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Abstract

Thefirst analysisof di� ractively producedZ bosonsin themuondecaychannelis

presented,usingdatatakenby theDØ detectorat theTevatronat 1 s  1 � 96TeV.

Thedatasamplecorrespondsto anintegratedluminosityof 109pb� 1.

The di� ractive sampleis definedusing the fractional momentumloss % of the

intact proton or antiprotonmeasuredusing the calorimeterand muon detector

systems.In a sampleof 10791(Z+32 )45� 	 � 	 � events,24 di� ractive candidate

eventsarefoundwith %'� 0 � 02.

The first work towards measuringthe crosssectiontimes branchingratio for

di� ractive productionof (Z+32 )4 � 	���	�� is presentedfor the kinematicregion

%6� 0 � 02. The systematicuncertaintiesare not yet su� ciently understoodto

presentthecrosssectionresult.

In addition, the first measurementof the e� ciency of the Run II DØ Luminos-

ity Monitor is presented,which is usedin all crosssectionmeasurements.The

e� ciency is:

7
LM  (90� 9 8 1 � 8)% �

11



Declaration
No portion of the author’s work describedin this thesishasbeensubmittedin
supportof anapplicationfor anotherdegreeor qualificationin this, or any other,
instituteof learning.

Copyright Statement
(i) Copyright in text of this thesisrestswith theAuthor. Copies(by any process)
either in full, or of extracts,may be madeonly in accordancewith instructions
givenby theAuthorandlodgedin theJohnRylandsUniversityLibrary of Manch-
ester. Detailsmaybe obtainedfrom the Librarian. This pagemustform part of
any suchcopiesmade.Furthercopies(by any process)of copiesmadein accor-
dancewith suchinstructionsmaynotbemadewithout thepermission(in writing)
of theAuthor.

(ii) Theownershipof any intellectualpropertyrightswhich maybedescribedin
thisthesisis vestedin theUniversityof Manchester, subjectto any prioragreement
to thecontrary, andmaynotbemadeavailablefor useby third partieswithout the
writtenpermissionof theUniversity, whichwill prescribethetermsandconditions
of any suchagreement.

(iii) Furtherinformationon theconditionsunderwhich disclosuresandexploita-
tion maytake placeis availablefrom theHeadof Schoolof PhysicsandAstron-
omy.

12



Acknowledgements

I’d like to thankmy supervisorBrian Cox, for being inspiring andfun to work

with, andfor theenergy, excitementandbright ideasthatkeptmegoingthrough

thefinal stages.Thanksto my ‘surrogate’supervisorAndrew Brandtfor treating

me asoneof his own, giving mehugeamountsof adviceandsupport,andgen-

erally beinga lovely personto work with. Thanksto my othersupervisorTerry

Wyatt for explainingeverythingsoclearlyandgiving megoodphysicsadvice.

Many membersof DØ took time to helpme despitetheir own hecticschedules.

From my time with the Luminosity group,thanksto Brendanfor beinga warm

personwith soundadviceandfor proppingmeupat thatpostersession;thanksto

MichaelBegel, for takingtime to explain thingsandgivemy work suchthorough

attention;andthanksto Heidi Schellman,RichPartridge,Michelle,Tim andSahal

for generalhelpandsillinessin meetings.In theQCD anddi� ractive groups,I’d

like to thankDrew Alton for his reliability andpracticalhelp;ChristopheRoyon,

for good ideas;and DuncanBrown for his adviceand support. A big thanks

to Martijn Mulders, for taking an interestin my analysis,working hard on it,

andbeingincredibly enthusiasticwhenwe took it to Brazil. Thanksto Markus

Wobisch,Marco Verzocchi,JanStark,Krisztian Peters,andeveryoneelsefrom

DØ thatcontributed.

Thanksto my Manchesterfriends: Michiel Sanders,for endlesscodedebugging

but mostly for helpingme with the Fermi Singers;SimonDeanfor many great

chatsandgiving adviceandlifts withouthesitation;Paul Telford, for beingfunny

andhelpingme out; anda hugethanksto JamesMonk, who I leanedon a lot

during thefinal stagesandwho gave mehelp,hardwork andlovely cupsof tea.

13



Thanksto StefanSöldner-Remboldfor giving meenormouslyusefuladvice,sup-

port andeditorialcheckingat theend.And specialthanksto Gavin Hesketh,who

gavemephysicshelpbeyondthecall of dutyanda lot of veryhappy memories.

I’d alsolike to thankFredLoebinger, whowasareasonfor mecomingto Manch-

esterand then stayingso long: thanksfor being warm, energetic, encouraging

andgiving somuch.Thanksto theotherManchestersta� for beingfriendly, and

alwaysreadyto chator to helpaconfusedstudent.

Thanksto PPARC for the funding, andto all the PPARC sta� that helpedwith

everythingover theyears.

Thanksto Smudge,for beingtherefor mewith teaor gin whenI neededit. Thanks

to Amber, for amazingtalks,warmfriendshipandsilliness.Thanksto Martin, for

cheeringmeup andgettingmeto do somuchin Chicago.ThanksDustin,for be-

ing a kindredspirit andmakingmelaughall the time. Thanksto Matt, for being

solovely andsosilly. Thanksto therestof theFermiposseandbeyond,whohave

all givenmefun, sanityin desperatetimes,andpracticalhelp: Stephen,Marilyn,

Nicola, Aidan, Helen,Philip P, Lucio, Ben,Kyle, SimonW, Lydia, Anant,Sam,

Kathy, Kirby, Lenkaandmany others. Thanksto the Brazilian girls (‘as meni-

nas’), Helena,RenataandAna,for beingsweetfriendsthatI wish I’d got to know

more.Thanksto theFermiSingersfor giving mesupportandenthusiasmduring

oneof the mostchallenging,rewarding timesin my life. Thanksto Adam, for

cartwheelsin the streetandbeinga thoughtfulandimportantfriend. Thanksto

SarahandClaire, for beinga massive partof my life, to Matt Greenfor cupsof

teaandloyal friendship,andto Linda for beinga sweetheart.And specialthanks

to Emily, for beingfun andbrilliant, perceptive andcaring,andhelpingmein so

many ways.

14



Thanksto Mum, for makingme happy andbeingenthusiasticabouteverything

I do; to Damian,for being inspiring; to Dad for getting interestedin quantum

physicsandsayingall the right things; to Kate for being a good friend and to

Tristanfor askingmeaboutbosons.

Thanksto Jon,who helpedme throughmy dark daysandmadeeverythinginto

somethingworth smiling about.

15



Chapter 1

Intr oduction

Historically, electron-protoncollidershave beenat the forefront of probing the

natureof theproton.Thepartondistributionfunctions(pdfs)of theproton,which

form anessentialpartof experimentalknowledgeat hadroncolliders,arederived

primarily from thehighprecisionmeasurementsof deepinelasticelectron-proton

scatteringat HERA [1, 2]. It is alsopossibleto definedi9 ractivepartondistribu-

tionsof theproton:thesehave theaddedconstraintthattheprotonremainsintact

after the collision [3]. The di� ractive pdfs have beenextractedfrom di� ractive

deepinelasticscatteringdataat HERA [4, 5]; at the H1 experiment,they were

extractedundertheassumptionof Reggefactorisation(Section2).

Transferringthedi� ractive pdfsto theTevatronhasnot beenstraightforwardbe-

causefactorisationdoesnotholdin hadron-hadron(in thiscaseproton-antiproton)

collisions. This breakdown in factorisation,often termed‘gap survival probabil-

ity’, is generallyunderstoodto bedueto multi-partoninteractionsdestroying the

outgoingintactproton,andit resultsin muchlower observedratesfor di� ractive
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processesthan would be expectedfrom the HERA measurements[6]. Under-

standingdi� ractive scattering,andthe natureof the factorisationbreakdown, is

of interestin its own right. In addition,di� ractive scatteringhasbeensuggested

asa powerful tool for searchingfor new physicsat theLHC [7, 8, 9], soa better

understandingof thewayin whichthedi� ractivepdfsatHERA canbeinterpreted

at hadron-hadroncollidersis becomingevenmoreimportant.

Understandingdi� ractivescatteringat hadroncollidersrequiresthemeasurement

of asmany di� ractive productionprocessesaspossible.Oneof the cleanestbut

mostraredi� ractiveprocessesis Z bosonproduction.Unlikedi� ractiveW boson

production,which hasa largercrosssection,di� ractive Z bosonproductionwas

not unambiguouslyobserved in theTevatronRun I data. Eight candidateevents

wereseenat DØ [10], andno observation waspublishedat CDF. All previous

Tevatronanalyseshavereliedon theobservationof rapiditygaps,whicharelarge

regionsin theeventwith noparticles,andtheresultshavebeenexpressedin terms

of thegapfraction: thefractionof eventsof aparticulartypewith arapiditygap.In

thisthesisthefirst definitiveobservationof di� ractiveZ productionis made,using

datatakenby theDØ experiment,andthefirst stepsaretakentowardsmeasuring

a di� ractive crosssectionin a well definedkinematicrange,in the spirit of the

measurementsby theH1 collaboration[2].

Thestructureof this thesisis asfollows. In chapter2, anoverview of di� ractive

scatteringis presented,introducingthepomeronandreggeonin Reggetheoryand

describingthe phenomenologicalmodelsusedto correctthe experimentaldata

andcomparewith theHERA expectations.Chapter3 containsadescriptionof the

RunII DØ detector, focusingonthedetectorcomponentsusedin thisanalysis,and

adescriptionof theTevatronaccelerator. In chapter4, thefirst measurementof the
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e� ciency of theRunII DØ LuminosityMonitor is presented.Thework presented

in this thesisforms the basisof the luminosity determinationat DØ which is

usedin all crosssectionmeasurementsin RunII. In section5, theobservationof

candidateeventsfor di� ractive productionof Z bosonsin themuonchanneland

work towardsmeasuringthe crosssectiontimes branchingratio are described.

Thedataarecomparedfor thefirst time to aMonteCarlosimulationin which the

HERA di� ractivepartondistributionsareusedasinput.
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Chapter 2

Di ractive Scatteringand the

Pomeron

The aim of this thesisis to searchfor di� ractive Z bosonproductionin pp col-

lisions usingthe DØ detectorat the Tevatron. Di � ractiondoesnot have a clear

experimentaldefinition,but in pp interactionsthesimplestdefinition is thatone

of the initial protonsremainsintact after the collision: p � p � p � X (or the

chargeconjugate).1

Thischapterpresentsanoverview of di� ractivescattering.Section2.1introduces

Reggetheory, whichpredatesquantumchromodynamics(QCD)anddescribesthe

behaviour of scatteringamplitudesasthecentreof massenergy tendsto infinity.

This discussionis relevant to thenormalisationof crosssectionmeasurementsat

theTevatron,throughthebehaviour of thetotal pp crosssection(Section4), and

it providesatheoreticalframework in whichto describedi� ractivescattering.The

1 Both initial beamparticlesarereferredto asprotonsunlessit is necessaryto distinguishthem.
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pomeronandreggeon,quasi-particlesthatareexchangedin di� ractivescattering,

areintroduced.Section2.2 discussesthe observation of di� ractive interactions:

theexperimentalsignatures,andthekinematicregionof low % , thefractionalmo-

mentumlossof theproton,in whichdi� ractivescatteringdominates.Theprevious

measurementsof di� ractiveW andZ bosonproductionarebriefly discussed.Sec-

tion 2.3describesthesimulationof di� ractiveZ bosonproductionin pp collisions

usingtheeventgeneratorPOMWIG,whichusestheH1 di� ractivepartondistribu-

tionsundertheassumptionof Reggefactorisation;thebreakdown of factorisation,

or ‘gapsurvival probability’ is alsodiscussed.

2.1 ReggeTheory

In themid-1950s,experimentalistsknew of severalstronglyinteractingparticles.

The first to be discoveredwerethe proton,neutron,pion andantiproton. Many

othersfollowed, and the hadronsproliferatedinto an unwieldy andworryingly

largegroup.Somehadronswerepronouncedfundamentalandotherscomposite,

somewhat arbitrarily [11], andlittle wasknown of the mechanismof the strong

force.Scatteringexperimentsof thetime(suchas��: p, pp, pp) couldmeasurethe

total crosssectionsandthe final states.But a theorywith predictive power was

needed.

Tullio EugenoRegge,bornin 1931in Turin, wasto providesucha theory. Regge

consideredthe initial andfinal statesof a scatteringprocess,appliedsomebasic

postulates,andproposedageneralrelationshipfor thebehaviourof hadron-hadron

(h-h) scatteringcrosssectionsasa functionof centreof massenergy. Crucially,

he did this without knowing the underlying interactionmechanism. This was
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yearsbeforetheadventof quarktheory(1964),which first positedthatnucleons

werecompositesof threequarks,or QCD (1966),the quantumfield theorythat

describesthe strongforce asan interactionmediatedby gluons[12, 13]. A full

derivationof Reggetheorycanbefoundin [14] but for this thesisa statementof

theresultswill besu� cient.

2.1.1 Someconceptsusedin Reggetheory

Interaction topologies

In a2 � 2 interactiona � b � c � d, two of theMandelstamkinematicvariables

aredefinedin termsof theparticlefour momentaas

s  (pa � pb)
2 ; t  (pa � pc)

2 (2.1)

where 1 s is the centreof massenergy and t is the squareof the four momen-

tum transferbetweena and c (the third kinematicvariable,u  (pa � pd)2, is

not independent).This givesrise to an importantdistinctionbetweeninteraction

topologies.In the s-channel,particlesa andb annihilateandproducea realpar-

ticle (or ‘resonance’)which subsequentlydecays. The term resonanceis used

becausethescatteringamplitudefor theprocessrisessharplywhen 1 s < m, just

asfor resonantfrequencies.Thet-channelinvolvestheexchangeof avirtual parti-

clebetweena andb, andkinematicallythesquareof thefour momentumtransfer

is negative.
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(a) s-channelresonance (b) t-channelexchange

Figure2.1: Crossingsymmetrybetween(a) s-channeland(b) crossedt-channel

processes

Crossingsymmetry

Fig. 2.1 hasexamplesof s- andt-channelinteractions,theamplitudesfor which

arerelatedthroughcrossingsymmetry. Crossingsymmetrystatesthatthescatter-

ing amplitudesfor the s-channelprocessa � b � c � d andthe t-channelin the

‘crossed’processa � c � b � d, with s and t interchanged[15], areequal. The

allowed resonanceshave the samequantumnumbersas the allowed virtual ex-

changes.In otherwords,crossingsymmetrystatesthattheamplitudes= (s; t) are

equalfor thes-channelandcrossedt-channelprocesseseventhoughthey arequite

di� erentphysicalprocesses.

Optical theorem

Theoptical theoremis a relationshipbetweenthetotal crosssection> tot andthe

imaginarypartof theforwardscatteringamplitude= (s; 0):

> tot <
?

m = (s; 0)
s

; (2.2)
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wherethe amplitudeis forward becausethe momentumtransfert is zero. Mo-

mentumtransferis relatedto thecentreof massframescatteringangle@ by

cos@A 1 � 2t
s
;

so t  0 correspondsto zeroscatteringangle.

2.1.2 Scattering amplitude

Thecentralaim of Reggetheoryis to describethebehaviour of scatteringampli-

tudesin the ‘Regge limit’, s � B with s+ t fixed. The amplitudefor t-channel

exchangeis written asasumof partialwaveamplitudesthatcorrespondto all the

possibleexchangeswith di� erentangularmomenta.In the caseof � � p � � 0n

scatteringtheseinclude the exchangeof the light mesonswith the appropriate

quantumnumbersC , D , f2, a2 andso on. The s-channelamplitudefor the re-

latedcrossedprocess,in this case� � � 0 � pn scattering,is thenobtainedthrough

crossingsymmetryby interchangingt ands.

Reggegeneralisedtheamplitudewith theconceptof complex orbitalangularmo-

mentum[16, 17]. Particlescanhaveonly integer l, but in thecomplex l-planethe

scatteringamplitudemayhavepoles(singularitiesatwhichtheamplitudetendsto

infinity) thathavecentralsignificancein this theory. They arecalledReggepoles,

E
n(t). In the Reggelimit, only the right-mostpole in the complex l-plane– the

onewith the largestreal part – contributesto the amplitude. So the main result

of Reggetheoryis a rathersimplestatementaboutthewayascatteringamplitude

dependson s:

= (s; t) F sG (t) s HI" t " (2.3)
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It shouldbenotedthatEq.2.3appliesto all scatteringprocesses,becauseit does

not claim to know anythingabouttheunderlyingmechanism.

2.1.3 Reggetrajectories

At Berkeley in the early 1960s,Geo� rey Chew claimedthat all hadronsshould

betreatedequallyinsteadof beingdivided– asin thefield theoryapproach– into

groupsof elementaryandcompositeparticles[18].2 With this in mind,heandhis

postdoctoralstudentStevenFrautschifelt thatReggetheorywasthemostpromis-

ing approachto thestronginteraction,andthey proceededto testandextendthe

theorywith scatteringdata. The Chew-Frautschiplot [11, 19] in Fig. 2.2 shows

the total angularmomentum,J, versusthemasssquared,M2, for particularsets

of hadrons:in this case,themesonresonancesin � � � 0 � pn scattering.

It wasa remarkableresult,becausethedatalie on a straightline. Sofor hadrons

with thesamequantumnumbers,J is proportionalto M2. The linear function is

calledaReggetrajectory; in thisparticularcaseit is theC -trajectory, denotedE R(t)

here.Fromthedatatheparametersof the C -trajectoryE R(t)  E R(0) � EKJRt are

E
R(0)  0 � 55

E J
R  0 � 86GeV� 2

whereE R(0) is theintercepton the J axis, EKJR is thegradient,andtheparticlesare

at E (M2)  J.

The truepower of the Reggeapproachcomeswhenthe s-channelamplitudefor

� � � 0 � pnscatteringin Fig. 2.1is relatedvia crossingsymmetryto thet-channel

2 “My standpointhere.. . is thatevery nuclearparticleshouldreceive equaltreatmentunderthe

law.”
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Figure2.2: Chew-Frautschiplot of resonancesin � � � 0 � pn scattering[14]
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processfor �K� p � � 0n scattering.As statedbefore,their amplitudesareequal

when s and t are interchanged.But becausethe energy dependenceof the am-

plitude is driven by the Regge trajectory(Eq. 2.3), the two processesare also

connectedin theChew-Frautschiplane.The s-channel� � � 0 datalie in the t L 0

region in Fig. 2.3. Crossingsymmetrypredictsthat the t-channel�K� p datalie in

the t � 0 regionalongtheextrapolatedReggetrajectory. This is dueto a property

of theamplitudecalledanalyticity, wherebyit canbecontinuedacrossthe t  0

boundary. Thepredictionis verifiedwith thedatain Fig. 2.4[14].

M

N OQPSRUTWV.XYX[Z�\

O^]-_[`babc-_
dfehgjikdmlon
a�PSRpTqVhXWX[Z�\

dfeYd#lQi grn
sut V.XYv M TWV�w*Zx Z�Z�XAyzX M Z�{oRUTWV.X[|}Z�vm~

O^c-_[`�ab]-_[`�a������

Figure2.3: Relationshipbetweensandt channelprocessesin theJ � t plane
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Figure2.4: Chew-Frautschiplot of ��� p �
� 0n scattering[14]
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2.1.4 Total scattering crosssection

Thefinal piecein thetheoryis thetotalcrosssection.SubstitutingEq.2.3at t  0

into Eq.2.2,thetotal crosssectionbehavesas

> tot F sG (0)� 1 (2.4)

where E (0) is the interceptof theReggetrajectorythatmediatesthe interaction.

This is less than unity for the C -trajectoryso the total crosssectiondecreases

with increasings for this type of exchange. In fact, it hadalreadybeennoted

by PomeranchukandOkun in 1956that the total crosssectionfor h-h scattering

woulddecreaseass increaseswhenchargeis exchanged[20].

This picture of a decreasingtotal crosssectionwith centreof massenergy in

reggeonexchangeis successful,but as the datashow for pp and pp scattering

in Fig. 2.5 the total crosssectionstartsincreasingfrom around20-30GeV. This

behaviour hadalsobeenpredictedby Pomeranchuk,at a time whenthe highest

experimentalenergy wasabout1 GeV [21].

2.1.5 The pomeron

Pomeranchukrealisedin 1958thatthecrosssectionsof aparticleandantiparticle

onagiventargetareequalto eachotheratasymptoticallyhighenergy [22]. Thisis

knownasthePomeranchukTheoremandit wastheonly theoreticalresult,derived

from first principles,in thefield of stronginteractionsat thetime [23]. For these

crosssectionsto be the samethe exchangedobjectsmust coupleequally with

particlesandantiparticles.Thereforethey musthave thequantumnumbersof the

vacuum:nocharge,nocolour, andzerospin,isospinandbaryonnumber. Clearly
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Figure2.5: Totalcrosssectionfor pp (uppercurve)andpp scatteringasafunction

of centreof massenergy [24]
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theseparticlesmust lie on a di� erentkind of Regge trajectory, one that hasan

interceptgreaterthanunity so that thecrosssectionwill rise. The trajectoryand

its correspondingquasi-particleweregiventhenamepomeronafterPomeranchuk.

Fig. 2.5showsafit to the pp andpp databy DonnachieandLandsho� [24] using

> pp(pp)  A sG P(0)� 1 � Bpp(pp) sG R(0)� 1 (2.5)

whereA is thecoe� cient for pomeronexchange,which is thesamein bothscat-

tering processes,andB is the contribution from reggeonexchange.At low en-

ergiesreggeonexchangedominatesand > tot decreases;at high energiespomeron

exchangedrivesthecrosssectionupwards.Thefit yields

E
P(0)  1 � 08

andthe coe� cientsshown in the figure. The gradientof the trajectoryis deter-

mined[14] from thedi� erentialcrosssectiond> + dt to be

E J
P  0 � 25GeV� 2 �

Regge interceptsareuniversal: all kinds of scatteringthat are mediatedby the

sametrajectoryhave thesamepower law in > tot.

The pomerontrajectoryis morecomplicatedthanthat of the reggeon. With an

interceptof 1.08,thecrosssectionwould continueto riseandeventuallyviolate

unitarity at very high centreof massenergy. The riseof the total hadroniccross

sectionsmustbetamedwith increasings by multiple pomeronexchanges:when

two, threeor morepomeronsareexchangedin thesameinteractionthey contribute

to the crosssectionwith alternatingsignsandincreasingmagnitudeas s � B .

For this reasonE P(0) is really an e9 ectiveintercept,andit changesslowly with
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s. At currently accessiblecentreof massenergies it is more or lessconstant;

multiplepomeronexchangesareonly about10%of thetotalcrosssectionat 1 s  
1 � 8 TeV [25].

Furthermore,thereappeartobetwo trajectoriesfor thepomeron.Thesoftpomeron

describedabovehastheinterceptE P(0)  1 � 08. In 1997,experimentsatHERA[26]

probedtheprotonwith avirtual photon(emittedfrom anelectron)andfoundthat

the pomeroninterceptappearsto increasewith the virtuality of the photonand

the energy dependenceof the total crosssectionsteepensaccordingly. The next

year, SandyDonnachiefrom ManchesterandPeterLandsho� from Cambridge

proposed[27] thatthisbehaviour couldbedescribedif thereis anadditionalhard

pomeronwith E P(0) F 1 � 4.

The physicalparticleson the soft andhardpomerontrajectorieshave not been

identified;they maybecompositesof two or moregluons(‘glueballs’) [28]. The

lowestobjecton thesoft trajectorywould be J  2 with a massof about2 GeV,

andtherehasbeenaglueballcandidatefor this state[29].3 Anotherglueballcan-

didatewith slightly highermass[30] maylie on thehardpomerontrajectory[27].

2.2 Di � ractiveScattering

Pomeronandreggeonexchangesarecolourless,so thehadronsfrom which they

areemittedmay stayintact. A di� ractive pp interactionis often definedexper-

imentally as one in which a proton emergesintact from the collision, and this

typeof eventcanbeobservedusingdetectorslocatedalongthe trajectoryof the

3 As is theconvention,naturalunitsareusedthroughout:c �A��� 1, so thatmass,momentum

andenergy areexpressedin eV (1eV � 1� 602 � 10� 19J)
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scatteredproton. A systemof spectrometers,in which the protonmomentumis

measuredin theacceleratormagneticfield, hasbeenbuilt for this purposeat DØ

(Section3.2.6)but this is undergoingcommissioningat thetimeof this analysis.

2.2.1 Rapidity gaps

Di � ractive interactionsoftenhave anotherexperimentalsignature,which is a ra-

pidity gap: a large region with no particlescloseto the outgoingintact proton.

This canbeunderstoodasa lack of colourconnectionsin theregion betweenthe

outgoingprotonandthedissociative system.In addition,a rapidity gapis kine-

matically requiredin a systemof particleswith low invariantmasswith respect

to the centreof massenergy of the collision, anddi� ractive interactionscanbe

definedtheoreticallyin this way (s LbL M2
X, theReggelimit). In non-di� ractive

interactions,the distribution of final stateparticlesis approximatelyuniform in

rapidity, andgapsareexponentiallysuppressed:theprobabilityof a rapidity gap

of size � y is proportionalto e� a� y for someconstanta [31].

Therapidityy of aparticlecanbedefinedin termsof its energy E andlongitudinal

momentumpL,

y  1
2

ln
(E � pL)
(E � pL)

;

andif thecoordinatesof thesystemaredefinedwith thez-axisalongthecollision

axis, then pL  pz where pz is the z componentof the momentum. It is also

convenientto definethe transverseenergy, ET  E sin @ , where @ is the polar

anglewith respectto thez-axis. Pseudorapidity� is definedin termsof thepolar

angle,

�� -� ln(tan(
@
2

)) ;
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andit is oftenusedasacoordinatein detectors.In thelimit m+ E � 0, rapidityand

pseudorapidityareequal. Regionsof high pseudorapidity, closeto the outgoing

beamparticles,are referredto as forward; the region " �#"�F 0 is referredto as

central.

2.2.2 Previous analysesof di
�

ractiveW � Z bosonproduction

Previousobservationsof di� ractively producedW andZ bosons,usingdatafrom

Run I at theTevatron,have reliedon thepresenceof a rapidity gapin theevent.

TheCDFcollaborationpublishedresultsfor di� ractiveW bosonproductionin the

electrondecaychannel[32], presentingthe ratio (RW) of W bosoneventswith a

rapiditygapto thosewithout:

RW  (1 � 15 8 0 � 55)% �
The DØ collaborationobserved di� ractive W bosonproductionin the electron

decaychanneland a sampleof 8 di� ractive Z � e� e� candidateevents[10].

They quotedtheir resultsin termsof the‘gap fractions’FW (FZ) of W (Z) boson

eventswith a rapiditygap:

FW  (0 � 89� 0 � 19� 0 � 17)%

FZ  (1 � 44� 0 � 61� 0 � 52)% �
Theresultsfrom CDF andDØ cannotbecomparedwith eachotherbecauseCDF

applieda correctionfor di� ractiveeventsthatdo not have a rapidity gapwhereas

DØ publishedtheuncorrectedresult.
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2.2.3 Fractional momentum lossof the proton

Thefractionallongitudinalmomentumlossof theintactproton,% , maybedefined

as

%S 1 � pf + pi
;

where pi and pf are the initial andfinal longitudinal momentaof the outgoing

proton. The momentumloss % can be measuredexperimentallyas %�F M2
X + s

so a predominantlydi� ractive sample,which hasa low massfinal state,canbe

definedexperimentallyby requiringeventsto have low % . The region %'� 0 � 01

is dominatedby pomeronexchange,and larger momentumlosscorrespondsto

largercontributionsfrom reggeonexchange.Therapiditygapsize� y increasesas

� y F ln(1+ % ), so low % (pomeron)interactionsarecharacterisedby largerapidity

gaps.Reggeoninteractionstendto havesmallerrapiditygaps,becausethey occur

at higher% .
Thefractionalmomentumlosscanbereconstructedusing

%5< 1

1 s i

Ei
Te� i

(2.6)

wherethesumis over particlesin thefinal state,andEi
T and � i arethetransverse

energy andpseudorapidityof the ith particle. This approximationassumesthat

the energy of the incomingprotonis large [31]. The dominantcontributionsto

the ‘ % sum’ are from particlescloseto the scatteredproton, which have large

pseudorapidities,andparticleswith large ET. Thecontribution from particlesin

theoppositedirectionto theintactprotonis small,soa lack of detectorcoverage

in this regiondoesnothavea largee� ecton themeasurement.

In this thesis,the first stepstowardsmeasuringthe di� ractive (Z+32 )4 bosonpro-

ductioncrosssection(multipliedby thebranchingratio for themuondecaychan-

34



nel) are presented.The crosssectionis definedkinematicallyby % , wherethe

lowest accessible% value in this analysisis %�F M2
Z + s, and the upper limit is

chosensuchthat thereis a su� ciently largeforwardrapidity gapfor observation

(Section5.4.1).

2.3 Simulation of di � ractiveZ bosonproduction

The Monte Carlo event generatorPOMWIG [33] is the only Monte Carlo gen-

eratorcurrentlyavailablethat cansimulatedi� ractive Z bosonproductionat the

Tevatron.As mentionedin Section1, it is possibleto definedi� ractivepartondis-

tribution functions(pdfs) in di� ractive deepinelasticelectron-protonscattering.

Theseareprotonpdfswith theadditionalconstraintthattheprotonremainsintact

[3]. The H1 Collaborationat HERA [4] measuredthe di� ractive deepinelastic

scatteringcrosssection,andparameterisedthe datausinga Reggefactorisation

ansatz(sometimesreferredto astheIngelman-Schleinmodel[34]). In Reggefac-

torisation,the interactionis separatedinto two parts: theemissionof a pomeron

or reggeonfrom theproton,andthe interactionof thepomeronor reggeonwith

theotherbeamproton.A diagramfor this in pp collisionsis shown in Fig. 2.6.At

theuppervertex, a pomeronis emittedwith squaredmomentumtransfert, anda

fraction% (referredto asxIP atHERA) of theprotonmomentum.The‘probability’

for this to occurcanbe describedin termsof a ‘pomeronflux factor’ F(xIP
; t).4

Thepomerontakespartin ahardscale(high pT) interactionwith theotherproton,

in which thepomeronstructurefunctionF IP
2 (� ; Q2) describestheprobabilityof a

4 The pomeronflux factoris not absolutelynormalised,andso canbe greaterthanunity. The

termprobability is thereforeusedloosely.
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partonin thepomeronwith a fractionof thepomeronmomentum,� , beingstruck

by apartonin theprotonwith virtuality Q2.

Figure2.6: POMWIG usesthefactorisationmodelof singledi� raction[33]

Thepomeronandreggeonflux termsareparameterisedas

fIP(% )  N
tmin

tmax

e� I P(t)

% 2G I P(t)� 1
(2.7)

fIR(% )  CIR

tmin

tmax

e� IR(t)

% 2G IR(t)� 1
(2.8)

where E IP(t)  E IP(0) � E��IPt and E IR(t)  E IR(0) � E��IRt. The di� ractive cross

sectionis thenexpressedasthesumof thepomeronandreggeonflux termsand

the structurefunctionsof the pomeronand reggeon. The normalisationof the

pomeronflux, N, is setsuchthatthegenerateddeepinelasticscatteringcrosssec-

tion matchestheH1 measurementat %� 0 � 003.Thereggeonnormalisationterm,

CIR  48, wasfitted to databy theH1 Collaboration[4]. It shouldbenotedthat

H1 hadlittle datain thehigher % range(%-� 0 � 01) which is probedin di� ractive

Z bosonproductionat the Tevatron[33]. The normalisationof the reggeonflux
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Quantity Value

E
IP 1.20

E
IR 0.57

E��
IP 0.26

E �
IR 0.90

BIP 4.6

BIR 2.0

CIR 48

Table2.1: Thedefault parametersin POMWIG

is thereforeoneof thelargestuncertaintiesin thepredictionsof POMWIG in the

Tevatronkinematicrange.Thepomeronstructurefunctionwasfitted to data,and

apionstructurefunctionwasusedfor thereggeon[35]. Throughoutthisanalysis,

thePOMWIG default parameters(Table2.3) areused.H1 producedthreesepa-

ratepomeronstructurefunctionfits: thedefault fit, known as‘fit 2’, is usedin the

analysis;‘fit 3’, whichhasa largergluoncontentat high � , is usedto cross-check

thesystematicuncertainties(Sections5.6.3and5.6.4).

Di � ractive W and Z bosonproductioncan be, with large statistics,a sensitive

probeof the structureof the pomeron(andreggeonin the higher % region). At

leadingorder(LO), di� ractiveW andZ bosonsareproducedfrom a quarkin the

pomeronor reggeon.At next to leadingorder(NLO), a gluonfrom thepomeron

or reggeonsplitsinto aqq pair beforetheinteraction(Fig. 2.7).

There hasbeenonly one prediction of the crosssectionfor di� ractively pro-

ducedZ bosons,by Bruni and Ingelmanin 1993 [36]. In the kinematicrange

37



�
�

�

�

(a)LO: qq � Z
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(b) NLO: q g � q ¢ Z

Figure 2.7: Leadingorderand next-to-leadingorder diagramsfor di� ractive Z

bosonproduction
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1 s  1 � 8 TeV, %£� 0 � 1 and " t "¤� 1 GeV2, and with the requirementthat the

two muonshave " �#"¥� 3 and pT L 20 GeV, they predict that the crosssection

timesbranchingratio for di� ractive Z �¦	���	�� productionis 28 pb for a quark-

dominatedpomeron,1 pb for a pomeronmadeof hardgluons,and0.4 pb for a

pomeronmadeof soft gluons. The correspondingdi� ractive fractionsare13%,

0.5%and0.2%of their total Z �&	 � 	 � crosssection.Thesepredictionsdid not

includeanestimateof gapsurvival probability, however. This is discussedin the

following section.

2.3.1 Rapidity gapsurvival

TheCollins factorisationtheorem[3] which allows di� ractive pdfs to bedefined

doesnot apply in hadron-hadroncollisions. The reasonfor this ‘f actorisation

breakdown’ is generallyacceptedto be dueto collisionsbetweenspectatorpar-

tonsin thecolliding protons,causingtheoutgoingprotonto dissociateandthere-

fore destroying theprotonandtherapidity gap[37, 38, 39]; it is giventhename

‘gap survival probability.’ This would seemto imply that POMWIG cannotbe

usedat the Tevatron. In di� ractive dijet productionat the Tevatron, for exam-

ple,POMWIGhasbeenshown to overestimatethemagnitudeof thecrosssection

by a factorof approximately10 [40, 41]. However, the kinematicdistributions

of quantitiessuchasthe rapiditiesandET of the jets arecorrectlypredictedby

POMWIG, albeit within large uncertainties.This suggeststhatgapsurvival can

beaccountedfor by anoverallmultiplicativefactor:in thecaseof di� ractivedijet

production,the gapsurvival probability is s F 0 � 1. It is oneof the aimsof this

thesisto assessthe extent to which gapsurvival probability is process-specific;

it is thefirst comparisonof di� ractively producedelectroweakbosondatawith a

39



MonteCarlosimulationthatusestheH1 di� ractivepartondistributions.
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Chapter 3

The DØ Experiment at the Tevatron

3.1 The Tevatron Accelerator

TheTevatron,40mileswestof Chicago,is asynchrotronacceleratorthatcollides

protonswith antiprotons.At 1 s  1 � 96TeV, it hasthehighestcentreof massen-

ergy of any acceleratorcurrentlyoperatingin theworld,andit generatescollisions

at anaveragerateof 1.7million timespersecond.TheTevatronacceleratorcom-

ponentsarehousedin atunnelwith acircumferenceof about6 km underneaththe

restoredprairielandsat theFermiNationalAcceleratorLaboratory(Fermilab)in

Batavia, Illinois. TheFermilabchainof acceleratorsis shown in Figure3.1.

At thebeginningof theTevatronchainis a bottleof hydrogengas,aboutthesize

of a fire extinguisher, inside the Cockcroft-Walton accelerator. The Cockcroft-

Walton turns hydrogenmoleculesinto H� ions andacceleratesthem througha

seriesof potentialdi� erencesto an energy of 750 keV. After this is the Linac,

a long line of radio frequency (RF) cavities: thesearetubesseparatedby gaps,
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Figure3.1: TheFermilabacceleratorcomplex

with an alternatingelectric field at low frequency. The field is alignedto give

a positive gradientin the gaps,acceleratingthe particlesand forcing theminto

discretegroupscalled bunches[42]. The bunchedions are acceleratedby the

Linacto 400MeV, strippedof theirelectrons,andinjectedinto theBooster, which

is asmallsynchrotronacceleratorthatacceleratestheprotonsto 9 GeV.

TheprotonbunchesentertheMain Injector, a largersynchrotronwith two modes:

in the first, protonsareacceleratedto 120 GeV andsentto the p source;in the

second,they areacceleratedto 150 GeV and injectedinto the Tevatronring or

fixed target experiments.Antiprotonsarecreatedby firing protonsinto a nickel

target,usingtensof thousandsof protonsto produceeachone.Theantiprotonsare

accumulatedandstoredat 9 GeV until they areneededfor a periodof collisions,

known asa store, for which they aresentto theMain Injector for accelerationto

42



150GeVandinjectioninto theTevatronring [43]. InsidetheTevatronasetof RF

cavitiesacceleratesthep andp beamsto 980GeVby boostingtheparticleswhen

they pass;thefield frequency is matchedto theincreasingrotationalfrequency of

thebeam.

TheTevatronmagnetsaresuperconducting.Dipolemagnetsdeflectthebeaminto

a circularpathby exertinga horizontalLorentzforceF  q v © B, whereq is the

charge andv © B is the vectorcrossproductbetweenthe velocity andmagnetic

field. The magneticfield is increasedto matchthe increasingparticle energy.

Quadrupolemagnetsfocus the beamby deflectingstray particlesback into the

correctpath.Therearealsosextupolemagnetsfor higherordercorrections.

Eachbeamhas36 bunchesdistributedin threegroupsof 12 calledsuperbunches.

The relative positionof the bunchesis marked by time periodsof 132 ns called

ticks,of which thereare159in thering. Within a superbunch,thebunchspacing

is threeticks (396ns,which correspondsto about120m). Thebeamstructureis

illustratedin Figure3.2.

The p and p beamsarekept apartin a helical orbit everywhereexcept the two

interactionregions. Thesearenamedby their locationson the ring: DØ, where

thereis a detectorof thesamenameandBØ, wherethereis theCollider Detec-

tor at Fermilab(CDF). This analysisusesdatataken by the DØ detectorduring

RunII. Theo� cial startof RunII wasMarch2001.For RunII theTevatronhasa

highercentreof massenergy ( 1 s hasincreasedfrom 1.8 to 1.96TeV), increased

luminosity, anddecreasedbunchcrossingspacing(from 3.5 	 s to 396 ns), and

many partsof theDØ andCDFdetectorshavebeenreplaced.
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Figure3.2: The Tevatronbeamstructure,showing the threesuperbuncheseach

with 12 bunches
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3.2 The DØ Detector

Figure3.3: Diagramof theDØ detector

TheDØ detectoris nearlyfour storeys high andsurroundsa 20 m sectionof the

beamon theeastsideof theTevatronring (Fig. 3.3).Thereareseveralconcentric

layers,includinga trackingsystem,with two detectorsanda solenoidmagnet;a

calorimeter;andamuondetectorsystemwith a toroidmagnet.Thereis a forward

protondetectorto detectoutgoingintact beamparticleslocatedat a distanceof

severalmetresalongthebeamline in eitherdirection.

DØ usesa right-handedcoordinatesystemin which the z-axis pointsalongthe

protonbeamdirection,towardthesouthendof thedetector. North andsouthare

usedto denotetheoutgoingp andp directionsrespectively. The x-axis is in the

horizontalplane,pointing out of the Tevatron ring (east)and the y-axis points

upwards. The azimuthalangle � rangesfrom 0 � 2� . The detectorcoordinate
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systemis centredon (x; y; z)  (0; 0; 0), and the ‘physics’ coordinatesystemis

centredon theinteractionvertex.

Thedetectorsubsystemsaredescribedin thefollowing sections.More detailson

all aspectsof theDØ detectorcanbefoundin [44].

3.2.1 Tracking system

Thecentraltracker is thefirst systemencounteredby particlesthatemerge from

theberylliumbeampipe,measuringthetrajectoriesof chargedparticlesin amag-

netic field. Thereis an inner detector, the silicon microstrip tracker (SMT), an

outer detector, the central fiber tracker (CFT) and a superconductingsolenoid

magnetwhichenclosesthem(Fig. 3.4).

The SMT is a high resolutiondetectorsurroundingthe interactionregion. It is

constructedin two parts:barrels,which arecylindersaroundthebeampipe,and

discs,which aretransverseto the beam(Fig. 3.5). The six barrelsarearranged

longitudinallyalongtheinteractionregion. Eachhasfour concentricdetectorlay-

ers,of which somearesingle-sidedandsomedouble-sided.Thereare12 small

discswith double-sideddetectorwedgescalledF-disksin thecentralregion and

four large discswith back-to-backsingle-sidedwedges,H-disks,in the forward

region. Theouterradiusof thebarrelsectionsandF-disksis about10cm,andfor

H-disksit is 26cm. Thepseudorapiditycoverageis " �)"*� 2 � 5.

Eachdetectorlayeris a thin waferof siliconwith parallelstripsacrossits surface.

Singlesidedlayershaveonly ann-side,asurfacewith a positivevoltagebiasand

n-type dopingto increasethe numberof mobile electrons.Doublesidedlayers

alsohave a p-side,which aredopedto increasethe numberof positive electron
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Figure 3.4: The central tracking system,consistingof the silicon microstrip

tracker, centralfiber trackerandsolenoidmagnet.Otherdetectorsarealsoshown.

ª « ¬ ­

Figure3.5: Thesiliconmicrostriptracker
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holesandhaveanegativevoltageapplied.Whenachargedparticlepassesthrough

thesilicon it createselectron-holepairs:theelectronscollectonthen-sideandthe

holeson the p-side. Thecharge is sampledby ‘SVXIIe’ chipsmounteddirectly

on the detector. The SMT is cooledto lessthanabout5® C to reduceradiation

damage.

The CFT spansthe region 20 � 50 cm from thebeampipeand " �)"¯� 1 � 7. It has

scintillating fibresarrangedin doubletlayers: two layersof fibres,whereoneis

o� setfrom theothersoasto leave no gaps.Thereareeightconcentriccylinders

in the CFT, eachof which hasan axial doubletlayer anda stereodoubletlayer

at either � 3® or -3® . The scintillatingfibresaremadeof polystyreneanddouble

cladin acrylic andflouro-acrylic,with mirroredcoatingat oneend.Thecladding

materialshave lower refractive indicesthan the polystyrene. Excited atomsin

thefibresemit yellow-greenlight, which is trappedandreflectedto the readout

endsandtakenby clearwaveguidesto thevisible light photoncounters(VLPCs).

Theseareavalanchephotodiodesthat convert the photonsinto a charge signal,

which is readout with SVXIIe chips.

Thesuperconductingsolenoidis nearlythreemetreslong,with aninnerdiameter

of aboutametre.Thefield is about2T, axialanduniformovermostof thetracking

volume.

Thedetectorsignals(hits) in thetrackingsystemareusedto reconstructthepaths

of chargedparticles,for calculationof particlemomenta,particle identification

andreconstructionof thepositionof theinteractionvertex or vertices.Thetrack-

ing systemcanmeasurethez positionof theprimaryvertex with a resolutionof

about35	 m. Themomentumof a particlewith chargee in a magneticfield B is

determinedfrom theradiusof curvatureof its trajectoryRby equatingtheLorentz
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forceandthecentripetalforcemv2 + R. Thisyieldstherelationshipp  eBR. High

momentumchargedparticleshave almoststraighttracks,soit is moredi� cult to

determineRandthemomentumuncertaintyis greater.

3.2.2 Preshower detectors

Thecentralandforwardpreshower detectorsmeasuretheenergy andpositionof

particlesbeforethey enterthe calorimeter, improving the energy resolutionand

detectinglow pT electromagneticshowers.Thecentralpreshower is mountedon

theoutsideof thesolenoid( " �#"*� 1 � 3), andtheforwardpreshoweronthecalorime-

terendcaps(1 � 5 ��" �#"*� 2 � 5), asshown in Fig. 3.4.They aremadeof scintillating

stripsreadoutby VLPCs.Thepreshowerdetectorsarenotusedin this analysis.

3.2.3 Calorimeter

The DØ calorimetersystemmeasuresparticleenergy by inducingshowering in

its densemateriallayers. The threemain partsarethe centralcalorimeter(CC),

which encirclestheinteractionregion up to " �)"m< 1, andthetwo endcalorimeters

extendingto " �)"#< 5, which arecalledECN andECSat thenorthandsouthends.

Eachis enclosedin a separatecryostat.Thereis somedetectorcoveragebetween

themaincalorimetersfrom themasslessgaps(CCMGandECMG)andintercryo-

statdetector(ICD). All of thecalorimeterdetectorsystemsarefrom RunI except

theICD.
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Calorimeter geometry

Thefine segmentationof thecalorimeterallows shower positionandshapemea-

surement.Radially, it is several layersdeep: startingfrom the insidetheseare

the electromagneticsection(EM) which has4 layers; the fine hadronic section

(FH) with 2 � 4 layers;andthe coarsehadronic section(CH) which has1 � 3

layers.Eachlayeris dividedinto smallunitscalledcells.Most cellshaveanarea

�$�°©��$�± 0 � 1 © 0 � 1. Thisgeometry, with towersof cellsradiatingfrom thecentre

of thedetector, is known aspseudo-projectivebecausethecells lie alonglinesof

pseudorapiditybut theirboundariesdo not (Fig. 3.6).

Eachcell hasthe uniquedetectorcoordinates(layer, ieta, i phi), whereieta and

i phi areintegerscorrespondingto locationin � and � . In general,eachieta value

correspondsto a detector� width of �¥�� 0 � 1. Therangeis from � 37 to 37 with

no null value. Similarly, i phi rangesfrom 1 � 64 andeachinteger corresponds

to a detector� width �¥�² 2� + 64 < 0 � 1. Therearetwo regionswherethecells

have di� erentsizes. In the forward region " �)"¥L 3 � 2 the cells are larger in �$�
becauseof thediminishingphysicalsizeof pseudorapidityunits (Table3.1),and

theirazimuthalwidth doublesto �$�³ 0 � 2. In thecentralregion " �)"*� 2 � 6 thethird

EM layeris dividedmorefinely with �¥�´©µ�$�� 0 � 05 © 0 � 05. This is to definethe

EM showersmorepreciselyat thedepthof their maximumenergy deposition.

Figure3.7illustratesthecalorimetergeometry. Towersaredrawnasanieta � layer

projection,demonstratingthe correspondencebetweenieta and detector � and

the coverageof the variouslayers. The CCCH is the centralcalorimetercoarse

hadronicregion. Theendcalorimeterhadronicregion hasthreeconcentriccylin-

dersaroundthe beampipe: the inner module(ECIH) at highestpseudorapidity,
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Figure3.6: Thecalorimeter(quartercut-awayview)
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" ieta" " �#" range

1 0 � 0 � 0 � 1
2 0 � 1 � 0 � 2
.. ..

32 3 � 1 � 3 � 2
33 3 � 2 � 3 � 42

34 3 � 42 � 3 � 7
35 3 � 7 � 4 � 1
36 4 � 1 � 4 � 45

37 4 � 45 � 5 � 2
Table3.1: Pseudorapiditycoordinateieta in thecalorimeter

which hasup to four hadroniclayersandonecoarsehadroniclayer, the middle

module(ECMH) which hasfour fine hadroniclayersand one coarsehadronic

layer, andtheoutermodule(ECOH)whichhasup to threecoarselayers.

The calorimeterhasthe furthestreachin pseudorapidityof all the centralDØ

systems.Only the Forward ProtonDetector(Sec.3.2.6)hashigher � coverage.

As shown in Figure3.7,theEM layersextendto " �#"m 4 � 1, thefirst two FH layers

to " �)"W 4 � 45,andthelasttwo FH layersandoneCH layerextendto " �)"W 5 � 2.

Calorimeter Cells

A typical calorimetercell is shown in Figure3.8. The cell is filled with liquid

argon,with anabsorberplateconnectedto groundandareadoutplateat � 2 � 0 kV.

A chargedparticlepassingthroughthecell leavesatrail of ionisationin theliquid
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Figure3.7: Projectionof thecalorimetertowersin the ieta � layer plane
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Figure3.8: A typical calorimetercell

argon, andthe electronsdrift to the readoutplate. The denseabsorberinduces

showering so all the energy of the incidentparticle is measured.The absorber

in the EM is uranium,in the FH it is uranium-niobiumalloy, andin the central

andendCH it is copperandstainlesssteelrespectively. The liquid argon gaps

are2.3 mm wide, with an electrondrift time of 450ns. The absorberplatesare

3-6 mm wide in the EM andFH layersandabout47 mm wide in the CH so as

to ensureall theenergy is sampledwithin thecalorimeter. For the readout,drift

electronsinducea charge on copperpadsetchedonto a fiberglassboard(G10)

with a resistivecoatof epoxy.

Calorimeter electronics

Eachcalorimetercell is a capacitor. The charge is sentto a preamplifierwhich

amplifiesand shapesthe signal so that all channelshave a similar shape: the

chargerisesduringthedrift time 450nsanddecaysoveraperiodof about15 	 s,

which is aboutthreequartersof theTevatroncycle. Thedrift time is longerthan
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the bunch spacing(396 ns), and all of the calorimeterelectronicsare new for

RunII to meetthedemandsof theincreasedcrossingrate.

The preamplifieroutputis sentto a baselinesubtractor(BLS) board,which per-

formsseveralfunctions.A shapercircuit takesthefirst two thirds(260ns)of the

signalandproducesashortersignalthatpeaks320nsaftertheinteractionandde-

caysover threebunchcrossing(BX) periods.Theshapersignalis sampledevery

tick (132ns)with every third sampleoccurringat thepeak.Thesamplesareused

for baselinesubtraction.Baselinesubtractioncompensatesfor pile-up,which is

signalfrom previousinteractions.Thebaselineis thestoredsamplefrom thepre-

vious bunchcrossing,threeticks beforethe currentsignal. The subtractioncan

resultin negativeenergy signalsfor thechannel.TheBLS boardsendsthesignal

to bedigitizedfor readout.

Cellsaresubjectedtozerosuppressionto reducetheamountof informationrecorded

for eachinteraction.Eachcell is monitoredduring beamcollision time, andthe

signalis only storedif it is at least1 � 5> from themeanof thenoise.During data

processingthe ‘T42’ algorithmperformsa moresophisticatedlevel of suppres-

sion[45]. Cell arekept if thesignalis 4> from themean,or if they area nearest

neighbourof thesewith asignal2 � 5> from themean.Cellswith negativeenergies

arediscarded.

Masslessgapsand intercryostat detector

Themasslessgapsareindividual calorimetercellspositionedinsidethecryostats

beforethe first absorberlayers. They cover the region 0 � 8 �¶" �)"·� 1 � 4. The

intercryostatdetector(ICD) is mountedon thecalorimeterendcapsin theregion

55



1 � 1 �¸" �)"¹� 1 � 4. It is madeof scintillatingtiles,which arereadout by wavelength

shiftingfibresconnectedto photomultipliertubes(PMTs).Themasslessgapsand

ICD provide informationonshowerenergy in theregionsbetweenthecentraland

endcalorimeters.

3.2.4 Luminosity Monitor

TheLuminosityMonitor (LM) detectschargedparticlesin theforwardregion to

determinethe luminosity of the experiment. It comprisestwo detectorsand a

logic system.Eachof the detectorsis an arrayof 24 plasticscintillator wedges

andphotomultipliertubes(Fig. 3.9)situatednearthebeampipeat approximately

8 140cm from thecentreof DØ. They aremountedon thecalorimeterendcaps

(Fig.3.4)andcoverthepseudorapidityregion2 � 7 �º" �)"}� 4 � 4. Chapter4 describes

thefirst measurementof theLM e� ciency for RunII.

Figure3.9: Onedetectorof theLuminosityMonitor (r- � view), showing thescin-

tillator wedges,photomultipliertubesandcentralbeampipe
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3.2.5 Muon detector system

Themuonsystemis theoutermostdetectorsystem.It is cuboidwith threelayers

namedA, B andC, whereA is theinnermost,andtoroid magnetsbetweentheA

andB layers.Therearelayersof scintillatorsfor timing measurementsandwire

drift chambersfor tracking. It is dividedinto a centralregion ( " �)"q� 1 � 0) andtwo

forwardregions(1 � 0 �º" �)"}� 2 � 0).

Thetrackingsystemcomprisesproportionaldrift tube(PDT)detectorsin thecen-

tral region, mini drift tube(MDT) detectorsin theforwardregion, andthetoroid

magnets.The tubesarearrangedinside large drift chambers(Fig. 3.10). Each

chamberin the A-layer hasfour decksof tubes,except thosein the bottomA-

layer which have three,andchambersin the B- andC-layershave threedecks.

Thereis a region in the bottom A-layer, with 4 � 25 ����� 5 � 15 and " �)"»� 1 � 25,

which hasno detectorsdueto thecalorimetersupportstructure.

PDT detectorsare aluminium enclosureswith an anodewire at the centre(at

4.7 kV) and two cathodepadsabove and below (at 2.3 kV), filled with a gas

mixturethatis predominantlyargon.TheMDT detectorsaretubeswith eightan-

odewires andan outercathodestructureat � 3 � 2 kV. They arefilled with a gas

mixture that is predominantlytetrafluoromethane.Charged particlesionise the

gasandelectronsdrift to theanodes.Signalsfrom theanodewiresareamplified,

discriminated,andsentto digitisationboards.

Thecentraltoroid is asquareannulussurroundingthecentralA-layers,about3 m

from the beampipe and over a metrethick. The end toroids are squareswith

dimensions8 m © 8 m © 1.5m. Themagneticfield is about1.8T.

Hits in the muontrackingsystemarecombinedwith informationfrom the cen-
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tral tracker to identify muonsandmeasuretheir momentain thepresenceof the

toroidalmagneticfield. TheA-layerhitsarematchedto acentraltrackto confirm

the muonposition,andcomparedwith hits in the B andC layersto determine

the pathdeflection. Thusthe muonsystemprovidesmuonidentificationandan

independentmeasurementof themomentumfrom thecentraltrackingsystem.

Thescintillatingcountersarefinely segmenteddetectorsthatareusedfor trigger-

ing andfor rejecting‘out-of-time’ backgrounds.In the centralregion thereare

two groups: in the A-layer are the A¼ counters, andin the C-layerandbottom

sectionof the B-layer therearethe outer counters. In the forward region there

arepixel counters in all threelayers. Eachcounteris a sheetof scintillator that

emitsblue light, with embeddedwavelengthshifting fibres(or bars,in thepixel

counters)to transportthelight to photomultipliertubes.

Two sourcesof out-of-timebackgroundsareearlyhitsfrom upstreambeamlosses

in the tunnel, and late hits from beamremnantsscatteringo� the edgesof the

calorimeter. Thescintillatorcountersprovide absolutetime measurementsto re-

ject thesesignals. In addition, muonsoriginating from cosmicrays can come

throughthedetectorat any time. They hit theupperpartof thedetectorandthen

thelower, in contrastto muonsfrom acollisionwhichhit theupperandlowersec-

tionsat thesametime,andcanberejectedby requiringthedi� erencebetweenthe

scintillator timesmeasuredin the upperandlower sectionsto be approximately

zero.

The muonsystemis protectedfrom upstreamshowering in the beampipe with

shieldingmadefrom iron, polystyreneandlead. Theshieldingextendsfrom the

outeredgeof thecalorimeterto theendof theDØ collisionhall.
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Figure3.10:Explodedview of themuontrackingchambers

3.2.6 Forward Proton Detector

TheForwardProtonDetector(FPD)detectsintactprotonsfromelasticanddi� rac-

tive scattering.It is a seriesof momentumspectrometersthatmake useof accel-

eratormagnetsin conjunctionwith positiondetectorsalongthe beamline [46].

In total the FPD hasnine spectrometers,eachcomprisingtwo scintillating fibre

trackingdetectors,that canbe moved to within a few millimetresof the beam.

Reconstructedparticlefour-vectorsareusedto calculate% and t of the scattered

protons(Section2). TheFPDhasbeenusedin measuringd> + dt for elasticscat-

tering[47], andis currentlybeingcommissionedfor usein di� ractiveanalyses.
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3.3 Triggering

The DØ trigger systemselectseventsfrom the collision rateof 1.7 MHz to be

written to tapeat a rateof 50 Hz. An event is a bunch crossingtime window

in which the detectorsignalsarereadout, in which theremayor maynot bean

interaction.Therearethreetriggerstageswith increasinglevelsof sophistication

anddecreasingeventacceptancerates.

The first stageis Level 1 (L1), a fasthardwaretrigger with 256binary channels

called the L1 And� Or terms. Eachhasa loose(unrestrictive) requirementsuch

asa small amountof energy in the calorimeteror a few trackinghits, andif the

conditionis metthechannelis setto unity. Thetermscanbecombinedfor more

complicatedrequirements.The Level 1 decisionsreducethe event rateto about

1.5kHz. EventsacceptedatL1 passto Level 2,whichreconstructssimplephysics

objectsfrom di� erentsub-detectorsand reducesthe event rate further to about

850Hz [48]. EventsacceptedatL2 haveall thedetectorelementsreadout for the

Level 3 decision.TheL3 algorithmsfor reconstructingphysicsobjectsaresimilar

to thoseusedin o½ ine reconstructionfor physicsanalysis.

Triggerscombinerequirementsfrom oneor moreof theselevelsto selectdi� erent

typesof interaction.EverytriggerincludesthreeL1 exposure terms,whichensure

the event is within a bunch crossingtime window, that L1 is readyto make a

decision,andthat zerosuppressionis enabledin the calorimeter. Most physics

triggersrequireseveralotherterms.Four examplesaredecribedbelow. Thefirst

two areusedby the experimentfor measuringluminosity (Sec.4.2) andall are

usedin this thesis.

zero bias Thezerobiastriggerselectseventsfrom randombunchcrossings.This

60



triggerdoesnot requirebeamsto becolliding: emptybunchcrossingsare

readoutandcanbeusedfor detectornoisestudies.

minimum bias TheminimumbiastriggerrequiresthattheL1 termFastZ is set,

which is a coincidencein theLuminosityMonitor (describedin Section4).

This triggerselectssoft inelasticcollisions.

JT 15TT At L1, theJT 15TTtriggerrequirestwocalorimetertriggertowerswith

ET L 3 GeV. Triggertowersaremadefrom afastreadoutof thecalorimeter

signalsandhave �$�¤©¾�$�¿ 0 � 2 © 0 � 2. This triggeralsorequiresthatat least

onejet with ET L 15 GeV is foundat L3.

2MU A L2M0 Thedimuontrigger2MU A L2M0 requirestwo hits in themuon

scintillatorsatL1, andatleastone‘medium’qualitymuon(Section5) found

at L2.

Theconditionsfor many triggersacceptlargenumbersof eventsthatwouldover-

whelm the datastoragerate, so thereare prescalefactorsfor these. Prescales

reducetherateby selectinga presetfractionof theevents.Thesearechangedfor

eachtriggerasthestoreprogressesandtheinstantaneousluminositydecreases,to

optimisetherecordedratefor varioustypesof interaction.All triggertermresults

arereadout with the event information,andprescalesarestoredfor luminosity

calculations.
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Chapter 4

E ciencyof the Luminosity

Monitor

Theprimarypurposeof theLuminosityMonitor (LM) is to countinelasticpp col-

lisions in orderto calculatethe integratedluminosityof theexperiment.Di � rac-

tivephysicsanalysesalsousetheLM outputfor triggering,to collecteventswith

rapidity gaps. The LM systemhasbeenalmostcompletelyreplacedfor Run II.

The two detectorsarenew, andthe electronicsremainfrom Run I with reduced

functionality: previously theoutputincludedthe numberof sectionshit on each

side,but at thetimeof this analysisthereis justa binarysignalfor eachdetector.

This sectiondescribesthe first measurementof the e� ciency of the Luminosity

Monitor in RunII [49]. Thiscontributedto anoverall e� ort in 2003to determine

eachfactorin theluminositycalculationof theexperiment[50].
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4.1 LM And À Or Terms

The LM hastwo detectors,North andSouth,covering the range2 � 7 ��" �#"*� 4 � 4.

Eachdetectorhas24 scintillator wedgeswith PMTs, from which the charge is

summed,amplifiedanddiscriminated(convertedto digital by applyinga thresh-

old). Thesignalsareusedasinput for severalLevel 1 And� Or termsof whichfive

arerelevanthere.Two correspondto thedetectorsN andS, referredto hereasthe

detectorterms. Theothers,timing terms, areassignedby thedi� erencein timeof

arrival betweentheNorthandSouthsignals.

If bothdetectorsarehit the time di� erencegivesthe longitudinalpositionof the

collision. For aninteractionoccuringatzvtx theNorthandSouthsignalsarriveat

tN  t0 � l � zvtx

c

tS  t0 � l � zvtx

c

wherel is the distanceof the detectorsfrom the centreof the interactionregion

(140cm). Thetime di� erence� t  tN � tS is proportionalto thez positionof the

interaction,� t  2 zvtx + c.

An inelasticcollision at thecentreof the interactionregion has � t < 0, andthis

is referredto asa coincidence. In this casethe timing term calledFastZ is set

(‘fired’), which is usedfor the luminosity calculation,the minimum biastrigger

andsomeotherphysicstriggers.In additionzvtx is storedin fiveAnd� Or terms,and

if therearemultiple interactionszvtx is theaveragepositionof thevertices.When

one detectorsignal arrivessignificantly beforethe other this is consistentwith

beamlosses,known ashalo. Lossesoccurwhenupstreambeamparticlesscatter

from residualgasmolecules,other beamparticles,or acceleratorcomponents,
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causingshowering into the DØ detector. Muons from theseshowers are very

penetratingandthey canhit both LM detectors.Theseeventstrigger the timing

termsfor halo: if Southis hit beforeNorth it firesAHalo, andif North is first, it

firesPHalo. Only thefirst hit to eachdetectoris recordedsoaneventcanfire at

mostonly oneof FastZ, AHalo or PHalo. A consequenceis that if thereis an

earlyhit from beamlossesbeforeaninelasticcollision theeventis categorisedas

halo. Therearegapsbetweentheclassificationranges,sosomeeventsin which

bothdetectorswerehit do not fire a timing term. Thedetectorandtiming terms

aresummarisedin Table4.1.

L1 term Detectorsfired Vertex position(cm)

N North n� a
S South n� a
FastZ North & South " zvtx ".� 97

AHalo North & South 116 � zvtx � 166

PHalo North & South � 166 � zvtx �º� 116

Table4.1: LuminosityMonitor L1 And� Or terms

4.2 CrossSectionsand Luminosity

A crosssectionfor agiventypeof interactionmaybedefinedas

>Á dN
dt
� 1Â (4.1)

wheredN+ dt is the rate of interactionsand
Â

is the instantaneousluminosity.

Someof theparametersthata� ecttheluminosityareexperimentaldesignchoices
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suchasbunchcrossingfrequency, numberof bunches,and‘focal length’ of the

quadrupolemagnetsnext to theinteractionregion. Othersvary by crossing,such

as the numberof beamparticlesper bunch,bunch lengthand transversebunch

size. The beampropertiesarenot known su� cienctly preciselyto calculatethe

instantaneousluminositysoit is measuredwith theLM from collisiondata.

DetermininginstantaneousluminosityusesEq.4.1 for inelasticpp collisions:

Â  1> ef f

dNmeas

dt

where> ef f is thee� ective inelasticcrosssection,known at DØ astheluminosity

constant,anddNmeas+ dt is therateof inelasticcollisionsmeasuredwith theFastZ

term. Thee� ective crosssectionincludesfactorsfor theLM e� ciency 7 LM and

geometricacceptanceALM,

> ef f  7 LM ALM > inel �
Instantaneousluminosity decreasesduring a storebecausethe numberof beam

particlesdecreases.It is calculatedin unitsof timecalledluminosityblocks(LB),

which are60 or fewer secondslong. Over this short time it is assumedthat the

instantaneousluminosity is constant,so theexpression
Â

dt  Â � t holdsfor

eachtick in eachLB. Many ticks haveno beam,but ticks thatdo havebeamhave

di� erentluminositiesbecausethenumberof beamparticlesin eachbunchvaries.

Therateof interactionsin aparticulartick in anLB is givenby

dNmeas

dt tickÃ LB

 µ	 tickÃ LB © f

where 	 is the averagenumberof interactionsper tick and f is the frequency

of the tick, the Tevatronrotationalfrequency 47.8kHz. The averagenumberof
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interactionsper tick is derived from the FastZ rate throughPoissonstatistics,

becausethenumberof timesthatFastZ fires in a tick over oneLB is a measure

of theprobabilityof at leastoneinteractionocccuring,

NFastZ

Nticks tickÃ LB

 P(n L 0) ;

wheren is thenumberof interactions,andthis is relatedto 	 with

P(n)  	 n

n!
e�oÄ

P(n L 0)  1 � P(0)  1 � e�pÄ �
Sothe integratedluminosity for a LB is a sumover all the ticks, calculatedwith

theFastZ ratein eachtick andtheluminosityconstant.For a crosssectionmea-

surementall the luminosity blocks that the analysistriggersareexposedto are

addedtogether, takinginto accounttheprescalefactorsof thetriggers,to give the

total integratedluminosity. Luminosityblocksaretoo small for normalreference

to dataperiods,so the next largestunit is the run. A run is up to four hoursin

length,but may be shorterif beamor detectorconditionsnecessitatea breakin

recordingdata.A storeis aboutonedayin length.

The measurementof the LM e� ciency is describedhere. The determinationof

theacceptanceandinelasticcrosssectionareincludedfor completeness.

4.2.1 Inelastic pp crosssection

Inelasticpp interactionsmaybedividedinto thefollowing categories,whichhave

di� erentcharacteristicswith respectto protondissociationandrapiditygaps:
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SingleDi � raction (SD) p � p � p � X (andchargeconjugate)

In singledi� raction,oneof the protonsemitsa pomeronandstaysintact,

andthepomeronscatterswith theotherbeamproton. Theparticlesin the

systemX areboostedalongthecollisionaxis,andthereis aforwardrapidity

gapin theregionof theintactproton(Fig. 4.1(a)).

Double Di � raction (DD) p � p � X � Y

Double di� ractive interactionshave a centralrapidity gap: a pomeronis

exchangedandbothprotonsdissociate(Fig. 4.1(b)).

Double Pomeron Exchange p � p � p � X � p

In doublepomeronexchangebothprotonsemit a pomeronandremainin-

tact. The two pomeronsscatter, producinga centralsystemwith rapidity

gapsin bothforwarddirections.

Non-di � raction (ND) p � p � X

In non-di� ractiveinteractions,bothprotonsdissociateandparticlesarepro-

ducedwithoutany rapiditygaps.

Å

Å

Å

(a)SD

Æ

Æ

(b) DD

Figure4.1: Diagramsof singledi� ractionanddoubledi� raction
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Theinelasticpp crosssectionis determinedfrom measurementsat 1 s  1 � 8 TeV

by the E811 and CDF experimentsat Fermilab. The two disagreeat the level

of 2.8> [50] and are averagedusing the PDG prescriptionfor non-compatible

measurements.Theaverageis scaledto 1 s  1 � 96TeV with theresult

> inel  (60� 7 8 2 � 4) mb( 1 s  1 � 96 TeV) �
Detailsarein [51].

TheCDFexperimentmeasuredtwo componentsof theinelasticcrosssection,for

singledi� ractiveanddoubledi� ractive interactions:

> SD  (9 � 6 8 0 � 5) mb( 1 s  1 � 8 TeV)

> DD  (7 � 2 8 2 � 0) mb( 1 s  1 � 8 TeV)

Thesewerenot scaledto 1.96TeV becausethe uncertaintiesarelarger thanthe

scalingfactor, andthe energy dependenceof di� ractive crosssectionswascon-

sideredto benot su� cientlywell understood.

4.2.2 LM acceptance

TheLM acceptanceis definedasthefractionof inelasticeventsin which at least

onechargedparticlehitseachdetector, andit is calculatedwith MonteCarloevent

generators.Acceptancevariesfrom processto processbecauseof the di� erent

numberandrapidity distributionsof particles. The inelasticcrosssectionis di-

vided into threeparts: singledi� ractive (SD), doubledi� ractive (DD) andnon-

di� ractive (ND). It is assumedthereis negligible acceptancefor doublepomeron

exchange.Thustheacceptanceis definedas

ALM > inel  ASD > SD � ADD > DD � AND > ND
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wherethenon-di� ractivecrosssectionis > ND  Ç> inel ��> SD �È> DD .

Theacceptancesaredeterminedusinganaverageof two MonteCarlogenerators:

PYTHIA [52] with the full detectorsimulation,andMBR [53] with a parame-

teriseddetectormodel.Theresultsarein Table4.2. Thesingledi� ractionaccep-

tanceis reasonablylarge,becausetherapidity gapcanbesmallerthantherange

of theLM andbecauseparticlescanscatterinto thegap.Theresultfor thecross

sectiontimesacceptanceis

A >Á 50� 58 8 3 � 01mb �

Process Acceptance

Non-Di� ractive 0 � 982 8 0 � 013

SingleDi � ractive 0 � 313 8 0 � 137

DoubleDi � ractive 0 � 624 8 0 � 130

Table4.2: LM detectoracceptancesfor di� erentcomponentsof the inelasticpp

crosssection.Theuncertaintiesareassignedaccordingto thevariouspredictions

of theMonteCarlosused[50].

4.3 LM EÉ ciency

The LM e� ciency is the fraction of inelasticeventswithin acceptancein which

FastZ fires,which includestwo components.Thefirst is the detectoreÊ ciency

for thecharge from a particlehitting theNorth or Southdetectorto passthedis-

criminationthreshold(Section4.3.1). The secondis the e� ciency, in eventsin
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which both detectorsfire, for the vertex to be reconstructedwithin the 8 97 cm

rangeof FastZ. This is theclassificationeÊ ciency(Section4.3.4).

4.3.1 Detectore� ciencies

Eventsaredeterminedto bewithin acceptancebyusingthecalorimeterto measure

energy depositedbehindeachLM detector. The energy of a cell is addedto the

forward energy sum Esum (North or South) if it passesthe following selection

requirements:

Ë EM layers

Ë 2 � 7 �º" � cell "}� 4 � 1
Ë Ecell L 100MeV.

The datawerecollectedwith the zero bias trigger during the period 24th April

– 24th June2003. Runsdefinedasbadby the Jet� Missing ET andCalorimeter

groupsareexcluded,leaving adatasampleof about1.6M events.Eventsthatfire

PHalo or AHalo arealsoexcluded.

The eventsaredivided into the four possiblecombinationsof North andSouth

detectorsignals. Theseareclassifiedasfollows: firstly, in the N � S eventsboth

detectortermshavefired andthusaredefinedase� cient. In N � S andN � S events

eitheroneof thedetectorsis ine� cient or only onedetectoris hit; the latter are

single di� ractive interactionsor empty bunch crossingsin which halo hits one

detector. The last group,N � S, areemptybunchcrossingsandsomeine� cienct

events:bothdetectorsine� cient,or singledi� ractivewith onedetectorine� cient.
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Thecategoriesaresummarisedin Table4.3.They arereferredto asthe‘e� cient’,

‘ine� cient� SD’ and‘noise’ samplesrespectively.

Sample A� O terms Events

E� cient N � S Ë Bothdetectorse� cient

Ine� cient� SD N � S Ë Onedetectorine� cient

N � S Ë SDhits onedetector(not ine� cient)

Ë Halohits onedetector(not ine� cient)

Noise N � S Ë Bothdetectorsine� cient

Ë SD � onedetectorine� cient

Ë Emptybunchcrossing(not ine� cient)

Table4.3: Summaryof eventsamples

Theenergy sumfor e� cienteventsis shown in Figure4.2,with theNorth sidein

theupperfigureandtheSouthsidebelow. Thedataextendto veryhigh energies,

andthedistribution is exponentialovermostof therange.

Thenext group,ine� cient� SD,areshown in Figure4.3. Theupperfigureshows

the North energy in N � S events,and the lower shows the Southenergy in N � S
events.Thesearepeakedat low energy andshow a similar shapeto thee� cient

samplein therestof the range.It is a two componentmixture: eventswith very

little forward activity (single di� ractive, or empty bunch crossings)and events

with protondissociationwherethedetectoris ine� cient. Overlaidon thefigures

aretheNorth andSouthenergy sumsin thenoisesample.This is dominatedby

eventswith verylittle forwardenergy. Thenoisedistributionhasbeenscaledsuch

thatthetwo arenormalisedat thefirst bin.
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Figure4.2: Esum for thee� cientsampleN � S
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Figure4.3: Esum for theine� cient� SD samples(a) N � Sand(b) N � Sandthenoise

sampleN � S, normalisedat thefirst bin.
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Thenumberof ine� cienteventsin theine� cient� SDsamplesis estimatedin two

wayswhicharedescribedin thefollowing sections.

Subtraction method

In the first methodthe noisedistribution is simply subtractedfrom the ine� -

cient� SD distribution. Theresultsareshown in Figure4.4. Thee� ciency of the

North detectorgiven that the Southis on, ( 7 NÃ S)sub, is calculatedfrom the num-

berof entriesin theNorth subtracteddistribution andthenumberin thee� cient

sample:

( 7 NÃ S)sub  NeÌ cient

NeÌ cient � NNorth subtracted
� (4.2)

Thisis referredto asthesubtractede� ciency. It is similarly repeatedfor theSouth

side.

This is anupperlimit for thee� ciency. Theremaybesomeadditionaline� cient

eventsthatarenot countedbecausetheir energiesarebelow thecalorimetercell

energy threshold.The next sectiondescribesthe methodto find the lower limit

for thee� ciency.

Extrapolation method

Thesubtracteddistribution is fittedwith asumof two exponentialsover therange

1 � 5 � 20 GeV. The fit function is drawn in Figure4.4 alongwith oneof the ex-

ponentialsto illustratethechangebetweenthetwo. The function is extrapolated

to the y-axis and in the region with Esum � 1 � 5 GeV the integral is usedasthe

numberof ine� cientevents.Abovethis boundarytheintegralof thehistogramis

usedasbefore.Thetwo partsareaddedtogetherto give theextrapolatedsample,
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Figure4.4: Esum for the (a) North and(b) Southsubtractedhistograms.The fit

functionis thesumof two exponentials,in therange1.5-20GeV. Oneexponential

is shown asadashedline.
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from which theextrapolatede� ciency ( 7 NÃ S)ext is derived:

( 7 NÃ S)ext  NeÌ cient

NeÌ cient � NNorth extrapolated
�

The extrapolatedandsubtractedresultsareusedaslower andupperboundsfor

thedetectore� ciencies:

96� 6% � 7 NÃ S � 97� 2%

94� 7% � 7 SÃ N � 95� 6% �
The boundsare usedas an estimationof the systematicuncertainty;statistical

uncertaintiesareanorderof magnitudesmaller.

4.3.2 Parameter variation

Thestability of themeasurementis checkedwith variationsin theanalysis.The

first changeexcludeseventsfrom thenoisesamplethathave a vertex. This is to

ensurethat the e� ciency is not overestimatedbecausereal energy in the noise

samplewould give too large a subtractionfrom the ine� cient� SD distribution,

and the ine� cient samplewould be too small. A typical definition of a good

primaryvertex is onethathasat leastthreematchedtracks.In a sampleof more

than0.8M N � S events,nonehasavertex thatpassesthis requirement.Eventsthat

have verticeswith two matchedtracksareexcludedfrom thesampleandthis has

negligible e� ecton theresult:

96� 6% � 7 NÃ S � 97� 1%

94� 6% � 7 SÃ N � 95� 5%
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The parametersare varied for the energy sum and the bunch crossingposition

with respectto thesuperbunches.Thebunchcrossingpositionteststhee� ectof

pile-up from previous interactionsand the resultingbaselinesubtractionin the

calorimeter. This canbe di� erentin the first andlast ticks of the superbunches

becauseof the varying probability of energy signalsfrom previous interactions

overlappingtheevent.

Therearealsovariationsin the subtractionmethod,by alteringthe bin usedfor

normalisingthe two samplesand the bin width of the distributions. Changing

thebin for normalisationresultsin negativeentriesin thesubtracteddistribution,

which are not includedin the integration. The parametersetsare summarised

below, andthe resultsareshown in Fig. 4.5. The upperandlower limits of the

errorbarscorrespondto thesubtractionandextrapolationmethodsrespectively.

1. Originalparameters

2. Eventswith verticesexcludedfrom noisesample

3. Pseudorapidityrangeof Esum is 2 � 8 ��" �#"*� 3 � 7
4. Pseudorapidityrangeis 2 � 6 �º" � cell "}� 4 � 1
5. Cell energy thresholdis 50 MeV

6. Cell energy thresholdis 200MeV

7. First tick of superbunches

8. Lasttick of superbunches

9. Normalisenoisedistribution to 2nd bin of ine� cient� SD sample
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10. Normalisenoisedistribution to 3rd bin

11. Normalisenoisedistribution to averageof 1st and2nd bin

12. Bin width is 100MeV

Figure4.5: E� ectof parametervariationsonNorthandSouthdetectore� ciencies

The parametersof the extrapolationmethod,the fit rangeandthe dividing line

betweenintegrationof the fit function andhistogram,arealsovaried(Fig. 4.6).

Theresultsareconsistentwith themeasurementsshown in Fig. 4.5.

13. Fit rangeis 2.5–20GeV

14. Fit rangeis 1.5–10GeV

15. Fit rangeis 3.0–30GeV
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16. Integralboundaryis 1.0GeV

17. Integralboundaryis 2.0GeV

Figure4.6: E� ectof varyingfit rangeandintegrationboundaryonthelowerlimits

of theNorthandSouthdetectore� ciencies

A studyusingearlierdataindicatesanothercomponentof thedetectore� ciency.

This is the ‘electronicse� ciency.’ Occasionallyan error occursin the detector

signalpathwherethechargepassesthediscriminationthresholdbut thedetector

term is not set. This problemfortunatelydoesnot a� ect the timing terms. The

datasetfor theanalysisdescribedsofarwastakenafterchangesweremadeto the

electronicsto remove this ine� ciency. The following analysisis carriedout for

threeearliertimeperiods:in thefirst andsecond,no changeshadbeenmade;the

secondwasafteran experimentshutdown; andthe third wasafter thechangeto

theSouthterm.

1. 21st April ’02 – January’03 shutdown
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2. January’03 shutdown – Southdetectortermchange

3. Southdetectortermchange– Northdetectortermchange

The resultsareshown in Fig. 4.7 andshow the improvementin the Southside

e� ciency during the third period. The North side e� ciency is also improved

betweenthesemeasurementsand thosein the main analysisdataset.Only the

main datasetis usedfor thedetectore� ciency measurementsfor the luminosity

constant,becausetheelectronicse� ciency doesnota� ecttheFastZ term.

Figure4.7: Singledetectore� ciency limits asa functionof time

Two cross-checksfor the LM detectore� ciencieswere performedwith other

methodsusingthecalorimeterenergy andfoundto beconsistentwith theresults

in Figs.4.5and4.6 [50]. It wasdecidedto take therangeof thesemeasurements

asthesystematicuncertainty, resultingin thevalues

7
NÃ S  (97 8 1)%
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7
SÃ N  (95 8 1 � 2)%

for theindividualLM detectore� ciencies.

4.3.3 Combineddetectore� ciency

If thetwo detectore� cienciesareuncorrelatedit hasno e� ecton onesideif the

otherdetectorfired. Thee� ciency for theNorthside,with no requirementon the

South,is givenby Eq.4.2usingadditionalcomponentsfrom eventsin which the

Southdetectordid notfire:

7
N  NN ÍS � N(N ÍS) real

NN ÍS � N(N ÍS) real � N(N ÍS) real � N(N ÍS) real

whereNN ÍS is the numberof eventswith the North andSouthdetectorson, and

the su� x ‘real’ refersto the numberof ine� cient eventsin that sample. It is

assumedthatN(N ÍS) real  0 becausenoneof theeventsin this samplehaveagood

vertex, andtheothercomponentshave beendeterminedasdescribed.Theresults

for theindependentNorth andSouthe� ciencies,7 N and 7 S, are 7 N  97� 1% and

7
S  95� 2%. Theseareconsistentwith 7 NÃ S and 7 SÃ N so it canbe assumedthat

the two sidesareuncorrelated.Thee� ciency for bothdetectorsto fire in events

within acceptanceis theproductof thetwo e� ciencies,7 NS  92 8 1 � 6%.

4.3.4 Classificatione� ciency

If bothdetectorsfire then91.9%of eventsareclassifiedasFastZ, 6.0%asPHalo,

0.5%asAHalo and1.6%asnoneof these.TheAHalo rateis muchsmallerthan
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the PHalo ratebecausethe antiprotonbeamintensity is 1+ 10 that of the proton

beam.

Eventsthatdonotfire FastZ areamixtureof inelasticcollisions,whenthevertex

has " zvtx "mL 97 cm or anearlyhalohit causesit to bemisreconstructedthere,and

emptybunchcrossingswherehalo particleshit both detectors.For the classifi-

catione� ciency it is necessaryto separatethe ine� cienteventsfrom theempty

bunchcrossings.

New event samplesare defined: e� cient eventsare N � S � FastZ and ‘ine� -

cient� halo’ eventsareN � S � FastZ. Figure4.8 shows the energy distributions

for thesetwo setsof events. The e� cient distribution is normalisedto the in-

e� cient� halo distribution in the high energy region. The normalisationscaleis

determinedfrom aexponentialfit of bothdistributionsin therange80 � 160GeV,

wherethe scalefactorfor the e� cient sampleis the ratio of the intercepts.The

ine� cient� halo samplehastwo components:a peakat low energy, from empty

bunchcrossings,anda high energy distribution from inelasticinteractions.The

numberof real interactionsis estimatedas the numberof eventsin the scaled

e� cientsample.Theclassificatione� ciency is

7
Ncal  NeÌ cient

NeÌ cient � NscaledeÌ cient

;

wherethesubscriptNcal refersto thesideof thecalorimeterusedin theenergy

sumdistributions.Theresultsarein Table4.4for threedi� erentfit ranges.

ThemeasurementsusingtheSouthcalorimeteraresignificantlylower thanthose

usingtheNorth side.This is investigatedby dividing theine� cient� halosample

into three:eventsthatfire PHalo, AHalo or noneof thetiming termsrespectively.

Theanalysisis repeatedon eachof thesesamplesto determinethesourceof the
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Figure4.8: Esum for theN � S � FastZ sampleandthenormalisede� cientsample,

N � S � FastZ
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Fit range(GeV) Ñ Ncal (%) Ñ Scal (%)

80-160 96.5 92.4

50-100 95.5 92.9

30-80 95.3 93.3

Table4.4: Classificatione� cienciesmeasuredusingvariousfit ranges

asymmetry(Figs.4.9-4.11).Thefit rangefor eachis 80-160GeV. Theresultsare

givenin Table4.5.

Ine� ciency Ñ Ncal (%) Ñ Scal (%)

PHalo 97.8 93.7

AHalo 99.5 99.8

none 98.9 98.5

Table4.5: E� cienciesdueto eventsbeingmisclassifiedasPHalo, AHalo or none

Thelargestsourceof theasymmetryis misclassificationof eventsasprotonhalo.

Fig. 4.9 shows that the energy in the Southcalorimeterin N � S � PHalo events

is larger thanin theNorth calorimeter, with no low energy peak. It maybe that

theemptybunchcrossingsin which PHalo firesarenot emptyin this region be-

causeprotonbeamlossesproduceadditionalshoweringandenergy depositionin

theoutgoingproton(South)direction.Thisalsoseemsto occurin theoppositedi-

rectionin eventsthatfire theAHalo term(Fig. 4.10).Theeventsthatfire noneof

thetiming termsalsoshow a smallasymmetryconsistentwith thePHalo sample

(Fig. 4.11).Themisclassificationratesaremuchsmallerfor theAHalo andnone

categories,sotheasymmetryhasasmallere� ect.
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Figure4.9: Esum for theN � S � PHalo sampleandthenormalisede� cientsample,

N � S � FastZ
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Figure4.10:Esum for theN � S � AHalo sampleandthenormalisede� cientsample,

N � S � FastZ
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Figure4.11:Esum for theN � S � nonesampleandthenormalisede� cientsample,

N � S � FastZ.
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It wasdecidedto treatthehalocomponentsof theclassificatione� ciency sepa-

rately andincorporateonly the misclassificationof eventsasnoneof the timing

termsin theLM e� ciency. Thee� ectof haloin reducingtherateof eventsfiring

FastZ is correctedfor online (during the store)[54]. A crosscheckof theclas-

sificatione� ciency usinganothermethod[50] gave resultswith a lower limit of

98.2%,andthemedianvalueof therangeis used:7 class  98� 6 8 0 � 4%.

TheLM e� ciency is

7
LM  7 N © 7 S © 7 class  (90� 9 8 1 � 8)% ;

wheretheuncertaintyincludesanadditionalcomponentfor luminositydependent

e� ects[55]. Theresultingluminosityconstantis > ef f  (46 8 3) mb, in whichthe

largestpartof the6.5%uncertaintyis from thetotal pp crosssection.

88



Chapter 5

Analysis of Di ractive Z
Ò

Interactions

Thischapterdescribesthefirst searchfor di� ractiveZ bosonproduction(p � p �
p � Z � X andthechargeconjugate)in themuondecaychannel,andwork towards

the measurementof the crosssectionfor this process. The fractional momen-

tum loss of the intact proton is measuredin Z � 	 � 	 � interactions,using the

calorimeterandmuonsystemandcorrectedwith eventssimulatedby POMWIG.

Themomentumlossis usedto selectdi� ractivecandidateevents.Thee� ciencies

of the selectioncriteria and the backgroundcontaminationratesare estimated,

andthe systematicuncertaintiesfor theseareexplored. It is concludedthat fur-

therwork is requiredto understandtheuncertaintiesbeforethecrosssectioncan

bedetermined.
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5.1 Z BosonCandidate Selection

5.1.1 Dataset

The datafor this analysisweretaken by theDØ detectorduring theperiod27th

February– 7thSeptember2003.Earlierdataarenotusedfor theanalysisbecause

the dimuontriggersat that time requiredthat therewerehits in the Luminosity

Monitor which thereforevetoesdi� ractive events. The last datemarksthe be-

ginning of a detectorshutdown for which the experimentwashaltedfor repairs

andupgradesfor a periodof several weeks. The dataperiodis the sameasthe

third period in a recentZ � 	���	�� analysis[56]. Dataquality cutsareapplied

by excludingrunsandluminosityblocksin which theSMT, CFT, calorimeteror

muondetectorsystemsarenot functioningcorrectlyor in which the integrated

luminositycannotbecalculated.Thetotal integratedluminosityis 109 8 7 pb� 1.

5.1.2 SelectionCriteria

Theselectioncriteriarequirethateventshave two muonsof at least‘loose’ qual-

ity [56] matchedto two centraldetectortracks,andthefollowing:

Ë Both muonsare within the geometricalacceptanceof the muon detector

(definedbelow).

Ë pT L 15 GeVfor bothmuons.

Ë MÄpÄ L 40 GeV, whereMÄpÄ is thedimuoninvariantmass.
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Ë At leastonemuonpassesbothof theseisolationcriteria,or bothmuonspass

at leastoneof them:

– The sumof the transversemomentaof all tracksin a coneof radius

R  0 � 5 aroundthemuonis requiredto be Ó tracksÃ i pi
T � 3 � 5 GeV, where

R  (�¥� )2 � (�¥� )2.

– Thesumof thetransverseenergiesof thecalorimetercellsin anannu-

lar ring 0 � 1 � R � 0 � 4 aroundeachmuonis requiredto be Ó cellsÃ iEi
T �

2 � 5 GeV(EM andFH cellsonly).

Ë Themuonshaveoppositecharge.

Ë The acolinearitybetweenthe two muon tracksis limited to � E ÄUÄ L 0 � 05

radians.Acolinearityis definedas � E ÄpÄ  -" �$� ÄpÄ �µ�$@ ÄUÄ � 2��"
Ë The distanceof closestapproachdca, which is the distanceof the muon

trackfromthebeamin theplanetransverseto thebeam,is limited todca � 0.02

cm for muontrackswith SMT hits anddca � 0 � 2 cm for muontrackswith

no SMT hits.

Ë Theevent fulfilled therequirementsof oneof a setof six dimuontriggers,

2MU A L2M0, 2MU A L2M0 TRK(5,10),2MU A L2M0 L3L(6,15)and

2MU A L2ETAPHI, or the singlemuontrigger MUW W L2M3 TRK10.

Theparenthesesindicateapairof triggernames,onewith eachof thespec-

ified endings;thetriggernamesareexplainedbelow.

The pT of themuonsis measuredin thecentraltrackingsystem,sincethis hasa

betterresolutionthanthelocalmuondetectormeasurement.If amuontrackdoes
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not have hits in theSMT detectorthe pT is correctedby constrainingthetrackto

the(x,y,z) positionof thebeam.

Theacceptancecutsexcludethepartsof themuondetectorwith reducedcoverage:

theregionsnearestthebeampipe," xA "Ô� 110cm and " yA "*� 110cm,wherexA and

yA arethex andy positionsmeasuredin themuonchamberA-layer, andtheregion

of thebottomgap,4 � 25 ���È� 5 � 15 for " � A "W� 1 � 25, where � A is alsomeasuredin

theA-layer. Therequirementson muonisolationreducethebackgroundfrom bb

eventsin which muonsareproducedinsidejets.

The acolinearityrequirementreducesthe backgroundfrom cosmicray muons,

which enterthemuondetectorsystemfrom above. If a cosmicray muonpasses

throughthe interactionregion it canappearto be two tracksthat originatefrom

thebeampipe.Thetracksareexactlyback-to-back,with �$�� 5�$@A µ� radians,so

thecutonacolinearityreducesthebackgroundfrom theseevents.Thelimit onthe

distanceof closestapproach,dca, alsoreducesthebackgroundfrom cosmicrays

becauseit requiresthedistancebetweenthemuontracksandthebeamlocationto

besmall in theplanetransverseto thebeam.

The backgroundcontaminationratesfrom Z � Õf��Õm� eventsin which both taus

decayto amuon,W �
	�Ö eventswith anadditionalmuonfrom ajet,anddi-boson

(WW, WZ, ZZ) eventsareestimatedin [56] andthesearelistedin Section5.6.6.

In themuontriggernames,theabbreviationsMU and2MU refer to the require-

mentsfor oneor two ‘tight’ muonsignalsfoundin thescintillatordetectorsat L1

respectively. TheabbreviationsA andW refer to therequirementthat thesignal

maybeanywhereor within " �)".� 1 � 5 respectively. TriggersthathaveL2M0 in the

namerequirethereis a ‘medium’ qualitymuonfoundatL2, andthosewith L2M3
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alsorequirethat this muonhaspT L 3 GeV. ThenameL2ETAPHI refersto the

requirementthattheeventhastwo muonsfoundatL2 thatarewell separated.The

termsTRK(5,10)indicatethat theevent is requiredto have a centraltrack found

at L3 with pT L (5; 10)GeV, andL3L(6,15) indicatesthattheeventis requiredto

haveamuonfoundat L3 with pT L (6; 15)GeV. [56]

Thenumberof selectedZ bosoncandidatesis 10794.Thepseudorapidityandthe

invariantmassof thetwo highestpT muonsin theeventareshown in Figs.5.1(a)

andFig. 5.1(b),andthe rapidity and pT of theZ bosoncandidatesareshown in

Figs.5.2(a)and5.2(b). Eventsarereferredto throughoutasZ �¶	 � 	 � but these

alsoinclude2 4^�
	 � 	 � interactions.

5.2 Reconstructingthe Momentum Loss

Themomentumloss% of abeamparticleis reconstructedfrom thefinal stateusing

%5< Ó i ETi e: � i

1 s
; (5.1)

wherei is anindex overall particlesexcepttheintactbeamparticle,andthepos-

itive andnegativesignsarefor theprotonandantiprotonbeamrespectively. The

calorimeterandmuonsystemareusedto measurethefinal state;selectioncriteria

for thedetectorsignalsaredescribedin the following sections.The information

from thecalorimeterwasnot recordedin threeof the10794eventsandtheseare

excludedfrom thesample.
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Figure5.1: Z ��	 � 	 � candidateevents,showing the(a) pseudorapidity, with two

entriesperevent,and(b) invariantmassof thetwo highestpT muons
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Figure5.2: Z � 	 � 	 � candidateevents,showing the (a) rapidity and(b) trans-

versemomentumof theZ bosoncandidate
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5.2.1 Muon information

The two muonsassociatedwith the Z bosonare addedto the % reconstruction

usingEq. 5.1. Therecanbeadditionallow pT muonsin theevent from b-quark

decayor signalsin the muonsystemfrom high energy jets that go throughthe

calorimeterouterlayers. Additional muonsignalscancomefrom othersources

suchasfake muondetectorhits, muonsfrom beamlossesor cosmicrays. Muon

signalsthat arenot associatedwith theZ bosonarerequiredto be at leastloose

quality andhavea matchedtrackin thecentraltracker in orderto beaddedto the

% reconstruction.About 2.6%of the eventshave muonsthat passthesecriteria.

Thetransversemomentumof thesemuonsis shown in Fig. 5.3.
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Figure 5.3: Transversemomentumof muonsnot associatedwith the Z boson

decaythat areat leastloosequality with a matchedtrack in the centraltracking

detector
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5.2.2 Calorimeter information

Theresponseof thecalorimeterlayersis notuniform,dueto thedi� erenttypesof

cell construction(Section3.2.3).Figure5.4showsthecell energiesin two regions

of thecalorimeterfor threetypesof event: emptybunchcrossing,minimumbias

anddijet events. Theemptybunchcrossing(emptyBX) dataaretakenwith the

zerobiastrigger, andinteractionsareexcludedby requiringthatno LM And� Or

term is on (N, S, FastZ, PHalo or AHalo) andeventshave no verticesor jets.

‘Min bias’eventsarecollectedwith theminimumbiastriggerwhichrequiresthat

the FastZ term is on. Thedijet eventsarerequiredto have at leasttwo jetswith

pT L 15 GeVthatpassthejet identificationcriteria[57].

Thefigureshowsthecell energiesin theEM1 andCH1layersin theSouthcentral

region, � 2 � 6 ���(� 0. In theCH1 layertheemptyBX distribution is verysimilar

to the physicssamples,which indicatesthat the cells arefiring randomly. The

ICD andMG layershave similar distributions,andin additionthecalorimeteris

notcalibratedin theselayers.Only theeightlayersof theEM andFH aretherefore

usedin this analysis.

The calorimeteris currentlybeingcalibratedin orderto correcteachcell signal

during dataprocessing.For this analysisthe bestavailablecalibrationconstants

areapplied.

Hot cell killing

A ‘hot cell killing’ algorithm was developedfor this analysisto remove noisy

calorimetercells. This is necessarybecausea rapidity gaprequirementis made

(Section5.4)for di� ractivecandidates:ahotcell in thegapregionof adi� ractive
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interactionwould leadto rejectionof theevent.

Thealgorithmuseseventstakenwith thezerobiastriggerandanalysesevery ieta

strip in everyEM andFH layer, in everyrun thathasat least500zerobiasevents.

The meanenergy E andstandarddeviation > E arecalculatedfor all cells in the

strip, includingthosewith no signal.A thresholdis setat E � n > E andcellsare

excludedif their averageenergy over therun is above thethreshold.

Usinga thresholdof 4> removesanaverageof about280cellsperrun,anda 3>
thresholdremovesabout570cells.Themorerestrictive3> thresholdis used.The

improvementin dataquality canbe seenby comparingthe cell energy distribu-

tionsin emptyBX eventsbeforeandafterhot cell killing (Figs5.5and5.6). Hot

cell killing is performedin 75%of theZ �ë	 � 	 � runsdueto statisticallimitations

in thezerobiasdataset.

Calorimeter noise

An energy thresholdis appliedto thecalorimetercells to reducelow-level noise.

In the emptybunchcrossingsample,around98% of the cell energiesarelower

than about150-350MeV in the EM region (dependingon the layer) and 400-

550MeV in theFH region. Thecell energy thresholdfor theanalysisis setat a

level suchthat the averageobservedmomentumloss % obs in emptyBX eventsis

% obs < 0. Usinganenergy thresholdof E  300MeV, about75%of emptyBX

eventshave %(� 1 © 10� 4. With athresholdof E  500MeV, 96%have %'� 1 © 10� 4

and98% have %�� 1 © 10� 3. The latter thresholdis used.Figure5.7 shows the

energy of cellsin all Z �
	 � 	 � eventsbeforethethresholdis applied.

Coherentnoise,suchasthe ‘Ring-of-Fire’ problemthatcausesall cellswith the
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Figure5.5: Cell energy in the EM1 layer for emptyBX eventsbeforehot cell

killing is performed.Thelayersaredividedinto four regions,with boundariesat

�� 0 (North-South)and " �#"q 3 � 2 (Central-Forward)
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is performed.The layersaredividedinto four regions,with boundariesat �± 0

(North-South)and " �)"Y 3 � 2 (Central-Forward)

101



Energy (GeV)

0 5 10 15 20

N
u

m
b

er
 o

f 
ev

en
ts

-110

1

10

210

3
ñ

10

410

5
ò

10

6
ó

10

Figure5.7: Energy of cellsin all Z ��	 � 	 � events,beforethethresholdis applied

sameieta to outputa largenoisesignalat thesametime, cannotbefoundwith a

hotcell algorithm.All known sourcesof coherentnoiseareremovedby excluding

theluminosityblockscategorisedasbadby theJet� MissingET group.

Theobservedmomentumloss% obs in Z �ô	 � 	 � eventsis shown in Fig. 5.8,and

thefractionof % obs contributedby themuonsis shown in Fig. 5.9.

5.3 POMWIG simulation of di � ractiveZ õ � õ �

TheMonteCarlosamplesusedin this analysisaregeneratedby POMWIG. The

eventsarep � p � p � (Z+32 )4�� X, in whichtheZ bosondecaysto muons,andthe

interactionsproceedvia reggeonor pomeronexchange.Eventsweregeneratedin

thekinematicrange%-� 0 � 3 andMÄpÄ L 30 GeV. Thedefault H1 ‘fit 2’ pomeron
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structurefunctionwasused(Section2.3).1 Theoutgoingantiprotondirectionde-

finesthez axis,andthereforecorrespondsto positivepseudorapidity.

It is foundthatasmallfractionof theeventshaveunexpecteddistributionsof par-

ticle pseudorapidity:they haveafew particlesathighpseudorapidity(closeto the

outgoingantiproton),usuallytwo to threepionswith �µ� 5 andE � 50 GeV, and

a largerapidity gapin theregion 2 ���(� 5. Theinteractionsaremostlyreggeon

exchange,andalmostall have %�� 0 � 1. POMWIG doesnot modelthescenarioin

whichaninteractionhasarapiditygapandthebeamparticlethendissociatesinto

a soft systemof very forwardparticles.Theseeventsarethereforehigh % events

with largerapiditygapsin thedissociativesystem.Sincethecalorimetercoverage

only extendsto " �)"�� 5 � 2, theseeventswill look like low % eventswhenthe ac-

ceptancecuts(Section5.3.1)aremadeon theMonteCarlosample,andtherefore

a� ect the acceptancecorrectionscalculatedfrom the Monte Carlo. It therefore

hasto bedecidedwhetherthesegeneratedeventsare‘real physics’or anartefact

of theHERWIG hadronisationprocess.

The existenceof theseevents is probablydue to a limitation in the HERWIG

hadronisationmodel(usedby POMWIG), which leadsto rapidity gapsbetween

clustersof particlesin thefinal state.It hasalreadybeennoted[58] thatHERWIG

generatesanexcessnumberof rapiditygapevents.

Eventsarerejectedif they have particleswith �5L 5 � 2, which correspondsto the

pseudorapiditylimit of thecalorimeter, anda rapiditygapin therange3 � 2 �º" �)"}�
5 � 2, which is the region of the rapidity gaprequirementmadein the analysisof

the data(Section5.4). This requirementensuresthat the sampleis suitablefor

1 A samplewas also generatedwith H1 ‘fit 3’ and usedfor a cross-checkof the systematic

uncertainties(Sections5.6.3and5.6.4).
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simulationof the data. It rejects12.6%of the reggeoneventsand1.9% of the

pomeronevents.

5.3.1 Acceptancecuts

TheDØ detectorsimulationis not usedbecausetheRunII calorimeterresponse

is very poorly modelledin thesimulationavailablefor this dataset[59]: thereis

insu� cientmaterialin front of thecalorimeter;theshortchargecollectiontimeof

Run II is not simulated;andthe calorimeterin Run II hashigherlevelsof noise

than in Run I, which is reflectedin the lower energy thresholdsusedin Run I

di� ractive analyses[10]. Several acceptancecuts are appliedto the simulated

eventsin orderto modelthedata.Theseexcludethefollowing particles:

Ë Neutrinos

Ë Particlesoutsidethecalorimeterrange( " �)"}L 5 � 2)

Ë Muonsoutsidethemuondetectorrange( " �)"}L 2 � 0)

Ë Particleswith E � 1 � 0 GeV

The Monte Carlo simulationdoesnot includea correctedenergy scale,resolu-

tion e� ectsor thee� ectsof backscattering(for example,particlesscatteringfrom

detectorcomponentsinto the rapidity gap). However, thereis goodagreement

betweenthe simulatedeventsandthe data(Section5.5). Eventsareselectedin

theappropriatekinematicregionby requiringthatthetwo highestpT muonshave

" �)"¹� 2 � 0 andpT L 15 GeV, andthatthedimuoninvariantmassis MÄUÄ L 40 GeV.
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This sampleis usedfor motivatingthekinematicrangeof themeasurement(Sec-

tion 5.4)andfor correctingthemeasurementof themomentumloss(Section5.5).

5.4 Rapidity Gap Requirement

Di � ractive candidateeventsare requiredto have a forward rapidity gap in the

region 3 � 2 �," �)"»� 5 � 2 by requiring that the maximumpseudorapidity� max of

the calorimetersignalsis � p
max � 3 � 2 in the protondirectionor � p

max L�� 3 � 2 in

the antiprotondirection. The rapidity gaprequirementis madefor two reasons:

firstly, to restrict the samplekinematicallyto the low % region (where % is well

reconstructed);andsecondly, to rejecteventswith multiple interactions,which

occurwhenthereis morethanonepp collision in thesamebunchcrossing.Mul-

tiple interactionsleadto misreconstructionof the momentumlossbecausethey

contribute to theobservedfinal state.This is seenin Fig. 5.10,which shows the

average% increasingasa functionof thenumberof verticesin theeventandalso

with increasinginstantaneousluminosityof thetick.

Thenumberof verticesin theeventis notusedfor excludingmultiple interactions

becausethecurrentvertex-finding algorithmat DØ is not su� ciently accurateat

countingvertices.Thealgorithmis optimisedfor locatingthevertex of thehigh

pT interactionandis proneto overcounting,especiallyat higherluminosities,by

assertingthat thereare two or more at the samelocation. For Fig. 5.10(a),a

requirementis madethatadditionalverticesareat least0.2 cm from theprimary

vertex.

TheLM detectorsarenot usedfor confirmingtherapidity gap,asthey werein a
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previous versionof the analysis[47], becausethey provide only a binary signal

overafixedpseudorapidityrange.

5.4.1 Choiceof event kinematics

The rapidity gap edgeat � ����� 3 � 2 is about1.25 units of pseudorapidityfrom

the edgeof the calorimeter(two units from the final two layersof the hadronic

region: Fig. 3.7). This choiceis madein orderto identify thattherapidity gapis

from a di� ractive interaction[15, 60]. In non-di� ractive interactions,statistical

fluctuationof particlemultiplicitiescanleadto smallrapiditygaps,but therateof

theseis exponentiallysuppressedby thesizeof therapiditygap(Section2.2.1).

Figures5.11and5.12show the sizeof the rapidity gapin POMWIG eventsin-

creasingasthe momentumlossdecreases.In Fig. 5.11(a),the eventshave mo-

mentumlossû�� 0 � 05. Thedistribution shows themaximumpseudorapidity� all
max

of all theparticlesin theevent.Theverticalline indicatestheedgeof therapidity

gap: eventswith � all
max to the right of the line fail the gapcut. Figures5.11(b),

5.12(a)and5.12(b)show thee� ectof loweringthemomentumlossthresholdto

û	� (0 � 03
 0 � 02
 0 � 01), in thatthedistributionsmove towardslower valuesof � all
max

andahigherfractionof eventspassthegapcut.

Thekinematicrangefor themeasurementis chosento be û�� 0 � 02,sothatabout

85%of theeventspasstherapiditygapcut at � ���
� 3 � 2 (Section5.6.3).

After therapiditygapcut is madein thedetector, thenumbersof Z ü
ý�þ
ý�ÿ events

with a gapin theprotondirection,Np
gap, andin theantiprotondirection,Np

gap, are:

Np
gap � 156 � 12(stat� )
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Figure 5.11: Pseudorapidityof most forward particle in POMWIG Z ü ý þ ý ÿ
eventswith (a) û�� 0 � 05and(b) û�� 0 � 03
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Figure 5.12: Pseudorapidityof most forward particle in POMWIG Z ü ý�þ�ý�ÿ
eventswith (a) û�� 0 � 02and(b) û�� 0 � 01
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Np
gap � 139 � 12 (stat� ) �

No cuton û is made.Thirteenof theeventshavea rapiditygapin bothdirections,

giving a total of 282candidateevents,which is 2.6%of thesample.

5.5 Momentum LossCorr ection

Theobservedmomentumlossiscorrectedfor thedetectoracceptanceusingPOMWIG

events.Figure5.13shows theobservedmomentumlossû obs in Z ü ý þ ý ÿ events

thatpasstherapidity gapcut. Overlaidon thefigure is thePOMWIG prediction

for thedistribution,normalisedto thedata.Thepredictionis madeby calculating

the ‘reconstructed’momentumloss û reco from the particlesthat passthe accep-

tancecuts(Section5.3.1).Theeventsin theMonteCarlo(MC) distribution have

passedtherapidity gapcut,madeby requiringthatthemostforwardparticlethat

passestheacceptancecutshas � max � 3 � 2. ThePOMWIG distribution is in good

agreementwith thedata.

Figure5.14shows � max for themostforwardcalorimetersignalin Z ü
ý�þ�ý�ÿ can-

didateeventsthathave û obs � 0 � 02. Thedistributionfor eventswith anantiproton-

sidegaphasthe x-axis reversed,andis addedto thedistribution for eventswith

a proton-sidegap in order to increasethe size of the sample. Overlaid on the

figure is thePOMWIG predictionfor thedistribution, which is � max of theparti-

clesthatpassacceptancecutsin eventswith û reco � 0 � 02. This alsoshows good

agreementwith thedata.The fractionof eventswith � max � 3 � 2 is lower thanin

Fig. 5.12(a),which shows � max for eventswith û�� 0 � 02, becauseit includesa

higherreggeoncomponent.This arisesbecausethereareeventswith high û that
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Figure5.13: Observedmomentumloss û obs in Z ü ý þ ý ÿ eventswith a rapidity

gap.ThePOMWIG predictionis shown, scaledto thedatadistribution.
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aremis-reconstructedandhavea low û obs. Theseareremovedby therapiditygap

requirement.
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Figure5.14: Pseudorapidityof mostforward cell in Z ü ý þ ý ÿ eventswith mo-

mentumloss û obs � 0 � 02, wherethe antiproton-sidedistribution is reversedand

addedto theprotondistribution. ThePOMWIG predictionis alsoshown, scaled

to the datadistribution, which includesa requirementthat particlesare within

� ����� 4 � 45.

Theparticleenergy thresholdin theacceptancecuts,E � 1 GeV, is chosensuch

that thereis theminimum deviation of the û reco distribution in MC from the û obs

distribution in dataover therange0 �Sû reco � 0 � 2 (Fig. 5.13).
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The correctionto themeasurementof û obs in thedatais calculatedusing û reco in

theMonteCarlo. Figure5.15shows û reco asa fractionof thetruebeamû , in bins

of û reco, for POMWIG eventswith a rapidity gap.This figureprovidesa seriesof

correctionfactorsfor thedata,the inverseof they-axisvalue,which areapplied

to eacheventaccordingto thevalueof û obs. Thecorrectionsareappliedafterthe

rapidity gapselectionis made,becausePOMWIG predictionsbecomemoreun-

certainathigh û dueto thepoorunderstandingof reggeonexchange(Section2.3).

The largestcorrectionfactor, which is appliedto eventswith very low û obs, is

about1.25.In theanalysisof di� ractiveW bosonproductionatDØ in RunI [10],

a singlecorrectionfactor1 � 5 � 0 � 3 is appliedto themomentumlossin all events.

The factor is derived usinga sampleof POMPYT W bosoneventswith the full

detectorsimulationapplied,andit correctsfor energy in theFH region which is

not includedin the reconstructionof û . The correctionfactorsarenot expected

to be largebecausethecontribution to û from particlestravelling in theopposite

directionto theintactprotonis small (Eq.5.1). However, thecorrectiondoesas-

sumethattheeventsaredi� ractive,with no final stateparticlescloseto theintact

proton.If therearenon-di� ractiveeventsthatpasstherapiditygaprequirement–

for example,if all thecalorimetersignalsin thegapregion arebelow theenergy

threshold– thentheappliedcorrectionfactorsin theseeventsaretoo small,and

theremayremainsomehigh û eventsin thedi� ractivecandidate(û � 0 � 02) sam-

ple. Thecontributiondueto non-di� ractiveeventsis estimatedin Section5.7.2.

The momentumloss û in eventswith a rapidity gap,with correctionfactorsap-

plied, is shown in Fig. 5.16. Theaverageû is shown asa functionof numberof

verticesandinstantaneousluminosity in Fig. 5.17,demonstratingthatthereis no

longera contribution from multiple interactions.About 1% of the rapidity gap
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candidateshave two vertices: this is not a concernbecausethe fraction of the

sampleis smallerthanthesystematicuncertainties(Section5.6.2).
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Figure5.16:Momentumlossin Z ü
ý þ ý ÿ eventswith a rapiditygap

After the momentumloss thresholdis applied,the numbersof di� ractive Z ü
ý�þ�ý�ÿ candidateeventswith û p � 0 � 02 in theprotondirection,Np

cand, andû p in the

antiprotondirection,Np
cand, are:

Np
cand � 10 � 3 (stat� )

Np
cand � 14 � 4 (stat� ) �

Therearenoeventswith û p � 0 � 02andû p � 0 � 02,sothetotalnumberof di� ractive

candidateeventsis 24,which is 8.5%of therapidity gapsampleand0.2%of the

inclusivesample.

Figure5.18showsoneof thedi� ractivecandidateevents.Theupperfigureshows

the calorimetersignals,openedout to show � versus% with the muon signals
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Figure5.17: Averagemomentumlossversus(a) numberof verticesand(b) in-

stantaneousluminosityin Z ü
ý�þ�ý�ÿ eventswith a rapiditygap
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superimposed.Protondissociationcanbeseenat thehighpseudorapidityedgeof

the detector, andthereis no dissociationon the oppositeside. The lower figure

showsthesideview of thetrackingandcalorimeterdetectors,andtheasymmetric

distributionalongthecollision axisof theparticlesin theevents.Themomentum

lossin this eventis û p � 0 � 017.

Figure5.19shows thefractionof û obs contributedby themuonsin thedi� ractive

candidateevents,which maybecomparedwith Fig. 5.9 for all Z ü�ý þ ý ÿ events.

In thedi� ractivesample,themuoncontributiondominatesû obs. Thisindicatesthat

the successof POMWIG in modelling the datadespitethe absenceof detector

simulationis dueto the relatively low contribution to û obs from the calorimeter,

althoughthis hasnotbeenstudiedin detail.

Figures5.20(a)and5.20(b)show thepseudorapidityandinvariantmassof thetwo

highestpT muonsin di� ractive candidateevents,andFigs. 5.21(a)and5.21(b)

show the rapidity and pT of the di� ractive Z bosoncandidates. Overlaid are

the POMWIG predictionsfor thesedistributions, normalisedto the data. The

POMWIG eventshave beenpassedthrough the fast detectorparameterisation

PMCS[61], which smearsthemuonmomentato matchtheresolutionmeasured

in thedata. ThePOMWIG distributionsin Figs.5.20and5.21arecorrectedfor

themuondetectoracceptanceandmuonidentificatione' ciencies,asdescribedin

Section5.6.4.

TheDrell-Yan((*)^ü
ý�þ�ý�ÿ ) componentof thedimuoninvariantmassdistribution

is larger in thePOMWIG events,andperhapsin thedi� ractive data,thanin the

inclusiveZ ü
ý�þ�ý�ÿ data.Thise� ectcanbeexplainedbecausethereis akinematic

biasin thedi� ractiveeventstowardslow massfinal states(MX �,+ û s).
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di� ractiveZ ü�ý�þ
ý�ÿ candidateevents

5.6 Componentsof the CrossSection

Thecrosssectiontimesbranchingratio, /10 Br, is calculatedfrom thenumberof

candidates,Ncand, andtheintegratedluminosity, 2 dt, usingtheequation

/30 Br ((Z$ ( )) ü�ý þ ý ÿ 
�û4� 0 � 02) � N

2 dt
� (1 5 fbb 5 fcos) (1 5 f676 ) (1 5 fW)8

gap
8

MC
8

opp q
8

isol
8

cosmic



(5.2)

where f denotesa correctionfactorfor a backgroundcontaminationfractionand

8 denotesane' ciency. Eachcomponentis describedin thefollowing sections.
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Figure5.20:Di � ractiveZ üëý þ ý ÿ candidateevents,showing the(a)pseudorapid-

ity of eachmuonand(b) invariantmassof theZ bosoncandidate.ThePOMWIG

predictionis shown, scaledto thedatadistribution.
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Figure5.21:Di � ractiveZ ü
ý�þ�ý�ÿ candidateevents,showing the(a) rapidityand

(b) transversemomentumof theZ bosoncandidate.ThePOMWIG predictionis

shown, scaledto thedatadistribution.
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5.6.1 Number of candidates

This sectiondescribesthe correctionto the numberof candidatesfor multiple

interactions;thesystematicuncertaintyin thenumberof candidatesis studiedin

Section5.6.2.

Di � ractive eventsthat have additionalpp interactionsin the samebunchcross-

ing areexcludedby the rapidity gapcut, andthe numberof candidatesmustbe

correctedfor this loss. In eachtick, the averagefraction of interactionsnot ac-

companiedby any otherinteractions,F(s� i � ), canbecalculatedfrom theaverage

numberof interactionsperbunchcrossingý :

F(s� i � ) � P(1)
1 5 P(0)

� ý eÿED
1 5 eÿFD

whereý is calculatedfrom the instantaneousluminosity(Section4.2). Theaver-

agenumberof interactionsthatarewithin theacceptanceof theDØ detectorand

canthereforebevetoedby thegaprequirement,ý LM, is calculatedfor eacheach

eventfrom theinstantaneousluminosityof thetick, 2 , using:

ý LM � ALM
/ pp 2

f

whereALM is the acceptanceof the Luminosity Monitor, ALM � 0 � 833 � 0 � 037,

/ pp is the total inelasticpp crosssection, / pp � (60� 7 � 2 � 4) mb, and f is the

rotationfrequency of thetick, f � 47� 7 kHz. Theuncertaintyin theinstantaneous

luminosityis 6.5%.

The numberof Z ü ý þ ý ÿ eventsin single interactionbunchcrossings,NsG i G
Z , is

estimatedwith

NsG i G
Z � H nF(s� i � )n
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wherethesumis overall Z ü�ý þ ý ÿ events(beforedi� ractiveselectioncuts).The

ratio of all Z üôý�þ�ý�ÿ eventsto thenumberin singleinteractionbunchcrossings

is usedto correctthenumberof di� ractivecandidates,with:

Ncorr � Ncand 0 NZ

NsG i G
Z

whereNcand is the numberof di� ractive candidatesin single interactionbunch

crossings,andNcorr is thenumberof di� ractivecandidatesin all bunchcrossings.

The numberof di� ractive candidatesis Ncand � 24, andthe ratio is NZ $ NsG i G
Z �

1 � 40 � 0 � 04,sothecorrectednumberof candidatesis

Ncorr � 33� 7 � 6 � 9 (stat� ) � 1 � 1 (sys� )
where the systematicuncertaintyis calculatedby propagatingthe luminosity-

relateduncertaintiesto thecorrectionratio. Thestatisticaluncertaintydominates.

5.6.2 Systematicinvestigations

Systematicuncertaintiesareinvestigatedby varyingtheparametersof theanalysis

andcomparingthecorrectednumberof candidatesfor eachvariation.Systematic

uncertaintiesarequotedthroughout.

Uncertainty due to North-South asymmetry

Thenumberof eventsin theproton-siderapidity gapsampleis larger thanin the

antiproton-sidesample,andthe antiproton-sidedi� ractive sampleis larger than

the proton-sidedi� ractive sample. As the di� erencesare within the statistical

uncertainties,and in the oppositedirection for the rapidity gap and di� ractive
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samples(Section5.4), it is assumedthat thereis no contribution to the system-

atic uncertaintyfrom North-Southasymmetryin the calorimeter, whetherfrom

detectornoiseor beamhaloshoweringasdiscussedin Section4.3.4.

Uncertainty due to rapidity gapboundary

The e� ect of the hot cell killing on the rapidity gapcandidateselectionis esti-

matedby performingtheanalysisonly in thesetof runsin which hot cell killing

is available(Section5.2.2). The numberof rapidity gapcandidateswhenusing

the 3/ energy threshold,andwhenperformingno hot cell killing, areshown in

Table5.1. As expected,thenumberof gapcandidatesis reducedwhenthereis no

hot cell killing. However, thereis no di� erencein thenumberof di� ractive can-

didatesbetweenthetwo analyses:thenumberof candidatesis Ncorr � 29� 4 � 6 � 4.

Theuncertaintydueto thehotcell killing is negligible in asampleof this size.

Threshold Np
gap Np

gap

3/ 120 � 11 113 � 11

None 116 � 11 112 � 11

Table5.1: E� ectof hot cell killing on thenumberof rapidity gapcandidates,in

runswherehotcell killing is available

Therapiditygapboundaryis testedbyexaminingthesecondmostforwardcalorime-

ter signalin theevent, for which thepseudorapidityis referredto as � 2nd
max. If the

two mostforward cells in a gapevent arefar apartin pseudorapidity, it may be

that the most forward signal is a hot cell in the gapregion. The analysisis re-

peatedusing � 2nd
max to definethe rapidity gapboundary, which resultsin a much
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largernumberof candidates:Ncorr � 65� 9 � 9 � 6, anincreaseof 96%.

Figures5.22and5.23 show the di� erencein ieta betweenthe two cells at � max

and � 2nd
max, in all Z ü
ý þ ý ÿ eventsandthosewith agaprespectively. This indicates

whetheror not the cells areneighbours;a distribution of � max 5I� 2nd
max, which are

measuredusing the physicspseudorapidity(Section3.2), would be misleading

becauseof the varying widths of the cells in the forward region. The inclusive

sampleis shownwith alogarithmicy-axisandthegapsampleis not. Thetwomost

forwardcellsarenearestneighboursin ieta in 97%of theZ ü
ý�þ
ý�ÿ events.In the

rapiditygapevents,thefractionis muchlower, at 40%.For theothereventsthere

areseveral possibilities: the mostforward cell may be noisethat wasnot found

by thehot cell algorithm;it maybeenergy from anadditionalsoft interactionin

theevent,or it maybeenergy from thesameinteractionwhereno cellspassthe

energy thresholdin theintermediateregion.

Thecharacteristicsof therapiditygapcandidatesaredi� erentwhenselectedusing

� max or � 2nd
max in theevent.Whenusing � max, theLM detectortermis o� for thegap

sidein 38% of the proton-sidegapcandidateeventsand35%of antiproton-side

gapcandidates.Thefraction is expectedto below becausetherapidity gapdoes

not cover all of theLM range(2 � 7 �J� ���K� 4 � 4), andtheLM detectorscanalsobe

hit by muonsfrom halo,or particleswith energy below thecell energy threshold.

Usingthesecondcell method,thepercentageof gapcandidatesin which theLM

detectortermiso� is lower: 31%of proton-sidegapeventsand24%of antiproton-

sidegapevents.Thismayindicatethatin severalof theadditionaleventsselected

with � 2nd
max, themostforwardobjectis notdetectornoisebut aparticlewhichpasses

throughtheLM detectorinto thecalorimeter.

Another measureof the rapidity gapcandidatecharacteristicsis the numberof
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Figure 5.22: Di � erencein ieta betweenthe two most forward cells in all

Z ü
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ý�ÿ events
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Figure5.23: Di � erencein ieta betweenthetwo mostforwardcells in Z ü ý þ ý ÿ
eventswith a rapiditygap
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verticesin the event. The fraction of gapcandidateswith no verticesis higher

in thoseselectedusing � max (5%) thanin thoseselectedwith � 2nd
max (3%), and in

addition the fraction of gap candidateswith two verticesis higher in the � 2nd
max

sample(4%) than in the � max sample(1%). This may indicatethat using � 2nd
max

for therapidity gapincreasesthecontaminationfrom multiple interactionevents.

Figures5.24(a)and5.24(b)show theaverageû in eventswith arapiditygapusing

� 2nd
max, asa function of the numberof verticesand the instantaneousluminosity;

thereappearto bemoreeventswith multiple interactionswhencomparedwith the

� max samplein Fig. 5.17.

Thesecomparisonsbegin toprobethecharacteristicsof themostforwardcalorime-

tercell in theevents.However, asthereis noclearseparationin theadditionalgap

candidatesbetweengapeventsandbackground,it is concludedthat this studyis

outsidethescopeof this analysis.

Uncertainty due to measurementof û
Theuncertaintyin measuringû propagatesto uncertaintyin thenumberof candi-

datesbecauseeventsmaymigrateabove or below thethresholdat û	� 0 � 02. The

two sourcesof uncertaintyarethemeasurementof û obs andthecorrectionto the

measurement.

Thedominantuncertaintyin reconstructingû obs is in thecalibrationof thecalorime-

ter. Therearenouncertaintiesavailablefor thecalibrationconstantsin thisdataset,

but anestimationcanbemadeby performingtheanalysiswith nocalibration[59].

Thenumberof candidatesobtainedwith this methodis Ncorr � 25� 3 � 6 � 0, which

is 25%lower thanthecalibratedresult.
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Figure5.24: Averagemomentumlossversus(a) numberof verticesand(b) in-

stantaneousluminosityin Z ü
ý�þ�ý�ÿ eventswith arapiditygap,in whichthemost

forwardcell is excludedfrom theanalysis
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Edata (GeV) EMC (GeV) Ncorr Change(%)

0.5 0.8 36� 5 � 7 � 2 U 8

0.5 1.2 30� 9 � 6 � 6 -8

0.6 1.2 44� 9 � 7 � 9 U 33

0.7 1.4 61� 7 � 9 � 3 U 83

Table5.2: E� ectof varyingthedatacell energy threshold,Edata, andtheMC parti-

cleenergy threshold,EMC, on thenumberof candidatesNcorr , with thepercentage

changeshown in thefinal column.

Theuncertaintydueto thecorrectionof û obs is investigatedby formingtheanalysis

with varioussetsof correctionfactors.Thefirst setusesthecorrectionfactorsci

(for every bin i in û ) increasedby theuncertaintyin thedistribution in Fig. 5.15,
V

ci; the secondset hasevery correctionfactor decreasedby the sameamount.

Thisassumes100%correlationbetweentheuncertaintiesin eachbin. Thisyields

little changein theresults:Ncorr � 33� 7 � 6 � 9 usingci U V ci , andNcorr � 35� 1 � 7 � 0
usingci 5 V ci.

The uncertaintyin the correctionfactorsis testedfurther by varying theparticle

energy thresholdin theMonte Carlowith respectto thecell energy thresholdin

thedata,andby increasingboththresholdsby thesamefraction.Theresultsarein

Table5.2.Thereis an83%increasein thenumberof candidateswhenusingadata

thresholdEdata � 0 � 7 GeVandaMC thresholdEMC � 1 � 4 GeV: thismaybedueto

raisingthecell energy thresholdby toomuch,althoughin principletheincreasein

MC energy thresholdshouldcorrectfor this. This is anotherareawhich requires

furtherstudy.
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Thegeometricacceptancecut in POMWIGevents,� accep, is decreasedasafurther

checkof thestabilityof themeasurement.Two setsof correctionfactorsaremade,

with acceptancecutsat � � accep �K� 4 � 45 and � � accep �K� 4 � 1, theedgesof thefirst two

FH layersandtheEM regionrespectively. Bothof theseanalysesproduceasmall

changein theresult:Ncorr � 35� 1 � 7 � 0, which is anincreaseof 4%.

Discussionof systematicuncertainties

Thelargedeviationsin thenumberof candidateeventswhenparametersarechanged

indicatethattheanalysisis notyetfully understood.ThissimpleMonteCarlosim-

ulation,usingparticlecutsinsteadof afull detectorsimulation,lacksmany e� ects

thatarepresentin thedata: for example,Fig. 5.25shows that the pT balancein

thedi� ractivecandidateeventsis not correctlymodelledin theMonteCarlo.The

pT balanceis pZ
T 5 phadrons

T , wherethehadronicpartis measuredwith thecalorime-

ter cells. Two candidateeventsarenot shown: in one,the pT balanceis greater

than100 GeV, andin the other, the px and py of the muonsis not known. The

POMWIG distribution is lessbroadthanthe data,andthis indicatesthat further

work usinga full detectorsimulationis requiredbeforethedi� ractive Z ü ý�þ�ý�ÿ
productioncrosssectiontimesbranchingratio canbe presented.However, the

other componentsof the crosssection(Eq. 5.2) are describedin the following

sections.

5.6.3 EW ciencyof rapidity gap requirement

The e' ciency of the rapidity gap cut, 8 gap, in selectingeventswith ûX� 0 � 02

is calculatedusing the POMWIG event sample(Section5.4). In the pomeron
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Figure5.25: Balanceof transversemomentum,pZ
T 5 phadrons

T , for di� ractive can-

didateevents,wherethe hadronpT is measuredwith the calorimetercells. The

POMWIG predictionis shown, scaledto thedatadistribution.
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sample,90% of the eventswith û1� 0 � 02 have a rapidity gap( � max � 3 � 2 in the

particlesthatpasstheacceptancecuts).In thereggeonsample,77%of eventspass

therapiditygapcut. Theuncertainties
V 8 arecalculatedusing

V 8 � + 8 (1 5 8 ) $ N,

whereN is thetotal numberof events.Theresultsare

8 IP
gap � 0 � 901 � 0 � 003

8 IR
gap � 0 � 77 � 0 � 03

for thepomeronandreggeonsamplesrespectively. Thepseudorapiditydistribu-

tionsof theparticlesaredeterminedby thepomeronandreggeonstructurefunc-

tions. Thedefault ‘fit 2’ pomeronstructurefunctionis usedto calculatethevalue

of 8 IP
gap statedabove,soasacross-check8 IP

gap is calculatedusingthe‘fit 3’ structure

function(Section2.3). Theresultis

8 IP
gap � 0 � 916 � 0 � 009(fit 3)

which is consistentwith thepreviousmeasurement.

Thee' cienciesarecombinedwith

8
tot �

8
IR / IR U 8 IP / IP

/ IR U�/ IP

 (5.3)

wherethe crosssectionspredictedby POMWIG for the kinematicrangeof the

events, ûY� 0 � 02, M Z 40 GeV andwith two muonswith pT Z 15 GeV and

� ����� 2, are

/ IP � 0 � 14pb

/ IR � 0 � 08pb

for pomeronandreggeonexchange.The crosssectionfor reggeonexchangeis

assignedanuncertaintyof 50%[60] dueto thenormalisationof thereggeonflux
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(Section2.3). Theresultfor therapiditygape' ciency is

8
gap � 0 � 85 � 0 � 14 �

5.6.4 EW ciencyof muon detection

In the inclusive Z crosssectionmeasurementin [56] the ‘e' ciency MC’ ( 8 MC)

combinesthegeometricacceptanceof themuondetector, thee' ciency of thecut

on muon pT , andthe e' cienciesof the centraltrackingdetector, muontriggers

andmuonidentificationcriteria. PYTHIA (Z$ ( )) ü�ý�þ
ý�ÿ eventsareusedfor the

calculation:thevertex z positionin theeventsis smearedwith a Gaussiandistri-

bution of width 28 cm; the eventsarepassedthroughPMCS;andthegeometric

acceptanceandpT cuts(Section5.1.2)areappliedto themuontracks.Muonsthat

passthesecutsaresubjectedto thee' cienciesof thetracking,triggerandmuon

identification: thesearemeasuredin thedataasfunctions,whereappropriate,of

themuon � andthez-positionof thevertex. Thusa givenmuonhasa particular

probability of beingselectedin the final sample,accordingto the locationand

transversemomentumof the centraltrack. The fraction of PYTHIA eventsthat

passthesecriteriais 8 MC; theresultin theinclusiveanalysisis 8 MC � 0 � 322� 0 � 006.

This e' ciency is re-calculatedfor this analysisbecausethemuon pT and � dis-

tributionsaredi� erentin di� ractive Z ü¦ý�þ
ý�ÿ events;thesamemethodis used

with POMWIG events[61]. Theresultsare

8 IP
MC � 0 � 104 � 0 � 004

8 IR
MC � 0 � 089 � 0 � 004

wherethe systematicuncertaintyfrom the e' cienciesmeasuredin the data is
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calculatedto be1.5%.Theresultingdistributionsfor thepropertiesof themuons

andZ bosoncandidatesareshown in Figs.5.20and5.21.

The crosssectionspredictedby POMWIG for the kinematic range û[� 0 � 02,

M Z 40 GeVare

/ IP � 0 � 75pb

/ IR � 0 � 42pb �
As in Section5.6.3, the e' cienciesfor the pomeronand reggeonsamplesare

combinedusingEq.5.3,andtheuncertaintyin thereggeonnormalisationis setat

50%,with theresult

8
MC � 0 � 099 � 0 � 016 �

Varyingthepomeronstructurefunctionfrom fit 2 to fit 3 hasnegligible e� ecton

this e' ciency. This is testedby comparingthe pseudorapidityof the muonsin

eventswith û1� 0 � 02: the geometricacceptanceis the dominantcontribution to

8
MC [62].2 For thefit 2 structurefunction,a fraction0 � 538 � 0 � 006of themuons

have � ����� 2 � 0; for thefit 3 structurefunction,this fractionis 0 � 540 � 0 � 007,sothe

two areconsistent.

5.6.5 Cosmicmuon background

Analysisof di� ractive Z ü ý þ ý ÿ bosonsusingonly rapidity gapsto selectthe

candidates(asin AppendixA) maybesusceptibleto enhancedbackgroundfrom

cosmicray muons:a cosmicmuoncanbe selectedasa Z bosonevent,andun-

lessthereis an overlappingpp interactionthenthe event hasno activity in the

2 A calculationof \ MC usingthefit 3 samplewasnot available.
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Figure5.26: Pseudorapidityof two highestpT muonsin POMWIG Z ü ý�þ�ý�ÿ
eventswith ûI� 0 � 02: thegeometricacceptanceof themuondetectoris approxi-

mately � ����� 2

calorimeterandpassestherapidity gaprequirement.However, it is expectedthat

adi� ractivesampleselectedusingtheû variablewill nothavethisbackgrounddue

to thekinematicrequirements(in otherwords,forwardmuons)of reconstructing

a low û .
Theacolinearityof themuonpair in thedi� ractive candidateeventsis shown in

Fig. 5.27. All of the eventshave large acolinearity, well above the thresholdof
V_^
DFD � 0 � 05 radiansto excludecosmicray muons.Thecosmicbackgroundrate

fcos is assumedto bethesameasthatof theinclusivesample[56]:

fcos � 0 � 002 � 0 � 002 


which in this sampleis negligible.
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Figure5.27: Acolinearity of thedimuonpair in di� ractive Z ü ý þ ý ÿ candidate

events

5.6.6 Other eW cienciesand backgrounds

All other e' ciency and backgroundfactors,which are listed in Table 5.3, are

takendirectly from the inclusive measurement.Thesearethee' cienciesfor the

isolationcuts( 8 isol), cosmiccuts( 8 cosmic) andtherequirementthat themuonsare

oppositelycharged ( 8 opp q), and the backgroundfractionsfrom bb events( fbb),

Z ü Õ¹Õ events( f6a6 ), W U jets anddibosonevents( fW). The backgroundfraction

for cosmicray muons,fcos, (Section5.6.5)is alsoincludedin thetable.Thee' -

cienciesareall extremelyhigh with respectto 8 gap and 8 MC, andthebackground

ratesarelow, but it is usefulto includethemfor completeness.
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Quantity Value

8
isol 0 � 999 � 0 � 001

8
cosmic 0 � 988 � 0 � 006

8
opp q 0 � 998 � 0 � 001

fbb 0 � 005 � 0 � 003

fcosmic 0 � 002 � 0 � 002

f6a6 0 � 005 � 0 � 001

fW 0 � 002 � 0 � 001

Table5.3: E' cienciesandbackgroundstakenfrom theinclusiveZ ü�ý�þ�ý�ÿ cross

section

5.7 Result

5.7.1 Corr ectednumber of candidates

Combiningthee' cienciesandbackgroundswith thecorrectednumberof candi-

dates,using:

Ntotal � Ncorr 0 (1 5 fbb 5 fcos) (1 5 f6a6 ) (1 5 fW)8
gap
8

MC
8

opp q
8

isol
8

cosmic

yields a predictionof 400� 9 � 81� 8 (stat� ) for the total numberof candidatesfor

an integratedluminosity [63] of 2 dt � 109 � 7 pbÿ 1. However, the system-

atic uncertaintiesare large andas yet undeterminedso the crosssectionis not

presented.
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5.7.2 Contrib ution fr om non-dib ractive events

The contribution from non-di� ractive events, / nd, is estimatedusingsimulated

(Z$ ( ))ºü ý�þ�ý�ÿ eventswith MDcD Z 40 GeV from the PYTHIA event genera-

tor. HERWIG is not usedbecauseof the excessproductionof rapidity gapsin

the final state(Section5.3). The acceptancecutsareappliedto particlesin the

PYTHIA eventsasdescribedin Section5.3.1. The rapidity gaprequirementis

made, � � max �d� 3 � 2 in the proton or antiprotondirection,and1% of the events

passthis cut. Thereconstructedmomentumloss,û reco, is calculatedandthesame

correctionfactorsareappliedto theeventsasthey arein thedata(Section5.5).

Figure5.28 shows the distribution of û in eventsthat passthe rapidity gapcut:

10% have ûX� 0 � 02, or 0.1% of the sample. The PYTHIA predictionfor the

crosssectionfor (Z$ ( ))jü¦ý�þ
ý�ÿ eventswith MDFD Z 40 GeV is 202pb, giving a

predictednon-di� ractivecontributionof / nd � 0 � 2 pb.

The inclusive crosssectionis measuredusing the full datasample,with 10791

candidates(thee� ectof excludingthreeeventswith nocalorimeterinformationis

negligible), and 8 MC takenfrom thepreviousanalysis[56]. Theresultis

/e0 Br ((Z$ ( )) ü
ý þ ý ÿ ) � 308 � 3 (stat� ) � 6 (sys� ) � 20(lumi � ) pb

which is consistentwith theresultin [56]. ThePYTHIA predictionis scaledby

the ratio of the PYTHIA anddatainclusive crosssections,R � 308$ 202,so the

predictionfor thenon-di� ractivecontribution is

/ nd � 0 � 3 � 0 � 1 pb

wheretheuncertaintyis assignedfrom the di� erencebetweenthePYTHIA and

datainclusive crosssections. For a luminosity of 109 pbÿ 1, this predicts32.7

139



candidateevents:about8% of thenumberof candidatesin Section5.7.1.
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Figure5.28: Reconstructedû distribution in PYTHIA non-di� ractive Z ü
ý þ ý ÿ
events

5.8 Discussion

POMWIG prediction

ThePOMWIG predictionfor thecrosssectiontimesbranchingratio in this kine-

maticregion,with nogapsurvival probabilityincluded,is:

/ MC � (1 � 2 � 0 � 2) pb

wherethe uncertaintyis due to the reggeoncrosssectionnormalisation. This

is about0.4%of the measuredinclusive crosssection. The di� ractive W andZ
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bosonanalysesat DØ andCDF indicatethatthefractionof di� ractivecandidates

is around1% (Section2.2.2),which is reasonablyconsistentwith thePOMWIG

predictiongiven that thekinematicregion of thesemeasurementsis not defined.

But POMWIG doesnot includegapsurvival probability, sothenäıveexpectation

is thatthecompletepredictionwouldbeabout10 timessmaller. Thegapsurvival

probability is not known for di� ractive electroweakprocesses,but it seemsthat

POMWIG may not predict a sensibleorder of magnitudefor the crosssection

timesbranchingratio.

The gapsurvival factors h 0 � 1 is determinedfrom dijet crosssectionmeasure-

ments.Di � ractivedijet productionanddi� ractiveZ bosonproductioncoupledif-

ferently to the gluon andquarkcomponentsof the pomeron(Section2.3), so a

measurementof this crosssectionat the Tevatronwould be the first to directly

probethe quarkcomponent.This is the first time di� ractive electroweakboson

productiondatahasbeencomparedwith POMWIG. The POMWIG prediction

and the factor for the gap survival probability are openquestions:this makes

di� ractive Z bosonproductionan interestingchannel,with the potentialto be a

sensitiveprobefor theanswers.In addition,it maybepossibleto measurethenor-

malisationof the reggeonflux throughthedi� erentialcrosssectionwith respect

to û .

Soft dissociationof the proton

In orderto fully specifythekinematicrangeof thecrosssectionmeasurement,it

is necessaryto know the minimum protondissociative masswhich canbe seen

in the forward DØ detectors.At H1, this was M � 1 � 6 GeV: at lower masses

theprotonfinal stateis not observed. NeitherPYTHIA nor POMWIG prediction
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modelsthis typeof event, in which theprotondissociatesandthereis a rapidity

gap,andin facta goodunderstandingof this contribution would requiredetailed

MC studieswhich arecurrentlynot available.Thereforethepresenteddi� ractive

Z ü¦ý�þ
ý�ÿ candidatescould includeeventsin which thereis protondissociation

into low massstates.

Choiceof pomeron structure function

Changingthepomeronstructurefunction from fit 2 to fit 3 madeno discernable

di� erenceto thecalculatede' ciencies8 gap and8 MC. Thisis expected,becausethe

variationis predominantlyin thegluoncomponentwhich is not stronglyprobed

in di� ractiveZ bosonproduction.

Analysis of Z ü
ý þ ý ÿ using rapidity gaps

Previous to theanalysispresentedin this thesis,theauthorcarriedout ananaly-

sis of di� ractive Z bosonproductionthatusedthe rapidity gapmethodto select

candidateevents[47]. Themethodusedcannotleadto anormalisedcrosssection

measurementin aclearkinematicregion. Therapiditygaprequirementwasmade

usinga sumover energy in theforwardcalorimeter, confirmedby theabsenceof

hits in theLM detector. No correctionsweremadeto theresult; thesewould re-

quireagooddescriptionof thecalorimeterandLM detectorin thedetectorsimula-

tion,whichis notyetavailableatDØ. In addition,usingtheLM to confirmthegap

is proneto di' culties: the detectortermsareproneto ‘electronicsine' ciency’

which resultsin fakegapsignals(Section4.3); thedetectorsaresensitiveto beam

haloparticles;andthefixedpseudorapidityrangedoesnot allow variationin the
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choiceof kinematicregion. As previously mentioned(Section5.6.5),a rapidity

gapanalysisof Z ü
ý�þ�ý�ÿ alsoappearsto bemoresusceptibleto backgroundfrom

cosmicraymuons.A descriptionof theanalysisis includedin AppendixA in the

form of conferenceproceedingswrittenby theauthor.

Future stepsin the analysis

Thisanalysishasmadethefirst stepstowardsameasurementof adi� ractivecross

sectionat DØ. It hasmadeprogressin understandingthe requirementsof the

analysis,andidentifiedsomeof thelargestuncertainties:themeasurementof the

rapiditygapboundary, thecorrectionfor thecell energy threshold,theuncertainty

dueto thereggeonnormalisationandthecalibrationof thecalorimeter. Thefuture

developmentof theanalysisis discussedbelow.

Theanalysisshouldbecarriedoutwith thefull DØ detectorsimulation,providing

the low-level calorimeterenergy is su' ciently well modelledto be useful. Fur-

ther studiesof the e� ect of using � 2nd
max would certainlydecreasethe uncertainty.

The approachcouldbe to make a moresophisticatedgapboundarycut, perhaps

requiring that two cells areclosein pseudorapidityor are in the sametower to

definetheboundary;it maybeusefulto examinetheadditionalcandidatesfrom

the � 2nd
max analysis(perhapsalso � 3rd

max and � 4th
max) to separatethedi� ractivecandidates

from the fake gapevents. The full detectorsimulationmay help with this, asit

wasfound in the LM acceptancestudies(Section4.2.2)thatparticlesin di� rac-

tive eventscouldscatterinto thegapfrom detectorcomponents.Futureanalyses

will beableto make useof an improvedcalorimetercalibrationwith known un-

certainties. Although the hot cell killing algorithmdid not appearto a� ect the

results,it is felt thatthealgorithmis still useful;with a largerdatasetandreduced
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uncertaintiestheremaybeadiscernabledi� erenceto themeasurement.It maybe

a helpful tool for probingtheuncertaintydueto therapiditygapboundary( � 2nd
max).

A modelof thesoftdissociationof theprotonwouldstrengthenthemeasurement,

correctingfor rapiditygapeventsin which theprotondissociatesinto a low mass

stateandyieldingacrosssectionfor Z bosonproductionwith anintactproton.

The choiceof kinematicregion may be improved,a decisionthat might bestbe

madeafterthesizeof thedatasetis increased.Increasingtheû thresholdwouldde-

creasethestatisticaluncertaintiesandincreasethemuonidentificatione' ciency

8
MC. It would, however, decreasethe e' ciency of the rapidity gapcut andde-

creasethe pomeroncomponentof thesample.Ideally, with a larger datasetand

detailedstudiesof the e' cienciesas a function of û , the measurementd/ $ dû
couldbepresented.

As a resultof thefindingsin this analysis(Section5.3), theauthorsof POMWIG

intendto interfacethe generatorwith the JETSEThadronisationmodelusedby

PYTHIA [52].

Summary

Thefirst analysisof di� ractiveZ bosonsin themuondecaychannelhasbeenpre-

sented,includinga comparisonof thedatawith POMWIG.Theuncertaintiesare

prohibitively large for a measurementof thecrosssectiontimesbranchingratio,

but it is hopedthat componentsof the analysisthat have beendevelopedcanbe

usedasbuilding blocksin futuredi� ractiveanalysesatDØ: in particular, themea-

surementof û from thefinal statesystem,thecomparisonof datawith POMWIG

andtheestimateof thenon-di� ractivecontributionto thelow û sample.Measure-
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ment of the di� ractive Z bosonproductioncrosssectioncould give interesting

resultswith regard to gap survival probability in di� ractive electroweak boson

productionandthevalidity of transferingtheH1 di� ractivepdfsto theTevatron.
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Chapter 6

Summary

Thefirst partof thethesis,presentedin Section4, providesthefirst measurement

of thee' ciency of theDØ LuminosityMonitor, which is usedin normalisingall

crosssectionmeasurements.Theresultis:

8
LM � (90� 9 � 1 � 8)% �

Thesecondpart (Section5) presentsthefirst stepstowardsmeasuringthe(Z$ ( ))
bosonproductioncrosssectiontimesbranchingratio in thekinematicregion û �
0 � 02, which is dominatedby di� ractive exchange. A sampleof 24 candidate

eventsareselected,andthedataarecomparedwith theMonteCarloeventgenera-

tor POMWIG.Eachcomponentof thecrosssectionis studied,andthesystematic

uncertaintiesin the numberof candidatesare found to be too large andpoorly

understoodto allow themeasurementof acrosssection.
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Appendix A

Di ractive Scatteringat DØ

The following appendixcontainsextractsfrom a conferencepapersubmittedby

theauthor[47], whichdescribesthepreviousmethodof searchingfor di� ractively

producedZ bosonsin themuondecaychannel.

Abstract

The first searchfor dii ractively producedZ bosonsin the muondecaychannelis pre-

sented,usinga datasetcollectedby the DØ detectorat the FermilabTevatronat j s k
1l 96 TeV betweenApril andSeptember2003,correspondingto anintegratedluminosity

of approximately110pbÿ 1.

A.1 Intr oduction

QCDmodelselasticandsingledi� ractivescatteringof hadronsasproceedingvia

the exchangeof a colour singletobject. In the caseof elasticproton-antiproton

scattering,both protons1 emerge intact and scatteredat a small angle,with no

1 Heretheterm‘proton’ is usedto referto bothprotonsandantiprotons.
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momentumlossandno otherparticlesproduced.In singledi� raction,whereone

protonremainsintactwith asmallmomentumlossandtheotherdissociates,there

maybeanareadevoid of activity (rapiditygap)in theregionof theoutgoingintact

proton. We presentherethefirst ever searchfor di� ractively producedZ bosons

in themuondecaychannel.

A.2 Di m ractiveZ bosonproduction

A.2.1 Event selectionand data analysis

Z bosonsproducedvia singledi� ractionare identifiedby demandinga rapidity

gapnearthebeampipein eithertheoutgoingprotonor antiprotondirection. The

dataset was collectedbetweenApril and September2003 by the DØ detector

at the FermilabTevatron,correspondingto an integratedluminosity of approx-

imately 110 pbÿ 1. The DØ detectoris describedin detail elsewhere[44]. The

Z bosonis selectedvia its decayinto two oppositelychargedmuonseachwith

pT Z 15 GeV. At leastonemuonmustbeisolatedin thecentraltrackingdetector

andthecalorimeter:H pT of trackswithin aconeof radius0.5aroundthemuonis

requiredto belessthan3.5 GeV, andin thecalorimeter(H ET in a coneof radius

of 0.5 aroundthe muon)- (H ET in a coneof radiusof 0.1 aroundthe muon) is

requiredto be lessthan2.5 GeV, wherethe coneradiusis definedin pseudora-

pidity � andazimuthalangle % as
V

R � V � 2 U V % 2. Cosmicray muonevents

arevetoedby requiringthatthedistanceof closestapproachof muontracksto the

beampositionis lessthan0.02cm for trackswith hits in boththeSilicon Micro-

vertex Tracker (SMT) andCentralFiber Tracker (CFT), or lessthan0.2 cm for

trackswith hitsonly in theCFT. In addition,themuontracksarerequiredto fulfil

� V % DFD U
V_n
DcD 5 2op�qZ 0 � 05 radians,where

n
is polarangle.
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The rapidity gap searchmakes use of two detectors,the Luminosity Monitor

(LM) and the end calorimeter. The LM comprisestwo scintillating detectors,

oneon eachsideof the interactionregion, which cover thepseudorapidityrange

2 � 7 �r� ����� 4 � 4. The total outputcharge is discriminatedto give anons o� signal

for eachdetector. Theendcalorimeteris dividedinto threeregions:(1) four elec-

tromagneticlayersclosestto thebeam,(2) four fine hadroniclayersand(3) one

coarsehadroniclayer furthestfrom thebeam.Eachlayer is divided into cells in

the �t5�% plane.For this analysis,theenergy is summedseparatelyon eachside

(outgoingprotonandantiproton)in therange2 � 6 �r� ����� 5 � 3, usingelectromag-

neticcellswith Ecell Z 100MeV andfinehadroniccellswith Ecell Z 200MeV.

The log of the energy sumon the outgoingantiprotonside is plotted in Figure

A.1 for bunch crossingsin which thereare no visible interactions. Theseare

selectedfrom a randomlytriggeredsamplewith the requirementsthat both LM

detectorsareo� andthereis no vertex with greaterthan two associatedtracks.

Theseeventsareusedto approximaterapidity gapevents,in which thereis no

activity in the outgoingantiprotondirection. The log of the energy sumon the

outgoingantiprotonsideis alsoshown for a sampleof minimum biaseventsin

thefigure. Theseareselectedrequiringhits in bothdetectorsof theLM within a

small time window. A third (25 GeV jet) sampleis selectedby requiringa vertex

with at leastthreetracks,andat leastonejet with pT Z 25 GeV that passesjet

quality cuts. Jeteventsin which thehighestpT jet lies in theregion � ���uZ 2 � 4 are

excluded. Theminimumbiasandjet samplesaredominatedby eventsin which

bothprotonsdissociate.

Eventswith no interactionandeventswith antiprotondissociationareseparated

by applyingacutatanenergy sumof 10GeV. This is alsothecasein theoutgoing

protondirection.To selectsingledi� ractivecandidatesin theZ bosonsamplethe

LM detectoris requiredto be o� andthe energy sumlessthan10 GeV on one
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side,andthe LM detectoris requiredto be on andthe energy sumgreaterthan

10 GeVon theotherside.
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FigureA.1: Log of energy sumin theoutgoingantiprotondirection( 5 5 � 3 �z�{�
5 2 � 6), comparingeventswith no visible interactionswith eventsin which both

protonsdissociate.Areasarenormalisedto unity. An energy sumcut is appliedat

10 GeV for rapiditygapcandidates.

A.2.2 Results

FigureA.2 showsthedi-muoninvariantmassdistributionfor twosamples.Fig.A.2(a)

shows thoseeventsthatfail thetwo rapiditygapcutsonboththeoutgoingproton

andantiprotonsides.Thesearestrongcandidatesfor non-di� ractiveproductionof

Z bosons.A resonantpeakis observedtogetherwith a smallbackgroundcontri-

bution,arisingmainly from the(Z$ ( )) continuum.Fig. A.2(b) showsthoseevents

thatpassbothrapidity gapcutson onesideandfail bothon theother. Theseare

candidatesfor singledi� ractively producedZ bosons,whereoneprotonis intact

andtheotherdissociates.
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FigureA.2: Thedimuoninvariantmassdistribution for Z bosoncandidateswith

(a) no rapidity gapand(b) a singlerapidity gap.A rapidity gapis definedasone

LM detectoro� andenergy sumlessthan10GeVin thesameregion (seetext for

details).
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Summary

A searchfor di� ractively producedZ bosonsin themuonchannelhasbeenpre-

sented.Thesampleis largeenoughto allow astudyof thekinematicpropertiesof

theZ bosonsfor thefirst time.
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