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Abstract

1'!aot(Jprodlid iOIl (~vcnt.s which have: l.wo or Inor.;! jets have becn studied in the

W.". l'alll\'' 1:1" C;"V <' W.Il, < 280 G"V with the ZEUS dctcclol' at I-IERA.
Il c1iL" of ''l'''"ls is obs"l'\'ed with lil.ll" hadrollic activity betweeh the jet.s.

Th" jds a'" ",.parat.erl by ps,,"dorapidity illt.cl'vals (t.'Il of up ta four unit.s

alld haVI> Il'aIlS\'''l'se CIl"l'gi"s gl'''ill.''l' t.han 6 GeV. A gap is defined as t.he

ahsclI<:e hdw""" t.he jds of part.icl"s wit.h tmnsvcrse energy greater than

:!OO McV. 'l'he fractioll of ev,,"t.s cOlltailling a gap is measuœd as a function

of t.,/. Il rleel'CiL,eS eXl'ollclltially as expect.ed fol' processes in which colour

is cxehallgl>d hct,wccli I.he jets, IIp to a valuc of t.,/ - 3, t.hclI reachcs il

constallt. val III' or aholll. 0.1. Tlw ('Xn'ss ahove Il)(' (·XIH.)Ilellt.iiti fall-ofr C(\.!I lU'

ill1.('rIH·d,(~d il:-- t'\'id(~IIC(~ for !Ii1rd St·ilU.I.·l'ill~ via il sl.rollgly illl,(·racl.ill~ ('oJulil

sillp,ld ohjerl.

Résumé

Des événc""'"ts de photoprodnct,ion ayant deux jets ou plus ont été étudiés

dalls l'illtervalle de la variable W~p, 135 GeV < W~p < 280 GeV, avec le

détect.eur ZI;;US à I-IER.A. On observe une classe d'événements ayant peu

d'activit.<i hildl'Onique entre les jds. Les jets sont, séparés par des intervalles

jnsqn'à quat.res unités de pseudorapidité (t.'Il ct ont des énergies transverses

de plus de fi GeV. Un gap est. défini comme une absence de l'articles ayant

des énergics t.mnsverses supérieures a 300 MeV entre les jets. La fraction

d'événement.s possèdant un gap est, mesurée en fonction de /::"'1. Elle décroit

de façon exponentielle t.e1le que prévue l'OUI' les processus où à lieu l'échange

de coul"UI' ""1,1''' les jets, jusqu 'it nlll, valenr de t.1/ - :l, pOUl' ensnit.e prcndn'

Ulle valeuI" const.a.nt.e d'ellviron 0,1. L'cxc<~s f.tu-dclil. dc la. chute expollellt.idl,·

pcut. ôt.re illl,"rprélé comnle IIne illdicill.ioll d'ull prOCl'$SIlS d'échallge dirrnll:lir

dur de singuld dc couleur.
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Preface

My expericllœs over t.h" past. five years of beiug a member of the ZEUS

collaborat.ioll have been t.relllendously rewarding. 1have had the opportunity

t.o work wit.h talellted and illt.eresting people and 1 have learned many things.

This dissert"tioll deals with work which was performed almost entirely during

1!l!J5. How"v"r my work and experiellces during the preceding four years can

uot. 1", uegleded. During t.hal. tillle 1 lea.rned about the ZEUS deteetor,

about. high ellergy physics analysis, abont photoproduetion and jet physics,

and abont. how 1.0 work in collaboration with over '100 other people.

Contribut.ions 1.0 the ZEUS Experiment

1 first. l.ravdl"d 1.0 Hambmg t.o work wit.h the ZI~US experim('lIt ill li ... rail

of WHO. My snpervisol' had ,1ITaliged t.lmt. 1 shonld st.udy t.he clfecl or 1.1 ...

magnct.ic field 011 t.he l'esponse or the phot.olllult.iplier t.ubes used to l'eadOllt

l.he calorim"ter. Thel'e was a small prototype calorimeter set up in one

of t.he t.esl. !>cam al'eas on the DESY site which couId be inserted into the

magnetic field of either a dipole or a solenoidal magnet. Stefan 'Bruehl had

been working on this project under the guidance of Francois Corriveau for

several mon\.hs already and was of great assistance in the data acquisition.

1 analyzed l.he data. at McGill wil.h the advice of Francois Corriveau. This

information is now used in the calibration of the calorimeter readout.

1 moved 1.0 Hambl1l'g in the l'ail of 1991. Thl'ough the advice of my super­

visor 1 became involved with the main ZEUS calorimeter group by writing

v



SOIlle sOrt,\\'iHt' code for h(\lIdlill~ t.llt' l·tTOr~ l'l'. lll"llt'd dl1rill~ t hl' cahHoilllt,­

ter calihratioll, Maria Hoco had writ.lell t\l(' !'\llli il"" which IIl1packl'd 1h,'

calibration '-°on:üa.nts, dtlIl1IWd tilt' l'lTor rode:-; illto Cl Iih· ilnd rallt'd t1\Y n)\l­

tine. She Wêl~ of great a~sist.al:Ct' t.u IlH' ill. t.hal. tinlt'. 1 ëll:-oo clHlt.rihll1.t'd ttl

the c"lori \lll'1l'r groll l' by .loi IIg roll t. iIll' sh ifts t.o 111011 itOI' t.ll(' '111,,1 it.y of t. h,'

calorimeter data duri\lg Iml! allli Iml2,

•
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During the \·IER.A rtI\llling periods III 1992 alld 1993 1 was ail "onlilh'

expert.". This meant that for four days of every month 1 actual1y gol. 1.0

click the but.l.ons that tell ZEUS 1.0 take data, or not, and with what trigger

algorithm, c\;cctera. Thal. was greal. fun. II. was Sampa Bhadra who suggested

1 should bccomc an online expert. Of comse l,he ,.",,[ online experts were t.ll('

people like I\al.sllo Tokushllkll. Chris YoulIgmall and Viviell O'Dell who klll'w

ail of t.he illl.ricacies of the sYSI."1I1 aI\(l were dist.Ilr1ll'd hy illY pholll' cal1s ill

t.he llIiddle 01' t.he lIighl. wh,," I.h,· IlIlllillosity was high, alld t.hillgs \V<'I'(' !',Oill,1!,

terribly wrollg.

Also in 199:3 1 began to I,hillk more about the dat" that wc Wère takill!',

with ZEUS. 1 had been "dvised by my supervisol' 1.0 become a membel' of th"

hard photopl'Oduction wOI'king group. 1 took on the responsibility of writing

and maiul.aillillg the thinl level t,rigger filter code fol' this group. 1 Il1ld 1.0

evaluate the efliciencies of the first, second and third levels of triggerinlZ;

and 1.0 ensure that the output rate l'rom the third level trigger through the

hard photoproduction filter code was not 1.00 high. R.osario Nania was the

leader of this group and gave me helpful advice. In fact the main ideas fol'

each of the algorithms we used Came l'rom people who had been actively

involved in physics analysis in the previous years, in particular ,Juan Terron,

Claudia G1asman, Klaus Desch, Uri Karshon and Leonid Gladilin. 1 Was the

interface betweell the hard photoproduct.ion working group and the t,riggel'

group (betwel:1I I.he need fOI' a high dlicicncy, alld t.11l~ npc'd for Il rClL,olla.l,ly

10w output I·al,e). On I.he trigger side, H.ichanl 'I\,tlseher WiL' vcry hel Pl'II 1 ill

seeing that the hard photopl'Oductioll filter code mil properly in the thil'll
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1 l"'l\all 1.., d., allalysis ill '';lI'I""t. wit.h t.he dat.a t.aken in 1993. 1 st.udied

,,"erl\l' 1I0ws alld event. shapes ill t.he hard phot.oproduction data saml'le. 1

st.udi"d ti", s,,"sit.ivit.l' of th" ,,"erI\Y 1I0ws in tlw forward and rear regions t.o

t.he dist.rihut.i,," of t.he part.olls ill t.he phot.oll. Through this work 1 was able

t.o cOIlt.rihut.e t.o t.he publicat.ioll, "Dijet Cross Sect.ions in Photoproduction

at. liERA", l'hys. Let!.. 13:l~8 (1!J9.5) (;65, as one of the four principal authors.

The prilTlarl' aut.hors were .Jonat.han l3utt.erwort.h, Greg Feild and Lutz Feld

and in faet, wit.h t.heir advice, 1 performed an independent measurement. of

t.he CI'OSS sect.ions. (IV!l' result.s weI''' in agreement. wit.h t.he puhlisl",d on('s.)

.JUIl BIIl.l.l'r\\'ol'th Wil..'" a.lsu illl,(~I'l!SJ,I~d ill tIlt' ('ll('rgy Ho\\" ill dijt'I ('\"('111.:-;"

ln part.iCIII<tr 1... wa.nt.ed 1.0 l''"l\\' wlll,J.h('r t.he ('1I1'rg." lIow in t.11l' I"pidil\'

int.el'va! het.\\·(~I~11 I.wo widdy Sepill'a.t.t'd jet.s Wfi.S sensit.ive 1.0 the highel' unit'!'

err"et.s which CiUI be ca\cula.t.ed h)' resummat.ion of t.he large logarit.hms of

t.he rapidil.y int.erva!. 1 set. out. t.o look fol' that., and in fact wc did sec some

evidence of il.. Those results were shawn at DESY at the QCD Institute in

Septelnber of 1994.

While looking at the dijct events \Vith a large rapidity interval 1 had

noticed anot.hel' int.eresting errecl.. There were quite a few events in the

data wit.h a vcry low mu1t.iplicity between the jets. 1 had seen the DO

paper, "Rapidit.y Gaps Bctween ,Ids in pp Collisions at VS = 1.8 'l'eV",

l'hys. Rev. LeU. 72 (199~) 2332, and proposed to try a similar analysis with

t.he J-1ER.i\ dat.a which had been dclivered in 1994. Jon Butterworth and

GI'eg Feild were enthusiast.ic support.ers of t.his plan and were of great. a!>sis­

lance t.o Ill" t.hl'Oughoul. t.he analysis. We t.hought. l'mm t.he st.art. t.hat. t.h.,

st.ndy would he wort.h publicat.ion, aud sincc every ZEUS analysis fol' pul,·

lical.iou IIlUSt. he perfonned by l,wu iudependeut. part.ies, .Jon ami Greg sl'l.

t.hemselves UJl 1,0 lIlake t.he IneaSlirelllcnl. as weil. .Ibn Whitmol'c Was leading

I.hc hard phot.oproduct.ion working group at that time and was helpful and

support.ive t.hmughout. The rapidit.y gap study was finally compietcd with



t.he preparal.ioll of t.he preprillt. "Hapidity Gaps !>dween ,h,ts ill Photopr,,­

duct.ion at. IlI':lt;\", DES)'··!);,--!!),\, which ha~ becIl accepl""l for pnblicat.ioll

by l'hysics Ll'tters 13, Many IlIcllIlH'rs or the rollabornt.ion p('()\'idcd helpl'lIl

adviœ alld l'Ollstrnctive crit.icislll or the carly ,lrafts of the paper, especiall,\'

Aharon Lev~', Hobert. Klanl,,'r 'lIId Makolln l)('I'rick, 1 was t.ll<' principal all­

t.hor of t.his paper but sonw or tilt' l1lajur rl'\"isi~HlS or il. "'t'I't' JH'l'fol"lllt'd hy

.Jon and Gre~. III pa.l'ticular . .JOli pn)\'id(~d tllt' IIIUIII('111.1I111 1.0 pliS!! t.llt, papt'I'

t.hrongh the last st.ages of l'ollaboral.ioll approval whilc 1 had aln'ad,\' 11I"",'d

on to anotller projed, t.he preparat.ion of t.his dissl'l't.at.ioll,

•
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Statement. of Originalit.y

The gap-fl"èl('l.ioll Illea.slln~lIwllt \\'iIS illit.ia.l.t~d, plalllH'd alld carrit~d Ollt. Ily IW'.

This work cOIlt.ribut.cs t.o t.he ,,,Ivauccllleut. or knowledgc iu bot.h pl'adieal

and t.heorct.iea1 ways,

On t.he pradical side, 1 have coul,ribut.ed t.o t.he meaSlireltlent. expert.ise

of t.he hard phot.oproduct.ion working group and t.o our lIuderst.auding of

t.he ZEUS det.ect.or performance, The gelleral prescript.ion for obt.aining jet.

crOss sedions and for select.ing gap event.s llild been est.ablished by ot.her

members or t.he working group, however t.his Itleasurelllent. wa~ llIade in a

new kineillatie rcginle, For instance 1 illt.ro<!uced êl ClIl. 011 t.lw avel'aw' j('l

pseudorapidil.y which rest.rided 1.0 t'Vt'lIl.s for which tl", ulll't'rt.aillty ill 1Ill'

phot.on st.ructure and t.he unceltaillt)' due to Inllitipl,' illt"I'<I(,t.ioll '''l'''I'I.S W,'I't'

smal\. This grea!,ly improved l,he descript.ioll of t.he genentl data dmrac\.t'I'­

istics which t.he Monte Carlo progntm was able t.o l'l'ovide, 1 dct.el'lnilled

the angular and energy resolut.ions and t.he selection elliciencies in t.his Idne­

matic regime_ 1contributed infol'lnat.ion abOlit. p,u't.ic1e Itlultiplic:it.y rcsolut.ioll

and sltlearing and devcloped an alt.el'llat.e Itlult.iplicit.y algol'Ït.hlll (lised in t.he

study of t.he syst.emat.ic uncel't.ain!,ics), 1 a1so int.roduced the concept. of a

generalized puri l,y into the 13ayesian fornmlism.

This st.udy a.\so contribut.es l'radical informat.ion for the larger l'X peri-
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11""l.al hil\h """rI\Y physics ("011 1111 11 Il iI..\'. There arc promlsing signatures for

lIil\l\s parl.ic1,' prodllcl.ioll al. 1'111.111''' hadroll-badroll colliders which arc very

lik{: 1.11(: ~;p'lIal.lln· for hard difrrac1.i\'(~ :-ic(I,U(:rillg, This IIleaSlIl'elllellt. is 1hus

tl 1If'{'(·SStll·,\' sl.pp l.oward IIl1dc:rsl.t1l1dillg t1H' hackp;rolllld 1.0 IIH' Iliggs (,olltri

IJlIl.ioll fol' slIch t1l1alys(:s,

Tlw ZEI rs p;a.p-fl'(Ic1.ioll 1I\(~(ISIlI'CIIlCIlI. (l,lso sl.illllllilt.es dehat.(· 011 iIIlPUI't.'1111

t.Iwol'et.ical issll(~s. Fol' jllstallcc~ H(:gge pllellolllellology has beclI successrul in

d"scribillg I.h.· loI' momellt,llI11 I.rallsf"r dirfractive collisions which cali not be

d.,"cribed h.\' p"rtmbal.ive QCD. 1I0wever pert.urbative QCD should be able

to d"scrihe t.he hard diffract.ive scat.t.ering collisions studied here. This con­

front.at.ion bdween dat.a and t.heory may Iead t.o a long-awaited reconciliation

of t.he Beggl' and QCD viewpoint,s. This st.udy also has contributed to our

knowledge of I.h" hadronic IHlt.me of t.he phot.on both through the descrip­

t.ion of t.he ,'venl.s as a hard scat.t.ering of a phol.on const.it.uent. l'rom a prot.on

const.it.nent., iIlld t.hrough t.he int.erprct.at,ion of t.he gap fradion as a convolu­

t.ion of t.he ra.!.e of colom singlet. exchange processes wit.h the probabilit.y of

a IIlnit,iple int.el·act.ion bet.ween photon and proton spedator particles.

Outline

The aim of t.his dissel't.at.ion is 1.0 describe in ddail t.he analysis of rapidit.\'

gaps bet.we,,,, .ids which led 1.0 I.he pl'eparation of the prepl'int., DESY !J!i

194, which has bccn accept.ed for publicat.ion by Physics Letters B. In facl.

seVerai passages of t.he thesis, most. notably the abstract and the concluding

paragraphs, ,lI'e t,aken direet.ly l'rom this preprint. In the first chapter a

bricf review of t.he literature on t.he subjed of QCD in general, and on the

subject. of hard diffraet.ive scaUering in particular, is provided. In the next

chapt.er t.he cxperimental apparat.ns, ZEUS and lIERA, are briefly described

paying part.ienlar at.t.ent,ion t.o t.he main components used in this analysis. In

Chapter :1 t.he procedUl'e followed t.o isolate a sample of hard photoprodudioll

event.s is descl'ibed in detai!. !vlont.e Carlo methods will be used in the analysis
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of the ZI'TS d<ll<l <llId 1\l<'rcfol'l' ('h"I'I,'r ·1 Ill'ovide, " d",nil'l i'lI\ ,,1' 1h"

gellerator which 11'<1" IIsed ill Ihe <l1I"ly,i" ,,"d of the "illlld<llioll of tl,,· ZI-:\:S

det.ect.or. III Ch<ll'ter ·1 the d(·".,.il'Ii,," hy tll<' MOllte ('<lrlo ('\'elll" of 1h,·

global e\'clil ('hilracteri~:.i(':" or t.ilt· diÜil is also :-:iloWII. 11It(·n·:-:till~ l'l'slIlls

ca.n he ohlflÎIlt'd frolll 1,11<' di\ta silll]>ly hy nHllpill'ill}!; t.hl' llH'tlStlrt'lIlt'llt.S t.u

Monte Carlo gellerated evellt" which ha\'(' Iw,," "uhj(·ct"d to a 1'1111 "illllllat;oll

of the ZEUS del,edor resolutiou <llId acceptallet'. These are P\'(·""llt(·d iu

t.he first, section of Chaptel' 5, 'vVe have a.lso cOIT.~ded t.he IlteHSlII'ed gal'"

l'l'action for the .,rfects of t.he ZEUS det.ector alld made a full det.el'lllillat.ioll

of the systel1latic nnccrt.aint.ie" all'cct.ing the IIlcaSnremellt.. These resnlt.s m'('

described ill t,he second sedion of Chapt.er 5. Fillally, Chapt,er (i is devot."d

t.o the int.erpret.ation of t.he result.s.
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Chapter 1

Introduction

The theol'di",,1 1Il0tivation fol' I.h,· sl.ndy of hal'u dirfradive scattel'ing al.

Il ERA is 1'I""scnl.ed in I.his fil'sl. "hapl.el·. An ovel'view of the theorctical

fralllewOl'k is developed which concentrates on the issues relevant ta hard

photoprounet.ion and diffraction.

1.1 Coupling Strengths

The forces which govel'l1 ail interactions of matter l'aH naturaHy into four

classes.

The gravitational force, while very much apparent in everyday life, nev­

ertheless is the weakest of the l'OUI'. Fol' instance, with the combined mass of

every particie of the earth acting 1.0 pull a needle ta the ground, it is still pos­

sible fol' a small magnet ta lift the needle. Everything massive 01' energetic

is subject ta the gravitational force.

The interact.ions which come next in strength are called the weak inter­

actions. These arc mediated by el'change of the heavy W:I: and ZO bosons

and arc resl'0nsible, fol' instance, fol' the mdioactive decay of neutrons. The

const.ituents of matter, the fermious, can interact via the weak force. In

t.hat sense t.hey are said ta carry "weak charge". The strength of the weak

coupling is here denoted ail'.

1



A st ronger force is the more familial' e\ect.romagndic force. It. is resp,,"­

siblc~ for ill~t.allcc~ for the bil1dill~ of (\tonl~ illt.() 11101<'("111<-:-; hy t·xcha.ll~t· llf

photons bd.\\'Cell the valellce..' t'lt'cl.nHls. :\Il part id"s \\'hiel! tïl1T~' t'l,'ct rit

charge ca.n ('xp(~riel1cc the ek'ct.ro111i\glll't,Ît' forCI' hy t'xcltall~t' ur plalllllll:-;. ",:.

The coup1ing st.rengt.h of t.he e\ect.romagnl'tic forn' is represl'lI\,t'd hy t.11l' di·

mensionless quantity a. a is proport.ional to the square of the c1ectric dlar!'.,·

of the electron.
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The strengths of the c!ectromagnetic and weak interactions can be com­

pared by considering the 1ifetimes of l'articles which decay e1ectromagneti­

cally and the 1ifctimes of l'articles which have only a weak decay channel. III

general, paTt.ic1es which call decay via the strongest interactions will have the

shortest lifetimes. For inst.ance I.he ;ro, which decays clectromagnetically to

two photons, lives on average for only about 10-16 s whereas the ;r+, which

can only decay via the weak interaction, lives much longer, for about 10-s s.

The strongest force (called simp1y, the strong force) is responsib1e for the

binding of prot.ons and neutrons into the nuclei of atoms. Particles which

can decay via t.he strong interact.ion have lifet.imes of OI'der 10-"3 s.

Historicitlly a quantum number ""lied colonr WiL' posl.lllat.l'd 1.0 "xplain

the existence of the 6.++ l'article which is composcd of thr"" fennions. 'l'l,,·

thl'ce fermions have identicaillavolll' and spin. 1-\0wevCl' fermi sl.atist.ics says

that no two fermions can occupy exactly the sarne state. Thercfore the three

fermions were each assigned a different colour. It is now known that this

colour is the charge of the strong force and the theory which describes the

strong interact.ions is called quantum chromodynamics (QCD). Quarks and

gluons experience the strong force because they are coloured. I-Iowever they

are confined into colourless states consisting either of a quark anti-quark pair

(the mesons) 01' three quarks (the baryons). Mesons and baryons collectivcly

are known as hadrons. This confinement may be understood in terms of

the dependence of the strong interaction coupling constant, a.(Q2), on the

energy scale of the interaction, Q2 .



This ener~y scale is rclated 1.0 a distance scale through tll<' uncertainly

principle. Thill. is, a large Q2 proc"ss can be considered 1.0 proceed via eitill'r

an exchange of il l'article of large virtnality or viii exchange of a l'article \Vhich

violaI.<" en("'~y conservation by a large amount, 6.E. This l'article can only

live for a tinlf' 6.1 ::; ft/6.E and propagate at most a distance 6.x = c6.t. Thus

interadions \Vith a large energy scale occur at short distances. Henceforth,

the high energy physics convention of using a system of units in which ft and

c have the nnmerical value of unity will be adopted. Factors of li and c are

then not wriLten explicitly 50 mass and momentum have the same dimensions

as energy, and time and distance both have the dimensions of inverse energy.
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1.2 Running Couplings

The situat.ion is more complicatcd than out.lined thus far. Coupling conslcml

is a misnomer as each of the couplings has a distinct. dependence on the en­

~,rgy scale of t.he int.eraction. For instance O'IV(Q2) rises with Q2 such that. at.

t.he energy scales achievable at modern l'article accelerators such as HERA,

OW(Q2) approximately equals a:(Q2) This is nicely illustrated by a recent

ZEUS resnlt. [lJ, shown in figure 1.1. Here, the cross sections as a function

of energy scale, do'jdQ2, are compared for neutral current (NC) and charged

current (CC) interactions. The energy scale, Q2, in these interactions is

equivalent to the invariant mass of the exchanged l'article, predominantly

the photon for NC interactions and a W:I: boson for the CC interactions. At

low energies the neutral current interactions which are primarily electromag­

netic lead to far more events than the charged current, or weak interactions.

However the weak coupling strength increases with energy with respect to the

electromagnel;ic coupling strengt.h and when the interaction energy reaches

t.he mass of t.he W:I: bosons, Mw: ~ 80 CeV, t.he neutral and charged CUITellt

cross-sections Decome equal. This equality suggests that the weak interaction

actually has a similar coupling strength to the electromagnetic interaction,
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Figure L.l: Z. EUS mcasurcrtlcnL of cl" / d(J1 for lIentral t'urn'nl inl.erafl.iolls (hlark t1ol.~)

and charged l'lIrrclll. Îlltcractiom: (Opl'II ~·irde:-». 'l'lw data art' p10Uc-" al I.hl' a\'j'rap.t' (i'
of the CVCllts in each bill. The l;t1r\'t!:i art' t.he standard 1·1t·("t.ro\\'t'ak IlIodt'l t'ross :il't'I iUIl:'.

but appears weak because Mfl'± is large,

The apparent complication of an energy dependent coupling const.ant. ae­

tually leads t.o a great simplificat.ion. H. is possible t.o uuify the t.heories of

weak and electromagnetic interactions into one theory of electroweak inter­

actions.

The strong interaction coupling constant o. also depends upon the energy

scale. Figure 1.2 shows the recent ZEUS measurement [2] of o.(Q). o .• (Q)

al. Q ~ 20 GeV is only about 0.15. Thus the strong coupling al. high energies

is actually weak enough for pert.urbative methods 1.0 be applied in QCD

calculations.

The ZEUS measurement is consistent with QCD predictions for the mn­

ning of o.(Q) (dashed lines). Il. is expected t.hat. o,(Q) will cont.illli" t.o

l'ail \Vith Q and that al. very high Q va.lnes o,.(Q) will he or t.h.. ()l'd ..r ,,1'

the electro\Veak coupling. In fact, grand nnified t.heories exist., in which 1.1 ...

strong, elect.romagnetic and \Veak int.eractions are ail described wit.h a single

coupling.

ln the theory of QCD o.(Q) rises dramatically as Q -+ 0 or as the distance
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Figure 1.2: ZI~US mCa8nrccl vaincs of n,(Q) for thrcc cliff"rcDt Q2 regioos. The statistical
crror corresponds 1.0 the illllcr har and the thin bar shows the statistical and systematic
unccrtaintics nddcd in quadrature. The dashccl curves show QCD predictions ror the
rnnDing of n,(Q).

scale of the int.eraction increases. (Sec the dashed clll'ves of Figure 1.2.) This

leads 1.0 t.he very strong non-perturbative processes which are presumably

responsible for the confinement. of the coloured quarks forever in colourless

hadrons. If, for instance, one of the constituent quarks of a meson is struck

by a high Q" probe, il. willmove away from the other constituent quark with

a large relative momentum, for a distance of about 1 fm. At around this

distance, howcver, a.(Q) -+ 1. Thal. is, the potentiai energy stored in the

colour field of the two quarks becomes so high that il. is favourable 1.0 create

a quark anti-quark pair out of the vacuum. The escaping quark continues

on its way but with Icss kinetic cnergy due 1.0 the cost of creating the quark

anti-quark pair. The process continues until all quarks are associated into

mesons or baryons with a small relative momentum. The relative momentum

sets thc cnergy scale, Q2. Therefore a.(Q2) is large and the quarks are once
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again confined.

Of course, given the large size of 0,(Q2) at 1011' momentum t.ransfer, con­

finement proeesses are not direct,1y calculable in pert.urbative QCD. However

ail process which involve a large moment.um transfer have a high energy scale

Q2. These are called "hard" pracesses aud they arc calculable in pert.urba­

tive QCD. Thus radiation of hard gluons frolll the escaping quark of tilt'

previous ex,"nplc is calculable. TIlt' 1I0l,-calcuiahll' Pl'O""SSl'S which pl'lldll ... ·

the hadrons of the final staLe COli'" fl'OlIl only "sofl", or loI\' (t /(111011 radia

tion. This means that the final state hadrons cannot havI' a lar/(l' t,'aIlS\','rs,'

momentum with respect to the parent quark mOlllelltulll. This pl'Operty is

known as local parton hadron dua.lity [3]. Thus pert.lll'bat.ive QCD predi,'­

tions fol' final state quark 01' gluon differential distributions Illay be tested

against measurements of the jets of hadrons they give rise to.

QCD makes other predictions about the distributions of the observable

hadrons through the principle of colour coherence [4]. This will be further

discussed in subsection lA.

The cross section for the int.eraction AB -> cdX of two hadrons A and

B, by the hard scattering of their partonic constituents a and b producing

parton jets c and d and two remnant jet.s X in the final state may be written,

du AB- cd J J . c/ij-ab-cd
dQ2 = C dx,1 dXBJ",I(X", Q2)JbB(XB, Q2) dQ2

•

where the hard subprocess cross sedioll e/Ô'..b-"d Ie/q' illvoivl's short disl.illl<'l·

interactions only, is calculable in perturbative QCIl, alld is illdepl'nd,'nl of

the parent hadrons A and B. This l'Cveals an important property of QCIl.

Ali of the soft, or long-distance phenomena Can be factorized into universal

parton distribution functions of the form Ja,I{XA, Q2).

The evolution of the parton distribution functions with Q2 is predicted

by QCD and is known as GLAP evolution [5-7]. For instance, Figure 1.3

shows recent measurements of the proton structure function F2 by the ZEUS

collaboration [8]. Linear fits of F2 with respect to ln Q2 are shown as the

•
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Figure 1.3: The /', structure function measurements of ZEUS together with linear fits
(solid lines) au<) t.I.. results of Il CLAP QCD fit (dashed-dotted liues). The inner errur
bars show the sl.atistical error and the outer error bars show the systematic uncertainl.y
added in quadrature.

solid lines. The dashed-dotted lines show the results of a CLAP QCD fit

lIsing ail ZEUS 1993 F2 data as weil as fixed target data at higher x and

lower Q2 frolll the NMC collaboratioll [9,10]. The dashed-dotted lines are in

agreement with the data and thus the ZEUS data support the validity of the

CLAP evollltion.

1.3 Hard Photoproduetion

e+p collisions \Vith a hard scale, Q2, due to a large invariant mass of the

exchanged photon, are called deep inelastic scattering (DIS) events. In gen-

•



cral, cross sect.ions da IdQ"!. art' higliest when lite 1110llll'ntUtll \.l'all.sft'1' (/~ i~

sma!1. This me"'lS that. mostl'vl'nls pl'odnced in II\(' ,,+1' collisions d,,!ivl'I'<'d

by HERA 1lI''' llIediat.ed by ,dlllosl l'l'al pholons, q" - O. Thns it. is possihl,'

t.o think of liERA, not. as an ,,+1' collidel' bnl as a 1'1' collidel', w\\('I'<' lh"

incoming pholon beam has a l'ange of enel'gies fl'olll essent.ially 0, nI' 10 t.h"

energy of lhe positron beam, 2i,5 CcV. The dass of event.s mediated by al·

most l'l'al photons is referred 1.0 as "photopl'oduction" and fol' these evellts

it is appropriate to denote the photoll invariant mass by p2 rnther thail (J'!.

This is because il. is possible t.o have a large energy scale in a photoproduc.

tion l'vent mediated by exchallge of a quark or gluon and Q2 is resel'v('d 1.0

denot.e this "nergy scale.

Hard phol.oproduclion ev"nts al 1II':n,A ilia." hl' l'iassili"d illlo Iwo !',1'01l1"

al. leadillg ol'dm' (LO) [11,12], showlI ill FigUI'I's \',I(a) alld (l'). Ali l'X'"''

•
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(a)

p

(b)
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•

Figure 1.'1: Diagrams for phatapradllctian at lIERA, An example of " direct phata­
production pracess at leading arder is shawn in (a) while (b) shows a higher arder direcl.
phatapraductian diagram. An example of a leading arder rosalved phatapradnctian pro­
cess is shawn in (c).

l'le of LO "direct" photoproduction is shawn in Figure 1.4(a). Making use

of the factorization property of QCD the photon proton collision is brokell

down into 1.\1'0 parts. The hal'd snbprocess consists of the hal'd collisiOIl or

the photon \l'il.h a giuoll fl'olll the l'l'Otoll. TI1l' "lIli"ioll of t!\(' phol.oll fl'Olll

the electron, and of the giuoll from,the protoll, \Vith the subs"'1I1''''1, prodllc,

tian of a proton remnant jet, forlll the soft part. The hard energy scale, q',
of this process cornes l'rom the invariant mass of the quark propagator and



is hip;h wl"", the I.wo outgoing quarks have high transverse momentum. l'T .

with r<~SIH'('1. tu l.h(~ illcorning photon and protoll directions. (SOIli<' (1<·t.aib

of 1./", ki,,,,nIiLl.ics of hard phol.oproduction al. IIEIlA arc' coll{,ct"d in :\p.

pendix A.) TI", magnitude of 1./", hilHI subproccss cross ""·I.ion is of ord..r

nn,. iL" illdica.1.(~d by t.he J>rCS(~IIC(' of olle e1cctrornaglH'tic coupiiug élnd 01H'

sl.rong conplinp; in the hard subproccss.

There ,,,.,, I.wo 1,0 direct. pmcesses, the one diagrammed in Figure 1.4(a)

is calicd boson gluon fusion. When a quark from the proton scatters with

the photon giving rise ta a quark jet, a gluon jet and a proton remnant jet

in the final state the process is called QCD compton scattering (not shawn).

Figlll'e 1.·1 (b) shows a higher onler process in which a gluon is emitted

from the quark propagator of Figlll'e 1.4(a). ln arder for this process ta

be calculable in perturbative QC)) the Illomentum tral::fer must be high at

each vertex. Then the cmss section is of arder aa;. That is, this process

is suppressed by a factor of o. with respect ta the leading arder process of

Figlll'e lA(a).

I-\owever, suppose that the momentulll transfer al. the photon quark vel·l.ex

of Figure lA(b) is small. This process will nol. be directly calculable in

perturbation theory and yel. wc know that the Cross section for such a luw

Q~ coupling will be high. The factorization property of QCD holds also

for photopmduction l'vents. That is, when the momentum transfer at the

photon quark vertex is small the process of Figure 1.4(b) can be calculated

according ta the illustration in Figure 1.4(c). There is a hard subprocess

which consists of the scattering of a quark from the photon with a gluon

from the proton and the subprocess cross section is of arder a;. The soft

photon quark vertex is described by a universal quark distribution function

of the photon and there is a photon remnant jet in the final state. Such

processes arc calicd LO "resolved" photon events. Note in l'articulaI' that

the presencc of bath a photon and a proton remnant jet in these events

allows for the possibility of a second interaction between the constituents of

•
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the photon and proton [13-1 il.
As with the proton, the parton dist.ribution fnnctions of tilt' phot.on may

be det.ermined by el'periment. at. some inpnt. seale Qf. and t.hen t.he)' al't'

specified at. ail \'alnes of Q' t.hrongh t.he CLAP c\"olution equations [18-:!ll].

In an alternatc approach, the ""'1 st.rnc\.nre is dl'composed into two eomponents.

The large ;r, component is described b)' the point-like coupling of the ""'1 1.0

a qij pair. The low x~ component is described by the flnctnation of the ""'1

into a vector meson state, with the subsequent hard interaction involving a

partonic constituent of this vector meson [21,22). The parton distributions of

the photon arc of order alQ'•• [23J and thercfore Lü resolved photon proCCSSl$

are of order aa,. That is, Lü resolved and Lü direct prOCèsses arc of the

same Ol"der. In fact, in the kinema\,ic regime of the present study, 1.0 resolwd

proccsses dOlllÏtlat(~ [24,2.5].

Direct alld resolved photoprodnct.ion e\'ellt.s al't· dist.illgllisl,,·d by 1.1 ... Il'''
mentum fraction of the phot.oll which is c,u.,.ied by its pal·t.oll illt.o 1,1", hard

interaction, ,,:~. For Lü direct l'vents ,,:~ = 1 and for Lü resolved evcnt.s

x~ < 1. However x~ is an el'perimentally inaccessible quantity as it is only

clearly defined at leading order. An important result of the l!J93 ZEUS hard

photoproduction analysis was the illtroduction of the observable x~BS which

is clearly defined to ail orders of perturbation theory and which thercfore

may be mCilSured, and compared to theoretica! predictions [26,27).

•
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" E;e' -"'"OBS L.Jjets j l' C
x~ = ?E- ~

(1.2)

•

where E~ is the incident photon energy, E~' and 7/;et are the transverse

energy and pseudo~apidityrespectively of the jets and the sum l'uns over the

two jets of highest energy. Rcplacing the sum over jets by a sllm over the

two hard partons reduces ",~BS 1.0 the leading order ;r~ (sec Âppcndix Â).

The ZEUS tI1easurement of .,.~IJS nsillg t.he I!)!l:\ dije\, 511.1111'1<' is sll"wlI'

IThc supcrscript OBS is hcrc rcplaccd by cul to sigllify l.hat I.he reHu:t ha."i IIU1. blol'Il

corrected l'or detector e!fects. '
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Figure 1.5: The ZEUS 199:l ll\eaSllremellt of x~a'. The black dots show uncorrected
ZEUS data. The solid and dashed Iilles show the predictions of two different Monte
Cario simnlatioll rontines. The 1,0 direct contribution to the distribntion shown by the
dashed line, is represented by the hashed histogram. The Monte Carlo cnrves have been
normalized to fit the direct peak in the data.

a narrow peak at high x~BS and a wider peak toward iow values of x~BS

is apparent. Sorne model predictions are overlaid. In particuiar the hashed

histogram shows the predicted x~BS distribution for LO direct events. The

peak at high x~BS is clearly. associated with LO direct processes ieaving the

peak at low x~BS to be explained by LO resolved processes. (The failure

of the model predictions to reproduce this peak is understandable given the

large uncertainty in the parton distributions of the photon at low x~.)

1.4 Diffractive Scattering

The word "diffraction" was introduced to high energy physics to describe

a phenomenon which was observed in the cross section for hadron-hadron

e1astic scatl.crillg. It was observed that the cross section differential in the



momentum transfer looks very similar ta the pattern produced in the diffral'­

tive scattering of light by an opaque abject. Today the study of diffradivl'

processes is much more inclusive. An increasingly accepted definition of

dilfractive processes is the fol1owing [28],

•
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A proeess is diffmetive if ancl only if there is a large mpiclity gap

in the IJl'odueed-particle llhase spacc whieh is not exponential1y

supp7·essed.

where a rapidity gap is a rapidity' interval which contains no final state

particles.

Hard diffraction then rcfers to those diffractive processes which have high

transverse energy jets in tlw final stat.l' phase' span'. liard diffraction IIIH~'

be further ciisl.ingnished [281.

1. DilT1'Iletive hal'l/ ln'oeesses h,we jets on only one sicle of the

mllidity gap.

2. [!lm/ cliffraetive ln'oeesses have jets on bDth sides of the m­

pitlity gap.

If we define t to be the momentum transfer across the exchanged colom

singlet object then in hard dilfractive scattering processes Itl corresponds to

the energy scale Q2 of the hard scatter. I-Iowever in diffraetive hard scattering

the magnitude of the invariant mass of the exchanged colour singlet particie,

Itl, is much smaller than the hard scale, Q2, which cornes from the exchanged

quark or gluon. These two complementary kinematic regimes are represented

in Figure 1.6. (A detailed presentation of the kinematics of hard diffractive

scattering may be found in Appendix A.)

Diffractive hard scatterÎng is being el'tensivdy stndied al. liERA Ily I",th

the ZEUS and Hl collaborations [2H-33]. These evcnts can be inLerpl'l!l,cci 'L'
2Rapidity is approximated by psendorapidity. l'seudorapidity is given by JI =

-ln tan {}/2 where {} represents the polar angle with respect ta the proton direction .
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Figure 1.6: In (a.) a hard diffractivc scattcring proccss is shawn which proceeds via
exchange of a cololl' singleL objecL, labelled JP, of vi'LllaliLy t =-Q'. The complemenLa,y
diffracLive ha,d p,occss is shown in (b). The cololl' singleL objecL, IP, has a sm'III vi'LlluliLy
l, whilc the hard cncrgy seale Q'2 comes rrom the virtuality or the exchallgcd gluon. 9.

the scattering of the incoming positron or photon from a colour-singlet object.

emitted by I.he proton, which has been called a pomeron. It is possible to

measure the part.on content. of this pomeron, analogously to the measurement

of the proton 's parton content.. The pomeron is drawn in Figure 1.6(b) as a

dashed line. A quark from the po:ueron is shown participating in the hard

interaction leaving behind a pomeron remnant jet. Note that the sum of

ail of the momentum fractions of the partons in the pomeron, Ep, is not

constrained to equal unity as it is for the proton.

Figure 1.7 shows the results of a comparison of diffractive hard scattering

in photoproduction and in deep inelastic scattering [31]. Cg represents the

relative contribution of hard gluons in the pomeron. The two analyses con­

strain Ep and Cg in dilferent ways and therefore the combined information

constrains each of Ep and Cg separately. The data indicate t.hat bet.weell

30% and SO% of the momentum of the pomeron carried by partons is due to

hard gluons.

'1'0 understand the signature for hard diffractive scattering we compare the

hadron radiat.ion pattern in a colour non-singlet exchange process shown in

Figure 1.S(a), \Vith the hadron radiation pattern in a colour singlet exchange

process shown in Figure 1.S(b). ln the example of Figure 1.8(a) a red u quark
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Figure 1.7: The plalle of the \'uriablcs ~D) (SUlU of IIlOlllcllta of partons ill I.lw POIIII'l'llll)

and Cg (relat.ive cOlltril..nll.ioll of liard gluons in the pOIlICrolJ). 'l'hl' lmlitl lint' is obl.aillt'd
from do X:! fit Lo l.he inclusive jet cross sect,ion of Mont.e Carlo predictions for tlll' pOllu'roli
structure. The dashed dotted Hnes show the constraillt imposcd hy the IIICIL'illrt~lIlt!lIt ur
the diffractive structure fuuctiou in DIS.

from the photon scatters with a green d quark l'rom the proton via exchange

of an rg (or l'g) gluon. The centl'C of lIlass view of just the scattering partons

is shown below the full diagram. The highest cross section occurs for a

glancing collision, i.e. when the scattering angle, iJ, is small. However notice

that because of the exchange of colour via the di-coloured gluon the colour

charge has actually been accelerated through the large angle 'Ir - iJ. An

accelerated colour charge will radiate gluons tangentially to its direction of

travel in the same way that an accelerated electric charge radiates photons.

Thus final state particles, the fragmentation products of this soft radiation,

are expected throughout most of the central rapidity region.

An example of a hard photoproduction evcn!. which is pl'Opaga!.ed hy

a colour single!. particle is shown in Figlll'e l.~(h). The da.~lll'd lill<' l'OlIld

represent, fol' instance, a photon. Again, the cross sectioll is highest. fol' low

values of iJ, but in this case the colour scattering angle is equal ta {J. Thlls
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Figure 1.8: 'l'wo examplcs of the colour Oow in hard photoproduction events at liERA.
ln the top view the full schematic diagram of the process is shown and in the bottom view
jl1st the hard sl1bprocess is shown, in its centre-of-mass frame. An example of a colour
non-singlet exchange event is shown in (a) and an example of a colour singlet exchange
event is shown in (b).

the bremsstrahlung gluon radiation from the scattered quarks is confined to

the narrow forward and rear rapidity regions, and particle production in the

central rapidity region between the two quark jets is suppressed.

Such soft hadron phenomena arc generally known as colour coherence

phenomena [4]. It has been proposed [34], for example, to use the distinctive

radiation pattern in coloUl" singlet exchange events ta search for Higgs boson

production via W+W- fusion at the future large hadron collider (the LHC).

However it has also beml recognized [35] that a significant background ta the

Higgs signal could come from processes involving the exchange of a strongly

interacting coloUl" singlet object. For instance a simple calculation of two

gluon exchange in a colour singlet state yields a rate of colour singlet exchange

processes of 10% with respe~t to gluon exchange [35].

Hard QCD colour singlet exchange processes are themselves of great the­

oretical interest [28,35-40]. For instance in processes where the final state



partons are produced with a large l'dative rapidit)'. the HFl,L resummalinn

technique [3(i. 3ï, 41] may be applied. This amounts 1.0 a description of the

exchanged colom singlet object in terms of a ladder of interacting gluons,

called the BFKL pomeron. However the validity of the BFKL approach h""

not yet been c1early established by experiment [42,43J.

QCD colour singlet exchange procceds at lowest order via exchange of

a composite object. Thus one may reasonably ask whether gluon radiation

from the constituents of the colour singlet object might destroy the rapidity

gap signature. A next to leading order calculation has been made of the

radiation pattern of soft gluons in colour singlet exchange [44]. lt was found

that the radiation pattern of soft. gluons is suppressed in the central rapi"it.y

region for two gluon colour singlet exchange in t,he same way "" it is fol'

photon exchange.

The phase space of the final state particles may be measureu in terniS of

the «lego" variables of pseudorapidity. '/. and azimuthal angle, <p. Figure I.f!

is an illustration of the lego space for a hal'd diffractive scattl'ring l'vent.

measured in the ZEUS detector. The black dot.s show the final state hadrons.

There are two high transverse energy jets which are shown as circles. The

•
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Figure 1.9: The signal:"e of a hard dilrraeLive seaLLering evenL aL II "'tA. The Iillld sLal,·
partîclcs arc shown as black dots. The Lwo high t.ransverse cncrgy jcLs are dnLWII lUi circicH
of radius R. The p and 7 remnanL jeLs oeeupy the regions of high 1[ and low 1[ l't'Speetively.
The jets are baek to baek in 'P and separaLed by a pseudorapidity inLerval 6,/. There is
a gap in the hadron distribution whieh oeeurs between the two jets and h.. a widLh of
61[- 2R.



jets have a cone radius of R =J(fJ71)2 + (fJcp)2 :5 1 where fJ'I (fJcp) is the

difference in pseuelorapidity (azilJlllth) between a hadron and the centff' of

t.he jet. COI":. (.)Pl. finding will 1)(" e1isClI",,,e1 in III o\"(' ,ktail in i\pp"nelix Il.)

The jets are separated bya pselldorapidil.y inl.erval Sri and ar" hack 1.0 hack

in cp. Therc are no hadrons produced betweell the jet. cones in the region

of width /J.71 - 2R labelled "gap". The proton remnant jet fragmentation

products arc found at high '1 and the photon remnant jet is at low '1.

The signature of Figure 1.9 is expected to be produced by electroweak

exchange evellts as weil as by strong colour singlet exchange events. In ad­

dition such events can be produced in non-singlet exchange processe~ due to

multiplicity f1uct.uations. In order t.o distinguish between these contributions

an experimental observable has been defined, called the gap-fraction, f(/J.'1).

The gap-fraction is defined as the ratio of the dijet gap cross section to

the inciusive <1ijet cross section,

•
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f( A ) = dUg.pld/J.'1
U'I - dO'l d/J.71 .

lï

(1.3)

The gap-fract.ioll is expecte<1 t.o exhibit two components of behaviour duc to

the two cont.riblltions to UY"I"

(j = u"an-:Jingld + u"iJlglr.t
gap gup gap • (1.4 )

•

It is expecte<1 that for low values of /J.'1 unon-.ingl•• will be the dominant, gap

component of ug, p due to random fluctuations in multiplicity. This com­

ponent would be exponentially suppressed as /J.'1 increased, leading to the

dominance of the u;~~gl., component at large /J.'1 as illustrated schematically

in Figure 1.1 O.

The height. of the plateau region produced by the dominance of u;~~gl.,

can discriminate between strong and electroweak processes since electroweak

process only occur a fraction Ct2/Ct~ ~ 0.1% of the time while strong colour

singlet exchange could occur in as many as 10% of events (as previously

mentioned) .
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Figure 1.10: l\Iustration of the expected two component behaviour of the gap-fraction.
Gaps produced by multiplicity fluctuations in colour non-singlet cxchange events give
rise to a gap-fraction which is exponentially snppressed as li.'1 increases. The gap-frnction
component dne to colour singlet exchange processes does not have a strong li.'1 dependence.

Bath DO [45,46] and CDF [47] have reported the results of searches for

dijet events containing a rapidity gap between the t.wo highest. transv.'rst'

energy jet.s in pp collisions al. VS = 1.8 'l'eV. Bot.h collaborat.ions set' an

excess of gap events over the expedations from coloUl' exchange proccsses.

DO report an excess of 1.07 ± 0.10(slat.)::g:î~(sys.)%, whereas COF me1u;urt'

the fraction ta be 0.86 ± 0.12%. lt is very interesting ta compare t.hest'

results from a vastly different kinematic regime, \Vith those of the liERA

study. (This will be discussed more in Sect. 6.3.)

In this study we have measured the gap-fraction for dijet photoproduc­

tian, ep --+ e-yp --+ eX, where X contains at least two jets of final state

hadrons3 • The two highest transverse energy4 jets have transverse energies

of E~" > 6 GeV and a relative pseudorapidity of L:..TJ > 2. These two jets in

addition have pseudorapidities satisfying TJ;" < 2.5 and the average pseudo­

l'apidity of the two jets satisfies liil < 0.75. The gap-fraction is measured for

"YP centre-of-mass energies in the range 134 GeV < W..,p < 277 GeV, or equiv-

3We use the gcneric tcrm "hadrons" to rcfcr Lo ail of the nllal staLe partich.>s cxccpl.
the scattered positron.

·One of the theoretical predictions for the gap-frnction [:17J liSes instend the two jds
at highest and lowest pseudorapidity. The IIncorrected gap-fraction with this definition is
discussed in Appendix C.



alently for vaIlles of y in the range 0.2 < y < 0.85. The photon virtualities

satisfy p2 < 4 CcV2 •

Cap event.s are defined 1L' having no final st.ate l'articles between the jet.

cones or t.ril.JISVeI'Se cncrgy E~l.atlroll > aoo NleV. The parl.icle transverse elH~l'gy

thrcshold will 1", conveniellt. experilllellt.ally 115 il. III1Lkes 1.11<' "l'iillit.i"n ,,1' "

gap less sellsit.ive ta det.ect.or noise 01' inefliciency. It al50 ha, a t.heorel.i('111

interpretation as the scale below which soft gluon radiation is allowed into t.he

gap [36,37J and the theoretical advantage that it tends to restrict to l'articles

with pseudompidities which are close to the truc rapidities [48]. There are

pven proposaIs t,o define gap events at the LHC using a jet transverse energy

threshold of 20 CeV [49] .

•

•
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Chapter 2

Experimental Apparatus

The ZEUS detector has been used 1.0 study photoproduction events l'rom 1~+1)

collisions delivered by the liERA (hadron elcktron ring anlage) acceleral,or

in 1994. This experimenta.\ apparatus is described in the following.

2.1 The HERA accelerator

HERA is the world's only positron proton collider [50-521. II. consisl,s of

separate positron and proton accelemtors in a 6.:1 km circumferencc. The

positron aud proton beams can be brought into head-on collisiofl al. l'OUI'

locations evenly spaced around the lIERA ring as shown in Figure 2.l.

HERA was designed 1.0 make use of the machines which already existed

al. DESY (Deutsches elektronen synchrotron). Positrons are obtained l'rom

a 500 MeY linear accelerator (labelled e on Figure 2.1) and injected into

a small synchrotron. There they are accelerated 1.0 7 GeY and injected

into PETRA. PETRA accelerates the positrons 1.0 14 GeY before they are

injected into f·IERA. Then they are accelerated 1.0 27.5 GeY. The protons arc

obtained l'rom a 50 MeY H- linear accelerator. The H- ions are stripped of

their electrons when injected into the slllall proton synchrotron. Then' 1.111'

protons are accelerated 1.0 7.5 GeV for injection int.o PETltA. The lIE!!I\

injection energy for protons is 40 GeV and liERA accelerates the protons 1.0

20
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Figure 2.1: The layout of the HERA acce!~rator comp1ex, showing the p and e+ Iinacs,
the sequence of preaccelerators, and the HERA ring, with the four experimental halls.

820 GeV.

The design instantaneous lllll1inosity for HERA is 1.6· 1031 cm-2 S-I.

The average luminosity achieved in 1994 was rnllch lower, 2.3· 1030 ("In-~ 5- 1•

while still con5t,ituting an impmvement over the 1993 value, 1.1030 cm-~ 5- 1•

The luminosity is limited by t.he e+ and p bunch clIrrents. ln fad, HEI{A

originally sllpplied an electron beam rather than a positron beam but early

in 1994 il. was discovered that the electron current was limited by electron

interactions with ionized dust in the imperfect vacuum of the beam pipe.



Therefore it was decided to switch 1·0 positron operation.

In 1994 HERA provided 820 GeV prot.ons and :n.;, GeV posit.rons mllid·

ing in 153 bUllches. 15 llllpain·d posit.ron hUIlc!u's and 1ï 1I1Ipail't'd Pl'ol.\)lI

bunches were also circulat.ed. 'l'h,'s,' allow lIIullit.urill)\ or hark)\I'Ulllld l'mil.

beam-gas int.eractions. In addit.ioll 24 elllpl.y bUlldws WL'rl' Ils"d tu lIIollit.ul'

cont.amination from cosmic ray interactiolls.

•
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2.2 The ZEUS detector

The ZEUS deteetOI' occupies the south hall shown in Figure 2.1. The layout.

of the ZEUS detector is shown i1l Figure 2.2. The primary components used

in this analysis are the forward, barrel and rear calorimet.ers (FCAL, BCA L

and RCAL), the central tracking det.ect.or (CTD) and the vertex det.ector

(VXD). In addition the luminosity monitor (LUMI) was used. Three minor

components, the C5 counter, the vetowall and the small angle rear tracking

detector (SRTD), are used in t.he event selection. These componen\.s are

described in I;he following. Further de\.ails abou\. \.hese and the ol,her l'alli­

ponents of t.he ZEUS ddectol' may be obtained eisewhl.'re [5:11. III t.h .. ZEIIS

coordinate sys\.em the nominal in\.eract.ioll poillt. is at. (.1', !J, =) = (0, Il, 0) alld

the positive z axis points in the directioll of the pro\.oll bealll, i.e. \.uwards

FCAL.

2.2.1 The Calorimeter

The study of processes involving the formation of high transverse energy jets

in the final state relies primarily upon the signais produced in the calorimeter.

The essential function of a calorimeter is to absorb an incident l'article and

to convert its energy into a measurable quantity such as electric charge [54].

Ca\orimeters measure the energies and positions of both charged and neutral

l'articles with a fast time rcsponse and an energy resolution which improves

with energy.
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Figure 2.2: The eomponents of the ZEUS deteetor, showing in partieular the vertex
deteetor (VXD) ncxt to the beam pipe, the central traeking deteetor (CTD) whieh sur­
rounds the VXD and is eneased in a solenoidal magnet (SOLENOID) whieh provides a
1.43 T magnetie field. Surrounding the CTD are the forward, barrel and rear ealorimeters
(FCAL, BCAL and RCAL respeetively).

For instance, an energetic electron impinging upon a block of dense mate­

rial will radiate photons in a bremsstrahlung process in the electromagnetic

field of the atomic electrons and nuclei. The radiated 'l"S will in turn pair

prodl1ce e+'s and e-'s which will radiate more 'l"S and so an electromag­

netic "shower" is developed. The characteristic distance of this shower is

the radiation length, Xo, over which an electron's energy drops by a factor



of Ile. \Vhen the energ)' of the ,1""Vl'r partiel", 1",('Omes 1,00 lo\\' fol' tl,,'

bremsstrahlung and pair product.ion pl'Ores'es. the remaining energy is losl.

primarily thl'Ongh ionizat.ion and compt.on scattering. An e\ectromagnet.ic

shower characterises the response of the calorimcter to incident ,'s, e-'s and

e+'s and also t.o incident 71'°'S (which convert qnickly to ,,). It is the charged

particles produced in the electromagnetic shower which uitimateiy give rise

to the signal measured by the calorimeter.

The process of particle absorption proceeds quite differently for hadrons.

These interact. with the nuclei of the absorber to produce more hadrons 01'

induce a nuclear decay. The produced hadrons interact further with nuclei

and thus a hadronic shower is devcloped. Some fraction of the time a 11'''

will be produced which will give risc to an e\ectromagnctic shower comp"·

nent. One major difference bc\.wccn hadronÎc and electromagnctic show"r

development is that sorne energy may be lost in a hadronic shower 1,0 nnde""

binding energ)'. Thus the ratio of the c!ectron signal to the hadron signal,

elh is generally greater than one.

It is easy to imagine dilTicnlties which can arise with an instl'llment that

has elh ::> 1. For instance, selecting events according to the energy de­

posited by an incident hadron would introduce a bias toward hadron showers

which produced a 11'0 early in their deve10pment and thus had a large elec­

tromagnetic component. A sampling calorimeter has different absorbing and

active materials. Using a sampling calorimeter and varying the relative vol­

ume of absorbing and active materials it is possible to make a compensating

caiorimeter which has elh = 1.

The ZEUS calorimeter [55-58] is a sampling ca\orimeter which uses plates

of depleted ul'anium as the absorbing material interleaved with SCSN-:I8 scin­

tillator tHes as the active matel'Ïal in layers of abolit 8 mm total thickness (or

IXo). it is longitudinally segment.ed into an electromagnetic section (EMC)

followed by two hadronic sections (BAC) in the forward and barrel regions or

one hadronic section in the l'car region. The total depth is 1.52 m in FCA L,

•

•
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1.08 ln in BCAL and 0.9 m in ReAL. Typical lateral EMC cell dimensions

range from 5 x 20 cm2 in the fOl'Ward direction to 10 x 20 cm2 in the rear

direction. The typicallateral HAC cell dimension is 20 x 20 cm2• The scintil­

lation light is collected by wavelength shifting plates and transmitted by total

internai refiection onto a light guide which directs it into a photomultiplier

tube.

Compensation is achieved at the levcl e/h = 1.00 ± 0.02 over the energy

range of 2 1.0 100 CeV. The depth ensures containment in excess of 95%

for 90% of the particie jets in ail parts of the calorimeter. The calorin\('t<'r

covers 99.7% of the total solid allgle. The psendorapidity coverage by F(,AL.

BCAL and RCAL is 4.3;::: 11 ;::: 1.1, 1.1 ;::: 11 ;::: -0.75 and -0.75;::: 11 ;::: -3.$

respectivcly. The calorimeter energy l'l'solution achieved in test beams, ill

terms of the ellergy E in CeV, is aEIE = 18%/VE for electrons. For hadrons

of energy above 10 CeV the energy l'l'solution is as!E = 35%/VE. It

improves to as!E = 26%/VE for hadrons of energy 0.5 CeV. The timing

resolution of a calorimeter cell is better than! at = 1.5/VE EIl 0.5 ns.

•
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2.2.2 Charged Particle Detection

The first ZEUS component encountered by charged l'articles leaving the in­

teraction region is the VXD [59], a cylindrical drift chamber which consists

of 120 radial cells, each with 12 sense wires. Surrounding the VXD is the

CTD [60] which consists of 72 cylilldrical drift chamber layers, organized into

nine "superlayers". Five of thesc superlayers have wires parallel to the bealll

axis and four have wires iuclincd at a small allgle to l'l'ovide a stereo vieil'.

The tracking chambers are filled with gas mixtures which are ionized by t.he

charged part,icle as it passes through. The ionization electrolls drift in the

clectl'Ïc fields of the cells and the avalanche of ioni'l:ation which occurs near the

sense wires causes an electric pulse which registers that the wire has been hit.

The pattel'll of hits and the associated drift times are then used to reconstruct

lThe symbol EIl is used to indicate addition in quadrature.



the path traversed by the charged partiele. The charged partielc experiences

a transverse force due to a 1.43 T solenoidal magnetic field which CiUlses it

to curve and allows its moment.nm t.o be reconst.rnct.ed. The resolntion in

transverse momentum for fulliength tracks is u"Tlp"!' = 0.0051>1" (j) 0.016 (for

PT in GeV). For event.s wit.h several charged tracks the interaction vel·tcx

may be measured with a resolution along (transverse to) the beam dircc',ion

of 0.4 (0.1) cm.

•
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2.2.3 Luminosity Measurement

The luminosity, .c, is determined by measnring the rate, R, of the brcms­

strahlung process, e+p --> C+'IJ. The bremsstrahlnng events arc detected by

tagging of the outgoing photon in a lead-scintillator calorimeter [61] which

is installed at a distance of 104 m from the nominal interaction point in the

positron beam direction. The acceptance of this detector ÂWM1 may be

determined by Monte Carlo methods and bremsstrahlung has a known cross

section, UB. Thus .c may be simply calculated from2 .c = R/(ÂwMI 0 (8)'

In addition there is an electron lead-scintillator calorimeter[61] situated

at 35 m from the nominal interaction point. This is used in the calibration of

the, calorimeter and also to tag a subsample of the photoproduction event.s

where the positron is scattered through an angle of less Lhan 6 mrad.

2.2.4 Background Veto

Two auxiliary detectors are installed just upstream (with respect to Lhe pm­

ton beam) of the main detector which are very useful in vetoing background

interactions. The C5 beam monitor is a small lead-scintillator counter in­

stalled 3.2 m from the nominal interaction point (Le. just behind Lhe ReAL).
It is used to detect upstream proton beam interactions and to measure the

timing of the proton and positron bunches. The vetowall detector consists of

2The symbol @ is used ta indicate a convolution over the relevant range of r four­
momenta.



two layers of scintillator on ci thcr side of an 87 cm thick iron wall 7.3 m l'rom

lhe nominal int.eraction point.. It. absorbs most. heam halo pal·ticles a('('olll·

panying the prot.on bunches, and providf's t.rigg,·1' vl'l.o informaI ion for t.h",,·

which pass t.hl'Ough. The SR,],)) is a set. of scintillat.or strip planes atLadll'd

to the front. face of the ReAL. Il.s prilllary purpose is to improve the det.cl'­

tian of positrons scattered close ta lhe positron beam direction. However for

this analysis it. was used ta improve the rejection of upstream proton beam

interactions ba.~ed on timing.

•

•
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Chapter 3

Data Selection

An example of a dijet photoprodllction event registered in the ZEUS dctec\,ut'

is shown in Figure 3.1. Here the energy and position measllt'elllents of t,lu'

-

ZR

. ~

•

Figure 3.1: A dijet photoproductioll event 'IS seen by the ZEUS detector. The Icrl. sid"
shows the rz view or the reconstructed tracks and the energy deposits in the catorimel.er,
The upper right view shows the energy deposits in the calorirneter in the '/. 'P plane and
the lower right picture shows the xy vic", or the reconstructed tracks,
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calorirnetcr and central tracking det.eet.or for a single event. are displayed in

three different views.

The upper right view shows the transverse energy deposits in the calorime­

ter, aeeording to their position in TI, cp space. It is the experimentaJists view

of the sehemat.ie lego signature for hard diffractive scattering shown in Fig­

ure 1.9. There are two weil eollimated jets in the lego plot, of E;' ~ 5 GeV

at T,id ~ -1.5 and Tlie' ~ 2.5 and back to back in cp.

The r:: view is shown on the left side. The shaded area in eaeh CAL cell

is proportional t.u the energy deposited in the ccli. The hit wires of the CTD

arc shown wil.h t.he traeks whieh have been reeonst.ructed from them. Then'

arc large enel'gy deposits in the forward and l'car calorirnet.er sections which

are assoeiat.ed with the jets. There is a weil defined vertex of tracks close

to the nominal intersection point.. Several tracks point from the vertex to

eaeh jet. There is also a large energy deposit around the forward beam pipe,

associated with the proton remnant jet. Near the rear beam pipe is a small

energy deposit which ean be associated with the photon remnant.

The xy view of the event is shown in the lower right picture. One can see

the back to back spray of charged l'articles associated with the two jets, and

the good resolution in the xy position of the vertex.

We make use of the properties of high transverse energy in the calorimeter,

a weil defined vertex and several traeks in the CTD in order to select a

sample of dijet photoproduction events. In addition to keeping the hard

photoproduction events of interest our selection criteria must reject the large

backgrounds due to interactions of the proton beam with the beam gas (p

beam gas interactions), collisions between the proton beam and the beam

wall (beam scraping), beam halo l'articles and cosmic ray events.
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The most dimcult background comes from the p beam gas interactions which

occur al. a rat.e of about 50 kHz while the rate at which ZEUS can write

events 1.0 tape is a few Hz. The bunch crossing time of 96 ns (or rate of

10 MHz) poses additional problems in that no component is able 1.0 read

out its data and provide a trigger decision in such a short tirne. The ZEUS

solution is a deadtimeless three-levc1 pipc1ined trigger system [53].

For every bunch crossing ail dat.a arc stored in a pipeline clocked al. !)(; ns.

The job of t.he first levcil.riggCl' (FLT) is t.o l'l'du,'" this \0 MHz rat,· 10 ""

output rate of 1 kHz, taking no more I.han ,Ili bunch cl'Ossings tll makl' ils

decision on each event, The calol'imcl.el' is able 1.0 pl'Ovide global L'nCl'gy snnls

within a few ILS of the bunch cl'Ossing. The calorimeter infortluttion used al.

the FLT fol' this analysis is itemized in the following.

• EnTe is the sum of ail energies of ail EMC cclls.

• Eà~Ile is the sum of ail energies of ail BCAL EMC cells.

• Efw' is the sum of the magnitudes of ail l'cil transverse energies (using

the nominal vertex position to obtain the l'l'Il angle).

• EFLT is the summed energy of ail l'l'Ils, and

• Ek~r/e is the sum of ail energies of ail RCAL EMC l'l'Ils.

We require a large energy deposil. in the ca\orimeter at the FI:r. Thal. is,

(Ekkl~ > 10 GeV 01' E~I~/e > :JA GeV 01' 8·P·'I' > l~ G,~V 01' /il'I.'I' >
15 GeV or Eh~r/e > 2 GeV). The CTD is able 1.0 pl'Ovide pl'e1illlillal'y 1.1'I",k·

ing informal.ion to the FLT and wc have required al. least one tmck poinl.in!\

toward the nominal vertex. Finally we have used timing information frolll

the vetowall, the C5 counter and the SRTD, al. the FLT, 1.0 reject p beam

gas and beam scraping l'vents which occur upstream of the detector, and ta

reject triggers due ta beam halo l'articles.



At the second level trigger (SLT) the full data for the event is available

and the rate mllst be redllccd from 1 kHz to 100 Hz. The calorimetrie energy

SUffiS uscd are,•
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• E, the tot.al energy of ail calorimeter cclls,

• ET, the sum of the magnitudes of the transverse energies of all calorirnc­

ter cclls,

• EfB, the sum of the magnitudes of the transverse energies of t.he

calorirncter cells adjaccnt t.o the FCAL beam pipe, and

• p., t.he slImmed longitudinal energies of ail cells.

Vertex information was not available at the SLT in 1994 so ET, EfB and

p. were calculat.ed assuming the nominal interaction point. We required

ET - EfB > 8 GeV in order to select high transverse energy events (where

the high transverse energy is not entirely duc to the proton remnant). p

beam gas events are enormously boosted in the p direction and are therefore

characterized by p. ~ E. We have required E - p. > 8 GeY and (E - P. >
12 GeV or p./E < 0.95) in order to suppress p beam gas events.

The third level trigger (TLT) reduces the event rate from 100 Hz to

about 3 Hz. The data are pl"Ocessed through the offline reconstruction code.

Detailed iterative algorithms may be applied to perform an online analysis

of the data. We have required a good reconstructed vertex at the TLT level.

We have also run ajet finding algorithm at the TLT. (Further details may be

found in Appendix B.) We then require that two or more jets be found with

((E~·' > 4 GeV and 2.0 ~ 7}i.' < 2.5) or (E}·' > 3.5 GeV and 7}i.' < 2.0)).

The calorimeter timing measurements provide crucial information for fur­

ther backgl"OlInd rejection at the SLT and TLT levels. The difference between

the average time of energy deposits in the upper half of the BCAL and the

average time of energy deposits in the lower half of the BCAL is used to reject

cosmic ray events at the SLT and TLT. The average time of FeAL energy



deposits, tpCAL, and the average time of ReAL energy deposits, tllC.-II. an'

used to rejcct p beam gas. Tilt.,,,· distributions an' shown in Figurt' :I.:.! rm

a c1ean sampI<- or dijet e,·ents'. TIlt' }o'(,AI. alld Ill',"1. tilllinp; dislri"II;"",•
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Figure 3.2: The distribution of the average time of l'CAL ellergy deposits is ShOIVII ill
(a) and the distribution of the average time of ReAL energy deposits is sholVn in (b).

are narrowly distributed about the nominal value. ln contrast, /' bealll gas

events which occur upstream of t.he main detect.or give rist' 1.0 ReA L tilllt'S

of tRCAL ~ -10 ns, These events are l'eject.ed with the l'nts. t/l('.-II. > -li Ils

and tpCAL - tllc,IL > 6 ns. These cnts are c1early sare for tilt' hard l'hotu·

production events as shown by FigUl'e 3.2,

In fact the timing resolution is somewhat better than that suggested by

Figure 3.2. The tails of the tpCAL distribution are due to e+p interactions

with a vertex z position away l'rom the nominal interaction point. Figure 3,3

shows the tpCAL vs z distribution for the c1ean sample of dijet events. e+/J

collisions at positive z arrive early at the FeAL giving rise to negative tpcAL

signais and vice versa.

In addition there are global vetoes at the SLT and TLT to reject events

which are triggered by a photomultiplier tube spark events based on the

number of hit cells and on the imbalance of energy read out l'rom the two

11'he label N on the vertical axis refers to the number of events l'cr bill, throughout.
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Figure 3.3: The a"cragc Lime of the FeAL cncrgy deposits versus the .:-position or the
vertex as dclcrmincd by the trackillg dctcctors.

photomultiplier t.ubes of a cclI. The charact.erist.ic pattern of hit cells fol'

cosmic muons and for mnons which travel in the p beam halo is used to

reject. these backgrounds at the SLT and TLT levels.

3.2 Omine Selection

We find jets omine from the calorimeter cell energies and angles using a

cone jet finding algorithm (described in detail in Appendix B). We require

that there be at least two jets and that the two highest transverse energy

jets satisfy2 E~" > 5 GeV, 7/iet < 2.5, liil < 0.75 and 6,7/ > 2. The cut

7/i" < 2.5 is necessary to select jets which lie entirely within the acceptance

of the calorimeter. The average jet pseudorapidity, liil, is ta leading arder

the boost of t.he hard subsyst.em. The restriction liil < 0.75 selects events

where at least. one of the jets goes in the rear direction. The online triggers

are more efficient for these events. In addition it selects events where a large

fraction of the photon's energy participates in the hard interaction. (The

'The render mny notice thnt the E~" threshold used in the omine selection is lower
thnn the 4" threshold of the rnensured cross sections ns detailed in Sect. 1.4. This is due
1.0 the 4" resolntion and will be discussed in Sect. 4.3.



mean value of x~BS is O. ï. This is discussed further in Sect. 6.3.) These

events are better simulated by the Monte Carlo generators because there

is less uncertainty in the photon parton distribution function and because

there is a lower likelihood of a secondary interaction taking place betwccn

the photon and proton constituents. We are not interested in events where

the jet cones are overlapping in I} and that is the reason for the eut D,II > 2.

Additional omine c1eaning criteria are applied to further suppress p beam

gas and cosmic ray events. There are also now considerable backgrounds

from non-photoproduction e+p collisions which must be suppressed.

The following figures show the effects of each successive c1eaning cut. ou

the selected dijet. event sampie (dashed line) wherc the cut valuc is showu ilS

a vertical line. As an illustration of t.he background to be rejected the solid

line shows a loose dijet sample (E1~1 > ,1 CeV). The doLted line shows t.he

subsample of the selected dijet sampie which has an energy deposit in the c+

LUMI calorimeter of more than 5 CcV (and no corresponding energy deposil.

in the "1 LUMI calorimeter). This sample has very low backgrounds.

Two important cuts are based on measurements of the dimensionless y

variable (see Appendix A) which in photoproduction events is equivalenl.

to the momentum fraction of the positron which is carried by the phol.on.

One estimate of y, YJB [62], is based on the hadronic energy deposits in the

calorimeter. YJB = (E - Pz)/(2E.), where E is the summed energies of ail

calorimeter cells, Pz is the summed longitudinal energies of ail calorimeter

cells and E. is the incident positron energy, 27.5 CeV. The YJB distributioll

is shown in Figure 3.4(a). Clearly, a fully hermetic calorimeter will always

have YJB = l and in fact in DIS events where the scaLtered e+ is scaLtered

at a large angle and contained in the calorimeter, YJB ~ 1. The contributioll

of DIS events can be seen as a peak to high values of YJB in Figure 3.4(a).

We reject this DIS background with the requirement "JB < 0.7. Recall thal.

the requirement E - Pz > 8 GeV has been made at the SLT. Therefore the

allowed YJB range is given by 0.15 < YJB < 0.7.

•

•
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Figure 3.4: Distribution of the y estimators. The solid line shows a loose sample of
dijcl events. The dashed line shows the sampie of dijet events which will be used in this
allulysis and t.he c10tLcd Hile shows a deun samplc of photoproduction cvents where the
scatlcred c+ is IIIcasurcd in the c+ LU M1 dctcctor. YJ BI which is estimated using the
hndronic encrgy dcposit.s in the calorimctcr, is shown in (a) and YCJ which is estimatcd
nsing the encrgy deposits of a scat,tered c+ candidate, is shown in (b).

Sorne cvents remain which have a scattered e+ candidate measured in

the calorimeter. For these events 1/ can be measured using Y. = 1 - E~(1 ­
cosl?~)/(2E.) where E~ and 1?~ arc the energy and angle of the scattered e+

candidate, respectively. The Y. distribution is shown in Figure 3.4(b). The

LUMI tagged photoproduction events have high values of Y. (dotted line).

These arc duc ta electromagnetic showers l'rom 71'0 and 11 mesons. Law values

of 1/. arc duc to DIS events [63]. Thm'erow, for thosl' eveuts whidt haVI' Il

scatl.ered e+ candidate, wc makc the cut!l. > O.i.

Reconstructcd track distributions arc used to further suppress p bcam

gas and cosmic ray contamination. Figure 3.5(a) showb ~he distribution of

Nbodlrock, the number of tracks which intersect the beam axis at z < -75 cm.

/' beam gas l'vents have high values of Nbodlrock and the p beam gas contribu­

tion ta the loose dijet sample is c1early apparent in Figure 3.5(a). We have

made the requirement Nbod'rock < 3 in arder ta suppress beam gas l'vents.

Cosmic ray events tend ta give risc ta exactly two reconstructed tracks

•
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Figure 3.5: Tracking cuts ta Sllpprcss bcalll-ga...., and cosmÎc contamination. The solid
tine shows il loosc sampic of dijct c\'cul.s. The dashed Iillt! shows t.he sllmplc of dijd
events which will he uscd in this analysis and t.he dOUet! Hllc shows a dean samplt· of
pholoproduct.ioll t~\'ents whcrc t.he scat.tcred t:+ is IIlca.'iurcd in the t'+ I.lJl\H dt·l.t't'Ior.
The distribut.ion of the numbcr of .. racks which point to 1\ vertex in tlw n..'llr is :-ihoWIl (a).
The distribution of t.he opcnillg allglc~ hct,\\'cCII t.he t.\\'O t.rad\s for (~\'t·nl.s whir.h h:"'t' l'Illy
two tracks is showlI ;11 (b).

which are back to back. The opening antile belween l.he two t.racks, 11''''''',,,·-k
satisfies COs t?''"o '''.ek _ -1. Figure 3.5(b) shows t.he dist.ribut.ion of cos ,?"""",,,-k .

We have made t.he requirement. cos t?""o ',aek > -0.996 in order t.o reject. cos­

mic ray events.

The z distribution of the reconstructed vertex is shown in Figure 3'(i(a).

We have selected the events with -50 cm< z <50 cm which are wit.hin t.he de­

tect.or accept.ance. This cut. a1so rejects sorne non·ép collision backgrounds.

The 1ast significant background which remains in t.he sampie is due 1.0

charged current events. In these events t.he final stat.e hadrons are balanced

in transverse moment.um by an out.going neut.rino. The neut.rino escapes

undetected and so t.he energy deposit.s in t.he calorimet.er exhibit a lal'!\e

momentum imbalance, IpT\. Of course, photoproduct.ion events wit.h IM!\"

transverse energy jets in the final state couId also have a large value of Il;1'\
due to statist~ical fluctuations. Therefore the relative missing transverse nl<)­

mentum, !P7'\1JE1', is used to reject charged current event.s. Figure :1.6(b)

•
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Figure 3.6: The distribution of the =-position of the reeonstrueted vertex is shown in
(a). The dislrihut.ion of the relat.ive missing transverse momp.ntum in the calorimeter,
I/>TI/JET, is shown in (b). The solid line shows a loose sampIe of dijet events. The
dnshed line shows the snmple of dijet events whieh will be used in this analysis and the
dottcd liue shows CL clcan sampic of photoproduetion evcnts whcre the scattered c+ is
measnred in the e+ LUMI deteclcr.

shows the dist.ribution of Ipi·l/J E1•. The cul. IpTI/J E1' < 2 GeVt/2 has been

applicd ta rc.i<'c1. t.he chal'gcd currcllt evcut.s.

Thc last st"I' which lIlusl. b" tak"u 1.0 ddill" th,' salllpl,' of ""cuts fur 1Ill'

st.udy is 1.0 Illcasure the part:dc Illultiplicity iu ordcr 1.0 selcct gap cv,,"tS.

The l'article lIlultiplicity is determincd by grouping calorimcter cells iuto

"islands" [64]. This is done by assigning 1.0 every cell a pointer 1.0 its highest

energy neighbour. A cell which has no highest energy neighbour is a local

maximum. An island is formed fol' each local maximum which includes ail

of the cells that point 1.0 il.. The events with no islands of transverse energy

E4~/"nd > 250 MeV, and pscudorapidity, TJi.lolld, between the edges of the jet

cones (as delÏ!!ed by the cone radius R) are called gap events.

From 2.6 pb-lof e+p collisions delivered by HERA in 1994 the number

of events rcmaining in the data artel' this selection is 8393. The non-e+p

collision background was estimated using the number of events associated

with unpaired bunch crossings. The p beam gas background was found 1.0



be lc.% than 0.1 %. The cosmic rny contamination is estimatcd to be about

0.1 %. The ·1:1 gap events which ha,·e ~rJ > 3.5 \Vere also scanned visually

1.0 search for contamination from events where the encorgy deposits of the

scattered positron or a hard final state photon might 1l1imic a jet. No sudl

events \Vere found .

•

•
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Chapter 4

Data Simulation and
Description

ln this chapter a d\:lscription is provided of how the Monte Carlo event sam­

pies are obtained. Then the general characteristics of the Monte Carlo events

are compared with those of the ZEUS data.

4.1 The Monte Carlo Event Samples

When one chooses a mndom nUlllbel' Il, which lies betw<'en say 1 and /II. at'

cording \,0 a Jlt'Ob,tbility distribution P(n) one essentially throws a weighLed,

m-sided, die. For this reasoIl, compute!' programs which rely on random

number genemtion have come ta be known as Monte Carlo programs. In

arder ta simulal,e high energy physics data these dice must be thrown many

times in many subroutines but it is possible ta group these routines into two

main programSj the event generator, and the detector simulator.

4.1.1 Event Generation

As shown in Figures 1.4(a) and (c) hard photoproduction in the LO QCD

picture has exactly two hard partons in the final state. However we know

that gluons are radiated from the quark and gluon Hnes and that in addition
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photon radiation can OCClU' from 1,111' lepton and '1nark litll'~, 'l'hi~ l'arion

shower pro""" l'mis with the lran~format.ion of 1,111' rulottt'l'd parton~ into

colourless hadrons which can I,hcn decay, prodncing ('ven more partid('~, ln

fact, at HEHA cnergies aronnd 50 final st.at.e part.icles arc prodnccd pel' hard

photoproduct.ion l'vent. How then, is one to make a confront.ation wit.h th,'

LO theory which predicts exactly t.wo hard partons in the final state?

Owing to the large probability that interaet.ions occur at 1011' momentltln

transfer, the global l'vent characteristics will actually closely follow those of

the parent partons. However, any detailed study of the final state reqnires

sorne understanding of the part.on showering, hadronization and decay pro­

cesses. The part.on showering pt'ocesses l'an in principle be calcnlated per­

turbatively where the branchings al'e of sufficient.ly IHtr<l scale. However in

practice, fell' calculations arc available beyond order o~ while typical hard

photoprodllction l'vents contain al'Ound la of snch parton brandtings, 'l'Ill'

hadronization process which occur~ al. large values of o., cannot, ('veit in

principle, be calculated in perturbal,ive QCD.

The solution to this pl'Oblem lies in the factorization property of QCD, Il,

is possible to calculate separatdy jusl, the hlU'd subprocess cross section using

perturbative QCD. Then the probability distribution fol' the initial and film1

state parton showers l'an be evolved between the hard scattering scale and the

hadronization scale according to the GLAP evolution (sel' Sect. 1.2). The

probability distributions for the final state l'articles with respect to their

parent partons must be obtained from a phenomenological mode!. In the

Lund string model [65], for instance, the colour field between two coloured

partons is ~~lOught of as a string which extends as the partons mave apart

until its tensi1e energy is high enough to provide masses for two (or lTIore)

new partons. Eventuallyall of the co10ured partons arc associated by strings

into colour singlet states which do not. have sufficient invarianl. tIlass to break

apart. These are the final st.ate hadrons. The Lund string model has proven

very successful in describing experimental data [661 .

•
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1.1. THE A;fONTE CARLO EVENT SA MPLES

A computer program is ideally suited ta generate separate events by

choosing a "random" final state configuration weighted by the hard cross

section probability distribution, the parton showering probability distribu­

tions and the hadronization probability distributions.

We have used the PYTHIA [67,68J Monte Carlo program to generate hald

photoproduction events. The minimum scale of the hard subprocess is set

by restric~ing the transverse momentum, IPTI, of the two outgoing partons

ta IPTI > 2.5 CeV. The parton distributions of the proton are generated

according to the MRSA [691 parametrizations. LO resolved photon events

arc generatcd using the CRV [21] partou distributioilS for the photon. 1.0

direct events 1l1'e general.cd separatel)' aud combiued wil.. the Lü rl'soln'd

processes. We shall refel' to three PYTHIA samples in the following. Th,'

"non-single!." saml'le contains the standard QCD processes which proceed

via quark or gluon propagators. The "singlet" sample contains only the LO

resolved process of quark-quark scattering via "(/Zo or W± (electroweak)

exchange. There is finally a "mixed" saml'le which consists of 90% of the

non-singlet saml'le with 10% of the singlet saml'le. Thus the mixed sample

contains electroweak exchange proeesses at two orders of magnitude higher

cross section than they are expected ta occur from the estimation (01/01,)2 ~

0.001. This is done in order ta simulate a possible strong colour singlet

exchange process which is not implemented in PYTHIA.

4.1.2 Detector Simulation

The responsibility of the PYTHIA program ends when the generated evenl.

consists of leptons and hadrons including the relativcly short-li ved l'''~. 1/. i\u....

l'articles. The lifetimes of these p<u'ticles is such that they may demy withiu

the volume of !.he ZEUS detector. Therefore their interaction in the ap­

paratus musl. he taken into consideration. This is the responsibility of the

detector simulation program MOZART (Monte Carlo for ZEUS analysis re­

construction and trigger) .



MOZART is an extensive software program which uses the GEANT [iD]
package of detector description and simulation tools. MOZART contains a

detailed description of ail of the det.edor cOlnponent materials and posit.ions.

In fact, Figure 2.2 of the ZEUS dclector was generated nsing MOZAHT.

MOZART simulates the passage of gen',rated l'articles throngh t.he ZEUS

detector including the ionization energy loss in the tracking chamber. t.he

random chancc of energy loss into dead material and the sl\learing of t.11l'

energy resolut.ion as a l'article showers in the calorimcler. Thcse proC<'ss('S

are ail statistical in nature and handled with raudonl nUlnber generation on

a probability distribution. Thns detedor simulation code is also rdcn'cd t.o

as a Monte Carlo program.

•
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The output. of MOZART consists of the tables of information of what

wires were hit, which calorimeter cells contained what energy, etcetera. Thesc

tables are formatted in exactly the same \Vay as the information l'l'ad out by

the ZEUS detector from an aetual HERA event. Thus the reconstruction

programs \Vhich find tracks from the hit. pattern, or jets from the pattern of

energy deposits in the calorimeter, do not know whether an analyzed l'vent.

is simulated or data. Thus it is possible to do a complete analysis in paralle!

on Monte Carlo and on HERA data. ln this way theoretical predictions

as imp!emented in the event generation code lIlay be compared diredly t.o

measured data.

There is a second way ta use the generated l'vents which have been passed

through the detector simulation. The re!ationship between the Monte Carlo

detector-levc1 distributions and t.he Monte Carlo hadron-leve! distributions

can be used ta correct the data fol' the detector elfeets and ta produce what.

is called a hadron-level measurement. This measurement may then be com­

pared with di!ferent theoretica! models (which may not have been imp!e­

mented into a Monte Carlo l'vent generator) .
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• 4.2 Monte Carlo Description of Data

43

•

The measllred gap-fraction will 1", interpreted thl'OlIgh ('ompari"on with Il...

gap-fraction" o[ the Monte Cario event "ample" described in the pn"'joll"

section. In addition the non-sing1et and t.he mixed samples will be IIsed

to determine the efficiency of the selection criteria and the acceptance and

smearing of the detector on the reconstructed quantities. Therefore an ad­

equate description of the event properties must be provided by these two

samples. The oinglet saml'le has very different event characteristics from the

data and will not be used in determining the detector acceptance. In the

fol1owing figures the data are compared to the non-singlet saml'le and the

singlet sam l'le. The mixed sample is very similar to the non-singlet sample

except at large f).7/ and low multiplicity. Therefore this sample is not shown

in general. A black dot indicates ZEUS data. The non-singlet PYTHIA

saml'le is shown as an open circle and the singlet sample is shown as stars.

Unless othel'\vise noted, the Monte Carlo samples are normalized to the (in­

clusive) number of events in the data and N on the vertical axis shows the

number of events pel' bin.

4.2.1 Selection Criteria

Global calorimetric energy sums arc shown in Figure 4.1. The energy de­

posited in the FCAL, EFCAL, is shown in Figure 4.1(a). The data exhibit a

tail tü very high values of EFCAL which is not reproduced by either Monte

Carlo sample. This forward energy discrepancy has previously been observed

by both the Hl [71] and the ZEUS [72] collaborations. It is thought to be

related ta mu!t.ple interactions of the photon and proton, which are not

simulated in the PYTHIA samples used here. (A small sample of PYTHIA

events with multiple interactions is used in comparisons with the corrected

data in Sect. 6.1.) However the FCAL energy discrepancy does not pose

a criticai problem for this analysis as it is concentrated in a narrow cane
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Figure 4.1: Global energy sums. The ZEUS data are shown by black dots. The prediction
by the PYTHIA sample with no colour singlet exchange events (the non·singlet sample) is
shown by the open cïrcles and the prediction by the PYTHIA sample with only eledroweak
quark-quark scattering (the singlet sample) is shown by the stars. ln (a) the distribution of
the total energy deposited in the FCAL is shown. In (b) the distribution of the transverse
energy outside a cone of 10· is shown. ln (c) one sees the distribution of the energy
dep08ited in the BCAL and in (d) one sees the distribution of the energy dep08ited in the
RCAL.

about the forward direction. Figure 4.1(b) shows the summed cell trans­

verse energies for cells which have an angle of more than 10· from the z·axis,

Efj.°NE. The selection criteria choose events with Efj.°NE > 8 CeV and the

data exhibit a tai! out to Efj.°NE ~ 50 CeV. The Efj.°NE distribution is weil



deseribed by t.1", lIon-sillglet. sallipie. The BeAL cnergy, /';tlCAL, is show Il

in Figure 1.I(e). In t.he dat.a and t.he nOIl-singiet. saml'le the average evell!

deposits ahout 8 GeV of energy ill the BCAL, however in the singlet sample a

large fraclioll of events deposit < 2 GeV of enerl!Y in the BCAL. The RCAL

energy dist.ribution is shown in Figure 1.1(d). EReAL is weil described by the

1I0n-singlet saml'le. Global energy sums are used at the first and second level

triggers to acccpt hard phot.oproduction events. The good description of the

global energy sums by the non-singlet (and mixed) samples means that we

can use these samples to determine the efficiencies of these triggers.

Another important quantity which is used in selecting the sample at

both the sr;r and TLT levels is YJB. The YJB distribution is shown in Fig­

ure 1.2(a). The YJB distribution shows that t.he selection cuts favour events

whcrc half or more of the momentum of the e+ is transferred to the almost

l'cal -y. The 11./8 distribution is also weil described by the non-singlet saml'le.

For events ill which the c+ is detcct.ed in tl\(' ,,+ LUMI d<,tector Olll' IIIilY

cstimate y directly using the scattercd positron energy E; and the illCOlllillg

positron energy E. according to, YWMl = (E. - E;)/ E•. The correlatioll

between YJB and YWMl is shown in Figures 4.2(b), (c) and (d) for the data,

the non-singlet sample, and the singlet sample respective1y. That YJB is

weil correlatcd with YWMl in the data, and that the simulations describe

this correlation, increase our confidence that there is little background in the

data.

The other quantities which are used in the omine cleaning cuts (see

Sect. 3.2) are shown in Figure 4.3. The distribution of Y. for events with

a scattered c+ candidate in the calorimeter and the distribution of the num­

ber of rear pointing tracks are weil described by the non-singlet Monte Carlo

saml'le as can be seen in Figures 4.3(a) and (b). Likewise one can sec from

Figures 4.3(c) and (d) that the distribution of the opening angle betwecn two

tracks in events with only two tracks and the distribution of the relative miss­

ing transverse 1ll0mentuIll are also weil described by the non-singlet salllpl.,.

•
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Figure 4.2: YJ B and YI8 versus YLU AI 1. The ZEUS data are shown by black doLs.
The prediction by the PYTHIA non-singlet sampIe is shown by the open circles and the
prediction by the PYTHIA singlet sample is shown by the stars. In (a) the distributiou
of YJP is shown. One sees the correlation between YI8 and YLUAII for the subsample of
events in which the scattered e+ is detected in the e+ LUMI detector in (b), (c) and (d)
for the data, the non-singlet sample and the singlet sampie respectively.

Therefore it is appropriate to use the non-singlet sample in understanding

the effect of the cleaning cuts on the data.

The vertex distributions are shown in Figures 4.4 aud 4.5. The Mout."

Carlo programs have been t.uned to describe these distributions but there is

a slight overestimation of the tail to large z values. Also the data al'e shifted

slightly from the nominal x and y values, and this is not described by the

•
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Figure 4.3: Clcaning quantities. The ZEUS data are shown by black doLs. The prediction
by the PYTIIIA nOll-singlet sample is shown by the open circles and the prediction hy
the PYTIIIA sillglct sample is shawn by the stars. The distribution of !If" for t~\'('llts wilh
a scatlercd c+ cundidate in the calorilltcLcr is shawn in (a). In (b) olle sees the IIUllllH'r

of rcnr painting trucks. In (c) one secs the distribution of the casinc of the opcning ulIgll'
between the two trucks ror evenls which have only two tracks and (d) shows the relalive
missing transverse momentum, 1p"TI/JËT.

Monte Carlo samp\es. These shifts however, do not resu\t in a poor descrip­

tion of the angu\ar distributions of the jets as will be shown in Sect. 4.2.3.
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The differenœs between the two Mont.e Carlo samples and the data are easily

visualized with jet profiles. We select the two highest E~'t jets and the jet at

higher l1 i " is referred ta as the leading jet while the jet at lower l1i " is called

the trailing jet. The jet profile geometry for the trailing jet is illustrated in

Fignre 4.6. The 11 profile is made by plotting 811"/1 = l1'dl - l1i ", weighted

•
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4.2.2 Jet Profiles
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Figure 4.6: .Icl, profile geometry for the trailing jet. Black dots show the filial statc
l'articles. The two jets arc shown as drcles. The vertical and horizollta\ shaded ballds
show the regiolls of the phase space included ill the jet profile with respect to 6'1'''1/ alld
with respect to 671"1/ respectively.

by the œIl tmnsverse energy, Ej:/I, for cells within one radian in <p of the

jet centre. Similarly the <p profile is made by plotting 8<pce/l = <p"/1 - <pi,',

weighted by Lhe cell transverse energy, for cells within one unit of T) of the

jet centre.

Figure 4.7 shows the jet profiles fol' the data in black dots. The jets are

highly collimated and the jet pedestal is slowly rising with T). The PYTHIA
predictions according to the non-singlet and singlet samples are shown as the

solid and dashed histograms l'P.spectively. The non-singlet sample describes

the data weIl. There is, however a small discrepancy in the forward direction

of < .5 OeV pel' unit 8T). This is the afOl'ementioned forward energy discrep­

ancy (we l'der 1,0 the discussion of Figure 4.1). The jets of the singlet sampi..

are more collimaLed than the data jets, and they have a lower jet pedestal.

The high degree of collimation of the colour singlet jets is to be expected

of course, and there are two reasons fol' it.



First of ail colour singlet exchange eH'nts art' t'xp"eted in gt'nl'ral 10 ha,"t'

less radiation inlo the central rapidit)" region. This was argued in a g,'n"ral

way in terms of gluon bremsstrahlung from accclerated colour charges in

Sect. 1.4. Wit.h Monte Carlo event.s il, is possible ta describe this phenomena

precisely, in terms of the Lund string model l (in the hard scattering centre of

mass frame for simplicity). In colour singlet. exchange events cadi out.goiug

parton is associated via a Lund string with the rernnant. jet dosest ta it in

rapidity. Therefore the colour field in the central rapidity region cont.ains

little energy for the production of hadrons. However in non-singlct. exchange

either each parton is connected via a Lund string t.o the remnaut jet. which

is rnoving in the opposite direction, or the t.wo part.ons arc connect.ed t.o t'ach

other, and t.he t.wo remnant. jet.s which arc 1Il0ving opposit.e t.o cach olll<'r in

rapidity arc connected together. Eit.her way a lot. of cnergy is wnt.ait",d in

the colour field in the cent.ral l'1Ipidit.y region and t.here will he considemblt·

radiation of hadrons there.

The second reason t.hat. t.he jets of t.he singlct. sampie arc cxpeded t.o 1",

more collimat.ed, is t.hat. the singlet. sampie cont.ains only quark jet.s in t.he

final state. Gluon jets, which wc know al. least t.o be present. in t.he non-singlct.

sampIe, give rise 1.0 less collimat.ed jets [73].

In Figure 4.8 the profiles are shawn just for the 6.TJ > 3.5 subsample of

events. The agreement by the non-singlet sample is still good at. large 6..,.
The high degree of collimation of the singlet jets is still apparent.

In Figure 4.9 the profiles are shown for the 6.TJ > 3.5 gap candidat.e

events. By comparing with Figure 4.8 one l'an clearly see the suppression

of energy How into the rapidity region bet.ween t.he leading and t.railing jet.s.

This is weil reproduced by t.he gap-candidat.es of bot.h t.he non-single!. and

singlet samples.

•
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ITlte argument relies of course. on the dominance of low angle scattering in the L­

cltannel.
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Figure 4.7: .let profiles for the leading and truiling jets. The data are shawn as bla"k
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Figure 4.9: Jet profiles for the leading and trailing jets, for the gap candidate events
with /l'l > 3.5. The data are shawn as black dots. The predictions of the PYTHIA singlet
and non.singlet. smnples arc shawn by the solid and dashed lines respectively.



4.2.3 Jet Angle and Energy

Figure 4.10 shows the Iliet and E~~' distributions of the lcading and tmiling

jets. The leading jet 7Iiet distribution is peaked in the FCAL at Il - I.ï5

and the trailing jet 7Ii " near the BCAL / ReAL interface at Il - -0.8.
The non-singlet and singlet samples bath have 7Iiet distributions which arc
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very similar ta the data. The transverse energy distributions of the leadinl\

•



and trailing jets fall approxirnittely l'xponentially from the threshold valut'.

The leading jd Ei" distrihution extends to higher values thau the trailing

Ei" distrihution. This is dne ta the higher for ward jet pedestal. Both Ei"
distrihutions are weil descrihed hy the non-singlet sample. The singlet sample

does not agree with the data in the E}" distribution. It has relatively higher
. ,

Efc jets.

The E}C' dist.ributions are shown in four bins of t>TJ in Figure 4.11.

Particularly for the trai 1ing jet, the E}" distribution gets softer as t>TJ in-
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Figure 4.11: The 4" distribution of the leading and trailingjets in four bins of À'I.
The ZEUS data are shown by black dots. The prediction by the PYTHIA non-singlet
sample is shown by the open drdes and the prediction by the PYTHIA singlet sampie is
shown by the stars.

creascs. This would enhance the migrations across t.he E?" > 6 GeV bouml­

ary. Nevertheless this Ef" behaviolll" is weil described by the non-singlet

Monte Carlo sample, so these migrations should be properly accounted for

in the corrected distributions.
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The boost, or r,verage jet pseudorapidity, il, is shown in Figurt' 'L1:l(a) .

The data are strongly boosted in the proton din'ction so '1 pt·aks al. tilt' killt·•
56
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Figure 4.12: Th~ distribution of ii is shown in (a) and the distribution of li'l is shown in
(b). The ZEUS data arc shown by black dots. The predic:ion by the PYTIIIA non-singlet
sample is shown by the open drcles and the prediction by the PYTIIIA singlet sampie is
shown by the stars.

matie limit,'~ = 0.75. Beth Monte Carlo samples deseribe this distribution.

The D.11 distribution is describl'd by tilt' Iion-singlt't saIn pit' as shown

in Figure 4.12(b), although there arc somewhat tao l'l'w l'Vl'nts al. largt' 2>.'1'

(This is partly due 1.0 a laek of gap events al large D.11 which is la be discnsscd

in Sect. 5.1.1.) The singlet sample does nol provide a good descriplion or
the data.

The global l'vent properties are weil simulated by the non-singlet Monte

Carlo sampie. We reiterate that the mixed sampie has essentially the same

distributions of the global e~ent pl'operties as the non-singlet sample. The

narrower jets of the singlet sampie show up as significantly different global

energy distributions for this sample.

4.2.4 Island Angle and Energy

We have measured the multiplicity of E!;"Rd > 250 MeV islands between the

jet cones in order 1.0 select gap events. We mu,;\. therefore understand t.he



Ei/ond and lli3/and distributions in arder ta correct for the migrations across

the gap definition.

The dbl.ribution of the island position with respect ta the jet centre for

islands with Biand > 250 MeV is shawn in Figure 4.13. This is a multiplicity

jet profile in cont.rast ta the tnmsverse energy weighted profiles discussed in

Section 1.2.2. The multiplicity profiles show the same graduai rise in the
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Figure 1.13: The distributions of 6,1"'0.." lInd 6'f'",·..d with respect ta the centres of
the leading and trniling jets. The data arc shawn as black dots. The prediction of the
l'YTIIIA salllple with no colour singlet exchange (the non·singlet sample) is shawn by
the solid line. The prediction b~' the l'YTHIA sample with only electroweak quark·quark
scal.tering (the singlet salllple) is shawn by the dashed line.

plateau of the jet going from the rear of the detector to the forward region.
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Again the non-singlet sample describcs the data weil althongh it is slightly

more collimated and slightly underestimates the plateau region and again

the singlet sampie is much more collimated than the data and significantly

underestimates the island multiplicity in the plateau region.

The E~'·nd distribution for the maximum E~'·nd between the jets is

shown in Figure 4.1'I(a}. The PYTI-IIA sampIe which contains 10% of colour

singlet exchange processes (the mixed sampie) is introduced for the first tin",.

It is represented here (and in the following) as the solid line. The data an'
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Figure 4.14: The E~'·nd distribution of the maximum E~'·ad island between the jel.s.
The ZEUS data arc shown by black dots. The prediction by the PYTHIA sample with no
colour singlet exchange events (the non.singlet sample) is shown by the open circlos and
the prediction by the PYTHIA sample with only electroweak quark-quark scatteriql (the
singlet sample) is shown by the stars. The prediction by the PYTlIIA snmple with 10%
of electroweak exchange proccsses (the mixed sampie) is shown by the solid line. In (n)
the distribution is shown for ail "veuts nnd in (b) the distribution is shown just for t.he
subsample with tJ.'1 > 3.5.

exponentially peaked toward2 Bi·ad = 0 CeV with a tail which ex tends tu

Eif'·ad - 4 CeV. This distribution is weil described by the non-singlet salll·

pie. The low hadronic activity between the jets of the singlet sampie gives

rise here to an EfJ'·nd distribution which is even more soft.

'The noise iu the calorimeter can hnve energies of up to 100 MeV so islands with
E~'·nd < 100 MeV can elTectively be ignored.



Figure 4.14(b) shows the Eit/and distribution for the 6.1} > 3.5 subsample.

Here the agreement bctween the data and the non-singlet sampie at last

breaks dc)\vlI. TIl(~ data have BIOJ'(' ('V(:llls al, 1~·.}~lflJld ....., a GpV than rail IH'

described by the non-singlet sil/lIpl". The lIoll-sillgld 1-)1/",ul distriblll.ioll is

conccnl.rated al. low values of Ei,,,ul. This is the first hint we have th1l1.

there are some colour singlet exchange events in the data. In fact the mixed

sampie which contains 10% colour singlet exchange events provides the best

description of the data at low Efj/and.
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Of course, another possibility to explain the discrepiLllcy between the

non-singlet sampie and the data is that the EfJ/and resolution is incorrectly

modelled in MOZART. If, for instance, MOZART underestimates the fluc­

tuations of E~adron > 300 MeV hadrons into Efj/and < 300 MeV islands we

could obtain the discrepancy shown, with disastrous implications for our un­

derstanding of the fluctuations across the gap definition. However, given

the good agreement between the non-singlet sampie and the data in Fig­

. ure 4.14(a) I.his would somehow have to happen preferentiallyat large 6.1/.

The CTD provides another indication that t.he discrepancy in the /l'i,,ud

distribution is rc1ated to a dilference in the lInderlying E~adro" distributions

and not an art.ifact of the detector. Figures 4.15(a) and (b) show the p!fack

distribution over ail 6.1)'s and for 6.1} > 3.5 respectively. The same general

features are observed. In particular, at large 6.1) the data have more events

at p!fack ~ 0 GeV than are modelled in the non-singlet sample. The mixed

saml'le provides a better description there.

In sllmmary, a satisfactory description of the data by the non-singlet and

mixed samples has been achieved. The discrepancies occur only in regimes

where new physics is expected to appear. We therefore proceed in the next

section to estimate efficiencies and resolutions using these samples.
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Figure 4.15: The pifa,. distribution or the maximum p;:a,' track between the jets. The
ZEUS data arc shown by black dots. The prediction by t.he PYTIIIA non·singll't salllple
is shawn by the open circles and the pr(lt!iction by the PYTIlIA singlct sampic is shown
by the stars. The prediction by I.he PYTIIIA lIIixed salllple is shown hy t.he solid lin.,. In
(a) the distribut.ion is shawn ror ail cvt1nl'i and in (Il) tht' disl.rihutioll is showlI jus\. fur tlll'
subsample wilh A'I > :1.5.

4.3 Efficiency and Resolution

Efficiency is defined here to mean the fraction of the hauron·levcl eVl'nt,s

which are recollstructed and accepted as detector-Ievel events. The efliciency

of each stage of selection is shown in Figures 4.16 and 4.17 in four bins of the

hadron-level l:I.7/. The efficiency according to the mixed sample is shown as

black dots and according ta the non-singlet sampie as open circles. The first

column of the figures shows the efficiency for gap events, the second column

the efficiency for the inclusive sampIe. The efficiency of the FLT does not

depend on whether or not there is a gap in the event and is better than

85% over the full range of l:I.71 as shown in the first row of Figure 4.16. The

efficiency of the SLT is 100% according ta the simulation (not shawn). The

TLT efficiency is about 85% leading to a cumulative efliciency for t.h" t.hl'<'"

online triggers which is around 80% as shown in t.he t.hinl row of Fignl'<' ,1.1 li.

This efficiency is independent of whet,her or not there is a gap in t.h" Iinal

state, and is the same for the mixed and non-singlet samples.
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Figurc 4.16: The FLT elliciency is shown in the first row and the cumulative trigger
efficiency (llp LO the TLT) is shown in l,he second row. The efficiency for hadron-level gap
events is shown in the left column and the inclusive efficiency is shown in the right colnmn.
The efficiencies according 1.0 the standard PYTIIIA saml'le (the non-singlet sample) arc
shown as open circles and the elliciencies according 1.0 the PYTlIlA sample with 10%
colour singlet exchange processes (the mixed sample) arc shown Ils black dots.

Thc cumulativc cfficicncy up to thc ominc cleaning cuts is shown in thc

firsl row of Figurc 4.17. Thc otllinc clcaning cl'Ïtcria arc gl'catcr than 95%

cfficicnt and t.he cUlllulative cfficiency is 75% ni' bctter ovcr the l'ange of !:l'l'

The sclcet.ion of thc calorimctcr jct.s rcprcsents t.he Icast cflicicnt stage

of thc sclcct.ion. [t is only about 70% cfficicnt and thcrefol'C the cumulativc

cfficiency aftcr thc jct-finding is about 40% as shawn in the second row of

Figure 4.17. This is largcly duc ta the resolution of E~ct which (as will be

shawn in Figurc 4.18(a)) is 12%. The E~c' distribution is steeply falling, sa

therc are large migrations bath into and out of the selected sampie across

the E~cl cut. Thc cumulative efficiency predictions l'rom the mixed and non­

singlet samples are consistcnt.

Figure 4.18 shows the kinematic resolutions according ta the mixed Monte
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Carlo sample compared with the results of gaussian lits. The resolutions

from the non-singlet sample are the same (within the displayed errors). It

is because of the shift of -16% in the reconstructed E}e. value (shown in

Figure 4.18(a)) that the minimum E}e. value is 5 GeV in the selection of

events at the detector level as described in Sect. 3.2, as compared to E1~' >
6 GeV which is the kinematic regime of the cross sections (described al.

the end of Sect. 1.4 and again in Sect. 5.2). The y resolution is shown in

Figure 4.18(b). There is a shift. of -20% and therefore the cross-SCct.iOIIS

are calculated in the range 0.2 < 11 < 0.85 while the cul. applicd 1.0 11.111 is

0.15 < YJB < 0.7.

The hadronic energy losses which affect the E}e' and !/JH measurelllenl.s

by the calorimeter occU!" for severai l'casons. For instance low Irr chargcd par-

•
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Figure 4.18: Resolutions of the kinematic variables, according to the PYTHIA sampie
which contai.lS 10% of colour singlet exchange processcs (the mixed sample). The rcsoln·
tion of E~." is shown in (a), the rcsolution of y is shown in (b), the resolution of ri" is
shown in (c), 1.1", rcsolution of t;.'1 is showu in (d), the rcsolution of ii is shown in (e) and
Ute multiplicity resolntion is shown in (f). The dnsh"d (solid) vertical lines in (d) sho\\'
the biu width choscn for the uncorrcctcd (corrccted) t;.'1 distributions.

ticles in a jet. of hadrons may be bent by the magnetic field such that they do

not reach the calorimeter. Energy losses also occur in uninstrumented ma·

terial in front of the calorimeter. The energy losses observed in this analysis

are consistent \Vith those found in previous studies of hard photoproduction

events al. I-IEIlA [26,74]

There is negligible shift in the measurement of the jet angular variables,
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as shown in Figures 4.18(c),(d) and (c)), so the l'ut values arc t.ht' samc at. the

hadronic and calorimeter levcls. The bin-widths choscn for t.he uncorrcded

and correct.ed 6.." dist.ributions arc shown by the inner and out.er vt'rt.ical

Iines in Figme 4.18(d) respect.ivcly.

The multiplicity resolut.ion is shown in Figlll'e 4.18(r). The nUlllllt'r of

islands between the jet.s is weil corrclated wit.h the number of hadrons, how·

ever there will be migrations into and out of the gap saml'le duc to t.he width

of this distribution.

In Figure 4.19(a) we show the t'esolution of 'l',od'''o fol' the highcsl l.I·;UIS·

verse energy hadron in the mpidit.y int.erval bct.wecn t.he jets. (Only eV'·lIl.s

which have Il part.icle bet.w",," t.he jets of Bit"'''''' > I!iD M,'Y at. hot.h 1.1,,·

hadron and dctector levcls art' showlI.) This dist.rihlltion is lit 1.0 the SI Il Il "r
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Figure 4.19: The rcsolution of Ilho,',,,o nccording to the PY'l'IIJA mixed sampie i. show"
in (a) and the resolution of E~·d'"'' accordillg to the PYTIIJA Illixed sam pie is showll ill
(b).

a wide and il. natTOW gaussian disll'ihution. Wc ;lSsumc that I.he wide galls,

sian rellects incol'1'ect island-hadl'On ,lSsociations and that the t.l'I1e l'osil.ioll

l'l'solution i5 given by the width of t.he narl'OW gaussian which is about. n.n 1.

For the subsample of these l'vents which have a hadron associated with au

island with a position l'l'solution of 0.01 or better the E~od,"n l'l'solution is
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shown in Figure '1.19(bJ. The 1;'!/"",[ threshald is sel. lawer than the E~.",["m

threshold to "ccount for the shift in this distribution.

Figure 4.20 shows the TI/lt1rlrorl and E~l,ftdr(m resolut.iolls for the critical high

élTf > 3.5 subsamplc. These are consistent with the reso!utions obtained for

the inclusive sampie.
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Figure 4.20: Resolution of the is)allli all~lc and cncrgy accordillg to the mixe..! MOlIl.l'
enrla samplc for the subsamplc of t!\'CIlt.S ",ilh il'l > ;f.fJ. 'l'he r/lallllruli rcsolutiuli is shu\\'11
in (a) and the E·.~.lIdron resolutioll Îs shawn in (h).

In summary the trigger efficiencies are quite high. The worst loss of

efficiency occurs in the jet-finding stage of the event selection. However this

can be undcl'stood in terms of the resolution of the jet angular and energy

distributions. Ali of the mcasured detector-Ievel quantities are reasonably

weil correlat.cd with their associatcd hadron-Ievel quantities.
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Chapter 5

Results

Results arc ohtained in t.he 1i,·st. sert.i<ln <lI' t.his rhapt.er by dil'l·rt.r<llllparis,," ..f

the meastl1'ed gap-fraction with t.1", cld,ector-Ie,'''' M..nt.e Carl.. ).\ap·fral'li,,".

In t.he second section or this c\liIpt.er t.he M<lnt." Carlo >:anlpl"5 al'l' 115".1 t. ..

correct the measured gap-fraction for clct.ecl.or cll'~ct.s t.o obtain a l",dr..n·\<·\'''1

measurement..

5.1 Results from Uncorrected Data

The results l'rom the uncorrected dat.a distributions can be obt.ained frolll

the gap-fraction or directly l'rom t.he mult.iplicity dist.ribut.ions.

5.1.1 Multiplicity

We first examine the island mult.iplicit.y which is used t.o deline t.he gap event.s.

The number of islands in the rapidit.y int.erval bet.ween t.he jet. cones whidl

have Eif/and > 250 MeV is shown in Figure 5.1 in l'OUI' bins of !J.l/. The dat.a

are shown as black dots, t.he open cÏJ'cles represent. t.he lIoll-singld sanlple,

and t.he stars show the singlet. sample. IC' in previollS c1li1p,el·s. The .nixed

Monte Carlo sampie is shown a., the line histogl'iLlll.

The average multiplicit.y increases wit.h è!.1/ hut t.here is st.ill il large nllln­

ber of event.s in the data with zero lTIultiplicity at è!.1f > 3.5. The Mont.e
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Figure 5.1: The island mulLipliciLy disLrihuLious in four hins of [;.'1. The data are shawn
as black doLs. The predictiou by Lbe PYTIIIA events wit.h ua colour singleL exchangt> (Lh"
lIon-sÎnglct sl\lIlple) is shawn uy open circlcs and Lhc prediction by t.he PYTHIA sUlllplt·
which conLnins olll~' clcctroweak quark quark scaLtcring (the sillglcL salllpltl) is show Il h)'
stars. The solid line sbows the predicLion of Lhe PYTllIA evenLs with 10% of colour singlet
exchange processes (Lbe mixed sample).

Carlo samplcs fail to describe the data. No mode! can reproduce the tail to

large l1Iultiplicity. This effect might be accounted for by radiation from the

propagator which is not simulated in the Monte Carlo [41,75,76], or by the

aforementioned multiple interaction processes which are a1so not simulated

in these samples.

ln addition, the non-singlet sample shows too few n Ï6
/
ond = 0 events at



il." > 3.5. An addition of 10'70 colom f.mglet events is able to describ" t.his 1011'

end of the mnltiplicit.y dist.ribut.ion as shown by the mixed sample'. Ilowl'\"l'r

the luixcd salnple ovcrcstilnal.es t.he I1l1tl1l>el" of "i .• /lincl = 0 (~Vt'nts wit.h :t.O :s
b..1J < 3.5. TIH~SP clcct.ro",pê:lk pxrhal\~(, quark quark scat.t.«'rillg prot't'ssl'S ",il il

no simulat.ion or mnlt.ipl" inl ..r"cl ions an' cl,·ad.'" nollh,' p,'rr"CI ln\)(h·1 l'or 1111'

colour singlet. processes or t.he dal.a. This Inix..d 5<lInpl,' will 1.llI'rd"un· only

be used t.o get. a roul~h estimat.e or t.h" p"rnont."ge or ",,10111' singl", ex<'l",ng,·

processes in t.he data. lts 1\10st impml.',:ll. use is in est.imal.ing t.he elr..ct.s or

detector smearing to be discussed in Sect.. 5.2.2.

We check the observation from the island multiplicity that about. 10% of

colour singlet exchange processes occm in the data by looking at the c1mrgcd

l'article mult.iplicity. Figmc 5.2 shows t.he multiplicity of CTD t.racks wit.h

PT > 250 MeV. These dist.ributions also indicate the need for some colom

singlet process in order to describc the number of 1011' multiplicity event.s al.

large il." in the data.

In summary the tnultiplicity distributions can be interpreted as indicating

that the data contain colour singlet exchange processes at a rate of abont.

10%.

•
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5.1.2 Gap-Fraction

The distribution of the number or gap event.s ,~~ a fundion or il'I is shown

in Figure 5.:3(a). Here as throughout t.he solid dot.s represent. ZEUS dat.a,

the open circles the non-singlet Monte Carlo sampie, the stars represent. t.he

singlet Monte Carlo sample and the line shows the mixed saml'le. The Monte

Carlo distributions are normalized to the total number of l'vents (indepen­

dent of whether there is a gap or not) in the data. The number nf events

in the data exhibiting a gap falls steeply wi' '. tl'/. However the expecLation

IThis observation is of course rclatcd Lo the data having more cycnts whcrc the E.~~'tUIlI

of the maximum E4f'·nd island is law. It is worth reileraling lhal the lhreshal" of
E4f'·nd > 250 MeV which is used in delermining lhe is!<u.J IIlnlliplicily is welilllalivalcd
lheoretical1y [36,37,48,49] .
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Figure 5.2: The charged multiplicity distributious iu rour bins or {l'I. The data arc
shawn as black dot.s. The prediction by t.he l'YTlIlA non-singlet sample is shawn by open
circles and tilt, prediction by the PYTlIlA singlet saml'le is shawn by stars. The solid line
shows the prediction or the PYTlIlA mixed sampie.

from the PYTHIA non-singlet sampie falls more steeply than the data, signif­

icant1y underestimating the number of gap events at large tlTJ. The PYTHIA

sample with Il mixture of 10% of electroweak boson exchange can account

for the number of gap events in the data at large tlTJ. However this sample

significantly overestimates the number of gap events at low tlTJ. These are

essentially t.he saille observat.ions which have bcen made from the ni,land and

E~~laru' distl'ibllt.ions.

•
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Figure 5.3: The uncorrected 6.~ distribution ror gap candidates is shawn in (a) and (hl
shows the uncorrccted gap-fraction. The data arc shawn as black dols. Tlw prt~dict.ioll

by the PYTIIIA lIon-singlct sample is ~hown hy open drdcs and the prcllicLion I>y titI'
PYTlllA singlet. sampic is shown hy sl.ars. The solid tille shows the prediction uf tilt'
PYTIIIA mixcd sam pie.

By taking t.he ratIo of Figure 5.:I(a) t.o Figure ·1.11(b), t.h.. gap·frartioll

shawn in Figure 5.3(b) is obt.ained. The gap-fmct.ion l'ails el'ponen\,ially Ollt.

to 6.." ~ 3.2. Thereartel' it levcls off at a vaine of roughly O.OS. 'l'hns

the uncorrected gap-fraction el'hibits the two component. behavionr whi<:h

is expected ta indicate the presence or colour singlet exchange processes i"'
described in Sect. 1.4. In the region or the exponential l'ail, 2 :5 6.1} < :1.1,

the data arc quite weil described by the non-singlet sampie. It is el'pected

that at low 6.." the dominant contribution ta the gap-fraction is frolll 111111­

tiplicity fluctuations in non-singlet events and this expectation is support.ed

by the reasonably good description of the gap-fraction l'or 6.." < 2.6 by the

non-singlet sample. However the non-singlet sampie does slightly ovcrest.i­

mate the fraction of gap events here. It is expected that sallie addition or

multiple interact.ion events into the nOlI-singlet. silllulation wonld al'l'Ount. l'or

this discrepancy. In the plateau region of t.he gap·fml't.ion, 6.1' > :1.1, il is

expected that. the dominant. nwchanislll fOI' gap prodnction is 1'1'0111 ('010111'

singlet exchange proeesses. This el'pect.at.ion is home out. hy the hdlHviollr



of the singld. sam pie, which exhihits a rclativcly fiat gap-fraction, and by

the rnixed salllple, which can descri!>e the plateau of the data. ln contrast

the non-singl('\. salllple l'ails to descri!>e the fiat region in the data. falling

approxirnal.dy exponcntially over 1.1", whole measmed range of L)"TJ.

The mixed sam pie oven'stilllates 1.1", gap-fraction particularly in the in­

termediate region 2.6 ~ L)"TJ < :3.2, Recall that wc arc aware of two possible

shortcomings of this simulation. The first is the absence of multiple interac­

tions and the second is the absence of any gluon jets. Either of these effects

could explain the discrepancy at intermediate L),,1J.

The observation of an excess in the uncorrected gap-fraction, over the

predicted gap-fraction in the non-singlet sample, is important as it suggests

that gaps are being produced in the data by mechanism olner than what

is simulat"d by the standard Monte Carlo events. It is imperative to assure

that this distribution has not arisen due ta sorne unexpected behaviour of

the detect.or. In t,he following, three uncorrected gap-fractions (measured in

four L)"TJ bins) are shawn which have increased our confidence in the observed

•
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cxcess.

Figures 5.4(a) and (b) show the Ngap distribution and the gap-fraction

(respectively) resulting l'rom using the charged multiplicity ta defiue a gap.

A gap eveut is then defined has haviug no tracks of p!Jack > 250 MeV in

the rapidity int.erval between the jets. The gap-fraction does also show a

deviat.iou l'rom itll exponential l'ail although it. is more difficult ta see this here

since the gap-fraction obtained when one ignores neutral particles between

L1le jets is quit.e high over the entire !:i.1J range. One also sees the excess of

gaps in the data at large !:i.1J over the expectation from standard PYTHIA
processes.

As previously shawn in Figure 4.18(f), smearing of the multiplicity re­

construction can allow fluctuations of about one particle into and out of the

l'apidity interva\. We present in Figure 5.5 the raw results where a gap has

been defined aS ~ ! island. There is very little smearing across this gap defi-
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Figure 5.4: The Â'I distribution for gap events where a gap is defined as no tracks with
p!f'" > 250 MeV is shawn in (a). The corrcsponding pp-fraction is shawn in (h). The
data are shown as black doLs. The prctiiclion by the PYTIIIA Ilon-singlct sall1plc is show Il

by open circlcs and the prediction by the PYTlIIA sillglct sampic is shown hy stars.

nition. ('vVe llitve lowered the E-F'"'''' I.hl't'"hold 1.0 :WO Mt'\' l'''('<ln",' ol.ht'rwi"t'

the number of gap events is 1.00 high 1.0 """ an)' "I.rlll'tlll't' in tilt, gap-fril('lion.1

The gap' fractions are qui te high I,hrollghollt the 6.11 mnge, but tlll<' ('an "I.ill

sec an eXcc~s in the data ovel' the expectation from the standard \,YTH lA
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Figure 5.5: Thc .6.11 distribution for gap cvcnl.s whcrc l\ gal' is delillcd /l!i ~ 1 islalltl \\'il.h
E!;tand > 200 ~llcV is shawn in (a). Thc (:orrcspolldiug gaJl·fr;u:l.iOIl is lihoWIl iu (h). TIlt'
data 'ire shown as black dots. The prc!diclion hy the PYTIIIA lIulI-siuglel salllpl" is shoWII
by open drcles and the predicLioll by the l'YTIIIA sillglel. salllpl" is showlI hy sl.ar" .
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non·single!. sam pie.

The corrcsllOnding resul!.s from defining a gap as ::; 1 charged track are

shawn in Figure 5.6. Here one also secs that standard PYTHIA events un­

derestimat" !.he fraction of gap events at large 6.7/.

•
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Figure 5.6: The t!UI distributiou for gap events where a gap is defined as ~ 1 track with
E~·<k > 200 MeV is shown in (a). The corresponding gap-fraction is shown in (b). The
dat" "rc showu as black dots. The prediction by the PYTIIlA non.singlet sample is shown
by open circles and the prediction by the PYTIllA singlet sampie is shown by stars.

These distributions confirm that the excess of gap events at large 6.7/ in

the data as compared to the Monte Carlo events is not due to a misunder­

standing of thc calorimeter performance.

5.1.3 Slllluuary of Uncorrected Reslllts

The uncorrected gap' fraction exhibits a two component behaviour, an ex­

ponential fall al. low 6.71 and a plateau at high 6.7/. It also indicates that

there is an excess fraction of gap cvcnts at 6.71 > 3.2 over the prediction

from standard QCD processes. These two observations indicate a need fol'

colour singlet excl'ange processes in the data at a level of about 10%. Wc

wish to also makc some interprctation of the data without reference to a

ieular Monte Carlo mode!. Also, wc wish to ascertain whether the two



l'omponent. b"haviour of t.he gap-fradiou muId he an art.ifad of t.ht' ddt'C­

t.or smeariug aud al'l'ept.ance. Tht'rt'fort, wc must. corre"t. l,he dat.a for l,lit'

detect.or response.

Figure 5.7 gives an idea of t.he size of the det.ec\.or corrections. In Fig­

ure 5.7 asterixes are used ta show the gap-fraction in the Mont.e Carlo sim­

ulations at the hadron-Ievel, before any detect.or snwaring. Figure 5.7(a)

•
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Figure 5.7: Gap-fractions at the detect.or and hadre,., levcl•. In (a) the gap-fmction uf
the nOIl-singlct sarnple is shawn at the dctcctor-Icvcl by open circlcs and at the hadroll­
level by asterixe•. In (b) the gap-fraction of the oinglet oample io ohown. The dct.ector-Ievel
gap-fraction is ohown by stars and the hadron-Ievel gap-fraction io ohown by aoterixes.

shows the gap-fraction in the non-singlet mode!. Berc no signilil'ant detec­

te effect is apparent, since the hadron-level and detector-level gap-fractions

are in agreement (within th.' 'tatistical errors), Wc therefore feel that the

plateau in the uncorrected gap-fraction can not arise as a detector effecl. on

an original hadron-level exponential distribution. Figure 5.7(a) shows that

the detector does not have a large erfect on an exponentially snppressed gap­

fraction. However Figure 5.7( b) sbuws t.hat. t.he gap- fl'adioll for t.11t' l'" l't'

singlet sampIe is affected by t.he ddeel.ol'. Overall t.he ddt,,·t.or t.t'Iltls i.u

lower the fraction of gap l'vents. Therefore, in arder to make a '1uilnt.ii..,I.iVt'

interpretation of the plateau in the gap-fraction, corrections for the detector

response must be made. This is undertaken in the following section.
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• 5.2 Results from Corrected Data

•

The lnixed and non-single!. Monte Carlo samples have been nsed 1.0 corret"!

the data for ail ddector effect.s, including acccptancc, smearing and the shifl.

in the measlIrement of energies, in order to obtain a quantitative estimate of

the amollnt of colour singlct exchange pracesses in the data. Cross sections

are dctermined and a gap-fraction is measured in four bins of !:!.." in the range

2 S !:!.TI < 4.

The cross section dO'/ d!:!.." for dijet photoproduction, ep -+ e-yp -+ eX,

where X contains at least two jets of final state l'articles is measllred in

the range 0.2 < y < 0.85 for photon virtua!ities p2 < 4 GeV2 • The two

jets arc defined by a cone algOl'ithm with a cone radius of 1.0 in ." - 'P and

satisfy Er' > 6 GeV and Tl j " < 2.5. The two jets of highest E}" satisfy

!:!.." > 2 and ITïl < 0.75. The gap Cl'OSS section, dO'y"p/d!:!.TI, is measured in

t,he same kilwmatic range, where a gap event has no final state l'articles wil.h

transverse energy E~"d'on > 300 McV between the jet canes. The corrected

gap-fraction J(!:!.TiJ is then obtained f!'om the ratio of dO'yup/d!:!.T/to dO'/cl!:!.'I.

5.2.1 Correction Method

The correeted Cl'OSS sections have been obtained by a bin-by-bin "'rrection

method according to,

dO'/d!:!.." = N(!:!.1/)· C(!:!..,,)· .cINT • 2 (5.1)

where N(!:!.1iJ is the nllmber of events measllred in a !:!.." bin, C(!:!..,,) is the

correction factor, the ratio of the hadron-level to detector-level Monte Carlo

cross section in the 6.T/ bin, [/NT is the integrated luminosity used and the

factor of 2 cornes from dividing by rhe bin-width.

The cOlTection factors detel'lllined from the mixed (non-single!.) sam pie

arc shown in Figure 5.8 as black dots (open ch'cles). The cOlTection factors

vary smoothly between 1.6 and 1.3 and are not dilferent for the two Monte
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Figure 5.8: 'l'he correction ractors ror the inclusive cross sectiou arc showu iu (a) alld
the correction ractors ror the gap cross sectiou arc shawn ill (b). (c) shows the efrective
correct.ion factors for the gap-fraction. 'l'he correction factors nccorèing te the standard
PYTHIA sampie (the non-singlet sampie) arc shawn as open drcles and th" correction
factors according ta the PYTHIA sample with 10% colour singlet exchange processcs (U",
mixed sample) arc showu as black dots.

Carlo samples. The c01'l'ecLion radors l'or t.ll<' gap dist.ributiou al'<' shmvu

in Figure 5.8(b) and are al'Ound I.f,. 1,11'1'<' son le dill'(~r"uœ "<'t.w<'<'n \.111' Iwo

samples can be seen with the mixed sam l'le yiclding higher corredion radors

than the non-singlet sample. (This will he rurther discussed in t.he rollowing.)

Effective correction factors for the gap-fraction are shown in Figure 5.8(c).

The corrections largely cancel in this ratio. This suggests that they arc



prirnarily due 1.0 the selection and reconstruction of the jets and thal. the jets

are silllilar il! ~ap alld lion-gap eV(~lll.s.

The correr:tion factors are e'luivalently, the ratio of the bin-pmity 1.0 1lit'

bin-efficiency. The bin-puril,j' is ddin"d iL~ the fraction of detector-lev,,1 ('\l''lll.s

in a bin which are also hadron-Ievei events in I.hat bin, The bin-efficiency is

tbe fraction of hadron-Ievcl events in a bin which are also detector-Ievel e\lents

in that bin. Figure 5.9 shows the bin-efficiency and bin-purity as obtained

from the rnixed sampIe in black dots and from th" non-singlet sample in

open eircles. The bin-effieicneics for the inclusive sample are 24% or higher

•
.5.2. RESULTS FROM CORRECTED DATA 77

, 1 , . , . 1 , . , 1 .
2.5 3 3.5 4

ll~

.--.---­•

INCLUSIVE

• •

4
ll~

--
3.532.5

GAP
~

1 ---
~

1
c

0.8
c

0.8" "'ü 'ü
::: 0.6 '" 0.6 ,.
" Q;

i 0.4 - • 0.4•g --- • g
0.2 0.2

o -1-L.1_' 1 , . 1 '-L-L....1...L...-L.-L...l- 0
2 2.5 3 3.5 4 l

ll~

o~ r-------- 1
~ ?o§ , 0.80- .. c-
I :t..·~ 1 0.6,:- ,:-

'" '"
. - .- 0.4

0.2 : --<:>-~~.= 0.2 -
o ..i-l...-l...-l- O

2l 2.5 3 3.5 4
ll~

Figure 5.9: The bin-effidendes arc shown in the first row and tbe bin-purities arc shown
in the second row. The first column shows the subsample of events which are hadron-level
gap events and the second column shows the inclusive sample of events. The non-singlet
PYTlIIA saml'le is shown by the open drcles and the mixed PYTHIA sample is shown
by the black dots.

according ta bath the mixed and non-singlet samples. The bin-efficiencies

for the gap events are 15% or highcr according 1.0 bath the mixed and non­

singlct samples. The bin-puritics are 31 % or higher for the inclusive events

•



according 1.0 both the mixed and non-singlt't, [\'Ionl<' Carlo samples. TI", bin·

purities for the gap events arc 26% or higher accordillg 1.0 the mix,'d sampi,',

a<ld 21 % or higher according 1.0 t.he non-singlct. sampie.

The bin-purities and bin-effiriencics for the inclusive event.s arc t.he sam,'

whether the mixed or non-singlet. sample is used t.o obtain them. 1I0\\'ever

the bin-purities and bin-emciencies of the gap events arc some\\'hat dilrerent.

depending upon which sampie is used. This gives rise ta th" dilfel'<'I\('e in

the correction factors wc saw in Figlll'es 5.8(b) alld (c). The bill-pnrit.it·s

and bin-erFiciencies of the gap l'vents a\'(' also lo\\'er thall t.he cOITesptllllling

bin-purities alld bill-elficiencies of t.h,· indnsivt· sam pit' of (·Vl'lItS. This arist·s

due ta migrat.iolls across t.he gap dclinition. Thl'se a\'(' investigatt'd fnrlllt'r

in the fo\lowing.

By restricting ta events which arc aecepted al. bot.h the hadl'On-Ievd and

the detector-Ievel, and by considel'ing only those event.s which ill addit.ion

are reconstructed with a detector-Ievcl t,.'1 which lies ill the same bin as

the hadron-Icvel t,.'1, one cali study the bin-elliciency and bill-pUl'ity which

is due ta migrations across the gap definition alone. These are ca\led 1.1",

gap incrementa! bin-emciency and bin-purity and arc shawn in Fignre 5.10.

The gap incremental bin-dficiency is 45% or better and the bin-plll'it.y is
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Figure 5.10: The gap incrcrncnLal bin-cHicicncy is shown 011 the I(~rt aud thc gap illUI'.

mental bin-purity is shown in the dght. The non-singlet l'YTlIlA sample is shown by t.h"
open circles and the mixed PYTIIIA sam pie is shown by the black dots.

better than 60% according ta t.he mixed Monte Carlo sampie. The non-
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singlct salnpic givl's consistent dliri{'lIrÎ(·:-,. huI SOIllt'\\"!Ial 10\\'('1' puril j"s <lt

large .6.1/. This reduction (lI' hiIH'liici<'ncy and hin-pmilY l'nI' p;ap ,'l'<,nls is

due 1.0 the finite resolution" of Eq,""'"'' for el'ents II'hirh hal'e a lnll' 1.1""1"',,1''''

energy partiele between the jet, cones and ta the finite resolution of ,/'uu/"".

for events which have a part,icIe near the edge of one or the jet canes. This

may be illustrated by varying the cut.s on E4~/"'" and 1/;'/<,,101.

For instance, Figure 5.11 shows t.he gap increlllentai bin-cfliciencies aud

bin-purities l'or a "Ioose" gap definit.ion. Here the detector-Ievei gap definit.ion

has been changed 1.0 no islands of Eiand > 300 MeV in a rapidit.y int.crval

which begins 0.1 units of 1/ l'rom the jet cones (i.e. in a smaller rapidit.y

interval than tha!. defined by the je!. canes). For t,he "Ioose" gap definit.ioll

>. J >. J
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Figure 5.11: Gap effidency and purity for a "Ioose" gap definition. The incremeutlll
bin-effidency is shown on the left and the incremental bin-purity is showu in the right.
The non-singlet PYTIIIA sampIe is shown by the open drcles and the mixed PY'l'IIIA
sample is shown by the black dots.

the efficiency is high, as one would expeet, but there is a corresponding loss

of purity.

Figure 5.12 shows the gap efliciency and purity for a "t.ight." gap defi­

nition. Here the gap requirement is no Islands or Eiand > 200 MeV ill a

rapidity interval which begins 0.1 units or 7/ within the jet cones. As ex­

pected, the pllrity is high l'or t.his gap definition although therc is a loss or

efficiency.

2Thesc rcsolutions were shawn in Sect. '1.a.
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Figure 5.12: Gap dIicicncy and purity for a "tight" gap dcfiniLion. The incrcrncntal
hin-cfficicncy is shown cn the lcrt and the Î:'lcrerncntal bin-purity is shawn in the right.
The non-singlct l'YTIlIA sample is shown by the open ci,cles and the mixed PYTHIA
"ample is shown by the black dots.

Wc assign a systematic uncertainty to the gap-fraction associated with

thc E!j1an,/ and '1ülan,/ resolutions by varying the Efj'and and '1i.'and cuts which

dcfine a gap and by correcting with both the mixed and non-singlet samples

(sce Scct. 5.2.2). This systcrnatic unccrtainty is of the order of the statistical

crror. In fut.me measmements wit.h bet.ter stat.istics at. large 6.'1 it. will he

import.ant. t.o improve these resolut.ions.

Another feature of Figme 5.9 is that t.he bin-efficiency and bin-purity of

the inclusive Sampie degrade with increasing 6.'1 due ta smearing across the

6.'1 bins. This Can be seen l'rom Figure 5.13 which show~ the resolutions

of thc kincmatic variables as a function of 6.'1' The dot shows the shift of

the ccntre of a gaussian fit ta thc resolution and the error bar shows the

width of the gaussian. (Bere the mixed sample is shawn but the non-singlet

sample yields almost identical resolutions.) None of the resolutions show

a strang dependence on 6.'1' However the small shift in the reso1ution of

6.'1 which increases with 6.'1 can cause particular problems since we wish ta

correct a cross section which is differential in 6.'1' The bin widths for the

raW and corrected 6.'1 distributions are indicated on Figure 5.13(d) by the

dashed and solid lines respectively. We have corrected for this 6.1/ smearing

llsing an unfolding algoritlun based on Bayes' theorem [77]. The details of
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Figure 5.13: Resolution versus a'i' The black dot shows the shift and the error l>lLrH
show the width.

this correction method are described in Appendix D. The reslIlts Ml' nol.

significantiy dilferent, as will be shown in Sect. 5.2.2.

5.2.2 Systematic Ullcertaillty

To investigate the systematic lIncertainty of the measllrement we have cor­

reeted the data in seventeen different ways. The correeted data points are the

averaged results of these seventeen methods. The inclusive cross section, the

gap cross section and the gap-fraction computed in the seventeen different

ways are shown in Figures 5.14, 5.15 and 5.16 respective1y.
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Figure 5.14: Thc inclusive cross section computcd in sc\'cntccn diffcrcnt ways (sec tcxt)
is shown hy the black dots and the white dots show the distrihntion before the detettor
corrections for comparisoll.

The left-most set of points (and the solid Hne horizontally across each

bin) shows the mean of ail of the systematic variations. The next point

shows the "central" correction which is made using the selection exactly as

described in Chapter 3 and the mixed Monte Carlo sample. The mixed

Monte Carlo samp!e is chosen for the centra! correction because it is the

best description that we have of the large tlT/ multiplicity distribution. The

error bars on t.his point (and the rest of the black dots too) come from the

propagation of data and Monte Carlo statistical errors. This is the statistica!

error of the final result. The outer error bars of the final result are obtained

by adding the statistical errors in quadrature with the largest systematic
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Figure 5.15: The gap cross secL;on cOlTIputecl iu seventeen c1iffereut ways (sec text) is
shown by the black dots ancl the white dots show the distributiou before the det.ector
corrections for comparison.

deviation (separately for the upward and downward uncertainties) in each

bin. They are illustrated here by the dashed horizontal Hnes. The nexl.

sixteen points show the systell1al.ic vari,üions.

Thal. is, from left 1.0 right the black dol.s !"Cpresent.:

1. The mean of ail the syst.elllatic variations.

2. The central correction.

3. Leaving out the LO direct events from the non-singlet PYTBlA sampie.

The fraction of LO direct processes is not well known and Lü direct events do
have somewhat different rcsoiutions from Lü resolved events. We estimate
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Figure 5.1 G: The gap-fraction cOlllputed in seventccn different ways (see te:<:t) is shawn
by the hlaek dots and the white dots show the gap-fraction before the detector corrections
ror comparisoll.

the size of the uncertainty due to the mixing of LO direct processes with
this systematic variation. It leads to no significant effect.

4. Correcl.ing using the non-singlet PYTHIA sampie.

The non-singlet and mixed samples have different incremental gap bin­
efliciencies and bin-purities as described in Sect. 5.2.1. This systematic
variation shows that thdr nncertainty has only a small effect.

5. Changing the proton and photon parton distributions.

In this systematic variation the photon parton distribution is changed to
LACI [19] and the proton parton distribution is changed to GRV [78]. There
is a noticeable effect on the cross sections but it cancels in the gap-fraction.
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ï. Raising the 1/'<1 for\l'ard l'nt 1.0 ;\.

S. Changing the YJB range 1.0 het.\I'een 0.2 and o.~.

Thcsc threc systcmatic variations a.llow for Iluetuations of background int.o

the sam pic from outsidc the kinclI1a.tic range of il1lcrcst. Th(:y yicld a.hollt

the same deviation in each bin of Dol/ and largely cancel in the gap-fra<'l.ion.

9. Changing the EiJland threshold to 300 f\leV.

10. Changing the EJrland threshold ta 200 MeV.

11. Changing the effective cane radius ta 0.9.

12. Changing the effective cane radins ta 1.1.

Thesc four systcmatics allow for migrations iLCross the E.~~IIlJld and '1/~I'1I111

culs in evellts tltat do have iL particlc in or near litt' p;a.p regioll a.nd [orlll 1.111'
largcsl syS1.cma.tic unccrtainty of the gap·fraetiull.

13. Lowering the calorimeter energy scale by .5 percenl.

14. Suppressing "noisy" calodmet.er cells in the data.

The calorimeter energy scale is known 1.0 within 5% for hard photoprodnc­
tion events [74]. These two systematics account for the extent ta which Wc

understand the calibration of the calorimeter, and the simulation of noise ill
it. They form the largest systematic uncertainty of the two cross sectiolls
but cancel in the gap-fraction.

15. Using an alternate "island" algorithm.

The ISLAND aigorithm clusters cells based on the relative EIj~1I of ncigh·
bouring cells. Ta investigate the systematic uncertainty duc ta this algorithm
we have used an aiternate clustering aigorithm in which ail cells which arc

within r = 077;.11 +0"';.11 of 0.2 of one another arc joined. This ohviollSly
does not a ect the inclusive cross section and the effect 011 the gap cross
section and gap-fraction is snmll.

16. Raising the integrated luminosity by 3.3%.



J 7. LowC'rinll t.h" int.egrat."d IIlIpinosit.y by :3.:1%.

This slIIall systcrnatic l1Iiccrtainty on the cross sections [rom the rncasurc·
menl of t.he int.egrated Inlllinosity cancels of course in the gap-fraction.•

Hfi Cl/APTEH li. /ŒSI."L'fS

•

18. Unfolding for 6.TJ migrations using an algorithm based upon Bayes the­
orem.

This is an important systematic given the reasonably large C;.TJ migrations as
discussed in Sect. 5.:<.1. The details of this unfolding method are presentecl
in Appenclix D. TI,e Ilnfolding procedure yields cross sections which are
consislent with lhose oblained from the bin-by-bin correction method.

For com;'arison, the uncorrect.ed data are shawn in Figures .,.14, 5.15 and

5.16 as open circles. Thlls one can sec that bath of the cross sedions are

significantly raised by the correction procedure, but the corredions do not

significantly alter the gap-fraction.

The analysis has been repeated independently for sorne of the systematic

variations. Figure 5.17 shows the comparison of the correded cross sections

and t.he gap-fraction for the I.wo analyses. The black dots show the results

from the first analysis a:ld the open drcles show the results from the second

analysis. Shawn here is the systematic variation 4, for correction using the

non-singlet sampIe. The differences between the two analyses lie mainly in

the event selection procedure. The second analysis used a different algorithm

for finding the scattered e+ candidate in the rejection of DIS background.

The 1) beam gas rejection is also donc differently. The second analysis made

use of the ratio of the number of CTD tracks which point ta the vertex ta

the number of CTD tracks which do not point ta the vertex while the first

analysis used the number of rear-pointing tracks. An excellent agreement

between the t.wo analyses is obt.ained.

The syst.emat.ic checks 5 and 14 were actually performed by the second

analysis. This means that the syst.ematic check of correcting with the non­

singlet. saml'le is actually weighted by 3 with respect ta the other systematic

checks. This arase simply out of convenience but we feel that it is sensible
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Figure 5.17: The corrected inclusive and gap cross sections and the corrected gap­
fraction are shown in (.1). (b) and (c) respectiveiy. The non-singieL PYTIIIA sample WlL'
used in obtaining the correction fadors. The rcsults from the first analysis are showlI lL<;

black dots and the results from tl·c second t\llalysis arc shawn ;-.s open circ!t.'S.

anyway ta weight this systemat.ic more heavily; alt.hough t.he lIIixed salllp1<'

provides the best description of the dat.a at. large t:.l/. t.he non-single!. SiLlllpl.·

does describe the data better at intermcdiate t:.7/.

5.2.3 Summary of Corrected Results

The results arter detector corrections arc shawn in Figure 5.18. The inllcr

error bars show the statistical errors and the outer error bars show the sys·



tematic IInœrtaint.ies, addprj in quadrature. (1" sorne cases it. is not possi!>l"

t.o sec t.he ends of t.he inner (st.at.ist.ical) error bar becallse it. is within tilt'

black dot. Illarker.) The cross secl.ion point.s are plotted at the centres of

t.he bins. The gap-fraction point.s are plotted at. the mean Ll1J values of the

inclusive cross section.
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Figure 5.18: The cross section du/dt.'1 is shawn in (a). The gap cross section du.ap /dt.T/
is shawn in (h) and the gap-fraction, f(t.T/), is shawn in (c). The corrected ZEUS data
arc shawn as black dots. The inncr error bars show the statistical errors (in sorne cases
within the marker) and the anter erraI' hars show t.he syst.emat.ic uncert.aint.ies.

The corrected gap-fraction falls exponentially in the first three bins but

the height of the fourth bin is consistent with the height of the third. The
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height of the four th bin is 0.11 ±0.02(.</ut.):g:g~(.<,v.<.), which is also consist.ent.

with the fiat region al. large ~1' seen in the nncorrect.ed gap fract.ion.

Numerical valucs for t.he inriusin' cross s{·ct.ioll. t.1lt' gap cross St'ct iOIl alld

the correct.ed gap-fraction are prol'i.bl in Tahl.·s ".1. ",.2 and ',.:1 \'l'SP"('I in·h.

~1' da / d~l' St.at.ist.ical Sys1.(-'nlatic

(nb) Uncert.ainty (nb) Uncert.aint.y (nb)

2.25 4.93 0.24 +0.83
-0.li8

~·.ï5 3.06 0.15 +0.5·1
-0.52

3.25 1.67 0.07 +0.31
-0.19

3.75 0.54 0.03 +0.08
-0.03

Table 5.1: du/dAII for ep - e-yp - eX in the kinematie range 0.2 < y < 0.8, l" <
4 GeV2 and where X contains two or more jets of E~d > fi GeV, 7f~r < 2.5 1 l'jl < n.7f)
and Ali> 2.

tlfJ daY"P / dtlfJ Statistica! Systematic

(nb) Uncertainty (nb) Unccrtainty (lib)

2.25 2.85 0.17 +0.'15
-O.-Hl

2.75 0.66 D.Dli +0.11
-ll.l rI

3.25 0.16 D.n2 +U.U:\
-l),(H

3.75 0.06 0.01 +0.01
-0.01

Table 5.2: du. ap /dAII for cp - c-yp - eX in the kinematie range 0.2 < y < Il.S,
p' < 4 GeY' and where X eontains two or more jets of E~~' > 6 GeY, rf" < 2.5,
liil < 0.75 and Ar, > 2 with no final state particles of E~adron > 300 MeY hetwecn the
jets.
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fl7J f( fl7J) Statistical Systematic
Uncertainty Uncertainty

2.23 0.58 0.04 +0.04
-0.Q2

2.73 0.22 0.02 +0.02
-0.02

3.22 0.10 0.01 +0.01
-0.02

3.70 0.11 0.02 +0.0\
-0.02

•

Table 5.3: The gap-fraction, J(il,,), for cp - f'YI' - eX in the kin.matie range 0.2 <
y < 0.8, p2 < 4 GcV2 and wherc X conLains two or more jets of E~et > 6 GcV, riet < 2.5,
liil < 0.75 and il" > 2.
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Chapter 6

Interpretation

Ta estimat... t.he signilicallëe or t.1\(' {'Xcess or t.1\(' P;''1)·rracl.ioll 0\'('1' t111' ('XI""·

t.ation frorn lIlult,iplicit.y f1Uct.Uilt.iolls ill 1I01l·Sillp;I<'1. ('xcha.llp;('. 1.11'0 1111'1 hods

have been used. The first., described ill Sect.. li.!, l'dies 011 " COlllpill'isoll or

the correct.ed data t.o model predictious. The secolld, described ill S,"·I.. li.:!,

is based on the definition that. t.he non-diffractive cont.ribu\,ioll t.o t.he g"p.

fraction is exponentially suppressed. This second met.hod is independell\, of

model predictions.

6.1 Comparison to Model Predictions

The corrected data are shawn in Figure 6.1 as black dot.s where t.he inller

erraI' bars show the propagated stat.istical error of t.he dat.a and Mont.e Cilrlo

samples and the outer error bars show the additional systematic error. The

PYTHIA non-singlet sampie cross sections and gap· fraction are shoWII iL'

open circles. The overall normalization of PYTHIA agrees wit.h t.he data

within the errors. PYTHIA also describes t.he shape of t.he illclusive noss

section. However it. fails t.o descl"ibe the gap Cl'OSS seet.ioll, falliug 1.00 sl.<'""ly

with fl." and disagreeing sigllificantly ill t.he liL,t bill. PYTIIIA does 1101.

reproduce the plateau observed in t.he mellsured gap-fraction. The differell""

between the data and the PYTHIA non-singlet gap-fractions in t.he last. bill

91
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Figure 6.1: The data (corrccted ror detector effects) arc shawn as black dots where the
inner error bar shows the statistical error and the outer error bar shows the systcmatic
unccrtainty addcd in quadrature. The predictions of the PYTllIA Iloll-singlet sampic for
the hndron-Icvd distributions ure shawn Ils open circles. The inclusive cross section is
shawn in (a). The gap cross section is shawn in (b) and the gap-rraction is shawn in (c).

is 0.07 ± 0.03. This may be interpreted as the excess in the gap-fraction over

the expectation f\"Om multiplicity fluctuations in non-singlet exchange.

The exccss determined in this \Vay is inherently model-dependent. The

predictions of severa! other PYTHIA models arc shown in Figure 6.2. (The

points are displayed at different ~1'f values for clarity. The sarne binning is

used in 11.11 cases.)

•
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Figure 6.2: The data (corrected for detector e!fects) are shown as black dots where the
inner error bar shows the statisticnl error and the outer error bar shows the systcmntic
uncertainty added in quadrature. The PYTIIIA predictions inc\uding mnltiple interactio"s
are shown as triangles. The predictions using the Field-Feynman fragmentation funetiou
are shown as squares and the predictions from lowering /Tpr arc shawn as diamonds.

The triangles in Figure 6.2 show PYTHIA non-singlet cvcnts with lIIul­

tiple interactions between the photon and prot.on simulat.ed. The inclusive

cross section is overestimated by t.his mode! although t.he gap cross sedioll

is of roup;hly the correct magnitude. The gap-fraction exhibit.s t.he behavioul"

that we expected. There are fewer gaps predicted when mult.iple int.emct.iolls

are simulated, than when they are not (mainly apparent in the two middle

•



6.1/ bins). This model alone can not describe the data sinee it begins to

underestimate the gap-fraction of the data ?.lready at 6.1/ ~ 2.5. However

wc know thal multiple interactions improve the description of the data in

many distributions which are not differential in 6.1/ or multiplicity [71,72].

Thercfore sorne contribution from multiple interactions may be necessary in

the model which is finally found to describe the data.

The squares in Figure 6.2 show PYTHIA non-singlet events with the

Field-Feynman fragmentation function [79]. This fragmentation function

produces even fewer gaps in the final state than the standard fragmentation

function used in the PYTHIA simulations (the LUND symmetric fragmen­

tation function [80]).

Diamonds show PYTHIA non-singlet events with the fragmentation pa­

rameter which sets the width of primary hadron PT distribution with respect

to the parent parton, CTpT , lowered from 0.36 to 0.25. The 6.T/ distributions

from this model are similar to those of the non-singlet sample and of the

data. In addition this model cornes very close to describing the gap-fraction

of the data. However this model has slightly narrower jet profiles than the

non-singlet ones, and a lower jet pedestal. This is shown in Figure 6.3.

In Figure 6.3 the hadron-Ievel jet profiles for the non-singlet sampie are

shown as the solid lines and for the low CTPT sampie as the dashed !ines. The

profiles are shown on a log scale in order to highlight the difference between

them. The discrepancy between these two models is best secn in the tp

profiles. The low CTPT jets are somewhat more collimated than the standard

jets and have a lower jet pedestal. We know that the standard jet profiles

are already narrower than the data, and have a jet pedestal which is too low.

Therefore we do not emphasize this model as the correct interpreta.tion of

our data.

HERWIG [81] is a Monte Carlo event generation program which uses

a completely different fragmentation scheme from the LUND string model

which is implemented in PYTHIA. The second analysis has obtained the

•
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Figure 6.3: Hadron-Ievel jet profiles are shown separately ror the leading and l.railing
jets. The solid line shows the jet profiles or the non.singlet sample and the dashed line
shows the jet profiles or the low CTPT sampIe.

cross sections and gap-fraction from the HERWIG simulation both with and

without multiple interactions included. These predictions arc compared with

the data in Fig. 6.4. The data are shown as black dots. The HERWIG

predictions including multiple interactions are shawn as solid stars and thc

open crosses show the HERWIG predictions without including the simulation

of multiple interactions. The cross sections have the correct shape but thc

overall normalization is too low. The HERWIG gap' fraction is consistcnt

with the PYTHIA gap-fraction within the statistical errors. The HERWlG

•
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Figure 6.4: The data (corrected for detector effects) are shown as black dots where the
inner error bar shows the statjstical error and t.he outer error bar shows the systematic
uncertainty added in quadrature. The HERWIG predictions including multiple interac­
tions arc shown as solid stars and the open crosses show the HERWIG predictions without
multiple interactions.

simulation of multiple interactions shows the same effect as the PYTHIA

simulation. The gap-fraction is lower at intermediate D.7] when multiple

interactions are included.
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6.2. EXPONENTIAL FlT

• 6.2 Exponential Fit

!lï

Measuring the excess of the Illeasuret! gap-fraction o\"er tlll' l'Xpt',·\.et! 1",­

haviour from non-singlet exchange by comparing the dat.a t.o mode! predic­

tions is clearly problematic as illustrated by the spread in the mode! prl~

dictions shown in the previous section. We wish to obtain a measure of the

dilference between the measured gap-fract.ion and the expected exponential

behaviour using a model-independent method based on the data alonc.

The corrected gap-fraction is redisplayed in Figure 6.5. The solid line

shows the result ofaX2 fit to,

f = C(o:, (3)e°!>.. + f3 (6.1 )

where C(o:, (3) constrains the fit to eqnal 1 at t:;.." = 2. The exponential and

constant terms are shown as the dotted and dashed lines rcspect.ive!y. The

fit is performed using the MINUIT program [82]. A \:2 of \.2 is obt"ined fur

1
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•

Figure 6.5: The gap-fraction, l(l!>.,), with a fit 1.0 the exprCllSioll, 1 = qu. {J)euA., + {J
shown as the solid line. The dotted lille shows the expollellLial Lerm alld Lhe ,hL,lied li""
shows the constallt term.
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lhe lwo degrœs of freedom. This is superior lo lhal of a fil lo an exponenlial

alone which yidds X2 = 9.

ln order 1.0 oblain lhe slalislical errors of lhe fil paramelers lhe fit h",;

Leen applied lo lhe gap-fraclion oblained using lhe cenlral correclion ru;

described in Sect.. .5.2.2 (including lhe slalislical errors only.) The conlour

plol of lhe parameler devialions for lhis fil is shown in Figure 6.6. Conlours

for one through seven standard deviations of the parameters are shown. The

solid lines interseet at the minimum of the X2 funetion and the dashed lines

show lhe uncertainty of the parameters as determined by MINUIT. The fit

N 0.12

~O.l1
Eo 0.1
~

o
Q. 0.09

0.08

0.07

0.06

0.05

0.04

•

.3 ·2.5 ·2
Poromeler 1

Figure 6.6: Contour plot of the X2 function showiug the statistical errors of the central
correction. The solid Iines intersect at the minimum value of the X2 function and the
dashed lines arc one standard deviation from the fit parameter values.

parameters show a strong anticorrelation. This is easy to understand. '1'0

obtain a decent fit with a low plateau height one would need a shallow slope

and conversely with a steep slope one would need a high plateau in order to

fit the data. In any case the statistical errors of the fit parameters correspond

to the extreme values of the one standard deviation contour. That is, they

include the effeet of the parameter correlation.

'1'0 estimate the systematic uncertainty of the fit parameters the X2 fit has

then been performed separate\y for each of the sixteen systematic variations

described in Seet. 5.2.2. The final fit parameters al'e the averages of these

•
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•

6.3. SURVIV.'\L PROBABILITY

seventeen rcsults. Sînce the systcll1atir dcviations art' consist.ent. \\'it.h iwillA

entirely due to statistical l1uct.uat.iol1:" the l)\,prall sys1.t'ltlatic t1IlCt'I"t.aillly i:-­

simply taken frolll the largest de\"iatioll. The n'sllits an' ,'sselltially ,'qlli,"ait'lIl

if the systematic deviations are instead added in '1"adratm,'.

The resu\ts are,

Q = -2.7 ± 0.3(stat.) ±O.l(sys.)
(3 - 0.07 ± 0.02(stat.) :g:g~(sys.).

The parameter (3 corresponds to the excess of the measured gap-fract.ion

over the gap·fraction from non-dilfractive processes. As such, it estimates the

fraction of colour singlet exchange processes in the data. This mcthod nses

the full information of the four measured data points and is not dependent

on the details of the Monte Carlo fragmentation mode!.

6.3 Survival Probability

The excess in the gap-fraction over the expectatio:l fmlll non-single!. exdlilll).\e

may be interpreted as evidencc for the exchange of a colonr singl<'t ohje'"I.

In fact the fraction of events due 1.0 colom singlet exchange, Î(tJ.I/), llIay 1",

even higher than the measured excess. As previously mentioned, secolldary

interactions of the photon and proton remnant jets couId fill in the gap, A

survival probability, P, has been defined [35] which represents the probability

that a secondary interaction does not occur. Then f(tJ..,,) = Î(tJ.7/) . P.
Estimates of P for pp collisions at the Tevatron range from about 5% to

30% [35,83,8'1]. The survival probability at HERA could be considerably

higher, due to the different colliding beam partic1es, the lower centre of mass

energy, and in particulaI', due to the large fraction of the photon's momentum

which participates in the hard interaction in these evento.

x~BS, as defined in Sect. 1.3, is shown in Figure 6.7(a). The data are

shown as black dots and the non-singlet and singlet PYTHIA samples as

open circ1es and stars respectively. The data are peaked toward a very high
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Figure 6.7: The dependence of the gap·fraction on .,~BS _ The distribution of .,~BS is
shown in (a). The data are shown as black dots. The PYTHIA sample containing no
colour singlet cxchange processes (the non-singlet sample) is shown as open circles. The
subsample of the non-singlet sample which is due to LO direct processes is shown by the
dashed line. The stars represent the PYTHIA sampIe which includes only colour singlet
exchange processes (the singlet sample). The verticalline is drawn at .,~BS =0.75. The
inclusive tl.'1 distribution, the tl.'1 distribution for gap events, and the gap-fraction are
shown in (b), (c) and (d) respectively. (These distributions are uncorrected for detector
effects and the errors shown are statistical only.) In (b), (c) and (d) only the measured
data arc shown (black dots). The triangles show the .,~BS ~ 0.75 subsample and the
squares show the .,~BS < 0.75 subsample.

value, x~BS ~ 0.8, as compared to previous dijet studies. (See, for instance,

Figure 1.5.) This is because the angular cuts /).." > 2,." < 2.5, and liil < 0.75

restrict to events which have either both jets in the centra! rapidity region,

•



or one jet in the rear rapidity rcgion. Such configurations arc rare unless a

large fraction of the positron's energy participat.es in the hard intcradion.

Nevertheless the non-singlet sampie is still largely composcd of t.he \,0 re­

solved events. The dashed line in Figure 6.7(a) shows t.he cont.ribut.ion 1,0 tht'

non-singlet sampie l'rom LO din'ct. l'vents.

The uncorrected /:;71 distributions ilnd the unl"lllTected gap-fraction an'

displayed in four bins in Figures (i.7(b), (c) and (d) (black dols) with si... ·

tistical errors only. The data ilre then subdivided inlo (,wo SUbSiltllples,

x~BS ~ 0.75 events are shown as open triangles ilI1d x~BS < 0.75 ilS open

squares. The x~BS ~ 0.75 subsample has the highest gap-fraction and the

x~BS < 0.75 subsample has the lowest gap-fraction. This indicat.es t.hat the

survival probability does indeed increase with the parton momentum frac­

tion. Therefore the ZEUS result of 0.07 ± 0.02(stat.)!g:g~(sys.) and the DO

and CDF results of 0.0107 ± O.OOlO(stat.)!g:gm(sys.) and 0.0086 ± 0.0012

for the excess in the observable gap-fraction, f(/:;1/), couId ail arise from the

same excess in the underlying gap-fraction, Î(/:;1/).

•
6..1. SUMMARY AND CONCLUSfONS 101

•

6.4 Summary and Conclusions

The results and their interpretation may be summarized ilS follows .

• The comparison of the uncorrected multiplicity distributions of t.llt' dilt.a

with the multiplicity distributions of Monte Carlo samples which have

been passed through a full detector simulation indicates that t.he data

contain colour singlet exchange processes at a level of about 10%.

• The uncorrected gap-fraction exhibits the two component behaviour

which is expected to indicate the presence of colour singlet exchange

processes. This exponential fall at low /:;1/ and plateau at high /:;1/ can

not arise as a detector elfect on an original hadron-level exponential

distribution.
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• The gap-fraction corrected for detector effects confirms the two compo­

nent behaviour of the uncorrected gap-fraction and allows for a quanti­

tati ve evaluation of the Iwight of the plateau, 0.11 ±0.02(sial. )~g:g~(sys.) .

• 'Iwo estimates of the excess of the gap-fraction over that expected

from non-diffractive processes have been made. This exccss may be

interpreted as a lower limit on the fraction of events in the data due to

colour singlet exchange.

The first estimate of the exccss is obtained from a comparison of

the corrected data with the hadron-level prediction obtained from a

Monte Carlo event generator. This method yields, 0.07 ± 0.03.

The second estimate of the excess is obtained by fitting the data to

the sum of an exponential and a constant gap-fraction. This method

yields, 0.07 ± 0.02(stat.)~g:g~(sys.).

•

The magnitude of the squared four-momentum transfer across the rapid­

ity gap as calculated from the jets is large (Ill ~ (E4~')2). Thus the coloul"

singlet exchange is unambiguously "hard".

The PYTHIA generator predicts that the ratio of the electroweak (uEW )

to QCD (uQCD ) exchange cross sections in this kinematic range is u EW1uQcD <
7 . 10-4 (compatible with the estimation (al OL. )2). Therefore quark quark

scattering via 'YIZO and W± exchange cannot explain the height of the fiat

region in the gap-fraction. On the other hand, using the simple two-gluon

model for pomeron exchange gives Î(il.,,) ~ 0.1 [35]. Thus pomeron exchange

could account for the data.

In conclusion, dijet photoproduction events with E~·t > 6 GeV contain an

excess of events with a rapidity gap between the two jets over the expectations

of colour exchange processes. This excess is observed as a fiat region in the

gap-fraction at large rapidity separation (il." = 3.7) at a level of 0.11 ±
0.02(stat.)~g:g~(sys.). It can be interpreted as evidence of hard diffractive

scattering via a strongly interacting colour singlet object.
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Kinematics

The kinematics of hard photoproduction at HERA are illustrated in this

appendix using the hard diffractive scattering process as an example.

Fig. A.l(a) shows the diagram of a hard diffractive scattering pm",,"s al.

HERA. The four vectors of the positron in the initial and final sl.a!." an'

labelled by k and k' respectively. The invariant mass of the incollling phu!.un

is denoted with p2 and the energy scale of the hard snbproccss is denuted hy

Q2. The momentum fractions of the partons which participate in the hard

interaction are labelled with x~ and xp' In Fig. A.l(b) the centre of IIUlSS-

b

(b)

a

e+ k'

k li

iQ2,

P

(a)

Figure A.l: The hard diffraeLive seaLLering proecss. The full sehemaLie diagram is shawn
in (a) and in (b) the eentre-of-mnss l'rame of the hard sllbproeess is showlI.

view of the colliding partons is shown. The incoming partons are labelled CL

•
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and b and the ollt.going partons are labelled c and d. The outgoing partons

are scatt.ered throllgh an angle 1) obtaining transverse momentum PT with

respect. to the axis of t.he incoming part.ons.•
1O~

A.1 Photon beam

APPENJ)[X A. J([NEJ'vlATlCS

The positron mass may be neglected. The posit.ron momenta may then be

written,

k = (E., 0, 0, -Ee ) (A.l)

(A.2)

(A.6)

•

where Ee and E~ are the energies of the incoming and outgoing positrons

respect.ively and 1)~ is the angle of the outgoing positron with respect. to the

incoming prot.on direction. The photon invariant mass is then,

p2 - -(k- k')2 (A.3)

= 2k· k' (A.4)

- 2EeE~(1 +cos 1J~). (A.5)

The antitag selection criteria described in Sect. 3.2 are very effective at

reject.ing DIS events with p2 > 4 Gey2. In fact the mean p2 has been

estimated to be 0.03 Gey2 [26].
The dimensionless variable y is defined by,

1J=PP'P\
Pp' k

where Pp is the momentum of proton and P7 is the 'Y momentum. This may

be written,

(A.7)

where Ep (E7 ) is the energy of the P ("(), and Pp (fi..,) is the three-momentum

of the P ("(). This reduces in the photoproduction regime, p2 -+ 0, and
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neglecting the l' mass, to

Ill~

where {J,>") is the opening angle l)t't.we,'n t.he incollling l' and Î al1l1 ,1,,, i,

the opening angle bet.ween the incoilling l'and l"'. 111 t.lll' phot.ol'rllllllrl iOIl

regime the emit.t.ed 1 is eollillear wit.h t.he illeOllling c+. 'l'h''''d"ol"<' a", = l'J,,,.

and,
E"'(

y=-.
Ee

(lU)

y may he estimated from the hadronic energy deposits in the calorimcler [6:!].

The 11' centre-of-mass energy W~p is clearly equal to VfiS whel'e .~ is t.he

e+p centre-of-mass energy, 300 GeV. Thus W~p may also be estimated frolll

the hadronic energy deposits in the calorimcter. In this study, 134 GcV<

W~p < 277 GeV.

A.2 Parton momentum fractions

The momentum fractions XI' and X~ are defincd by

1)~ . a
(/1. III )::L'p -

p~' Pp

a:"'Y -
p,,' b

(A.II)
Pp • 1)~

In analogy with the reduetion of 11 shown in Sect. A.l, the momentum fri,e­

tions reduce to,

XI' - Ea/Ep

X~ _ Eb/E~,

(A.12)

(A.l3)

•

where Ea and Eb are the energies of the partons from the l'and 'Y side

respectively.



TI", nlOlllf,ntlllll fraclions lnay he determined from the energies and angles

of the outgoing partons accordillg to,•
lOf> APPENDIX A. J(INEMATICS

XII =
'JE'
- p

X"'y =
2E~

These expressions may be understood by writing,

(A.l.j)

E '.Q -()pur,on
= f parton sin lI par ton tan 2

. 1 - cos t?parton)= Eparton sin t?parton(--:'-.Q;:--===
sIn Uparton

= Eparton (1 - cos {)PllTton)

= E,)Qrton - P::parlon,

(A.16)

(A.li)

(A.18)

(A.19)

and similarly,

E,)flrton "'lOIrr ...,,
!J,/, C = Eparton - p::ll(lrtvn'

Then,

(fUO)

X p =

x.., =

~ Eparton + ""'parton
L..parlon" l':

2Ep

~ Eparton _ ..J'or ton
L...parton.s y":

2E"(

(A.21)

(A.22)

However notice that (neglecting quark masses) pz. = Eu and P:b = - Eb.

Thercfore, invoking momentum conservation, equations A.21 and A.22 re·

duce to equations A.12 and A.13.

A.3 Energy scale

The energy scale of the hard subprocess, denoted Q2, is equal to the magni­

tude of the invariant mass of the exchanged colour singlet object, as shown

in Fig. A.1. This is the magnitude of the Mandelstam t variable defined by

•

t == (II - cf. (A.2:3)



1 is a Lorentz invariant quantit)". We detcrmine it in the ccnt.re-or-Ill""

rrame or the hnrd subprocess wherl'in the part.on mOlllent.a Illa)" be writtcn,•
A.3. ENERGY SCA.LE Illï

•

a = (E, a, a, E) (1\.2·1)

b = (E,a,a,-E) (1\.25)

c = (E,h, Ecos 19) (1\.2li)

d = (E, -i'J', -E cos 19). (1\.2ï)

Then,

-1 = ;;-]"2 + E 2(1 _ cost9f. (1\.28)

That is,

III 21ï-r 2
• (I\.:!~I)

We use the final state jet transverse Illoment.a in place or t.he part.on t.ransve,·s('

momenta in arder ta select a sampie or hard scattering l'vent.s. In this st.ud)",

(E~cl)2 2 36 GeV2.
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Jet Finding

Because the quarks and gluons produced in a high energy interaction are

confined, they can not be observed as free l'articles in the final state. How­

ever, thanks to local parton hadron duality (see Sect. 1.2) the distribution of

the jets of hadrons which are produced in the hadronization process is sim­

ilar to the distribution of the outgoing partons. Jet finding algorithms are

used to cluster the hadrons into the objects which correspond to the outgo­

ing partons. The additional criteria which must be satisfied by a jet finding

algorithm are that the jets should be well defined experimentally, and also

well defined theoretically to any order of perturbation theory. In 1990 at the

Snowmass conference in Colorado a standard jet definition was proposed for

hadron collisions involving the production of light quark and gluon jets [851.

B.1 The Snowmass Standard

•

According to the Snowmass recommendations a cone with centre ('1conc , cpcone)

should be defined in ('l, cp) space such that all hadrons with coordinates
('1hodron,cphadron) within a radius R == V('1cone _ '1hadron)2 + (cpcone _ cphadron)2

:5 Ra are included in the jet. The transverse energy of the jet, E~et and the

coordinates of the jet, ('lie! ,cpiet) should then be determined from the hadrons

lOS
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which lie inside the jet cone according to,

and

1O!l

( II. 1)

(Il.:!)

(13.:1)jd _ _ 1_L: cphadronEhC1droncp - " T'E}e

In addition it is recommended that the jet cone coordinates, (Tr''', cpcone),

be determined in an iterative fashion' from initiating c\usters. What is not

specified by the Snowmass accord is how to obtain the initiating c\usters,

and how to deal with overlapping jet cones. For this reason a full description

of the algorithm used to find jets in this analysis is provided in the following.

B.2 Main Jet Finding Algorithm

•

In this analysis, detector-leveljets have becn found by applying the jet lill<ling

algorithm to calorimeter cells (in the data and in the Monte Carlo salllples).

Hadron-leveljets have been found by app!ying the jet linding algori th III t.o 1.11<'

final state hadrons in the Monte Carlo samples. The following descl'iption of

the algorithm will refer to the hadron-level jets but the extension to detector­

!evel jets is trivial.

A cone jet finding algorithm has been adopted with the cone size set to

Ro = 1. Other parameters used by the algorithm are the energy threshold

of a seed ceU or jet initiator, Ef'rfd = 1.0 CeV, and the energy threshold of

a jet, Ef~ = 6.0 CeV (fOl the hadron-level case). The jet finding algorithm

then proceeds via these steps.

Step 1 The final state hadrons are sorted into cells of approximate dimen­

sion 0.5 x 0.5 in (1), cp) space. (cp is measured in radians.)



Step 2 The transverse energy sum, Er,ndow, is formed for each ceU. Er,ndow

consists of the transverse energy contained in the associated ceU plus

the transverse energy contained in its eight surrounding neighbours (or

its live surrounding neighbours if it is a ceU at the edge of the acceptance

in '1).

•
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'.

Step 3 If a ceU is found which has Erindow > ETO
d then it taken to be the

initiator, or seed ceU, of a jet. Thus 'Icone and cpcone correspond to the

centre of this ecU. (If no such cell is found then the event has no jets.)

Step 4 The transverse energy weighted centre of this jet is calculated ac­

cording to formulae B.2 and B.3.

Step 6 If~R2 > 0.01 Rg then the position of the jet centre is not considered

to have converged and 50 the process is repeated by setting 'Icone = '1iet

and cpcone = epie' and returning to Step 4. However if ~R2 ::; 0.01 Rg
then the position of the jet centre is considered to have converged.

Step 7 Steps 3 through 6 are repeated until a converged jet position has been

searched for for ail cells which have Erindow > ETOd. (The program

will stop seeking convergence artel' a large number of iterations, or if

the jet transverse energy calculated according to formula B.1 persists

in being quite low with respect to E}~.)

Step 8 The converged jet of highest E}e/ (according to formula B.1) is then

saved, provided E}et ~ E~~. The hadrons within the cone of this jet

are removed from consideration and the jet filldillg program retufIIs tu

Step 1 to find out if there are any jets associated with the remaining

hadrons.



B.3. TLT JET FINDING ALGORITHM

• B.3 TLT Jet Finding Algorithm

III

'.

We have also implemented a jet finding algorithm at the third levcl of trig­

gering. In the environment of online data selection at ZEUS the execlltion

speed of any algorithm must be made as high as possible. The 1'1,1' jet Hnd­

ing algorithm is therefore slightly less sophisticated. At the 1'1,1', St.ep 3 is

modified such that only the seed ccli with the highest. value of Etudo ," is \Iscd

as an initiator for a jet search. The jet position is still iterated in the sitlnc

way, but once a suitable jet position is found for this seed the cells within thc

jet cone are immediat.ely removed from consideration. The program l'etllrns

to Step 1 to see if there are any more jet initiatol's (withollt Hl'st tl'yillg \,llt,

other seed cells to see if they wOllld yicld a highcl' E4:" jct).
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Appendix C

Three Jet events

The relative azimuth of the two highest E~et jets is shown in Fig. C.l(a).

The data are shown by the black dots. The non-singlet and singlet PYTHIA

samples are shown by the open circles and the stars respectively. The data are

strongly peaked toward a back to back configuration, however there is a tail

to large values of relative azimuth which is not described by the non-singlet

sampie. Large values of t!.epie. occur in events where there are more than

two jets in the final state. The singlet sample is even more strongly peaked

toward t!.epie. = 180·. This is consistent with the singlet sample having

little energy deposited outside of the jets in general. A large decorrelation

in t!.'f'ie• has been suggested as a possible signature of higher order proccsses

involving the hard emission of partons from the propagator [75,761. Thus we

may expect that there are more events in the data with three or more jets,

than are simulated in the Monte Carlo samples.

In Fig. C.l(b) one sees the subsample of events with t!.Tf > 3.5. In these

events the jets are more strongly peaked toward a back to back configuration

and the description of t!.'f'ie• by the Monte Carlo samples is better.

Fig. C.l(c) shows t!.epiet for the gap candidate events with t!.Tf > 3.5. As

these events can have very little energy outside of the jets it is not surprising

that the events are very strongly peaked toward t!.epiel = 180· in ail three

samples.
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Figure C.I: Relative a>imuth of the two highest E4." jet.s for the inclusive snmple is
shown in (a). tltpi" for the subsnmple with tlT/ > 3.5 is shown in (b) nnd (c) shows the
gap candidate events with tlT/ > 3.5. The dntn are shown by the black dots. The open
circles represent the PYTHIA sample which includes 110 colour singlet exchange proeesses
(the non-singlet sample). The stnrs represent the PYTIIIA sampie whieh contains uIlly
electroweak qunrk quark scattering (the singlet sample).

In [37] a prediction for the gap-fraction is made at Tevatron energics.

The calculational technique necessitates choosing the two jets aL largcsL and

least TJie! to eva:uate the gap-fraction (rather than the two jets of highcsL E4~'

which were used in this analysis). Clearly the results will only be different

for the subsample of events which contains more than two jets. In Fig. C.2

the standard uncorrected 6.TJ distributions and the gap-fraction are shown as



black dots. The uncorrected 6.." distributions and the gap-fraction made by

choosing the two jets at extreme ."j", rather than the two highest E~" jets,

arc shown for comparison as open eircles.•
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Figure C.2: The standard distributions calculated using the two jets of highest 4" are
shown as black dots. The inclusive Â'I distribution, the Â'I distribution for gap events
and the gap-fraction are shown in (a), (b) and (c) respectively. The open drcles show the
corresponding dist.ributions calculated using the jets at highest and lowest ri" instead of
the two highest E~" jets.

Using the jets at highest and lowest 11)" will naturally yield more events

overall sinee more events will satisfy the 6.11 requirement of eaeh 6.11 bin.

This effect is shown in Fig. C.2(a). However the N9'P distribution is almost

identical for the two methods. This suggests that the gap events have exactly



•

•

two jets so that the two jets with highest q:' are the ",une ,IS the two jd" al.

highest and lowest 1/i". As shown in Fig. C.2(c) the gap-fraction which r('s,Ilt'"

from using the jets ordered by 1/i" is only about 1% lower than the standard

gap-fraction. This result suggests that ca1cnlations snch as those of [:lï]may

be directly compared with the experimentally measured gap-fractions [-10] .
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Appendix D

Bayesian U nfolding

We follow the notation and method of [77] with one addition. We define a

generalized purity '/rj which is analogous to the generalized efficiency êi. No

discussion of the propagation of statistical errors in the unfolding procedure

is provided here. A detailed discussion can be found in [77]. For this analysis

the unfolding method was used as a systematic check. The statistical errors

of the result are taken from the bin-by-bin correction method.

In the first subsection a short summary of the mathematical formalism is

provided, and the unfolding algorithm is explained. In the second subsection

the unfolding of the two cross sections du/ df:!.7) and du9' P/ df:!.7) is described.

D.l Procedure

Let there be several independent causes Ci, i = 1,2, ... ,ne, which can pro­

duce any one of several effects Ej, j = 1,2, ... , nE. Let P(Ci) be the initial

probability distribution of the causes. We have,

•

ne
LP(Ci) = 1.
i=1

116

(0.1)



Let 'P(EjIC;) be the conditiona! probability of the i'h cause to produce the

j'h effect. Then,•
D.l. PROCEDURE llï

(D.2)
nE

o::; ê; ="E 'P( Ej le.) ::; l.
j=1

That is, there is no need for each callse ta prod\lCt, on" of t.h" "If"ct.s t.ak,·n

into consideration. ê; gives the efficiency of detecting the callSl' Ci in m,y of

the known elfects. Bayes theorern as implemented in [ïï] is then written,

(0.3)

In words, the probability of effect Ej having been due ta cause Ci is propor­

tiona! ta thl> probability of the cause, times the probability of the callse to

produce the effect. But note that in this way,

ne
"E'P(CiIEj) = l.
i=l

(DA)

That is, the background must be included among the causes. Instead we

will allow for an unknown background distribution by defining a generalized

purity 'Tri> thus,
ne

o::; 'Trj ="E 'P( CàlEj ) ::; 1.
i=1

The generalized Bayes theorem then reads

(IHi)

(lM)

•

In words, the probability of effect Ej having been due to cause Ci is propor­

tiona! ta the proba~ility of the cause, times the probability of the cause ta

produce the effect, times the probability that the elfect is due ta any of the

considered causes Ci.

Fig. D.l shows an examp!e of the input ta the unfo!ding procedure ob­

tained, for instance, from a Monte Carlo study. The number of events per

bin is shawn by a box of proportiona! area. There are nE = 4 measured



effects which can arise from one of nc = 4 known causes. In addition, the

nc + 1 = 5'1. row represents the "unphysical" cause, or the background. The

nE + 1 = 5'1. column shows the inefficiency. These are events which can be

attributed to one of the four causes but which give rise to no effect .

•
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Figure D.1: Cause versus effect - Example of an unfolding problem.

The unfolding algorithm proceeds as follows:

1. Input the conditional probabilities P(EjIC.),

-nt , IC) Nj •
r}!;j • = "nE+t N ..

L..k=! k.

2. Input the generalized efficiencies eh

"~E N ..L.JJ-l J'
e. = "nE+! N ..

L..k=! Jk

3. Input the generalized purities 71'j,

"ne N ..
LJi=l J'

'lrj = "ne+! N..
L..k=! Jk

(D.7)

(D.8)

(D.9)

•

These three inputs may come from a Monte Carlo study of the problem

to be unfolded. They are not updated during the unfolding procedure.



Of course there will be a systematic uncertainty in the final solution

associated with the uncertainty of the mode! used t.o oht.ain t.hes" inpnt.

values.
•

D.2. APPLICATION lln

4. Measure n(Ej). This is the uncorrect.ed distribution of the numhel' of

events associated with each elfect.

5. Guess what the probability distribution of the causes, P(Ci), is. Of

course, this is the quantity which we will determine through the unfold­

ing procedure. However, a starting distribution must be input which

could come from theoretical prejudice, or a fiat initial probability dis­

tribution may be used.

6. Calculate the P(CdEj ) according to the generalized Bayes' theorem,

equation D.5.

7. Calculate the corrected distribution of the number of events associated

with each cause, n(Ci) according to,

l ne
n(Ci ) = _. 'Ln(Ej) ,P(C.IEj).

êi j=l
(D.IO)

8. If convergence of the distribution n(Ci ) has been achieved then item­

tion stops here. If not, then the probability distribution of the causes,

P(Ci), is determined from n(Ci ), and steps 6 through 8 are repeatecl.

D.2 Application

•

For the case of the cross sections du / d6.T/ and du9ap / d6.T/ we wish to use

the unfolding procedure to correct for detector elfects, including migrations

across the 6.T/ bins. Fig. D.2(a) shows the 6.T/ correlation for the inclusive

events, as determined by the mixed Monte Carlo sample. (The areas of the

boxes shown are actually proportional to the logarithms of the numbers of



evenls, since olherwise only lhe lowesl.6.." bins would appear la be occupied.)

Fig. 0.2(b) shows lhe gap evenls.•
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•

Figure 0.2: Cause versus elfect according to the mixed Monte Carlo sampie. The corrc~

InLioll bctwccll the hadroll-Icvcl and dcLcclor-lcvel tlTl values is shown by the intersection
of the first four rows and columns. The fifth column shows the hadron-Ievel events which
were not found as detector-Ieve! events. The fifth row shows the detector-level events
which have not arisen from hadron-Ievel events. The inclusive sampie of events is shown
in (a) and the subsample of events which are gap candidates is shown in (b).

We first apply the unfolding algorithm ta the mixed Monte Carlo sam­

pie ta check lhat convergence ta the input hadron-level D.1J distributions is

achieved. Fig.'s 0.3(a) and (b) show the result for the inclusive and gap

samples respectively.

The filled histogram shows the hadron-Ievel D.1J distribution. The solid

line shows the starting n(Ci) distribution, chosen ta be fiat. (The Monte

Carlo events are weighted according to cross-section therefore n(Ci) here

has units of nb.) The first, second and third iterations of n(Ci) are shown

as the dashed, dotted and dashed-dotted lines respectively. The procedure

converges perfectly to the hadron-Ievel distribution as shown by the solid

dots. These show n(Cj ) arter 31 iterations. (A short-comingof this procedure

is that uconvergence" is not clearly defined. One can evaluate a ,'(2 funclion

between successive iterations and stop the procedure once that falls below
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Figure D.3: Unfolding of the rnixed Monte Carlo ~'1 distributions nsing the mixe"
Monte Carlo sample inputs. The nnfolding of the incinsive distribution is shown in (Il)
and (b) shows the unfolding of the distribution of the gap events. The filled histogmm
shows the hadron-Ievel ~'1 distributions. The solid line shows the starting distribution
and the dashed, dotted and dashed-dotted lines show the first, second aud third Iterations
of the unfolding procedure respectively. The final iteration of the unfolding procedure is
represented by the black dots.

sorne eut-off value, but the eut-off value is arbitrary. We have found that

for this particular measurement the n(Ci) distributions are not changing

significant1y after 30 iterations so we stop there.)

The model dependence of the unfolding procedure has been checked by

using the inputs from the mixed Monte Carlo sample to unfold the 6.'1 dis­

tributions of a pure resolved Monte Carlo sample. The results are shown in

Fig.'s D.4(a) and (b) for the inclusive and gap events respecLively.

Again, the so\id \ine shows the starting n(Ci ) distribution and the dashed,

dotted and dashed-dotted lines show the first, second and third Iterations 01'
n(Ci) respectively and the black dots show n(Ci) after the final Iteration. The

known hadron-level distributions are shown for comparison as open drcles.

The convergence is not perfect because the model is not a perfecL descrip­

tion of the "data" (here the pure resolved sample). For example, the pur..

resolved sample contains more gluon jets in the final state than the mixed



/ f-
1
l-------~

i e->-i
1
~-------
•1
1
1.. •••••••••••••

-2
/0

-1
/0 ~

APPENDIX D. BA YESIAN UNFOLDING

•i"'-------

.
•,
I_'_~---I

i

""~~I
l_....

122

•
-1

/0 h- 1

/
1

2

<al

1

3 4
61) bill

/0 -3 ,

/
1

2

(hl

1

3
1

4
61) bill

Figure 0.4: Unfolding of the ll1) distributions of a pure resolved Monte Carlo sampie
using the mixed Monte Carlo sampie inputs. The inclusive distribution is shown in (a)
and the distribution of gap events is shown in (b). The solid line shows the starting
distribution. The dashed, dotted and dashed-dotted Iines show the first, second and third
iterations respectively. The solid line shows the result of the final iteration. The open
drcles show the hadron·level distributions.

sampie, which contains sorne direct photon events as well as sorne electroweak

cxchange events. These give rise to somewhat different (better) t::.." correla­

tions than are given by the mixed sampie. Nevertheless the procedure does

converge to a result which is right within the statistical errors (about the size

of the white dots).

Finally we show the result of the unfolding procedure applied to the

data in Fig. 0.5. The starting n(Ci) distribution is shown by the solid line

and the dashed, dotted and dashed-dotted lines show the first, second and

third iterations of n(Ci) respectively and the black dots show n(Ci) after the

final iteration, as previously. This time there is no hadron-level distribution

to compare to the final n(Ci) distribution. We have provided instead for

comparison, the uncorrected distributions (the n(Ej», as open circles.

The unfolding procedure yields corrected Il.,, distributions which are not

significantly different from the bin-by-bin corrected t::.." distributions. This

can be secn in Fig.'s 5.14, 5.15 and 5.16. The difference is of the order of

•
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Figure D.5: Unfolding of the measured Â7J distributions of the data using the mixed
Monte Carlo sample inputs. The starting distribution is represented by the solid line nnd
the dashed, dotted and dashed dotted lines represent the first, second and third iterations
respectively. The final iteration is shown by the black dots. The open cirdes show the
uncorrected distributions.

the statistica! error of the measurements, and does not constitute the largest

systematic error in any bin of the measured distributions. The similarity

between the two correction procedures increases our confidence that the de·

tector eifects arc understood .

•
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Appendix E

Glossary

Expression Meaning Page
BCAL the barrel calorimeter 22

CTD the central tracking detector 22

DESY the Deutsches elektronen synchrotron 20

detector-level measurement a measurement which has not been cor- 42
(data) rected for detector effects

detector-level measurement a prediction made including the full de- 42
(Monte Carlo sampIe) Lector simulation

diffractive hard process a process leading to jets on only one 12
side of a rapidity gap

diffractive process a process leading to the formation of a 12
rapidity gap

DIS the class of e+p collisions in which there 7
is a large momentum transfer at the
positron photon vertex

continued on next page
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continued (rom previous page

Expression Meaning Page
FCAL the forward calorimeter 22

FLT the first level triggel' :JO

forward in general refers to the /' direction, or 22
the direction of increasing rapidity

gap-fraction the fraction of dijet events which con- 17
tain a rapidity gap

hadron-level measurement a measurement which has been cor- 42
(data) rected for ail detector elfects

hadron-level measurement a prediction for the distribution of the 42
(Monte Cario sample) final state hadrons

hard dilfracti'le process a process leading to jets on both sicles 12
of a rapidity gap

hard process a process involving a large momentul11 li
transfer

HERA the positron proton collider at DESY 20

island a group of calorimeter cells which cor- 37
l'esponds ta one particle

leading jet (dijet events) the jet at higher rapidity, or more for- 49
ward jet

LO direct photoproduction a photoproduction event in which ail of 8
the momentum of the 'Y contributes to
the production of two hard partons in
the final state

continued 01/ rw.~t page
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continued {rom previous page

Expression Meaning

APPENDIX E. GLOSSAR'l

Page

LO resolved photoproduction a photoproduction event in which a 9
fraction of the momentum of the 'Y con­
tributes to the productioI:l of two hard
partons in the final state and the rest
goes into a 'Y remnant jet

LUMI the luminosity monitor 22

mixed sampie

MOZART

non-singlet sampie

photoproduction

a sample of events generated by 41
PYTHIA which contains a mixture
of 90% standard hard photoproduc-
tion processes and 10% electroweak ex­
change processes

the software program which simulates 42
the ZEUS detector

a sample of events generated by 41
PYTHIA which contains only standard
QCD hard photoproduction processes

a class of e+p events in which the scat- 8
tered e+ is essentially collinear with the
incoming e+

PYTHIA a Monte Carlo event generator 41

•

QCD

rapidity gap

quantum chromodynamics - the theory 2
of the strong interactions

an interval of rapidity which contains 12
no final state particles (possibly involv-
ing sorne energy threshold)

continued on next page
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continued {rom previous page

Expression Meaning Page

ReAL rear calorimeter 22

rear in general refers to the e+ direction, or 22
the direction of decreasing rapidity

singlet sampie a sample of events generated by 41
PYTHIA which contains on\y the 1.0
resolved process of quark-quark scat.-
tering via 'Y / Zo or W± exchange

SLT second level trigger 31

TLT third leve1 trigger 31

trailing jet (dijet events) the jet at lower rapidity, or the jet more 49
towards the rear

VXD vertex detector 22

Table E.l: Glossary of commonly used expressions
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