bars show the tyMemalic uncerlaintirt.

Thc correctcd ^ap-fractioo falls cxponcntially in thc first thrcc bins but

thc hcighi of thc fourth bin ia consistcnt with tbc bejaht of thc third. Thc
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hriflht of thcfourlh b in is O.H±0.(K(.!»/«(.)i|J;!!J(.*yj!.)t wliidi isahoronsisinit

with ihr Hai rcjjion at largo Aij socn in thc unrorrcrtctl gap fraclion.

Numcrical valucs for thc inctusivr cross scction, thc gap cross scrtion and

iho corrcricd Rap-frartkm arc proviflcd in Tablcs5.1,5.2and 5.3 rcsporiivcly.

&1
2.25

2.75

3.25

3.75

df/d&i)
(üb)

1.W

3.06

1.67

0.51

Statistkai
Unccrtainty (nb)

0.21

0.15

0.07

0.03

Systematic
Unccrtaipty (ob)

+O.S3
-O.GC

+fl.il
-O.i)
+0.31
-0.19
+008
-0.03

Tablc 5.1: dff/dAiy for *p — eyp — <^ in 'h" kin«matic t»nge 0.2 < v < 0,?. P' <
4 G* V and wbere JT «Dt »ins l wo 01 morjjpls of E^." > 6 G*V. 7*" < 2.3. Ifl < 0.73
and At) > 2.

A,

2.25

2.75

3.25

3.75

^w/dAf
(ob)

2.«

0.66

0.16

0.06

Statistical
Unccriainty (ob)

0.17

0.06

0.02

0.01

Systcmatic
Unccrtaiüiy (nb)

+0.ii
-n.ij
+0.1I
-o.i;
+0.03
-0.0)
+0.01
-0.01

Tablc 5.2: da#*ld&*) IM tp -. fyp — tX in ib* kin*ni»(ic rwig* 0.2 < » < 0.8.
P1 < 4 G*V* and wh«r* ,Y eoDlaiw riw> or m«e >ts of £J." > 6 G*V. tf" < 2.3,
|ij| < 0.73 and A? > 2 wilh »o final state particlfs of £*.•*'" > 300 M*V betwwn tbe
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A,

2.23

2.73

3.22

3.70

/(A?)

0-58

0.22

0.10

0.11

Statjstiral
l'ncertainty

0.01

0.02

0.01

0.02

System atic
Uüccrtainiy

-HUM
-om
+oni
-001

+001
-n .na
+001
.0.0]

Tablc 5.3: Tb* gap-ftaction. /(Aij). for rp — eip — t.\n Ihr tm»nmtic rang» 0.2 <
» < 0.8:P'J < 4G*V:| and whi-w ,Y eoalains twoot moi* jrts nf £J." > 6G«V. i?''" < 23.
|ij|<0.73«n



Chapter 6

Interpretation

To cstimalc ihc significancc of the cxccss of thc gap-fraction ovcr thc cxpcc-

tation from multiplicity fluctuations in non*singlct cxchangc, two mcthods

havc bccn uscd. Thc first, dcscribcd ia Scet. 6.1, rclics on a comparison of

thc eorrcrtcd data to modcl prcdictions. Tbc sccond, describcd in Scct. 6-U,

is bascd on tbc dcfiniiioo that thc oon-diffractivc contribution to thc j;ap-

fraction is cxponcotially supprcsscd. Tbis sccond mctbod is indcpcndcat of

modcl prcdictioos.

6.1 Comparison to Model Predictions

Thc corrcctrd dat« arc shown in Fipirc 6.1 äs black dots whcrc tbc inocr

crror bars show tbc propagatcd statistical crror of thc data and Monte Carlo

samplcs and tbc outcr crror bars show tbc additional systcmatic crror. Tbc
PVTH1A non-sin^lct sample croes scctioas and gap-fraction arc shown äs

oprn cirrlcs. Thc ovcrall normalization of PYTHIA aĵ ccs witb thc data

wiihio thc crrora. PYTHIA also dcscribcs thc shapc of thc incluaivc cross

sfxtioü. Howcvcr it falls to dcscribc ehe gap cross scction, fallio^ too stccply

with AJ; and disa^rccing significantly io tbc last bin. PYTHIA docs not

rrproduro thc platcau obscrvcd in tbc mcasurcd gap-fraction. Thc diffcrcncc

bctwrcn ihr data and thc PYTHIA non-singlct gap-frartions in thc last bin
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.1: Th« dat» (n>ncct«d for <kt«tor *IT«U) aw sbown äs black dnts wh*r» th*
inner ertor bar «hont Ib* »(»tistiral titot *nd the out er «rror bu shnws thc syitcinilK
nnnHunty »ddi>d in qaadratur*. Thr prediftkios of (h« PYTHIA ixm-singbt sample fnr
Ih« hadrnn-!<¥(! distiibutionf are »hown u open fiicles. Th* incluiive crof* t«-tion it
shown in (a). The gap crow »ettioa is sbown in (b) »ad Ih« g»p-frartif>n is »hown in ((}

is 0.07 ± 0.03. This may bc intcrprctcd äs thc cxccss in thc gap-fraction ovrr

thc cxpcctation from multiplicity fluctuations in non-singlct CKchaoRc-

Thc cxccss dctcrmincd in thia way is inhcrcntly modcl-dcpcndcnt. Thc

prcdictions of scvcral othcr PYTHIA modcls arc shown in Figurc 6.2. (Thc

potnts arc displaycd at diffcrem Atj valucs for clarity. Thc samc binning is

uscd in all cascs.)
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Fijurc 6.2: Tb* dau (eorretltd for detwtnr »flVts) ar< »hnwn u black dot» wb«r* fht
innr-r MIOI bu fbowt (he Matklical error »öd t h" out ff «rrm bar (bow* Ib* tystetnafir
unwrliuuly added in quadiature. Tbr PYTHIA prrdKtinns induding multiple iolM&ctions
are fhcin'n äs triwigl**. Th' prfdicfioos using l h* Fteld-Fcynniaji fragoirnUtioo funclkin
ai« shown äs squam u<t ibf pr*di(ti»iis from k.w*ring tr,r M« sbmvp v Hiamonds,

Thc trian^los in Figurc 6.2 show PYTHIA non-singlct cvcnts with mul-

tiple intcractions bctwccn tbc pboton and protop simulatcd. Tbc ioclusivc

cross section ia ovcrcsiimatcd by this modcl oltbough thc |-ap cross scction
is of rouj(hly tbc corrcct maRnitudc. Thc j;ap-fraction cxhibits thc bchaviour

that wc cxpcctod. Thcrc arc fcwcr japs prcdirtcd whcn multiple intcractions

arc simulatcd, than whcn thcy arc not (mainly apparcnt in thc two middlc
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AV bins). This modcl alonc <~an not desrribc the data since it bcgins lo

undcrcstimatc thc gap-fraction of the data alrcady at AIJ ~ 2.5. Howcvrr

wc know that multiple intcrartions improvc thc dcscriplion of thc data in

many distributions which are not differcntial in AI; or multiplicity (71,72).

Thcrcfore somc contribution from multiple intcrartions may bc nercssary in
thc modcl whirh is final l v foiind to dcscribc thc data.

Tbc squarcs in Fijurc 6.2 show PYTHIA non-singlct cvcnte with thc

Ficld-Fcynman fraumcntation function (7t)J. This fragmcnlation function

produccs cvcn fewcr gaps in thc final statc than tbc Standard fragmcntation

function uscd in thc PYTHIA simulations (thc LUND Symmetrie fragmcn-

tation function |80]).

Dianionds sbow PYTHIA non-singlet cvcnts with thc fragmcnution pa-

rametcr wbich scts ihc widtb of primary hadron pr distribution witb rcspcrt

to thc parcnt partoa, 0„, lowcrod from 0.36 to 0.25. The A? distributions

from this modcl arc similar to t hose of thc non-sim>lct sample and of thc

data. In addition this model comcs vcry closc to dcscribinj thc gap-fraction

of thc data. Howcvcr this modcl has slightly narrower jet profilcs than the

noü-singlct oncs, and a lowcr jct pcdestal. This is shown in Figurc 6.3.

In Fiflurc 6.3 thc hadron-lcvcl jcl profilcs for thc non-singlet sample arc

shown äs thc solid lincs and for tbc Iow arr sample äs thc dashcd lincs. Thc

profilcs arc shown on a log sealc in ordcr to hifthliftht thc diffcrcncc bctwccn

tbcm. Thc discrepancy bctwccn thcsc two modcls is best sccn in thc <p

profilcs. Tbc Iow afr jcts arc somcwhat morc collimatcd than ihc Standard

jcts and havc a lowcr jet pedcstal. \Vc know that thc Standard jct profilcs

arc alrcady narrowcr than thc data, and havc a jct pcdestal whirh is too Iow.

Thcrcfore wc do not cmpbasizc tbis modcl äs thc corrcct Interpretation of
our data.

HERWIG (81) is a Monte Carlo cvcnt gcncralion program which usrs

a romplctcly diffcrcnt fragmcntaüon schcmc from the LUND string model

whicb is implcmcntcd in PYTHIA. Thc sccond analysis has obtaincd ihc
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Fipirc 6.3: Hactron-]«vrl jrl profil« «r shown ^puatrly for th* Ivading and tt&iling
j«U. Th* solid Une ibowt Ibe j«t preßtet of tb* non-tingl^t sunpl« and t he datbrd lin*
(hörn tb* jet Profile« of Ibe low a^ sunple.

crosa scctions and gap-fractkm from thc HERWIG Simulation botb with and
witbout multiple intcractiona tacludcd. These prcdictiotu arc comparcd with

thc data in Fij, 6.1. Tbc dua arc shown a« black dots. Thc HERWIG

prcdictions iacluding multiple iotcractions arc ahown äs solid stars and thc

opoo crosscs show thc HERWIG prcdictiona wilhout including thc Simulation

of multiple ictcrartions. Tbr cross scctions havc tbc corrcct sbapc but thc

ovcrall normalization ia too low, Thc HERWIG gap-fraciion is coosistcnt

with thc PYTHIA «ap-fraction within tbc statiatical crrors. Tbc HERWIG
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Fi^urc 6.1: The d»la (corr*cted foi detector efT«cts) at* shown u black dots nhttt t h*
inner errot b«i sbowi t k* ttatutk*! error and th« outfr errnr bar «hows the «yslrmattr
uncertainty «dded in quadrature. The HERWIG ptediction* bcluding multipl* blerac-
lioos M* shown a» «olid stan and (he op*n crotMt show th* HER^VIG predictionf withnut
multiple interactiont.

Simulation of multiple intcractions shows the samc effcct aa thc PYTHIA

Simulation. Thc gap-fractioo ia lowcr at intcrmcdiatc £i) whcn multiple
intcractiona arc inrluded.
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6.2 Exponential Fit

Mrasurinj; ihc cxccss of the measurrd gap-frartion ovrr the cxpccted bc-

haviour from non-sinfllcl exchangc- by romparinß thc data to modcl prcdic-

lions is clcarly problematic äs illustratcd by ihc sprcad in ihc modcl prc-

diclions shown in tbc previous smion. YVc wish to obtain a mcasurc of thc

diffcrcncc bctwccn thc mcasured gap-fraction and thc cxpccled cxponeulial

bchaviour usinj a model-independcnt mcthod bascd on thc data alonc.

Thc corrcctcd gap-fraction is rcdisplaycd in Figurc 6.5. Thc solid linc

shows ihc rcsult of a \* fit to,

wbcrc C(fi,ß) eonsiraina thc fit to cqual I at AIJ = 2. Tbc cxponcntial and

constant tcrtns arc shown äs tbc dottcd and dasbed lines rcspcctively. Thc

fit is pcrformcd using ihc MINUIT propam [ü2|. A \ of 1.2 iä obtaincd for

10

3.5

Figurc 6.5: Tb* g»p-fr»rlion. /(^7) *itb » fit to th« «ptwsinn. / = C(a:tf)*"Al' + ̂
shnsn M th* wltd ÜPP. The dollrd liüe sbows th« expcmeotial t«im and th* dwb*d lin«
shcwt Ihe fowtant tetm.
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ihc ift'o dej^rers of frredom. This is supcrior to that of a fit to an rxponrntial

alonc whirh yielHs \ = !L

In order 10 obiain the siatistiral crrors of thc fit paramctcrs the fit has

becn applicd to thc j-ap-fraction obtained using thc cenlral rorreriion äs

dcscribed in Scct. 5.2.2 (inrluding thc statistical errors only.) Thc rontour

plot of ihc parametcr dcviations for this fil is shown in Figure 6.6. C'oniours

for ooc ihrou^h scvcn Standard dcviations of thc paramctera arc shown. Thc

solid lincs interscct at ihc mioimum of tbc \ function and the dasbed lincs

show thc unccrtainty of ihc paramctcrs äs dctcrtnined by MINUIT. Tbc fit

«».»

•23 -2
Parameter 1

Fiflurc 6.6: Cootour plot of Ihr \'J function showing th* 'latistifal srfir* of th* (*ntral
cotiKlion. Th* solid lin« intcrwtt at Ih* mininium valu* of Ihr \'J fuDction and th*
d(uh*d Un*s ur on* »tudard d*vialinD fmm >h« fil p&rami'l'r va|n*$.

paramclcrs show a sirong anikorrelation. This is casy to undcrstand. To

obtaio a dcccnt fit with a low platcau hcij-hi onc would nccd a shallow slopc

and roüvcrscly with a stccp slopc onc would nccd a hi^h plateau in order to

fit thc data. In any casc ihc statistical crrors of thc fit paramctcrs corrcspond

to thc extreme valucs of ihc ouc Standard dcviation contour. Thal is, thcy

includc thc cffccl of tbc paramctcr corrclation.

TocslimaictbcsystcmaticunccrtaiDly of tbc fit paramctcrs thc \ fit has

thcn bccn pcrformed scparatcly for cach of thc sixtccn systcmaiic x'&riations

dcscribed in Scct. 5.2.2. The final fil paramctcrs arc thc avcra^cs of thcsc
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srvcntcon rcsults. Sincc ihr systcmatic dcviations arc consiatcnt with

nnircly duc to atatistical fluctuations thc overall systcmatir unccrlainty Ja

simply takrn from thc largcst dcviation. Thc rcsults arc csscntially cquivalcnt

if thc systcmatic dcviations arc Jnstcad addcd in quadraturc.

Thc rcsults arc,

o = -2.7 ±
ß = 0.07 ±

±0.1 (*»*.)

Tbc paramctcr 3 corrcsponds to thc cxccss of tbc mcasurcd gap-fraction

ovcr thc gap-fraction from non-diffraclivc proccsscs. As such, it cstimalcs tbc

fraction of colour nnftlct cxchanpjc proccsscs ia thc data. This mcthod uscs

thc füll iüformatiöD of thc four mcasurcd data points and is not dcpcndcot

on tbc dctails of thc Mootc Carlo frajmicniation modcl.

6.3 Survival Probability

Tbc cxccss in thc g&p-frartion ovcr thc cxpcctation from non-singlct cxchangc

may bc intcrprctcd aa cvidcncc for thc cxchaogc of a colour sinket objcct.

In fact thc fractioa of cvcnts duc to colour singlct cxchangc, /(Aij), raay bc

cvcn higher than tbc mcasurcd cxccss. A§ prcviously mcntioncd, sccondary

intcractiODS of tbc photon and proton rcmnant jcts could fill iü tbc Rap. A

survival probabib'ty, Pt has bcca dcfincd (35] which rcprcscnts tbc probability

that a sccondary intcraction docs not occur. Tbcn /(At?) =s /(Atf) < "P.

Estimatca of f for pp colliaions at tbc Tcvatron ran^c from about 5% to

30% (35,1*3, (H). Thc survival probabibty at HER,\d bc conridcrably

bisher, duc lo thc diffcrcnt colliding bcam particlcs, thc lowcr ccntrc of maas

cücr^y, and in particular, duc lo tbc largc fraction of thc photon '« momcntum

which partin palcs in tbc hard iotcraction in thcsc cvcnts.

x?*'*, aa dcfincd in Sm. t.3, is shown in Fijpirc 6.7(a). Tbc data arc

shown äs black dois and thc non-sin^lct and ainglft PYTHIA aamplcs aa

opcn circlcs and stars rcspcrtivcly. Thc data arc poafccd towarH a vcry high
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Figurc 6.7: Tb« dependente of Ih« gap-fraciion on t^BS. Th* distributiv of x°BS is
shown in (a). The data at« shown a» blick dott. Th« PYTHIA sample cnnlaining no
colour singlet «xcbange procnses (th« non-sing)«t tample) is thown äs open ciirles. The
tubsampl« of Ibe non-tinglel sampl« whkh U du« lo LO direet proc«$se$ is shown by Ih«
d&shed lin«. Tbe ctart repm*nt Ib« PYTHIA tampk which includn onJy cohur singkl
«xchacge pnK«UM (Ibe singH sampfc), The vertit&l line U dt»*n at i°es = 0.73. Th'
incluiive AIJ dwtribution. Ibe Aij dttlribulioa for gap *v«nls. and tbe gap-fraction at«
shown in (b), (t) and (d) re*pectiv«ly. (These distributions M« uncotrected for detector
«ffecls and ihe erron shown ar« »tatütical ooly.) In (b). (t) aod (d) only the meMut«d
dala u« shown (Hack dols). Tb« lri*ngl«s »bow tb« i°BS > 0.73 subsampte and tbe
tquatM show the x°BS < 0.73 subwunpk.

valuc, x^R* ~ 0.8, aa comparcd to prcvious dijct Studie«. (See, for instancc,

Fi^urcl.S.) This is bccausc tbcangular cuts AI; > '2, ij < 2.5, and |ij| < 0.75
rcstrict to cvcnts which havc citbcr both jcts in thc rcDlral rapidity rcgion,
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or one jrt in tbc rcar rapidiiy rcjjion. Such ronfigiiralions arc rare unlcss a

large frartion of thc positron's cnorgy participatcs in ihc hard intcraclion.

Nevcrthclcss thc non-singlcl sample is still larRcly composcd of thc LO rr-

solvod cvcnts. Thc dashed linc in Figurc 6.7{a) shows thc conlribution to tbc

non-sin^lct sample from LO direkt cvcnts.

Thc ußforrcctcd AIJ distribulions and thc uncorrcctcd gap-fraction arc

displaycd in four bins in Fi^urcs t>.7(b), (c) and (d) (black dots) with sta-

tistical crrors only. Thc data arc thcn subdivided into two subsamplcs,
x(>ß< > Q 75 cvcnts arc shown äs opcn irianglcs and x°B* < 0-75 äs opcn

squarcs. Tbc x^ß" > 0.75 subsample has thc hiebest gap-fraction and thc

XOBS < p 5-5 stibeamplc has thc lowcst gap-fraction. This indicatcs that thc

survival probability docs indccd incrcasc witb thc parton momcntum frac-

tion. Tbcrcforc thc ZEUS rcsult of 0.07 ± 9.V2(ttat.)^(»y3.) and tbc DO

and CDF rcsults of 0.0107 ± 0.0010(.i(n(.)iS:5!"(.''!(J'-) and 0.00«i ± 0.0012
for thc cxccss in tbc obscrvablc gap-fraction, /( AI?), could all arisc from thc

samc cxccss in thc undcrlying gap-fraction,

6.4 Summary and Conclusions

Thc rcsults and thcir Interpretation may bc summarizcd äs follows.

• Thc comparison of tbc uncorrcctcd multiplicitydistributions of tbc data

with thc multiplirity diatributions of Monte Carlo samplcs which havc

bccn passcd through a füll dctcctor Simulation iadicatcs tbat thc data
contain colour singlct cxch»nj(c proccssca at a Icvel of about 10%.

• Thc UDcorrcctcd f;ap-fraction cxhibits the two componcnt bchaviour

whicb is expcctcd to indicatc thc prcacnec of colour sinket cxchan^c

proccsscs. This cxponcntial fall at low Aij and platcau at high AI? can

not arisc äs a drtcctor cffcct on an original hadron-lcvel cxponcntial

distribution.
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Tlie j>ap-franiou r orrecird for Hclfetor cffrrtg confirms tbc two eompo-

ncnt bchaviour of tbc unrorrcrtcd ^ap-fraction and allows for a quanti-

tative cvaluation of ihc hcighiof the platcau, 0. t

• Two cstimatcs of thc cxrcss of thc gap-frartion ovcr that cxpcetcd

from non-diffractivc prcw-csscs havc bccn made. This exccss may bc

intcrprctcd aa a lowcr limit on thc fraction of cvcnts in thc data duc to

colour sinfdct cxchan^c.

Thc first cstimatc of ihc cxcess is obtaincd from a romparison of

thc corrccicd data witb thc hadron-lcvcl prcdiction obtained from a

Monte Carlo evcnt (;cnerator. This mcthod yicldg, 0.07 ± 0.03.

Thc sccond cstimatc of thc cxcess is obtained by fittinf; tbc data to

thc sum of an cxponcntial and a constant gap- fraction. This metbod

Thc magnitude of thc squarcd four-momentum transfcr across thc rapid-

ity )(ap äs calculated from thc jcts is lar^c (|f| > (Er")1). Thus the colour
singlct exchanj^c is unambi^uoualy ';hard".

Thc PYTHIA ^encrator prcdicta that ihc ratio of ihc clcctroweak (CTEI* )
to QCD ((T°rp) cxchan^c cross scctions in this kinematic ranj;c is aEV/al)f:D

l • 10~' (eompatiblc with thc cstimation (o/a,)a). Thercforc quark quark

seattcrinj? via -,/Z° and M'* cxcban^c cannot cxplain thc hoight of thc Hat

rc)(ion in the gap-fractioo. On thc other band, usin^ the simple two-gluou

modclfor pomcroncxchanf;cgivcs/(A)7) ^0.1 [3-5]. Thus pomcron exchaDRe
could account for tbc data.

In conclusion, dijct photoproduetion cvcnts with £7" > 6 GcV contain an

cxccss of cvcnis with a rapidity ̂ ap betwccn thc two jcts over thc expcctations

of colour cxchangc proccsses. This cxccsa is obscrvcd äs a Bat rcgion in thc

Rap-fraction at larjp rapidity Separation (Ai? = 3.7) at a Icvcl of 0.11 ±

0.02(^rn(.)ln;Si(-'{y-*-)- 'l ran bc intcrprctcd äs ci-irlcnce of hard diffraciivc

scattcrinR via a strongly interactinR eolour sinket objcot.



Appendix A

Kinematics

Thc kincmatica of h&rd photoproduction at HERA arc illustratcd in tbis
appcndix using thc hard diffractivc scattcring process äs an cxamplc.

Fig. A.l(a) sbows thc diagram of a hard diffractivc scattcring proccss at
HERA. Thc four vcctore of thc positroo in thc initial and final statc arc

labcllcd hy k and k' rcspectivcly. Thc invariant man of thc incoming photon

is dcnotcd with P1 and tbc cnergy scalc of thc hard subproccss is dcnotcd by

Q1. Thc momcntum fractions of tbc partons wbich participatc in thc bard

intcraction arc labcllcd witb x-, and xr. In Fig. A.l(b) thc ccntrc of mass

(«) (b)

Figurc A. l: The bud diflr&ctive stattering procws. Th* füll Khemalic diagram i* shown
in (a) tnd in (b) t h* centre-of-mu* frune of t h* h&rd subproew* i* shown.

vicw of thc rolliding partons is shown. Tbc incoming partons arc labcllcd a
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and b arwi thc outgoing partons arc labellcd c and d. Thc outgoing partons

arc scattcrcd through an angle i? ohtaining transvcrsc momrntum p? with

rcspcci to tbc axis of thc incoming partons.

A. l Photon beam

Thc positron mass may bc ncglcctcd. Thc positron momcnta may thcn bc

writtcn,

t = (^,0,0,-f,) (A.l)

whcrc E, and E1, arc thc cncrgics of thc incoming and outgoing positrons

rcspcctivcly and d'e is thc angle of tbc outgoing positron with rcspcct to thc

incoming proton dircction. Tbc photon invariant mass is tbcn,

-(l--

'2k-k'

(A.3)

(A.i)

(A.5)

Thc antitag sclection critcria dcscribcd in Scct. 'i.'2 arc vory cfFcctivc at

rcjccting DIS cvcots with P * > l GcV*. In fact thc mcan /** bas bccn

cstimatcd to bc 0.03 GcV3 (26).

Thc dimcDsionlcss variable y is dcfincd by,

V = 7"? (A.o)

whcrc p,, is thc momcntum of proton and p, is thc 7 momcntum. This may

bc «ritten,

E,Et-pr.p.' '

wbcrc Er (£,) is thc cncr^y of tbc p (f), and pp (jL) is thc thrcc-motncntum

of thc p (>}. Thit rcduccs in tho photoproduction ro^imc, P1 —» 0, and
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tlir p mass, to

9 =
£,£-(1 -
£,£•,(1 -
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(A.8)

whero i?p- is the opcning angle bctwccn the incoming p and •> and i?r, is

t ho oponing angle bctwcen thc iuroming p and r.+ . In thc photoproduction

rcgimc the cmittcd •> is collincar with the incoming r-+, Thereforc $f~ = ^rrt

and,

v = £• (A.y)
y may bc cstimatcd from thc hadronic cncrgy dcposits in thc calorimctcr [62].

Thc ip ccncrc-of-mass cncrgy W-:T \a clcarly eqnal to ^yJ whorc 5 is thc

r+p ccntre-of-mass cncrgy, 300 GcV. Thus H'^, may also bc cstimatcd from

thc hadronic cncrgy dcposits in thc calorimctcr. In this study, 131 GcV<

H' < 277 GcV.

A.2 Parton momentum fractions

Tbc momentum fractions i, and i, arc dcfincd bv

Pr'Pr

Pr-P-

(A. 10)

(A.l l)

In analogy with thc rcdurtion of y sbown in Scct. A.t, thc momentum frac-

tions reducc to,

(A. 12)

(A.13)

whcrc E, and E^ arc thc cnerpcs of thc partons from thc p and -j sidc

respcflivcly.
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Thc momentum frartions may bc flrtcrminrd from ilic mergics and

of the outgoing partons aeeording to,

These expressions may bc uudcrstood by writing,

artjn sin$„„<„.tan -^~ (A.16)

. .1-0» iVrl^ . , . , _.
0,i^sin^rbm( :——^ ) (A. l i )

and similarly,

Tbcn,

*^T ^ "" ^fortrtn ~~ Pi/wrl'

V"1 f?r*Tt<m , Aparte

E CftfrtO'A ffüvta
_ fartont *-* "i

(A. 19)

(A.20)

(A.21)

(A.'22)

Howcvcr notiec that (ncglecting quark masacs) p,0 - Ea and psl, = -Et.

Thcrcforc, invoking momentum eonscrvation, cquations A.21 and A.22 re-
ducc to cquations A.12 and A.13.

A-3 Energy scale

Thc cncrgy scalc of thc hard subproecss, dcnoccd Q3, is equal to ihc magni-

tudc of ihc invariant mass of thc cxchangcd eolour singlct objc«, äs shown

in Fig. A.t. This is tbe magnitudc of thc Mandclslam ( variable dcfincd bv

f = («-r)2 . (A.23)
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1 is a Lorcntz invariant rguantity. VVe dclcrminc it in the rcntrc-of-masa

frainc of thc hard subproccss «herein thc parton niomcnta may bc writtcn.

a = (E,Q,Q,E)

b = EQQ-

Thcn,

Tbat is,

(A.21)

(A.25)

(A/26)

(A.27)

A. 28)

A. 29)

VVc usc thc final statc jct transvcrsc momcntaio placc of thc parton Iransvcrsc

momenta in ordcr to «clect a sample of hard scattcrin^ cvcnts. In this sludy,

(E?)* > W GcV3.

Appendix B

Jet Finding

Bccausc thc quarks and gluons produccd in a hi^h cncrjy Jntrractjon aro

ronfined, thcy fan not bc observcd äs frcc particles in thc final statc. How-

cvcr, thanks to locjd parton hadron duality (scc Scct. 1.2) thc distributioo of

thc jcu of hadroos which arc produced in the hadronization proccss is sim-

ilar to tbc distribution of thc outRoin^ partons. Jct Unding algoritbms arc

uscd to clustcr tbc hadrons into thc objccts which correspond to thc outgc-

JDR partons. Tbc additional critcria whirb must bc satisficd by a jct finding

al^orithm arc that tbc jcts should bc well defincd cxpcrimcntally, and also

well dcfined tbcorctically to any ordcr of pcrturbation thcory. In 1*)90 at thc

Snowmass Conference in Colorado a Standard jct dcfinition was proposcd for

hadron coltisions involviüg thc produrtion of lijjht quark and gluon jcts [85|.

B. l The Snowmass Standard

According to thc Snowmass rccommcndations a conc with ccntrc (9™'",̂ *"")

sbould bc dcfined in (i},<?) spare such that all hadrons with roordinatcs

(,,*•*«, v*-**") within a radius R = i™«* - *-*^T)J

< flo arc includcd in thc jct. Thc transvcrsc cncrgv' of thc jct, £"£" and thc

coordinatcs of thc jct, (V",^"') should tben bc dctcrmincd from thchaHrons
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whkh lic insidr thc jct ronc ac^ording to,

aml
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(B.l)

(B/2)

In addition it is rccommcndcd that tbe jci cone coordinatcs, (v™"iV™s*).

bc dctcrmincd in an iterative fashion from initiating clusters. Wbat is not

spccificd by thc Snowmass accord is bow to obtain thc initiaiing clusters,

and bow to dcal witb ovcrlapping jct eoncs. Por this rcason a füll dcscription

of thc algorithm uscd to find jcts in this analysis is providcd in thc following.

B.2 Main Jet Finding Algorithm

In this analysis, dctector-lcvcl jcts havebcrn foundbyapplyingthc jct finding

algoritbm to calorimctcr cclls (in ihc data and in ihc Monte Carlo samplos).

Hadron-lcvcl jcts havcbcen found by applying the jct finding atgorithm to ihe

final statc hadrons in tbc Monte Carlo samplca. Tbc following desniption of

thc algortthra will rcfer to thc badron-lcvel jcts but tbe cxtcnsion to dctcctor-

Icvcl jcts ia trivial.

A conc jct finding algorithm has bccn adopted with thc conc sizc «et to

Ro = 1. Otbcr paramctcrs uscd by thc algorithm arc thc cncrgy thrcshold

of a sccd cell or Jet Initiator, Efö* = 1.0 GcV, and thc cncrgy thrcshold of

«jct, Efo = 6-0 GcV (for ihc hadron-lcvcl casc). Thc jct finding algorithm

thcn procccds via thesc stcps.

Step l Thc final statc hadrons arc sortcd into cclls of approximatc dimcn-

sion 0.5 x 0.5 in (i},f} spacc. (y> is mcasurcd in radians.)
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Step 2 Thc iransvcrsr enrrgy suni, ET""''"*', is fornicd for carli roll. E'f-11 .....

eonsists of ihe transvcrse encrgy rontaincr) in tlie associatcd ccll plus

ihc transvcrsc cncrgy ronlaincd in its cight surrounding ncighbours (or

itsfivrsurroundtngncighbours if iiisaccllat ihccdgcof ihr a<-rrptancc

Step 3 If a rcll ig found which has E^""11"" > £1f^rf thcn it lakcn to be ihc

initiator, or srcd ccll, of a jct. Thus if1"*1' and '̂"Jnr corrcspond to thc

ccntrc of this ccll. (If no such rcll is found thcn thc rwru has no jcts.)

Step 4 Thc transvcrsc cncrgy wcightcd ccntrc of this jct is rakulatrd ar-

cording toformulac B. 2 and B. 3.

Step 5 Thc quantiiy Afi1 is formcd, AÄ3 = (V - i)tvnt)*

Step 6 If A/f J > 0.01 RQ iheo thc positiou of ihe jct contrc is noi considcrod

to haw convcrgcd and so thc pnx-css is rcpeatcd by sctting i)fanf = *)}"

and v""* = ?>" and rcturning to Step 1. Howcver if Afi1 < 0.01 /tf

thcn tbc position of tbc jct ccntrc is considcred to have convcrgcd.

Step 7 Stcps 3 through 6 arc repcatcdunlilaconvcrgcd jct position has bccn

searchcd for for all cclls which bavc Ej"1'1^ > Efä*. (Thc program

will stop sccking convcrgcncc aftcr a largc numbcr of itcrations, or if

thc jct transvcrsc cncrgy calrulatcd according to formula B.l pcraiais

in bcing quitc low with rcspect 10 Ej$.)

Step 8 Thc convcrgcd jct of highcsc ff' (according to formulaB.J ) i s thcn

aaved, providcd E$? > E%,. Thc hadrons within thc conc of this jct

arc rcmovcd from considcration and tbc jct finding program rcturna to

Step l to find out if tbcre arc any jcts associatcd with ihc romaining

hadrons.
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B.3 TLT Jet Finding Algorithrn

\Vc havc also implcmcntcd a jct Unding algorithm at thc thiffl Icvcl of irig-

gering. In thc cnvironmcnt of online data sclcctton at ZEUS thc cxccution

spccd of any algorithm must bc madc äs high an possiblc. Thc TLT jct find-

m& al«,orithm is thcrcforc slit,htly Icss sophisticatcd- At thc TLT, Step 3 is
modificd such that only thc sccd ccll with (he highcst value of ET***"" is uscd

äs an Initiator for a jct scarch. Tbc jct position is still itcratcd in thc samc

way, but oncc & suitablc jct position is found for tbis sccd thc cclls within thc

jct conc arc immediatcly rcmovcd from considcration. Thc program returns

to Step l to scc if tbcrc arc any morc jct Initiators (without first trying tbc

othcr sccd cclls to scc if thcy would yicld a higher E*' jct).

Appendix C

Three Jet events

Tbc relative azimuth of thc two higbcst E£' Jets is shown in Fig. C.t(a).

Thc data arc shown by ihc black dots. Thc non-singlet and singlet PVTHIA

samplcs arc shown by thc opcn circica and thc stars rcspcciively. Thc data arc

gtrongiy pcakcd toward a back to back configuration, howcvcr thcrc is a tail

to largc valucs of relative azimuth which is not dcscribcd by tbc non-singlct

sample. Largc valucs of A^" occur in cvcnts whcrc thcrc arc morc than

two jcts in thc final statc. Thc singlct sample is cvcn morc strongly pcakrd

toward A^" = 180*. This is consistont with tbc singlct sample faaving

tittlc cncrfty dcpositcd outsidr of thc jcts in f>cncral. A larjr,c dcrorrclation

in Ay»'" has bccn 8ujy"cslcd äs a possibtc signaturc of higher ordcr proccsscs

iovolving tbc hard cmission of partons from thc propagator [75,76). Thus wc

may cxpcct tbat thcrc arc morc cvcnia in thc data with thrcc or morc jcts,

than arc simulatcd in ihc Monte Carlo samplcs.

In Fifl. C.l(b) onc scca thc subsamplc of cvcots with Aij > 3.5. In thcsc

cvcDts thc jcts arc morc strongly pcakcd toward a back to back ronfiguralion

and thc dcacription of Ai/^" by thc Monte Carlo samplcs is bcttcr.

Fifl. C.l(c) shows Ai^" for thc gap candidatc cvcnts with AI? > 3.5. As
thcsc cvcnts can havc vcry littlc encrjtj outsidc of thc jcts it is not surprising

tbat thc cvcnts arc vcry strongly pcakcd toward A^'' = 180" in all thrcc
samplcs.

ÜJ2
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Figurc C-l: Rrlilive aiimulh of Ihr Iwo highe* l E'T'' jels for t h» inclusiv* sample a
sbrxvn IQ (»). i^'1 for tb» subsMnplf with AI; > 3,3 is shown in (b) and (f) sbow« th*
gftp raDdidatr i-v*nt* wilh Atj > 3.5. Thr data are shnwü by ihr black Hots. Tb« opto
t'ntlft r*prw*nl rb* PYTHIA wnipl- whkh incluclM no coloui tjaf}fl ^ichang* procfss«
(Ih* nnn-tiogl*t sanipl'). Thf st«5 i»pif4*Dt thc PYTHIA sanipk nhkh cnntua» only
*lTtrow*»t quuk quark «»Hering (tht singlet Moipl»),

In (U"] a prcdiciion for thc ^ap-fraction is madc at Tcvatron
Thc raiculatioaal icchniquc ncccssitatcs choosiüg the two jcts at lärmest and

Icast V to cvalualc tbc gap-fraction (rat her than thc two jcts of highcat Ef'
whirh wcrc uscd in tbis acalysis). Cicarly thc rcsulta will only bc diffcrcnt

for tbc subsamplc of cvcnta which eontains morc tban two jcts. In Fig. C.2

thc Standard uncorrccicd Aij distributions and thc ^ap-frartion arc shown äs

1 ) 1 .\PPEXDt\ TUREE JF.T EVEXTS

blark dois, Tbc unrorrcctcd AI; 'lisirihutions and ihr gap-frariion niarlr l>y

rhoosin» thc two jcts at extrenie i/"1', rather than dir two liehest ff" jrts,

arc shown for comparjson äs opcn rirrlcs.

l U 3 )3 4 U 3 33
(b)

Using thc jcts at highcat and lowest if" will naturally yicld morc evcnts

overall sincc morc evcnts will satisfy thc AIJ rcquircmcnt of earh AIJ bin.

Thia effcet is shown in Fig. C.2(a). Howcvcr thc N**r diatribntion is almost

idcatical for thc two mcthods. This suggcsts that tbc gap cvcnta have cxactiy
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two jcts so that thc two jcts with highcst ££' arc thc samc aa thc two jcts at

hifthrst and lowcat i^". As shown in Fig. C.2(c) thc flap-fraclion which rcsults

from usinj thc jcts ordcrcd by i)"' ia only about 1% lowcr than thc Standard

gap-fractioa. This rcsult sujy-csts that calculations such aa thosc of [37] may

bc dircctly comparcd with tbc cxpcrimcntally mcaaurcd gap-fractions [10]. Appendix D

Bayesian Unfolding

Wc follow thc Dotation and mcthod of (77) with onc addition. Wc dcfinc a

gcncralizcd purity K, which ia anaiogous to thc gcncralizcd cfficicncy £,. No

discussion of tbc propa^ation of statistical crrors in thc uofolding proccdurc

is providcd hcrc. A dctailcd discussion cao bc found in (77). For this analysis

thc unfolding mcthod was uscd äs a systcmatic check. Thc statistical crrora

of thc rcsult arc takcn from tbc bin-by-bin corrcction mctbod.

In thc fim subscction a short summary of thc matbcmatical formalism is

providcd, and tbc unfoldiüg algorithm Js cxplaincd. In tbc sccond subscction

thc unfoldin); of thc two croas scctioos rf<r/dAij and dff*'T/di!H) is dcscribcd.

D.l Procedure

Lct thcrc bc scvcral indcpcndcnt rauscs C'„ i = l,2,...,«o, which can pro-

ducc any onc of scvcral cffccls E,, j = 1,2, ...,nE. Lct P(C,) bc thc initial

probability distribution of thc cansos. Wc bavc,

(D.l)

116
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Ift 'P(E,|O l>c thc rondilional probability of ihr i'1" r&nse to produrr tbc

j"1 rffm. Tb™,

0 < r , ̂ PtfjlQ < 1. (D.2)
j=i

Thal is, thcrc is no nccd for cach causc to produrc onc of ihr effcrts takcn

into considcration. .r, gives thc cffificncy of dctcfting tho causc C, m auy of

thc knowo cfFccts. Baycs thcorcm äs implcmcntcd in (77) is thcn writtcn,

(D.3)

In words, thc probability of cffcct E, having bccn duc to causc C, ia propor-

tional to thc probability of thc causc, tinics thc probability of thc causc to

producc tbc cffcct. But notc tbat ia this way.

(D-1)

That ia, thc background must bc includcd among thc causcs, Instcad wo

will allow for an uiiknown back^round distribution by dcfinin^ a gcncralizcd

purity )TJ, thus,

) < l . (D.5)

(D.6)

Thc gcncr&Itzcd Baycs thcorcm thcn rcads

In words, tbc probability of cfFcet E, h&viof, bccn duc to causc C\s propor-

tional to tbc probability of thc causc, timcs thc probability of tbc causc to

producc thc cffcct, timcs tbc probability tbat tbc cffcct is duc to any of thc

considcrcd causcs C,.

Fig. D.i shows an cxamplc of thc input to thc unfoldinf; proccdurc ob-

taincd. for instanw, from a Monte Carlo study. Thc numbcr of cvcnts per

bin is showo by a box of proportional arca. Thcrc arc »JE = l mcasurcd

II* M'PENDIX D. B.\YES1.\N VXFOLD1XG

rffecis which ran arisc from onc of n^ — l known ranscs. In .vldiiion, thc

"r 4 l = 5' row rcprcscnts ihr "unphyaicaF causc, or thc harkground. Tlic

"E + l - 5<k column showg thc incfficicncy. These arr rvcnts whirh can bc

attributcd to onc of thc four causcs but whirh givc risc to no cffi~ct.

u
e
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e
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1
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Figurc D.l: Gaus« vmus tttttt - Exuipk of an unfnlding probkm.

Tbc unfoldiog algorithm procccds aa follows:

1. loput thc coaditional probabilitics T(E,\C,),

2. Input tbc RCDcralizcd cfficicncics £„

S. Input thc ftcncralizcd puntics *,,

(D.7)

(D.8)

(D.9)

These thrcc iaputs may comc from a Monte Carlo study of thc problcm

to bc uafoldcd. Thcy arc not updatcd during thc unfoldinf; proccdurc.
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Of coursc thcrc will bc a systcmatir unccrtainty in thc final aolution

associalcd wilh thc uoccrtainty of thc modcl uscd to obtain thcsc input

valuea.

1. Mcasurc n(E}). This is thc uncorrcctcd Distribution of thc numbcr of

cvcnts associatcd witb cach cffcct.

5. Gucss wh»l tbc probability distribution of thc causca, P(C\), Is. Of

coursc, this is thc quantity which wc will dctcrminc through thc unfold-

infl proccdurc. Howcvcr, a startinj( distribution must bc input which

could comc from thcorcticat prejudicc, or a flat initial probability dis-

tribution may bc uscd.

6. Calculatc thc P(C,\Et) accordinj; to thc ftcncralizcd Baycs* theorcm,

cquation D.6.

7. Calculatc thc corrcctcd distribution of thc numbcr of cvcnls asaociatcd

with cach causc, n(C,) accordinfl to,

(D.10)

8. If convcrgeocc of thc distribution "(C) bas becn achicvcd thcn Itera-

tion stops bcrc. If not, then thc probability distribution of thc causcs,

P(C,), is dctcrmincd from n(C',), and stcpe 6 throu^h t! arc rcpcatcd.

D.2 Application

For thc casc of thc cross scctions da/d&i) and </ff""r/rfAv wc wish to usc

ihc unfoldinj; proccdurc to corrcct for dctcctor cfTccts, iocluding mi^rationa

arross thc A9 bios. FJR. D.2(a) shows tbc AIJ corrclation for thc inclusivc

cvcnts, äs dctcrmincd by thc mixcd Monte Carlo sample. (Thc arcas of thc

boxos shown arc actually proportional to thc logarilhms of thc numbcrs of
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cvcots, sinec othcrwisc only thclowcst AV bins wouldappcar tobcoccupied.)

Fij(. D.2(b) shows thc ^ap cvcnts.
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Fipjrc D.2: Cau«* vnsu« tttttt sccording lo th« mixrd Monte Culn wiüipli-. Tb« cori*-
lalioo b«lwwn th« h*droD-l«vtl and d*lKtor-trvel AIJ vitues B sbown by th« inftrercfioD
of tb* Brei (our tow* ud columns. The fiflh column tbows th« hidton-levd i>v«nts whtch
wne not found »s detector-kvel cvi-ntt. Th* fiflh ton showi l h« d«tt*ctor-li*v^l «v«nu
whkh h»* not wis« from h*dion l*wl «v«oU. Th« iotlu«iv« s*mpl* of «wnts K sbown
in (») «td the «ubtample of ewnls which w* g»p t»ndid»les b shown in (b).

Wc first apply tbc unfolding algorithm to thc mixcd Monte Carlo sam-

ple to check that convcrgcncc to thc input hadion-lcvcl AIJ distributions ia

achicvcd. Fig.'s D.3(a) and (b) show thc rcsult for thc inclusivc »nd f,ap

aamplcs respcctivcly.

Thc fillcd histoftram shows thc hadron-levcl AIJ distribution, Tbc solid

linc ähows tbc startin^ n(G) distribution, eboscn to bc flat. (Thc Monte

Carlo cvcnts arc wcightcd aecordin;? to cross-scction thcrcforc n(C',) hcrc

has units of nb.) Thc first, sccond and tbird itcrations of n(C) arc shown

aa tbc daahcd, dottcd and dasbcd-dottcd lincs respcctivcly. Thc proccdurc

convcrgca pcrfcctly to tbc hadron-Icvcl distribution äs shown by thc solid

dots. Thcsc show n(C\) aflcr 31 itcrations. (A short-comin^of this proccdure

is that "convcr^cncc" is not clearly defincd. One can cvaluatc a \ funrtion

betwccn succcsaivc itcrations and stop thc proccdurc oncc that falls bclow
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Figurc D.3: ITnfolding of th* mix»d Monte Carlo Ar; disfribufinns using th* tnix«d
Monte Carlo sample inputs. Th» unfnlding of Ih» inclusiv« dKlribution U shown jn (a)
and (h) shours th* unfolding of tht dittribulion of 1h» gap «v«nt*. Th* fill<Kl htstogram
shoB* th* bftdron-level Ar) di<ttibulinn< Tb« wlid l in» ihows Ihr slfirling disttibutinn
and tly d»sb*d. dotted and duh«d-dottfd linm s ho* t h* first. s«ond and Ihird itvralion*
oft h» unfblding procrdurr r«p«1iv»ly. Th« final it«rati»n of Ih« uofolding pr<x«dure K
t«pr«s*nt*d by th* blacfc dot*.

somc cut-off valuc, but thc cut-off valuc is arbiträr}'. Wo havc found that

for this particular mcasurcmcnt thc n(CV) distributioos arc not changing

significantly aftcr 30 iterations so wc stop thcrc.)

Tbc modcl dcpcndcncc of thc unfoldtn^ procedurc has bcrn chccked by

using thc inputs from thc mixed Monte Carlo sample to unfold thc AI? dis-
tributioos of a pure rcsolvcd Monte Carlo sample. Thc rcsults arc showo in

Fig.'s D.l(a) and (b) for thc ioclusivc and j^ap ovonts rcspcctivcly.

Again, thc solid lincahows thcstartiog n(C',) diatributioa and tbedasbcd,

dotted and dasbcd-dottcd lincs show thc first, sccond and third itcrations of

n(C\) rcspcctivcly and tbcblackdotsshown(C) aftcr ehe final Iteration. Tbc

known badron-lcvcl distributioos arc shown for comparison äs opcn circlcs.

Thc convcrgcnce is not perfcct bccausc the model is not a perfcct dcscrip-

tion of thc ^data5" (herc thc pure rcsolved sample). For cxamplc, thc pure

rcsolved sample contains morc gtuon jets in thc final s t Ale thaa the mixcd

\f'l'E.\DIX D. BAYESIAX
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Figure D. 1: Unfolding of ihr AIJ dfclributions of A pur« r»*olv»d Mont» Carlo sampl»
nsing Ib» miK»d Mont« Carlo »arnpl» inpuls. Th» inrlusiv» diMtihution i* sh^wn in (a)
and th* dUlribniion of gap «vnls K shown in (b). Th* snlid lin* shnws th» «larting
distribution. Th« dashed. doll*d and dashed-dolled linw show th» fiist. wtond and third
it»ratinns r*spediv*)y. Thr snjid lin* fhows thf tesult of Ih* final il*ralion. Tb» op»n
eiides »how the hadron-l*v»| distribulions.

sample, which contains aomc dircci photon cvcnta äs well äs somc clcctrowcak

exchange cvents. These givc risc to somcwhat diffcrcnt (brttcr) AI; rorrela-

lions than arc pven by ihc mixcd sample. Ncvertbcless thc prorcdurc docs

convcrgc to a result whirh is ri^bt within thc statistkal crrora (about thc size
of thr whitc dots).

Finally wc show thr result of thc unfolding proecdurc applicd to thc

data in Fi^. D.S. Tbc Start in* n(f ' ,) distribution is shown by the solid linc

and the dasbcd, doticd and daahcd-dottcd lincs show the first, sccond and

third iterations of n(C,) rcspfftivcly and thc blark dots show n(C,) aftrr thc

final Iteration, äs prcviously. This timc thcrc is no hadron-level distribution

to comparc lo thc final n(("',) distribution. Wc havc provided instead for

comparison, thc uocorrected dtstributions (thc n(E,)), äs opcn circlcs.

The unfolding proccdurc yiclds rorrcctcd AI? distributions wbich arc not

significantlv differcnt from ihc bin-by-bin corrcetcd AJJ distribuiions. This

can be sccn in FIR.'S 5.11, 5.15 and 5.16. Thr diffcrcnce is of thc order of
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4
of) bin

Figurc D.5: liDfelding of t he nKa$nrrd Ag distributions of tbe d»(» nsing t h* mUed
Hont« Cvio sample inputs. Tb* ftvting distribulion is «pr««ited by t he solid linf and
l he daslfd. dotfed ind dubed dott#d tia«t Kpreseol t h* fiisl. Mcood »öd thiid iltiations
mprelivtly. The finftl itera*»n it showD br t he bUck dot«. Tb* op«D titelet thow tbe

tribution*.

thc atatistical crror of tbc mcasurcmcow, and docs not conslitucc thc Iw^cst

systcmatic crror in any bin of thc mcasurcd distributions. Tbc aimilarity

bciweco thc two corrcction proccdurca incrcasca our confidcncc lhat thc dc-

tcctor cfFccta arc undcrstood.

Appendix E

Glossary

Expression

BCAL

CTD

DESY

detcctor-tcvel mcasurcmcnt
(data)

dctcctor-lcvcl mcasurcmcnt
(Monte Carlo sample)

diffractivc hard proccsi

diffractiw proccss

DIS

MCADIOR

tbc barrcl calorimctcr

thc ccntral trackinj; dctcctor

tbc Deutsches clcktronoo Synchrotron

a mrasurcmcnt which haa not bccn cor-
rcctcd for dctcctor cffccts

a prcdirtion madc including thc füll dc-
tcctor Simulation

a proccss Icading to jcts on only onc
sidc of a rapidity Rap

a proccss Icadin^ to thc formation of a
rapidity gap

thc rlass of c.+p collisions in which thcrc
is a lar^c momcntum transfcr at thc
positron photon vcrtcx

PaRC

22

22

20

1'2

12

12

12

'

contioued oa np.xl pa^e

121
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rcutiaaeit from prcvious p»ge

Expression

FC'AL

FLT

forward

^ap-fractioo

hadron-lcvel mcasurcment
(data)

hadron-lcvel mcasurcment
(Monte Carlo sample)

hard diffractivc proccss

hard proccsa

HERA

island

Icadinf; jct (dijct cvents)

LO dircct pbotoproduction

MfanitiR

ihe forward falorimeter

ihe firsi levcl irijy;cr

in ^eneral refcrs to thc p dircrtion, or
ihe dircciion of increasin^ rapidily

thc fracüon of dijct cveots which con-
tain a rapidity f^ap

a measurcmcni which has bccn cor-
rected for all dctccior cffccta

a prcdirtion for thc distribution of thc
fiual statc hadrons

a process Icadin^ to jcts ÖD both sidcs
of a rapidily ^ap

a proccsa involving a larj;c momcntum
transfcr

tbc positron proton collidcr at DESY

a group of calorimcter cclls which cor-
rcsponds to onc partirlc

thc jct at higher rapidily, or morc for-
ward jet

a photoproduction cvenl in wbich all of
thc momcntum of thc 7 contributcs to
thc production of two hard partons in
thc final statc

PaÄo

22

m

22

17

12

-12

12

6

20

37

19

8

continued on aext p*ge
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rontintted froui prerioiis page

Expression

LO rcsolved photoproduction

Ll'MI

mixcd sample

MOZART

non-singlct sample

pbotoproduction

PYTHIA

QCD

rapidity gap

Mraning

a photoproduction evrnt in whkh a
fraction of ihe momcntum of ihe -j con-
tribntcs to ihe produrtion of iwo hard
partons in the final s täte atid ihr rest
goca into a f remnani jrt

ihr luminosity nionitor

a sample of cvrnts gcncrated by
PYTHIA which contains a mixlurc
of 90% Standard hard photoproduc-

tion proccsscs and 10% elortrowcak ex-
change prorcsses

thc Software program which simulaics
the ZEUS dftwtor

a sample of e von t s gencr ated by
PYTHIA which contains only Standard
QCD hard pbotoproduction proccsscs

a class of c+p cv-ents in whirb thc scal-
tcrcd r.* is csscülially collincar with thc
incomin^ c+

a \foutc Carlo evcnt gencrator

quantum chromodynamica thc thcory
of thc strong intcrartions

an iolcrval of rapidity whirb contains
no final statc- parüclca (possibly involv-

in^ somc cncr^y threahold)

PaÄo

y

22

il

W

11

(J

11

2

12

eoatiuurd oa aext page
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Exprcssiod

RCAL

rcar

sin^lct sample

SLT

TUT

trailinx jct (dijct cvcnts)

VXD

Mcaning

rcar calorimctcr

in gcncral icfcra to thc c+ dircction, or
ehe dircction of dccrcaaiaj; rapidity

a sample of cvcnts gcncraicd by
PVTHIA which conuün« only thc LO
rcsolvcd proccss of quark-quark scat-
tcring via t/Z° or W* cxchangc

sccond Icvcl trijy^cr

third Icvcl triggcr

tbc jct st lowcr rapidity, or tbc jct morc
towards thc rcar

vcrtcx dctcctor

Pa^c

22

22

11

31

31

19

22

Tablc E.1: Glossary of commooly uscd cxprcssions
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