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Abstract

Thefirst analysisof diffractively producedZ bosonsn themuondecaychannels
presentedysingdatatakenby the D@ detectorat the Tevatronat /s = 1.96 TeV.

The datasamplecorrespondso anintegratediuminosity of 109pb2.

The diffractve sampleis definedusing the fractional momentumloss ¢ of the
intact proton or antiprotonmeasuredising the calorimeterand muon detector
systems.In a sampleof 10791(Z/y)* — u*u~ events,24 diffractive candidate

eventsarefoundwith ¢ < 0.02.

The first work towards measuringthe crosssectiontimes branchingratio for
diffractive productionof (Z/y)* — u*u~ is presentedor the kinematicregion
& < 0.02. The systematicuncertaintiesare not yet suficiently understoodo

presenthe crosssectionresult.

In addition, the first measuremenof the efficieng/ of the Runll D@ Luminos-
ity Monitor is presentedyhich is usedin all crosssectionmeasurementsThe
efficiengy is:

em = (909« 1.8)%.
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Chapter 1

Intr oduction

Historically, electron-protorcolliders have beenat the forefront of probingthe
natureof theproton. The partondistribution functions(pdfs) of the proton,which
form anessentiapartof experimentaknowledgeat hadroncolliders,arederved
primarily from the high precisionmeasurementsf deepinelasticelectron-proton
scatteringat HERA [1, 2]. It is alsopossibleto definediffractivepartondistribu-
tions of the proton: thesehave the addedconstrainthatthe protonremainsintact
after the collision [3]. The diffractive pdfs have beenextractedfrom diffractive
deepinelasticscatteringdataat HERA [4, 5]; atthe H1 experiment,they were

extractedundertheassumptiorof Reggefactorisation(Section2).

Transferringthe diffractive pdfsto the Tevatronhasnot beenstraightforward be-
causdactorisatiordoesnotholdin hadron-hadroKin this caseproton-antiproton)
collisions. This breakdaevn in factorisationpftentermed‘gap survival probabil-
ity’, is generallyunderstoodo be dueto multi-partoninteractionsdestrging the

outgoingintactproton,andit resultsin muchlower obsenedratesfor diffractve

16



processeshanwould be expectedfrom the HERA measurementf]. Under
standingdiffractive scattering,andthe natureof the factorisationbreakdavn, is
of interestin its own right. In addition, diffractive scatteringhasbeensuggested
asa powerful tool for searchingor new physicsatthe LHC [7, 8, 9], soa better
understandingf theway in whichthediffractive pdfsatHERA canbeinterpreted

athadron-hadromollidersis becomingevenmoreimportant.

Understandingliffractive scatteringat hadroncollidersrequireshe measurement
of asmary diffractive productionprocesseaspossible.Oneof the cleanestbut
mostrarediffractive processess Z bosonproduction.Unlike diffractive W boson
production,which hasa larger crosssection,diffractve Z bosonproductionwas
not unambiguouslyobsenedin the TevatronRun | data. Eight candidatesvents
were seenat D@ [10], and no obsenation was publishedat CDF. All previous
Tevatronanalyse$ave reliedon the obsenationof rapidity gapswhich arelarge
regionsin theeventwith no particles andtheresultshave beenexpressedn terms
of thegapfraction: thefractionof eventsof aparticulartypewith arapiditygap.In
thisthesisthefirst definitive obsenationof diffractive Z productionis made using
datataken by the D@ experimentandthefirst stepsaretakentowardsmeasuring
a diffractive crosssectionin a well definedkinematicrange,in the spirit of the

measurementsy theH1 collaboration2].

The structureof this thesisis asfollows. In chapter2, anoverview of diffractive
scatterings presentedntroducingthe pomeronandreggeonin Reggetheoryand
describingthe phenomenologicamodelsusedto correctthe experimentaldata
andcomparewvith the HERA expectationsChaptelr3 containsadescriptiorof the
Runll D@ detectorfocusingonthedetectoromponentsisedn thisanalysisand

adescriptiorof the Tevatronacceleratarin chapted, thefirst measuremertf the

17



efficieng/ of theRunll D@ LuminosityMonitor is presentedThework presented
in this thesisforms the basisof the luminosity determinationat D@ which is
usedin all crosssectionmeasurements Runll. In section5, the obsenation of
candidateeventsfor diffractive productionof Z bosonsn the muonchanneland
work towards measuringthe crosssectiontimes branchingratio are described.
Thedataarecomparedor thefirst time to a Monte Carlosimulationin whichthe

HERA diffractive partondistributionsareusedasinput.

18



Chapter 2

Diffractive Scattering and the

Pomeron

The aim of this thesisis to searchfor diffractive Z bosonproductionin pp col-
lisions usingthe D@ detectorat the Tevatron. Diffractiondoesnot have a clear
experimentaldefinition, but in pp interactionshe simplestdefinitionis thatone
of the initial protonsremainsintact after the collision: p+p — p + X (or the

chageconjugate).

This chaptempresent@anoverview of diffractive scattering Section2.1lintroduces
Reggetheory which predategjuantumchromodynamic§QCD) anddescribeshe
behaiour of scatteringamplitudesasthe centreof massenepgy tendsto infinity.

This discussioris relevantto the normalisationof crosssectionmeasurementst
the Tevatron,throughthe behaiour of thetotal pp crosssection(Section4), and

it providesatheoreticaframevorkin whichto describdiffractive scattering.The

1 Bothinitial beamparticlesarereferredto asprotonsunlessit is necessaryo distinguishthem.
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pomeronandreggeon,quasi-particleshatareexchangedn diffractive scattering,
areintroduced. Section2.2 discusseshe obsenation of diffractive interactions:
theexperimentakignaturesandthekinematicregion of low &, thefractionalmo-
mentumlossof theproton,in whichdiffractive scatteringdlominatesTheprevious
measurementsf diffractve W andZ bosonproductionarebriefly discussedSec-
tion 2.3describeshesimulationof diffractive Z bosonproductionin pp collisions
usingtheeventgeneratoPOMWIG,whichusegheH1 diffractive partondistribu-
tionsundertheassumptiorof Reggefactorisationthebreakdavn of factorisation,

or ‘gap survival probability’ is alsodiscussed.

2.1 ReggeTheory

In the mid-1950s gxperimentalistknew of several stronglyinteractingparticles.
The first to be discoveredwere the proton, neutron,pion and antiproton. Many
othersfollowed, and the hadronsproliferatedinto an unwieldy and worryingly
large group. Somehadronswere pronouncedundamentabndotherscomposite,
somevhat arbitrarily [11], andlittle wasknown of the mechanisnof the strong
force. Scatteringexperimentsof thetime (suchasz*p, pp, pp) couldmeasure¢he
total crosssectionsandthe final states.But a theorywith predictve power was

needed.

Tullio EugenoRegge,bornin 1931in Turin, wasto provide suchatheory Regge
consideredhe initial andfinal statesof a scatteringorocessappliedsomebasic
postulatesandproposedigeneratelationshigor thebehaiour of hadron-hadron
(h-h) scatteringcrosssectionsasa function of centreof massenegy. Crucially,

he did this without knowing the underlying interactionmechanism. This was

20



yearsbeforethe adwentof quarktheory(1964),which first positedthat nucleons
were compositeof threequarks,or QCD (1966), the quantumfield theorythat
describeghe strongforce asan interactionmediatedby gluons[12, 13]. A full
derivation of Reggetheorycanbefoundin [14] but for this thesisa statemenbf

theresultswill besuficient.

2.1.1 Someconceptsusedin Reggetheory
Interaction topologies

In a2 — 2interactiona+ b — ¢ + d, two of the Mandelstankinematicvariables

aredefinedin termsof the particlefour momentaas

s=(Pa+ P)> t=(pa— Pc) (2.1)

where +/s is the centreof massenegy andt is the squareof the four momen-
tum transferbetweena and ¢ (the third kinematicvariable,u = (p. — pg)?, is
notindependent)This givesrise to animportantdistinctionbetweeninteraction
topologies.In the s-channelparticlesa andb annihilateandproducea real par
ticle (or ‘resonance’)which subsequenthdecays. The term resonances used
becausé¢he scatteringamplitudefor the processisessharplywhen +/s ~ m, just
asfor resonanfrequenciesThet-channelnvolvestheexchangeof avirtual parti-
cle betweera andb, andkinematicallythe squareof the four momentuntransfer

is negative.
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(a) schannekresonance (b) t-channelexchange

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

processes

Crossingsymmetry

Fig. 2.1 hasexamplesof s- andt-channelinteractionsthe amplitudesfor which
arerelatedthroughcrossingsymmetry Crossingsymmetrystateghatthe scatter
ing amplitudesfor the s-channelprocessa + b — ¢ + d andthe t-channelin the
‘crossed’processa + € — b + d, with s andt interchanged15], areequal. The
allowed resonancesave the samequantumnumbersasthe allowed virtual ex-
changesln otherwords,crossingsymmetrystateghatthe amplitudesA(s, t) are
equalfor the s-channelndcrossed-channeprocessesventhoughthey arequite

differentphysicalprocesses.

Optical theorem

The opticaltheoremis a relationshipbetweerthe total crosssectiono,; andthe

imaginarypartof the forward scatteringamplitudeA(s, 0):

ImA(s, 0
Otot = % > (2-2)
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wherethe amplitudeis forward becauséhe momentumtransfert is zero. Mo-

mentumtransferis relatedto the centreof massframescatteringangled by

2t
cosd=1+—,
S

sot = 0 correspond$o zeroscatteringangle.

2.1.2 Scatteringamplitude

The centralaim of Reggetheoryis to describehe behaiour of scatteringampli-
tudesin the ‘Reggelimit’, s — oo with s/t fixed. The amplitudefor t-channel
exchangds written asa sumof partialwave amplitudeghatcorrespondo all the
possibleexchangeswith differentangularmomenta. In the caseof 7~ p — 7°n
scatteringtheseinclude the exchangeof the light mesonswith the appropriate
quantumnumbersp, w , f;, 8 andsoon. The s-channelamplitudefor the re-
latedcrossedrocessin thiscaser n” — pn scatteringjs thenobtainedthrough

crossingsymmetryby interchanging ands.

Reggegeneralisedhe amplitudewith the concepiof complex orbital angulamrmo-
mentum[16, 17]. Particlescanhave only integerl, but in the comple |-planethe
scatteringamplitudemayhave poles(singularitiesat which theamplitudetendsto
infinity) thathave centralsignificancen thistheory They arecalledReyge poles
an(t). In the Reggelimit, only the right-mostpole in the comple |-plane— the
onewith the largestreal part— contributesto the amplitude. So the main result
of Reggetheoryis arathersimplestatemenaboutthe way a scatteringamplitude

depend®ons:
A(s 1) ~ 570 s> |t (2.3)
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It shouldbe notedthatEq. 2.3 appliesto all scatteringprocessesecausét does

not claimto know arything aboutthe underlyingmechanism.

2.1.3 Reggetrajectories

At Berkeley in the early 1960s,Gedfrey Chen claimedthat all hadronsshould
betreatedequallyinsteadof beingdivided— asin thefield theoryapproach-into
groupsof elementaryandcompositeparticles[18].% With thisin mind, heandhis
postdoctoraktudentStevenFrautschielt thatReggetheorywasthe mostpromis-
ing approaclhto the stronginteraction,andthey proceededo testandextendthe
theorywith scatteringdata. The Chew-Frautschiplot [11, 19| in Fig. 2.2 showvs
the total angularmomentum,J, versusthe masssquared M?, for particularsets

of hadronsin this casethemesornresonance 7~ 7° — Pn scattering.

It wasaremarkableesult,becausehe datalie on a straightline. Sofor hadrons
with the sameguantumnumbers,J is proportionalto M?. The linearfunctionis
calleda Reggetrajectory, in this particularcaset is thep-trajectory denotedy(t)
here.Fromthedatathe parametersf the p-trajectoryag(t) = ar(0) + agt are
ar(0) = 0.55
ag = 0.86 GeV2
whereag(0) is theintercepton the J axis, oy, is the gradient andthe particlesare

ata(M?) = J.

The true power of the Regge approachcomeswhenthe s-channelamplitudefor

n~n° — Pnscatteringn Fig. 2.1is relatedvia crossingsymmetryto thet-channel

2“My standpointere. .is thatevery nuclearparticle shouldreceive equaltreatmentunderthe

law.”
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procesdor 7~ p — 7°n scattering.As statedbefore, their amplitudesare equal

when s andt areinterchanged.But becausdhe enegy dependencef the am-

plitude is driven by the Regge trajectory (Eg. 2.3), the two processesre also

connectedn the Chewn-Frautschiplane. The s-channelr—z° datalie in thet > 0

regionin Fig. 2.3. Crossingsymmetrypredictsthatthe t-channelr™ p datalie in

thet < O region alongthe extrapolatedReggetrajectory Thisis dueto a property

of the amplitudecalledanalyticity, wherebyit canbe continuedacrosshet = 0

boundary The predictionis verifiedwith thedatain Fig. 2.4[14].

s — channel
T —SPn
5<0,t>0,t=M?>

(s and t have
been interchanged)

t — channel

§>0,t<0

Figure2.3: Relationshigbetweens andt channebprocesses the J —t plane
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2.1.4 Total scattering crosssection

Thefinal piecein thetheoryis thetotal crosssection.Substitutingeq.2.3att = 0

into EqQ. 2.2,thetotal crosssectionbehaesas
Otot ~ SH(O)_l (24)

wherea(0) is the interceptof the Reggetrajectorythat mediateshe interaction.
This is lessthan unity for the p-trajectory so the total crosssectiondecreases
with increasings for this type of exchange. In fact, it had alreadybeennoted
by PomeranchulandOkunin 1956thatthe total crosssectionfor h-h scattering

would decreas@assincreasesvhenchageis exchanged20].

This picture of a decreasingotal crosssectionwith centreof massenegy in
reggeonexchangeis successfulput asthe datashowv for pp and pp scattering
in Fig. 2.5 the total crosssectionstartsincreasingrom around20-30GeV. This
behaiour hadalsobeenpredictedby Pomeranchukat a time whenthe highest

experimentakenegy wasaboutl GeV [21].

2.1.5 The pomeron

Pomeranchukealisedn 1958thatthe crosssectionsof a particleandantiparticle
onagiventargetareequalto eachotheratasymptoticallyhighenegy [22]. Thisis
known asthePomeranchulR heoremandit wastheonly theoreticatesult,derived
from first principles,in thefield of stronginteractionsatthe time [23]. For these
crosssectionsto be the samethe exchangedobjectsmust couple equally with
particlesandantiparticles Thereforethey musthave the quantumnumbersof the

vacuum:no chage,no colour, andzerospin,isospinandbaryonnumber Clearly
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theseparticlesmustlie on a differentkind of Reggetrajectory onethat hasan
interceptgreaterthanunity sothatthe crosssectionwill rise. Thetrajectoryand

its correspondingjuasi-particlaveregiventhenamepomeonafterPomeranchuk.

Fig. 2.5shavs afit to the pp and pp databy DonnachieandLandshdf [24] using
Tppp) = A SO+ By SO (2.5)

whereA is the codticientfor pomeronexchangewhich is the samein both scat-
tering processesandB is the contritution from reggeonexchange. At low en-
ergiesreggeonexchangedominatesando,; decreasest high enegiespomeron

exchangedrivesthe crosssectionupwards. Thefit yields
ap(0) = 1.08

andthe codticientsshowvn in the figure. The gradientof the trajectoryis deter

mined[14] from thedifferentialcrosssectiondo-/dt to be
ap=025GeV?2.

Regge interceptsare universal: all kinds of scatteringthat are mediatedby the

sametrajectoryhave the samepower law in o.

The pomerontrajectoryis more complicatedthanthat of the reggeon. With an
interceptof 1.08,the crosssectionwould continueto rise and eventuallyviolate
unitarity at very high centreof massenegy. Therise of thetotal hadroniccross
sectiongnustbe tamedwith increasings by multiple pomeronexchangeswhen
two, threeor morepomeronsreexchangedn thesamenteractionthey contritbute
to the crosssectionwith alternatingsignsandincreasingmagnitudeass — oo.

For this reasonap(0) is really an effectiveintercept,andit changesslowly with

30



s. At currently accessiblecentreof massenepgiesit is more or lessconstant;
multiple pomerorexchangesreonly aboutl0%of thetotal crosssectionat /s =

1.8 TeV[25].

Furthermorethereappeato betwo trajectoriesor thepomeron.Thesoftpomepn
describedbove hastheinterceptap(0) = 1.08.In 1997 ,experimentsatHERA [26]
probedthe protonwith avirtual photon(emittedfrom anelectron)andfoundthat
the pomeroninterceptappeardo increasewith the virtuality of the photonand
the enegy dependencef the total crosssectionsteepensccordingly The next

year SandyDonnachiefrom Manchesteland PeterLandshdf from Cambridge
proposed27] thatthis behaiour couldbedescribedf thereis anadditionalhard

pomepnwith ap(0) ~ 1.4.

The physicalparticleson the soft and hard pomerontrajectorieshave not been
identified;they may be composite®f two or moregluons(‘glueballs’) [28]. The
lowestobjecton the soft trajectorywould be J = 2 with a massof about2 GeV,
andtherehasbeena glueballcandidatefor this state[29].2 Anotherglueballcan-

didatewith slightly highermasq30] maylie onthehardpomerontrajectory[27].

2.2 Diffractive Scattering

Pomeromandreggeonexchangesre colourless so the hadrondrom which they
areemittedmay stayintact. A diffractive pp interactionis often definedexper
imentally asonein which a proton emegesintact from the collision, and this

type of eventcanbe obsenred usingdetectordocatedalongthe trajectoryof the

3 As is the corvention, naturalunits areusedthroughout:c = 7 = 1, sothatmass momentum

andenegy areexpressedn eV (1leV = 1.602x 1071°J)
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scatteredoroton. A systemof spectrometersn which the protonmomentumis
measuredn the acceleratomagneticfield, hasbeenbuilt for this purposeat D&

(Section3.2.6)but thisis undegoingcommissioningat thetime of this analysis.

2.2.1 Rapidity gaps

Diffractive interactionsoften have anotherexperimentalsignaturewhich is ara-
pidity gap: a large region with no particlescloseto the outgoingintact proton.
This canbe understoodsa lack of colourconnectionsn theregion betweerthe
outgoingprotonandthe dissociatve system.In addition, a rapidity gapis kine-
matically requiredin a systemof particleswith low invariantmasswith respect
to the centreof massenepy of the collision, and diffractive interactionscanbe
definedtheoreticallyin this way (s >> M3, the Reggelimit). In non-difractive
interactions the distribution of final stateparticlesis approximatelyuniform in
rapidity, andgapsare exponentiallysuppressedthe probability of a rapidity gap

of sizeAy is proportionalto e for someconstant [31].

Therapidity y of aparticlecanbedefinedin termsof its enegy E andlongitudinal

momentumpL,
_ :—Lln (E+po)
2 (E-p)’

andif the coordinate®f the systemaredefinedwith the z-axisalongthecollision
axis, then p. = p, where p, is the z componentof the momentum. It is also
convenientto definethe trans\erseenegy, Er = Esing, whered is the polar
anglewith respecto the z-axis. Pseudorapidity; is definedin termsof the polar
angle,

7= -In(an).
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andit is oftenusedasacoordinaten detectorsin thelimit m/E — 0, rapidityand
pseudorapidityare equal. Regionsof high pseudorapiditycloseto the outgoing
beamparticles,are referredto as forward; the region |5 ~ O is referredto as

central.

2.2.2 Previousanalysesof diffractive W/Z bosonproduction

Previous obsenationsof diffractively producedWV andZ bosonsusingdatafrom
Runl atthe Tevatron,have relied on the presencef arapidity gapin the event.
The CDF collaboratiorpublishedresultsfor diffractve W bosonproductionin the
electrondecaychannel[32], presentinghe ratio (Ry) of W bosoneventswith a

rapidity gapto thosewithout:
Rw = (1.15+ 0.55)%.

The D@ collaborationobsened diffractve W bosonproductionin the electron
decaychanneland a sampleof 8 diffractve Z — e'e" candidateevents[10].
They quotedtheir resultsin termsof the ‘gap fractions’ Fy (Fz) of W (Z) boson

eventswith arapidity gap:
Fw = (0.897019)%
Fz = (L4472%.

Theresultsfrom CDF andD@ cannotbe comparedvith eachotherbecaus€€DF
applieda correctionfor diffractive eventsthatdo not have arapidity gapwhereas

D@ publishedheuncorrectedesult.
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2.2.3 Fractional momentum lossof the proton

Thefractionallongitudinalmomentumossof theintactproton,£, maybedefined
as
&=1-pi/pi,

where p; and ps arethe initial and final longitudinalmomentaof the outgoing
proton. The momentumloss ¢ can be measuredexperimentallyasé ~ M%/s
so a predominantlydiffractve sample,which hasa low massfinal state,canbe
definedexperimentallyby requiringeventsto have low £. Theregion £ < 0.01
is dominatedby pomeronexchange,andlarger momentumloss correspondgo
largercontributionsfrom reggeonexchange Therapidity gapsizeAy increasess
Ay ~ In(1/£), solow & (pomeron)interactionsarecharacterisetby large rapidity
gaps.Reggeoninteractiongendto have smallerrapidity gaps becausehey occur

athigheré.

Thefractionalmomentumosscanbereconstructedising

1oy
éEx 752 ETe’ (2-6)

wherethe sumis over particlesin thefinal state, andE} andz' arethetranserse
enegy and pseudorapidityof the ith particle. This approximationassumeshat
the enegy of the incomingprotonis large [31]. The dominantcontributionsto
the ‘¢ sum’ are from particlescloseto the scatteredproton, which have large
pseudorapiditiesand particleswith large E1. The contribution from particlesin
the oppositedirectionto theintactprotonis small,soa lack of detectorcoverage

in this region doesnot have a large effecton the measurement.

In this thesis,the first stepstowardsmeasuringhe diffractive (Z/y)* bosonpro-

ductioncrosssection(multiplied by the branchingratio for the muondecaychan-
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nel) are presented.The crosssectionis definedkinematicallyby &, wherethe
lowest accessible valuein this analysisis & ~ MZ/s, andthe upperlimit is
chosersuchthatthereis a suficiently large forward rapidity gapfor obsenation

(Section5.4.1).

2.3 Simulation of diffractive Z bosonproduction

The Monte Carlo event generatoPOMWIG [33] is the only Monte Carlo gen-
eratorcurrently availablethat cansimulatediffractive Z bosonproductionat the
Tevatron.As mentionedn Sectionl, it is possibleto definediffractive partondis-
tribution functions(pdfs) in diffractive deepinelasticelectron-protorscattering.
Theseareprotonpdfswith theadditionalconstrainthatthe protonremainsintact
[3]. TheH1 Collaborationat HERA [4] measuredhe diffractive deepinelastic
scatteringcrosssection,and parameterisethe datausing a Regge factorisation
ansatZsometimeseferredto asthelngelman-Schleimodel[34]). In Reggefac-
torisation,the interactionis separatedhto two parts: the emissionof a pomeron
or reggeonfrom the proton,andthe interactionof the pomeronor reggeonwith

theotherbeamproton. A diagramfor thisin pp collisionsis shovnin Fig. 2.6. At

the uppervertex, a pomeronis emittedwith squarednomentumransfert, anda
fractioné (referredio asx p atHERA) of theprotonmomentum The'‘probability’

for this to occurcanbe describedn termsof a ‘pomeronflux factor’ F(xp, t).*

Thepomerontakespartin ahardscale(high pr) interactionwith theotherproton,

in which the pomeronstructurefunction F5°(3, Q%) describeshe probability of a

4 The pomeronflux factoris not absolutelynormalised andso canbe greaterthanunity. The

termprobabilityis thereforeusedloosely
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partonin the pomeronwith afractionof the pomeronrmomentump, beingstruck

by apartonin the protonwith virtuality Q2.

P
P
P E 3Q
. P ’/ pomeron remnant

<. P
F(xpt)

' _ -
\ I
\ ’
\ \/\/
- -
1

hard scatter

—

proton remnant
Figure2.6: POMWIG useghefactorisatiormodelof singlediffraction[33]

The pomeronandreggeonflux termsareparameteriseds
tmin gbir(®)
fir(€) = N 201 (2.7)
tmax

tmin Bir(t)

o §2m r()-1 (2'8)

flR(f) =Cir

wherea p(t) = @ip(0) + @,pt andair(t) = r(0) + @,xt. The diffractive cross
sectionis thenexpressedasthe sumof the pomeronandreggeonflux termsand
the structurefunctions of the pomeronand reggeon. The normalisationof the
pomerorflux, N, is setsuchthatthe generatedieepinelasticscatteringcrosssec-
tion matchegshe H1 measuremerdté = 0.003. Thereggeonnormalisatiorterm,
Cir = 48, wasfitted to databy the H1 Collaboration[4]. It shouldbe notedthat
H1 hadlittle datain the higheré range(¢ > 0.01) which is probedin diffractive

Z bosonproductionat the Tevatron[33]. The normalisationof the reggeonflux
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Quantity | Value
a)p 1.20
IR 0.57
a]P 0.26
@5 0.90
Bip 4.6
Bir 2.0
Cr 48

Table2.1: Thedefaultparametersn POMWIG

is thereforeoneof the largestuncertaintiesn the predictionsof POMWIG in the
Tevatronkinematicrange.The pomeronstructurefunctionwasfitted to data,and
apion structurefunctionwasusedfor thereggeon[35]. Throughouthis analysis,
the POMWIG default parametergTable 2.3) areused. H1 producedhreesepa-
ratepomeronstructurefunctionfits: thedefault fit, known as'fit 2’, is usedin the
analysis;fit 3, which hasalargergluoncontentathighp, is usedto cross-check

the systematiaincertaintiegSections.6.3and5.6.4).

Diffractve W and Z bosonproductioncan be, with large statistics,a sensitve
probeof the structureof the pomeron(andreggeonin the higheré region). At

leadingorder(LO), diffractve W andZ bosonsare producedrom a quarkin the
pomeronor reggeon.At next to leadingorder(NLO), a gluonfrom the pomeron

or reggeonsplitsinto a gq pair beforetheinteraction(Fig. 2.7).

There hasbeenonly one prediction of the crosssectionfor diffractively pro-

ducedZ bosons,by Bruni and Ingelmanin 1993[36]. In the kinematicrange
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Vs = 1.8 TeV, ¢ < 0.1 and|t] < 1 Ge\?, andwith the requirementhat the
two muonshave |5| < 3 andpr > 20 GeV, they predictthat the crosssection
timesbranchingratio for diffractve Z — u*u~ productionis 28 pb for a quark-
dominatedpomeron,1 pb for a pomeronmadeof hardgluons,and0.4 pb for a
pomeronmadeof soft gluons. The correspondingliffractive fractionsare 13%,
0.5%and0.2%of theirtotal Z — p*u~ crosssection. Thesepredictionsdid not
includean estimateof gapsurvival probability, however. Thisis discussedn the

following section.

2.3.1 Rapidity gapsurvival

The Collins factorisationtheorem[3] which allows diffractive pdfsto be defined
doesnot apply in hadron-hadrorcollisions. The reasonfor this ‘factorisation
breakdevn’ is generallyacceptedo be dueto collisions betweenspectatompar
tonsin thecolliding protons,causingthe outgoingprotonto dissociateandthere-
fore destrging the protonandthe rapidity gap[37, 38, 39; it is giventhe name
‘gap survival probability’ This would seemto imply that POMWIG cannotbe
usedat the Tevatron. In diffractive dijet productionat the Tevatron, for exam-
ple, POMWIG hasbeenshownn to overestimatéhe magnitudeof thecrosssection
by a factorof approximatelyl0 [40, 41]. However, the kinematicdistributions
of quantitiessuchasthe rapiditiesand E; of the jets are correctly predictedby
POMWIG, albeitwithin large uncertainties.This suggestshat gap survival can
beaccountedor by anoverall multiplicative factor:in the caseof diffractive dijet
production,the gapsurvival probabilityis s ~ 0.1. It is oneof the aimsof this
thesisto assesshe extentto which gapsurvival probability is process-specific;

it is the first comparisorof diffractively producecelectraveakbosondatawith a
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Monte Carlosimulationthatusesthe H1 diffractive partondistributions.
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Chapter 3

The D@ Experiment at the Tevatron

3.1 The Tevatron Accelerator

The Tevatron,40 mileswestof Chicago s a synchrotroracceleratothatcollides
protonswith antiprotons At /s = 1.96 TeV, it hasthe highestcentreof massen-
ergy of any acceleratocurrentlyoperatingn theworld, andit generatesollisions
atanaveragerateof 1.7 million timespersecond.The Tevatronacceleratocom-
ponentsarehousedn atunnelwith acircumferencef abouté km underneathhe
restoredprairie landsat the FermiNationalAccelerator_aboratory(Fermilab)in

Batavia, lllinois. The Fermilabchainof acceleratorss shovn in Figure3.1.

At the begginning of the Tevatronchainis a bottle of hydrogengas,aboutthe size
of a fire extinguisher inside the Cockcroft-Walton accelerator The Cockcroft-
Walton turns hydrogenmoleculesinto H™ ions and accelerateshem througha
seriesof potentialdifferencego an enegy of 750 keV. After this is the Linac,

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

with an alternatingelectricfield at low frequeng. The field is alignedto give
a positive gradientin the gaps,acceleratinghe particlesand forcing theminto
discretegroupscalled bunches[42]. The bunchedions are acceleratedy the
Linacto 400MeV, strippedof their electronsandinjectedinto theBoosterwhich

is asmallsynchrotroracceleratothatacceleratethe protonsto 9 GeV.

The protonbunchesenterthe Main Injector, alargersynchrotrorwith two modes:
in the first, protonsare acceleratedo 120 GeV andsentto the p source;in the
secondthey areacceleratedo 150 GeV andinjectedinto the Tevatronring or
fixed target experiments.Antiprotonsare createdby firing protonsinto a nickel
target,usingtensof thousandsf protonsto producesachone. Theantiprotonsare
accumulatedndstoredat 9 GeV until they areneededor a periodof collisions,

known asa store, for which they aresentto the Main Injectorfor acceleratiorio
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150GeV andinjectioninto the Tevatronring [43]. Insidethe Tevatrona setof RF
cavities acceleratethe p andp beamdo 980GeV by boostingthe particleswhen
they passthefield frequeng is matchedo theincreasingotationalfrequeng of

thebeam.

The TevatronmagnetsaresuperconductingDipole magnetsleflectthe beaminto
acircularpathby exertinga horizontalLorentzforceF = q v x B, whereq is the
chage andv x B is the vectorcrossproductbetweenthe velocity and magnetic
field. The magneticfield is increasedo matchthe increasingparticle enepy.
Quadrupolemagnetsfocus the beamby deflectingstray particlesbackinto the

correctpath. Therearealsosextupolemagnetdor higherordercorrections.

Eachbeamhas36 bunchedistributedin threegroupsof 12 calledsuperlinches.
Therelative positionof the bunchess marked by time periodsof 132 ns called
ticks, of which thereare159in thering. Within a superlinch,the bunchspacing
is threeticks (396 ns,which corresponds$o about120m). The beamstructureis

illustratedin Figure3.2.

The p andp beamsare kept apartin a helical orbit everywhereexceptthe two
interactionregions. Theseare namedby their locationson the ring: D@, where
thereis a detectorof the samenameandB@, wherethereis the Collider Detec-
tor at Fermilab(CDF). This analysisusesdatataken by the D@ detectorduring
Runll. Theofficial startof Runll wasMarch2001.For Runll the Tevatronhasa
highercentreof massenegy (/s hasincreasedrom 1.8to 1.96 TeV), increased
luminosity, and decreasedbunch crossingspacing(from 3.5 us to 396 ns), and

mary partsof the D& andCDF detectorshave beenreplaced.
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3.2 The D@ Detector
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Figure3.3: Diagramof the D detector

The D@ detectoris nearlyfour storgys high andsurroundsa 20 m sectionof the
beamon the eastsideof the Tevatronring (Fig. 3.3). Thereareseveralconcentric
layers,including a tracking system with two detectorsanda solenoidmagnet;a
calorimeteranda muondetectorsystemwith atoroid magnet.Thereis aforward
proton detectorto detectoutgoingintact beamparticleslocatedat a distanceof

severalmetresalongthe beamline in eitherdirection.

D@ usesa right-handedcoordinatesystemin which the z-axis pointsalongthe
protonbeamdirection,towardthe southendof the detector North andsouthare
usedto denotethe outgoingp and p directionsrespectrely. The x-axisis in the
horizontal plane, pointing out of the Tevatronring (east)and the y-axis points

upwards. The azimuthalangle¢ rangesfrom 0 — 27. The detectorcoordinate
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systemis centredon (x,y,2) = (0,0, 0), andthe ‘physics’ coordinatesystemis

centredon theinteractionvertex.

The detectorsubsystemaredescribedn thefollowing sections.More detailson

all aspectof the DA detectorcanbefoundin [44].

3.2.1 Tracking system

The centraltracler is thefirst systemencounteredby particlesthatemepge from
theberyllium beampipe,measuringhetrajectoriesof chagedparticlesin amag-
netic field. Thereis an inner detectoy the silicon microstriptracker (SMT), an
outer detectoy the centralfiber tracker (CFT) and a superconductingolenoid

magnetwhich encloseshem(Fig. 3.4).

The SMT is a high resolutiondetectorsurroundingthe interactionregion. It is
constructedn two parts: barrels,which arecylindersaroundthe beampipe, and
discs,which aretrans\erseto the beam(Fig. 3.5). The six barrelsarearranged
longitudinallyalongtheinteractionregion. Eachhasfour concentricdetectoray-
ers,of which someare single-sidedand somedouble-sided.Thereare 12 small
discswith double-sidedietectorwedgescalled F-disksin the centralregion and
four large discswith back-to-backsingle-sidedvedges H-disks,in the forward
region. Theouterradiusof the barrelsectionsandF-disksis about10 cm, andfor

H-disksit is 26 cm. The pseudorapiditgoverages || < 2.5.

Eachdetectoldayeris athin waferof siliconwith parallelstripsacrossts surface.
Singlesidedlayershave only ann-side,a surfacewith a positive voltagebiasand
n-type dopingto increasethe numberof mobile electrons. Double sidedlayers

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

traclker, centralfibertracker andsolenoidmagnet.Otherdetectorsarealsoshavn.

Figure3.5: Thesilicon microstriptracker
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holesandhave anegative voltageapplied.Whenachagedparticlepasseshrough
thesiliconit createslectron-holgairs:theelectronsollectonthen-sideandthe
holeson the p-side. The chageis sampledby ‘SVXIle’ chipsmounteddirectly
on the detector The SMT is cooledto lessthanabout5°C to reduceradiation

damage.

The CFT spanstheregion 20 — 50 cm from the beampipeand|n| < 1.7. It has
scintillating fibresarrangedn doubletlayers: two layersof fibres,whereoneis
offsetfrom the othersoasto leave no gaps. Thereareeightconcentriccylinders
in the CFT, eachof which hasan axial doubletlayer and a stereodoubletlayer
at either+3° or -3°. The scintillating fiboresare madeof polystyreneanddouble
cladin acrylic andflouro-acrylic,with mirroredcoatingat oneend. The cladding
materialshave lower refractve indicesthanthe polystyrene. Excited atomsin
the fibresemit yellow-greenlight, which is trappedandreflectedto the readout
endsandtakenby clearwaveguidesto thevisible light photoncounterVLPCSs).
Theseare avalanchephotodiodeghat corvert the photonsinto a chage signal,

whichis readout with SVXIlle chips.

The superconductingolenoidis nearlythreemetredong, with aninnerdiameter
of aboutametre.Thefield is about2T, axialanduniform overmostof thetracking

volume.

Thedetectorsignals(hits) in thetrackingsystemareusedto reconstructhe paths
of chaged particles,for calculationof particle momenta particle identification
andreconstructiorof the positionof theinteractionvertex or vertices.Thetrack-
ing systemcanmeasurehe z positionof the primary vertex with a resolutionof
about35um. The momentumof a particlewith chage e in a magneticfield B is

determinedrom theradiusof curvatureof its trajectoryR by equatingheLorentz
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forceandthe centripetaforce mv?/R. Thisyieldstherelationshipp = eBR High
momentumchagedparticleshave almoststraighttracks,soit is moredifficult to

determineR andthe momentununcertaintyis greater

3.2.2 Preshaver detectors

The centralandforward preshaver detectoraneasurehe enegy andpositionof
particlesbeforethey enterthe calorimeterimproving the enepgy resolutionand
detectinglow pr electromagnetishavers. The centralpresheveris mountedon
theoutsideof thesolenoid(jn| < 1.3), andtheforwardpresheveronthecalorime-
terendcaps(1.5 < || < 2.5), asshavn in Fig. 3.4. They aremadeof scintillating

stripsreadoutby VLPCs. The preshaver detectorsarenot usedin this analysis.

3.2.3 Calorimeter

The D@ calorimetersystemmeasureparticle enegy by inducing showvering in
its densemateriallayers. The threemain partsarethe centralcalorimeter(CC),
which encirclestheinteractionregion up to || ~ 1, andthe two endcalorimeters
extendingto || ~ 5, which arecalledECN andECSat the northandsouthends.
Eachis enclosedn a separateryostat. Thereis somedetectorcoveragebetween
themaincalorimetergrom themasslesgaps(CCMG andECMG) andintercryo-
statdetector(ICD). All of the calorimeterdetectorsystemsarefrom Runl except

thelCD.
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Calorimeter geometry

The fine segmentationof the calorimeterallows shaver positionandshapemea-
surement.Radially, it is several layersdeep: startingfrom the inside theseare
the electomagnetic section(EM) which has4 layers;the fine hadmonic section
(FH) with 2 — 4 layers; andthe coarse hadronic section(CH) which has1 — 3

layers.Eachlayeris dividedinto smallunitscalledcells. Most cellshave anarea
Anx A¢ = 0.1x0.1. Thisgeometrywith towers of cellsradiatingfrom thecentre
of the detectoris known aspseudo-projectie becausehe cellslie alonglines of

pseudorapidityut their boundariesio not (Fig. 3.6).

Eachcell hasthe uniqguedetectorcoordinateglayer, ieta, iphi), whereieta and
i phi areintegerscorrespondingo locationin n and¢. In generaleachieta value
correspondso a detector; width of Ap = 0.1. Therangeis from —37 to 37 with
no null value. Similarly, i phi rangesfrom 1 — 64 and eachinteger corresponds
to a detectorg width A¢ = 27/64 ~ 0.1. Therearetwo regionswherethe cells
have differentsizes. In the forward region || > 3.2 the cells arelargerin An
becausef the diminishingphysicalsizeof pseudorapidityunits (Table3.1), and
theirazimuthalwidth doubleso A¢ = 0.2. In thecentralregion |n| < 2.6 thethird
EM layeris dividedmorefinely with An x A¢ = 0.05x 0.05. Thisis to definethe

EM shaversmorepreciselyat the depthof theirmaximumenepgy deposition.

Figure3.7illustratesthecalorimeteigeometry Towersaredravn asanieta—layer
projection, demonstratinghe correspondencbeetweenieta and detectorn and
the coverageof the variouslayers. The CCCH is the centralcalorimetercoarse
hadronicregion. The endcalorimeterhadronicregion hasthreeconcentriccylin-

dersaroundthe beampipe: the inner module (ECIH) at highestpseudorapidity
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Figure3.6: Thecalorimeter(quartercut-avay view)
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lietal | [y range
1 0.0-01
2 01-02
32 31-32
33 |32-342
34 3.42-3.7
35 3.7-41
36 41-445
37 445-52

Table3.1: Pseudorapiditgoordinatdeta in the calorimeter

which hasup to four hadroniclayersand one coarsehadroniclayer, the middle
module (ECMH) which hasfour fine hadroniclayersand one coarsehadronic

layer, andthe outermodule(ECOH)which hasupto threecoarsdayers.

The calorimeterhasthe furthestreachin pseudorapidityof all the central D&
systems.Only the Forward ProtonDetector(Sec.3.2.6) hashighern coverage.
As shown in Figure3.7,the EM layersextendto || = 4.1, thefirst two FH layers
to || = 4.45,andthelasttwo FH layersandoneCH layerextendto || = 5.2.

Calorimeter Cells

A typical calorimetercell is shavn in Figure 3.8. The cell is filled with liquid
argon,with anabsorbeplateconnectedo groundandareadoutplateat +2.0 kV.

A chagedparticlepassinghroughthecell leavesatrail of ionisationin theliquid

52



TN

SNd

ENA

YNHE

THA

SHA

EHA

VHA

Figure3.7: Projectionof the calorimetertowersin theieta — layer plane
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Figure3.8: A typical calorimetercell

argon, andthe electronsdrift to the readoutplate. The denseabsorberinduces
showering so all the enegy of the incident particleis measured.The absorber
in the EM is uranium,in the FH it is uranium-niobiumalloy, andin the central
andend CH it is copperandstainlesssteelrespectrely. The liquid argon gaps
are2.3 mm wide, with an electrondrift time of 450 ns. The absorberplatesare
3-6 mm wide in the EM andFH layersandabout47 mm wide in the CH soas
to ensureall the enepgy is sampledwithin the calorimeter For the readout drift

electronsinducea chage on copperpadsetchedonto a fiberglassboard (G10)

with aresistve coatof epoxy

Calorimeter electronics

Eachcalorimetercell is a capacitor The chage is sentto a preamplifierwhich
amplifiesand shapeghe signal so that all channelshave a similar shape: the
chagerisesduringthedrift time 450nsanddecaysover a periodof aboutl5 us,

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

Runll to meetthedemand®f theincreasearossingate.

The preamplifieroutputis sentto a baselinesubtractorBLS) board,which per

formsseveralfunctions.A shaperircuit takesthefirst two thirds (260 ns) of the
signalandproducesa shortersignalthatpeaks320nsaftertheinteractionandde-
caysover threebunchcrossing(BX) periods.The shapersignalis sampledcevery
tick (132ns)with everythird sampleoccurringatthe peak.The samplesareused
for baselinesubtraction.Baselinesubtractioncompensatefor pile-up, which is

signalfrom previousinteractions.The baselinds the storedsamplefrom the pre-
vious bunch crossing threeticks beforethe currentsignal. The subtractioncan
resultin negative enegy signalsfor thechannel. The BLS boardsendshesignal

to bedigitizedfor readout.

Cellsaresubjectedo zeo suppessiorto reducegheamounif informationrecorded
for eachinteraction. Eachcell is monitoredduring beamcollision time, andthe
signalis only storedif it is atleastl.50- from the meanof the noise.During data
processinghe ‘T42’ algorithm performsa more sophisticatedevel of suppres-
sion[45]. Cell arekeptif the signalis 40 from the mean,or if they area nearest
neighbournof thesewith asignal2.5¢0- from themean.Cellswith negative enegies

arediscarded.

Masslesggapsand intercryostat detector

The masslesgapsareindividual calorimetercells positionedinsidethe cryostats
beforethe first absorbedayers. They cover the region 0.8 < || < 1.4. The

intercryostatdetector(ICD) is mountedon the calorimeterendcapsin theregion
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1.1 < |n| < 1.4. It is madeof scintillatingtiles, which arereadout by wavelength
shifting fibresconnectedo photomultipliertubes(PMTs). Themasslesgapsand
ICD provide informationon shaverenegy in theregionsbetweerthecentraland

endcalorimeters.

3.2.4 Luminosity Monitor

The Luminosity Monitor (LM) detectschagedparticlesin the forward region to
determinethe luminosity of the experiment. It comprisestwo detectorsand a
logic system. Eachof the detectords an array of 24 plastic scintillator wedges
andphotomultipliertubes(Fig. 3.9) situatednearthe beampipe at approximately
+140cm from the centreof D@. They aremountedon the calorimeterendcaps
(Fig. 3.4)andcoverthe pseudorapidityegion 2.7 < || < 4.4. Chapter describes

thefirst measuremendf the LM efficieng/ for Runll.

Figure3.9: Onedetectorof the Luminosity Monitor (r-¢ view), shaving the scin-

tillator wedgesphotomultipliertubesandcentralbeampipe
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3.2.5 Muon detector system

The muonsystemis the outermostetectorsystem.lt is cuboidwith threelayers
namedA, B andC, whereA is theinnermostandtoroid magnetdetweernthe A
andB layers. Therearelayersof scintillatorsfor timing measurementandwire
drift chamberdor tracking. It is dividedinto a centralregion (|| < 1.0) andtwo

forwardregions(1.0 < || < 2.0).

Thetrackingsystemcomprisegproportionaldrift tube(PDT) detectorsn thecen-
tral region, mini drift tube(MDT) detectorsn the forward region, andthetoroid
magnets. The tubesare arrangednside large drift chamberqFig. 3.10). Each
chamberin the A-layer hasfour decksof tubes,exceptthosein the bottom A-

layer which have three,and chambersn the B- and C-layershave threedecks.
Thereis a region in the bottom A-layer, with 4.25< ¢ < 5.15 and|p| < 1.25,

which hasno detectordueto the calorimetersupportstructure.

PDT detectorsare aluminium enclosureswvith an anodewire at the centre(at
4.7 kV) andtwo cathodepadsabove and below (at 2.3 kV), filled with a gas
mixturethatis predominantlyargon. The MDT detectorsaretubeswith eightan-
odewires andan outer cathodestructureat —3.2 kV. They arefilled with a gas
mixture that is predominantlytetrafluoromethane Chaged particlesionise the
gasandelectrondrift to the anodes Signalsfrom the anodewiresareamplified,

discriminatedandsentto digitisationboards.

Thecentraltoroidis asquareannulussurroundinghe centralA-layers,about3 m
from the beampipe and over a metrethick. The end toroids are squareswith

dimension8 m x 8 m x 1.5m. Themagnetidield is aboutl1.8T.

Hits in the muontracking systemare combinedwith informationfrom the cen-
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tral traclker to identify muonsand measuregheir momentan the presencef the
toroidalmagnetidield. The A-layer hits arematchedo a centraltrackto confirm
the muon position, and comparedwith hits in the B and C layersto determine
the pathdeflection. Thusthe muonsystemprovides muonidentificationandan

independenmeasuremertdf the momentunfrom the centraltrackingsystem.

Thescintillating countersarefinely segmentedietectorghatareusedfor trigger
ing andfor rejecting‘out-of-time’ backgrounds.In the centralregion thereare
two groups: in the A-layer arethe Ay countes, andin the C-layerand bottom
sectionof the B-layer therearethe outer countes. In the forward region there
arepixel countes in all threelayers. Eachcounteris a sheetof scintillator that
emitsblue light, with embeddedvavelengthshifting fibres (or bars,in the pixel

counters}o transporthelight to photomultipliertubes.

Two source®f out-of-timebackgroundareearly hits from upstreanbeamlosses
in the tunnel, and late hits from beamremnantsscatteringoft the edgesof the
calorimeter The scintillator countersprovide absolutegime measurement® re-
ject thesesignals. In addition, muonsoriginating from cosmicrays can come
throughthe detectorat ary time. They hit the upperpartof the detectorandthen
thelower, in contrasto muonsfrom a collision which hit theupperandlower sec-
tionsatthesametime, andcanberejectedby requiringthedifferencebetweerthe
scintillator timesmeasuredn the upperandlower sectionsto be approximately

Zero.

The muon systemis protectedfrom upstreamshawvering in the beampipe with
shieldingmadefrom iron, polystyreneandlead. The shieldingextendsfrom the

outeredgeof the calorimeterto the endof the D@ collision hall.
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Figure3.10: Explodedview of the muontrackingchambers

3.2.6 Forward Proton Detector

TheForwardProtonDetecto{FPD)detectsntactprotonsfrom elasticanddiffrac-
tive scattering.It is a seriesof momentumspectrometerthat make useof accel-
eratormagnetsn conjunctionwith position detectorsalongthe beamline [46].

In total the FPD hasnine spectrometersgachcomprisingtwo scintillating fibre

tracking detectorsthat can be moved to within a few millimetres of the beam.
Reconstructegbarticlefour-vectorsare usedto calculates andt of the scattered
protons(Section2). The FPD hasbeenusedin measuringlo-/dt for elasticscat-

tering[47], andis currentlybeingcommissionedor usein diffractive analyses.
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3.3 Triggering

The D@ trigger systemselectseventsfrom the collision rate of 1.7 MHz to be
written to tapeat a rate of 50 Hz. An eventis a bunch crossingtime window
in which the detectorsignalsarereadout, in which theremay or may not be an
interaction.Therearethreetrigger stageswith increasingevels of sophistication

anddecreasingventacceptanceates.

Thefirst stageis Level 1 (L1), a fasthardwaretrigger with 256 binary channels
calledthe L1 And/Or terms. Eachhasa loose (unrestrictve) requiremenisuch
asa smallamountof enegy in the calorimeteror a few trackinghits, andif the
conditionis metthe channels setto unity. Thetermscanbe combinedfor more
complicatedrequirements.The Level 1 decisionsreducethe eventrateto about
1.5kHz. EventsacceptedtL1 pasgo Level 2, whichreconstructsimplephysics
objectsfrom differentsub-detectorand reduceshe event rate further to about
850Hz [48]. EventsaccepteatL2 have all thedetectorelementgeadoutfor the
Level 3 decision.TheL3 algorithmsfor reconstructingphysicsobjectsaresimilar

to thoseusedin offline reconstructiorfor physicsanalysis.

Triggerscombinerequirementérom oneor moreof thesdevelsto selectifferent
typesof interaction.Everytriggerincludesthreel 1 exposue terms,whichensure
the eventis within a bunch crossingtime window, that L1 is readyto make a
decision,andthat zero suppressions enabledin the calorimeter Most physics
triggersrequireseveral otherterms. Four examplesaredecribedbelown. Thefirst
two are usedby the experimentfor measuringuminosity (Sec.4.2) andall are

usedin thisthesis.

zero bias Thezerobiastriggerselectsventsfrom randombunchcrossingsThis
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trigger doesnot requirebeamsto be colliding: emptybunchcrossingsare

readoutandcanbeusedfor detectomoisestudies.

minimum bias TheminimumbiastriggerrequireshatthelLl1 termFastZ is set,
whichis a coincidencen the Luminosity Monitor (describedn Section4).

This triggerselectssoftinelasticcollisions.

JT_15TT AtL1,theJT 15TTtriggerrequireswo calorimetetriggertowerswith
Er > 3 GeV. Triggertowersaremadefrom afastreadoutf the calorimeter
signalsandhave An x A¢ = 0.2x 0.2. Thistriggeralsorequireghatatleast
onejet with Er > 15GeVis foundatL3.

2MU_A_L2MO Thedimuontrigger2MU_A_L2MO requiregwo hitsin themuon
scintillatorsatL1, andatleastone’'medium’ quality muon(Sections) found

atL2.

The conditionsfor mary triggersacceptarge numbersof eventsthatwould over-
whelm the datastoragerate, so there are prescalefactorsfor these. Prescales
reducetherateby selectinga preseffraction of the events. Thesearechangedor
eachtriggerasthestoreprogresseandtheinstantaneoulkiminositydecreasetp
optimisetherecordedatefor varioustypesof interaction.All triggertermresults
arereadout with the eventinformation, and prescalesre storedfor luminosity

calculations.
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Chapter 4

Efficiency of the Luminosity

Monitor

Theprimarypurposeof theLuminosityMonitor (LM) is to countinelasticpp col-
lisionsin orderto calculatethe integratedluminosity of the experiment.Diffrac-
tive physicsanalyseslsousethe LM outputfor triggering,to collecteventswith
rapidity gaps. The LM systemhasbeenalmostcompletelyreplacedfor Runll.
The two detectorsare new, andthe electronicsremainfrom Run| with reduced
functionality: previously the outputincludedthe numberof sectionshit on each

side,but atthetime of this analysisthereis justabinarysignalfor eachdetector

This sectiondescribeghe first measurementf the efficieng/ of the Luminosity
Monitor in Runll [49]. This contributedto anoverall effort in 2003to determine

eachfactorin the luminosity calculationof the experiment/50].
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4.1 LM And/Or Terms

The LM hastwo detectorsNorth and South,coveringtherange2.7 < |n| < 4.4.
Eachdetectorhas 24 scintillator wedgeswith PMTs, from which the chage is
summedamplifiedanddiscriminatedcorvertedto digital by applyinga thresh-
old). Thesignalsareusedasinputfor severalLevel 1 And/Or termsof whichfive
arerelevanthere.Two correspondo thedetectordN andS, referredto hereasthe
detectorterms Theotherstiming terms areassignedy thedifferencdn time of

arrival betweerthe North andSouthsignals.

If both detectorsarehit the time differencegivesthe longitudinal positionof the

collision. For aninteractionoccuringat z,,, the North andSouthsignalsarrive at

wherel is the distanceof the detectordrom the centreof the interactionregion
(140cm). Thetime differenceAt = ty — ts is proportionalto the z positionof the

interaction At = 2 z/ C.

An inelasticcollision at the centreof the interactionregion hasAt ~ 0, andthis
is referredto asa coincidence In this casethe timing term called FastZ is set
(‘fired’), which is usedfor the luminosity calculation,the minimum biastrigger
andsomeotherphysicstriggers.In additionz.y is storedn five And/Or terms,and
if therearemultiple interactionsz is the averagepositionof thevertices.When
one detectorsignal arrives significantly beforethe other this is consistentwith

beamlossesknown ashalo. Lossesoccurwhenupstreanbeamparticlesscatter

from residualgas molecules,other beamparticles,or acceleratorcomponents,
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causingshowering into the D@ detector Muons from theseshavers are very
penetratingandthey canhit both LM detectors.Theseeventstrigger the timing
termsfor halo: if Southis hit beforeNorth it fires AHalo, andif Northis first, it
fires PHalo. Only thefirst hit to eachdetectoris recordedso aneventcanfire at
mostonly oneof FastZ, AHalo or PHalo. A consequences thatif thereis an
early hit from beamlossedeforeaninelasticcollision the eventis categorisedas
halo. Therearegapsbetweenthe classificatiorranges so someeventsin which
both detectorswverehit do not fire atiming term. The detectorandtiming terms

aresummarisedn Table4.1.

L1 term | Detectordired | Vertex position(cm)

N North n/a
S South n/a
FastZ | North& South |Zux] < 97

AHalo | North& South| 116< z,4 < 166
PHalo | North& South| —166< z4 < —116

Table4.1: Luminosity Monitor L1 And/Or terms

4.2 CrossSectionsand Luminosity

A crosssectionfor agiventype of interactionmaybe definedas

dN 1

wheredN/dt is the rate of interactionsand £ is the instantaneousuminosity.

Someof the parameterghataffecttheluminosityareexperimentabdesignchoices
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suchasbunchcrossingfrequeng, numberof bunchesand‘focal length’ of the
quadrupolemagnetsext to the interactionregion. Othersvary by crossing such
asthe numberof beamparticlesper bunch, bunchlength andtransersebunch
size. The beampropertiesare not known suficienctly preciselyto calculatethe

instantaneoulkiminosity soit is measuredvith the LM from collision data.

Determininginstantaneoukiminosity usesEq. 4.1 for inelasticpp collisions:

L =
oefr  dt

whereo ¢ is the effective inelasticcrosssection known at D@ asthe luminosity
constantanddNes/dt is therateof inelasticcollisionsmeasuredvith the FastZ
term. The effective crosssectionincludesfactorsfor the LM efficieng/ ¢ and

geometricacceptancé\ y,

Oeif = €M ALM Tinel -

Instantaneoutuminosity decreasesluring a store because¢he numberof beam
particlesdecreasedt is calculatedn unitsof time calledluminosity blocks(LB),
which are 60 or fewer seconddong. Over this shorttime it is assumedhatthe
instantaneoukiminosity is constantso the expressionfL dt = £ At holdsfor
eachtick in eachLB. Many ticks have no beam but ticks thatdo have beamhave
differentluminositiesbecausehe numberof beamparticlesin eachbunchvaries.

Therateof interactiongn a particulartick in anLB is givenby

deea)
= MiickLe X T
( dt tick,LB :

whereu is the averagenumberof interactionsper tick and f is the frequeng

of thetick, the Tevatronrotationalfrequeny 47.8kHz. The averagenumberof
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interactionsper tick is derived from the FastZ rate through Poissonstatistics,
becausdhe numberof timesthat FastZ firesin atick overoneLB is a measure

of the probability of atleastoneinteractionocccuring,

( NFastZ

=P(n>0),
Nicks )tick,LB ( )

wheren is the numberof interactionsandthisis relatedto u with

n

u

P(n) = o

e_ll
P(h>0)=1-P0)=1-¢€*.

Sotheintegratedluminosity for a LB is a sumover all the ticks, calculatedwith
the FastZ ratein eachtick andthe luminosity constant.For a crosssectionmea-
surementall the luminosity blocks that the analysistriggersare exposedto are
addedogethertakinginto accounthe prescaldactorsof thetriggers,to give the
total integratedluminosity. Luminosity blocksaretoo smallfor normalreference
to dataperiods,so the next largestunit is the run. A runis up to four hoursin
length, but may be shorterif beamor detectorconditionsnecessitate breakin

recordingdata.A storeis aboutonedayin length.

The measuremendf the LM efficieng is describedhere. The determinatiorof

theacceptancandinelasticcrosssectionareincludedfor completeness.

4.2.1 Inelastic pp crosssection

Inelasticpp interactiongmaybedividedinto thefollowing categories,which have

differentcharacteristicsvith respecto protondissociatiorandrapidity gaps:
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Single Diffraction (SD) p+p — p + X (andchageconjugate)
In singlediffraction,one of the protonsemitsa pomeronand staysintact,
andthe pomeronscatterswith the otherbeamproton. The particlesin the
systemX areboostedalongthecollisionaxis,andthereis aforwardrapidity

gapin theregion of theintactproton(Fig. 4.1(a)).

Double Diffraction (DD) p+p— X+Y
Double diffractive interactionshave a centralrapidity gap: a pomeronis

exchangedandboth protonsdissociatgFig. 4.1(b)).

Double Pomeron Exchange p+p— p+ X+ P
In doublepomeronexchangeboth protonsemit a pomeronandremainin-
tact. The two pomeronsscatter producinga centralsystemwith rapidity

gapsin bothforwarddirections.

Non-diffraction (ND) p+p — X
In non-difractive interactionspothprotonsdissociatendparticlesarepro-

ducedwithout ary rapidity gaps.

3

3
b~

(a)SD (b) DD

Figure4.1: Diagramsof singlediffractionanddoublediffraction
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Theinelasticpp crosssectionis determinedrom measurementst /s = 1.8 TeV
by the E811 and CDF experimentsat Fermilab The two disagreeat the level
of 2.80 [50] and are averagedusing the PDG prescriptionfor non-compatible

measurementd he averages scaledo /s = 1.96 TeV with theresult
Tinel = (60.7 £ 2.4) mb (Vs = 1.96 TeV).
Detailsarein [51].

The CDF experimentmeasuredwo component®f theinelasticcrosssection for

singlediffractive anddoublediffractive interactions:
osp = (9.6 +£05)mb(+vs=18TeV)

Opp = (72 =+ 20) mb ( \/g =18 TeV)

Thesewere not scaledto 1.96 TeV becausehe uncertaintiesare larger thanthe
scalingfactor andthe enegy dependencef diffractive crosssectionswascon-

sideredto be not sufficiently well understood.

4.2.2 LM acceptance

The LM acceptances definedasthe fractionof inelasticeventsin which at least
onechagedparticlehits eachdetectorandit is calculatedvith Monte Carloevent
generators.Acceptancevariesfrom procesgo processbecausef the different
numberand rapidity distributionsof particles. The inelasticcrosssectionis di-

vided into threeparts: single diffractive (SD), doublediffractive (DD) andnon-
diffractive (ND). It is assumedhereis negligible acceptancéor doublepomeron

exchange Thustheacceptances definedas

A mTinel = Asposp + Appopp + ANpO D
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wherethe non-difractive crosssectionis onp = GTinel — 0°sp — 0pD -

Theacceptancearedeterminedisinganaverageof two Monte Carlogenerators:
PYTHIA [52] with the full detectorsimulation,and MBR [53] with a parame-
teriseddetectormodel. Theresultsarein Table4.2. Thesinglediffractionaccep-
tanceis reasonablyarge, becausehe rapidity gapcanbe smallerthantherange
of theLM andbecausearticlescanscatterinto the gap. Theresultfor the cross

sectiontimesacceptance

Ao =5058 + 3.01mb.

Process Acceptance

Non-Diffractive 0.982+ 0.013
SingleDiffractve | 0.313+ 0.137
DoubleDiffractive | 0.624+ 0.130

Table4.2: LM detectoracceptancefor differentcomponent®f the inelasticpp
crosssection.Theuncertaintiesreassignedccordingto the variouspredictions

of the Monte Carlosused[50].

4.3 LM Efficiency

The LM efficiengy is the fraction of inelasticeventswithin acceptancén which
FastZ fires, which includestwo components.Thefirst is the detectorefficiency
for the chage from a particle hitting the North or Southdetectorto passthe dis-

criminationthreshold(Section4.3.1). The secondis the efficiengy, in eventsin
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which both detectordire, for the vertex to be reconstructedvithin the +97 cm

rangeof FastZ. Thisis the classificationgfficiency(Section4.3.4).

4.3.1 Detectorefficiencies

Eventsaredeterminedo bewithin acceptancby usingthecalorimeteto measure
enegy depositecbehindeachLM detector The enegy of a cell is addedto the
forward enegy sum Eg,, (North or South)if it passeghe following selection

requirements:

e EM layers
o 2.7 < |ncerl < 4.1

e E. > 100MeV.

The datawere collectedwith the zero bias trigger during the period 24" April
— 24" June2003. Runsdefinedasbad by the JefMissing Er and Calorimeter
groupsareexcluded,leaving a datasampleof aboutl.6 M events.Eventsthatfire

PHalo or AHalo arealsoexcluded.

The eventsare divided into the four possiblecombinationsof North and South
detectorsignals. Theseare classifiedasfollows: firstly, in the N-S eventsboth
detectortermshave fired andthusaredefinedasefficient. In N-S andN-S events
eitheroneof the detectorss inefficient or only onedetectoris hit; the latter are
single diffractive interactionsor empty bunch crossingsn which halo hits one
detector The lastgroup, N-S, are empty bunch crossingsand someinefficienct

events:bothdetectorsnefficient,or singlediffractive with onedetectolinefficient.
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The catgyoriesaresummarisedh Table4.3. They arereferredto asthe‘efficient’,

‘inefficient+SD’ and‘noise’ samplegespectiely.

Sample A/Oterms| Events

Efficient N-S e Both detectorsfficient

Inefficient+SD N-S « Onedetectorinefficient
N-S e SD hits onedetector(not inefficient)

¢ Halo hits onedetector(notinefficient)

Noise N-S e Bothdetectorsnefficient
e SD + onedetectoilinefficient

e Emptybunchcrossing(notinefficient)

Table4.3: Summaryof eventsamples

Theenegy sumfor efficienteventsis shavn in Figure4.2,with the North sidein
theupperfigureandthe Southsidebelov. The dataextendto very high enegies,

andthedistributionis exponentialover mostof therange.

The next group,inefficient+SD, areshowvn in Figure4.3. The upperfigure shavs
the North enegy in N-S events,andthe lower shavs the Southenegy in N-S
events. Thesearepealed at low enegy andshow a similar shapeto the efficient
samplein the restof therange.lIt is atwo componeninixture: eventswith very
little forward actvity (single diffractve, or empty bunch crossings)and events
with protondissociationwvherethe detectoris inefficient. Overlaid on the figures
arethe North and Southenegy sumsin the noisesample.This is dominatedby
eventswith verylittle forwardenegy. Thenoisedistributionhasbeenscaledsuch

thatthetwo arenormalisedat thefirst bin.
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Thenumberof inefficienteventsin theinefficient+ SD sampless estimatedn two

wayswhich aredescribedn thefollowing sections.

Subtraction method

In the first methodthe noise distribution is simply subtractedrom the ineffi-
cient+SD distribution. Theresultsareshown in Figure4.4. The efficieng/ of the
North detectorgiven that the Southis on, (e s)sun iS calculatedfrom the num-
ber of entriesin the North subtractedlistribution andthe numberin the efficient

sample:

Neﬂicient

(SN,s)sub = (4.2)

Nefﬁcient + I\lNorth subtracted

Thisisreferredto asthesubtractedafticiengy. It is similarly repeatedor the South

side.

Thisis anupperlimit for the efficieng.. Theremaybe someadditionalinefficient
eventsthatarenot countedbecauséheir enegiesarebelav the calorimetercell
enepy threshold. The next sectiondescribegshe methodto find the lower limit

for theefficiengy.

Extrapolation method

Thesubtractedlistribution s fitted with a sumof two exponentialovertherange
1.5 - 20 GeV. Thefit functionis dravn in Figure4.4 alongwith oneof the ex-
ponentialgo illustratethe changebetweernthe two. Thefunctionis extrapolated
to the y-axis andin the region with Eg,,, < 1.5 GeV the integral is usedasthe
numberof inefficientevents.Above this boundarytheintegral of the histogramis

usedasbefore.Thetwo partsareaddedtogetherto give the extrapolatedsample,

74



10

10

Number of Events

F—=LLTT |
/
, =
i
.
B
s

[
A

10° &

1
— =Y
=

10

I ||||||||
—_—
B ————

| |
w

il i Wl i

30 35 40 45
Energy Sum (GeV)

o
a
N
o
N
m_
N
o
)
a

(a) North

10°

10°

Number of Events

T T T4
b

10

LI IIIIIII
-,
A

10

LI IIIIII|
—_—

" MN ﬁ Ww Imﬂ ‘\

. |‘|ll gLl (L Iil m

10 15 20 25 40
Energy Sum (GeV)

o
&)

(b) South

Figure4.4: Equnm for the (a) North and (b) Southsubtractechistograms.The fit
functionis thesumof two exponentialsin therangel.5-20GeV. Oneexponential

is shavn asadashedine.
75



from which the extrapolatedefficiend/ (ens)ex: iS derived:

Neﬂicient

(ens)ext = .
Neﬂ‘icient + I\lNorth extrapolated

The extrapolatedand subtractedesultsare usedaslower and upperboundsfor

thedetectorefficiencies:
96.6% < ens < 97.2%

94.7% < e < 95.6%.

The boundsare usedas an estimationof the systematicuncertainty;statistical

uncertaintieareanorderof magnitudesmaller

4.3.2 Parameter variation

The stability of the measuremens checled with variationsin the analysis.The
first changeexcludeseventsfrom the noisesamplethat have a vertex. Thisis to
ensurethat the efficieng/ is not overestimatedecauseaeal enegy in the noise
samplewould give too large a subtractionfrom the inefficient+SD distribution,
and the inefficient samplewould be too small. A typical definition of a good
primary vertex is onethathasat leastthreematchedracks. In a sampleof more
than0.8M N-S events nonehasa vertex thatpasseshis requirementEventsthat
have verticeswith two matchedracksareexcludedfrom the sampleandthis has

negligible effectontheresult:
96.6% < ens < 97.1%

94.6% < esn < 95.5%

76



The parametersre varied for the enegy sum and the bunch crossingposition
with respecto the superlinches.The bunchcrossingpositionteststhe effect of
pile-up from previous interactionsand the resulting baselinesubtractionin the
calorimeter This canbe differentin the first andlast ticks of the superlinches
becauseof the varying probability of enegy signalsfrom previous interactions

overlappingthe event.
Therearealsovariationsin the subtractionmethod,by alteringthe bin usedfor
normalisingthe two samplesand the bin width of the distributions. Changing
the bin for normalisatiorresultsin negative entriesin the subtractedlistribution,
which are not includedin the integration. The parameteisetsare summarised
below, andthe resultsareshown in Fig. 4.5. The upperandlower limits of the
errorbarscorrespondo the subtractiorandextrapolationmethodgsespectiely.

1. Original parameters

2. Eventswith verticesexcludedfrom noisesample

3. Pseudorapidityangeof Egynis 2.8 < || < 3.7

4. Pseudorapidityangeis 2.6 < |nge| < 4.1

5. Cell enegy thresholds 50 MeV

6. Cell enegy thresholds 200 MeV

7. Firsttick of superlinches

8. Lasttick of superlinches

9. Normalisenoisedistributionto 2" bin of inefficient-SD sample
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10. Normalisenoisedistributionto 3" bin
11. Normalisenoisedistribution to averageof 15t and2"® bin

12. Bin width is 100MeV
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Figure4.5: Effectof parametevariationson NorthandSouthdetectorfficiencies

The parameter®f the extrapolationmethod,the fit rangeandthe dividing line
betweenintegration of the fit function and histogram,are alsovaried (Fig. 4.6).
Theresultsareconsistentvith the measurementshovn 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 2.0 GeV
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of the North andSouthdetectorefficiencies

A studyusingearlierdataindicatesanothercomponenbf the detectorefficiengy.
This is the ‘electronicsefficieng.” Occasionallyan error occursin the detector
signalpathwherethe chage passeshe discriminationthresholdbut the detector
termis not set. This problemfortunatelydoesnot affectthe timing terms. The
datasefor theanalysisdescribedsofar wastakenafterchangesveremadeto the
electronicsto remove this inefficiengy. The following analysisis carriedout for
threeearliertime periods:in thefirst andsecondno changeshiadbeenmade;the
secondwasafter an experimentshutdavn; andthe third wasafter the changeto

the Southterm.

1. 215 April '02 — January03 shutdavn
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2. January03 shutdavn — Southdetectotermchange

3. Southdetectoitermchange- North detectortermchange

The resultsare shovn in Fig. 4.7 and shov the improvementin the Southside
efficieng/ during the third period. The North side efficieng is also improved
betweenthesemeasurementand thosein the main analysisdataset. Only the
main datasefs usedfor the detectorefficieny measurement®r the luminosity

constantpbecauséehe electronicsefficieng/ doesnot affectthe FastZ term.
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Figure4.7: Singledetectorefficieng limits asafunctionof time

Two cross-checkdor the LM detectorefficiencieswere performedwith other
methodsusingthe calorimeterenegy andfoundto be consistentvith theresults
in Figs.4.5and4.6[50]. It wasdecidedto take therangeof thesemeasurements

asthe systematiaincertaintyresultingin thevalues
ENS = (97i 1)%
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ESN = (95i 12)%

for theindividual LM detectorefficiencies.

4.3.3 Combined detector efficiency

If thetwo detectorefficienciesareuncorrelatedt hasno effecton onesideif the
otherdetectorfired. Theefficiengy for the North side,with no requiremenbnthe
South,is givenby Eg. 4.2 usingadditionalcomponentg$rom eventsin which the

Southdetectodid notfire:

Nn.s + N(N-§) real

EN =
Nn.s + I\I(N-§) real T N(N-S) real T N(N-§) real

whereNy.s is the numberof eventswith the North and Southdetectorson, and
the sufix ‘real’ refersto the numberof inefficient eventsin that sample. It is
assumedhatNgs) .o = 0 becausaoneof the eventsin this samplehave agood
vertex, andthe othercomponentfiave beendeterminedasdescribed Theresults
for theindependenNorth andSouthefficiencies gy andes, areey = 97.1% and
es = 95.2%. Theseare consistentvith eys andesy soit canbe assumedhat
thetwo sidesareuncorrelated.The efficiengy for both detectorgo fire in events

within acceptances the productof thetwo efficienciesgns = 92+ 1.6%.

4.3.4 Classificationefficiency

If bothdetectordire then91.9%o0f eventsareclassifiedasFastZ, 6.0%asPHalo,

0.5%asAHalo and1.6%asnoneof these.The AHalo rateis muchsmallerthan
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the PHalo rate becausdhe antiprotonbeamintensityis 1/10 that of the proton

beam.

Eventsthatdo notfire FastZ area mixtureof inelasticcollisions,whenthevertex
has|z| > 97 cm or anearly halo hit causest to be misreconstructethere,and
empty bunch crossingswherehalo particleshit both detectors.For the classifi-
cationefficiengy it is necessaryo separatehe inefficient eventsfrom the empty

bunchcrossings.

New event samplesare defined: efficient eventsare N - S - FastZ and ‘ineffi-
cientrhalo’ eventsareN - S - FastZ. Figure4.8 shows the enegy distributions
for thesetwo setsof events. The efficient distribution is normalisedto the in-
efficient-halo distribution in the high enegy region. The normalisationscaleis
determinedrom a exponentialfit of bothdistributionsin therange80— 160GeV,
wherethe scalefactorfor the efficient sampleis the ratio of the intercepts.The
inefficient+halo samplehastwo componentsa peakat low enegy, from empty
bunch crossingsanda high enegy distribution from inelasticinteractions.The
numberof real interactionsis estimatedas the numberof eventsin the scaled

efficientsample.Theclassificatiorefficiengy is

Neﬂicient

ENcal = s
Neﬂicient + Nscaledeﬂicient

wherethe subscriptNcal refersto the side of the calorimeterusedin the enegy

sumdistributions. Theresultsarein Table4.4for threedifferentfit ranges.

The measurementssingthe Southcalorimeteraresignificantlylower thanthose
usingthe North side. Thisis investigatedy dividing the inefficient+halo sample
into three:eventsthatfire PHalo, AHalo or noneof thetiming termsrespectiely.

The analysisis repeatedn eachof thesesampledo determinethe sourceof the
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Fit range(GeV) | enca (%) | escal (%)

80-160 96.5 92.4
50-100 95.5 92.9
30-80 95.3 93.3

Table4.4: Classificatiorefficienciesmeasuredisingvariousfit ranges

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

givenin Table4.5.

Inefficiendy | encal (%) | €scal (%)

PHalo 97.8 93.7
AHalo 99.5 99.8
none 98.9 98.5

Table4.5: Efficienciesdueto eventsbeingmisclassifiecasPHalo, AHalo or none

Thelargestsourceof theasymmetryis misclassificatiorof eventsasprotonhalo.
Fig. 4.9 shows thatthe enepgy in the Southcalorimeterin N - S - PHalo events
is largerthanin the North calorimetey with no low enepgy peak. It may be that
the emptybunchcrossingsn which PHalo firesarenot emptyin this region be-
causeprotonbeamlossesproduceadditionalshaveringandenepgy depositionin
theoutgoingproton(South)direction. This alsoseemgo occurin theoppositedi-
rectionin eventsthatfire the AHalo term(Fig. 4.10). The eventsthatfire noneof
thetiming termsalsoshon a smallasymmetryconsistentvith the PHalo sample
(Fig. 4.11). The misclassificatiomatesaremuchsmallerfor the AHalo andnone

categories,sotheasymmetryhasa smallereffect.
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It wasdecidedto treatthe halo component®f the classificationefficieng sepa-
rately andincorporateonly the misclassificatiorof eventsasnoneof the timing
termsin theLM efficieng/. Theeffectof haloin reducingtherateof eventsfiring
FastZ is correctedfor online (during the store)[54]. A crosscheckof the clas-
sificationefficiengy usinganothemethod[50] gave resultswith a lower limit of

98.2%,andthe medianvalueof therangeis used:sass = 98.6 + 0.4%.

ThelLM efficiengy is
ELM = EN X Es X Eglass = (909 + 18)%,

wheretheuncertaintyincludesanadditionalcomponenfor luminositydependent
effects[55]. Theresultingluminosityconstanis ot = (46+3) mb, in whichthe

largestpartof the 6.5%uncertaintyis from thetotal pp crosssection.

88



Chapter 5

Analysis of DiffractiveZ — u*u~

Interactions

This chapterdescribeshefirst searctfor diffractve Z bosonproduction(p+p —
p+Z + X andthechage conjugate)n the muondecaychannelandwork towards
the measuremenof the crosssectionfor this process. The fractional momen-
tum loss of the intact protonis measuredn Z — u*u~ interactions,usingthe
calorimeterandmuonsystemandcorrectedwith eventssimulatedoy POMWIG.
Themomentumossis usedto selectdiffractive candidatesvents. Theefficiencies
of the selectioncriteria and the backgroundcontaminationratesare estimated,
andthe systematiauncertaintiesor theseare explored. It is concludedthat fur-
therwork is requiredto understandhe uncertaintiedbeforethe crosssectioncan

bedetermined.
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5.1 Z BosonCandidate Selection

5.1.1 Dataset

The datafor this analysisweretaken by the D@ detectorduring the period27th
February- 7th SeptembeR003. Earlierdataarenot usedfor theanalysisbecause
the dimuontriggersat that time requiredthat therewere hits in the Luminosity
Monitor which thereforevetoesdiffractive events. The last date marksthe be-
ginning of a detectorshutdavn for which the experimentwas haltedfor repairs
and upgradedor a period of severalweeks. The dataperiodis the sameasthe
third periodin arecentZ — u*u~ analysis[56]. Dataquality cutsare applied
by excludingrunsandluminosity blocksin which the SMT, CFT, calorimeteror
muon detectorsystemsare not functioning correctly or in which the integrated

luminosity cannotbe calculated Thetotal integratedluminosityis 109+ 7 pb L.

5.1.2 SelectionCriteria

The selectioncriteriarequirethat eventshave two muonsof atleastloose’ qual-

ity [56] matchedo two centraldetectortracks,andthe following:

e Both muonsare within the geometricalacceptancef the muon detector

(definedbelow).
e pr > 15GeVfor bothmuons.

e M, >40GeV, whereM,, is thedimuoninvariantmass.
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¢ At leastonemuonpasse$othof thesdsolationcriteria,or bothmuonspass

atleastoneof them:

— The sumof the transyersemomentaof all tracksin a coneof radius

R = 0.5 aroundthemuonis requiredto be X acs; p'T < 3.5 GeV, where
(An)* + (Ap)>.
— Thesumof thetrans\erseenepiesof the calorimetercellsin anannu-

lar ring 0.1 < R < 0.4 aroundeachmuonis requiredto be Xqqs; E‘T <

2.5 GeV (EM andFH cellsonly).

The muonshave oppositechage.

The acolinearitybetweenthe two muon tracksis limited to Ae,,, > 0.05

radians.Acolinearityis definedasAc,,, = |Ad,, + Ab,, — 2]

The distanceof closestapproachdca, which is the distanceof the muon

trackfrom thebeamin theplanetrans\erseto thebeamjslimited todca < 0.02
cm for muontrackswith SMT hits anddca < 0.2 cm for muontrackswith

no SMT hits.

The eventfulfilled the requirement®f oneof a setof six dimuontriggers,

2MU_A_L2MO, 2MU_A _L2M0_TRK(5,10),2MU_A_L2MO0_L3L(6,15)and

2MU_A_L2ETAPHI, or the single muontrigger MUW _W_L2M3_TRK10.
Theparenthesemdicatea pair of triggernamespnewith eachof the spec-

ified endingsthetriggernamesareexplainedbelow.

The pr of the muonsis measuredn the centraltrackingsystem sincethis hasa

betterresolutionthanthelocal muondetectomeasurementf amuontrackdoes
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not have hits in the SMT detectorthe pr is correctedby constraininghetrackto

the(x,y,2) positionof the beam.

Theacceptanceutsexcludethepartsof themuondetectowith reducedcoverage:
theregionsnearesthe beampipe|xal < 110cmand|ysl < 110cm,wherex, and
ya arethe x andy positionsmeasuredh themuonchambe-layer, andtheregion
of thebottomgap,4.25 < ¢ < 5.15for |na| < 1.25, wheren, is alsomeasuredn
the A-layer. Therequirement®n muonisolationreducethe backgroundrom bb

eventsin which muonsareproducednsidejets.

The acolinearityrequirementreducesthe backgroundfrom cosmicray muons,
which enterthe muondetectorsystemfrom above. If a cosmicray muonpasses
throughthe interactionregion it canappearto be two tracksthat originatefrom
thebeampipe. Thetracksareexactly back-to-backwith A¢ = A8 = = radiansso
thecutonacolinearityreduceshebackgroundrom theseavents.Thelimit onthe
distanceof closestapproachdca, alsoreduceghe backgroundrom cosmicrays
becausét requireghedistancebetweerthe muontracksandthebeamlocationto

besmallin theplanetrans\erseto thebeam.

The backgroundcontaminatiorratesfrom Z — "1~ eventsin which both taus
decaytoamuon,W — uv eventswith anadditionalmuonfrom ajet, anddi-boson

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

In the muontrigger namesthe abbreviationsMU and2MU referto the require-
mentsfor oneor two ‘tight’ muonsignalsfoundin the scintillatordetectorsat L1
respectrely. The abbreviationsA andW referto the requirementhatthe signal
may be arywhereor within || < 1.5 respectiely. Triggersthathave L2MO in the

namerequirethereis a‘medium’ quality muonfoundatL2, andthosewith L2M3
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alsorequirethatthis muonhaspr > 3 GeV. The nameL2ETAPHI refersto the
requirementhattheeventhastwo muonsfoundatL2 thatarewell separatedThe
termsTRK(5,10)indicatethatthe eventis requiredto have a centraltrack found
atL3 with pr > (5, 10) GeV, andL3L(6,15)indicatesthatthe eventis requiredto
have amuonfoundat L3 with pr > (6,15) GeV. [56]

Thenumberof selectedZ bosoncandidatess 10794.The pseudorapidityandthe
invariantmassof thetwo highestpr muonsin theeventareshowvn in Figs.5.1(a)
andFig. 5.1(b),andthe rapidity and pr of the Z bosoncandidatesre shown in

Figs.5.2(a)and5.2(b). Eventsarereferredto throughoutasZ — u*u~ but these

alsoincludey* — u*u~ interactions.

5.2 Reconstructingthe Momentum Loss

Themomentunmossé of abeampatrticleis reconstructedfom thefinal stateusing

% Eqi e

o (5.1)

3

wherei is anindex over all particlesexcepttheintactbeamparticle,andthe pos-
itive andnegative signsarefor the protonandantiprotonbeamrespectiely. The
calorimeterandmuonsystemareusedto measurehefinal state;selectiorcriteria
for the detectorsignalsare describedn the following sections.The information
from the calorimeterwasnot recordedn threeof the 10794eventsandtheseare

excludedfrom thesample.
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5.2.1 Muon information

The two muonsassociatedvith the Z bosonare addedto the £ reconstruction
usingEq.5.1. Therecanbe additionallow pr muonsin the eventfrom b-quark
decayor signalsin the muonsystemfrom high enegy jets that go throughthe
calorimeterouterlayers. Additional muonsignalscancomefrom othersources
suchasfake muondetectorhits, muonsfrom beamlossesor cosmicrays. Muon
signalsthat arenot associatedvith the Z bosonarerequiredto be at leastloose
guality andhave a matchedrackin the centraltracker in orderto beaddedo the
£ reconstruction.About 2.6% of the eventshave muonsthat passthesecriteria.

Thetrans\ersemomentunof thesemuonsis shovn in Fig. 5.3.
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Figure 5.3: Transversemomentumof muonsnot associatedvith the Z boson
decaythat are at leastloosequality with a matchedrackin the centraltracking

detector
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5.2.2 Calorimeter information

Theresponsef the calorimetedayersis not uniform, dueto the differenttypesof
cell constructionSection3.2.3).Figure5.4 shavsthecell enegiesin two regions
of the calorimeterfor threetypesof event: emptybunchcrossingminimumbias
anddijet events. The emptybunchcrossing(empty BX) dataaretakenwith the
zerobiastrigger, andinteractionsare excludedby requiringthatno LM And/Or
termis on (N, S, FastZ, PHalo or AHalo) andeventshave no verticesor jets.
‘Min bias’ eventsarecollectedwith the minimum biastriggerwhich requiresthat
the FastZ termis on. Thedijet eventsarerequiredto have at leasttwo jets with

pr > 15 GeVthatpassthejet identificationcriteria[57].

Thefigureshowsthecell enegiesin theEM1 andCH1 layersin the Southcentral
region,—2.6 < n < 0. In the CH1 layertheemptyBX distributionis very similar
to the physicssampleswhich indicatesthat the cells are firing randomly The
ICD andMG layershave similar distributions,andin additionthe calorimeteris
notcalibratedn thesdayers.Only theeightlayersof theEM andFH aretherefore

usedin thisanalysis.

The calorimeteris currently beingcalibratedin orderto correcteachcell signal
during dataprocessing.For this analysisthe bestavailable calibrationconstants

areapplied.

Hot cell killing

A ‘hot cell killing’ algorithm was developedfor this analysisto remove noisy
calorimetercells. This is necessarpecause rapidity gaprequiremenis made

(Section5.4)for diffractive candidatesa hot cell in thegapregion of adiffractive
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interactionwould leadto rejectionof the event.

Thealgorithmuseseventstakenwith the zerobiastriggerandanalysesvery ieta
stripin every EM andFH layer, in everyrunthathasatleast500zerobiasevents.
The meanenegy E andstandarddeviation o¢ are calculatedfor all cellsin the
strip, including thosewith no signal. A thresholdis setat E + n o= andcellsare

excludedif their averageenepgy overtherunis above thethreshold.

Usingathresholdof 40- removesanaverageof about280cellsperrun,anda 3o
thresholdemovesabout570cells. Themorerestrictve 3o thresholds used.The
improvementin dataquality canbe seenby comparingthe cell enegy distribu-
tionsin emptyBX eventsbeforeandafterhotcell killing (Figs5.5and5.6). Hot
cellkilling is performedn 75%o0f theZ — u*u~ runsdueto statisticalimitations

in thezerobiasdataset.

Calorimeter noise

An enegy thresholds appliedto the calorimetercellsto reducelow-level noise.
In the empty bunch crossingsample,around98% of the cell enegiesarelower
thanabout150-350MeV in the EM region (dependingon the layer) and 400-
550 MeV in the FH region. The cell enegy thresholdfor the analysisis setat a
level suchthatthe averageobsered momentumlossé,,s in empty BX eventsis
&ops ~ 0. Using anenegy thresholdof E = 300 MeV, about75% of empty BX
eventshave& < 1x1074. With athresholdbf E = 500MeV, 96%haveé < 1x1074
and98% have ¢ < 1 x 103, Thelatterthresholdis used. Figure5.7 shavs the

enegy of cellsin all Z — u*u~ eventsbeforethethresholds applied.

Coherentoise,suchasthe ‘Ring-of-Fire’ problemthat causesall cells with the
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sameieta to outputa large noisesignalat the sametime, cannotbe found with a
hotcell algorithm. All known source®f coherennhoiseareremovedby excluding

theluminosity blockscateyorisedasbadby the JefMissing E+ group.

The obserned momentumosséqs in Z — u*u~ eventsis shovn in Fig. 5.8, and

thefractionof &yps contributedby the muonsis shovnin Fig. 5.9.

5.3 POMWIG simulation of diffractiveZ — u*u~

The Monte Carlo samplesusedin this analysisaregeneratedy POMWIG. The
eventsarep+ p — P+ (Z/y)" + X, in whichtheZ bosondecaydo muonsandthe
interactiongproceedvia reggeonor pomeronexchange Eventsweregeneratedn

the kinematicrange¢ < 0.3 andM,,, > 30 GeV. Thedefault H1 *fit 2’ pomeron
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structurefunctionwasused(Section2.3)! The outgoingantiprotondirectionde-

finesthe z axis,andthereforecorrespondso positive pseudorapidity

It is foundthata smallfractionof the eventshave unexpecteddistributionsof par

ticle pseudorapiditythey have afew particlesat high pseudorapiditycloseto the
outgoingantiproton),usuallytwo to threepionswith n > 5 andE > 50 GeV, and
alargerapidity gapin theregion 2 < n < 5. Theinteractionsaremostly reggeon
exchangeandalmostall have £ > 0.1. POMWIG doesnot modelthe scenarian

which aninteractionhasa rapidity gapandthe beamparticlethendissociatesnto

a soft systemof very forward particles. Theseeventsarethereforehigh £ events
with largerapidity gapsin thedissociatve system.Sincethecalorimetercoverage
only extendsto || < 5.2, theseeventswill look like low & eventswhenthe ac-
ceptancecuts(Section5.3.1)aremadeon the Monte Carlo sample andtherefore
affect the acceptanceorrectionscalculatedirom the Monte Carlo. It therefore
hasto be decidedwhetherthesegenerateaventsare‘real physics’or anartefact

of the HERWIG hadronisatiorprocess.

The existenceof theseeventsis probablydueto a limitation in the HERWIG
hadronisatiormodel (usedby POMWIG), which leadsto rapidity gapsbetween
clustersof particlesin thefinal state.lt hasalreadybeennoted[58] thatHERWIG

generatesnexcessnumberof rapidity gapevents.

Eventsarerejectedif they have particleswith n > 5.2, which correspondso the
pseudorapidityimit of the calorimeterandarapidity gapin therange3.2 < || <
5.2, which is the region of the rapidity gaprequiremenimadein the analysisof

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

L A samplewas also generatedwith H1 ‘fit 3' and usedfor a cross-checlof the systematic

uncertaintiegSectionss.6.3and5.6.4).
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simulationof the data. It rejects12.6% of the reggeoneventsand 1.9% of the

pomeronevents.

5.3.1 Acceptancecuts

The D@ detectorsimulationis not usedbecausehe Runll calorimeterresponse
is very poorly modelledin the simulationavailablefor this datase{59]: thereis
insuficientmaterialin front of the calorimeterthe shortchage collectiontime of
Runll is not simulated;andthe calorimeterin Runll hashigherlevels of noise
thanin Run |, which is reflectedin the lower enegy thresholdsusedin Run |
diffractve analyseqd10]. Several acceptanceuts are appliedto the simulated

eventsin orderto modelthedata. Theseexcludethefollowing particles:

Neutrinos

Particlesoutsidethe calorimeterange(|n| > 5.2)

Muonsoutsidethe muondetectorange(n| > 2.0)

Particleswith E < 1.0 GeV

The Monte Carlo simulationdoesnot include a correctedenegy scale,resolu-
tion effectsor the effectsof backscatteringfor example,particlesscatteringrom
detectorcomponentsnto the rapidity gap). However, thereis good agreement
betweenthe simulatedeventsandthe data(Section5.5). Eventsare selectedn
theappropriat&kinematicregion by requiringthatthetwo highestpr muonshave

Inl < 2.0 andpr > 15GeV, andthatthedimuoninvariantmassis M, > 40 GeV.
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This sampleis usedfor motivatingthe kinematicrangeof the measuremen(Sec-

tion 5.4) andfor correctingthe measuremertaf the momentunoss(Section5.5).

5.4 Rapidity Gap Requirement

Diffractive candidateeventsare requiredto have a forward rapidity gapin the
region 3.2 < |n| < 5.2 by requiring that the maximum pseudorapidityyma Of
the calorimetersignalsis 75 < 3.2 in the protondirectionor nE,aX > -3.21n
the antiprotondirection. The rapidity gaprequiremenis madefor two reasons:
firstly, to restrictthe samplekinematicallyto the low & region (whereé is well
reconstructed)and secondly to reject eventswith multiple interactions,which
occurwhenthereis morethanone pp collision in the samebunchcrossing.Mul-
tiple interactionsleadto misreconstructiorof the momentumloss becausehey
contribute to the obsenredfinal state. This is seenin Fig. 5.10,which shavs the
averagef increasingasa functionof the numberof verticesin the eventandalso

with increasingnstantaneoukiminosity of thetick.

Thenumberof verticesin theeventis notusedfor excludingmultiple interactions
becausehe currentvertex-finding algorithmat D@ is not suficiently accurateat
countingvertices. The algorithmis optimisedfor locatingthe vertex of the high
pr interactionandis proneto overcounting especiallyat higherluminosities,by
assertingthat there are two or more at the samelocation. For Fig. 5.10(a),a
requirements madethatadditionalverticesareat least0.2 cm from the primary

vertex.

The LM detectorsarenot usedfor confirmingthe rapidity gap,asthey werein a
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previous versionof the analysis[47], becauseahey provide only a binary signal

over afixedpseudorapidityange.

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 thatthe rapidity gapis
from a diffractive interaction[15, 60]. In non-difractive interactions statistical
fluctuationof particlemultiplicities canleadto smallrapidity gaps but therateof

theses exponentiallysuppressetly thesizeof therapidity gap(Section2.2.1).

Figures5.11and5.12 shawv the size of the rapidity gapin POMWIG eventsin-
creasingasthe momentumlossdecreasesin Fig. 5.11(a),the eventshave mo-
mentumlossé < 0.05. Thedistribution shovs the maximumpseudorapidity;2!
of all theparticlesin theevent. Theverticalline indicatesthe edgeof therapidity
gap: eventswith 3L to the right of the line fail the gap cut. Figures5.11(b),
5.12(a)and5.12(b)show the effect of loweringthe momentumiossthresholdto
¢ < (0.03,0.02,0.01),in thatthe distributionsmove towardslower valuesof 72!

max

andahigherfractionof eventspassthe gapcut.

The kinematicrangefor the measuremeris choserto beé < 0.02, sothatabout

85% of the eventspasstherapidity gapcutat|n| = 3.2 (Section5.6.3).

After therapidity gapcutis madein thedetectorthenumberf Z — u*u~ events

with agapin the protondirection, N, andin the antiprotondirection,Ng,,, are:

NP

jap = 156+ 12(stat)
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NZ,, = 139 12 (stat) .

No cuton ¢ is made.Thirteenof the eventshave arapidity gapin bothdirections,

giving atotal of 282 candidatesvents,whichis 2.6%o0f the sample.

5.5 Momentum LossCorr ection

Theobseredmomentumossis correctedor thedetectommcceptancasingPOMWIG
events.Figure5.13showns the obsered momentumosséops in Z — ptu~ events
that passthe rapidity gapcut. Overlaid on the figureis the POMWIG prediction
for thedistribution, normalisedo thedata.The predictionis madeby calculating
the ‘reconstructedmomentumloss &¢¢, from the particlesthat passthe accep-
tancecuts(Section5.3.1). The eventsin the Monte Carlo (MC) distribution have
passedherapidity gapcut, madeby requiringthatthe mostforward particlethat
passeshe acceptanceutshasnnx < 3.2. The POMWIG distributionis in good

agreementvith thedata.

Figure5.14shons nme for themostforward calorimetersignalin Z — u*u~ can-
didateeventsthathave £,ps < 0.02. Thedistributionfor eventswith anantiproton-
sidegaphasthe x-axis reversed,andis addedto the distribution for eventswith
a proton-sidegapin orderto increasethe size of the sample. Overlaid on the
figureis the POMWIG predictionfor the distribution, which is 7, Of the parti-
clesthat passacceptanceutsin eventswith &, < 0.02. This alsoshows good
agreemenwith the data. The fraction of eventswith r, < 3.2 is lower thanin
Fig. 5.12(a),which shavs nna for eventswith & < 0.02, becauset includesa

higherreggeoncomponent.This arisesbecausehereareeventswith high £ that
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aremis-reconstructedndhave alow &,,s. Theseareremovedby therapidity gap

requirement.
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Figure5.14: Pseudorapidityf mostforward cell in Z — u*u~ eventswith mo-
mentumlosséops < 0.02, wherethe antiproton-sidedistribution is reversedand
addedto the protondistribution. The POMWIG predictionis alsoshavn, scaled
to the datadistribution, which includesa requirementhat particlesare within

Il < 4.45.

The particleenegy thresholdin the acceptanceuts,E = 1 GeV, is chosersuch
thatthereis the minimum deviation of the &, distribution in MC from the &gps

distributionin dataovertherange0 < &0 < 0.2 (Fig. 5.13).
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The correctionto the measurementf &5 in the datais calculatedusingé&;eco in
the Monte Carlo. Figure5.15shaws &0 asafraction of thetrue beamé, in bins
of &recor fTOr POMWIG eventswith arapidity gap. This figure providesa seriesof
correctionfactorsfor the data,the inverseof the y-axis value,which areapplied
to eacheventaccordingto the valueof &,,s. The correctionsareappliedafterthe
rapidity gapselectionis made,becausd?OMWIG predictionsbecomemoreun-

certainathigh& dueto the poorunderstandingf reggeonexchanggSection2.3).

The largestcorrectionfactor which is appliedto eventswith very low &qps, IS
aboutl.25.In theanalysisof diffractive W bosonproductionatD@ in Runl [10],
asinglecorrectionfactor1.5 + 0.3 is appliedto the momentumossin all events.
The factoris derived usinga sampleof POMPYT W bosoneventswith the full
detectorsimulationapplied,andit correctsfor enegy in the FH region which is
not includedin the reconstructiorof £. The correctionfactorsare not expected
to belarge becausehe contribution to ¢ from particlestravelling in the opposite
directionto theintactprotonis small(Eq. 5.1). However, the correctiondoesas-
sumethatthe eventsarediffractive, with no final stateparticlescloseto theintact
proton.If therearenon-difractive eventsthatpasstherapidity gaprequirement-
for example,if all the calorimetersignalsin the gapregion arebelov the enegy
threshold- thenthe appliedcorrectionfactorsin theseeventsaretoo small, and
theremayremainsomehigh ¢ eventsin thediffractive candidatg¢ < 0.02) sam-

ple. The contribution dueto non-ditractive eventsis estimatedn Section5.7.2.

The momentumlossé in eventswith a rapidity gap, with correctionfactorsap-
plied, is shovn in Fig. 5.16. The average¢ is shavn asa function of numberof
verticesandinstantaneoulkiminosityin Fig. 5.17,demonstratinghatthereis no

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

sampleis smallerthanthe systematiancertaintiegSection5.6.2).
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Figure5.16: Momentumlossin Z — u*u~ eventswith arapidity gap

After the momentumlossthresholdis applied,the numbersof diffractve Z —
pu candidatesventswith &, < 0.02in the protondirection,N?, , and&s in the

. . . ﬁ .
antiprotondirection,N;, ,, are:

NP =10+ 3 (stat)

cand —

NP =141+ 4(stat).

cand

Therearenoeventswith £, < 0.02andép < 0.02,sothetotalnumberof diffractive
candidatesventsis 24, whichis 8.5% of the rapidity gapsampleand0.2%of the

inclusive sample.

Figure5.18showvs oneof thediffractive candidateavents. Theupperfigure shows

the calorimetersignals,openedout to shav n versus¢ with the muon signals
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superimposedProtondissociatiorcanbe seenat the high pseudorapidityedgeof
the detectoy andthereis no dissociationon the oppositeside. The lower figure
showvsthesideview of thetrackingandcalorimeterdetectorsandtheasymmetric
distribution alongthe collision axis of the particlesin the events. The momentum

lossin this eventis & = 0.017.

Figure5.19shows the fraction of &,,s contributedby the muonsin the diffractive
candidatesvents,which may be comparedwvith Fig. 5.9for all Z — u*u~ events.
In thediffractve samplethemuoncontributiondominates,,s. Thisindicateghat
the succesof POMWIG in modelling the datadespitethe absenceof detector
simulationis dueto the relatively low contribution to &,,s from the calorimeter

althoughthis hasnot beenstudiedin detail.

Figuress.20(a)and5.20(b)shav the pseudorapiditygndinvariantmassof thetwo
highestpr muonsin diffractive candidateevents,and Figs.5.21(a)and5.21(b)
show the rapidity and pr of the diffractive Z bosoncandidates. Overlaid are
the POMWIG predictionsfor thesedistributions, normalisedto the data. The
POMWIG events have beenpassedhroughthe fast detectorparameterisation
PMCS|[61], which smearghe muonmomentao matchthe resolutionmeasured
in the data. The POMWIG distributionsin Figs.5.20and5.21 are correctedfor
themuondetectoracceptancandmuonidentificationefficienciesasdescribedn

Section5.6.4.

TheDrell-Yan(y* — u*u~) componenbf thedimuoninvariantmassdistribution
is largerin the POMWIG events,and perhapsn the diffractive data,thanin the
inclusveZ — u*u~ data.Thiseffectcanbeexplainedbecauséhereis akinematic

biasin the diffractive eventstowardslow masdfinal stateg My = +£59).

117



MET Hem

(b) Sideview

Figure5.18: Diffractive candidatesvent,shaving the (a) calorimeterin n-¢ view,
with muonssuperimposedandthe (b) calorimeterand centraltrackingin side

view, wherethe outgoingprotondirectionis towardstheright of thefigure
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Figure 5.19: Fractionof the momentumloss &y,s contributed by the muons,in

diffractve Z — p*u~ candidateevents

5.6 Componentsof the CrossSection

Thecrosssectiontimesbranchingratio, o- x Br, is calculatedrom the numberof

candidatesN¢ang andtheintegrateduminosity; f& dt, usingthe equation

N (1 fop— feod (1— ) (1 fw)

fﬂ dt Egap EMC €oppq €isol €cosmic

o x Br((Z/y) » u'u, £<0.02)=

K

(5.2)

wheref denotesa correctionfactorfor a backgrounccontaminatiorfractionand

¢ denotesanefficieng. Eachcomponents describedn thefollowing sections.
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Figure5.20:DiffractveZ — u*u~ candidatevents shaving the(a) pseudorapid-
ity of eachmuonand(b) invariantmassof the Z bosoncandidate The POMWIG

predictionis shavn, scaledo the datadistribution.

120



10

« Data

Number of Events

o

[y
o

« Data
— POMWIG

Number of Events
©

IS

N

°% REN

o

(b)
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(b) trans\ersemomentunof the Z bosoncandidate. The POMWIG predictionis

shown, scaledo the datadistribution.
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5.6.1 Number of candidates

This sectiondescribeghe correctionto the numberof candidatesor multiple
interactionsthe systematiaincertaintyin the numberof candidatess studiedin

Section5.6.2.

Diffractive eventsthat have additional pp interactionsin the samebunchcross-
ing areexcludedby the rapidity gap cut, andthe numberof candidatesnustbe
correctedfor this loss. In eachtick, the averagefraction of interactionsnot ac-
companiedy ary otherinteractionsF(s.i.), canbe calculatedrom the average

numberof interactiongerbunchcrossingu:

P(1)  ue*

)= 17p0) “ 1-e*

wherey is calculatedrom the instantaneoulkiminosity (Section4.2). The aver-
agenumberof interactionghatarewithin theacceptancef the D@ detectorand
canthereforebe vetoedby the gaprequirementy, y, is calculatedor eacheach

eventfrom theinstantaneoukiminosity of thetick, £, using:

o5 L
Hiv = Am p?

whereA_y is the acceptancef the Luminosity Monitor, Ay = 0.833+ 0.037,
o pp IS the total inelastic pp crosssection,o g = (60.7 + 2.4) mb, and f is the
rotationfrequeng of thetick, f = 47.7 kHz. Theuncertaintyin theinstantaneous

luminosityis 6.5%.

The numberof Z — p*u~ eventsin singleinteractionbunch crossingsNs*, is
estimatedvith

NS" = 2, F(Si.)n
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wherethesumis overall Z — u*u~ events(beforediffractive selectioncuts). The
ratio of all Z — u*u~ eventsto the numberin singleinteractionbunchcrossings

is usedto correctthe numberof diffractive candidatesyith:

Nz
Ncorr = Ncand X —=
NS

Z

where N.ang IS the numberof diffractive candidatesn single interactionbunch

crossingsandNcor is thenumberof diffractive candidatesn all bunchcrossings.

The numberof diffractive candidatess Nq.anq = 24, andthe ratio is NZ/NZSi~ =
1.40+ 0.04, sothe correctechumberof candidatess

Neorr = 33.7 £ 6.9 (stat) = 1.1 (sys)

where the systematicuncertaintyis calculatedby propagatingthe luminosity-

relateduncertaintieso the correctionratio. The statisticaluncertaintydominates.

5.6.2 Systematicinvestigations

Systematiaincertaintiegreinvestigatedy varyingthe parametersf theanalysis
andcomparingthe correctechumberof candidate$or eachvariation. Systematic

uncertaintiearequotedthroughout.

Uncertainty due to North-South asymmetry

The numberof eventsin the proton-siderapidity gapsampleis largerthanin the
antiproton-sidesample,and the antiproton-sideiffractive sampleis larger than
the proton-sidediffractive sample. As the differencesare within the statistical

uncertaintiesandin the oppositedirection for the rapidity gap and diffractive
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samplegSection5.4), it is assumedhatthereis no contrikbution to the system-
atic uncertaintyfrom North-Southasymmetryin the calorimeter whetherfrom

detectomoiseor beamhaloshoveringasdiscussedn Section4.3.4.

Uncertainty dueto rapidity gap boundary

The effect of the hot cell killing on the rapidity gap candidateselectionis esti-
matedby performingthe analysisonly in the setof runsin which hot cell killing

is available (Section5.2.2). The numberof rapidity gap candidatesvhenusing
the 30~ enepgy threshold,andwhenperformingno hot cell killing, areshavn in
Table5.1. As expectedthe numberof gapcandidatess reducedvhenthereis no
hot cell killing. However, thereis no differencen the numberof diffractive can-
didatesbetweernthetwo analysesthe numberof candidate$s Neor = 29.4 + 6.4.

Theuncertaintydueto the hot cell killing is negligible in a sampleof this size.

Threshold] N, Nap
30 120+ 11| 113+ 11
None 116+ 11| 112+ 11

Table5.1: Effectof hot cell killing on the numberof rapidity gapcandidatesin

runswherehotcell killing is available

Therapidity gapboundaryis testedoy examiningthesecondnostforwardcalorime-
ter signalin the event, for which the pseudorapiditys referredto as724. If the
two mostforward cellsin a gapeventarefar apartin pseudorapidityit may be
that the mostforward signalis a hot cell in the gapregion. The analysisis re-

peatedusing 72"¢ to definethe rapidity gap boundary which resultsin a much

max
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larger numberof candidatesN.,, = 65.9 + 9.6, anincreasenf 96%.

Figures5.22 and5.23 shaw the differencein ieta betweenthe two cells at 7,

andn29, in allZ — y*u~ eventsandthosewith agaprespectiely. Thisindicates
whetheror not the cells are neighboursa distribution of 7y, — 729, which are
measuredising the physicspseudorapidity(Section3.2), would be misleading
becausef the varying widths of the cellsin the forward region. The inclusive
samplds shavn with alogarithmicy-axisandthegapsamples not. Thetwo most
forwardcellsarenearesheighboursn ietain 97%of theZ — u*u~ events.In the
rapidity gapevents,thefractionis muchlower, at 40%. For the othereventsthere
are several possibilities: the mostforward cell may be noisethat wasnot found
by the hot cell algorithm;it may be enegy from anadditionalsoft interactionin

theevent, or it may be enegy from the sameinteractionwhereno cells passthe

enegy thresholdn theintermediateegion.

Thecharacteristicsf therapidity gapcandidatesredifferentwhenselectedising
max OF 7279, in the event. Whenusingmax, theLM detectortermis off for thegap
sidein 38% of the proton-sidegap candidatesventsand 35% of antiproton-side
gapcandidatesThefractionis expectedto be low becausehe rapidity gapdoes
not cover all of theLM range(2.7 < || < 4.4), andthe LM detectorcanalsobe
hit by muonsfrom halo, or particleswith enegy below the cell enegy threshold.
Usingthe secondcell method the percentagef gapcandidatesn whichthe LM
detectoitermis off is lower: 31%of proton-sidegapeventsand24%of antiproton-
sidegapevents.Thismayindicatethatin severalof theadditionaleventsselected
with 209 | themostforwardobjectis not detectomoisebut a particlewhich passes

max?

throughthe LM detectorinto the calorimeter
Another measureof the rapidity gap candidatecharacteristicss the numberof
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Z — u*u events
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verticesin the event. The fraction of gap candidatesvith no verticesis higher
in thoseselectedusing nma (5%) thanin thoseselectedwith 724 (3%), andin

addition the fraction of gap candidateswith two verticesis higherin the 529

max

sample(4%) thanin the nma sample(1%). This may indicatethat using 2"
for the rapidity gapincreaseshe contaminatiorfrom multiple interactionevents.
Figuresb.24(a)and5.24(b)shav theaveraget in eventswith arapidity gapusing
n2d, asa function of the numberof verticesand the instantaneousuminosity;
thereappeato be moreeventswith multiple interactionsvhencomparedvith the

Nmax Samplein Fig. 5.17.

Thesecomparisondegin to probethecharacteristicef themostforwardcalorime-
tercellin theevents.However, asthereis no clearseparatiornn theadditionalgap
candidatebetweengapeventsandbackgroundit is concludeahatthis studyis

outsidethe scopeof this analysis.

Uncertainty dueto measuementof &

Theuncertaintyin measuring propagate$o uncertaintyin the numberof candi-
datesbecauseventsmay migrateabove or below thethresholdat & < 0.02. The
two sourcef uncertaintyarethe measuremenf &, andthe correctionto the

measurement.

Thedominantuncertaintyin reconstructing,s is in thecalibrationof thecalorime-
ter. Therearenouncertaintiesvailablefor thecalibrationconstantsn thisdataset,
but anestimationrcanbemadeby performingtheanalysiswith no calibration[59].
Thenumberof candidate®btainedwith this methodis Ngor = 25.3 + 6.0, which

is 25%lower thanthe calibratedresult.
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Edata (GeV) | Enc (GeV) Neorr Changg%)
0.5 0.8 365+ 7.2 +8
0.5 1.2 309+ 6.6 -8

0.6 1.2 449+ 79 +33
0.7 14 617+9.3 +83

Table5.2: Effectof varyingthedatacell enegy threshold Egan, andtheMC parti-
cle enegy threshold Ey,c, onthenumberof candidatedN.,, with the percentage

changeshown in thefinal column.

Theuncertaintydueto thecorrectionof £y is investigatedy forming theanalysis
with varioussetsof correctionfactors. Thefirst setusesthe correctionfactorsc;

(for every bini in &) increasedy the uncertaintyin the distributionin Fig. 5.15,
Ac;; the secondsethasevery correctionfactor decreasedby the sameamount.
This assume400%correlationbetweerthe uncertaintiesn eachbin. Thisyields
little changean theresults:Ngor = 33.7+6.9 usingc; + Ac;, andNcor = 35.1+7.0

usingc — AG,.

The uncertaintyin the correctionfactorsis testedfurther by varying the particle
enegy thresholdin the Monte Carlo with respecto the cell enegy thresholdin
thedata,andby increasindgoththreshold$y thesameraction. Theresultsarein
Table5.2. Thereis an83%increasen thenumberof candidatesvhenusingadata
thresholdEy. = 0.7 GeVandaMC thresholdEyc = 1.4 GeV. thismaybedueto
raisingthe cell enegy thresholdoy too much,althoughin principletheincreasen
MC enepy thresholdshouldcorrectfor this. Thisis anotherareawhich requires

furtherstudy
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Thegeometricacceptanceutin POMWIG events n.ccq, Is decreasedsafurther
checkof thestability of themeasuremenilwo setsof correctionfactorsaremade,
with acceptanceutsat [17acce| < 4.45 and|naccel| < 4.1, the edgesof thefirst two
FH layersandthe EM regionrespectiely. Both of theseanalysegproduceasmall

changean theresult: Neor = 35.1 + 7.0, whichis anincreaseof 4%.

Discussionof systematicuncertainties

Thelargedeviationsin thenumberof candidateventswhenparameterarechanged
indicatethattheanalysidgs notyetfully understoodThissimpleMonteCarlosim-
ulation,usingparticlecutsinsteadof afull detectorsimulation lacksmary effects
thatare presentn the data: for example,Fig. 5.25 shows thatthe pr balancen
thediffractive candidatesventsis not correctlymodelledin the Monte Carlo. The
pr balancds p% — ph?°™s, wherethehadronicpartis measureavith thecalorime-
ter cells. Two candidateaventsare not shown: in one,the pr balances greater
than 100 GeV, andin the other the p, and p, of the muonsis not known. The
POMWIG distribution is lessbroadthanthe data,andthis indicatesthat further
work usinga full detectorsimulationis requiredbeforethe diffractve Z — u*u~
productioncrosssectiontimes branchingratio can be presented.However, the
other componentsf the crosssection(Eq. 5.2) are describedn the following

sections.

5.6.3 Efficiencyof rapidity gaprequirement

The efficieng of the rapidity gap cut, g4, in selectingeventswith ¢ < 0.02

is calculatedusing the POMWIG event sample(Section5.4). In the pomeron
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sample,90% of the eventswith £ < 0.02 have a rapidity gap (7max < 3.2 in the
particlesthatpasgheacceptanceuts).In thereggeonsample,77%of eventspass
therapidity gapcut. Theuncertaintieg\e arecalculatedusingAe = (1 - €)/N,

whereN is thetotal numberof events.Theresultsare
P _
Egap = 0.901+ 0.003

Egap = 0.77+0.03

for the pomeronandreggeonsamplegespectiely. The pseudorapiditydistribu-
tions of the particlesaredeterminedy the pomeronandreggeonstructurefunc-
tions. Thedefault ‘fit 2' pomeronstructurefunctionis usedto calculatethevalue

of &P

oap Statedabove, soasacross-checky, is calculatedusingthefit 3’ structure

gap
function(Section2.3). Theresultis

P _ ;
elf = 0.916= 0.009 (fit 3)

whichis consistentvith the previousmeasurement.

Theefficienciesarecombinedwith

EIROIRTEPOIP
Etot = ) (5-3)

OIRTOp

wherethe crosssectionspredictedby POMWIG for the kinematicrangeof the
events,¢& < 0.02, M > 40 GeV andwith two muonswith pr > 15 GeV and
Inl < 2,are

o =014 pb

OIR = 0.08 pb
for pomeronandreggeonexchange. The crosssectionfor reggeonexchangeis

assignedan uncertaintyof 50% [60] dueto the normalisatiorof the reggeonflux
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(Section2.3). Theresultfor the rapidity gapefficiengy is

Egap= 0.85=0.14.

5.6.4 Efficiencyof muon detection

In the inclusive Z crosssectionmeasuremeni [56] the ‘efficiengy MC’ (euc)
combineghegeometricacceptancef the muondetectoythe efficieng of the cut
on muon pr, andthe efficienciesof the centraltracking detector muontriggers
andmuonidentificationcriteria. PYTHIA (Z/v)* — u*u~ eventsareusedfor the
calculation:the vertex z positionin the eventsis smearedvith a Gaussiardistri-
bution of width 28 cm; the eventsare passedhroughPMCS; andthe geometric
acceptancandpy cuts(Section5.1.2)areappliedto themuontracks.Muonsthat
passthesecutsaresubjectedo the efficienciesof the tracking,triggerandmuon
identification: thesearemeasuredn the dataasfunctions,whereappropriate pf
the muonzn andthe z-positionof the vertex. Thusa given muonhasa particular
probability of being selectedn the final sample,accordingto the locationand
trans\ersemomentumof the centraltrack. The fraction of PYTHIA eventsthat

pasghesecriteriais eyc; theresultin theinclusiveanalysiss eyc = 0.322+0.006.

This efficiengy is re-calculatedor this analysisbecausehe muon pr andn dis-
tributionsaredifferentin diffractve Z — u*u~ events;the samemethodis used

with POMWIG events[61]. Theresultsare
epc = 0.104+ 0.004
ei = 0.089+ 0.004

where the systematicuncertaintyfrom the efficienciesmeasuredn the datais
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calculatedo be 1.5%. Theresultingdistributionsfor the propertiesof the muons

andZ bosoncandidatesreshavnin Figs.5.20and5.21.

The crosssectionspredictedby POMWIG for the kinematicrangeé < 0.02,
M > 40GeV are
op =075 pb

OR= O42pb

As in Section5.6.3, the efficienciesfor the pomeronand reggeonsamplesare
combinedusingEq.5.3,andtheuncertaintyin thereggeonnormalisatioris setat
50%,with theresult

evc = 0.099+ 0.016.

Varyingthe pomeronstructurefunctionfrom fit 2 to fit 3 hasnegligible effecton
this efficiengy. This is testedby comparingthe pseudorapidityof the muonsin
eventswith £ < 0.02: the geometricacceptancés the dominantcontribution to
emc [62].2 For thefit 2 structurefunction, a fraction 0.538+ 0.006 of the muons
have || < 2.0; for thefit 3 structurefunction,thisfractionis 0.540+ 0.007,sothe

two areconsistent.

5.6.5 Cosmicmuon background

Analysis of diffractve Z — u*u~ bosonsusingonly rapidity gapsto selectthe
candidategasin AppendixA) may be susceptibléo enhancedbackgroundrom
cosmicray muons:a cosmicmuoncanbe selectedasa Z bosonevent,andun-

lessthereis an overlappingpp interactionthenthe event hasno actwity in the

2 A calculationof eyc usingthefit 3 samplewasnot available.
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Figure 5.26: Pseudorapidityof two highestpr muonsin POMWIG Z — u*u~
eventswith ¢ < 0.02: the geometricacceptancef the muondetectoris approxi-

mately|n| < 2

calorimeterandpasseshe rapidity gaprequirementHowever, it is expectedthat
adiffractve sampleselectedisingthe& variablewill nothavethisbackgroundiue
to the kinematicrequirementgin otherwords,forward muons)of reconstructing

alow é¢.

The acolinearityof the muonpair in the diffractve candidateaventsis shown in
Fig. 5.27. All of the eventshave large acolinearity well above the thresholdof
Aa,, = 0.05radiansto excludecosmicray muons. The cosmicbackgroundate

f.os IS @assumedo bethe sameasthatof theinclusive sample[56]:
fees = 0.002+ 0.002,

whichin this sampleis negligible.
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Figure5.27: Acolinearity of the dimuonpair in diffractve Z — p*u~ candidate

events

5.6.6 Other efficienciesand backgrounds

All otherefficiengy and backgroundfactors,which are listed in Table 5.3, are
takendirectly from theinclusve measurementThesearethe efficienciesfor the
isolationcuts(giso), cCOSMIccuts(ecosmid andthe requirementhatthe muonsare
oppositelychaged (goppq), andthe backgroundfractionsfrom bb events(fuy),
Z — 17 events(f,,), W+jetsanddibosonevents(fy). The backgroundraction
for cosmicray muons,f.., (Section5.6.5)is alsoincludedin thetable. The effi-
cienciesareall extremelyhigh with respecto &g, andeyc, andthe background

ratesarelow, but it is usefulto includethemfor completeness.

137



Quantity Value

Eisol 0.999:+ 0.001
Ecosmc | 0.988+ 0.006
oppq | 0.998+0.001
fop 0.005:+ 0.003
foosmc | 0.002 0.002
for 0.005+ 0.001
fuy 0.002:+ 0.001

Table5.3: Efficienciesandbackgroundsakenfrom theinclusve Z — u*u~ cross

section

5.7 Result

5.7.1 Correctednumber of candidates

Combiningthe efficienciesandbackgroundsvith the correctechumberof candi-

datesusing:

(L — fob — feod (1 — ) (1 — fw)

Egap €MC €oppq €isol €cosmic

Ntotal = Ncorr X

yields a predictionof 4009 + 81.8 (stat) for the total numberof candidatedor
anintegratedluminosity [63] of [ L dt = 109+ 7 pb*. However, the system-
atic uncertaintiesare large and as yet undeterminedso the crosssectionis not

presented.
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5.7.2 Contribution from non-diffractive events

The contribution from non-difractive events,oq, is estimatedusing simulated
(Z/y): — p'u~ eventswith M,, > 40 GeV from the PYTHIA event genera-
tor. HERWIG is not usedbecausef the excessproductionof rapidity gapsin

the final state(Section5.3). The acceptanceutsare appliedto particlesin the
PYTHIA eventsasdescribedn Section5.3.1. The rapidity gap requiremenis

made,|nmx| < 3.2 in the proton or antiprotondirection,and 1% of the events
passthis cut. Thereconstructednomentunloss,&;eco, IS calculatecandthe same

correctionfactorsareappliedto the eventsasthey arein thedata(Section5.5).

Figure 5.28 shaws the distribution of ¢ in eventsthat passthe rapidity gap cut:
10% have ¢ < 0.02, or 0.1% of the sample. The PYTHIA predictionfor the
crosssectionfor (Z/y)* — p*u~ eventswith M,,, > 40 GeV is 202 pb, giving a

predictednon-difractive contribution of o,y = 0.2 ph.

The inclusive crosssectionis measuredisingthe full datasample,with 10791
candidategtheeffectof excludingthreeeventswith no calorimeterinformationis

negligible), andeyc takenfrom the previousanalysig56]. Theresultis
o X Br((Z/y)" - u"u) = 308+ 3 (stat) =6 (sys) + 20 (lumi.) pb

which is consistentvith theresultin [56]. The PYTHIA predictionis scaledby
the ratio of the PYTHIA anddatainclusive crosssectionsR = 308/202,sothe

predictionfor the non-ditractive contribution is
ong =03+0.1pb

wherethe uncertaintyis assignedrom the differencebetweenthe PYTHIA and

datainclusive crosssections. For a luminosity of 109 pb, this predicts32.7
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candidatevents:about8% of the numberof candidatesn Section5.7.1.

Number of Events

Figure5.28: Reconstructed distributionin PYTHIA non-difractve Z — u*u~

events

5.8 Discussion

POMWIG prediction

The POMWIG predictionfor the crosssectiontimesbranchingratio in this kine-

maticregion, with no gapsurvival probabilityincluded,is:
omc =(1.2+0.2)pb

wherethe uncertaintyis due to the reggeoncrosssectionnormalisation. This

is about0.4% of the measurednclusive crosssection. The diffractve W and Z
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bosonanalysest D andCDF indicatethatthe fraction of diffractive candidates
is around1% (Section2.2.2),which is reasonablyconsistentwvith the POMWIG
predictiongiventhatthe kinematicregion of thesemeasurements not defined.
But POMWIG doesnotincludegapsurvival probability, sothe naive expectation
is thatthe completepredictionwould be about10timessmaller Thegapsurvival
probability is not known for diffractive electraveak processeshut it seemshat
POMWIG may not predicta sensibleorder of magnitudefor the crosssection

timesbranchingratio.

The gapsurvial factors ~ 0.1 is determinedrom dijet crosssectionmeasure-
ments.Diffractive dijet productionanddiffractive Z bosonproductioncoupledif-
ferently to the gluon and quark componentof the pomeron(Section2.3), soa
measuremendf this crosssectionat the Tevatronwould be the first to directly
probethe quarkcomponent.This is the first time diffractive electraveakboson
productiondatahasbeencomparedwith POMWIG. The POMWIG prediction
and the factor for the gap survival probability are open questions: this makes
diffractive Z bosonproductionan interestingchannel,with the potentialto be a
sensitve probefor theanswersin addition,it maybepossibleo measur¢henor-
malisationof the reggeonflux throughthe differentialcrosssectionwith respect

to é.

Soft dissociationof the proton

In orderto fully specifythe kinematicrangeof the crosssectionmeasurementt
is necessaryo know the minimum protondissociatve masswhich canbe seen
in the forward D@ detectors. At H1, thiswasM = 1.6 GeV at lower masses

the protonfinal stateis not obsened. NeitherPYTHIA nor POMWIG prediction
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modelsthis type of event,in which the protondissociategandthereis a rapidity
gap,andin facta goodunderstandin@f this contribution would requiredetailed
MC studieswhich arecurrentlynot available. Thereforethe presentediiffractive
Z — u*u~ candidatesouldincludeeventsin which thereis protondissociation

into low massstates.

Choice of pomeron structur e function

Changingthe pomeronstructurefunction from fit 2 to fit 3 madeno discernable
differenceo thecalculatecefficienciessy,, andeyc. Thisis expectedpecauséhe
variationis predominantlyin the gluon componentvhich is not strongly probed

in diffractve Z bosonproduction.

Analysisof Z — p*u~ usingrapidity gaps

Previous to the analysispresentedn this thesis,the authorcarriedout an analy-
sis of diffractive Z bosonproductionthat usedthe rapidity gap methodto select
candidatesvents[47]. Themethodusedcannotieadto a normalisectcrosssection
measuremerih a clearkinematicregion. Therapidity gaprequirementvasmade
usinga sumover enegy in the forward calorimetey confirmedby the absencef

hits in the LM detector No correctionsvere madeto the result; thesewould re-

quireagooddescriptiorof thecalorimetelandLM detectoiin thedetectosimula-
tion, whichis notyetavailableatD@. In addition,usingtheLM to confirmthegap
is proneto difficulties: the detectortermsare proneto ‘electronicsinefficieng/’

whichresultsin fake gapsignals(Sectiond.3); thedetectoraresensitve to beam

halo particles;andthe fixed pseudorapidityangedoesnot allow variationin the
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choiceof kinematicregion. As previously mentioned(Section5.6.5),a rapidity
gapanalysiof Z — u*u~ alsoappearso bemoresusceptibléo backgroundrom
cosmicray muons.A descriptionof theanalysiss includedin AppendixA in the

form of conferenceproceedingsvritten by theauthor

Futur e stepsin the analysis

This analysishasmadethefirst stepsowardsa measuremerndf a diffractive cross
sectionat D@. It hasmadeprogressin understandindghe requirementsf the
analysisandidentifiedsomeof the largestuncertaintiesthe measurementf the
rapidity gapboundarythecorrectionfor the cell enegy thresholdtheuncertainty
dueto thereggeomormalisatiorandthecalibrationof thecalorimeter Thefuture

developmentof the analysigs discussedbelow.

Theanalysisshouldbecarriedoutwith thefull D@ detectorsimulation,providing
the low-level calorimeterenegy is suficiently well modelledto be useful. Fur-
ther studiesof the effect of usingn?'4 would certainly decreasehe uncertainty
The approactcould be to make a more sophisticatedyapboundarycut, perhaps
requiringthat two cells are closein pseudorapidityor arein the sametower to
definethe boundary;it may be usefulto examinethe additionalcandidatesrom
then2d analysigperhapslson®d andrih ) to separatehediffractive candidates
from the fake gapevents. The full detectorsimulationmay help with this, asit
wasfoundin the LM acceptancstudies(Section4.2.2)that particlesin diffrac-
tive eventscould scatterinto the gapfrom detectorcomponentsFutureanalyses
will be ableto make useof animproved calorimetercalibrationwith known un-
certainties. Although the hot cell killing algorithmdid not appearto affectthe

results,t is felt thatthealgorithmis still useful;with alargerdataseandreduced
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uncertaintiesheremaybeadiscernablalifferenceo the measurementt maybe

a helpfultool for probingthe uncertaintydueto the rapidity gapboundary(;2"

max/*

A modelof thesoftdissociatiorof the protonwould strengtherthe measurement,
correctingfor rapidity gapeventsin which the protondissociatesnto alow mass

stateandyielding a crosssectionfor Z bosonproductionwith anintactproton.

The choiceof kinematicregion may be improved, a decisionthat might bestbe
madeafterthesizeof thedatasets increasedlIncreasingheé thresholdvould de-
creaseahe statisticaluncertaintieandincreasehe muonidentificationefficiengy
emc. It would, however, decreasehe efficiengy of the rapidity gap cut andde-
creasethe pomeroncomponenbf the sample.Ideally, with a larger datasetand
detailedstudiesof the efficienciesas a function of &, the measuremendo/d¢

couldbepresented.

As aresultof thefindingsin this analysis(Section5.3), the authorsof POMWIG
intendto interfacethe generatowith the JETSEThadronisatiormodel usedby

PYTHIA [52].

Summary

Thefirst analysisof diffractive Z bosonsn the muondecaychannehasbeenpre-
sentedjncludinga comparisorof the datawith POMWIG. The uncertaintiesre
prohibitively large for a measuremenaf the crosssectiontimesbranchingratio,
but it is hopedthat component®f the analysisthat have beendevelopedcanbe
usedasbuilding blocksin futurediffractive analysesatD@: in particular themea-
suremenbf & from thefinal statesystemthe comparisorof datawith POMWIG

andtheestimateof the non-difractive contritution to thelow ¢ sample Measure-
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ment of the diffractive Z bosonproductioncrosssectioncould give interesting
resultswith regardto gap survival probability in diffractive electraveak boson

productionandthevalidity of transferingthe H1 diffractive pdfsto the Tevatron.
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Chapter 6

Summary

Thefirst partof thethesis,presentedn Section4, providesthefirst measurement
of the efficiengy of the D@ Luminosity Monitor, which is usedin normalisingall

crosssectionmeasurements.heresultis:

eim = (909 + 1.8)%.

The secondpart (Section5) presentghefirst stepstowardsmeasuringhe (Z/y)*
bosonproductioncrosssectiontimesbranchingratio in the kinematicregion ¢ <
0.02, which is dominatedby diffractve exchange. A sampleof 24 candidate
eventsareselectedandthedataarecomparedvith theMonte Carloeventgenera-
tor POMWIG. Eachcomponenbdf the crosssectionis studied,andthe systematic
uncertaintiedn the numberof candidatesare found to be too large and poorly

understoodo allow the measurementdf a crosssection.
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Appendix A

Diffractive Scattering at DG

The following appendixcontainsextractsfrom a conferencepapersubmittedby
theauthor[47], which describeshe previousmethodof searchindor diffractively

producedZ bosondn themuondecaychannel.

Abstract

The first searchfor diffractively producedZ bosonsin the muondecaychannelis pre-
sentedusinga datasetcollectedby the D@ detectorat the FermilabTevatronat +/s =
1.96 TeV betweerApril andSeptembeR003,correspondingo anintegratedluminosity
of approximatelyl 10 pb2.

A.1 Intr oduction

QCD modelselasticandsinglediffractive scatteringof hadronsasproceedingia
the exchangeof a colour singletobject. In the caseof elasticproton-antiproton

scattering,both protong emepe intact and scatteredat a small angle, with no

1 Heretheterm‘proton’ is usedto referto bothprotonsandantiprotons.
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momentumossandno otherparticlesproduced.In singlediffraction,whereone
protonremainsntactwith asmallmomentumossandtheotherdissociateshere
maybeanareadevoid of actiity (rapidity gap)in theregionof theoutgoingintact
proton. We presenterethefirst ever searchfor diffractively producedZ bosons

in themuondecaychannel.

A.2 DiffractiveZ bosonproduction

A.2.1 Eventselectionand data analysis

Z bosonsproducedvia single diffractionare identified by demandinga rapidity
gapnearthe beampipén eitherthe outgoingprotonor antiprotondirection. The
datasetwas collectedbetweenApril and Septembe2003 by the DG detector
at the Fermilab Tevatron, correspondingo an integratedluminosity of approx-
imately 110 pbt. The D@ detectoris describedn detail elsavhere[44]. The
Z bosonis selectedvia its decayinto two oppositelychaged muonseachwith
pr > 15GeV. At leastonemuonmustbeisolatedin the centraltrackingdetector
andthecalorimeterXpr of trackswithin a coneof radius0.5aroundthe muonis
requiredto belessthan3.5 GeV, andin the calorimeten(ZE+ in a coneof radius
of 0.5 aroundthe muon)- (ZEt in a coneof radiusof 0.1 aroundthe muon)is
requiredto be lessthan2.5 GeV, wherethe coneradiusis definedin pseudora-
pidity » andazimuthalangleg asAR = /A2 + A¢2. Cosmicray muonevents
arevetoedby requiringthatthedistanceof closestapproactof muontracksto the
beampositionis lessthan0.02cm for trackswith hits in boththe Silicon Micro-
vertex Tracker (SMT) and CentralFiber Tracker (CFT), or lessthan0.2 cm for
trackswith hitsonly in the CFT. In addition,the muontracksarerequiredto fulfil

|Apy, + Ab,, — 2| > 0.05radianswhered is polarangle.
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The rapidity gap searchmakes use of two detectors,the Luminosity Monitor

(LM) andthe end calorimeter The LM comprisestwo scintillating detectors,
oneon eachsideof the interactionregion, which cover the pseudorapidityange
2.7 < |n| < 4.4. Thetotal outputchageis discriminatedo give anoryoff signal
for eachdetector The endcalorimeteris dividedinto threeregions: (1) four elec-
tromagnetidayersclosestto the beam,(2) four fine hadroniclayersand(3) one
coarsehadroniclayer furthestfrom the beam. Eachlayeris dividedinto cellsin

then — ¢ plane. For this analysisthe enegy is summedseparatelyon eachside
(outgoingprotonandantiproton)in therange2.6 < || < 5.3, usingelectromag-

neticcellswith E.e; > 100MeV andfine hadroniccellswith E.; > 200MeV.

The log of the enegy sum on the outgoingantiprotonsideis plottedin Figure
A.1 for bunch crossingsin which thereare no visible interactions. Theseare
selectedrom a randomlytriggeredsamplewith the requirementghat both LM
detectorsare off andthereis no vertex with greaterthantwo associatedracks.
Theseeventsare usedto approximaterapidity gap events,in which thereis no
actiity in the outgoingantiprotondirection. The log of the enegy sumon the
outgoingantiprotonsideis alsoshown for a sampleof minimum biaseventsin
thefigure. Theseareselectedequiringhits in both detectorsof the LM within a
smalltime window. A third (25 GeV jet) sampleis selectedy requiringa vertex
with at leastthreetracks,andat leastonejet with pr > 25 GeV that passeget
quality cuts. Jeteventsin which the highestpr jet liesin theregion || > 2.4 are
excluded. The minimum biasandjet samplesaredominatedby eventsin which

bothprotonsdissociate.

Eventswith no interactionandeventswith antiprotondissociationare separated
by applyingacutatanenegy sumof 10 GeV. Thisis alsothecasen theoutgoing
protondirection. To selectsinglediffractive candidatesn theZ bosonsamplethe

LM detectoris requiredto be off andthe enegy sumlessthan10 GeV on one
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side,andthe LM detectoris requiredto be on andthe enegy sumgreaterthan

10 GeV ontheotherside.

o
o
N

No interactions

. Minimum bias

o 25GeV jet

Arbitrary Units
o
=

0.08

0.06

0.04

0.02

N\\\‘\\\‘\\\‘\\\‘\\\‘\\\

K=l

Log,, [Energy Sum] (GeV)

FigureA.1: Log of enegy sumin the outgoingantiprotondirection(-5.3 < n <
—2.6), comparingeventswith no visible interactionswith eventsin which both
protonsdissociate Areasarenormalisedo unity. An enegy sumcutis appliedat

10 GeV for rapidity gapcandidates.

A.2.2 Results

FigureA.2 shavsthedi-muoninvariantmasdistributionfor two samplesFig. A.2(a)
showvsthoseeventsthatfail thetwo rapidity gapcutson boththe outgoingproton
andantiprotonsides.Thesearestrongcandidate$or non-difractive productionof
Z bosons.A resonanpeakis obseredtogethermwith a smallbackgrounccontri-
bution, arisingmainly from the (Z/y)* continuum.Fig. A.2(b) shavsthoseevents
that passbothrapidity gapcutson onesideandfail both on the other Theseare
candidatedor singlediffractively producedZ bosonswhereoneprotonis intact

andtheotherdissociates.

150



1000

> L
O L
(O] B i
N 800\~ ¢
8 L ty
c L ‘g
2 600
m L
400~ .
r ¢t
200 s '
: R o ‘.-‘
L ot
PR T S S S T T o, OO S
0 50 100 150 200
Mass (GeV)
(@)
S 257
[)) L
o :
I 20
P : 14
= r
g -
T 15—~ J 'J
10 ‘ ‘
1]
- TRAEEE
- ses o | ‘ |
r RN T
| A Y S S A S S
0 50 100 150 200
Mass (GeV)
(b)

FigureA.2: Thedimuoninvariantmassdistribution for Z bosoncandidatesvith
(a) no rapidity gapand(b) a singlerapidity gap. A rapidity gapis definedasone
LM detectoroff andenegy sumlessthan10 GeV in the sameregion (seetext for

details).

151



Summary

A searchfor diffractively producedZ bosonsn the muonchannelhasbeenpre-
sented.Thesamplés large enoughto allow a studyof thekinematicpropertiesof

theZ bosondor thefirst time.
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