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Performanceof Hybrid Photon Detectorsand
Studiesof Two-Body Hadronic B Decaysat LHCb

Abstract

The LHCb experimentat the CERN LHC acceleratowill begin physicsdatatakingin
late 2009.LHCDb aimsto discover New Physicsprocessesia precisionmeasurementssing
heary avouredhadronssuchasB andD hadronsThisthesisdescribestudiesrelevantto
measurementsf B decayso hadronic nal statesat LHCh. The Ring ImagingCherenkv
(RICH) countersof LHCDb arecrucialto the performanceof suchmeasurementsThey use
arraysof Hybrid PhotonDetector§HPDs)astheir photodetectiorsystem.Detailedresults
are presentedrom the characterisatioprogrammeof the entire sampleof 557 HPDsthat
were produced. Their overall performancds found to be outstandingwith only 2.2% of
HPDsjudgedto be unusableor the RICHes. The LHCb requirement@andthe contractual
speci cationsare met and often exceededin key areas. The measurementf the single
photoelectroretectioref ciency, , of theHPD anodes describedn detail. Theef ciency
wasmeasure@ds = (87:9 1:4)%. Thisvalueexceedghe LHCbh-RICH requirementand
is in agreementvith previousmeasurements.

A methodto measurdhe detectorpropertime resolutionfor two-bodyhadronicB de-
caysfrom data,makinguseof the perevent propertime error, is described.A propertime
resolutionmodelis proposedandis shavn to accuratelymatchthe simulatedresolutionfor
thesedecays.The modelparameterganbe measurean databy tting the avourtagged
propertime distributionof theBs ! K ¥ decay Constraininghe propertime resolution
modelvia this methodcanpotentiallyreducesystematicrrorsin time-dependergtudies.

A studyis presentedavhich examineghe prospect®f LHCb to discover new baryonicB
decaymodeswith particularfocuson the experimentallymostpromisingmode,B4 !  pp.
It isfoundthata5 discoveryof Bq! ppis possiblewith only 0.25fb * of nominalLHCb
data,if its truebranchingractionis closeto the currentexperimentalupperlimit.

Finally, the prospectof LHCb to measureahe directandmixing-inducedCP asymme-
triesforthedecayBy! * ,viaatime-dependerdtudy areassessed t is madetothe
invariantmassand propertime distributionsof simulateddata. The total sensitvities with
earlydata(0.3fb 1) arefoundto be0.135(stat} 0.012(systrnd0.093(stat}+ 0.018(syst)
for thedirectandmixing-inducedasymmetriesespectrely. Thesesensitvitiesarecompeti-
tivewith currentexperimentaimeasurementgndindicatethatLHCb will cometo dominate
theworld averagevaluesfor theseCP asymmetrieasmoredatais collected.
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Preface

TheLHCDb detectoiis oneof four largeexperimentghataresetto begin datatakingatthe
LargeHadronCollider (LHC), a particleacceleratoring locatedatthe EuropeariLaboratory
for ParticlePhysic{CERN),nearGenea, Switzerland LHCb aimsto make groundbreaking
discoveriesof New Physicghroughprecisionstudiesof heary avouredhadronssuchasB
andD hadrons.The studiespresentedn this thesisaim to contritute towardsthe ability of
LHCb to make suchdiscoveriesvia particularmeasurementsf B decayso hadronic nal
states A brief overview will now begivenof the contentsandstructureof this thesis.

Chapterl givesthetheoreticabackgroundequiredto placethe studiesof this thesisin
contt. The StandardModel (SM) of particlephysicsis describedwith afocusonthe SM
descriptiorof quarkmixing, whichis known asthe CKM mechanismThewayin which CP
violation,which characterisedifferencesn behaiour betweerparticlesandantiparticlesis
incorporatednto the CKM mechanisnis discussedSeveralmethodgo constrainthe CKM
mechanismandsearchor New PhysicseffectsusinghadronicB decaysareoutlined.

Chapter2 providesa brief overview of the LHC acceleratocomplex andthe purposeof
the four main LHC experiments.The LHCb detectoris thendescribedn depth. Particular
attentionis paid to describingthe Ring Imaging Cherenkv (RICH) countersof the exper
iment. Thesedetectorsaim to provide excellentparticleidenti cation (PID) capabilityfor
chagedhadronsin a wide momentunrangeof 1-100GeVHigh-quality PID is a require-
mentfor studiesof hadronicB decays,to allow different nal statesthatsharethe same
topologyto be separatedrom eachothet

The photondetectorf any RICH systemplay anessentiatdle in ensuringts PID per
formance. The RICHesof LHCb usearraysof Hybrid PhotonDetectorgHPDs)to detect
the Cherenkv photonsemittedby chagedparticlesasthey traversethe RICHes.Chapter3
givesa detaileddescriptionof the comprehensie characterisatioprogrammehatwascar
ried out on the entiresampleof 557 HPDsthatwereproducedor the LHCb RICHes.One
particularmeasurementhat of the single photoelectrordetectionef ciency of the HPD
anodejs highlighted.

Somephysicsmeasurementssing hadronicB decaysinvolve time-dependenstudies,
wherea goodunderstandin@f the detectorpropertime resolutionis neededo ensurethat
sytematicerrorsarenot introducednto the analysis.Chapter4 describes methodto mea-
surethe detectompropertime resolutionfor two-bodycharmles$adronicB decayqreferred
to within LHCb asB ! h*h’ decays)from data,without recourseto information from
simulation.After theinitial datatakingperiod,this methodshouldbe ableto provide useful
constraintson the propertime resolutionmodelfor B ! h*h’ decays.This canhelpto



reducesystematierrorsin time-dependergtudiesof thesedecays.

SomehadronicB decayghataretheoreticallyallowedto occurhave yetto be obsered
experimentally One classof suchdecaysare the two-body charmlessbaryonic decays.
Chapter5 describesa study into the feasibility of discovering new baryonicdecaymodes
of B mesonsat LHCb. The mainfocusof the chapteris onthedecayBy ! pp, whichis
consideredo bethe mostlik ely candidatdor the rst obsenationof atwo-bodycharmless
baryonicB decay An exclusive selectionfor this decayis developed,andthe prospects
for LHCb to obsere it in the early stagesof datataking are assessedThe likelihood of
observingothersimilar baryonicdecayss brie y discussed.

As hasbeenstatedalready studiesof thetime-dependendistributionsrelatingto certain
hadronicB decayscanyield interestingphysicsresults. A good exampleis a methodfor
measuringthe parameteiof the CKM descriptionknown as . This fundamentaparam-
eter canbe measuredy studyingthe time-dependen€P asymmetrydistributionsof two
B! hth’ decaysBy! * andBs! K*K . Thevalueof measuredisingthis
methodis sensitve to New Physicseffects. Comparingthis valuefor  with thatmeasured
from otherB decayscanrevealinconsistencies the CKM descriptiondemonstratinghe
presenceof New Physics. Chapter6 describesa study of the potentialfor LHCb to mea-
surethe CP asymmetriesn Bq ! * . Apartfrom their rble in the measuremenf |,
thereis signi cant experimentalinterestin the valuesof theseCP asymmetriesascurrent
measurement®r oneof themarenot consistentith eachothet

A two-staget methodto measurghe CP asymmetriess presentedThe methodmea-
suresthe signaland backgroundyields usingthe massdistribution, thenusestheseyields
asaninputto a t to the propertime distribution. The statisticalandsystematicerrorsthat
are expectedwith this methodusingearly dataare estimatedand comparedo the current
experimentalprecision.

Chapter7 givesa summaryof the studiespresentedn this thesisandtheir results,and
looks forward to the initial datataking run of the LHC, which marksthe beginning of an
exciting new chaptetin the story of High Enegy Physics.

Vi
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Chapter 1
Flavour Physicsand CP Violation

In this chapterthe theoreticalbackgroundo the work presentedn this thesisis reviewed.
Sectionl.1 givesan overview of the Standardviodel of particle physics,includingits de-
scription of quark mixing, which is known asthe CKM mechanism.The conceptof CP

violation, correspondindo the asymmetricbehaiour of antimatterwith respecto matter
is alsointroduced. Section1.2 discussesomeaspectf avour physicsthat arerelevant
for thework in this thesis,with particularemphasi®n the effectsof quarkmixing and CP

violation on the behaiour of neutralmesons. Sectionl1.3 coversin detail the incorpora-
tion of CP violation into the CKM mechanismand summariseshe currentstatusof CP

violation measurements the quarksector Sectionl.4 outlinesthe theoreticalaspectof
two-body charmlesshadronicB decays(in particular the subclassof suchdecaysknown
asB ! h*h’ decays)anddiscusseswo physicsmeasurementthatLHCb will malke by
studyingsuchdecays.Studiesof B ! h*h’ decaysat LHCb will form Chaptersi—6 of
thisthesis.Thechapteris summarisedn Sec.1.5.

1.1 The Standard Model

1.1.1 Statusof the Standard Model

The StandardModel (SM) of particle physicswasdevelopedsereraldecadesgo,andsuc-
cessfullypredictsthe natureof all interactionsdetweenrall particlesthathave beenobsenred
to date,with the exceptionof gravitationalinteractiong1]. However it is widely believed
thatthe SM is not a fundamentatheory of nature,ratherit is expectedthat the SM is a
low-enepy effective theoryof a higherenegy theorywhosenaturehasyetto beestablished.
Thisbeliefarisedrom severaldeeptheoreticabndexperimentalssueswvithin the SM, which
have provedvery dif cult to resohe.
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Two of themainexperimentadif culties arisefromthe eld of cosmologyFirstly, there
is no candidateparticlewithin the SM for the dark matterwhich is believedto be alundant
in the universe.Secondlythe asymmetrybetweemmatterandantimatterin the Universeis
obseredto bevery large, andno mechanisnio generatesucha large asymmetryexistsin
the SM. A further experimentaldif culty for the SM is thatoneof its constitueniparticles,
theHiggsboson hasnotyetbeenobsened. The Higgsbosonis the particleassociateavith
ascalar eld calledthe Higgs eld, in the sameway that for examplethe photonis asso-
ciatedwith the electromagneticeld. In the SM the Higgs eld is responsibldor breaking
electraveaksymmetryandendaving particleswith massyia a processknown asthe Higgs
mechanism.

Themainunresoledtheoreticaissuewithin the SM is relatedto the Higgs mechanism,
andis known asthe HierarchyProblem. This problemarisesbecauseurrentexperimental
constraintglictatethatthe massof theHiggsbosonis lessthanl TeV, whichis mary orders
of magnitudebelon the maximumpossiblemassscale,known asthe PlanckScale. In the
SM thereis no mechanisnto protectthe Higgs massfrom beingaffectedby large quantum
correctionghatcould pushthe massup to the PlanckScale.Within the SM the Higgs mass
canstill be“ ne tuned”to bebelov 1 TeV, but sucha solutionis consideredunnaturaland
nottheoreticallysatisfying.

Solvingthe above issuesanddistinguishingbetweerthe mary candidategor the more
fundamentalhigherenegy theory is the maingoal of the particlephysicsexperimentghat
operateat the Large HadronCollider. One of theseexperimentsis the LHCb detector It
aimsto make precisionmeasurementsf the characteristicof particlescontainingcharm
and beautyquarks. Suchmeasurementsan shedlight on the reasonfor the large matter
antimatterasymmetryin the Universe. This is becausd.HCb will studydifferencesn the
way particlesandtheir antiparticlesbehae, andthe existenceof suchdifferenceqa phe-
nomenorknown asCP violation) is necessaryor a matterantimatterasymmetryto exist in
theUniverse[2].

1.1.2 Particle Content of the Standard Model

Theparticlecontentof the SM consistof asetof elementaryarticleswhoseexistencewith

the notableexceptionof the Higgs boson,hasbeencon rmed experimentally The known

elementaryparticleshave no structuredown to a scaleof around10 ®* m. Eachparticle
in the SM hasa partner known asits antiparticle, which hasthe samemassbut hasthe
sign of its internalquantumnumbers suchaschage, reversed.It is possiblefor a neutral
particleto beits own antiparticle.A particleandits antiparticlearerelatedby the combined
transformationsf parity P andchageconjugationC, whicharedescribedn Sec.1.1.5.The

2
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elementaryparticlescanbeclassi edinto two groups:bosonsandfermions.

1.1.2.1 The Standard Model Fermions

Fermionshave half-integerspinvaluesandhave wavefunctionghatareantisymmetriaunder
the exchangeof two identicalparticles.Hencethey obey the Pauli exclusionprinciple. The
fermionscanbefurthersubdvidedinto quarksandleptons.

Quarkscarry anotherchage known asthe colour chage, and are subjectto the strong
force. Thecolourchagecarriedby aquarkcanbeoneof threestates|abelledred,blueand
green.Antiquarkscarry oneof threedifferentcolour statesknown asantired,antiblueand
antigreen Freequarksarenot obseredin nature rathercolourlesgarticlescalledhadrons,
consistingof setsof boundquarks,areobsened. Due to the requirementhat hadronsare
colourlessthe only allowed combinationsof quarksare a quark-antiquarkpair (known as
a meson)and a setof threequarksor threeantiquarks(known as a baryonor antibaryon
respectrely). Therearesix avoursof quarkin the SM. Threeof these— theup (u), charm
(c) andtop (t) quarks— carry an electricchage of 2=3, with the otherthree— the down
(d), strangg(s) andbottom(b) quarks— carryinganelectricchageof 1=3.

Theleptons,of whichthereareagainsix in the SM, canalsobe dividedinto two setsof
threebasedon their electricchage. The electron(e), muon( ) andtau( ) particlescarry
anelectricchage of 1, while their associatecheutrinos( ., and ) carryno electric
chage.

The known fermionscanbe arrangednto three“families” or “generations” re ecting
the hierarchyof how they interactwith eachother (seethe following sections). The rst
generationconsistsof the u, d, e and ., the secondgeneratiorof thec, s, and , and
the third generatiorof thet, b, and , with the associate@ntiparticlesbeingimplicitly
includedin eachgeneration.

1.1.2.2 The Standard Model Bosons

The secondclassof elementaryparticlesis the bosonswhich have integer spin valuesand

symmetricwavefunctions. Bosonsact as carriersof the differentforcesthat the fermions
describedabove canfeel, andhencethey mediatethe interactionsbetweenfermions. The

mediatorof the electromagnetiforceis the photon( ), whichis masslessThe photoncou-

plesto electricchage,andso couplesto all of the elementaryfermions,with the exception

of theneutrinos.Sincethe photonitself doesnot carrytheelectricchage, thereis no photon

self-coupling.This allows the photonto travel freely throughspacegiving the electromag-
neticforceanin nite range.
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The strongforce, which is felt by quarksbut not leptons,is mediatedby gluons(g).
While gluons, like the photon,are masslessunlik e the photonthey themseles carry the
chage thatthey mediate,andsothey canself-interact. This causeghe rangeof the strong
forceto be nite andin factvery small (O(10 *® m), roughly the diameterof a nucleon).
Freequarksandgluonsarenot obsenred. Giventhe needto mediatebetweerntwo quarksor
antiquarkswhich cancarry one of six colour chages,the nave expectationwould be for
nine differenttypesof gluonto exist, with eachcarryingsomecombinationof colour and
anticolourchagelinearly independentrom the combinationsf the othergluons.However
oneof thesdinearlyindependentombinationsvould have to becolourlesssothatthegluon
could have long rangeinteractions. Sincelong-rangestronginteractionsare not obsered,
this combinationdoesnot exist, andhencethereareonly eighttypesof gluon.

The electraveakforceis mediatedby threegaugebosonstheW*, theW andtheZ°.
Every fermion, including the neutrinos,feelsthe electraveak force. Eachof thesegauge
bosonsgs verymassve (My, ' 804 GeVandMz ' 91:2 GeV),which causeshe rangeof
the electraveakforceto bevery small(O(10 & m)).

Thefollowing sectionswill build up the mathematicatlescriptionof how, in the SM, the
particlesdescribedabore interactwith eachother The descriptiongivenwill assumehat
neutrinosaremasslessAlthoughthe existenceof non-zeroneutrinomassesvasprovenin
1998throughthe obsenationthatthey could oscillatebetweena vours|[3], the conclusions
of thediscussiongn thefollowing sectionsvould not be changedy theirinclusion.

1.1.3 The One-GenerationStandard Model

Following theapproachn [4], theelectraveakandstronginteractionswill rst beintroduced
for a “standardmodel” containingonly the rst generatiorof fermions. Thenthe experi-
mentallyobsened secondandthird generationsvill be addedto build up the full Standard
Model.

The theoreticalstructureof the SM is often consideredastwo quasi-separattheories
— QuantumChromodynamic$QCD), andElectraveak(EW) theory QCD describediow
particlesinteractvia the strongforce, while EW theorydealswith the electromagnetiand
weakforces.Thereasorfor thetheorybeingsplitin thiswayis thatthe SM is agaugetheory
in which eachinteractionis a manifestatiorof the symmetryof a particulargaugegroup.
The choiceof gaugegroupsis madeto t experimentalobsenations;thereis no theoretical
reasonto exclude groupsbeyond thosewhich are used. In general,a gaugegroup of the
form SU(n) describesininteractionwith n? 1 gaugebosons.HenceSU(3) candescribe
the stronginteractionwith eightgluons,andSU(2) U(1)y candescribethe electraveak
interactionwith the photon,W andZ°. So the gaugegroup for the SM as a whole is

4
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SU(3) SU(2) U(1)y,with theelectromagnetiandweakforcesconsidereédsoneuni ed
electraveakforce. The gaugegroupU(1) of the electromagnetidorceis relatedto (but is
not equalto) the U(1)y subgroupof the electraveakgaugegroup (seeSec.1.1.3.4). This
uni cation of electromagnetitheoryandthetheoryof the weakinteractionwasachiezedin
the 1960sby SheldonGlashav, AbdusSalamandStevenWeinbeg [5, 6, 7].

The gaugebosonsassociatedvith eachof the gaugegroupsneednot be equivalentto
the physicalgaugebosonsdescribedaborve, andthe couplingconstantsarenot in the form
normally associatedavith eachinteraction(for examplethe unit electricchage for the elec-
tromagnetidgnteraction).The couplingconstanbf the AbeliangroupU(1)y is calledg® and
its gaugebosonB . For thenon-AbeliangroupSU(2), thecouplingconstanis calledg and
the gaugebosonswt, W2, andW?3. It will beseerthatthe photon,W andZ° bosonsare
constructedrom linearcombinationof B andW 23, For the non-AbeliangroupSU(3),
the coupling constantis called gs andthe gaugebosonsG?, with a 2 f1;2;:::8g. The
gluonsareconstructedrom linearcombinationf these.

1.1.3.1 Lagrangiansin Quantum Field Theory

In QuantumField Theory (QFT), the dynamicsof a given systemare de ned in termsof
the LagrangianL , from which the equationsof motion are found by evaluatingthe Euler
Lagrangeequationsassociatedvith the Lagrangian8]. In QFT the basicform of the La-
grangiarfor agiven eld dependsiponthespinof theparticle.

Forascalareld with masan, thelLagrangians:

— 1 1 2 2 4.

wherethe last term is the simplestinteractionterm that can be addedwhile keepingthe
theoryrenormalisable.

Fora eld with half-integerspin(e.g.afermion eld), theLagrangiarnis:

L=( @ m); 1.2)

with the correspondindzulerLagrangesquationbeingthe Dirac equation.
Finally, for a eld A with non-zerantegerspin(e.g.agaugeboson)theLagrangiaris:

1
L= ZF F; (1.3)
de ning the eld strengthF @A @A . If A representghe photon eld, the

correspondindculerLagrangesquationsarethe Maxwell equations.
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1.1.3.2 Overview of the Standard Model Lagrangian

The Lagrangianfor the one-generatiorstandardModel canbe divided into partsdealing
with differentparticles,asfollows:

L = Lgaugebosonskinetic"' I—fermionkinetic"’ I—fermionmasses"' I—Higgs; (1-4)

sothatthereis onekinetictermfor thegaugebosonsandonefor thefermions,a Yukavacou-
pling termgiving massto the fermions,anda Higgsterm giving massto the gaugebosons.
Thefollowing sectionswill considereachof thesetermsin turn, giving their mathematical
form anddiscussinghe physicalphenomenghatareelucidated.

1.1.3.3 GaugeBosonKinetic Terms

Following the patternof (1.3),thekinetic termsfor the gaugebosonsare:

1 1 1
Lgaugebosonskinetic = ZB B ZFa Fé ZFA FA + I-gaugexing + Lghosté (1-5)

whereB is the eld strengthfor U(1)y, F2 (with a 2 f1;2;3g) the eld strengthdor
SU(2), andFA (with A 2 f1;2;:::8g) the eld strengthdor SU(3). Thepenultimateerm
allows for gauge xing, i.e. choosingthe gaugefor the theory The gauge xing hasthe
side-efect of introducingextra particleswhich canappeain loop processesThe nal term
is the Lagrangianfor these“Fade&-Popo ghosts”,which do not contritute to obsenable
guantitiesastheir effectis cancelledby loopsof gaugebosons.The form of theselasttwo
termsdepend®nthechosergauge.

1.1.3.4 Fermion Kinetic Terms

Beforethe form of the fermion kinetic termscanbe discusseda formalismto describethe
couplingof the fermionsto the weakinteractionis neededsincethe weakinteractionmax-
imally violatesparity, actingonly on left-handedelds, it is corvenientto split thefermion
wavefunctioninto its left-handedandright-handedccomponents:
1 5 1+ 5
+ ;
2 2

(1.6)

= L+ R =

wherethe % areknown asthe projectionoperatorqP, -g ) for the left andright-handed
componentstespectiely. This leads(consideringfor the momentonly the rst generation
of particles)to theleft-handedelds forming doubletsunderSU(2):

! !

q u and I, : (1.7)
d e
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andtheright-handedelds forming singletsunderSU(2):
ur; dg; r and eg: (1.8)

The g will notbe consideredn thefollowing, asa masslessight-handecheutrinohasno
interactionswith ary other elds.
With theabove formalism,the fermionkinetic termsare(following the patternof (1.2)):

. —T . . R
Lfermionkinetic: IIL DI IL + 16k DeeR + |q__T qu_ + |dR DddR
+ilr  @Ug; (1.9)

wherethe covariantderivativesincludethe couplingsto therelevantgaugebosonseg.g.

D' = @ +igT2wW?+ ig% (I.)B ;
D= @+ ig% (eR)B ;
DY= @+ igsT2G? + ig% (dr)B ; (1.10)

wherethepreviouslyde ned couplingconstantandgaugebosonshave appearedalongwith
thegaugegroupgeneratorsT 2 andY for SU(2) U(1)y, andT 2 for SU(3). Furthermore
theparametely (f ), theweakhyperchage of fermionf , hasbeenintroduced:

Y()  20Q(f) 1z(f)); (1.11)

where Q(f ) is the electricchage of f, and |l (f) is the projectionof the weak isospin
operator(whichis +1/2foru_ and _, -1/2for d. ande_ andO for right-handedermions).
Sotheinteractiontermsbetweertheleft-handedeptonsandthe gaugebosonsare
b " ! # !
g w3 W+ iw? N gOB L
g e

1.12
2 g Wt iw? w3 (112

Thephysicalgaugebosondor SU(2) U(1)y arefoundby requiringthattherebetwo mas-
sive chagedbosongW ), onemassve neutralboson(Z °) andonemasslesseutralboson
( ), andthattherebeno mixing betweernthe gaugebosons.This leadsto thede nitions

w 191—2(W1 iW 2) (1.13)
for W , and(introducingthe Weinbeg angle \, de nedbytan %0):
! ! !
z cos sin w3
Sw S w : (1.14)
A Sin w  COS w B
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forZ andA (thephotoneld). Sotheinteractiontermsasafunctionof thephysicalgauge

bosonsre:
by p_

N Z =cos 2W ' '
g ¢ po oW | . (1.15)
2 g 2W*  Z cosw 2A sin w a
Thisdemonstratethat interactionscanonly proceedvia Z° exchangewhilefore e

interactionsaphotoncanalsobeexchangedThechaged-curreninteractiondetweere and
, mediatedby theW , alsoappear Repeatinghe exercisefor the quarksshows the form
of the strongforceinteractionterms.

1.1.3.5 Fermion MassTerms

Attemptingto introduceexplicit masstermsfor the fermionsbreaksthe gaugeinvarianceof
thetheory sincethe termsmix chirality (handednesshaving theformm =m | g +
m r .. Sothemasstermsarenot SU(2) invariant. This problemcanbe solvedvia thein-
troductionof anSU(2) doublet , whichistheHiggsdoublet[9]. Thisallowsthegeneration
of gauge-ivariantmassterms,via the Yukawa interaction:

Lvukava = YifL fr + hic (1.16)

whereY; is the Yukawva couplingconstantfor fermionf , andh:c: standgor the Hermitian
conjugateof the rst term. The potentialfor the Higgstakestheform:

V() = 2+ 5 (1.17)

which hasa minimum at = % 2= . Sincethe minimum is not at zero, the Higgs
doubletacquiresa non-zerovacuumexpectationvalue(or “vev”). In the unitary gaugethe

vev residesonly in onepartof thedoublet,sothat:
! !

0 0
hi= pl—_ p_ pl—_ : (1.18)
2 = 2 Vv

Giventhis expectatiorvalue, canbedecomposeds:

glaT? 13Y) 0

= — P X (1.19)
2 v+ H

wheretheT 2 andY arethegeneratoref SU(2) U(1)y, for somerealconstants ;, whose
valuedepend®n the choiceof gauge.In the unitary gauge the exponentialis rotatedaway,
sothattheleptonicpartof (1.16)becomes:

Y, 0
Lvaaa= P= T & er + hic:; (1.20)
2 v+ H
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sothattheelectronacquiresa masstermof theform
Ye . _ Ye __ —
B—EV(eLeR +&Re) = pvee= meee; (1.21)

with the massbeingproportionalto both the Yukava couplingandthe vev. Repeatinghis
for theotherfermion elds, thefermionmassLagrangiarfor the rst generatiorparticlesis

L vukava = YeE &R Y4 dr Y, i Urt h:c:; (1.22)

where j , the two-dimensionalntisymmetrictensor actson q_ to allow the up quarkto
acquireamass.

1.1.3.6 Higgs Term and GaugeBosonMasses

The nal ingredientfor the one-generatiorsM Lagrangianis the Higgs term. Sincethe
Higgsis a scalarits Lagrangiartakestheform of (1.1):

L Higgs = iD j2 2 + () 2
gAV2
8co%

1 1 1 . :
= é(@H)2+ émﬁH2+ ma,W* W+ émﬁz Z + interactionterms (1.23)

QZVZ

1 . ,
= é(@H)2+ 2H2 + TW+ W Z Z + interactionterms

wherethe “interactionterms” describanteractionsetweemmorethantwo bosonsg.g.two
gaugebosonsandthe Higgs. Sothe gaugebosonshave acquiredmasseshatdependon the
couplingconstantsandareproportionalto the vev.

1.1.4 Adding Further Generations

In this sectionthe consequencesf addinga secondfermion generationwill be outlined,
beforethis is extendedto the third generation.The third generations of particularinterest
for thisthesisasit containghe bottom(b) quark,whichformsthe B hadronsvhosestudyis
themainfocusof the LHCb physicsprogramme.

1.1.4.1 Adding The SecondGeneration

The main featurethat emegeswhena secondgeneratiorof fermionsis addedis the phe-
nomenorof mixing betweergenerationsSincetestingthe SM descriptionof quarkmixing
will bethe purposeof the LHCb experimentthefollowing will focusontheeffectof adding
asecondyeneratiorof quarks.Mixing betweereptonswhichleadsto neutrinooscillations,
is well established. This mixing is governedby the Pontecore-Maki-Nakagava-Sakata
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(PMNS)matrix [10], whichis the leptonicequivalentof the CKM quarkmixing matrix that
will beintroducedn the next section.A discussiorof leptonmixing is beyondthe scopeof
thisthesis.

The secondyeneratiorof quarks,the charmandstrangeguarks transformunderSU(2)
in exactly the sameway asthe rst generationjnto a left-handeddoubletand two right-
handedsinglets. The only differencesetweenthe up andthe charmquarks(andbetween
thedown andthestrangeguarks)arethatthey possesgheirown generation-speci guantum
numbergcharmfor the charmquark,strangenesfor the strangequarkandisospint for the
up anddown quarks),andthatthey have differentmasses.

Whenaddingthe secondgenerationthe Lagrangiardescribedn Sec.1.1.3changedor
the mostpart only by the addition of exactly equivalenttermsdescribingthe interactions
of the new particleswith the gaugebosons,and masstermsfrom their Yukava coupling.
Thenon-trivial changds thatextra Yukavatermscannow bewritten down which allow the
masses$o mix acrosgyenerationssothatthe partof the Lagrangiarthatgivesmasseso the
guarksbecomes

Lquarkmasses: [Yd]ij Qi de [Yu]ij 4, jk Urkt h:c:; (1.24)

wherethe Yukawva couplingshave becomematrices whoseindicesij run overthe genera-
tions. If theoff-diagonalelemenbf [Yy] ([Yu]) is non-zerothenmasamixing arisesbetween
thed ands (u andc) quarks. Sincefermion massesre proportionalto the Yukava cou-
plings(see(1.21)),the masseigenstatesf the quarkscannothave off-diagonaltermsacting
on them. This canbe achiezed by introducinga mixing matrix V¢, which relatesthe mass
eigenstateso the stateswhich coupleto the gaugebosons(the avour eigenstates).The
interactiontermbetweemuarksandtheW gaugebosonss then(following (1.9)):
I 1 !

g " @ e 9w +he: (1.25)
2 2 ¢ S

To consere particlenumber V¢ hasto beunitary. Soit takestheform
!
cos sin
Ve = > c c (1.26)
SIN ¢ COS ¢
for someangle ¢, which is known asthe Cabibboangleafter Nicola Cabibbo,who rst
introducedthe mixing matrix concepf11].
Oneimportantconsequencef the above mixing structureis that (for the lowestorder

“tree” interactionsthereareno Z bosoninteractionsetweerthe (physical)d ands quarks,

1Theisospinsubgroupf SU(3) referredto hereshouldnot be confusedwith the conceptof weakisospin
introducedn Sec.1.1.3.4.

10



CHAPTER1. FLAVOURPHYSICSAND CP VIOLATION

or in otherwords no Flavour ChangingNeutral Currents(FCNCSs). This predictionof the
SMis known asthe GIM mechanisnj12], afterGlashav, lliopoulosandMaiani. The exper
imentalobsenationof the FCNCdecayK, ! * , which proceedssia a second-order
“box” interaction,demonstratethe existenceof the charmquarkbeforeit hadbeendirectly
obsered. Measuringherateof thedecayallowedanaccurateredictionof thecharmquark
mass asthe box amplitudesvould cancelif m, = m..

1.1.4.2 Adding The Third Generation: The CKM Matrix

Incoporatingthe third generatiorof quarks,the bottomandthetop, in ananalogousvay to
the secondgeneratiorclearlyrequiresa3 3 unitary matrix, in placeof the2 2 unitary
matrix V. This matrix is known asthe Cabibbo-Kobayashi-Maskaa matrix, Vck v , after
Makoto Kobayashiand ToshihideMaskava, who rst proposedhe existenceof the third
guarkgeneratior{13] to explain the phenomenof CP violation (seeSec.1.1.5),andalso
afterNicola Cabibbo(seeabore). In 2008KobayashandMaskavawereawardedthe Nobel
Prizein Physicdor their developmenbf this mechanism.

Analogouslyto V¢ abore, Vex m relatesthe avour eigenstategd® s® f) to the mass

0o 1 0o 1
d° d

%s°§:VCKM%s§: (1.27)
ok b

The elementsof Ve v are namedto re ect the transitionbetweenquark avoursthatis

eigenstategd; s; b):

associateavith eachelement: 0 1
Vuda Vs Vb
Vekwm = %Vcd Ves  Veb § ; (1.28)
Vie Ms Vo
In principle,if eachelementy; is allowedto beacomplex numberVck v haseighteerfree
parametersHowever, asstatedabove, Ve v mustbea unitarymatrix. Thisrequiremente-
movesnine of thefreeparameters-urthermorebecauséherearesix quarksbetweernwhich
transitionscanoccurt thereare ve relatve phasdransformationshatdo not correspondo
physicalobsenables. Thesecanthereforebe rotatedaway, leaving only four free parame-
ters. Thesecanberepresented mary differentways,dependingn how therelative phases
arerotatedaway. Themostfrequentlyusedanalyticalrepresentatiohasthreemixing angles

(generalisatignsf the Cabibboangle)andonephase:

1
C12C13 S12C13 Size ' B
Vekm = % S12C23  C12523513€  C12Cp3  S12S23S13€ 1 S23C13 , (L.29)
S12S23  C12Cp3S13€ 2 Ci2Sp3  S12C23513€ B Cp3Ci3

11
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wherec; ands; representos j andsin j respectiely. If thephase i3 is non-zerothen
thebehaiour for antiquarkg{dependingnV{¥, ,,) will differ from thebehaiour for quarks,
which meanghatCP (seeSec.1.1.5)will beviolated.Sectionl.2.2will shav how this CP
violation manifestsitself for neutralmesons,and Sec.1.3 will describehow this canbe
measureaxperimentally

AlthoughEqgn. (1.29)is useful,it givesnoindicationof thehierarchyin magnitudehatis
presentn theelementof Vo v . Thishierarchyisillustratedin anon-analyticaparameteri-
sationbyWoIfenstgin[14],whichexpandseachelemenﬁn powersof sin 15(= sin ¢):

1
1 .
1 12 A3 i)
Vekm = % 1 12 A 2 §+ o( 4: (1.30)
A 31 i) A?2 1
The three remaining Wolfenstein parametersare de ned as A sin ,3=sin® 1, and

[ (sin 13 e ' B)=(sin 1, sin 23), SothateachV; is expressedn termsof variables
of orderl.

The currentworld-averageexperimentalvalues[15] for the magnitudeof eachelement
of the CKM matrix aregivenin Table 1.1. Brief descriptionsof the key measurement(s)
contrikuting to eachvaluearealsogiven. Currentmeasurementslatingto the phasan the
CKM matrixwill bediscussedn Sec.1.3.

Parameten ExperimentaValue | Key Measurement(s)

1Vud] 0.97418 0.00027 | Purevectortransistionsn nucleatbetadecay
1 Vus) 0.2255 0.0019 Semileptonikaondecays

1 Vubj (3.93 0.36) 10 3 | InclusiveandexclusveB ! X~ decays
1 Ved 0.230 0.011 Di-muon productionfrom neutrinobeams
1Vesl 1.04 0.06 Semileptonid decays

iVeu) (41.2 1.1) 103 | InclusiveandexclusveB ! X~ decays

1 Vi) (8.1 0.6) 103 B4 oscillationfrequeng

JVis] (38.7 2.3) 10 % | B; oscillationfrequeny

1 Vin] >0.74(95%C.L.) Top quarkdecays

Table 1.1: World-averageexperimentalaluesfor the magnitudeof eachelemenbf the
CKM matrix.

1.1.5 Discrete Symmetries

Symmetriesplay an incredibly importantrole in nature. By Noethers theorem[16] ary
symmetrypresenin the actionof a physicaltheorynecessarilyeadsto a conserationlaw.

12
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For exampletheinvarianceof theequation®f motionof asystemundertranslationsn space
andtime givesriseto momenturmandenepgy conserationrespectiely, while theirinvariance
underphasechange®f the wavefunctiongivesrise to conseration of electricchage. The
above instancesreexamplesof continuoussymmetriesHowever discretesymmetriesalso
have a signi cant role to play in nature. Discretetransformation®f wavefunctionscanbe
de nedasthoselorentztransformationsvhicharenotobtainableéoy continuousleformation
of the identity transformation.The discretetransformationselevantto the work presented
in thisthesisareparity (P), chage conjugation(C) andtime reversal(T ):

The parity transformatiorreversesspatialcoordinatesyhich hasthe effect of revers-
ing the chirality of a particle.

Chage conjugationtransformsa particle into its antiparticle,changingthe sign of
internalquantumnumberssuchaselectricchage andleptonnumber

Time reversalis the transformatiort ! t, which changeghe sign of a particle's
linearandangularmomentum.

Symmetryunderthe combinedtransformationCP T hasto be conseredin ary quan-
tum eld theorywhichrespectd orentzinvarianceandlocality. A key implicationof CPT
symmetryis thatarny antiparticlemusthave the samemassandlifetime asits associategar
ticle. The bestexperimentalttestof CPT symmetryis the constrainton the K © K° mass
difference{15], whichis currentlyj(m o  mgo)=myoj < 0:8 10 18 at 90%con dence
level (C.L.). AlthoughCPT is alwaysrespectedn a “sensible” QFT, sub-transformations
of CPT canbe violated,anddeterminingthe exact natureof suchviolationsis key to un-
derstandinghe SM andary New Physicswhich may exist beyondit. All obsenationsto
dateindicatethat the strong,electromagnetiand gravitational interactionsall consere C,
P andT individually. The only interactionthathasbeenseento violate ary of theseis the
weakinteraction,aswasdiscussedn Sec.1.1.3.4,wherethe weakinteraction(maximally)
violatedparity by actingonly on left-handedermion elds.

The phenomenorof P violation was rst experimentallyobsened in the -decayof
60Co atomsin 1957[17]. Following this discovery, it wasstill assumedhatthe combined
symmetryof CP wasalwaysconsered[18]. However soonafter, in 1964,CP violationin
thedecay=f neutralkaonswasobsenedby CroninandFitch [19]. Directobsenationof T
violation (which,aslongasCPT is consered,is equialentto CP violation) wasnot made
until 1998,whenthe CPLEAR experimentobsered a differencebetweerthe mixing rates
for KO1 K%andK’! KPO[20]. Recentobsenationsof CP violationin the B meson
systemwill bediscussedn thefollowing sections.

13
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With the conceptof CP violation having now beenintroduced ,its manifestationn the
guarksectorcannow bediscussedThefocuswill beonthebehaiour of neutralmesonsas
thesehave aricherCP phenomenologthaneitherchagedmesonsr baryons A studycon-
cerningthe measuremertaf oneexampleof this phenomenonvill bethe subjectof chapter
6 of thisthesis.

1.2 Flavour Physics

Theterm* a vour physics”is usedto decribethe interactionsbetweenavoursbothin the
leptonsectorandthe quarksector This sectionwill look atsomeof the a vour phenomenol-
ogy which arisesin the quarksector focusingon neutralmesons Sectionl.2.1outlinesthe
formalismusedto describehe mixing of neutralmesonsandSec.1.2.2discussefiow CP
violation canmanifestitself within this formalism.

The CKM matrix governsthe physicsof quark mixing, which is probedusing studies
of hadronscontainingat leastonequarkof the secondandthird generationsThe rst such
hadrondo be discoreredwerethe chagedandneutralkaons,in 1947[21]. Althoughexis-
tenceof thecharmquarkwaspredictecby theobserationof K| |  *  (seeSec.1.1.4.1),
andthethird generatiorby the obsenationof CP violation (seeSec.1.1.4.2) thediscovery
of furtherquarkstook sometime, dueto thelargeincreasen masgandthusenegy required)
comparedo the strangequark.

Thec andb quarkswere nally discoveredin quick successiofn the mid-1970sby the
obsenationof quarloniumresonancefg statesdecayingoe*e or * . A ct(charmo-
nium) statewith a massof 3.1 GeV wasobsenedin 1974by two independengxperiments,
one[22] atthe StanfordLinear AcceleratorLaboratory(SLAC) in California,andone[23]
at Brookhasen National Laboratory(BNL) in New York state. The cC stateproducedwas
namedastheJ by BNL andthe by SLAC; todayit is usuallyknown astheJ= . The
productionof a bb (bottomonium)statewith a massof 9.5 GeV followed in 1977[24] at
Fermilab,lllinois. This statewasnamedhe (todayknown asthe (1 S)).

While the FermilabandBNL experimentshad red abeamof protonsatametallic x ed
target, the SLAC experimenthadusedane® e collider (the SPEARring). Thesuccess
of the colliding beamexperimentled to the constructionat CornellUniversityin New York
state,of amorepowerful e® e acceleratqrthe CESR(Cornell ElectronStorageRing).
In 1985the CLEO-I detecto25] runningatthe CESRdiscoveredthe (4 S) bottomonium
resonancg26], with amassof 10.58GeV. Sincethisis justabove twice themassof aB 4 or
B* mesonthe (4 S) almostalwaysdecaydoaB B pair(eitherBy BgorB* B ).
Hencethe (4 S) discovery openedhedoorto high-statisticstudiesof B mesons.

14
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These studies were carried out in the 1990s by the upgraded CLEO detectoy
CLEO-II [27], andin the 2000sby two detectorsoperatingat asymmetrice* e col-
liders (known as B-Factories). Thesedetectorsare the Babardetector[28] at the PEP-II
acceleratoat SLAC, andtheBelle detectof29] atthe KEKB acceleratoatthe High Enegy
AcceleratorResearctOrganization(KEK) laboratoryin TsukubaJapan.Someof the dis-
coveriesmadeby theseexperimentswill be mentionedn theremainderof this chapter The
phenomenologyf mixing in neutralmesonssuchasthe B 4, will now bedescribed.

1.2.1 Time Evolution of Neutral Mesons

Neutral mesonscontainingquarksand antiquarksof different a vour (gg° states) suchas
neutralk , D andB mesonscanoscillatebetweertheir particleandantiparticlestates This
oscillationis not possiblefor neutralmesonsvhich are(superpositionsf) g statessuchas
the °, , , ,J= and ,becauséhey aretheirown antiparticles.

Thediscoveryof B4 mixing [30] wasmadeby theARGUSdetecto31], whichtook data
(oftenatthe (4 S) resonancepetweenl982and1992attheDORIS-Ile* e colliderat
the DESY laboratorynearHamhurg. ARGUS wasableto infer thatthe By mustundego
oscillationsby observingtwo like-signleptonsfrom the decayof aBy By pair, which
meantthatoneof themesonsnusthave changeda vour betweernproductionanddecay

Thediscoveryof Bs mixing wasmadeby theTeVatronexperiment®0 [32] andCDF[33]
(the B-Factoriesdo not createlarge quantitiesof Bs meson3) in 2006[34, 35, with the os-
cillation fequeng beingfar higherthanthatfor the B .

The stateof a neutralmesonthatis obsenedexperimentallyis somelinearcombination

of the particleandantiparticlestatessay
!

ajN %% + HN; Z : (1.31)
Thetime evolution of this stateis describedy:
" I# !
. d a a
— =H : 1.32
|dt o o (1.32)

The matrix H, which representshe effective Hamiltonian,is not Hermitian(if it were,the
mesonsvould continueoscillatinginde nitely andnot decay).However, aswith any com-
plex matrix, it canbewritten in termsof two Hermitianmatrices:

!

11 M1 12

:5 : (1.33)
2

- i
H=M - = 2
5 11

12 Mn

2Belle hascarriedout several shortrunsat the (5 S) resonancewhich candecayto aBs B pair,
howeverthe statisticsarenot competitive with thoseat the TeVatron.
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with M beingthemassmatrixand the decaymatrix. Note thatthe Hermiticity of M and
ensureghat,asrequiredby CP T invariance the masses&ndlifetimes of the particleand
antiparticlestatesareequal,ji.e.m;; = my and 11 = .. Theoff-diagonaltermsmy, and
12 arisefrom avour-changingtransitionswithj Fj = 2 (whereF isthe avour quantum
number e.g.beauty). An exampleof sucha transitionis N ° N° mixing, whereN? is a
neutralmeson.Themy, ( 12) termcorrespond$o virtual (real)intermediatestates.
DiagonalisingH yieldstheeigervalues

H = My
L=MmML 5 L (1.34)
wherethelabelsH for heary andL for light have beenintroduced.Thecorrespondingnass
eigenstatesn termsof the particleandantiparticlestatesare
iNgi = piN%  gNi:
iNUi = piN%i + GiNi; (1.35)

whereconseration of particlenumberimposeshe constrainfpj? + jgj = 1.
The masse®f theseeigenstate$which arethe obsenablestates)yaresuchthatthe mass
difference m my  mg is positive (hencethe labels“heary” and*light”), while the

lifetime difference H L can be positive or negative. The massand lifetime
differencescanalsobe expressedelative to the averagelifetime n=(pn+ L)=2
by de ning x m= andy =2 respectiely.

By solvingthe eigervalueequation(1.34),the coefcients p andq canbe expressedn
termsof theelementof andM:

9 2: my, (|:2) 12. (136)

P My (i=2) 12
FromEqgn. (1.32),themasseigenstatesvolve accordingto:

N (Di = & ™" 2 "N (0)i
iNL(Di = e ™Mt 2 LGN (0)i: (1.37)
Now, Eqn. (1.35)canbeinvertedto obtainanexpressiorfor a pureN ° state:
0 T,
jNOi = 2—p(jNHI + jNLi): (1.38)

So,usingEqn. (1.37),thetime evolution of astatewhichis pureN ® att = Owill be:

JNO(t)IZ:_L eimHt %Ht_l_eimLt %Lt NO 9 eimHt %Ht eimLt %Lt WO

2
(1.39)
Theformalismfor neutralmesonmixing hasnow beengiven, allowing a discussiorof CP
violationin thesemesons.
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1.2.2 CP Violation in Neutral MesonDecays

Theinstantaneoudecayamplitudesof a pesudoscalamesonN © andits CP conjugateN 0
into a multi-particle nal statef andits CP conjugatd aregivenby [36]:

HJHN; A = HHNO;

HHN i, A-= HjHNCi; (1.40)

Ag

Ag

whereH is the Hamiltoniangoverningweakinteractions.

1.2.2.1 Classi cation of CP Violating Effects

Therearethreedistincttypesof CP violation thatarepossiblefor mesons.The rst typeis
known asdirect CP violation, andthe secondandthird typesasindirect CP violation. The
threetypesarede ned in termsof the above amplitudesand(for neutralmesons}hemixing
parameterp=qgasfollows:

CP violationin the decay:this occursif theinstantaneouamplitudesor a decayand
its CP conjugatediffer in magnitudej.e. if

s 1 (1.41)

This is the only sourceof CP violation for chaged mesonssuchasthe B*. The

rst obsenation of direct CP violation was madein 1999 by the NA48 experiment
at CERN andthe KTeV experimentat Fermilab, using neutralkaon decaysto two
pions[37, 38]. Direct CP violationin the B sectorwasobsenredfor the rst time by
theB-Factorieqg39, 40] in 2004,in thedecayBy! K*

CP violation in mixing: this occursif the masseigenstate®f a neutralmesonare
not CP eigenstatescausingtheratesN® ! N°andN° ! NP to be unequal. This

correspond$o thecondition

q
-~ 81 1.42
0 (1.42)

Thiswasthe rst typeof CP violationeverobsened(seesec.1.1.5),with thediscovery
of thedecayK, ! * . Suchanobsenation, of a decaythatis known to come
from a particularmasseigenstateis possiblein the neutralkaon sectorbecausehe
masseigenstatesK | andK s, have very differentlifetimes: , = 5 10 ® sand

ke = 9 10 ' s (hence‘L” standingfor long, and“S” for short). So a neutral
kaonthatis obseredto survive muchlongerthan,say 10 ° s mustbea K, andnot
aKs. Underthe assumptiorof CP conseration, thesemasseigenstatesvould also
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be CP eigenstatesso that for exampleK | would be a purely CP -odd state,and so
coulddecayto the CP-odd nal states *  %and © © °, but notto the CP-even
nal states * and ° °. HoweverthedecayK, ! * wasobsenedin 1964by
CroninandFitch [19], demonstratinghat CP could beviolated. The branchingratio
wassmall,B:R:(K_. ! * )=2 10 3, indicatingthatCP violation wasa small
effectin thekaonsector

Much larger CP violating effects are possiblein the B sector aswill be seenin
Sec.1.3. However, CP violation in mixing for neutralB mesongs predictedin the
SM to be proportionalto (m.=m)?, andthereforeto be very small. It canbe mea-
suredexperimentallyin semileptonidecay®f neutralB mesongseebelow), assuch
decaysare avour-speci ¢ andno direct CP violation is expected.A combinationof
measurementisom the B-factorieq41, 42] gives[43]

1 - 1:0002 0:0028 (1.43)
Bg
whichis in agreementvith the SM prediction.No precisecorrespondingneasurement

hasyetbeenmadein the B sector

CP violation in interferencebetweemmixing anddecay:evenif neitherof the above
two typesof CP violation occut therecan(for neutralmesonsktill be CP violationiif

the nal statef isaccessibléo bothM andM . Thisis becaus¢heprocesseM ! f

andM ! M ! f shareghesamadnitial and nal statesandsocaninterferequantum
mechanically This interferenceas describedy the quantity

qA¢
LS 1.44
oA (L.44)
CP violation arisesfrom this interferenceaf the condition
=()60 (1.45)

holds. This type of CP violation is oftenreferredto asmixing-inducedCP violation.
A stratey to extract both the directand mixing-inducedCP asymmetriegA %, and
ATX)inthedecayBy! *  atLHCbwill bethesubjectof Chaptei6 of thisthesis.

1.2.2.2 Time-DependentCP Violating Asymmetries

Theappearancef all threeof theabove CP effectscanoccuronly for thecasewhereaneu-

tral mesondecaysnto a nal statewhichis accessibléo boththe mesorandtheantimeson.

Herethe caseof a generic nal statewill be consideredat rst, with the resultingrelations

laterbeingsimpli ed for thecaseof a avour-speci ¢ nal state.
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Using (1.39),the time-dependendecayamplitudesof a pureinitial N © or N° stateinto
a nal statef canbefoundin termsof theinstantaneouamplitudeq1.40):

HjHINO()i = e M™e F2(A; cosH(ix +y) t=2) gKf sinh((ix + y) t=2)):
HjHN ()i = e ™e F2(A; cosh(ix +y) t=2) gAf sinh((ix + y) t=2)); (1.46)

wherem my; = (my + my)=2 is the averagemass. The obsenable decayratesare
proportionalto the squarednagnitudeof theseamplitudes. The decayratesare normally
written by introducingthe asymmetryobsenablesde ned by:

e 1 gj? i 2=( 1) 2<( t)
dir — . mix — . — . 1.47
A R T T+ (2 (47
which canbe seento obey therelation
(AZ)+ (AR + (A ) =1 (1.48)

With thesede nitions, thedecayratesare:

(NOOY ! £)/ jAJ2(+] jDe t cos  t=2) A sinh( t=2)
+ A% cogd mt) AIXsin( mt) ;

2

(N°@) ! f)/ jAszg (1+] (jDe ' cosH t=2) A sinh( t=2)

A% cos( mt) + ATX sin( mt) ; (1.49)
andthe CP asymmetryis givenby (assumingg = 1)

(NO!I f) (N°! f) _ Adcos( mt) ARXsin( mt)

Ace(t) (NOT )+ (N°1 f)_cosl‘( t=2) A sinh( t=2)

(1.50)

If is assumedo be small(this is anexcellentapproximatiorfor B 4, but lesssofor By),
thenthedecayratesimpli es to:

(N ! f)/ jAj2A+] ¢®)e ' 1+ AG cos( mt) AT sin( mt) ;
2

(N°@)! f)/ jAszg 1+ (De '1 Acog mt)+ ARsin( mt) ;
(1.51)

andthe CP asymmetryto (again,assumingg = 1)

Acp(t) = AT cog mt) ATXsin( mt): (1.52)
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Theaboverelationssimplify considerablyor thecasewheref is avour-speci ¢, sothatthe
instantaneouamplitudefor N° is A; = 0. Thisimplies ; = 0, sothe decayrates(1.49)
become

(NO()! f)/ jA¢j?e ' cosH t=2)+ co{ mt) ;
2
(Wo(t)! f)/ jAfj? g e 'cosi{ t=2) cos( mt) ; (1.53)

with the correspondingatesfor f (with A- = 0) being:

2
(NOtY 1 F)J ijjzg e ' cosi t=2) cos( mt) ;

(N°t)! T)/ jArj%e ' cost{ t=2)+ cog mt) : (1.54)

Sotheratesfor NO(t) ! f andWO(t) I f differ only by the time-independentactor
JATAG. IF & = 1, thesameis truefor N @) ! f andNO(t)! T.

The above decayrate expressiondor avour-speci ¢ nal statescanbe combinedin
differentwaysto measurelifferentphysicsparametersFor example,semileptoniadecays
of neutralB mesons(e.g.B4 ! D) * orBgs! D, * ) arepredictedto have
Ar = Ay, notonly in the SM but in mostextensionsof it (asthe decayproceedsvia a
tree amplitudeonly). Henceg can be measuredrom thesedecays,usingthe so-called

semileptoniasymmetryA g :

(N°! F) (N°! f) _ 1 iA=AG%p=¢" _ 1 jp=q*
(Not F)y+ (N°t f) 1+ Ai=Agp=g* 1+ jp=g*

Ast (1.55)

Measurementsf Ag_ usingBy ! D() *  decaysrovide the resultfor g givenin
B
the previoussection. i
Anothercombinationof the a vour-speci ¢ decayratesis thechageasymmetnA e . If

P s takento be 1, thenjA; =Arj for a avourspeci ¢ decaycanbe measured:

q
((NOU f)y+ (N°! f)) ((NO! T)y+ (N°! ) _jA=AH% 1

((NO1 f)+ (N°1 f))+ ((NO! F)+ (N°! ) JAr=Afj2+ 1
(1.56)

NotethatAcp can(unlike As ) be measuredvithout inital statetagging,by simply count-
ing the numberof decaysseento each nal staté. Measurementsf A in the channel
Byg! K™ gavethe rst obsenationof directCP violationin B decays.

Acp

30f coursein areal experimenttherewill be factorssuchasimperfecttaggingof theinitial state a vour,
detectiorasymmetriesgtc.,which have to betakeninto account.
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1.3 Testingthe CKM Mechanismwith CP Violation
Measurements

As discussedn Sec.1.1.4.2,CP violation in the quarksectoris only generatedn the pres-
enceof a non-zerophasen the CKM matrix. The CP violating effectsare normally visu-
alisedusingso-calledunitarity triangles which will now bedescribed.

1.3.1 The Unitarity Triangles

Theunitarity of the CKM matrix givesrisesto ninerelationsbetweerthedifferentelements:
X X

Vi Vik = jk and ViVl = ik (1.57)
i j
The six caseswvherethe Kronecler deltaevaluatesto zerocanbe represente@dstriangles
in the comple plane. Eachtriangle hasthe samearea,which parameterisethe amount
of CP violation that exists in the SM. Four of thesetriangleshave sideswhich differ in
orderof magnitude andare oftenknown as“squashed”. The remainingtwo triangleshave
sideswhich arethe sameorderof magnitude/ ) aseachother They arede ned by the

following unitarity relations:
VudVyp + VedVep + ViaVy, = 0 (1.58)

and
thVud + VtsVus + thVub =0 (1-59)

Therelation(1.58)de nesthe morecommonlyusedtriangle,which is oftenreferredto
simply as“the” unitarity triangle. It is normallyillustratedwith eachsidedividedby V¢4V,
sothatits verticedie at(0; 0), (1;0) and( 7),where~ (1 2=2)and~ (1 ?2=2).
Thetrianglede ned by (1.59)is identicalto “the” unitarity triangleupto correctionsf order

3. Thesetwo “non-squashedunitarity trianglesareillustratedin Fig 1.1.

Constraintsare placedon the unitarity triangle via measurementsf the lengthsof its
sidesandthesizeof its angles.Thelengthof onesideis 1 by de nition, with the lengthsof
the othertwo sides(referredto asRy, andR;) beinggivenby

(1 2=2)jVal JVid]
Ry = — 7 Ry= ——: 1.60
° iVed "7V (1.60)
Theanglesarereferredto* as , and , with thefollowing de nitions:
Vid Vip VedVen VudVip
ar —= ar ; ar —= 1.61
7 VigVi O VY VAR (64

4This is the notationusedby the Babarexperiment,as well as by the TeVatronand LHC experiments.
Howeverthe Belle experimentusesa differentnotation 1.,.3, where ;1= , = and 3=
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Im  VgVup + VegVep + VigVib = 0
|
i

h(1-1%/2) | ------ L

Re

r(1-122) 1

(1-1 %2411 ?)

Figure1.1: lllustrationof thetwo “non-squashedCKM unitarity triangles.Reproduced
from [44].

22



CHAPTER1. FLAVOURPHYSICSAND CP VIOLATION

b u; C;t ds
Bd;S W W gd;s
d, > > > b
3 u;C;t

Figure 1.2: Themain Feynmandiagramcontributingto B4.s B g.s mixing.

Thefactthattheseanglesarelarge,while thosefrom the squashedinitarity trianglesare
very small,indicatesthat, in the SM, CP violation canbeanO(1) effectfor B mesonshut
shouldbeamuchsmallereffectfor othermesonssuchaskK andD. Eachof theaboreangles
hasbeenmeasuredto differing degreesof precision,via studiesof B hadrons Examplesof
suchstudiesandthe currentconstraint®on the unitarity triangles,will now begiven.

1.3.2 Constraints on the Unitarity Triangles

An illustrative exampleof how studiesof B mesonscanconstrainthe unitarity trianglesis
themeasuremerdf theB4 andB¢ mixing phases 4 and g, which arede ned by:

q q
ag - X ag - : 1.62
d (9] D 5, S (9] D 5. ( )

To seethelink betweenthesephasesandthe CKM anglesconsiderthe main Feynman
diagramcontributingto Bqs B s mixing, whichis shavnin Fig. 1.2. For bothB4 andBs,

themixing phasecanbefoundusingthe approximation m, sothat(from (1.36))
r— r
P_ M, o 2 - @; (1.63)
g Mmio mio mi2

The dominantcontribution to the amplitudefor the diagramin Fig.1.2comesfrom theloop
with aninternaltop quark,sincethe contritutionsareproportionalto mé [46]. Sofor B4 the
mixing phases approximately 2 :

VgV, ;
P YV _ o2 (1.64)
q 5, VibVig
andthe B mixing phasds approximately 2
Y o VisVip 2i
= —=2=e ; 1.65
q Bs thvts ( )

SAll Feynmandiagramsn this thesisweretypesetby the authot usingthe JaxoDrav packagg45].

23



CHAPTER1. FLAVOURPHYSICSAND CP VIOLATION

where
Vis Vip

VesVep

is the anglé betweerthe bottomsideof the secondunitarity triangle andthe real axis (see
Fig. 1.1). Thisindicateghatmeasuringmixing-inducedCP violationin B4 (Bs) decaysan
allow ( ) tobemeasuredindeedthe measuremeraf the mixing-inducedCP violation
termin thedecayBy ! J= Kg by the B-Factoriesmarked the discovery of the rst CP

violation seenin B decays [47, 48]. Analogously  canbe measuredvia the mixing-
inducedCP violationin Bs ! J= . Recentstudiesof this decayatthe TeVatron[49, 50]

indicatethat g, which is very smallin the SM, may in fact be sizabl€. If con rmed this
would constituteanunambiguousignalfor New Physics.Improving themeasuremerdf ¢

arg (1.66)

is apriority for the LHCb physicsprogrammg51].

The currentworld-averagevaluesfor eachangle[52, 53], obtainedwithout usingcon-
straintsfrom measurementsf the otheranglesor of the sidesof the unitarity triangl€®, are
givenin Tablel.2.

Parameten Value Key Measurement(s)
(89:03) Time-dependentP asymmetriesn By !
(211 0:9) Time-dependentP asymmetriesn By! J= Ksg
(703, GLW, ADS andDalitz analyseof B* | DK ()*

Table 1.2: World-arerageaxperimentalaluesfrom directmeasurementor theangles
of the CKM unitarity triangle.

A global t of the unitarity trianglecanbe made[53] that combinesall availableinfor-
mationto constrainthe positionof the vertex at (5 7). An illustration of the currentstatus
of thisglobal t is givenin Fig. 1.3. Theresultingconstrainton the anglesrom this global
t aregivenin Tablel.3. The maindifferencebetweenthesevaluesandthosefrom direct
measurements adrasticdecreasén theuncertaintyon , by afactorof around6.

Theconsisteng of all of themeasurementhownnin Fig. 1.3demonstratethatthemary
new measurementsadeby the B-Factorieshave built up a consistentlescriptiorof the uni-
tarity triangle. Thisindicatesthatthe CKM mechanisnis the dominantsourceof CP viola-
tionin thequarksectorbut currentlythereis still roomfor acontritutionfrom New Physics,

8In theliteraturethe notation s is sometimesisedin placeof
"Thereis inconsisteng in the literatureconcerningthe quantity referredto as s. To avoid ambiguities,

LHCb hasadopted51] anotation ;- arg( 3= 3= ),where ;- = 1istheCP eigervalueof

the nal state.ln theSM, theobserable ;- isequalto 2
8However ambiguitiesin translatingfrom trigonometricfunctionsto angleshave beenremovedfollowing

theassumptiorthatthe sumof theanglesshouldbecloseto 180 .
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1.5 UL U B | T T T 0 [ T T T 1 T T 1 T T 1
: excluded area has CL > 0.95 | % :
B Yo ]
1.0 — ; i —
N : 5 Amy & Am; |
05— N
= 0.0 — =
—0-5 _ 0 V|
-1.0 — SK 5
B % E 'Y sol.w/cos 2B<0
= Moriond 09 : (excl, atCL > 0.95) -
—1 B R R A B | PR S A N T W N T OB ]

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P

Figure 1.3: Global t of theapex of the CKM unitarity triangle. Theredhashedegion
aroundtheape correspondso 68%C.L. Reproducedrom [53].
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Parameten Valuefrom GlobalFit
(90:6"53
(21:6"%3
(67:8"%5

Table 1.3: Valuesfor the anglesof the CKM unitarity trianglefrom a global t for the
ap« of thetriangle.

especiallyin the poorly-constrained s sector wheremixing-inducedCP violation in Bg
mixing cancausesmall (in the SM) differencesetweenthe two “non-squashedunitarity
triangles. Onesuchdifferencearisesfrom , which canbe measuredisingdecayswhich
proceeddominantlyor wholly viab! cCstreetransitions.Sincethesearenot expectedto
be affectedby New Physicsary deviation from the SM canbetracedto B s mixing. Recent
interestingstudiesof onesuchdecayBs ! J= , werementionedabove.

Overconstraininghe parametersf the CKM matrix to searchfor inconsistencies the
SM predictionss akey physicsgoal of the LHCb experiment. The LHCD stratagyy to search
for New Physicsvia directmeasurementsf themostpoorly constraineéngleof the“main”
unitarity triangle, , will bediscussedh Sec.1.4.4.

1.4 Two-bodyCharmlessHadronic B Decays

In this sectionsomeof the theoreticalaspectainderlyingtwo-body charmlesshadronicB
decayswill be outlined,andtwo of the physicsmeasurementthat can be carriedout by
studyingsuchdecayswill be describedn detail. The expectedperformanceof LHCb for
eachof thesemeasurementsill be summarised.

The description“two-body charmlessadronicB decay”canin principle applyto ary
decayof a B hadroninto two hadronswhich do not containcharmquarks. Within LHCb
however, it is usually usedto refer only to caseswherethe daughteradronsare chaged
pions,chagedkaonsandprotons.Thesearetheonly hadronghatcanbetrackedin particle
detectorsbecausehey are“stable” overthetypical time requiredto passthroughthe detec-
tor, andarechaged. Decayof thistypearereferredto within LHCbasB ! h*h’ decays.
Therearetensuchdecaysn totaP: B4! K* ,Bg! * ,Bg! K K*,Bg! pp,
Bs! K K",Bs! K ",Bs! * ,Bs! pp, b! pK and ! p .Therst
of theseto beobseredwasBy ! K*  [54], in 1993by the CLEO-II experiment[27].
Sincethen,furthermodeshave beenobsened,andcurrentlythe only remainingunobsered
B! h*h’ modesareBy! K K*,Bs! * ,Bgq! ppandBs! pp.

9Not distinguishingbetweera decayandits chage conjugate.
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Of coursemary two-bodycharmlessadronicB decaysexist thatarenotB ! h*h’
decays(for exampleBs ! ), but the physicsmeasurementthat can be madeusing
them differ from thosemadeusingB ! h*h’ decays,andthey arealsovery different
from an experimentalpoint of view, asthey have morethantwo chagedtracks,canfeature
intermediateesonancesndsoon. They arenot consideredurtherhere.

TheLHCDb collaboratiorhasrecentlypublishedadetaileddocumen{55] describinghow
six of its key measurementphysicswill be carriedout. One of thesekey measurements
involvesB | h*h’ decayg56]. PartsoftheB ! h*h’ sectionof this documentsum-
marisethe work describedin chapters4 (propertime resolutionmodelfor B ! h*h’
decayspnd5 (searcHor undiscoveredmodesB+q.sg ! pp) Of thisthesis. Thedetailedtheo-
reticalaspectselatingto thework in thosechapterswill beoutlinedatthebeginningof those

respectre chapters Chapter6 of this thesisdescribesa methodto make a physicsmeasure
mentwith oneparticularB ! h*h’ decayByq! * ,usinganapproactwhichis com-
plementaryto thatusedin [56]. Thetheoryof this measuremernis describedn Sec.1.4.3,
andthatof arelatedmeasuremerdlsoinvolvingB4! * ,inSec.1.4.4.

1.4.1 OverviewofB ! h*h’ Decays

OfthetenB ! h*h’ decaydistedabove, thesix of theformBgs ! f ;Kg'f ;Kg
offer a particularlyrich arrayof possibilitiesfor physicsmeasurementsThe physicsmea-
surementghat canbe madeusing a particularone of thesedecaydargely dependon the
natureof the nal state,with © andK K* beingCP eigenstatesvith eigervalue+1
ie.CPj * 1 =+] % iandCPJK*K i = +jK*K i ,and K being avour
speci c. TheFeynmandiagramdor theprocessesontributingtotheBy.s ! f ;Kg'f ;Kg
decaysareshowvnin Fig. 1.4.

The tree and gluonic penguii® processesre the dominantcontritutors to the four
B! h*h’ decayswith the highestbranchingratios (referredto hereasthe four “main”
B ! h*h” decays),whichareBy ! K* ,By! * ,Bs! K K* and
Bs ! K *. Theirbranchingratiosareof the orderof 10 5. These‘main” decayscan
alsoreceve contributionsfrom the otherthreediagramsshown in Fig. 1.4, with the colour
suppresseélectraveak penguin,penguinannihilationandW exchangeall contrikbuting to
By! * andBs! K KT, andthecoloursuppressedlectraveakpenguincontrikut-
ingtoBy! K* andBs! K *.Howeverin the SM thesizeof thesecontributionsis
negligible comparedo thetwo dominantdigrams(seee.g.[57]).

10A processnvolving particleemissionfrom aninternalloop is referredto asa penguinprocess.
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W+

y b u.cl d;s
u
w+ d:s g
b u
u
d;s d;s d:s d:s
Tree GluonicPenguin

W+

b ds b e d:s
u
u ZOZ
W <
d:s d;s d;s d:s
PenguinAnnihilation ElectraveakPenguin
b u
d;s
w
ds
d;s u
W Exdange

Figure 1.4: Feynman diagrams for the processescontrituting to Bg.s !
f ;Kg'f ;Kg decays.
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However for themodesBy ! K K™ andBg! ¥ , only thepenguinannihilation
andW exchangediagramsare possible,causingthe SM branchingratiosfor thesedecays
to be atleastan orderof magnituddower thanthoseof themainB ! h*h’ decayq57].
LHCb will searcHor theseundiscoweredraremoded58], asameasuremernf theirbranch-
ing ratioswill testthe SM predictionthattheannihilationandexchangeamplitudesaresmall.
A signi cant enhancemertf their branchingratiosabovethe SM predictionswvouldindicate
the presenc®f New Physican the penguinannihilationandW exchangediagrams.

An importantconceptrelatingcertainB !  h*h’ decayso eachotheris thatof U-spin
symmetry[46]. Justasisospinsymmetryrelatesto a subgroupof SU(3) corresponding
to the interchangeof u andd quarks,U-spin symmetryrelatesto a different subgroupof
SU(3), which correspondso theinterchangeof s andd quarks. ThedecaysBy !  °*
andBs ! K K™ arefull U-spinconjugatesasthe interchangeof s quarksfor d quarks
transformBy! * intoBs! K K™,andeachamplitudecontritutingtoBy! ¥
alsocontributesto B ! K K™ (andvice versa). Soif U-spin symmetryis respected,
By! * andBs! K K* sharethesamestronginteractiondynamics.

Note that the decaysB ! T andBs ! K T arenot full U-spinconjugates:
althoughthey arerelatedvia the interchanged $ s, thereare amplitudes(from penguin
annihilationandW exchangeWwhich contributetoBy! *  butnotBs! K *. The
situationis exactlythesamefor B! K K* andBy! K™ . Althoughthey arenotfull
U-spinconjugatesthesewo pairsof decaysstill offeramethodfor testingU-spinsymmetry
which predictsA%L(Bq ! * ) = Axp(Bs! K *)andA¥ (B! K K*) =
Acr(Bg! K* ), uptosmallcorrectionsarisingfrom the penguinannihilationand W
exchangetopologies. A further testof U-spin symmetrycan be madeby comparingthe
branchingratiosof thefull U-spinconjugatepairBy! K K* andBg!

While there are mary interesting physics measurementshat can be made using

+

B ! h*h’ decaysthe remainderof this chapterwill focuson two particularmeasure-
mentswhich arelinkedin thatthey bothrely on CP asymmetrymeasuremenis the decay
Bg!

=+

1.4.2 Time DependentCP Asymmetriesin By !

A procedureto extract directand mixing-inducedCP asymmetriegrom a t to the time-

dependen€P asymmetryin thedecayBy! *  isdescribedn Chapter6 of thisthesis.
This sectiondescribeghe currentexperimentalstatusof theseasymmetriesThe following

two sectionseachdescribea physicsmeasuremerthat LHCb plansto make which requires
aprecisemeasuremertdf theseasymmetries.
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Since
*  isaCP eigenstate,

Thewidth difference  in the B4 systemis known to bevery smallcomparedo the
masgdifference m, and

jp=ds, is known to beequalto 1 to avery goodapproximation,

therelevantequatiorfor thetime-dependentP asymmetnforBy! * is(1.52):
(Bg! * ) (Bg! * )
(Ba! * )+ (Bg! * )

= A% . ,cos( mt) ALY . | sin( mt): (1.67)

A (Bg(t) ! 7 )

The currentB-Factorymeasurementsf the directand mixing-inducedCP asymmetriesn
By! * are[59,60:

AZ . ,=025 008 002 AZ . ,=068 010 0:03 (Babar),
AZ . ,=055 008 005 AZ . ,=061 010 0:04 (Belle), (1.68)

wherethe rst erroris statisticalandthe secondsystematic.While thereis agreemenbe-
tweenthe B-Factorieson the value of the mixing-inducedasymmetrythereis signi cant
disagreemenbn the value of the directasymmetryleadingto a 1.9 discrepang between
the two experimentsin the AZL . | AZY . , plane. The situationis illustratedin
Fig. 1.5,which alsodisplaysthe averageof thetwo measuremeni@&scalculatedby HFAG):

AZ . ,=038 006 AZ . ,=065 007 (HFAG average), (1.69)

whereonly thetotal erroris quoted.

LHCb will resole the con ict betweenthe B-Factoriesby making a higherprecision
measuremerntf theseasymmetriesAside from the experimentalissuesanimproved mea-
suremenbf theseasymmetriesvill alsoallow betterdeterminationef someimportantCKM
parametersyia the methodsdescribedn the following sections.

1.4.3 Measuringsin2 ¢ Usingthe DecayBy!

Theonly way to directly measuréhe CKM angle , whichis the phasebetweerVyV,, and
VuaV,,, is throughmeasurementsf time-dependen€P asymmetriesaffectingb ! uud
transitions.ThedecayBy ! *  featuressuchatransition,andcanbe usedto measure
theeffective parametesin2 . Thismeasuremerdanbe combinedwith informationfrom
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Figure 1.5. Current B-Factory measurement®f the direct and mixing-induced
CP asymmetriesn the By ! * decay The de nitions Scp A @,LX and
Cecp A gig, areused.Theaverageof thetwo measurement@scalculatecoy HFAG)

is alsoshawn. Figurereproducedrom [52].

otherdecayqasdetailedbelow) to constrainsin2 . Themethodusedfor this measurement
will now bedescribed.
A generaformfor theamplitudeA - forBg! *  (followingthenotationof [61])

A - = Vuqub(Atree+ Ageng

+ Acch) + VeaVerAgeng™ ViaVinApeng (1.70)
where Aveeach) 1S the tree (W exchange)amplitudewith the weak phasefactorisedout,
andAjpeng (for j 2 fu;c;tg) is the part of penguinamplitudecorrespondindo an internal
qguarkof avourj, againwith thereIa/antweakphase‘actoriseobut(eachAjpengincludesthe
electraveak, gluonic andannihilationpenguinamplitudes).The CP -conjugatecamplitude
A . isobtainedromA . by conjugatinghe CKM elements.

To examinetherelationshipbetweertheseamplitudesand |, it is corvenientto factorise
the magnitudegbut not the phasespf the CKM elementdackinto the amplitudesandto

usetheunitarity of the CKM matrixto rewrite A + andA -  as[46]:

A -

A -

€ T+e' P € |Tjd " +e' jPjer;
e' T+ P e |Tjd ™ +¢€ jPjer; (1.71)

whereT jVudjj Vubj (Atree + Ay

Ungt Aech  Aleng @ndP Vgl Vini (Algng  Aleny are

peng
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(underthe assumptionsutlinedin Sec.1.4.1)dominatedby the tree and gluonic penguin
contributionsrespectrely, with magnitudes$Tj andjPj andstrongphasest and p.
Fromtheseamplitudes, - (seede nition (1.44))canbefound:

+ 9 A. __ aiTie'er+jpieer
p A jTig €7 +jPjei gr
:eZi(+)1+$el(+)el(P T)
1+ B eit+)d(r 1)
T !
: P . =
=€e" 1+2 = sin € J+0 = ; 1.72
i = sin T (1.72)
whereit hasbeenassumedhat + + = andjP=Tj2 1 (therelativesizesofjPjand

JTj will bediscussedbelow). Usingthede nitions (1.47),thedirectandmixing-inducedCP
asymmetriegannow berelatedto the physicsparameterasfollows:

. P p?
Adr . =2 — sin sin +0 — ;
CP(* ) T S in(p 1) T

2

&+ y=sin2 +2 ; sin cos2 co{p T1)+O ; ; (1.73)
So if the contritution to the amplitudefrom the penguintopology were negligible, the
mixing-inducedCP asymmetrywould equalsin2 , andthe direct CP asymmetrywould
be 0. The analogouscondition (negligible penguinamplitude)is satis ed for the decay
Byg! J= Ks, wherethemixing-inducedCP asymmetryis equalto sin2 to avery good
approximationHoweverforBy! * ,thepenguintopologycontrikutionis notexpected
to bengyligible in the SM, with theoreticakalculationgointingto avalueof around0.2for
jP=Tj (seee.q.[62]). Hencethe valueof the measuredjuantity A “C“Fi,x( f ) is signi cantly
differentfrom the physicsparametesin2 . Insteadit is relatedto an effective physicspa-

rameterknown assin2 ¢, throughthede nition
Amix .
Sin2 ¢ 4 ). (1.74)

dir 2
1 AL,

Clearly the relatve magnitudesand strongphasesof the tree and penguinamplitudes—
jP=Tj and( p 1) — needto be calculatedf a precisemeasuremertf sin2 ¢ is to be
translatednto a precisemeasurementf sin2 . Onemethodfor calculatingtheseinvolves
combiningmeasurementsf thebranchingratioandCP asymmetriefor B4 ! = with
thosefor thedecaysB* ! * %andBy! © °[63]. Thesethreedecaysarerelatedvia
isospintransformationswith their amplitudesforming two so-called‘isospin triangles”in
thecomple plane,de ned by

péA(B*! * 0= ABg! * )+p§A(Bd! 0 0 (1.75)
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Figure 1.6: Isospintrianglesrelatingthe amplitudesfor B4 !  * ,B* 1 * O
andBg ! 0 O Thetriangle on the left (right) represent€qn. 1.75 (1.76). The
amplitudeswith superscriptsare labelled using the chage of the nal state pions;
e.g. A"  AB* ! * 0 andA” ABy! * ). Theamplitudeswith
subscriptsare the amplitudesfor aB or B to decayto a  pair with isospin0 or 2

respectiely. Reproducedrom [63].

and

Y p

2A(B ! = ABg! * )+ 2ABy! °9: (1.76)
Theseisospintrianglesareillustratedin Fig. 1.6. The factthat nal statesarisingfrom
treeprocessesanhaveisospinl = 0orl = 2, while thosearisingfrom penguinprocesses
canonly havel = 0, allowstheextractionof jP=Tjand( p 7). Measuringhebranching
ratiosof the B ! modes(i.e. the (CP -averaged)lengthsof the triangle sides)gives
jP=Tj, and measuringthe CP asymmetrieqi.e. the relative phasebetweenthe triangles)
gives( p 7). Thecurrentmeasuremenisf usingtheabove methodare = (96'%)
from Babar[59] and = (97 11) from Belle[60].

Clearly, improving on theseconstraintausingthe decayB 4 !

+

alsorequiresim-
proved measurement® thedecaysB* ! * %andBy! © °. However, the presence
of the neutralparticle ©in the nal statewill make it dif cult for LHCb to improve onthe
currentB-Factorymeasurements B* | * %andBy ! © 9 Thisis especiallytrue
forBg! ° © whichwill beextremelyproblematicfor the LHCD trigger (seeSec.2.2.7)
to select. A furtherexperimentaldif culty isthattheBy ! © © treeamplitudeis colour
suppressedeadingto abranchingratioof O(10 ©), anorderof magnituddower thanthose
forBy! * andB*! * O

Despitetheobstacleso anaccurataleterminatiorof atLHCb usingtheabore method,
it will still provide a valuablecross-checko measurementsf in otherdecaysat LHCb,
for exampleB ! andB ! , Which are expected(with 2 fb ! of data)to individ-
ually achieve statisticaluncertaintieson of around10 (B ! )and15 (B ! )
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Figure 1.7: Constrainton the apex of the CKM unitarity trianglefrom directmeasure-
mentsof . TheSM solutionhas > 0. Reproducedrom [53].

respectiely [64]. While (mostof) the , decaymodesfeatureatleastone °inthe nal
state,the additionalpresencef at leasttwo chaged particlesmeansthat suchmodeswill
have afarbettertriggerefciency atLHCbthanB* !  * %and(especiallyBy! ©° °.

In additionto contrituting to the constrainton , a measuremenof A%, . | and
AQF',X( f ) is animportantsteppingstoneto an accurateand theoreticallycleanmeasure-
mentof , asdescribedn thefollowing section.

1.4.4 Measuring UsingBgq! * andBs! K K7*
1.4.4.1 LHCb Strategyfor Dir ect Measurementsof

New Physicscontritutionsto quark mixing could manifestthemselesby causingthe ob-
sened value of a particularCKM parameteto changesigni cantly whenmeasuredising
differentdecays. Thereis scopefor this to happenfor the CKM angle , ascurrentcon-
straintsfrom directmeasurementrevery poor, asillustratedin Fig. 1.7.

LHCb will make directmeasurementsf usingtwo differentclasse®f B decay:those
thatproceedvia treeamplitudesonly, andthosein which bothtreeandpenguinamplitudes
play a signi cant rdle. Theaimis not only to tightenthe constrainton , but alsoto search
for inconsistencies the measuredaluesof in differentdecayswhich would revealthe
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presencef New Physics.Suchinconsistenciesanappeatbecaus¢hevalueof measured
from “tree-only” decayss unlikely to be affectedby New Physicsasin mostNP modelsthe

new particlesdonotenterattreelevel. Howeverfor decaysvherepenguinamplitudegplay a

signi cant role, new virtual particlescanappeain theloop, affectingthe penguinamplitude
andthusthemeasuredalueof for suchdecays.

Examplesof decaysthat are sensitve to  and proceedonly via tree amplitudesare
B*! DK*,Bg! DK °Bs! DK andBgy! D  [65]. ForB* ! D’K*
andBg ! DK 0 canbeextractedvia atime-integratedanalysis.ForB;! D K and
Bg! D , atime-dependenanalysisis required. Combiningmeasurementsom these
four decays|.HCb expectsto achieve anuncertaintyonthedirectmeasuremerdf of' 4
afteronenominalyearof datataking[65].

Two decayghataresensitveto andproceedoy bothtreeandpenguinamplitudesare
theB ! h*h’ decaysBy ! " andBs! K K7*. ThemethodthatLHCb will use
to measure usingthesedecays,andthe expectedsensitvity of the method,will now be
described.

1.4.4.2 Extracting Usingthe U-Spin Method

A methodwasproposedy Fleischerin [61] to extract from measurementsf the direct
andmixing-inducedCP asymmetriesn Bgy! * andBg! K K™*. Themethodisan
attractve onebecausé doesnotneglectary of thedifferenttopologiescontributingto each
decay andsodoesnot rely on ary model-dependergssumptionsibouttheir relative sizes.
Theonly assumptiormade usingthefactthatthesetwo decaysareexactU-spinconjugates
of eachother is thatthe nal-state stronginteractioneffects arethe samefor eachdecay
Violationsof this assumptiordueto possibleU-spin breakingeffectsarethe only sourceof
theoreticalerrorin the method.

The amplitudefor By ! * ,asgivenin (1.70), canbe rewritten in termsof the
Wolfensteinparametergsee(1.30))to give [61]:

A. =C(¢ dé); (1.77)
where
C A 3Rb(Atree+ Ageng AE)eng-I- A@(Ch) (178)
and . .
dée L Apeng Apeng : (1.79)

RpApeet Algyg Al

peng + A@(Ch

peng
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Startingfrom a parameterisatioanalogoudo (1.70),the amplitudefor B ! K K7
canbewrittenin a similar way:

Ack = T—5CTE + (@ H=7d¥); (1.80)
where
c’ A 3Rb(A?ree"' ABan AE)(;ng"' Ag(ch) (1'81)
and 0 0
, 1 A A
d%e ’ = peng __peng : (1.82)
Rb A?ree"' Aggng Ag)eng-i' Ag(ch

The primesin the expressiondor Bs ! K K™ indicatethat the transitionconcerneds
b! wuusratherthanb! uud. The CP-conjugatedamplitudesA - andAg:x are
obtainedromA - andAx -k respectiely by conjugatingheweakphase , butleaving
thestrongphasesinchangedThereis alsoa multiplicativefactorof +1 in eachcasepecause
both nal statesareCP -even. Fromtheseamplitudes, - and -k canbecalculated,
allowing the direct and mixing-inducedCP asymmetriegseethe de nitions (1.47))to be
expressedn termsof , 4, ,d,d% and ¢
<= 2dsin sin _
1 2dcos cos + d?’
_2dcos sin( g+ ) sin( 4+ 2) d?sin 4
1 2dcos cos + d? ’
28°sin Ysin _
1+ 2&cos °cos + &
28cos %sin( s+ )+ sin( s+ 2 )+ & sin s (1.83)
1 2&cos °cos + & ' .

A& (Bqg!

AZX(Bg! )

AF(Bs! K K*)=

ATX(Bs! K K*)=

wheretheabbreviation® ((1  ?)= ?)d’°hasbeenused.NotethatA is notconsidered
hereasthe methodassumesheconstraint(1.48).

The B4 mixing phase, 4 ' 2 , is alreadywell measureddy the B-Factories,via
the measuremenf the mixing-inducedCP asymmetryin By ! J= Ks. The B4 mixing
phase, s * 2 , is currentlyonly looselyconstrainedby DO and CDF usingthe decay
Bs! J= ,butLHCbwill makeaprecisemeasuremendf ¢ with relatively little data,us-
ing thissamedecay[51]. Henceboth 4 and s canbeconsideredsknown quantities.This
however still leavesthe systemof equationsunderconstrainedisthereare four equations
with veunknowns:d,d’, , and .

The application of U-spin symmetry can solve this problem: By ! * and
Bs ! K K7* sharethe samestronginteractiondynamicsunderU-spin symmetry so that
d= d°and = 9 (evenif U-spinsymmetryis broken, the only correctionsto thesetwo
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equalitieswill be non-factorisablecorrectionswhich areexpectedo besmall[61]). Hence
applyingtheassumptiormf U-spinsymmetryreduceghenumberof unknavnsto three leav-
ing the systemof equationsoverconstrainedEither of the conditionsd = d°or = Ccan
thenbereleasedvhen tting to the experimentaldata,providing a testof U-spinsymmetry
(however this degradeghe sensitvity to ). Thesizesof U-spinsymmetrybreakingeffects
areusuallyparameteriseth termsof thevariables  d*dand 0

In [56], the LHCb sensitvity to wasestimatedusinga stratgly wherethe CP asym-
metriesfor all eightB | h*h’ decayswith masspeaksnearmg, underthe  mass
hypothesi&* are tted simultaneouslyPossibleU-spin breakingeffectsweretakeninto ac-
count, with the allowed rangesfor the U-spin breakingvariablesbeing 2 [0:8;1:2] and
j j < 20 . Thetotaluncertaintyon with onenominalyearof LHCb data(2 fb 1) using
this stratggy wasfoundto be' 7 , which includesstatistical,systematicand theoretical
(U-spin breaking)uncertainties.Thisis afactorof ' 4 betterthanthe uncertaintyfrom ex-
isting directmeasurementiseeTable1.2).

Thevalueof foundusingByq! * andBs! K K7™ will becomparedvith the
valuemeasuredh the“tree-only” decaysasdescribedn theprevioussection.A signi cant
discrepang betweenthesevalueswould signalthe presenceof New Physicsin the loop
processesontritutingtoBy!  *  andBs! K K*.

1.5 Summary

This chapterhaspresentedn overview of the StandardViodel of particle physics,andhas
describedn detailthe CKM mechanismwhichin the Standardvodelis responsibldor CP
violation in the quarksector The consequencesf the CKM mechanisnfor the behaiour
of neutralmesonsave beenexplored. Somewaysin whichthe LHCb experimentcanstudy
neutralandchagedmesongo improve on currentknowledgeof the CKM mechanismand
possiblyidentify inconsistenciesherein,have beensummarised.The physicsof two-body
charmlesshadronicB decays(B ! h*h’ decays)ave beenoutlined,andtwo physics
measurementarisingfrom the studyof suchdecaysat LHCb have beendescribedn detail.
Thesedescriptionsshouldfacilitate understandingf the relevanceandimpactof the work
describedn Chaptergl—6 of thisthesis.

UThisisall of theB ! h*h’ decaysxceptByq! ppandBs! pp.
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Chapter 2

The LHCb Detector

In thischapteadiscussiorof thedesignandfunctionof theLHCb detectomill bepresented.
Section2.1will brie y describehe LHC acceleratocomple< andtheaimsof thefour main
LHC experiments Section2.2will describehe LHCb detectoiin detail,by consideringeach
componenbdf the detectors hardwareandsoftwaresystemsn turn. Particularattentionwill
be paidto the RICH subdetectqraswork carriedout on the photondetectordor the RICH
will bedescribedn Chapter3.

2.1 The LHC

2.1.1 The LHC Accelerator

TheLHC [66], locatedat CERN[67] nearGenea, is the world's largestandmostpowerful
particle accelerator It is designedto collide togetherbunchesof protonswith a centre-
of-massenegy of 14 TeV, andat a frequenyg of 40 MHz. The LHC acceleratocomple
consistsof severallinked acceleratorand makesuseof previously existing facilities. The
protonsareobtainedfrom hydrogengas,andundego anintial acceleratiorto anenepy of
50MeV in theLinearAccelerato(LINAC?2). They arethenfed into the ProtonSynchrotron
Booster(PSB),wherethey reachl.4 GeV, followedby the ProtonSynchrotronPS),where
they reach26 GeV. Next the protonsaredeliveredto the SuperProtonSynchrotron(SPS),
which acceleratethemto 450GeV. Finally, the protonsaretheninjectedinto themainLHC
ring, wherethey areacceleratedo 7 TeV.

The main LHC acceleratoring is 100 m undeground,andis 27 km in circumference.
Two independenpipesare usedto allow beamsof protonsto circulatein both directions
without interferingwith eachother The protonsarekeptwithin an approximatelycircular
pathwithin thepipesby 1700dipolemagnetsEachdipolemagneproduces eld of 8.33T.
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Overall view of the LHC exeriments.
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Figure 2.1: Overview of the layoutof the LHC. The mainacceleratoring is shavn in
blue andwhite, with the SPSandthe injection systemin red and white. Reproduced

from [67].

As well asreachinga centre-of-masgnegy around? timeshigherthanary otherpar
ticle acceleratqrthe LHC will alsoproducemuchlarger eventratesthan previous hadron
acceleratorsThisrateis known astheluminosityL . TheLHC maximisests luminosityby
colliding densehigh-populatiorbunchesof protonsat a very high rate. Eachprotonbunch
containsaround10'! protons,but has(at the LHCb collision point) a trans\erseradiusof
only 71 mandalengthof 7.5cm.

The layout of the LHC is shawvn in Figure 2.1. The location of the four main LHC
experimentgseeSec.2.1.2)areshovn, alongwith the SPSandtheinjectionsystem.

2.1.2 The LHC Experiments

Therearefour mainexperimentghatwill take datafrom studyingLHC collisions. They are:

A Toroidal LHC Apparatus(ATLAS) [68]. ATLAS is one of two generalpurpose
detectorGPDs)thatwill operateatthe LHC. The physicsgoalsof ATLAS include
nding themechanismesponsibldor ElectraoveakSymmetryBreaking(possiblyvia
obsenation of the Higgs boson)andsearchingor evidenceof a numberof possible
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New Physics(NP) scenariogvia direct productionof new particles). Suchscenarios
includesupersymmetrandlarge extra dimensions.

CompactMuon Solenoid(CMS) [69]. CMS is the other GPD. It hassimilar physics
goalsto ATLAS, althoughthe detectodlayoutandchoiceof detectortechnologieslif-
ferin someaspectsThe purposeof having two suchGPDsis to provide complemen-
tarity in thesearcHor NP, andto allow ary discoveriesto beindependentlyon rmed.

Large Hadron Collider Beauty (LHCDb) [70]. LHCb is a dedicatedheary avour
physicsexperimentthat aimsto carry out stringenttestsof the Standardviodel and
probeNew Physicseffects by making precisionmeasurements the B sector The
detectoris describedn detailin Sec.2.2,andits physicsaimsin Sec.1.3.

A Largelon Collider Experimen{ALICE) [71]. TheLHC is alsocapableof actingas
acollider of leadions. ALICE is primarily designedo studysuchcollisions.Its main
physicsgoalis to obtaina betterunderstandingf an exotic stateof matterknown as
thequark-gluorplasmalmprovedunderstandingf this hasthe potentialto shedlight
on conditionsin the earlyuniverse.

2.2 The LHCb Detector

The LHCDb detector{70, 44, 72] is a forward arm spectrometerlt is designedo carry out
stringenttestsof the Standardviodel and probeNew Physicseffects by making precision
measuremenis the B sector

The LHC provides an excellentlaboratoryfor the study of B hadrons,sincethe pro-
ductioncross-sectiomf bb pairsin 14 TeV proton-protorcollisionsis very high," 500 b.
This will enablethe LHC to quickly overtale previous collidersin termsof the numberof
B hadronsproduced. The LHCb detectorhasan angularacceptancetartingat 10 mrad,
andextendingto 300 mradin the bendingplane,and 250 mradin the non-bendingplane.
This geometryhasbeenchosenn orderto acceptthe majority of B hadronsn the forward
cone,asthey tendto be producedat very low polarangles(seeFig. 2.2). Thesekinematics
arisebecausehe partons(quarksor gluons)inside the two colliding protonsare likely to
have very differentmomentgrom eachother sothatthe producedob quarkssubtendasmall
anglewith respecto thebeamline.

The LHCb detectorconsistsof a numberof subdetectorsgachof which playsits own
role in the reconstructiorof interestingeventsand in the separationof signal and back-
ground. The layoutof LHCb is shavn in Fig. 2.3. From left to right, the following subde-
tectorscanbe seen:the Vertex Locator(VELO), the rst Ring ImagingCherenkv counter
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Figure 2.2: Angulardistribution of b and b quarksfrom proton-protorcollisionsat 14
TeV. p ( p) is the productionangleof the b (b) quarkwith respecto the protonbeam.
Reproducedrom [44].

(RICHL1), the Tracker Turicensis(TT), the magnet,the Tracking Stations(T1,T2,T3),the
secondRing ImagingCherenkv counteRICH2),the rst Muon Station(M1), the Electro-
magneticCalorimeteECAL), theHadronicCalorimetefHCAL), andtheremainingMuon
StationgM2,M3,M4,M5). Eachof thesesystemss decribedn Secs2.2.1t0 2.2.6.

LHCDb is designedto operateat a nominal luminosity of 2 10°2 cm 2s %, which is
arounds50 timesbelow the nominalluminosity of ATLAS andCMS. The lower luminosity
is achieved by defocusinghe beamjust beforethe LHCDb collision point. At this lower lu-
minositythe meannumberof inelasticproton-protorcollisionsperbunchcrossings around
0.6. Having alow numberof suchhardinteractiongerbunchcrossings desirabldor LHCb
asit greatlyaidsthe selectionof eventscontainingB hadronsandalsoaidstherejectionof
backgroundevents[44, 72]. Furthermorehe lower luminosity alsoreduceghe amountof
radiationdamagesufferedby the component®f the detector

2.2.1 Vertex Locator

Oneof thekey propertiesof B hadronswhichis usedto distinguishthemfrom light avour
events,is their large lifetime, of the orderof picoseconds.This large lifetime meansthat
B hadronscan y a signi cant distancebetweentheir creationpoint (which at the LHC
is the proton-protoncollision point, known asthe primary vertex or PV) andtheir decay
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Figure 2.3: Layoutof theLHCb detector Thebeamlinds alongthez axis. Reproduced
from [72].

point (known asthe secondaryertex or SV). To take adwantageof this, LHCb usesthe
Vertex Locator(VELO) [70, 73] to make very precisemeasurementsf the positionsof the
locationsof boththeprimaryvertex andof thesecondaryerticesof any B hadrongproduced.
The VELO canmeasurehe positionof primary verticeswith a resolutionof 10 min the
trans\erse(xy) plane,andabout42 m in the beam(z) direction. The resolutionon the
decaylengthof aB hadrondepend®nthedecaymodeconsideredrangingfrom 220 mto
330 m. Along with decaylength,anothewariablethatplaysanimportantrolein separating
B hadrondecaysfrom backgroundeventsis the impactparameteof a track, which is the
distanceof closestapproachof the track to the PV. For trackswith transyersemomentum
(pr) higherthan10 GeV, the VELO resolutionontheimpactparameters around20 m. In
orderto achievetheaboveresolutionsthe VELO requiresasignalto noiseratio (S/N) greater
than 14 anda single channelef ciency greaterthan99%. In addition,excellentsingle hit
resolutionis required(the bestresolutionachiesedis ' 4 m, for tracksin the ne pitch
region (seeSec.2.2.1.2)andwith anoptimalopeningangleof ' 100mrad).

2.2.1.1 VELO Layout

The VELO consistf 21 stations arrangedalongthe z axisasshowvn in Fig. 2.4. Notethe
presencatnegative z (left handsideof Fig. 2.4) of two stationswhich areknown asthepile-

up system.Informationrelatingto the numberof chagedtracksseenin the pile-up system
is usedby theLevel O trigger(seeSec.2.2.7.1)to rejecteventswith mary p  p interactions.
Tracksfoundin the pile-up stationsarealsousedin the reconstructiorof primary vertices.
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Figure 2.4: Geometryof the VELO stationsalongthe LHCb z axis. The closedand
openpositionsof the modulesarealsoshavn. Referto thetext for details.Reproduced
from [70Q].

Howeverinformationfrom thepile-upsystems notusedto reconstrucB hadronsasLHCb
canonly reconstrucB hadronghatareproducedn theforwarddirection.

2.2.1.2 VELO Sensors

Eachstationconsistsof two modules,one eitherside of the beampipe, with eachmodule
covering182 of theazimuthalangle . In turneachmodulecompriseswo siliconsensors,
anR sensomanda sensorplacedback-to-backThesesensorgonsistof a seriesof strips
thatrecordhits from particlespassinghroughthem. TheR and sensorsarebothn-on-n
typessilicon andbothhave athicknessof 300 m, but the geometrieof their stripsarevery
different. The sensollayoutsareshavn in Fig. 2.5. The stripson anR sensorareannular
andgive informationon how far a hit is from the beamaxis. To reducetheoccupanyg, theR
stripsaredividedinto 4 sectorsof 45 each.Eachsectorcontainss12 strips. The pitch size
of R stripsvariesbetweer88 mand102 m, with theaveragestripoccupang beingaround
0.4%. Thestripsona sensorareradial, andgive informationon the azimuthalangleof
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Figure 2.5: Geometryof the VELO sensorgR (left) and (right)). Seetext for details.
Reproducedrom [72].

the hit with respecto thebeamaxis. The stripsaredividedinto innerandouterstrips,in

orderto reducethe occupang. Thereare683inner stripsand1365outerstrips. The pitch

sizeof stripsvariesbetween36 mand97 m, with the averagestrip occupang being
around0.4%. Oneunusualfeatureof the stripsis thatthey have a non-zerostereoangle
with respecto the perfectlyradialdirection. Theinner stripshave aninitial sterecangleof

20 , while the outerstripshave aninitial stereocangleof 10 . The sensorsn adjacent
modulesalongthe beamaxis arethen ipped with respecto eachother sothatthey have

oppositesterecangles.This improvesthe patternrecognition.Combininginformationfrom

theR and sensorsllowsa3D pointfor thehit to befound. Hits alongthe VELO stations
arethenusedto reconstructracks,which correspondo chaged particlespassingthrough
the VELO.

The nominalpositionof the sensorgplacesthemcloserto the beam(the innermostend
of aninner stripis only 7 mm from thebeamaxis)thanwill besafeduringLHC injection,
whenthebeamaperturas considerablyargerthanduringstablerunning.Hencethesensors
mustberetractableThechangdan sensoipositionthis entailsis shavnin Fig. 2.4. Notethat
thefactthatthe sensorsnustbe retractecbeforeevery injectionandthenclosedagainonce
the beamis stableplacesstringentrequirement®n the VELO alignmentsystem which do
notapplyto thealignmentsystemsf the otherLHCb subdetectors.

2.2.2 Ring Imaging Cherenkov Counters

Particleldenti cation (PID) is afundamentatequirementor the LHCb physicsprogramme.
Particleidenti cation for hadrongprotons chagedpionsandchagedkaons)in themomen-
tumrangel—-100GeMs providedby two RingImagingCherenkv (RICH) counterg70, 74].
Oneclassof channelsvhosestudyrequiresPID istheB | h*h’ classof channelswhere
h standsfor a chaged pion, kaonor proton. One suchchannel,which will be studiedin
Chaptels, istheraredecayBy ! pp. Theimportanceof the RICH to thestudyof B4 ! pp
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Figure 2.6: Invariantmassdistributionsfor B4 ! pp andselectedhree-bodyback-
grounds pefore(left) andafter(right) RICH PID informationis used.

is illustratedin Fig. 2.6, wherethe signalis clearlyvisible above the partially-reconstructed
three-bodybackgroundsonly after the RICH PID informationis used. In additionto its
ability to distinguishdecayswith identicaltopologicalsignals,the RICH is alsocrucialin
identifying the a vour of neutralB -hadronsat production.This processs known as a vour
taggingandis necessaryn mary CP violation studieg[75]. Oneimportant a vour tagging
methodat LHCb is thatof same-sidd&aontagging. The aim s to identify the chagedkaon
that canbe producedn associatiorwith a Bs meson. The initial avour of the Bs canbe
inferredfrom the chage of thekaon. For this methodto work it is necessaryo reduceback-
groundfrom chagedpions,relying on the RICH PID. This sectiondiscussesn detailhow
the RICH detectorf LHCb provide thesemportantinputsto LHCb physicsanalyses.

2.2.2.1 Cherenkov Radiation

The RICH detectorsof LHCb rely uponthe phenomenorof Cherenkv Radiation. This
phenomenonvill bebrie y describedhere;a moredetaileddiscussions availablein [76].
The Cherenkv effect causes chagedparticletravelling througha medium(a radiator) at
a velocity thatis greaterthanthe velocity of light in that medium,to emit photons. These
Cherenkv photonsareemittedin a cone,andthe openingangle . of the coneis relatedto
thevelocity v of the particle: .

CoS ¢ = = (2.1)

wherec is the speedof light in vacuum,andn is therefractve index of the radiator Hence
a measuremendf . canbe usedto measurehe particle's velocity. Whencombinedwith
momentumnformationthis allows a measuremertf the particle's mass(the detailsof how
the particleidenti cation is actuallyperformedn LHCb aregivenin Sec.2.2.2.6).
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The numberof photonsradiatedby a particlewith chage z (in units of the elementary
chage)traversingaradiatorof lengthL is:
z
2

N = |_F sin® (E)dE; (2.2)

where ' 1=137isthe ne structureconstanaindE is theenegy of the Cherenkv photon.

2.2.2.2 The RICHes of LHCb

In LHCb there are two separateRICH systemsused: RICH1 [77] and RICH2 [78].
Figures2.7and2.8shav schematidiagramsandphotographef RICH1andRICH2respec-
tively. Two separatesystemsarenecessaryn orderto maximisethe numberof trackson
which particleidenti cation canbereliably performedastracksfrom B decaysvary widely
in their polarangleandmomentum A scatterploillustratinghow tracksfromB4 !  *
eventsaredistributedin thesevariablesis shavn in Fig. 2.9. The RICHescover different
rangesof polarangleandmomentumasfollows: RICH1 is placedupstreanof the LHCb
magnetand usestwo radiators;aerogel(n * 1.03)andC4Fo (n ' 1.0014). It provides
momentumcoveragerangingfrom aroundl GeV to around70 GeV, andangularcoverage
startingat 25 mradandextendingto 300 mradin the horizontalplaneand250 mradin the
verticalplane.RICH2 s placeddownstreanof themagnetandusesasingleradiatorof CF,
(n" 1.0005).1t providesmomentuncoveragerangingfrom aroundl5 GeV to beyond 100
GeV, andangularcoveragestartingat 15 mradandextendingto 120 mradin the horizontal
planeand 100 mradin the vertical plane. The angularand momentumcoverageof each
RICH is superimposedntoFig. 2.9.

The dependencef . on momentumfor different particle typesin eachof the three
radiatorsis showvn in Fig. 2.10. At high momentumwhere . is almostindependenbf the
particletype,thetrackis saidto be saturated

2.2.2.3 Detectionof Cherenkov Photons

In both RICHesthe Cherenkv photonsare re ected off a seriesof mirrors onto a pho-
todetectomplane,wherethey give hits that form rings. Thesehits are usedto identify the
particletype,asdescribedn Sec.2.2.2.6.The photodetectoplanesarepopulatedby arrays
of Hybrid PhotonDetectordHPDs)[79], which detectthe Cherenkv photons.Thisis done
by makinguseof the photoelectriceffect: the Cherenkv photonsstrike a quartzwindow
on which a photocathodenaterialis depositedand producephotoelectrons.Thesephoto-
electronsare then acceleratedoward a pixellatedsilicon sensor wherethey createmary
electron-holepairs. It is this signal from the photoelectrorthat is actually detected,and
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Figure 2.7: Schematialiagram(left) and photographright) of RICH1. Note thatthe
LHCDb interactionpoint s to theleft in the diagram,but to theright in the photograph.
Both gures reproducedrom [70].
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Figure 2.8: Top-viev schematiadiagram(left) andphotograpHright) of RICH2. Note
thatthe RICH2 entrancewnindow is not presentin the photograph.Both gures repro-
ducedfrom [70].
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Figure 2.9: Distributionin polarangle andmomentunp of tracksfromB4!

events. The angularand momentumcoverageof eachRICH is superimposedRepro-
ducedfrom [74].
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Figure 2.10: Dependencef the Cherenkv angle . onmomentunfor differentparticle
typesin thethreeradiatorsof the LHCb RICHes. Themaximumpossiblevalueof . for
eachradiatoris alsogiven. Reproducedrom [70].
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Figure 2.11: Effect of longitudinal magnetic eld on HPD hit pattern. Reproduced
from [70].

the locationof the photonon the quartzwindow is theninferred. Note thatthe HPDs are
describedn detailin Chapter3, andhencearenot discussedurtherin this chapter

The pathof the photoelectronsvithin theHPDscanbe affectedby the presencef mag-
netic elds. To protectthe HPDsfrom thefringe eld of the LHCb magnetjron shieldingis
presentaroundthe superstructuref bothRICHes.Also eachHPD is surroundedy a cylin-
drical MuMetal shield,to combattheresidual eld existinginsidethe RICH [80]. However
despitethesemeasuregheremaining eld insidethe HPDscanstill belargeenoughto have
a signi cant effect on the photoelectrorpath,with the maximumexpectedresidual eld in
RICH1 beingaround2.4 mT. The effect of a5 mT magnetic eld, appliedparallelto the
HPD axis, on a hit patternon the HPD pixel chip is shovn in Fig. 2.11. To measurehe
effectof theresidualmagneticeld andaccounfor it, both RICHesusemagnetiadistortion
monitoringsystemswhich shineknown light patternsontothe HPD planeandthenmonitor
how the patternon eachHPD changesasthe magneticeld is changed.

2.2.2.4 RICH Mirr ors

Within eachRICH therearetwo setsof mirrors[70]; onesetof sphericaimirrorsanda set
of at mirrors[77, 78. The sphericalmirrors of RICH1 lie within the LHCb acceptance,
andarecomposedf a carbon bre reinforcedpolymerin orderto help reducethe amount
of materialseenby particlesbeforethey reachthe calorimeter Indeedthe sphericaimirrors
represenbnly 1.5% of a radiationlength(Xy). The at mirrors of RICH1 andboth setsof
RICH2 mirrorslie outsideof the LHCb acceptanceandsocanbe constructedrom glassas
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Figure 2.12: Schematiadiagramf the LaserAlignmentMonitoring SystemgLAMS)
for RICHL1 (left) andRICH2 (right). Reproducedrom [70] and[81] respeciiely.

the materialbudgetis not anissue.Eachsetof mirrorsis madeup of segments:in RICH1
the sphericalmirrors consistof two sphericalsegmentsin eachplane(above andbelow the
beampipe), while the at mirrors consistof eight rectangulamirrors in eachplane. In
RICH2 the sphericamirrors consistof 26 hexagonalmirrorsin eachplane(left andright of
the acceptance)yhile the at mirrors consistof 20 rectangulamirrorsin eachplane. The
re ectivity of all RICH mirrors hasbeenstudied,andwasfoundto have a typical value of
around90% for incomingphotonsn therelevantwavelengthregion.

As ary deviation of the mirrors from their ideal positionwill affect where Cherenkv
photonsstriking that mirror arrive on the HPD plane,the alignmentof the mirrors mustbe
closelymonitored,andthe currentstateof the mirrors communicatedo the reconstruction
software. Within both RICH1 andRICHZ2 the mirror alignmentis monitoredusinga Laser
AlignmentMonitoring Systemor LAMS [81]. Schematic®f the LAMS setupgor RICH1
andRICH2 areshown in Fig. 2.12. The LAMS takeslight from a lasersourceand passes
it througha setof optical bres. Each bre endsinsidethe RICH, wherethelight is passed
througha focalisingunit. This unit focusesthe beamandthensplitsit into two, with one
beamaimeddirectly ata CCD cameranountednsidethe RICH, andthe otherbeamre ect-
ing off a mirror sggment,thenarriving at the CCD camera.This creategwo light spotson
the CCD cameraAny changen therelative positionof thetwo spotsrevealsachangean the
orientationof the mirror segment.
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2.2.2.5 RICH Electronics

The taskof the RICH electronicg82] is to readout the datafrom the HPDs. The RICH
electronicsare divided into the Level 0 (LO) electronicsandthe Level 1 (L1) electronics.
The LO electronicsarelocatedon the detectorandhencehave to beradiation-hard As well
asthe HPD pixel chip itselft, the LO electronicscomprisethe LO board, which interfaces
the HPD with the LHCb online system(seeSec.2.2.8),andthe distribution systemfor the
high andlow voltagesfor the HPDs. The L1 electronicsarelocatedin the countinghouse,
behindthe protectve concreteshield, and so neednot be radiation-hard. They compress
the datarecevedfrom the LO electronicqthroughzero-suppressiofor example),andalso
interfacethe customformat of this datawith the commercialethernetprotocolusedby the
LHCb DAQ network (seeSec.2.2.8). The datamanipulationis carriedout by a seriesof
Field-Programmabl&ateArrays (FPGAs),which arecontrolledby the LHCb ReadoutSu-
pervisor

2.2.2.6 Particle Identi cation Algorithm and Performance

Using informationfrom the LHCb tracking system,the RICH reconstructiorsoftware es-

timatesthe locationon the HPD planeof the centreof the Cherenkv ring createdby the

photonsemittedfrom eachreconstructedrack [70]. In doingthis thereareseveralsources
of uncertaintythatneedto betakeninto account.The mostimportantsourcesareemission
pointerror, chromaticdispersionpixel resolutionandtrackreconstruction.

Emissionpoint error: in the reconstructiont is assumedhatall Cherenkv photons
were emitted when the particle was at the midpoint of the radiator In reality the
photonsare emittedrandomlyalong the trajectoryof the particle asit traversesthe
radiator hencesomeuncertaintyis introduced.

Chromaticdispersion:itherefractve index of eachradiatoris dependentn the wave-
lengthof the emittedphoton.As emittedphotonswill have differentwavelengthdol-
lowing the Cherenkv emissionspectrum76], they experiencea differentrefractve
index, resultingin aspreadn the Cherenkv angle(seeEqn.2.1).

Pixel resolution:ThepixelsontheHPDsiliconsensorwhichdetecthephotoelectrons
producedby the Cherenkv photonshave a nite size,which introducesuncertainty
to thelocationon the quartzwindow thatwasstruckby the Cherenkv photon.

1TheHPD pixel chipwill bedescribedn detailin Chapter3.
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Trackreconstruction The nite resolutionof the tracking systemintroducesuncer
tainty on thetrajectoryof the chagedparticle,andthuson the locationof the centre
of the Cherenkv ring.

Theexpectedelative sizeof eachof theabove effectsfor eachradiatoris givenin Table2.1.

Detector RICH1 RICH2
Radiator Aerogel CiF1o Ck,
emis (mrad) | 0.60 0.74 0.31
chrom (mrad) | 1.61 0.81 0.42
P*el (mrad) | 0.78 0.83 0.18
track (mrad) | 0.26 0.42 0.20
ol (mrad) | 2.00 1.45 0.58
Npe 6.5 30 22

Table 2.1: Contritutionsto the overall resolutionon the Cherenkv anglein eachof the
threeRICH radiatorg74], andthe expectednumberof detectedphotoelectrongn each
radiator{70].

For eachtrack the softwarethencyclesthrough ve differentparticlehypothesege,
, K andp). Eachhypothesids associatedavith an expectedpatternof hits for thattrack.
By comparingthis patternwith the obsened patternof hits for eachtrack, alikelihoodcan
be constructed Finally, the setof hypothesess chosenthat maximiseshetotal likelihood
whenall tracksareconsideredEachhypothesislsohasacon dencelevel associatewvith it,
calculatedby consideringhechangen thetotallik elihoodwhenthathypothesiss changed.
Theproceduralescribedboreis known asglobal pattern-ecaynition, becausditsfrom all
reconstructedracksandall threeradiatorsareconsideregimultaneously

An estimatiorof theperformancef theRICH hadronPID obtainedusingtheabove algo-
rithm and the current known performanceof the RICH hardware has been made.
Figure2.13showvs the expectedef ciency andmisidenti cationratefor kaons.

During datataking, the actual PID performanceof the RICHeswill be monitoredby
studyingspecially-obtainedamplesof certaindecayg56]. Thesedecaysarechosensuch
thatthetypeof particleassociatedo atrack canbe determinedourelyfrom the decaykine-
matics,withoutthe useof PID information.

To measurgheK separatiopowerof theRICH, thedecayD * ! DK ) * (and
its chage conjugatewill be used.Herethetightly constrained D° masgdifferenceis
very effective in reducingthe backgroundatewhile maintaininghigh signalef ciency.

To measurethe p separatiorpower of the RICH, thedecay ! p (andits
chage conjugatewill be used.Thelarge lifetime of the will be usefulin distinguishing
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Figure 2.13: Ef ciency and mis-identi cation rates,as a function of momentum for
identifying akaonas“heavy”, i.e.asakaonor aproton.

it from mostotherparticles. The K 4 hasa similar lifetime to the , but they canbe distin-
guishedfrom eachotherusingtheir distinctive distributionsin the (pr; ) plane,where
is the momentumasymmetryof the two tracks. A plot of suchdistributionsis known asan
Armenteros-Podolangiplot [83].

In both of the above channelstight selectionalgorithmshave beendevelopedthat are
expectedo give sampleof the controlchannelsvith greatethan90% purity. Both channels

will have dedicatedstreamsn the LHCb Triggerframenork (seeSec.2.2.7).

2.2.3 Magnet

The LHCb detectormpossessea powerful dipole magnef70, 84] thatis usedto allow mea-
surementsf themomentaof chagedparticlesto bemade.A perspectieview of themagnet
is shovnin Fig. 2.14. The magnets a warm(non-superconductingjipole. Its yoke is con-
structedfrom platesof laminatediow carbonsteel,with a total weight of 1500tons,while
its two coils aremadefrom aluminiumandhave a total weightof 54 tons.

The magnetat full power producesan integrated eld of 4 Tm. This large value is
necessaryo achieve the requiredprecisionon momentummeasurementslhe magnetpo-
larity will bereversedon aregularbasisto monitordifferencesn chagedparticletracking,
thusreducingsystematieffectsin CP asymmetryneasurement3.hemagneis designedo
asto maximisethe eld experiencedy particlespassinghroughthe LHCb trackingsystem.

Accuratemomentummeasurementgequire an excellent knowledge of the magnitude
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SR ——

Figure 2.14: Perspectie view of the LHCb dipole magnetwherethe LHCb interaction
pointlies behindit. Distanceshavn arein mm. Reproducedrom [70].

anddirectionof the eld throughoutthe trackingvolume. To acquirethis knowledge,the
eld mapof the magnethasbeenaccuratelyneasuredy a survey campaigrthatusedHall
probesto measureeld atdifferentspacepoints. Thesurey encompassebloththetracking
volumeandthevolumeof the RICH detectorg85].

2.2.4 Tracking System

In orderto measurehe trajectoriesand momentaof chaged particles,LHCb usesseveral
trackingsystemsJocatedat differentpointsalongthe beamline. BetweenRICH1 andthe
magnettherearetwo silicon tracker stations,collectively known asthe Tracker Turicensis
(TT). Betweenthe magnetand RICH2 thereare threetracker stations,knowvn as T1, T2
andT3 respectrely. Thedifferentcomponent®f the trackingsystemswill now be brie y
described.

2.2.4.1 Tracker Turicensis

TheTT systenm[70, 72], alongwith theVELO, allowsthetrajectoriesof chagedparticlesbe-
tweentheinteractionpointandthemagneto bemeasuredin particulartheseracksareused
to identify displacedverticesfor the purposef the High Level Trigger (seeSec.2.2.7.2).
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Figure 2.15: Layoutof Tracker Turicensidayers,with averticalx layerontheleft and
therotatedu layeron theright. Dimensionsaregivenin cm. Both gures reproduced
from [72].

They alsoprovide associatedracksfor Cherenkv ringsin RICH1. The TT is comprised
of four layersof silicon microstrip sensorswith pitchesof around200 m. The spatial
resolutionof themicrostripsis around50 m. Thelayoutof thelayersis shavnin Fig. 2.15.
Thetotal active areaof the TT is around8.4 m?, with atotal of 143360readoutstrips. The
occupang perchannein theinnermostregion of the TT is atthelevel of afew %. TheTT

layersaregroupedinto two pairs,referredto as(x; u) and(v; x). Thestripsin thex layers
arealignedvertically, while thosein theu (v) layerarerotatedatanangleof 5 (+5 )to

the vertical. This stereoanglegeometryallows the trans\ersemomentum(pr) of chaged
particlesto be measuredandalsoreducesambiguitiesbetweemmeasuredits.

2.2.4.2 Tracking Stations

Particletrajectoriesmeasuredh thetrackingstationsallow trackscreatedn the VELO to be
matchedwith objectsidenti ed in the calorimetersaandthe muonsystem. Tracksfrom the
trackingstationsarealsoneededo provide associatetracksfor Cherenkv ringsin RICH2.
Theoutlineof thetrackingstationdayoutis shavn ontheleft of Fig. 2.16. Eachof thethree
tracking stations(T1,T2,T3)hasaninner region composedf silicon (known asthe Inner
Tracker, or IT [70, 86]), andan outerregion composecf strav tubes(known asthe Outer
Trackeror OT [70, 87]). Themoreexpensve silicontechnologyis usednearthe beampipe
asthe chagedparticledensitythereis muchhigherthanin the outerregionsof the detector
wherethe cheapestrav tubetechnologyis used.

ThelT partof eachtrackingstationconsistf four layersof silicon microstripdetectors,
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Figure 2.16: Left: Outlineof thetrackingstationdayout. Along increasingz istheTT,
followedby T1, T2andT3. TheTT andIT areshavn in purple,andtheOT is shawn in
aguamarineRight: Cross-sectionf anOT module wheredimensionsaregivenin mm.
Both gures reproducedrom [70].

which follow the same(x; u; v; X) geometryasthe TT layersdescribedabove. As for the
TT, the spatialresolutionof theIT stripsis around50 m. Thetotal active areaof thelT is
around4.0m?, with atotal of 129024 readousstrips. Theoccupang perchanneis' 1%.

The OT is anarray of modules,eachof which containstwo staggeredayersof straw
tubes,with eachlayer having 64 tubes. The cross-sectiorof an OT moduleis shovn on
theright of Fig. 2.16. The gasin the drift tubesis a mixture of Ar (70%) andCO, (30%).
This mixture is chosento allow a fastdrift time (belov 50 ns) and good spatialresolution
(' 200 m). Aswith thelT, eachtrackingstationcontains4 layersof OT modulesarranged
in the(x; u; v; X) geometry In total thereare55 000singlestrav tubereadoutthannelsThe
occupang per channelin the mostactive region of the OT (whereit meetsthe IT) is less
than10%.

2.2.5 Calorimeters

LHCb usesits calorimetersystem[70, 88] to measurethe hit position and enegies of
electrons hadronsand photons. This informationis usedin the Level O hardware trigger
(seeSec.2.2.7for afull descriptiorof the LHCb trigger),andalsofor particleidenti cation.
The calorimetersystemconsistsof the Scintillator Pad Detector(SPD), Pre-Shaver (PS),
Electromagneti€alorimete(ECAL) andHadronicCalorimete(HCAL). Eachof thesesys-
temswill now bedescribedn turn.
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Figure 2.17: Seggmentationschemeof the SPD/PSandthe ECAL (left), and of the
HCAL (right). Thecell dimensionsarealsogiven. Reproducedrom [70].

2.2.5.1 Scintillator Pad Detector and PreShaver

The SPD/PSsystemconsistsof two planesof scintillator pads,with a 15 mm-thick lead
converterplate sandwichedetweenthem. The segmentationschemeof the SPD/PSpads
(whichis alsothesegmentatiorschemdor the ECAL) is shavn ontheleft of Fig. 2.17.The
SPD detectschaged particlesin orderto reduce ° contaminatiorin the Level O electron
trigger Theleadplateinduceselectromagnetishavers,causingsignalsin the PSthatallow

contaminationfrom chaged pionsto be suppressed.The scintillation light producedby
the SPD and PSis fed throughWavelength-Shifting(WLS) optical bres to Multi-anode
PhotoMultiplier Tubes(MaPMTs) that sit outsidethe detector Each bre is pointedat a
particularpixel of aMaPMT. The MaPMTsamplify the scintillationlight sothatthe signal
becomesstrongenoughto be readout. All partsof the calorimetersystemadoptvariable
lateral segmentation,becausehe occupang varieshugely (by two ordersof magnitude)
betweenthe inner and outerregions. The units of segmentationare known as cells, with

eachcell beingreadoutby oneWLS bre.

2.2.5.2 ElectromagneticCalorimeter

The purposeof the ECAL is to selecthigh-enegy photonsand electronsfor the Level 0
trigger. It alsoprovidesinformationfor particleidenti cation of photonsandelectrons.It
consistsof alternatinglayersof leadabsorberand scintillating material,divided into mod-
ules. Eachmoduleconsistsof 66 layersof 2 mm-thicklead,and 66 layersof 4 mm-thick
scintillatortiles. Thetotal radiationlengthprovided by the ECAL is 25X o, whereX is the
characteristicadiationlength. The readoutsystemfor the ECAL is similar to that for the
SPD/PSwith the exceptionthatthe WLS bres are organisednto bundles,with the light
from eachbundlebeingreadoutby a single phototube.The numberof cells permodulede-
creasesvith distancdrom thebeampipe,with modulesin theinnerregionhaving ninecells,
thosein the middle region having four, andthosein the outerregion having only one. All
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Figure 2.18: Photographsf modulesfor the ECAL (left), andof the completedECAL
detector(right). Both gures reproducedrom [70].

threetypesof modulecanbeseenontheleft of Fig. 2.18. Theexpectedenepgy resolutionof
theECAL is givenby
e 10%

_— Oty
e =P 1% (2.3)

whereE is measuredh GeV.

2.2.5.3 Hadronic Calorimeter

The purposeof the HCAL is to selecthadronswith high trans\erseenegy? for the Level 0
trigger. It alsoprovidesinformationfor particleidenti cation of hadrons.Similarly to the
ECAL, the HCAL consistsof alternatinglayersof iron absorbeand scintillating material.
However in the HCAL the scintillator tiles are orientedparallel to the beamaxis. The
scintillatorabsorbedayoutis shovn on the left of Fig. 2.19, and the segmentationof the
HCAL is shaovn ontheright of Fig. 2.17. The scintillatortiles are4 mmthick, while theiron
absorbeplatesare12 mmthick. Thescintillatorabsorbeslicesaregroupednto cells,with
eachcell readout by a groupof WLS bres thatleadto a single PMT. The total radiation
lengthprovided by the HCAL is 5.6 |, where | is the characteristiénteractionlengthfor
hadronsn steel.Thisis fewer interactionlengthsthanthe numberof radiationlengthsin the
ECAL becausdunlike for the Level O photontrigger) the enepgy resolutionnecessaryor
theLevel 0 hadronictriggerdoesnotrequirethefull shoverto becontained.
Theexpectedenengy resolutionof the HCAL is givenby

EE = 189%/" 10% (2.4)
whereE is measuredh GeV.

°The trans\erseenegy E1 is de ned asE+ E sin , where is the openingangleof the particle's
trajectory
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Figure 2.19: Schematidiagramof scintillatorabsober layoutfor theHCAL (left), and
photograplof thecompletedHCAL detector(right). Both gures reproducedrom [70].

2.2.6 Muon System
2.2.6.1 Overview

LHCb usesa muonsystem[70, 89 to provide PID andmomentuminformationon muons
for the High Level Triggerandof ine analysesandalsoto provide trans\ersemomentum
(pr) informationfor the Level 0 hardwaremuontrigger. The LHCb muonsystemcomprises

ve muon stations,referredto asM1, M2, M3, M4 and M5 respectrely. M1 is located
betweerRICH2 andthe SPD/PSandis only usedto provide pr informationfor theLevel O
trigger. Theotherfour stationsarelocatedbeyondthe HCAL. Betweeneachof M2—M5 an
80 cmthick iron Iter is usedin orderto reducecontaminatiorfrom electronsor hadrons.
As aside-efect, low enegy muonsarealso Itered out (a muonwith anenegy of lessthan
6 GeVwill notreachM5).

Eachstationis dividedinto four regions,labelledR1-R4moving away from the beam
pipe. Thechambetayoutof amuonstationis shovn ontheleft of Fig. 2.20. Regionsfurther
fromthebeampipearelargerwith coarseseggmentationsothataverageparticleoccupancies
acrosgegionsaresimilar.

Two differenttechnologiehave beenadoptedo performthe muondetection. Most of
the regionsuseMulti-Wire ProportionalChamber§MWPCSs). Region R1 of M1 usesGas
ElectronMultipliers (GEMSs). Thisis becauséhelocationof M1, in front of the calorimeter
systemmeanghatthe particle ux in theR1regionis sohighthatan MWPC would suffer
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Figure 2.20: Layoutof chambers$n a muonstationquadran{left), andsegmentatiorof

x

eachregion of the quadran{(right). Reproducedrom [70].

signi cantly degradedperformanceverthelifetime of theexperimentdueto radiationdam-
age. Elsavherethe ux is low enoughthatthe simplertechnologyof MWPCscanbe used.
Both of thesetechnologiesandtheirimplementatiorwithin LHCb will now be described.

2.2.6.2 Multi-W ire Proportional Chambers

In total the LHCb muonsystemuses1368MWPCs. Within eachMWPC layer, gold-plated
tungsterwiresareheld 2.0 mm from eachother Thewiressit in the centreof two cathodes
(heldat ground)thatare5 mm apart. The gapbetweerthe cathodess lled by agasthatis
amixtureof CO, (55%),Ar (40%)andCF, (5%). Thesignalfrom eachpair of adjacengas
gapsis ORedto achiare anef ciency of greatethan95%in a 20 nswindow. Thisef ciency
requiresagainof' 10°, whichis achiezedby holdingthewiresatavoltageof around2600V.
The MWPCsin M2—-M5 have four layers,while thosein M1 have two layers.A diagramof
afour-layerMWPC anda photograplof atwo-layerMWPC areshovn in Fig. 2.21.

2.2.6.3 GaskElectron Multipliers

Region R1 of M1 is subdvided into twelve chamberswith eachchambercontainingtwo
triple-GEM detectors The signalfrom eachpair of GEMsis ORed,achiezing anef ciency
betterthan96% within a20 nswindow. A schematiaiagramanda photographof atriple-
GEM detectorareshavn in Fig. 2.22. Eachindividual GEM foil is made50 m-thick Kap-
ton,with a5 m-thick copperayerdepositedn eachsideof thefoil. Thefoil is permeated
with bi-conicalholesof 50 m (70 m) internal(external)radius.Theholeslie 140 m apart
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Figure 2.21: Diagramof a fourlayer MWPC (left), and photographof a two-layer
MWPC (right). Both gures reproducedrom [70].

’—’— READOUT ELECTRONICS

ANODE PCB
INDUCTION GAP g, E|
2nd TRANSFER GAP g, Ep, I 2mm
GEM 2 e s e i e o o o " — —
1SLTRANSFER GAP g,  Eq;
DRIFT GAP gp, Ep
CATHODE

Figure 2.22: Schematidiagram(left) andphotograpHright) of atriple-GEM detector
Both gures reproducedrom [70].

from eachother

Thefoils areusedin atriple-layerstructure,in orderto increasethe overall gain. The
magnitudesf the drift, transferandinduction elds (seeFig. 2.22)are Ep = 3.5 kV/cm,
Er = 3.5kV/cm andE, = 5.0kV/cm respectirely. The gasmixture presenbetweerthefoils
waschoserasCO, (15%),Ar (45%)andCF, (40%),asthis combinatiorwasfoundto offer
the besttime resolution(betterthan3 ns).

2.2.7 Trigger

Dueto the very high rate of bunchcrossingsat the LHC, andthe large amountof storage
neededor eachevent, it is not possibleto recordandstoreall the datafrom every single
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collision thattakesplaceinsidethe detector However, only a small proportionof collisions
areof interestfor the physicsprogrammeof LHCb. Henceatriggersystem[70, 90] is used
thataimsto selectonly theseinterestingevents,at a low enoughrateto allow the datafrom
themto be stored.Datafrom eventsjudgedby thetriggerto be uninterestingarenot stored,
andtheeventis discarded.

Thetriggerprocesss splitinto two distinctlevels,known asthe Level O Trigger(LO) and
the High Level Trigger (HLT). The overall effect of thesetwo levelsis to reducethe event
ratefrom 10 MHz (therateof visible interactiondor LHCb atnominalluminosity)to 2 kHz,
which is a low enoughrate suchthat all datacan be readout and stored. The following
sectionsdescribehow the LO andthe HLT achiere the necessaryeductionin eventrates
while having high ef ciency oninterestingevents.

2.2.7.1 Level0Trigger

TheLevel 0 Triggerreadsoutinformationfrom the VELO pile up systemcalorimetersand
muonsystemonly. Thesesubdetectorarereadout at 40 MHz3. Therateof eventspassing
LO is 1 MHz, which is the speedat which informationfrom the whole LHCb detectorcan
bereadout. Theoperationof LO is purely hardware-basedjueto the speedwith whichthe

decisionto retaintheeventor notmustbemade(thelateng timefor theLO decisionis1  s).

The L0 usesa combinationof thefollowing informationwhenmakingits decision:

High Enegy Particle: The productsof B decaygendto have hightrans\erseenegies
(E1) andmoment&py ), dueto thehighmassof B hadrons.The LO usesinformation
from the calorimetersandthe muonsystemto identify particles(e, , ,K,por )
with highE+ or pr.

Track Multiplicity: Correctreconstructiorof B decayproductsis very dif cult in
eventswith a high numberof chagedtracks. The LO usesthe numberof red cells
in the SPDto estimatethe numberof chagedtrackspresenin the forward direction.
TheVELO pile-upsystems alsoused o estimatehenumberof chagedtracksin the
backwarddirection.

Multiple Interactions: The VELO pile-up systemalso provides an estimateof how
mary inelasticp  pinteractionsoccurredn agivenbunchcrossing.

The above informationis processedby the LO DecisionUnit, which makesthe decision
to keepor discardtheeventsasfollows: unlessatleastoneparticlehaving anE+ or pr above

3Althoughthe visible interactionsonly occurat 10 MHz, whetherthe eventhasa visible interactionor not
is of coursenotknown until someinformationfrom the detectoris readout.
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a certainthresholdis found, the eventis discarded.Evenif sucha particleis foundin the

event,the eventmaybediscardedf the numberof chagedtracksor numberof interactions
is judgedto betoo high. The E1/pr thresholddor eachparticletype, andthe thresholds
for rejecting“noisy” eventswith too mary chagedtracksor interactionscanbe variedas

desired.For exampletheLO traditionallyrejectedeventswith two or morep pinteractions,
but this conditionhasrecentlybeenrelaxed. Thedecisionfrom the LO is transmittedyia the

readoutsupervisorto the front endelectronicsof all subdetectorslf the eventhaspassed
LO, thenall subdetectorarethenreadout. This datais sentto the LHCb processingarm,

wherethe eventis scrutinisedby the HLT algorithms.

2.2.7.2 High Level Trigger

TheHLT is asoftware-basedystemhatrunsonthe LHCb EventFilter Farm(EFF),alinked
groupof up to 2000computingnodes.An overview of the structureof the HLT is shavn in
Fig. 2.23. Thealgorithmsfor theHLT areimplementedn C++. Theinputto theHLT is the
datareadout from the detectorfor eventsthathave passed.0. This dataarrivesat arateof
1 MHz andincludesinformationfrom all LHCb subdetectorsThe HLT reducegherateto
around2 kHz, aimingto retainonly eventsthatareinterestingenoughto storepermanently
The HLT is subdvidedinto two stagesknown asHLT1 andHLT2. HLT1 is run on each
event rst, andif theeventpasse$iLT1 it is thenpassedo HLT2.

TheHLT1 stageis carriedout asa seriesof “alleys”. Severaldifferentalleys exist, with
eachone being de ned accordingto the type of particle(s)that wereidenti ed at the LO
stage.Only therelevantalley(s) is thenrun. Thealley attemptdo nd atrackin the VELO
andT-stationswhich correspondso theLO object. For exampleif theLO objectwasamuon,
themuonalley of HLT1 would attemptto nd atrackthatmatcheghe clusterin the muon
systemthatcausedhe eventto passL0. In generalfor aneventto passHLT1, atrackmust
befoundthatmatcheghe L0 object,andthathaslarge pr andalargeimpactparameterThe
HLT1 reduceghe eventratefrom 1 MHz to around30 kHz. EventspassingHLT1 undego
furtheranalysisn theHLT?2 stage.

The HLT?2 stageis composedf a numberof selectionalgorithms,eachof whichis de-
signedto selecta particularclassof decay This could be aninclusive decay(for examplea
B decayingto two chagedtracks,or to aJ/ mesonplus somethingelse),or anexclusive
decay(for exampleBg ! ). Theeventratecomingout of HLT1 is designedo be low
enoughthatafull trackreconstructioficanbecarriedout by HLT?2, allowing betterdiscrim-
ination betweerninterestinganduninterestingavents. For example,the HLT2 selectionsan
cut on variablessuchasimpact parametersigni cance (i.e. the impact parametedivided

4Howeverthe HLT2 reconstructioris notasaccuratesthe of ine reconstructiongueto time constraints.
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Figure 2.23: Overview of thestructureof the LHCb High Level Triggersystem.Repro-
ducedfrom [70].

by its error), whereaghe HLT1 cutsonly on the raw impactparameter The nal decision
from the HLT2 stageis takenasan OR of all the HLT?2 selectionsandthe outputratefrom
HLT2 will bearound2 kHz. Theisueof which HLT2 inclusive andexclusive selectionswill
be used,andthe division of the HLT2 bandwidthbetweenselectionswill evolve with the
experienceof runningthe detectorandthe physicspriorities of the experiment.

2.2.8 Online System

In orderto handlethe databeingreadout from the detectorandpassit safelyto permanent
storage,and alsoto monitor the statusand performanceof eachsubdetectorLHCb uses
a dedicatedonline system[70, 91]. The overall architectureof the online system,includ-
ing how it is linkedto the detectorreadoutelectronicsandthe storageof data,is shavn in
Fig. 2.24. This systemconsistsof threeparts: Data Acquisition (DAQ), Timing and Fast
Control (TFC) and ExperimentControl System(ECS). Eachof thesesubsystemsvill be
brie y describedn thefollowing sections.
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Figure 2.24: Overview of the architectureof the LHCb Online system. Reproduced
from [70Q].

2.2.8.1 DataAcquisition

The aim of the DAQ systemis to ensuresafepassag®f the datafrom the front end (FE)
electronicsof the detectorto the permanenstoragefacilities. This includesthe passag®f
datato thetriggersystemsomeof whichwill subsequentlail thetriggerandbediscarded,
andalsothe passagef datafrom eventsthat have passedhetriggerto permanenstorage.
The mainrequirementgor the DAQ systemarethatit is fastenoughto copewith the high
ratesof databeingproducedoy the detectoywhile being e xible enoughto handledifferent
amountsof dataproducedby differentevents. Note thatthe averageLHCb eventrequires
aroundl150kB of space.The rst stagein the DAQ systemis to collectthedatafrom the FE
electronics.In mostsubdetectorshe readoutmotherboardisedto digitise andpre-process
thedatabeforesendingt totheEFFisthe TELL1 board[92], while theRICH usesheUKL1
board[74]. Howeverthetwo differentboardshave the samebehaiour from a datareadout
pointof view. Thesereadouboardsarecontrolledby areadoutsupervisof93], whichsends
the boardsthe trigger signalandthe IP addressf the EFF nodethatis to receve the data.
Oncethe dataarrivesat this node,the HLT algorithmsarerun, andif the eventpasseshe
HLT it is sentto permanenstorage.
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2.2.8.2 Timing and FastControl

The purposeof the TFC systemis to control the DAQ systemby providing the readout
boardsandthe FE electronicswith a clock signalthatis synchronisedvith the LHC clock

(i.e.synchroniseavith thetiming of thebunchcrossings)It alsoprovidesthereadouboards
with the LO triggerdecision.The synchronisatiomof thesesignals,andtheir transmissiono

thereadoutoardsandthe FE electronicsareagaincontrolledby the readoutsupervisor

2.2.8.3 Experiment Control System

The ECS provides control of the entire detectoron a far slower timescalethan the TFC
system.The ECScontrolsandmonitorsnot only the statusof thesubdetectorée.g.statusof
voltagesuppliesgaspressuregemperaturestc.),but alsothe statusof thetrigger, DAQ and
TFCsystemsFor thereadoubf subdetectostatus specially-deelopedradiation-harderial
busesareused.Awayfrom thehighradiationzone(e.g.in theelectronicdarracksandonthe
surface)commerciakethernetis used.The ECSsoftwareis baseduponPVSSII [94], which
is a commerciallyavailable SupervisoryControl and Data Acquisition (SCADA) system.
The softwarehasto integratethe diversemonitoringhardwareacrosdifferentsubdetectors
into onesystem. It is alsocapableof issuingwarningsin caseproblemsareidenti ed in a
certainsubdetectgandin emegeng casest cantake actionto preventthe problemcausing
damagedo partof thedetector

2.3 Summary

This chaptehasprovidedbackgroundnformationontheoverall LHC acceleratocomple,
andon the LHCb detectorandits differentcomponents.This informationwill enablethe
work of theforthcomingchapterdo beunderstoodn thewider context of thewholedetector
andits capabilities. The RICH detectorsveredescribedn detail asthe following chapter
will describethe conceptand operationof the Hybrid Pixel Detectors(HPDs)usedin the
RICHes,andgive resultsfrom their characterisatioprogram.
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Chapter 3

Characterisation of Hybrid Photon
Detectorsfor the RICH

This chaptemprovidesa detaileddescriptionof the Hybrid PhotonDetectorgHPDs)thatare
usedto detectCherenkv photongn theLHCb RingImagingCherenkv counter{RICHes),
andgivestheresultsfrom their characterisationSection3.1 describeshe designandopera-
tional principlesof the HPDsusedin the RICHes. Section3.2 describeghe programmeof
generalquality assuranceeststhat were carriedout on all HPDs manufcturedfor LHCDb.
Section3.3brie y describeshe measurementsf the quantumef ciency of theHPD photo-
cathode Section3.4 describesn detailtheimplementatiorof andresultsfrom a specialised
testthatwascarriedout on a subsebf HPDs. This specialisedest,alsoreportedonin [95],
measuredhe photoelectrordetectionef ciency of the HPD anode. The measurementsf
guantumef ciency andphotoelectrordetectionef ciency werenot carriedouton all HPDs
dueto theirtime-consumingature.Section3.5 summariseanddiscusseshe performance
of theHPDsin thegeneralests.

3.1 Hybrid Photon Detectorsin LHCb

Thetwo RICH detector®f LHCb, andtheirimportanceor thephysicgprogrammenf LHCD,
have beendescribedn Sec.2.2.2. Both RICH detectorsmake useof arraysof pixel Hybrid
PhotonDetectorgHPDs)[79] to detectthe Cherenkv photonsthatareemittedby chaged
particlesasthey traversethe RICH. The RICHesuse484 HPDsbetweenthem, 196 being
in RICH1 and288beingin RICH2. The HPDsare mountedonto columns,which arethen
installedside-by-sidewithin the RICHesto form a rectangulaarray of HPDs. Figure 3.1
shavs the columnlayoutfor RICH2 anda photograptof a singleRICH2 columnpopulated
with HPDs.In RICH1 eachphotodetectoplaneconsistof sevencolumnswith eachcolumn
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LO boards

HV boards

Detector plane assembly

Figure 3.1: Schematidiagramof the columnmountingschemefor RICHZ2 (left), and
photograplof asingleRICH2 columnpopulatedvith HPDs(right). Both gures repro-
ducedfrom [70].

holding 14 HPDs. In RICH2 eachphotodetectoplaneconsistsof nine columns,with each
columnholding16 HPDs.

3.1.1 Requirements

As the chosenphotodetectotechnologyfor the RICHes, the HPDs must meetstringent
performancerequirementsf they areto allow the RICHesto provide sufcient Particle
Identi cation (P1D) capabilityoverthelifetime of the LHC. Theserequirementsnclude:

Ability to detectsinglephotonswith wavelengthdbetweer200and600nm

Time precisionof lessthan25 ns (the bunchcrossingtime of the LHC)
Spatialprecisionof 2.5mmx 2.5mmfor Cherenkv photons

Readourateof 1 MHz (therateafterthelevel O trigger)

Large areacoverage(around3.5m?) with high active-to-totalarearatio (atleast64%)
Sufciently low noiserate

Ability to operatan amagneticeld of 5mT (in RICHL1).

Thenext sectiondescribehow theHPDsful | theserequirements.
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Figure 3.2: Schematiaiagram(left) andphotograpH(right) of the pixel hybrid photon
detectorBoth gures reproducedrom [70].

3.1.2 Designand Operation

The pixel HPD combineghe adwantagef vacuumandsilicon technologyby encapsulat-
ing a pixellatedsilicon sensorinside a vacuum-sealedube with a quartzwindow where
Cherenkv photonsarrive. Figure 3.2 shavs a schematiaiagramof anHPD. Its basicprin-
ciple of operationis asfollows: anincomingCherenkv photonreacheshe quartzwindow
of the HPD and strikes a layer of photocathodematerial, liberating a photoelectron.The
photoelectrons acceleratedowardthe silicon sensoby a strongappliedelectric eld. On
strikingthesensorthe photoelectrorcreates largenumberof electron-holgairs. Theelec-
tronsform the signalfrom which the arrival location of the Cherenkv photonis inferred.
Thenatureof eachcomponenbf the HPD will now bedescribedn detail.

The HPD quartzwindow is 7 mm thick and hasa diameterof 83 mm, with the active
diameterbeing 72 mm. A thin coatingof S20-typemultialkali photocathodanaterialis
depositedon the vacuumside of the window. To createa high-quality vacuuminside the
HPD, thecarriertubebody systemis subjectedo abake-outprocessvherebyit is placedin
avacuumandheatedat around350 C for 5 hours. Gasmoleculesnsidethetubebodyare
boiled off to createa hardvacuum.After the bake-outthe quartzwindow is placedontothe
tubebodyandsecuredn placewith anindiumseal.

Thephotoelectronghatareliberatedby Cherenkv photonsareaccelerate@ndfocused
ontoa pixellatedsilicon sensoiby a 20kV electric eld. Therearefour electrodesnvolved
in acceleratingandfocusingthe photoelectrorfrom the photocathodéo the silicon sensor
Thisis known asatetrodestructure.Theanode(thesiliconsensorjs heldatground,andthe
photocathodés heldat 20.0kV. Thetwo furtherintermediateslectrodesresituatednear
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Figure 3.3: Cross-sectionliagramof the HPD silicon sensarReproducedrom [96].

theanode.They areknown asthezoomandfocuselectrodesandareheldat 16.4kV and

19.7kV respectrely. The purposeof theseextraelectrodess to cross-focushe photoelec-
tronssothatthey all strike the silicon sensorwhich is smallerthanthe photocathodeThis
cross-focusingesultsin theimagefrom the photocathodéeingdemagni edby a factorof
aboutb.

The sensorcross-sectioms shovn in Fig. 3.3. It is of the p-on-ntype, i.e. it consistsof
p+ type pixel segmentedmplantsin a nearinstrinic n-type substratewith n+ implantson
the backplandayer. This n+ layer forms an ohmic contactwith the bulk (lightly doped)n
substrateandis keptasthin aspossiblein orderto minimisethe enegy lost by the photo-
electronbeforeit reacheshesensoibulk. A thicker layerof n+implantsaroundthe edgeof
thesensobackplanewith analuminiumcontactframeplacedon top, formsthe guardring.
A layer of SiO, on the front side of the sensorinsulatesthe sensorbulk from the readout
electronicsandthe bumpbondsfrom eachothet

Whena 20 kV photoelectrorstrikesthe silicon sensoraround5,000electron-holepairs
are created(the ionisationenegy of silicon is 3.6 eV). Beyond the obvious advantageof
having a high signal,the large numberof electron-holepairs createdcauseghe dovnward

uctations from themostprobablevalue(of the Landaudistributionthatdescribeshesignal
size)to besmall,aroundl.4%. This meanghatthesignalsizestayswell above thethreshold
value,whichisaroundl100e . Thepixellatedsiliconsensois bump-bondegbixel-by-pixel

to a binary (pixel) readoutchip, creatingwhatis referredto asthe ip-chip assembly The
useof bump-bondingesultsin alow capacitancéoadto thefront-endelectronicsallowing

the sensorreadoutto be performedat 40 MHz with low noise. It is this low noiseratethat
malkesthe signal-to-noiseatio large enoughthat a binary readoutcanbe used. The binary
readouthasthe adwvantagethat the chip consumeselatiely little power (about50 W per
pixel). The readoutchip wasa joint development[97] with the ALICE experiment,with

70



CHAPTER3. CHARACTERISATION OF RICHHYBRID PHOTON DETECTORS

different nal versionsusedby the two experiments.Fabricationof the pixel chip wasdone
using0.25 m CMOStechnologywith thelayoutadaptedo achierethe necessaryadiation
tolerance.

The ip-chip assemblyis wire-bondedto a Pin Grid Array (PGA) ceramiccarrief to
createheHPD anode.Thesilicon sensohas8192pixels,of dimension$2.5 m 500 m.
Theseareknown asALICE pixels. During LHCb runningthe ALICE pixels are ORedin
groupsof eightto make 1024 superpixls (or LHCb pixels),in a32 32 squaregrid. Each
superpixel thenhasdimensionf 500 m 500 m. Dueto thedemagni cationeachpixel
representanareaof 2.5mm 2.5mm onthephotocathode.

The HPD manugcturingprocessfrom fabricationof the silicon wafersthroughto nal
tubeassemblyinvolveda numberof differentinternationalcompanieswith the nal stages
carriedout by Photonis-DEP. With therequirementssgivenin Sec.3.1.1in mind, a series
of speci cations[98] for eachaspecbf the HPDs' performanceaveredravn up andagreed
with DEP. Thekey speci cationsaregivenin Table3.1. The meaningof eachpropertyand
its relevanceto the performanceof the HPD will bediscussedn the following sectionsas
therelevantteststo measureeachpropertyaredescribed.

Property Speci cation
Working Pixels 95% minimum
PhotoelectroetectionThreshold 1500e maximum
PhotoelectroetectionNoise 145e typical
PhotoelectrometectionEf ciency 85%typical
LeakageCurrentat80V ReverseBias | 1 A typical
QuantumEf ciency at270nm 20.0%minimum
Quantumkf ciency at400nm 15.7%minimum
QuantumEf ciency at520nm 8.3% minimum
Dark-CountRate 5 kHz/cn? typical
lon FeedbackProbability 1% maximum
Lifetime 10yearsminimum
RadiationHardness 30 kradminimum

Table 3.1: Selectedcontractspeci cationsfor themanufcturedHPDs.

1PhotonisNetherlandsB.V., Dwazziavegen2, PO. Box 60, NL-9300 AB Roden,Netherlands.Formerly
Delft ElectronicProducts.
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Figure 3.4: Expecteddistributions of Cherenkv photonsin RICH1 (left) andRICH2
(right) for collisionsthatcontainabquark. Thescaleandunitsarearbitrary Both gures
reproducedrom [99].

3.2 Photon Detector TestFacilities

Two dedicatedPhoton Detector Test Facilities (PDTFs) were constructed,one at the
University of Glasgav and one at the University of Edinburgh. To allow for the possible
failure of HPDsduringthe lifetime of the detectoy a total of 550 HPDsweremanufctured
for LHCh. Quality Assuranc€QA) testswerecarriedouton all of these550HPDsbetween
October2005andJuly 2007. The purposeof the QA testsis to ensurethatall HPDsgoing
into the RICHesmeetthe speci cations,andalsoto provide valuesfor certainparameters
(for exampledark-countate,ion feedbackate,quantumef ciency andphotoelectrormetec-
tion ef ciency) thatmustbe known by the RICH reconstructiorsoftware (seeSec.2.2.2.6)
in orderto optimisethe P1D performancef the RICHes.Furthermoregatafrom the PDTFs
is usedto decidethe placemenbf HPDswithin the RICHes,asthe best-performingHPDs
shouldbe installedin the highest-occuparycareas. Thesetendto bein centralareaof the
RICHes,with the occupang beingatits highestin the centreof RICH1. The expecteddis-
tributionsof Cherenkv photonsin RICH1 andRICH2 for collisionsthatcontaina b quark
areshovnin Fig. 3.4.

Section3.2.1describeshe setupof the PDTF stations.Sections3.2.2and3.2.3describe
thegenerakestprogrammehatall HPDsweresubjectedo.

3.2.1 PDTF Setup

EachPDTF consistsof two teststations. The four teststationsareidenticalto eachother
exceptfor additionalequipmentddedto two of the stationsto allow specialisedeststo be
carriedout: one stationin Edinburgh was usedto measurehe quantumef ciency of the
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photocathodéseeSec.3.3),andonestationin Glasgav wasusedto measurehe photoelec-
tron detectionef ciency of the HPD anode(seeSec.3.4). Onestationat eachPDTF siteis

usedasthe default teststationwherethe majority of HPDsaretestedin the rst instance.
The stationat eachPDTF with the specialisedequipmentddedis usedto carry out retests
on HPDsthatshovedbehaiour in their rst testthatrequiresfurtherinvestigationandalso
of courseto carry out the specialisedests. Shouldthe default stationdevelop a fault, the

secondstationis alsousedas backupfor the main testprogrammewhile the fault on the

default stationis repaired.

Batcheof HPDsarriveonamonthlybasisateachPDTFE They arethentestecatarateof
aboutoneHPD persite perday, andall HPDsthatarejudgedsuitablefor usein the RICHes
arethenshippedio CERNin batches.Whennot undertest,the HPDsare storedin fridges
containinga nitrogenatmosphere.Normal air is not a suitableatmospherdor storageof
HPDsasit containsa smallamount(around5 partsper million) of helium. Helium atoms
aresmallenoughto diffusethroughthe quartzwindow, increasinghe concentratiorof gas
moleculesnsidethe HPD. Thisincreasesheion feedbackate(seeSec.3.2.3.2) degrading
the performancef the HPD.

Figure3.5shavs a photograplof thedefault teststationat Glasgav. A schematiof the
setupis shavnin Fig. 3.6. At themostbasiclevel, ateststationconsistof:

A light-tight box within which the HPD is mounted,andwith an optical bre feed-
throughcarryinglight from anLED.

A setof electronicdevicesthroughwhich the HPD canbe powered,controlled,con-
gured andreadout.

A PCthatis usedto acquireandstoredatafrom thetests.

A photomultipliertubeis placedinsidethe light-tight box, andis readout usingan os-
cilloscopeplacedoutsidethe darkbox. The PMT is usedto checkthatthelight level inside
theboxonceit is closedandsealeds nottoo high, asexposureto high light levelswhenthe
high voltageis on candamagehe HPD. Thelight-tight box alsocontainsa “pinhole mask”,
which is a smallrectangulaslice of plasticwith a grid of holesdrilled throughit. The pin-
hole maskis mountedontoa smalltablewith a hinge,andsitsbetweertheendof theoptical

bre andtheHPD. It canberaisedandloweredvia theactivationof anelectromagnethatis
attachedo the hinge. The pinholemaskis usedin onepartof the softwaretestprogramme
(seeSec.3.2.3.2).

An Agilent E6347ADC power supplyprovidesthe 80V reversebiasvoltageto thesili-

consensorwhile aKeithley 6485picoammeters usedto measureheleakagecurrentfrom
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Figure 3.5: Photograptof the default HPD teststationat Glasgav. Fromleft to right
canbeseenlight-tight darkbox (with LED bre mount,pinholemaskandHPD mount
point), high voltagesupplybox, LED controlelectronicspixel chip readoutelectronics
andDAQ PC.

Figure 3.6: Schematiaiagramof the standardPDTF setup.

74



CHAPTER3. CHARACTERISATION OF RICHHYBRID PHOTON DETECTORS

the sensar The voltagethat produceshe acceleratingelectric eld for the photoelectrons
(referredto asthe high voltage,or HV) is providedby a Matsusadaigh voltagepower sup-
ply, whichis internallylimited to supplyno morethantherequired20kV. A customvoltage
divideris usedthatrecevesthe voltagefrom the supply dividesit anddeliversit atthe cor-
rectlevel to the variouselectrodesalongthe HPD body (seeSec.3.1.2). Eachclip usedto
securethelid of the dark box is interlockedto the HV supplysothatthe HV dropsto 0 V
shouldthe darkbox be openedvhile theHV is running.

An LED emittingbluelight (470nm)is usedo illuminatethequartzwindow of theHPD.
The light from the LED is deliveredto the dark box via a bre optic cable. The distance
from theendof the bre optic cableinsidethe darkboxto the quartzwindow is sufciently
largeto allow approximatelyuniformillumination of thewindow. Theintensityof the LED
is controlledvia a voltagedeliveredfrom a Thurlby ThandarPL330DPprogrammablédC
power supply andis tunedsothatthe meannumberof hits on the pixel chip per LED burst
is around2 to 3. The LED is containedinside a box, externalto the HPD dark box, that
containsthe necessarglectronicgo allow the frequeng anddurationof the LED triggerto
be tuned. Theseelectronicsalsoallow the tuning of the delayof the trigger with respecto
thereadoutriggerof the HPD pixel chip.

The HPD is mountedinsidethe dark box suchthatthe Pin Grid Array (PGA) ceramic
carrier of the anodesits roughly in the plane of the nearside of the dark box, with the
qguartzwindow pointing toward the end of the cablecarryingthe LED light. The signals
passingthroughthe PGA arereadout usinga Zero InsertionForce (ZIF) board,which is
mounteddirectly onto the PGA. To allow the ZIF boardto move independentlyof the rest
of the electronicsiwo double-layetwistedpair cablesareusedto carrythe signalfrom the
ZIF boardto the so-calledVIB andFB printedcircuit boardg, which form the next layer of
electronicq100Q].

Thetwistedpair cablesareconnectedria genderadaptordo the MB board. This board
suppliespower to the pixel chip, andin additionis tted with a setof ADCs that monitor
thevoltageandcurrentlevelsof the variouspower supplies.Anothertaskperformedby the
MB boardis the adjustmenbf voltageandcurrentlevels of theincomingandoutgoingsig-
nalsto correspondo thelogic systemusedat eachstage.Thesignalsproducedby the HPD
pixel chip useGunningTranscerer Logic (GTL). Thesesignalsaretranslatedo Transistor
TransistorLogic (TTL) for processingnthe MB board,and nally to Low-VoltageDiffer-
ential Signalling (LVDS) logic for useby the FB board. This translationprocesshappens
in reversein the caseof signalsbeingsentto the pixel chip. The JTAG (Joint TestAction

2TheMB andthe FB boardarenamedaftertheir respectie developersat CERN,Mik e BurnsandFranmis
Bal.
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Group)protocolis usedto con gure theMB boardandthepixel chip. Thisinterfaceprovides
TTL signalsthatcontrolandmonitorthevoltagesonthe MB boardandthe pixel chip. Con-
nectionbetweernthe MB andFB boardsis provided by two twisted pair cables,onetaking
signalsin eachdirection.

The FB boardgenerateshe clock signalandtriggersneededoy the pixel chip. These
signalsaregeneratedy an FPGA (Field-Programmabl&ateArray) on the FB board,and
aresentto the pixel chip viathe MB board.The othermaintaskof the FB boardis to format
andserialisethe datafrom the pixel chip (receved via the MB board)andthensendit to
a mezzaningecever cardinsidethe DAQ PC. Transmissiorto the PC occursat a rate of
40 MHz alonga shieldedtwisted pair cable,usingthe S-link protocol[101]. Therecever
cardde-serialisethedataandtransmitst to the FLIC (Flexible Input/OutputCard)PCl card
on which it is mounted. The datais thenwritten to memoryby the FLIC card. The FLIC
cardalsogeneratethereadoutandresetcommandshatarepassedo the FB boardandthen
onto the pixel chip.

The equipmentescribedabove is usedto subjecteachHPD to a rigourousprogramme
of quality assuranceests.This programmas describedn detailin the following sections.

3.2.2 Visual Inspectionand Mechanical Tests

The rst stepin thetestprogrammas to remove the HPD from its protectve packagingand
inspectit for visible defects.During inspection,unpovderediatex glovesareworn to keep
the HPD ascleanaspossible. Also a groundingstrapis worn to preventary electrostatic
dischages.

Firstly the pin grid arrayis inspectedo checkfor bentor otherwisedamageains. Pins
thatareonly slightly bentcanbecorrectedvith asimplemechanicastraighteningool, while
moreseveredamageequiresexpertinterventionandmaycauseheHPDto beunusableThe
HV cablesarealsoinspectedo checkthattheirinsulationis intact. Next, adry brushis used
to clearary dustpresenwithin the PGA. Thenthe PGA is cleanedusingde-ionisedwater
andthebrush,anddriedusingadry air spray The HV connectionsnsidethe HPD arethen
checledusinga multimeter Eachelectrodeshouldbe electricallyconnectedo onespeci ¢
part of the HPD, andisolatedfrom thosepartsconnectedo the otherelectrodes. These
connectionsare checled simply by measuringhe resistancébetweenthe relevant partsof
the HPD. If any of the HV connectionsare not as expectedthen the HPD needsexpert
attentionandmaybeunusable.

The nal areaof the HPD to be inspecteds the quartzwindow. The window is rst
checledfor scratchesr otherdamagethenary dustpresenis removedwith adry air spray
Next thewindow is wiped with anethanol-soad lenstissueto remove ary dirt or residue.
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This last stepis particularlyimportantas any unwantedmaterialon the quartzwindow is
likely to causemicrodischagesin thatareaof the window oncethe HV is activated,which
meanghe estimateof the dark-countatewill beaffected.After thewindow is clean,a strip
of te on tapeis appliedto the indium sealthatattacheshe window to therestof the HPD.
Thete on insulateghe indium sealto preventmicrodischagesfrom occuringoncethe HV
is activated.This completeghevisualinspection.

After the visualinspectionthe mechanicatlimensionsof the HPD arechecled usinga
custom-mad@g. TheHPDis mountednto thejig, whichis thenclosedaroundthe HPD. If
the HPD hasbeenmanugcturedcorrectly the distancebetweerthe rim of the HPD quartz
window andthejaws of thejig will thenhave a uniformvalue(of about0.5mm) all theway
roundthe HPD. If it doesnot (e.qg.if the HPD is leaningto oneside)thenthis may cause
problemsvhentheHPDis mountedn the RICH, astheMuMetal shieldof theleaningHPD
maytouchthatof aneighbouringHPD.

3.2.3 Software Tests

Assumingno problemswere found during the visual inspectionand mechanicatests,the
HPD is thenmountedinsidethe dark box, andthe HV cablesare connectedo the correct
terminalsinsidetheHV distributionbox. TheZIF boardis thenattachedo thepin grid array
andthe darkbox s closedandsealed.Beforethe electronicsareturnedon, the signalfrom
the photomultipliertubeinside the dark box is checled on the oscilloscope.If the rate of
singlephotonsis aborve 10 kHz this probablymeanghereis alight leakinsidethe box, and
thedarkboxis openedup andthe sourceof thelight leak searchedor.

After the dark box is sealedand the light level hasbeenchecled with the PMT, the
HPD canbe poweredon, andthe software-controlledestscanbegin. The softwareusedto
controlthe variouselectronicdevicesdetailedin Sec.3.2.1,andhencecontrolthe HPD, is
Labview [102] version7.1, runningon Windows XP. A Labview programhasbeenwritten
thatautomatesnuchof thetestprogrammepnly requiringinput from the testerat certain
points (for exampleto con rm at the endof a taskthatthe resultsare satishctoryandthe
next taskcanstart). The programalsohasinbuilt safetycheckso protectboththetesterand
the HPD: for exampleif theleakagecurrentfrom the pixel chip exceedslO A atary time,
the programinstructsthe Agilent power supplyto drop the biasvoltageto the chipto 0 V.
Also automateds thewriting of resultsfrom thetestsontoa dedicatecharddisk onthe PC.

Whenstartedthe programdisplaysthe mainVirtual Instrument(VI) thatcanbe usedto
runsomesequencef sub-Visthatperformindividualtasksasdescribedelown. A screenshot
of themainVI is shavn in Fig. 3.7. Therearealsosub-VIsthatdisplaythe currentlevels of
importantparametersuchasthebiasvoltage,the high voltageandthe chip temperature.
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Figure 3.7: Screenshoshaving the main Labview Virtual Instrumentusedto run the
softwaretestson HPDsat PDTF
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Figure 3.8: Screenshofrom PDTF shaving current-wltage behaiour of HPD pixel
chip.

3.2.3.1 Pixel Chip Tests

The rst taskof the softwareis to power on the pixel chip andensurethat signalscanbe
sentto andreceved from the chip. Thenthe responsesf the variousDigital to Analogue
Corverters(DACs)within thepixel chip aretestedo ensurehatthey arelinear. At thisstage
the testeralsoinspectsthe voltageand currentsbeingreadout from the chip (asdisplayed
in the main VI), and comparegshemto referencevaluesthat vary from teststationto test
station.If thevoltageor currentsarenotasexpecteahisindicateseitheraninternalproblem
of the pixel chip electronicspr (morelik ely) a poorconnectiongitherbetweerthechip and
thereadoutoards or betweerthereadoutoardsandthe power supplies.

Thenext testis anlV scan,measuringhe current-wltagecharacteristiof thesensarA
screenshobf atypical IV scanis shown in Fig. 3.8. The biasvoltageis rampedfrom 0 V
to 90V andbackto 0V, in stepsof 5 V, andthe leakagecurrentat eachvoltagestepis
recorded. Due to the p-n natureof the sensorthe leakagecurrentdependencen voltage
shouldbe diode-like, ratherthanresistve (linear).

Wheninstalledin the RICHes,eachHPD is placedin serieswith a2 M resistor in
orderto protectthe power suppliesin caseof a shortwithin the HPD. Hencethe leakage
currentat 80V actsto diminish the voltageactually depletingthe sensorsoiif it is too
highthe sensomaynotdepletefully. Theactualdepletionvoltagealsoaffectsthedrift time
of the electrongn the sensorwhich in turn affectsthe exacttiming settingsrequiredwhen
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Figure 3.9: Screenshotbom PDTF shaving responsef the HPD pixel chip with dif-
ferentthresholdsLeft, theresponset a lower thandesiredthreshold wheresomehits
canstill beseen Right,theresponsatthechoserthresholdwhereno hitsarerecorded.
This particularHPD doesnot have ary noisy pixels.

readingout the HPD. Finally, high leakagecurrentscausemoreheatto be dissipatedn the
chip, increasinghe strainon the RICH cooling systems After thelV scanthe biasvoltage
isincreasedo 80V andheldtherefor theremainingtests.

The next testis known as the thresholdscan. It calibratesthe voltage discriminator
thresholdwithin the chip. This is the voltageabove which a signal (i.e. the voltagepulse
formedfrom the chage collectedin a given pixel) is consideredas constitutinga “hit” on
thatpixel. This thresholdis controlledvia the DAC supplyline known as“pre_.VTH”. The
higherthevalueof pre VTH, thelower thethreshold.Thethresholdscanconsistsof several
stages.In eachstagethe pixels arereadout in ALICE mode,to allow individual ALICE
pixelsto beidenti ed asdeador noisy. Noisy pixelsarenot maskedonline,ratherthey are
masledduringthe processingf the testdataafterthetestprogrammaeas complete.

The rst stageof the thresholdscaninvolves changingthe value of pre VTH and ob-
servingthe amountof electronicnoiseseenacrosshe chip (no testpulseis injectedat this
stage).Screenshotsf this rst stageof thethresholdscanareshown in Fig. 3.9. At theend
of thescanpre.VTH is x edby thetesterto beoneDAC settinglowerthanthehighestvalue

80



CHAPTER3. CHARACTERISATION OF RICHHYBRID PHOTON DETECTORS

Figure 3.10: Screenshotfom PDTF shaving responsef an HPD pixel chip to a test
pulse. The corversionfactorbetweenthe DAC value andthe numberof electronsin-

jectedis 100,000,e.9.0.01 corresponds$o 1,000electrons.Left, the responseo a test
pulseof 1,000electronsRight, thefull S-cune afterall stagesf thescanarecomplete.

that givesno noisehits acrossthe whole chip. This choiceminimisesthe electronicnoise
while maximisingthe chancefor genuinephotoelectrorhits to be detected. The program
allows thetesterto scroll backthroughpre VTH valuesto inspecteachhitmap,sothatany
noisypixels(thatconsistentlygive hits atlower pre VTH valuesthanall otherpixels)canbe
discardedvhenchoosingthe optimalpre VTH value.

Oncethepre.VTH valuehasbeenchosenit is heldatthis valueandasecondypeof scan
is performed.Screenshotef this secondstageof the thresholdscanareshavn in Fig. 3.10.
At eachstepof this scan,a testpulseof a given chage is injectedinto the chip. Thetest
pulseis injectedrow-by-row to avoid overloadingthe chip. Forty triggersare sentto each
pixel andthe numberof responsefrom eachpixel is recorded.As thetestpulsedecreases,
the pixel responsdorms an S-cune. The derivative of this S-cure is a Gaussian.For an
individual pixel, the meanof this Gaussiargivesthe thresholdvaluefor thatpixel, andthe
width givestheamountof electronicnoiseaffectingthatpixel.

The software can also identify any pixels that may be dead/poor(i.e. no responseor

3Thesoftwaredisplaysonly oneS-cune, which is anaverageaftertakingall pixelsinto account.
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Figure 3.11: Screenshotdom PDTFshaving HPD hit rateduring high voltageramp-
up (left), anddark-countratefollowing high voltageramp-up(right). Over 30 minutes
thedark-countatedropsfrom 9.2kHz/cn? to 2.6 kHz/cn?.

very low responseegardlesof the sizeof thetestpulse)or always-on/noisy(i.e. alwaysor
usuallyrespondegardlesof the sizeof thetestpulse)usingtheir S-cunes. Suchpixelscan
betakeninto accounbfine whenanalysinghetestdaté.

Comparinghemeandor differentpixelsallows the spreadf thresholdscrosixelsto
bemeasuredThethresholdspreacandtheindividual pixel noisebothcontributeto thenoise
obsenedwhenreadingoutthe pixel chip. Eachpixel hasa 3-bit thresholdadjustthatallows

ne-tuning of thresholdson a perpixel basis.Howeverin practiceit is foundthatthe spread

of thresholdsacrosgixelsis narrav (typical width is 90 electrons) hencethis functionality
is notusedandthe samethresholddictatedby the choservalueof pre.VTH) is usedacross
thewholechip.

3.2.3.2 TestsUnder High Voltage

Oncethe discriminatorthresholdfor the chip hasbeenchosen the high voltage can now
be rampedup in the knowledgethat any hits on the pixel chip shouldcomefrom genuine
photoelectronandnotelectronicnoise. Theresponsef atypical HPD duringtheHV ramp-
upis shavn ontheleft of Fig. 3.11. Thehighvoltageis rampedup slowly, atarateof 50 V/s.
After eachkV increasethe photocathodés illuminatedwith light from thecalibrationLED.
Typically no hits arerecordedon the pixel chip until theHV reache$ kV. Thisis expected
asthe numberof electron-holepairs producedby a 5 kV photoelectrorstriking the sensor
is around1300, so belov 5 kV the signalis insufcient to passthe typical discriminator

4In the full RICH monitoringsoftwaresuchpixels canbe dealtwith online.
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threshold(seeTable3.1). Between5 kV and' 10 kV the hit raterisessharply thenabove
10kV theriseis moreshallow.

The hit rateis calculatedusingthreemethodsywith all threeof theseratesbeingshown
in theVIs. The rst andsimplestmethodjust countsthe numberof pixels ring eachtime,
andtakesthe mean. The secondmethodusesa clusteringalgorithmto form clustersfrom
adjacenthit pixels, and countsthe numberof clusters,againtaking the mean. The third
methodcalculateghe averagenumberof hits by countingthe frequeng with which no hits
arerecordedandassuminghe hit distribution is Poisson.In generalthe secondandthird
methodggyive very similar results while the rst methodgivessomavhathigherrates,asof-
tenclustersareformedfrom morethanonepixel (dueto for examplechagesharingbetween
adjacenpixels). As statedpreviously, theintensityof the LED is tunedsuchthattheaverage
numberof hits perLED burstat20kV is' 2-3.

OncetheHV reache20kYV, it is heldthereandthehit ratewithoutary illuminationfrom
theLED (i.e.thedark-countate)is measuredor 30 minutes.The dark-countratetypically
shavs a settlingeffect overthe 30 minutesasthe HV stabilisesandtherateof any microdis-
chagesdrops.Theevolution of the dark-countateafterthe HV ramp-upfor atypical HPD
is shavn ontheright of Fig. 3.11. Very high dark-countatesarenotdesirableduringLHCb
runningasthey createspurioushits onthe photodetectoplane,reducingthe performancef
the PID algorithm. Hencefor optimal performancehe dark-countrateshouldbe aslow as
possible.

After the dark-countmeasuremerd so-calledstrobescars performed. Screenshotsf
strobescan$or both a typical HPD andan HPD with large ion feedbackprobability (see
below) areshavn in Fig. 3.12. Eachstepin the strobescamnvolvesilluminating the HPD
with the LED with a differentdelaytime betweerthetriggeringof the LED andthereadout
of the pixel chip. Thereadoutriggerto the chip (generatean the FB board)canbe moved
in stepsof 25ns,while the LED triggercanbe movedin stepsof 2 ns. The strobescasenes
two purposes:rstly it checkshatthedefaultdelay(usedin therestof theteststhatinvolve
illumination of theHPD) is thedelaythatmaximisegsheobsernednumberof photoelectrons.
Secondly and more importantly for the characterisatiorf the HPD, it measureghe ion
feedbackatewithin the HPD.

lon feedbacKIFB) occurswhenaphotoelectrorstrikesaresidualgasmoleculeinsidethe
HPD, ejectinganelectronfrom the moleculeandcreatinga positive ion. Dueto theapplied

eld from the HV, theion then movestoward the photocathode Whenthe ion strikesthe
photocathodea large number(" 30-40)of photoelectronareproducedsimultaneouslylue
to thelargeamountof enegy depositedy theion. Thesephotoelectronarethenaccelerated
towardtheanodewherethey causdarge clustersof hits (typically morethan10 pixels). So
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Figure 3.12: Screenshotef strobescanat PDTE Thedelayshavn refersto thetrigger
of the LED, sothata largervaluecorresponds$o a shortertime betweerthe LED ring
andthechip beingreadout. TheIFB rateis shavn multiplied by afactorof 1000on the
VI, to enableit to be seennext to the main peakfrom the direct photoelectrons.The
mainpeakoccursatatiming of around1100nswhile the hits from IFB occurataround
850ns. Left: A typical HPD with negligible IFB rate(0.008%).Right: An atypicalHPD
with large IFB rateof 0.50%.

the rate of very large clustersis a measureof the quality of the vacuuminside the HPD.
Dueto thecross-focusin@pticsinsidethe HPD, mostclustersrom IFB photoelectronsvill
strike nearthe centreof theanode.

If thedensityof residualgasmoleculesnsidetheHPDis too high,thenapointis reached
wherethe probability of at leastone of the' 30—40 photoelectrongroducedby the ion
striking anothemoleculeon its way to the anodereached00%,sothatanavalancheeffect
occurs.Thephotoelectronfrom IFB will thendominateover the signalphotoelectronsand
theHPD will nolongerbeusable.

For thepurpose®f thestrobescara clusteris de ned asbeingtheresultof ion feedback
if it is largerthan ve pixelsin size. If theion feedbackrateis non-ng@ligible, a peakin
therateof large clusterscanbe seerwhenthe delayis about250 nslongerthanthe optimal
delayfor detectionof standarcphotoelectronsThis correspondso the extra time taken for
theion to reachthe photocathodeandfor the resultingphotoelectronso reachtheanode.

Following the strobescam scanin biasvoltageis performed.A screenshobf atypical
biasvoltagescanis shovn in Fig. 3.13. Thebiasvoltageis changedn stepsof 5V, dropping
from 80V to 0 V andthenrising backupto 80V. TheHV is heldat20kV andtheHPD is
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Figure 3.13: Screenshatf biasvoltagescanatPDTE

illuminatedat eachstep. The main purposeof the biasscanis to con rm thatthe sensore-
spondsasexpectedo differentbiases.Typically thereis noactvity belov ' 35V, andabove
35V theresponsaurnson very sharply andplateausabose* 50V wherefull depletionis
reached.If thelevel of actwity fails to plateauthis may indicatethatthe LED delayis not
optimal.

The nal scanperformedis a scanin HV. The HV is rampeddown to 0 V andthen
backup to 20 kV in stepsof 1 kV. The HPD is illuminated at eachstep. The numberof
photoelectron®bsened as a function of the appliedHV shouldfollow a similar curve to
thatobsenedduringthe HV ramp-up.

Following the variousscans several stableruns of differenttypesare performed. The
rst isthe“long LED run”, wheretheHPD s illuminatedover200,000LED bursts,with the
HV andbiasvoltageattheirnominalvalues.Thelong LED run allows the positionandsize
of the photocathodémageto be preciselydeterminedandalsoallows pixels thatrespond
poorly (or not at all) to light to beidenti ed. Thelong LED run s carriedout twice, once
with the pixelsreadoutin ALICE modeandoncewith the pixelsreadoutin LHCb mode.
The ALICE run allows individual faulty pixels to be found, while the LHCb run checks
for problemswith the OR logic that makesthe superpiels. Screenshotef long LED runs
in ALICE modefor two differentHPDs, illustrating the displacemenbf the photocathode

image,areshavnin Fig. 3.14.

It canbe seenfrom Fig. 3.14thatthe photocathodémagedoesnot Il the entire pixel
chip. Ratherit sits nearthe centreof the pixel chip, leaving a clear boundaryaroundthe
imagewhereno hits arevisible. A very small numberof hits do occuroutsidethis main
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Figure 3.14: Screenshotsf long LED runsin ALICE modeat PDTFE On theleft, an
HPD with little displacementf the photocathodémage. On the right, an HPD with
signi cant displacementby 1.2 LHCb pixels)of thephotocathodémagein the positive
x direction.

photocathodemage, due not to electronicnoisebut ratherto genuinephotoelectronghat

have arrived at the sensomwithin the normalphotocathodémagearea,undegonebackscat-
teringandsubsequentljandedoutsidethenormalimagearea(seeSec.3.4.3for adiscussion
of backscattering)Suchhits howeverarenotvisible in Fig. 3.14,dueto the high z scalere-

quiredto allow thehit distributionin the photocathodémageto be seen.

If the centreof the photocathodémageis signi cantly displacedrom the centreof the
chip,dueto for exampleirregularcross-focusin@f the photoelectronssomephotoelectrons
maymissthesensomndbelost. Thepossibility of distortionof theimagedueto theresidual

eld from the LHCb magnetimeanghat, evenif theimageis containedwithin the sensorat
the PDTF, within the RICH part of the imagemay fall outsideof the chip. Hencea clear
boundaryaroundtheimageasseenatthe PDTFis desirablefo actasa safetymamin.

In additionto locating the centreof the photocathodemage, the long LED run also
revealsthe structureof hit frequeng acrossthe image. The hit distribution (seeFig. 3.14)
is notuniform, but varieswith radius. Threeconcentricaings of higheractvity canbe seen.
Theseringsappeadueto thoseincomingphotonswhich strike the chromiumcoatingonthe
undersideedgeof thequartzwindow. If the photonre ects backfrom thechromiumcoating
it maythenundegototalinternalre ection betweertheouterandinnersurfacesof thequartz
window. Eachtime the photonstrikesthe innersurface,it may causea photoelectroro be
emitted. Thethreeringsthatare obsenred correspondo the threepossibleradii wherethe
photoncanstrike the inner surfaceduring this total internalre ection, beforethe angleof
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Figure3.15: Screenshatf adistortionmaprunatPDTFE ThisHPD shavs nosigni cant
rotationor distortionof the photocathod@nage.

incidencebecomedgoo smallfor total internalre ection to continue(a detaileddiscussiorof
theseeffects,including a full simulation,canbefoundin chapters of [99]). At the PDTFs
thesere ections causeconcentricrings becausehe photonsoriginatefrom a point source
and arrive approximatelyperpendiculato the quartzwindow. During LHCb runningthe
Cherenkv photonsdo not originatefrom a point source andthere ectionsinsteadcausea
small signal-correlatedbackgroundo appear This backgrounds takeninto consideration
duringthe RICH reconstructiorprocess.

After the long LED runs, the pinhole mask (seeSec.3.2.1) is raised. This is done
automaticallyby the software,which actvatesthe electromagnetulling the maskup from
ahorizontalpositionto beverticalandbetweertheendof theoptical bre andtheHPD. The
holesin the maskhave a diameterof 1 mm anda pitch of 11 mm. They arearrangedn a
squaregrid, with two extra holesnearthe centreso that the absoluteorientationis known.
Datais taken over 200,000LED bursts,thenthe pinholemaskis loweredagain. A screen-
shotshawving theresultinghit patternfor atypical HPD canbeseenn Fig. 3.15. Thepattern
of hits from light passingthroughthe pinhole maskallows the demagni cationof the pho-
tocathodeémageto be measuredlt alsoallows ary rotationof the chip with respectto its
expectedorientationto be identi ed. For thesereasonghis testis known asthe distortion
map.

Finally, after the run with the pinhole mask,a dark-countrun is made(againin both
ALICE andLHCb mode).Datais accumulatedrom 5,000,00Qriggerswithoutillumination
fromtheLED. Thedark-countunis performedafterall theotherteststo give thedark-count
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Figure 3.16: Screenshotsf dark-countrunsat PDTFE On the left, an HPD with low
dark-countate(0.16kHz/cn?) spreadiniformly acrosshephotocathodénage.Onthe
right, anHPD with signi cant ion feedbackrate(1.3%), manifestingtself asincreased
actvity in the centreof the photocathodémage. The dark-countratefor this HPD was
measuredo be5.5kHz/cn?.

ratetimeto stabilise sothatthisrun cangive thebestpossibleestimateof thedark-countate
in the HPD. The dark-countrunsalsogive anotherestimateof the IFB rate,from counting
therateof large clustersof hits. Any sourceof microdischagescanalsobeidenti ed from

obsenation of anincreasedhit ratein a localisedareaof the photocathodémage. Screen-
shotsof dark-countrunsin ALICE modefor two differentHPDs, illustrating the effect of

ion feedbackareshowvn in Fig. 3.16. It canbe seenfrom Fig. 3.16thatthe dark-counthits

mostly fall within the areaof the photocathodemage. This shows that thesehits are not

from electronicsnoise,but ratherfrom genuinephotoelectronshermally emittedfrom the

photocathode.

Thedark-countrunsarethe nal stageof the softwaretesting. After they are nished,
thetestercaninstructthe softwareto eitherrerunoneor moreof theindividualtests(if some
issuewasfound in a certaintest), or to begin the shutdavn sequencewherethe HV and
biasvoltagearerampeddowvn andthe pixel chip poweredoff. After the shutdavn sequence
is completed,the testerturns off all the electronics,dismountsthe HPD andreturnsit to
storage.Thecollatedresultsfor all productionHPDsof theteststhathave beendescribedn
this sectionaregivenin Sec.3.5.
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Figure 3.17: Schematiof the setupusedio measuréHPD quantumef ciency atPDTFE
Referto thetext for details.Reproducedrom [99].

3.3 Quantum Ef ciency Measurements

This sectionsummarisesneasurementsf the quantumef ciency of the productionHPDs.
Thesemeasurementwere carriedout at DEP and at the PDTF at the University of Edin-
burgh. A full anddetailedaccounibof the measurementsanbefoundin chapter of [99].

The quantumefciency (QE) of a photocathodés de ned asthe ratio of the number
of photoelectronemitted by the photocathoddo the numberof photonsincident on the
photocathodeFor arny photocathodenaterialthe QE is a strongfunction of the wavelength
of theincomingphoton. The S20-typemultialkali materialchosemasthe photocathodéor
the LHCb HPDshasa QE spectrunthatpeaksn therelevantregion for Cherenkv photons
producedn the LHCb RICHes,whichis 200nm—-600nm.

All HPDshadtheir QE measuredy Photonis-DEHust after production,with around
10% of HPDs having the measurementepeatedat the PDTE The PDTF measurements
sene to validatethe DEP results,and also allow more detailedstudiesto be carriedout.
Note that the quantity that was measureds not the bare QE of the photocathoderatherit
is the probability of photoelectroremissiongivenanincidentphotonat the quartzwindow.
This quantitywill be sensitve to sucheffectsasre ection atthe outsideof the window, and
scatteringwithin the photocathodeHowever thisis nota problem,asit is this “overall” QE
thatis therelevantquantityfor characterisinghe HPD performance.

The methodused,which was similar at DEP and at the PDTFs, will now be brie 'y
describedA schematiof the setupusedto measur€E atPDTFis shavnin Fig. 3.17.The
HPD is mountedn the darkbox asnormal,but illumination comesfrom a quartz-tungsten-
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Figure 3.18: Left: Distribution of quantumef ciency at270nm for all HPDs,asmea-
suredby DEPR Right: Evolution of QE at 270nm with batchnumbeyagainasmeasured

by DEP
Property MeanValue RMS
Quantumkf ciency at270nm 30.8% 3.4%
Quantumkf ciency at400nm  24.2% 2.4%
Quantumkf ciency at520nm  13.4% 1.4%
Quantumkf ciency at800nm 0.5% 0.8%

Table 3.2: Quantumef ciency performancef themanufcturedHPDs,asmeasuredy
DEP Valuesgivenaretheraw meanandRMS of thedistribution.

halogerbulb ratherthananLED. A seriesof differentwavelengthlters areusedto allow the
QEto bemeasuredsa functionof wavelength.Thelight outputfrom thelampis measured
by placinga calibratedphotodiodgPD) of known QE (QEpp ) betweerthe light sourceand
the HPD, and measuringhe resultingphotocurrent)pp. The photodiodeis thenremoved
andthe photocurrentypp producedat the HPD photocathodéwhich is biasedto  100V)
is measuredThe QE of the HPD is thensimply:

QBEypp = QEPDt—P; (3.2)
The distribution of QE at 270 nm for all HPDs (asmeasuredy DEP)is shovn on the
left of Fig. 3.18. TheaverageQE values(againasmeasuredby DEP) at key wavelengthsare
givenin Table3.2
The averageQE at 270 nm wasfoundto be 30.8%,which is a relative improvementof
32%overthetypicalvalueof 23.3%speci edin thecontract(thecontractualzaluewasbased
on measurementsn pre-productiorHPDs). Thereasorfor this improvementis re nement

by DEP of their procedurédor fabricationof the photocathodeThis re nementis re ected
in theimprovementof the QE at 270nm over the productionprocesswhich increasedrom
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Figure 3.19: Comparisorof quantumef ciency measurementst PDTFandDER Left:
QE spectrumfor a single HPD as measurecby DEP and by LHCb at PDTE Right:
scatterplobf QE at differentwavelengthsasmeasuredy DEP andby LHCb at PDTR
shawving all 60 HPDsthathadtheir QE measure@t PDTE

' 26%for earlybatchesof HPDsto ' 32% for the lastbatchegproduced.The evolution of
QEwith batchis shavn ontheright of Fig 3.18. Theimprovedphotocathodéabricationalso
led to a decreaseavith batchnumberof the QE at 800 nm, from ' 1.4%to"' 0.3%. Thisis
bene cial aslower QE at 800 nm reduceghethermalemissionof photoelectronandhence
reduceghedark-countate.

Theseimprovementsn QE will increasehe numberof detectedCherenkv photonsin
the RICH, andthusimprove the PID performanceTheincreasen photonyields compared
to the expectationdrom preseriesHPDsis expected99] to be 22%in RICH2 and36%for
the gasradiatorof RICH1. Theincreasas largerfor RICH1 asthe HPDswith the highest
QE were placedin the centralregion of RICH1, which is the highestoccupang areaof
the RICHes. A preliminarysimulation[99] suggestghat with the photonyieldsincreased
asabove, the kaonidenti cation ef ciency canbe keptroughly constantwhile achieving a
relatve 32%decreasén the pion misidenti cationrate.

A total of 60 HPDshadtheir QE spectrameasuredt PDTF In generalexcellentagree-
mentis found betweenthesespectraandthe QE spectraasmeasuredy DEP This agree-
ment,illustratedin Fig. 3.19,reinforcescon dencein the DEP measurements.

In summary the quantumef ciency of the HPD photocathodénasbeenmeasuredy
both DEP and PDTE Thesemeasurementare consistentwith eachother and indicatea
signi cant increasdan the quantumef ciency at the relevantwavelengthscomparedo ex-
pectationsThisincreaseawill have apositveimpactonthePID performancef theRICHes.
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3.4 Measurementof the Photoelection DetectionEf ciency
of the HPD Anode

This sectiondescribesneasurementsarriedout ontwo HPDsatthe PDTFatthe University
of Glasgav. Thepurposeof thesemeasuremenisto nd thesinglephotoelectrometection
efciency, , of the HPD anode.Knowledgeof is requiredfor anaccuratesimulationof
the RICH detectors A directmeasuremeraf involvescomparingthe averagenumberof
photoelectronseerby thereadouthipto thenumberarriving atthebackplanef thesilicon
sensor Sincethemeasuremerdtthe backplanas theinterestingandchallengingpartof the
ef ciency measurementhewhole measuremers known asthe“backpulse’measurement.

Section3.4.1 explainsthe importanceof measuringhe single photoelectrordetection
ef ciency, andSection3.4.2describeghe generalprinciplesof the methodto directly mea-
sureit atthe PDTE Section3.4.3outlinesthe effectswithin the sensorthat cause to be
lessthanunity. The experimentalsetupanddatataking methodologyusedat the Glasgav
PDTFto carry outthe measurementf arerespectrely outlinedin Secs.3.4.4and3.4.5.
Section3.4.6containgheresultsfromthe measuremenincludingadiscussiorof how the
errorswerecalculated.

3.4.1 Why Measurethe Photoelection DetectionEf ciency?

Given a saturated.e. 1) chaged particle traversinga RICH detectoy the expected
numberof hits N, expectedn the photodet%ctoplaneis givenby [103]
Npe = ~ L A QRT sin® (dE : (3.2)
Apartfrom theleadingfactot whichis madeup of fundamentaphysicalconstantsall of the
termsin Eqgn. 3.2 arepropertiesof the RICH systemin question.Thefactorsin front of the
enegy integral arethe lengthL of the radiator the fractionalcoverage 5 provided by the
photodetectorsandthe single photoelectrordetectionef ciency . Thefollowing sections
describea direct measuremendf at the PDTFE It is also possibleto make an indirect
measuremendf in a testbeansetup,by measuringthe averageN . seenby the HPDs,
andthenusingestimatedor the otherquantitiesin Eqn. 3.2 to deducethevalueof . The
remainingtermsareinsidethe integral asthey aredependenon the enepgy of the emitted
Cherenkv photon. They arethe quantumefciency Q of the HPD entrancewindow, the
re ectivity R of the mirror system the transmissionl' of the quartzwindow thatencloses
the photodetectosystemandthe Cherenkv angle ..
Thesalientfeatureof Eqn.3.2for the currentstudyis thatN . is directly proportionalto
, which demonstratethataccurateknowledgeof is requiredto correctlyreproduceN pe

92



CHAPTER3. CHARACTERISATION OF RICHHYBRID PHOTON DETECTORS

Figure 3.20: Diagramshaving a Si pixel bump-bondedo a channelof the readout
chip. At thetop of the diagramis the sensorbackplanewherethe “analoguenpei”

is measured.At the bottom of the diagramis the readoutchip input stage , wherethe
“digital npei” is measured.

in simulationsof the RICH detectors.An accuratesimulationof the detectoris neededn
orderto correctly predictthe detectorperformancefor examplethe PID lik elihood distri-
butions. Someasuring will improve the detectorsimulation,allowing the actualdetector
performancedo be con dently comparedo the predictionsfrom the simulation,sothatarny
discrepanciesanbeinvestigated.

3.4.2 How to Measure the Photoelection Detection Ef ciency

To measure , light is shoneonto the quartzwindow usinga pulsedLED, producingpho-

toelectrongnsidethe HPD vacuum. The numberof photoelectronproduceds countedat

two differentareasof the HPD anode. Theseareascanbe seenin Fig. 3.20. Firstly, one
countsthe numberof hitsregisteredoy thedigital readoutchip,asmeasuredy the standard
PDTFLabview software. This numbers the“digital mpe ”, wherempe meansaumberof

photoelectrons.

Secondlyonecountsthe numberof photoelectronsirriving at the backplaneof the sili-
consensor This is doneby tappingin to the backplanalirectly andmeasuringhe amount
of chage depositedhere. Over a large numberof eventsa histogramof the chage canbe
built up thatshouldshon peaksat multiplesof the chage depositedoy one 20 keV photo-
electron,which is around5,000electrons. The capacitve noiselevel associatedvith this
measuremeris very high, asthewhole chip is beingreadout at once. This leadsto a very
large capacitancé€proportionatlto the areabeingreadout) of around90 pF, comparedo the

93



CHAPTER3. CHARACTERISATION OF RICHHYBRID PHOTON DETECTORS

90 fF thatis associatedavith anindividual pixel. Fromtherelative heightof eachpeak,one
candeducehe averagenumberof photoelectronsirriving atthe backplangper LED strobe.
This numberis the“analoguempe . Theratio of digital to analogudnpe is theefciency

of thechip:
pe gigital

= 3.3
mpe analogue ( )

3.4.3 Factors Affecting DetectionEf ciency

Therearetwo mainmechanismgy whichthe chip canfail to detectanincomingphotoelec-
tron, giving rise to an ef ciency thatis lessthan100%. The rst is calledchage sharing.
This occurswhen a photoelectrorhits the sensomearto the edgeof a pixel, causingthe
electron-holegpairsto be detectedby morethanonepixel on thereadoutchip. It is possible
for the electron-holgairsto be shareetweerpixelsin suchaway thatno individual pixel
seesnoughof a signalin therequiredtime window to reachits threshold sono pixel res
andthe photoelectrons not detectedy the chip.

The secondand predominantmechanisms known asbackscatteringWhena photo-
electronstrikesa pixel onthe sensothereis achancehatit will notdepositall of its enegy
there,but ratherreboundfrom the sensorsurfacehaving depositedonly part of its enegy.
Thisinitial enegy depositmaynotbesufcient to reachthethresholdandcausethe pixel to

re. In this caseseveraldifferentscenariosrepossible.lf the backscattereghotoelectron
landsagainoutsideof the detectorchip, it will not be detected.If it landsagaininsidethe
detectorchip, it maystill beundetectedf its residuakineticenengy is belov thediscrimina-
tion threshold.The morelik ely outcome giventhetypical thresholdusedin the HPD pixel
chip, is thatsufcient chagewill be depositedatthis stageto reachthethreshold.However
it is possiblethatby thetime the photoelectrotandsagainandthe chage from this second
strike is collected the readoutwindow of the chip will have closed.In this casethe photo-
electronwill bedetectedbut will beassignedo thewrongtime window. Thisis known asa
“timewalked” hit. Clearlythe amountof timewalked hits dependstronglyon the lengthof
thereadoutwindow.

Theprobabilitythatanelectronstriking a thick sensomwill backscatteis afunctiononly
of the electronenengy, angle of electronincidenceand the atomic numberof the sensor
material[104]. Here,“thick” meanssufciently thick thattheelectronwill notpassthrough
thesensorAs thestoppingrangeof a20keV electronin siliconisabouts m, thiscondition
is comfortablysatis ed for the caseof the HPD sensor For HPD operation,the electron
enegy (20keV) and atomic numberof the sensor(14 for Si) are known, andthe angleof
incidenceis restrictedasthe electronmustoriginateat the HPD quartzwindow andstrike
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the sensor This meanghatthe backscatteprobability canbe accuratelyestimatedas 18%,
with anerrorof lessthan1% [104].

Note that both mechanismslescribedabose dependon the length and position of the
electronic'window” thatde neswhenthechipis readout. Thisdependengwill beexplored
in Sec.3.4.6.3.

In additionto theabove effectsoccuringwithin the HPD sensortheobsenedphotoelec-
tron detectionef ciency may alsobe affectedby aspect®f the measuremergetup,suchas
thetime distribution of the LED pulse.If thisis toowide or containsatail, thiswill increase
theamountof hits seenin thewrongtime window.

3.4.4 BackpulseSetupat PDTF
3.4.4.1 Digital Measurement

Thedigital mpe is measuredby runninga strobescarfseeSec.3.2.3.2).Therelevantpoint
on the strobescarfor the measuremenis the point that givesthe maximumnumberof
clusters. This is the peaktiming of the readout,which is what shouldbe comparedwith
theanalogudnpei. Notethateachpoint on the strobescams measuredy running20,000
triggers.

Thenumberof photoelectronseerby thedigital chipwill of coursedependnthelength
and position of the digital readoutwindow. The digital readoutwindow's position with
respecto the signalfrom the chip canbe alteredvia the standardPDTF Labview software.
Howeverthelengthof thewindow is hardwiredinto oneof thechipsonthePDTFelectronics
boardsas50 ns, andcannotbe easilychanged.The bunchcrossingfrequeny of the LHC
demandghata 25 ns-longwindow be usedduring LHCb datataking. Giventhe constraints
on the window length that have just beenmentioned,one constructsa 25 ns window by
shifting the startof the 50 nswindow backby 25 nswith respecto the signal,which leaves
only thesecond5 nsof thewindow with signalin it. It is expectedthatthe valueobtained
usingthe 50 ns gatewill belargerthanwith the 25 ns gate,asthe longerreadoutgatewill
pick up moretimewalkedhits (seeSec.3.4.3).

3.4.4.2 Analogue Measurement

A schematiof the setupof the equipmentusedfor the analoguaneasuremens shavn in
Fig. 3.21. Thereadoutchainis operatedasfollows: the currentpulsefrom the backplands
input to alow-noisechage preampli er (modelPR304from Eurorad)thatoutputsa signal
whoseheightis proportionalto theamountof chage depositedat the backplaneTo smooth
this signalout it is passedhrougha commercialbuffer ampli er (modelEL2002CNfrom
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Figure 3.21: Schematiadiagramof the setupfor the measuremendf the chage spec-
trum atthe sensotbackplane.

Elantec)thenafast Ilter ampli er (model579from Ortec). The shapingtime of the Ortec
ampli er is adjustable and cantake valuesbetweenlO nsand500ns. A shapingtime of
200nswasfoundto be optimalfor datataking. Finally, the outputof the Ortecampli er is
passedo amulti-channebnalyse(TrumpADC card[105]) thatis installedin astandardPC
andis controlledusinga softwarepackagecalledMaestro. The Maestrosoftwareproduces
spectrunof countsversuschannehumberwherethechannelsorrespondo differentADC
valuesreadout from the Trumpcard.

As mentionedabore, the noiselevel in the analogueneasuremens extremelyhigh. If
it is not minimisedthenthe peakcorrespondingo eachnumberof photoelectronsvould be
washedut of thespectrunsothatthey arenotvisible,andit would notbepossibleto make
areliable t to the data. To minimisethe noiselevel it wasnecessaryo do the analogue
measurementith the cablesthatarenormally usedto readoutthe chip disconnectedThis
removesthe clocking noisefrom the readoutboardsthatwould otherwiseswampthe back-
pulsesignal. This stratgy slows down the datataking processasit meanshe systemhas
to be powereddown andup againbetweereachanalogueanddigital measurementut it is
unavoidable. To minimisenoisefrom electronicpickup, the dark box thathouseghe HPD
duringtestingwascoveredwith awire meshwhich wasgroundedo the HPD high voltage
ground.This effectively makesthe darkbox a Faradaycage.Useof the meshwasfoundto
signi cantly reducethe noiseseenonthe backpulsesignal.

Thetriggeringof the LED andof thereadoutf theanaloguesignalarecorrelatedusing
achainof two gategeneratorsThey aresetup to allow the correctamountof timeto elapse
betweenring the LED andreadingout the resultingsignalfrom the backplane.They also
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allow the startingpoint of the analoguereadoutgateandits lengthto be changed.This is
importantasthe correctreadouf the analoguesignalis very sensitve to the exactsetupof
theanaloguageadoutgate(seeSec.3.4.5.6).

3.4.5 Procedure for Data Taking and Fitting
3.4.5.1 General Strategy

As the datataking procedurdakesa nite amountof time, therewill inevitably be changes
in theernvironmentaltemperatureThe sizeof the changan temperaturelepend®on factors
suchasthetime of daythe measuremens carriedout. Environmentaltemperaturehanges
causea changen thetemperaturef the LED, which in turn affectsthe averagenumberof
photonsemittedby the LED eachtimeit is triggered.To copewith this,oneneed4o monitor
thechangesn the LED outputlevel overthetime thatthemeasurementsrecarriedout. This
is achieved by introducinga measuremerprocedurevhereeachanaloguemeasuremeris
sandwichedbetweentwo digital measurementsThe averageof the two digital mpe is
thentaken as an estimatefor what the digital mpel would have beenduring the analogue
measurementromhereon, —, will beusedto referto theaveragedigital npei (thevalue
usedto calculate ), while §, and 3, will beusedto referto thedigital mpei measured
by the rst andsecondstrobescansgspectiely.

Demonstratinghatthe value obtainedfor a given HPD is independentf the LED
intensity (i.e. independentf the digital npei) is vital in proving thata genuineef ciency
is beingmeasured.To checkthis, for eachHPD studiedmeasurementare performedat
differentlevels of LED intensity Onecanthencheckif the valueof changeswith the
LED intensity or not. However the LED intensity usedshouldnot be too high, to ensure
thatthe probability of two or morephotoelectronstriking the samepixel (thusdistortingthe
measuredligital npe ) remainsvery low.

3.4.5.2 Model for Charge DepositionSpectrum at Backplane

Before the analoguempe canbe measureda model needsto be de ned that describes
the sensorresponsdo the arrival of a numberof 20 keV photoelectronst the backplane.
This modelwill be usedto performa t to the obsered chage depositionspectrum,and
extract the analoguempe. The startingpoint for this modelis the Single Photoelectron
Respons€SPR)function. This describeghe probabilitythata singlephotoelectrorstriking
thesensowill deposita certainfractionof its enegy. The SPRusedfor the HPD sensolis
shavnin Fig. 3.22. This functionwascharacterise@reviously by studyingprototypeHPDs
thathada smallersensorandhencelower noiselevels. In particularthe spectrafrom these
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Figure 3.22: The singlephotoelectromespons€SPR)of the HPD sensar Thereis an
82%probabilityfor thephotoelectromo notbackscatteandsodepositall (or almostall)

of its enegy into the sensomponstriking it for the rst time. If the photoelectrordoes
backscatte(18% probability), the fraction of its enegy thatis depositedn the initial

strike follows anapproximatelyat distribution (shavn multiplied by a factorof 10 to
make it visible). The greenverticalline indicateshetypical amountof chage required
to bedepositedn onepixel to causet to re. Reproducedrom [106)].

prototypeHPDshave low enoughnoiselevels suchthata t canbe performedto measure
thebackscatteprobability Thevaluefoundfor thebackscatteprobabilitywasaround18%,
whichis in agreementvith theacceptedaluedescribedn the previoussection.

The enegy depositionspectrumfor the arrival of two photoelectronsvithin the same
readoutwindow is just the convolution of the SPRwith itself. Thisis becauséhe arrival of
photoelectronss independentAnotherconsequencef the independencef the photoelec-
tronsis thatthe probabilitythata givennumberwill arrive in the sametime window follows
aPoissordistribution. This is akey factorthatallows thebackpulseaneasuremertb be car
ried out, astherelative heightof eachphotoelectrorpeakwill follow a Poissordistribution,
whosemean is theanalogudnpei.

Soin theabsencef noisein the readoutchain,the chage spectrumwould consistof a
Poisson-weightedumof the depositionspectrunfor k electronswherek = f1;2;:::;19g
andthe pedestalwhich at this stageis just representethy a deltafunctionat zero. Let this
idealisedchage spectrumbef (x), wherex representghetotal chage depositedin units of
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thechage depositedy a singlenon-backscattereglectron(whichis 5,000electrons).To
accounfor thefactthatthereis electronicnoisepresenbothatthe sensorlndin thereadout
chain,onecorvolutesf (x) with someglobal noisefunctiong(x) to obtainh(x), say This
h(x) is thenarealisticmodelfor the chage spectrum.In practice,g(x) takestheform of a
GaussianApplying a Fourier Transformto h(x) gives(usingthe corventionof capitalising
transformedunctions):

H((k) = F(k) G(k): (3.4)

Underthe assumptiorthat the chage spectrumfollows a Poissondistribution, it hasbeen
shown thata Light SumRule existsfor the Fourier Transformof the chage spectrun{107].
TheLight SumRulein this casegives

F (k) = exp( S (k)); (3.5)

where isthePoissormeanandS(k) is theFourierTransformof the SPR.Theexponential
arisesasa power seriesformedby the additionin Fourier spaceof termscorrespondindo
eachpossiblenumberof photoelectronsThe consequencef the Light SumRuleis thatone
obtainsarelatively simpleexpressiorfor H (k), andthenonejustappliestheinverseFourier
Transformto obtainanotherelatively simpleexpressiorfor h(x), which now hasanexplicit
dependencen |, thevariableof interesthere. Henceperformingthe t in Fourier spaces
fasterandmorerobustthana bruteforce methodof building the enegy depositiorspectrum
from the SPRandthe noisefunctionwithout makinguseof the Light SumRule.

3.4.5.3 PedestalSubtraction

During datataking it was obsened that the height of the pedestain eachspectrumwas
alwaystoo large, i.e. the pedestallid not t the Poissondistribution followed by the pho-
toelectronpeaks. The reasonfor this is not known, althoughit could be that, dueto its
peak-sensingature the ADC is picking up somedarkcountevents.To dealwith theexces-
sive pedestakize,it wasdecidedto remove the pedestafrom eachspectrumand t to the
modi ed spectrumusinga modelthatalsohasthe pedestalemoved. This way the pattern
of the photoelectrorpeaksis presered, andthesecanbe usedto deducethe Poissormean
of thedistribution.

To subtractthe pedestafrom a dataspectrum,rst a pedestabpectrumis takento ac-
compalty eachanalogueun. This is donesimply by taking an analogueun with the LED
disabled. Thenthe pedestakbpectrumis scaledso thatit containsapproximatelythe same
numberof eventsthat comprisethe pedestatontrikution to the spectrumtaken for the full
analoguerun. To carry out this scaling,the peakchannelof the pedestakpectrumis rst
found, andthe total numberof countsin this channelandthe eight surroundingchannels
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Figure 3.23: Analoguedatataken from the sensorbackplane.The blue line in each
gure is formedfrom the histogramof the numberof countsin eachchannelby linear
interpolation. Top left: a“raw” spectrumincluding the pedestal.Top right: the corre-
spondingpedestal-onlyun. It canbe seenthatthe shapeof the pedestals asymmetric,
which is a furtherindicationthat dark counteventsare being picked up. Bottom: the
spectrunformedby scalingthe pedestalindthensubtractingt from theraw spectrum.

(four channelsachside)is calculated.The choiceof takingfour channelsithersideof the
peakstrikesa balancebetweerthe statistical uctuations from usingtoo few channelsand
dependencen the shapeof the pedestafrom usingtoo mary channels.The total number
of countsin thecorrespondinghannelf thefull analoguespectrums thencalculatedand
the scalingfactoris found by takingtheratio of the thesetwo numbers.This methodrelies
onthefactthatthe mappingfrom channelgo thepeaksn the spectrundoesnot (for agiven
HPD) changdrom runto run.

Finally, the scaledpedestals subtractedrom thefull analoguespectrunto give aspec-
trum consistingof only the photoelectrorpeaks. This processs illustratedin Fig. 3.23. A
modi ed tting modelis neededo copewith the pedestal-subtractedata. To subtractthe
pedestafrom the tting model,F (k) 1issubstitutedor F (k) whenconstructinghe tting
model(seeSec.3.4.5.2).
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Figure 3.24: Typical t to abackpulsespectrumwith the pedestakubtractedThe data
pointsarein black,andthe tted PDFis shawvn by thegreenline.

3.4.5.4 Fit Region

The t regionis de ned asthe channeldor whichthe ? betweerthe dataandthe t PDF
is calculatedduringthe t. Fits including the pedestategion were oftenfoundto not con-
vemge correctly This is becausehe distribution in the pedestakegion is very sensitve to
the pedestakcalingfactor the calculationof which is not an exact process.In particular
negative valuescanbe obtainedafter subtraction.Also, the t region doesnot includethe
higherchannelsn the spectrumasthe numberof signal countsthereis very low. Hence
backgroundnoisein the readoutchain can signi cantly distort the shapeof the spectrum
there,affectingin turnthe t to thelower photoelectrorpeaks.By contrasta smallnumber
of backgroundcountsat the lower photoelectrorpeakswill not affect the t signi cantly,
sincemostof the photoelectrordatacanbe foundin this region. For thesereasonsthe t
to the pedestal-subtractegpectrums performedstartingatthe rst or secondhotoelectron
peak,and nishing ataroundthe sixth or seventhphotoelectrorpeak.

3.4.5.5 Executionof Fit

A t is then performedusing the modi ed model, h(x), for the chage spectrum(see
Sec.3.4.5.2). The minimisationis performedby the “Simplex” tter from the GSL (GNU
Scienti ¢ Library) packag€e/108]. An example t is shawvn in Fig. 3.24. Thereare four

SHowever the tting functionis still dravn covering the whole spectrumto demonstratehatit is still in
broadagreementvith the spectrumevenin theareasvherethe t is notbeingdone.
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Figure 3.25: Sketchof the backplanesignalandanaloguegatesetup. The green(red)
verticalline representshe start(end)of the analoguegate. The signalrise time (R) is
independentf thegatesetup.Thesumof thisandthelengthof time (A) thegateextends
afterthe peakis equalto the sumof the gatelength(L) andthe delay (D) betweenthe
startof the signalandthe startof the gate.

parameter¢eft oating in the t: thelocationof the pedestalthe distancebetweenphoto-
electronpeaksthewidth of theglobalnoiseGaussiarandthe Poissormean.As thelocation
of the pedestatanbededucedvithin afew channeldy inspectinghedata,the t is seeded
with a valuefor the pedestalocationthatis very closeto the full value. This preventsthe
t from attemptingto treatanotherphotoelectrorpeakasthe pedestal. The parameter®f
the SPRare x edaccordingto the resultsfoundfrom the ts to spectrafrom the prototype
HPDs.

3.4.5.6 Dependencyof Ef ciency on Analogue Gate

Dataweretakenwith a numberof differentsetupsfor the analoguegate. A sketchof the

backplanesignal(asit appear®ntheoscilloscopeafterpassinghroughtheampli ers) and

theanaloguagatesetupis shovn in Fig. 3.25. The peakheightof the signaloutputtedoy the

fast Iter ampli er (seeSec.3.4.4.2)is proportionalto thetotal amountof chage deposited
at the backplane.Hencethe ADC is usedin peak-sensingnode,andin principle the gate
only hasto includethe signalpeakin orderto correctlysamplethe signal. However it was
found that a strongdependencexisted betweenthe measuredraluefor the ef ciency and
thelengthof time the analoguegateextendedafter the peakof the signal. The dependeng
of themeasured valueonthegatesetupfor a x edlight inputlevel (digital npe ' 3.3)is

shavn ontheleft of Fig. 3.26. Two separateffectscanbe seen.
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Figure 3.26: Left: Dependencef the measuredensorefciency ( ) onanaloguggate
setup. The x-axis is the length“A” shavn in Fig. 3.25. Right: Dependencef the
measuregensoef ciency onthelight inputlevel for ananaloguagatewith A = 600ns.

Firstly, whenthe gateextendslessthan500 ns afterthe peakof the signal,the measured
valueof rises. Thesizeof the pedestaln the chage spectrumcollectedwith sucha gate
is seento increasesharply resultingin dominationof the spectrumby the pedestal. This
disruptsthe t to thespectrumgausingt to returnlower valuesfor theanalogudnpe . This
translatesnto a highermeasuredraluefor the sensotef ciency. The reasorfor this effect
is understoodthe documentatiorof the ADC stateghatthe samplinggatemustextendfor
at least500 ns after the peakof the signalto allow the heightof the peakto be correctly
sampled.

Secondly when the analoguegate extendsmore than 500 ns beyond the peakof the
signal,themeasuredalueof startsto rise. Theincreasen measured valuescomesfrom
andecreasé themeasurednalogudnpe , with thedigital mpe (whichis independenof
theanalogueyatesetup)remainingconstant.Thequestiornthenarisesasto which gatesetup
is givingthecorrectvaluefor . Thisquestiorcanberesolhedby consideringhedependence
of themeasured valuesonthelight inputlevel (i.e. onthe averagedigital npei ) whenthe
gatesetupis x ed. For the gatesextendingsigni cantly morethan500 ns after the signal
peak, is seento dependonthedigital mpe . An exampleof thisis shavn on theright of
Fig. 3.26,shaving datatakenwith an analoguegatethat extendsfor 600 ns afterthe signal
peak.Themeasured valuesincreaseasthe averagedigital mpe increasesThisis aclear
indicationthatthesegatesetupsarenot optimal. Whenthe gateextendsroughly 500 nsafter
the signalpeak,however, the measured valuesno longerdependon thedigital mpe (see
Fig. 3.28),which indicatesthatthe ef ciency is beingcorrectlymeasured Hencethis was
choserasthe optimalgatesetup.

Thereasorfor thedropin analogudnpe asthegatelengthincreasess notfully under
stood.Onepossiblecauses thattheanaloguesignalis suffering someringing afterthemain
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signalpeak,but that this ringing is not large enoughto shaw itself above the noiseon the
oscilloscope Thelongergatesincludethis ringing region of the signal,but the shorterones
do not. Anotherpossiblecauses anadditionalcontribution from dark counts.

3.4.6 Results

Using the optimisedanaloguegatesetupas describedn Sec.3.4.5.6,measurementaere
carriedouton HPD H630005using25 nsand50 nsdigital gatelengthsandon HPD 708016
using50 nsdigital gatelength. TheseparticularHPDswere selectedor this measurement
asthey exhibitedexcellentperformancen thegeneraPDTFtests.In particulay they have

Verylow leakagecurrent(O(10nA)) from thedetectorchip, whichminimisestheshot
noise,

Very low dark-countrate (O(1 kHz/cn?)), which reduceshe numberof background
hits on the detectorchip,

No deador noisy pixels, to eliminatethe needto take theseinto accountwhencalcu-
lating the numberof photoelectrons.

Sincetheanodepropertieshouldvary little betweerHPDs, it is expectedhatno signi cant
differencan valueswill beseerbetweerthetwo HPDs,andalsothatthe valuesobtained
will berepresentatie of theentiresampleof HPDs.

3.4.6.1 Errorson Digital mpe

The statisticalerroron eachof §, and 3, (thedigital measurementseforeandafterthe
analoguemeasurement¥ simply theuncertaintyonthe Poissommeanreturnedoy the PDTF
software. This canbe estimatedy calculatingtheincreasen the 2 of the Poissont when
adifferentPoissommeanis assumedandchoosingthe variationin the meanthatcauseshe

2 toincreaseéby 1. Thisvariationis foundto rangefrom 0.01 1for low valuesof (11,5 ( 2)to
0.017for highvalues(' 6). Thestatisticalerroron —, (the averagedigital mpei) is found
by combiningtheerrorson éls in quadraturethenhalvingtheresult. Thetypical (absolute)
statisticalerroris thenaround0.01or less.As will be seerbelow, thisis smallcomparedo
the systematierror, andwill beneglected.

The mainsystematicerroron—, comesfrom possibletemperature-dependectianges
in the LED outputrateover time. Evenwhenthe differencebetween §, and j, is small,
the outputrate may for examplehave risenbetweenthe rst strobescarandthe analogue
run, then fallen againbetweenthe analoguerun and the secondstrobescan.To take this
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uncertaintyinto account,a systematicerror is assignedo ~, asfollows: the difference
between §, and §, is calculatedandhalved. If theresultis largerthan1% of —g, it is
takenasthe systematierror Otherwisethe systematierroris setto 1%. Thechoiceof 1%
asthe minimum systematiauncertaintyon —, is basedon the typical variationsin digital
npe thatareseenduringnormalHPD testing,for examplebetweerconsecutie long LED
runs(seeSec.3.2.3.2).Suchvariationscanonly be dueto changesn the LED outputrate.
This assignmenteadsto a systematicerror of 1% for casesvhere §, and 3, hae

very similarvaluesandof upto' 2% for caseswvheretherewassigni cant changebetween

dig and §,. Sothesystemati@rroron —, is alwaysatleastseveraltimeslargerthanthe
statisticalerror, whichis thereforeneglected.

3.4.6.2 Errorson Analoguempe

The statisticalerroron theanalogudnpe is theuncertaintyonthe parameteasreturned
by the t to the backpulsespectrum.This canbe estimatedby the samemethodusedfor
thedigital npei, by measurindhow mucheachparametemustchangeto increasdhetotal

2 of the t by 1. Forthe parameteit is found that the changeneededs of the order
of 10 3. Thisvalueis sosmallbecausehe statisticspresenin a given spectrumarehuge,
with eachbin of the early photoelectrorpeaks(seeFig. 3.24) holding of order10° events.
Thusthefractionalerroronthebin heightis well belov thepercentevel. Theerrorreturned
by the t is correspondinglyery small. It will be seenbelow that this statisticalerror is
completelynggligible whencomparedo the systematierror. Hencethestatisticalerrorwill
not be consideredvhencalculatingthe overall erroron theanalogueémpsei .

A signi cant systematicerror on the analoguenpe arisesbecausehe modelusedto

t thebackplanespectrunto extract doesnotaccuratelydescribethe dataoverthe whole
distribution. Thesizeof the errorintroducedby this canbe estimatedn two differentways.
Firstly, thechangdn causedy varyingtheregion of thespectrunthatis tted to (i.e.the
regionwherethe 2 is calculated)canbe studied.It is foundthatthelargestchangen s
inducedby notincludingtheregionof the rst photoelectrompeakin the t. For mostspectra
thiscauses changen of aboutl%. But for spectraatlow analogudnpei, thedifference
is moresigni cant, at about3%. A changeof about3% wasalsoseenfor the ts with the
highestanalogueémpe values. The effect of changingthe t region onthe t resultfor a
spectrumat low analoguempe is illustratedin Fig. 3.27. The t ontheleft handsideis
madeincludingthe rst photoelectrompeakin the t region,while the t regionforthe t on
theright handsideexcludesthe rst photoelectrompeak.lt canbeseenthatthe t excluding
the rst photoelectrorpeakfollows the dataat the higherphotoelectrorpeaksbetter at the
expenseof apoorert atthe rst andsecondphotoelectrorpeaks.
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Figure 3.27: Effectof varyingthe t region for a spectrumatlow analogudnpei. The
t region for theleft hand t includesthe rst photoelectrorpeak,while the t region
for therighthand t doesnot. Thevalueof returnedby the t is 2.75for theleft hand
t and2.86for theright hand t.

Thesecondvay of examiningtheeffectof theimperfectt on istorerunthe t with one
or moreof theparameterthatarenormally oating being x ed,andexamininghow the tted
valuefor changesasthe valuechosenfor the x ed parametechanges.The parameters
representinghe separatiorbetweerphotoelectrorpeaksandthelocationof the pedestabre
varied within the rangesfound whenvaryingthe t region. This rangeis typically a few
channelsn size. Thesevariationsarefoundto causea typical changein  of around1%.
Thesizeof thiseffect, unliketheeffectof alteringthe t region,doesnotsigni cantly change
from spectrunto spectrum.

Theeffectof choosinga differentvaluefor thebackscatteringrobabilityin the SPRcan
alsobeconsideredIn light of theremarksaboutthe backscatteringrobabilityin Sec.3.4.3,
0.5%is chosenasan estimateof the uncertaintyon the backscatteringprobability. Fitting
with the probability x edto be 0.5%eithersideof the 18% centralvaluechangeshe tted
valueof by about0.4%. Thesizeof this effectis independentf thespectrunstudied.An
error of this size canbe neglectedwhencomparedwith the other systematiauncertainties
describedaborve.

As the statisticalerroron hasalsobeenseento be negligible, the total erroron is
found by addingthe two dominantsystematiaincertaintiesfrom variationof the t region
andof theotherparameters the t, in quadrature.

3.4.6.3 Measured Valuesof the DetectionEf ciency

The errorson digital mpel andanaloguemnpe areindependentf eachother Hencethe
erroronasingle valuecanbefoundby makinguseof Egn.3.3to combinethedigital and
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Relatve Error on | Relatve  Error on | Relatve Erroron
Digital mpel Analoguempse
Statistical | < 0:4% 0(0:1%) < 0:4%

Systematic Between 1% and| Betweenl.4%and3.2%, | Betweenl.7%and3.7%
2%, dependingon | depending on the t

J dig gl behaiour at rst photo-
electronpeak
Combined Betweenl%and2% | Betweenl.4%and3.2% | Betweenl.7%and3.7%

Table 3.3: Contrilutionsto thetotal erroron the sensoref ciency.
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Figure 3.28: Resultsfor usingdigital gatelengthof 50 ns. The left handplot shaws
resultsfrom HPD H630005,andtheright handplot shavs resultsfrom HPD H708106.
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The contrikbutionsto thetotal erroron  aresummarisedn Table3.3. Theresultsfor 50 ns
digital gatelengthareshown in Fig. 3.28,andthosefor 25 nsdigital gatelengthin Fig. 3.29.
In eachplotin Figs.3.28and3.29,a constantt hasbeenmadeto give anaveragevaluefor
from eachplot. Performinga straightline t shaws thatthe gradientof with respecto
“dig 1S compatiblewith zerofor all threeplots, demonstratinghat  is independenbf —
asdesired.

Combiningtheresultsusingdigital gatelengthof 50 nsfrom thetwo HPDsallows overall
resultsfor both gatelengthsto be stated.The errorsaretakenfrom the constantts to each
setof results. In Table 3.4 the overall resultsare given. The LHCb-RICH speci cation,
which is governedby photoelectrorbackscatteringffectsandthe expectedperformanceof
the pixel readoutchip, is alsogiven.

As expectedthe detectionef ciency whenusinga 25 nsgateis signi cantly lower than
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Figure 3.29: Resultsfor usingdigital gatelengthof 25 ns. Resultsare from HPD
H630005.

Digital ReadouWindow Measured/alueof  LHCDb-RICH Speci cation
50ns (933 0:7)% n/a
25ns (879 1.4)% 85%typical

Table 3.4: Single photoelectrordetectionefciency of the manuacturedHPDs, as
measure@tPDTE

whenusinga 50 ns gate. It canalsobe seenthatthe productionHPDs exceedthe LHCb-
RICH requirementhat the single photoelectrordetectionef ciency with a 25 ns readout
window shouldhave atypical valueof 85%. Theresultsarein agreementvith  valuesthat
weremeasuredisingpreserietiPDs[109], andwith indirectmeasurementsom testbeams
usingpreserie$110] andproduction[111] HPDs.

3.5 PDTF TestResults

In this sectionthe distributions of the key parametershat were measuredor all HPDs at
the PDTFswill be presentedandtheimplicationsfor the operationandperformancef the
HPDswithin the RICHeswill bediscussedNote thatthefollowing resultscover testingof
557 HPDs. This is higherthanthe 550 requiredin the contractasit includes7 HPDsthat
failedandwerereplacedvith nev HPDsby DEPR

3.5.1 Performance

A summaryof theperformancef theHPD ensembles givenin Table3.5. Thedistributions
of key parameterareshavn in Figs.3.30to 3.34.

SNotethatin eachhistogramin Figs.3.30to 3.34,therightmostbin is anover ow bin thatholdsary HPDs
lying above therangeusedfor thathistogram.
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Frequency

Property MeanValue RMS
Working Pixels 99.8% 0.4%
LeakageCurrentat80V ReverseBias 1.49 A 2.65 A
PhotoelectrometectionThreshold 1064e 98e
PhotoelectroetectionNoise 145e lle
Dark-CountRate 2.49kHz/cn?  5.82kHz/cn?
lon Feedbackrobability 0.04% 0.15%
PhotocathodémageRadius 6.61mm 0.13mm
PhotocathodémageDisplacement ~ 0.39mm 0.21mm

Table 3.5: Performancef the manufcturedHPDs. Valuesgivenaretheraw meanand
RMS of thedistribution.
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Figure 3.30: Distributionsof the numberof dead(left) andnoisy (right) ALICE pixels
(outof 8192).
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Figure 3.31: Distribution of leakagecurrentat 80V reversebias.
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Figure 3.32: Distributionsof averagepixel thresholdgleft) andnoise(right). Valuesare
calculatedby averagingover the valuesfrom eachindividual pixel. Thetypical spread
of thesevaluesin a singleHPD is about90 electrongor the pixel threshold andabout
20 electrondor thepixel noise.
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Figure 3.33: Distribution of dark-countatefrom testsover 5 million triggers(left) and
ion feedbackprobabilityfrom strobescaliright).
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Figure 3.35: Finalclassi cationof HPDsaccordingo thetestsperformedatthe PDTFs.

3.5.2 Discussion

After testing(includingary retestgo resoleissuedoundin the rst testrun),eachHPD is
classi edasbelongingto oneof 5 catgyories:A™ , A, B, E or F. Thecriteriafor eachcateyory
aredetailedin Table3.6. HPDsclassi edasA™ or A arepreferentiallyplacedin the higher
occupang regionsof the RICH system(seeFig. 3.4). HPDsclassi edasB or E areplaced
in loweroccupang regions,or keptassparesn caseary HPDsfail afterinstallationin the
RICHes.HPDsclassi edasF arejudgedunusableandarenot placedin the RICH atall.

Thedistribution of HPDsacrosshe catayoriesis shavn in Fig. 3.35. It canbe seenthat
only 12 (or 2.2%)of HPDsfail therequirement# suchaway asto bejudgedunusablen the
RICH system.Someof thesecasesveredueto the HPD performingpoorly in a particular
testandaredescribedelow. In othercaseshe HPD suffereda completeoperationafailure,
for examplefailureof thepixel chip duringtheinitial highvoltageramp-up.Thejusti cation
of theHPD categgoriesin light of theresultsshovn in Sec.3.5.1will now bediscussed.

Almost all HPDshave far fewer badpixelsthanthe maximumof 410 (5%) speci edin
the contract. This indicatesthat the quality andreliability of the bump-bondingprocesss
excellent.A handfulof HPDswereclassi ed ask dueto a high numberof deadpixels.

In theleakagecurrentdistributionthreedistinctclasse®f behaiour canbedistinguished.
Examplesof eachof theseareshown in Fig 3.36. The leakagecurrentof the rst classof
HPD shaws a linear dependencavith biasvoltageall the way up to 90 V. No breakdevn

111



Table 3.6: Classi cationcriteriafor HPDs. To achieve categyorisationasA™ , A, B or E, anHPD mustmeetall of thelistedcriteria. Any HPD
with oneor moreof thecriteriagivenfor theF cateory is cateyorisedasF.

AN’

Catggory Meaning Speci ed Performance
IFB Rate QE(270nm) BadChannels Dark-CountRate Leakage Current Photocathode
at8ov Offset
A" Meetsall speci cations <1% >30% <20 Uniform with pixel <3 A <0.5mm
andclearlyexceedscer rate<2 10 °
tain speci cations.
A Meets all specica- <1% 20% <80 <5 kHz/cn? <5 A <1lmm
tions.
B Fails to meet one or <1% 20% <200 < 100kHz/cn? <5 A <1lmm
more of the speci ca-
tions but is still fully
usable.
E Flaggedwith a partic- <1% 20% <400 < 100kHz/cn? <20 A <2mm

ular issuethat requires

specialattention,but is

still fully usable.

F Fails to meet one or 1% <20% 400 100kHz/cn? 20 A 2mm

more of the speci ca-

tionsin suchaway that

it is unusablein the

RICHes.
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Figure 3.36: Threedifferentclassef leakagecurrentcurve for HPDs. Left, anHPD

thatshavs no breakdavn effectupto 90V reversebias,leadingto low leakagecurrent.
Centre,an HPD that seesanincreasen gradientbeyond 40 V, leadingto a moderate
leakagecurrent.Right, an HPD thatdisplaysa breakdavn at around50 V reversebias,

leadingto very high leakagecurrentat the operatingpoint of 80V reversebias.

effects are obsened, and only a very small residualcurrent (typically belov 0.8 A) is
obsered. Thesecondlassof behaiouris similarto the rst classatlow voltageshut shovs
a clearincreaséan gradientabove a certainbiasvoltage,typically around40 or 50 V. The
resultingleakagecurrentat 80V is usuallybetweenl and3 A. This behaiour is believed
to be causedby defectsin the manugcturing processof the sensoy and often groupsof
HPDsconsistingof sensordabricatedrom the samewafer featuresimilar leakagecurrent
behaiour.

Examplesof possibledefectancludescratche#n the highly dopedn+ layeratthe sensor
backplanewhich mayallow theintrinsic n bulk of the sensoito comeinto contactwith the
aluminumguardring (this contactcanalso be causedf “spikes” are presentin the guard
ring causingthe n+ layerto be pierced). A currentsink thenforms at the backplaneonce
the biasvoltagereaches certainvalue. Anotherpossibledefectis the presencef ssures
or cracksin the sideedgeof the sensor If theseextendinto theregion of non-zeroelectric

eld in the main part of the sensor currentcan o w aroundthe sensoredge. If the local
electric elds generatedy suchdefectsis high enough,the electronsbecomesuf ciently

enegetic to ionisesilicon atoms,leadingto an avalancheeffect. A suddenbreakdavn is
seenabove a certainbiasvoltage,and the leakagecurrentruns away to very high values
(usually>5 A). Thisis the third classof behaiour. HPDswith this behaiour form the
bulk of thoseclassi edasE.

However, for all exceptoneHPD, theleakagecurrentis low enoughthatthe sensorstill
reachedull depletionat 80V reversebias,andsois still usuable. TheoneHPD wherefull
depletionwasnot attained(with leakagecurrentof 24 A) wasjudgedunusableandclassi-
ed asF. HPDswith similar leakagecurrentsare placedon the samelLevel O boardwithin
theRICHes,astheleakagecurrentaffectsthereadoutiming settings(seeSec.3.2.3.1),and
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theseareseton eachLevel 0 boardandnotindividually for eachHPD.

Although three HPDs maginally exceedthe contractualmaximum pixel thresholdof
1500e , thisdoesnotaffecttheirclassi cation,asthey have normalnoisevalues sothatthe
signal-to-noiseatio is still high enoughthatary effect on the performanceof theseHPDs
will be minimal. No HPD exceedghe contractuatypical noiseof 145e by large enough
maigin to adwerselyaffectits performance.

Althoughthereare63 HPDs(11%)that shov dark-countratesabove the contractspec-
i cation of 5 kHz/cn?, thiswill not have ary signi cant effect on their performancen the
RICHes.Thisis becausehe patternrecognitionalgorithmis not seriouslyaffectedby dark-
countratesbelonv 5 MHz/cn?, i.e. onethousandimeshigherthanthe contractspeci cation.
However lower dark-countratesarestill preferable henceary HPDswith dark-countrates
above 5 kHz/cn? wereclassi ed asB. This amountedo 60 HPDs. Also, threeHPDs ex-
hibited unstabledark-countatespeakingbetweerns0 and 100 kHz/cn?. TheseHPDswere
classi edasF andrejected.

Thevastmajority of HPDs(521,0r 94%) have ion feedbackprobabilitiesthatareatleast
an orderof magnituddower thanthe contractspeci cation of 1%. OneHPD shavedvery
high IFB probability (> 10%)andwasrejected.

Despitetheexcellention feedbackprobabilitiesthatweremeasuredby the PDTFs,mary
HPDs have beenfound to shav considerablyhigherIFB ratesfollowing their installation
insidetheRICHes.IndeedthelFB rateof someHPDshasrisenabove thelevel thattriggers
anavalancheeffect (seeSec3.2.3.2) causingheseHPDsto becomeaunusableTheseHPDs
have beenreplacedn the RICHeswith spares.

Studiesof thetime dependencef the IFB ratehave shovn an approximatelylinearin-
creaseof thelFB ratewith time. Thisis thereasorthatthe IFB ratesmeasure@tthe PDTFs
were not high enoughto causeary concern. The causeof the vacuumdegradationthatis
driving theincreasen IFB rateis not yet known, however preliminarystudiessuggesthat
hydrogenis presentinside the HPD. Due to theseunresoled vacuumquality issues,the
HPDsare not being consideredasthe rst-choice RICH photodetectotechnologyfor the
plannedupgradeof LHCh.

Only 2 HPDsshav a photocathodémagethatis displacedoy morethan2 LHCDb pixels
(i.,e. 1 mm). TheseHPDswere classedasE, becausesucha displacemenat PDTF may
translateto a largerdisplacementvithin the RICHes,dueto theresidualmagneticeld (see
discussionn Sec.3.2.3.2). Hencethereis arisk that part of the photocathodémagemay
fall outsideof the pixel chip. OneHPD shaveda smallerthannormalphotocathodémage
of radius5.8 mmandwasclassi ed askE.
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To summarisethe overall quality of the productionHPDshasbeenseento be excellent,
with thevastmajority of themperformingwell enougho beusedin the RICHeswithoutany
concernsThecontractuakpeci cationsandLHCb requirementaremetandoftenexceeded
in key areas.

3.6 Conclusions

The LHCb RICH systemusesarraysof Hybrid PhotonDetectors(HPDs) to detectthe
Cherenkv photonsproducedoy chagedparticlestraversingthe RICH. All 557 HPDspro-
ducedfor LHCb have undegonethoroughquality assuranceéestingandcharacterisatioat
dedicatedestfacilities. Their performances excellent,with only 2.2%of HPDsfoundto be
unusabldor theRICHes.TheLHCb requirementsindthe contractuakpeci cationsaremet
andoftenexceededn key areasfor examplethedeadpixel numberion feedbackprobability
anddark-countate. Thequantumef ciency of the photocathodés foundto besigni cantly
higherthanexpectationsleadingto increaseghotoelectroryield in the RICHes.

The single photoelectrordetectionefciency of the HPD anodehasbeenmeasured
usingtwo differentdigital readoutvindows. Themeasuredaluesare sons= (93:3 0:7)%
and »5,s= (87:9 1:.4)%respectrely. Thesevaluesareindependentf thelight inputlevel.
They con rm that the productionHPDs exceedthe LHCb-RICH requirementn this area,
andarein agreemenwith previousmeasurementsf . Thevaluefor the 25 nsgatewill be
usedto optimisethe simulationof the RICH detectors.

The RICH detectorsarenow fully populatedwvith the HPDsandarereadyto participate
in thestudyof the rst collisionswithin LHCh.
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Chapter 4

Measuring the Proper Time Resolution
for Two-Body Hadronic B Decaysfrom
Data

An introductionto the physicsof two-bodycharmlessadronicB decaysjn particularthe
decaysknown asB ! h*h’ decayswasgivenin Sec.1.4. Therearea numberof in-
terestingphysicsmeasurementthat canbe madeby LHCb via the study of thesedecays.
Oneexample,describedn detailin Sec.1.4.4.2,is the measurementf the CKM angle
usingmeasurementsf thetime-dependentP asymmetriesn thedecaysBy! * and
Bs! K™K . The“time” variableappearingn the expressiondor decayratesand CP
asymmetrieshatweregivenin Secs.1.2and1.4is thelifetime of a particularmesonin its
own referencdrame. Thisis known asthepropertime of themesonandis usuallygiventhe
symbol . It is measureaxperimentallyby reconstructinghe decayproductsof themeson,
andperformingthevectordot productof its decaylengthvectorC with its momentunvector
p. Thepropertimeis then

wherem is the massof themeson.
Measuringthetime-dependentP asymmetriesn a givendecayinvolvesa comparison
of the reconstructegbropertime ( ;¢) distribution for eventswherethe initial stateof the
B mesonhashbeentaggedas containinga b quarkwith the correspondinglistribution for
eventswheretheinitial stateof the B mesonhasbeentaggedascontaininga b quark. Such
avour-tagged propertime distributionsareaffectedby experimentafactors— namelythe
nite propertime resolutionof the detector andthe incorrect a vour taggingof a certain
percentagef events(mistag).Soto optimiseananalysisaimingto measurgime-dependent
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CP asymmetriesknowledgeof boththe mistagrateandthepropertime resolutionfrom data
is needed.

This chapterdescribesa methodto extractthe propertime resolutionof the LHCb de-
tectorfor B ! h*h’ decays. The methodonly usesinformationwhich will be present
in data. The mistagrateis assumedo be known from measurement& control channels,
whichwill bediscussedA propertime resolutionmodelfor B ! h*h’ is proposedand
thenvalidatedby showing thatit accuratelydescribeghe propertime residualdistributions
forB ! h*h’ decays.Themodelusedis a developmentof onepresentedn [112]. It is
thenshavn thatthe valuesof the parametersf this modelcanbe extractedby tting to the
reconstructegbropertime distribution of avour taggedeventsfor thedecayBs ! K *
(thereasondor this choiceof decayarediscussedn Sec.4.1.3). The t alsomakesuseof
thepereventerrors( ,..) On (e but, crucially sincethe methodis to be appliedto data,it
doesnotuseary informationonthetruelifetime ( ¢ ) of theMonte Carlosimulatedevents.
An earlierversionof the studypresentedhereis documentedn [113].

Section4.1 discusse$ow the avourtaggedpropertime distributionsare affectedby
theexperimentafactorsmentionedabore. In Sec.4.2,themodelto describehe propertime
resolutionis introduced andthenvalidatedvia its applicationto four differentB ! h*h’
decays Thedeterminatiorof the parametersf theresolutionmodelfor B! h*h’ decays
from datais describedn Sec.4.3. Conclusionsaregivenin Sec.4.4.

4.1 Experimental Effects on DecayRates

Thetheoreticalexpressiondor the propertime distributions(decayrates)in neutralmeson
decayswveregivenin Sec.1.2.2.2. Theseexpressionglo not take into accountexperimental
featuressuchasthe nite propertime resolutionof the detectoy andthe imperfect a vour
taggingprocess. The effect of thesefeatureson the decayratesand CP asymmetriesn

neutralmesondecayswill now be discussedFor the sale of simplicity the discussiorwill

assumehatthe width difference  is zerofor boththe By andB¢ systemsasthe effect
from including non-zero  valuescompatiblewith the StandardModel expectationsis
negligible. Thesimpli cation jp=d = 1 will alsobemadefor bothB 4 andBs. While jp=dg,

(unlike jp=dg,) hasyetto bewell measurea@xperimentallyit is (likejp=dg,) predictedto
bevery closeto 1 in the SM.
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4.1.1 Proper Time Resolution Effects

With the assumptionstatedabove, the decayrate for a neutralmesonis (omitting time-
independentactorssuchasjAg j):

(N yue)! fep)/ € % 1+ A% cod M yue) ADXSIN( Myue)  (4.2)
for adecayto aCP eigenstatéseeEqn.1.51),and
( NO( wue) ! )/ e v 1+ cof M oy e) 4.3)

for adecayto a avourspecic nal state(seeEqn.1.53). Thevariable 4, denoteshe
actual(true) propertime of themeson.

In thecaseof nite propertimeresolutionthedecayrateasafunctionof .., themeson
propertime asreconstructedmeasuredby the detectoyis found by convoluting the above

theoreticalexpressionswith the resolutionfunctionR( ), where rec true. If
R( )isaGaussiarof x edwidth andmean0, thenthe measurediecayratebecomes
Z 1
(No( rec)! fCP)/ e "« 1+A?:i|;C05( mtrue)
0 | 1 ;
AZX SN M i) @ 20) d e (4.4)

for theCP eigenstateaseand
Z 1

( NO( rec) ! frs)/ e " 1+ cos( My € 3(—) d yue (4.5)
0

for the avourspecic nal statecase.An analyticalcalculationof integralsof the above
typeshavs[114]thatthecoefcient of eachoscillatingterm cog m yye) Or SIN(C M ¢ ye)
isreducedoy afactorD , where

D ez m)% (4.6)

This is the mostsigni cant changein the decayrate distribution for B ! h*h’ decays
thatis introducedwhenthe propertime resolutionis accountedor [114]. In principle,the
propertime resolutionalsoaffectsthe obsered distribution for smallvaluesof ., asthe
reconstructedalue canbe negatie if the true valueis small enough. Sucheffectscanbe
seenfor decayswherethe selectionis lifetime-unbiasedi.e. the selectiondoesnot include
cuts (suchas minimum cuts on the daughterparticleimpact parametersyvhich prevent B
particleswith smallpropertimesfrom surviving the selection.

Examplesof decayswith lifetime-unbiasedelectionsn LHCb areBy ! J= K and
B* ! J= K™*. Sucha selectionis usedin orderto allow the full angulardistribution of
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the daughtermarticlesto be studied(thesedecaysactascontrolchanneldor Bs ! J=

wherethefull angulardistributionis neededo extractthe CP asymmetriesasthe nal state
is nota CP eigenstate).The . distribution for theseJ= X decaysextendsslightly into

theunphysicahegative region, by anamountdependenbnthe propertime resolution[112].

HoweverforB ! h*h’ decaysimpactparametecutsareanimportantpartof theselection
(seeSec4.2.3),sothereareno selectedventswith very smallpropertimes,andthe shapeof

the |¢c distributionatthepointwhereeventsstartto passheimpactparametecutsdepends
morestronglyon thesecutsthanon the propertime resolution[56].

Thedilution factorD re ects thefactthatthe oscillationswill be completelyresohed
(,e.D ' 1) aslongas 1=( m). It will be seenin Sec.4.2 thatthe propertime
resolutionof the LHCb detectoris approximately40 fs. Assumingthis valuefor , the
dilution factoris

e z(0507ps HO:04ps)* = o 3002 = 0:9998 for By; (4.7)
= g (@78 ps HO04P)” = o 3OV = 0:776 for Bs: (4.8)

D

Sofor By decays(andalsofor D° decayswhere m ' 0.02ps 1), thedilution factoris
' 1 andcanbe ngglected.However for Bs decaysthedilution factoris very differentfrom
1, andhasto betakeninto accountf the CP asymmetriesreto be measureatorrectly A
strat@y to take accountof thedilution factorwill beoutlinedin Sec.4.1.3.

4.1.2 Mistag Effects

The performanceof the a vour taggingprocesss parameteriseth termsof two variables:
thetaggingefciency 4 andthemistagrate! (4. Thetaggingef ciency is the probability
that the taggingalgorithm provides a decision,taggingthe event. The mistagrateis the
probability (giventhat a taggingdecisionwas made)that the taggingdecisionis incorrect.
For a non-zeromistagrate, the obsened decayratefor a neutralmesonwhich is taggedas
being(say)anN ° stateat productionbecomes superpositiorof thedecayratesfor N © and
N°:
BN o) | )= tag((l 'iag) (NO(red ! F)+ liag (N°(re)! )):
4.9

Thisleadsto [56] thecoefcients of theoscillatingtermssuffering atagging-relatedilution
of

D tag 1 2 tag) ; (4.10)
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regardles®of whetherthe nal stateisaCP eigenstat®r avour-speci c. Sincetheexpected
mistagratesfor B | h*h’ decaysaresigni cant [75], the dilution factorfrom taggingis
signi cantly differentfrom 1 for bothB4 andBs:

Dig = (1 2(0:37))= 0:26 for Bg; (4.11)
Dig = (1 2(0:34))= 0:32 for Bg: (4.12)

Clearlythedilution from imperfecttaggingneedgo betakeninto accounto correctlymea-
sureCP asymmetriesn bothB 4 andB¢ decaysA stratgy to handlethedilutionsfrom both
taggingandpropertime resolutionwill now begiven.

4.1.3 Measuring Experimental Effects on Data

When both of the dilutions describedn the previous sectionsare taken into account,the
overall coefcients of the oscillatingtermsin the experimentalneutralmesondecayrates
areD Dy As™ for decayso CP eigenstatesandD Di,q for avourspeci ¢ decays.
The four “main” B ! h*h° decays,Bq ! * ,Bs! K*K ,Bs! K * and
Bq! K* , werehighlightedin Sec.1.4.1asbeingthe B ! h*h’ decayswith the
highestbranchingratios. Thetwo modeswith theK  nal stateare avour-speci c, while
theothertwo decaysareto CP eigenstatesSoif thedilution factorscanbe measureadn the
avourspeci c decaysthis knowledgecanbeusedto extractthe CP asymmetriesn decays

to CP eigenstate$whichis whatis requiredto measure ).

4.1.3.1 The B4 Decays

The previous sectionshave shovn that for By decays,the dilution from the propertime
resolutionis neggligible. So the only importantdilution is from the mistagrate. This is
illustratedin Fig 4.1, wherea changein the propertime resolutionhasno effect on the
avourtagged . distribution, but anincreasednistagratedoeshave an effect. Sincethe
mistagratesfor B4 ! * andBy! K*  areexpectedto be almostidentical[75],
thetaggingdilution factorasmeasuredrom By ! K™  shouldbedirectly applicableto
Bg!

4.1.3.2 The Bs Decays

For the Bs decaysthe situationis more complicated asthe dilution from the propertime
resolutioncannoteneglected.Thisisillustratedin Fig. 4.2. Change$n boththepropertime
resolutionandthe mistagrate affect the depthof the oscillationsfor Bs ! K  *. Hence
thetaggingdilution for the B4 channelsannotsimply bemeasuredrom the a vour-speci ¢
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Figure4.1: lllustrationof theimpactof thepropertimeresolution andthemistagrate

I tag Onthe avourtagged (¢ distributionfor Bq ! K™ . In theleft handplot, the
distribution shavn in blue has! 5g= 34%, anda resolutionmodelwhich is a Gaussian
with x edwidth  =70fs. A distribution having ! (og= 34%anda Gaussiamesolution
modelwith x edwidth 40fs is alsoplotted,but is not visible asit overlapscompletely
with the distribution in blue. In theright handplot, both distributionshave = 40fs,
with thedistribution shavn in green(blue) having ! ag= 34% (40%).

PrgpersT?me%f B4;5(ps)5 Prgpersf?me%f B4;5(ps)5
Figure 4.2: lllustration of theimpactof the propertime resolution  andthe mistag
rate! og onthe avourtagged (¢ distritutionfor Bs ! K *. In theleft handplot,
both distributionshave ! (5g= 34%, with the distribution shavn in green(blue) having
aresolutionmodelwhich is a Gaussiarwith x edwidth = 40fs (70fs). In theright
handplot, bothdistributionshave = 40fs, with thedistribution shavn in green(blue)
having ! tag= 34% (40%).
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decayBs ! K *. Neithercanthetaggingdilution asmeasuredrom By ! K* be
used asthe mistagratesfor By andBs decaysarenotin generathesame.Thisis dueto the
useof differentsame-sidéaggersfor By andBs decayscorrespondingo the hadronthat
canbe producedn conjunctionwith eachtype of meson.The B4 taggingusesa sameside
pion tagger while the B4 taggingusesa samesidekaontagger The samesidekaontagger
hasa lower mistagratethanthe sameside pion tagger becauseherearefewer kaonsthan
pionsproducedn atypical event,sothelik elihoodof the kaonreconstructedby thetagging
algorithmasbeingassociateavith the productionof the Bs mesonbeingthe correctkaonis
higherthanthe equivalentlik elihoodfor a pion. This causeghe overall mistagratefor B ¢
mesongo be lower thanthatfor By decays.eventhoughthey usethe sameopposite-side
taggers.

Onepossiblestratey to measurghe mistagratefor Bs ! K ™ is to take the mistag
ratefromBy ! K* , andmeasurghedecreasén ratedueto the same-sidalifferences
describedabove usingthedifferencesn mistagrateseenn a pair of channelsvherethiscan
bemeasuredsuchasBs! D, * andBy! D *.

OncethemistagrateforBs! K  * hasbeendeterminedthedilution dueto theproper
time resolutioncanbe measuredy studyingthe avourtagged . distribution. A method
to measurehe propertime resolutionin thisway is the subjectof Sec.4.3. Boththetagging
and propertime dilution factorscanbe appliedto Bs ! K K* — the mistagratesfor
Bs! KK ,Bs! K ™ areexpectedo beverysimilar, andit will beshavnin Sec.4.2
thatbothchannelhave thesamepropertimeresolution. Thiswill allow theCP asymmetries
inBs! K K* tobeextracted.

4.2 Validation of the ResolutionModel on Full Monte Carlo
Simulation

This sectionintroducesa propertime resolutionmodel,andshavs, makinguseof theMonte
Carlo simulatedtruth information, thatit givesan accuratedescriptionof the propertime
residualdistributions of the four mainB ! h*h’ decays. It will alsobe shavn that
the parametersf the propertime resolutionmodelaresimilar betweertheseB | h*h’
decays.Thisis necessaryo allow theresultsfromthe t toBs! K * datato beapplied
toBs! K K™ .
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4.2.1 Form of the Proper Time ResolutionModel

Themodelusedherefor B ! h*h’ decayss de ned in Eqn4.13. It is an adaptatiorof

a modeldevelopedby membersof the LHCb groupat NIKHEF in the Netherlands.This

model,andits applicationto thedecaysBy ! J= K andB* ! J= K7, is described
fully in [112). Themodelfor B ! h*h’ decaysakesthe form of a Gaussiarwith mean
M andwidth S:

M

R( )= Ne 3(=")" (4.13)

whereN is a normalisationfactor Previous studies[113] usedmore complicatedmodels
with more parameters.However thesemodelsonly provide a small improvementin the
descriptionof the residuals,at the expenseof unreliable ts to the avour-taggedproper
time distribution, dueto thefactthatmoreparameterseedto be tted.
Themodelgivenaboreaimsto describeheresidualof only onedecayatatime (i.e.only

signalevents).Thisis notaproblemwhenstudyingsimulateddata,asary backgrounavents
which may be presentanbe eliminatedby looking at the simulatedtruth information. The
strat@y for studyingdata(i.e. thereconstructegropertime distribution), wherebackground
eventswill bepresentjs describedn Sec.4.3.

4.2.2 Method for Validation of Model

The methoddescribedherefollows the methodusedin [112]. For eachevent, the recon-
structedpropertime ;¢ hasapereventerror |
by propagatinghe errorson the measurementwhich are combinedto calculatethe proper
time — namelythemomentum,ight distanceandreconstructeenassof the B-meson(see
Eqgn.4.1). In LHCb, alifetime tter tool hasbeendeveloped[115] that calculateghe ¢¢
andthe

... distributionsarebroadlysimilarto eachother As anexamplethe |
Bg! © isshavnin Fig. 4.3. Themeanof this distribution, 35fs, setsthe scalefor the

.. associateavith it. Thiserroris calculated

for eachevent. In mostfully reconstructed decaychannelsat LHCb, the
.. distributionfor

rec

expectedvaluesfor theresolutionmodelparametef.
Althoughthe |
structedthatfollowsthedistribution closely Thisis doneusingthemethodof kernelestima-
tion [116], wherethe PDFis built by a superpositiorof Gaussianspnefor eachdatapoint
.. distributionin

.. distribution doesnotfollow ananalyticalformula,a PDF canbecon-

in the distribution. An exampleof sucha PDFis superimposedn the
Fig.4.3.

For themodelto beuseful,its parameterbave to beglobal,i.e. they have to describehe
resolutionmodeladequatelyor all signalevents.However assignaleventshave arangeof

r

valuesof the samevalueof, for example,S is not expectedto be ableto describethe

rec!
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rec
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r

width of the entiredistribution. The goalis to determinea globally applicablemodelwhere
theparametersf R( ) canbedeterminednan*“event-by-&ent” basisaccordingo some
reconstructegrarameter(sdf eachevent.
To searcHor asuitableparameterisatiofor M andS, thetwo parametersf R( ), the
distributionis plottedin binsof somevariable then tted with R( ). Thedependeng
of M andS onthebinnedvariablecanthenbeseen.Examplets tothethe  distribution

in two binsof the pereventpropertime error, canbeseenin Fig. 4.4.

rec!
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rec”

It is foundthatM andS canbewell parameteriseth a simpleway, aslinearfunctions
of ... Thedependenciesf M andS on __ areshawnin Fig. 4.5. The scalingfactor
betweenM and _ is namedGM, andthe scalingfactorbetweenS and . is named
GS. A rst-degreepolynomial t is made,allowing for somenon-zerointerceptas well
asthe gradient. The offset of the interceptfrom zerois very small(' 1 fs for bothM and
S). It will be ngglectedfrom now on, astaking it into accountwould introducetwo extra
parameter$the offsetfor M andtheoffsetfor S) into theglobal t.

Using the dependenciess described,eachevent contritutes a Gaussianwith mean
M = GM . andwidthS = GS | totheoveralldistribution. If thereis no biasin
the calculationof ¢, GM shouldbeO. If __ is correctlycalculatedfor eachevent,GS
shouldbe 1.

Using the dependenciesf M and S on R( ) canbe madeconditionalon the

.« distribution. Theaim s to obtaina resolutionmodelthatis a function of the perevent
error If P( ,..) is a PDF built by kernelestimationfrom the | __ distribution, thenthe
equation: Z .

R( )= . R(C J . IP( )d e (4.14)

allowsR( ) tobesimultaneouslytted tothe  distributionfor all signalevents,regard-
lessof their __ value. A t canbe performedto determinethe valuesof GM and GS
which give the best t to the distribution. The valuesof GM and GS obtainedfrom
this t shouldbe morereliablethanthoseobtainedfrom tting single Gaussianso the
distributionin binsof | (seeFig. 4.5)asthey donotdependon thechoiceof binning.

If, insteadof themodeldescribedbore,asimpleGaussiarwith some x edglobalwidth
(saythe meanof the

rec’

.. distribution) wasusedfor the propertime resolutionmodel,the
modelwould likely provide an adequatealescriptionof the  distribution aroundits peak,
but would completelyunderestimatéhetails of thedistribution,dueto thepresencef events

r
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with highvaluesof ... If suchasimplemodelwereusedin theanalysisvhich studieshe
avour tagged . distributionsto extract CP asymmetriesextra systematicerrorswould
mostlik ely beintroduced.

It shouldbe notedthatthereare othermethodswhich could possiblyextractthe proper
time resolutionmodelfor theB ! h*h’ channelsdrom data. Oneexampleinvolvesthe
study of the reconstructegbropertime distribution of promptJ= ! *  events. The
propertime residualfor promptJ= ! * is the sameas the reconstructegroper
time, becausehe true lifetime is known to be (very closeto) zero. The unphysicalnega-
tive sideof the reconstructegbropertime distribution thengivesinformationon the proper
timeresolutionmodelforJ= ! * . Theopenquestions how similarthis modelwould
betothemodelfor theB ! h*h’ channels.

4.2.3 Selectionof B! h*h’ Decays

The propertime resolutionmodelis applied,usingthe methodoutlinedin the previous sec-
tion, to Monte Carlosimulateddistributionsof . Themethodis appliedto selectedvents
in eachof thefour decaysvhichhavethehighestbranchingatiosof thepossibleB !  h* h’
decays:By ! * Bs! KK ,Bs! K *TandBy! K*™ . Toruntheevent
selectionandproducethe  distribution,v19r10 of the LHCb physicsanalysispackage
DaVinci [117] is used. The selectionusedfor this studywill now be described pegin-
ning with the “inclusive” selectionfor B | h*h’ decayswhich forms the basisfor the
selectionsusednotonly in this chapteybut alsoin chapters and6.

An inclusive selectionhasbeendevelopedwithin LHCb to selectB | h*h’ events.
This selectionis designedto efciently selectary decayof theB ! h*h’ type, while
achieving excellent backgroundrejection. For analyseswhere only one particular
B ! h*h’ decayis of interest,andotherB ! h*h’ decaysare consideredas back-
groundstheinclusive selectionis turnedinto an exclusive selectionby the additionof cuts
on theinvariantmassof the B andthe PID likelihoodsfor the daughters.The exact mass
andPID cutsthatareappliedareof coursedependenbnwhichB ! h*h’ modeis consid-
eredasthe signal. Herethe cutsthat comprisethe inclusive selectionwill be givenandthe
motivationfor eachcut brie y describeda full discussionis givenin [56]. An explanation
of the procesaisedto optimisethe cut valuesfor a previousinclusive B ! h*h’ selection
for LHCb, very similar to the selectionusedhere,canbe foundin [118]. Thedistributions
of the cutvariabledor signalandbackgrounctanalsobefoundthere.

The eventsthatare mostly likely to form the mainbackgroundso B ! h*h’ events,
i.e. the eventsthat an inclusive selectionaimsto suppressasfar aspossible,fall into two
broadcateyories:
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PhysicdackgroundTherearemary decayf B hadronsvherethe nal stateasseen
by the detector)consistsof threehadrons( , K or p). Thesedecaysknown within
LHCbasB ! hhh decayspftenproceedvia intermediataesonance¢for example
B! orB! K ), butnon-resonanhree-bodydecaysanalsooccur Whenone
of these nal statehadronsis not correctlyreconstructedthe resultingexperimental
signaturecanmimic thatof aB ! h*h’ event. The probability of a hadronnot be-
ing correctlyreconstructeds far higherfor neutralhadronghanfor chagedhadrons:
for © particlesthatdecayinto two photonseachhaving pr > 200MeV, the recon-
structionef ciency is around50%/70], while for chagedhadronswith pr > 10GeV
andwith tracksformedusinghits from both the VeLo andthe tracking stations, the
reconstructioref ciency is around94%] [70]. This meanghat, for example,an event
of thetypeBy! % is morelikely to bereconstructedisaB ! h*h’ event
thanoneof thetypeB* !~ *, becausehe reconstructiorefciency for 0 is

+

far lower thanfor

Thesé'partially reconstructed&ventshave aninvariantmasghatis kinematicallylim-
ited to bebelaw therelevantB massjf the correctmasshypothesigs used.However
the masshypothesidor certainB ! h*h’ decayscancausepartially reconstructed
decaydo fall underthe signalmasspeak(thiswill beseenin Chapters to bea partic-
ularissuefor thedecayBy ! pp).

Combinatorialbackground:This refersto backgroundsvherethe candidategor the
nal stateparticles(theh*h’ candidatesn the currentcase)do not originatefrom a
singleB decay They maybegenuinechagedhadronsoriginatingfrom decayf two
differentB hadrongwhichis “combinatorialbackgroundin thetruestsense)or there
may be onegenuinechagedhadronfrom a B decay andonefake or “ghost” track®.
Thesetwo possibilitiescover mostof the combinatorialbackgroundhatis found to
passloosepreselectiongor B | h*h’ events. In principleit is also possiblefor
tracksfrom D decayspr evenfrom the primary vertex, to passthe selection put ary
contribution from theseshouldbe lesssigni cant thanthat from the two main types
justdescribed.

To suppressombinatoriabackgroundgutsareplacedontheh*h’ candidateracksto
selecttrackswhich have the characteristicsf originatingfrom thedecayof aB hadron.Due
to thelargemasse®f B hadronsthe B daughtersypically have higherpr valuesthanother

1In LHCb suchtracksarereferredto as“long tracks”.
2In LHCDb, atrackis classi ed asa ghosttrackin simulationif lessthan70% of the hits usedto form the

trackoriginatefrom a single(true) particle.
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particles,anddueto therelatively long lifetimesof B hadronsthe B daughterswill tendto
have largeimpactparameters(IP). Thelikelihoodfor animpactparameteto be non-zero,
andhencefor thetracknot to have originatedfrom the primaryvertex (PV) of thecollision,
is evaluatedusing the impact parametessigni cance (IPS), which is the IP divided by its
error. Soin the selectionminimumvaluesarerequiredfor the pr andIPS of bothdaughter
tracks.

Having selectedhe daughtersthe only othercutsto be madearethoseon the mother
(the B candidate)becausdhereareno intermediateresonanceswolved. This meanghat
thetotal numberof cutsin theselections lowerthanin selectiongor decaymodesnvolving
intermediateesonancesotheindividual cutscanbetighter(or “harder”) while maintaining
areasonableotal ef ciency for signalevents. However thereis a correspondinglisadan-
tage,whichis thattherearefewer cutsfor backgroundeventsto survive, soit is morelikely
thata backgroundeventcanfake the signatureof a signalevent(thisis true of both physics
backgroundsindcombinatoriabackgrounds).

The rst cutappliedwhenforming the mothercandidatds a maximumcutonthe 2 of
the vertex of the daughtertracks,sincethe tracksshouldoriginatefrom the samemother
The long lifetimes of B hadrongustify a minimum cut on the ight distancesigni cance
(FDS) of the motherwith respecto the primaryvertex. Therequirementhatthe B hadron
originatedatthe PV translatesnto a maximumcut onthe motherlPS (notethe contrastwith
theminimumcutonthedaughteilPS,which ensureshatthedaughterslo not originatefrom
thePV). Finally, sinceB hadronsareproducedatlargeropeningangleshanlighter particles
(e.g.D hadrons)their pr will onaveragebelarger Soaminimumcutonthepr of theB is
applied. Thecompletesetof selectioncutsthatcomprisetheinclusiveB ! h*h’ selection
is summarisedn Table4.1.

To form an exclusive selectionfor eachB ! h*h’ decayconsiderechere,cutson
particleidenti cation (PID) andinvariantmassareaddedo theinclusive selection.The PID
variablethatis cutonis the differencen log-likelihood(DLL) for two PID hypotheseskor
example DLL(K ) is thelog-likelihoodfor akaonhypothesislessthelog-likelihoodfor
a pion hypothesis.If DLL(K ) is positive (negative), the particleis morelikely to bea
kaon(pion). Thecutsthatareaddedo theinclusive selectionaregivenin Table4.2.

The ef ciencies of the relevantexclusive selectionfor eachdecaywerecalculated.The
total selectioref ciency, takinginto accounthegeometricakf ciency of theLHCb detectoy
is foundto be' 4% for all four decaysconsidered.Theseef ciencies arevery similar to
thosereportedin [118]. From eachsignalsample,a few percentof the eventspassingthe

3As statedin Sec.2.2.1,theimpactparametenf atrackis de ned asthe distanceof closestapproactof a
trackto the primaryvertex.
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CutVariable Value
Max. 2 of B vertex 5.0
Min. pr of B 1.0GeV
Max. IPSof B 2.5

Min. FDSof B 18.0
Min. pr for bothdaughters 1.0GeV
Min. pr for (atleast)onedaughter | 3.0GeV
Min. IPSfor bothdaughters 6.0

Min. IPSfor (atleast)onedaughter | 12.0

Table 4.1: List of cutscomprisingtheinclusve B ! h* h” selection.Abbreviations
areexplainedin thetext.

Typeof Cut Value
MassWindow for B 50 MeV
Minimum DLL(K ) for K candidates | 0.0
MaximumDLL(K ) for candidates | 0.0

Table 4.2: MassandPID cutsfor theexclusve B ! h*h° selections.

selectionarefoundnotto besignalevents.Most of thesenon-signakventsareformedusing
onereconstructetrackfrom atrue signaldecay andoneghosttrack. Thenon-signakvents
areremovedfrom the setof selectedeventsby applyinga cut onthe Monte Carlosimulated
truthinformationfor eachevent. Thisensureshatthevalidationof thepropertimeresolution
modelis carriedout on true signaleventsonly.

4.2.4 Resultsof Model Validation

Oncesignaleventsfor aparticularB ! h*h’ decayhave beenselectedisdescribedabore,
the  distributionis tted usingR( ), makinguseof thepereventerrors(seeEqn.4.14).
Figures4.6to 4.9shaw the ts toeachB ! h*h’ decayin turn. Thevaluesof the param-
etersof the modelaredisplayedin the top right cornerof the graph,alongwith the 2 per
degreeof freedomof the t.

For eachdecayit canbeseenthatgood ts areobtainedover mostvaluesof . How-
everin thetails of the  distribution, the modeldoesnot t the datawell. Someexcess
eventsarepresenthatarenotdescribedy themodel.

An explanationof the origin of theexcesseventswith negatve  valueswasproposed
in [112], wherea similar (but more signi cant) effect wasseenin ts to the propertime

129



CHAPTER4. PROPERTIME RESOLUTIONFORTWO-BODY HADRONIC B
DECAYS FROM DATA

GM = 0.0428 +/- 0.0061
Q B GS = 1.1167 +/- 0.0043
3 10 c?/ndf = 1.90207
o 2
2 N
£
g 0E
10 =
1055 .04 03 -02 -01 0 01 02 03 04 05
trec'ttrue (ps)

Figure 4.6: Resolution model t to the proper time residual distribution for
Bg! * events.
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Figure 4.8: Resolution model t to the proper time residual distribution for
Bs! K 7 events.
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Figure 4.9: Resolution model t to the proper time residual distribution for
Bg! K* events.
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residualdistributionsfor thedecaysBy ! J= K andB* ! J= K*. Thisexplanation
claimsthatthe excesseventsaredueto areconstructiorbiaseffectthatis seenin thesimula-
tion. This biasis dueto eventswherethereconstructegrrimary vertex (PV) includestracks
from thedecayof aB hadronwhich couldbethesignalB ortheotherB in theevent? Such
areconstructedPV is “attracted’towardthe B decayvertex, decreasing ... This causesa
smallbiastowardnegative valuesof . In [112] anattemptwasmadeto remove this bias
by remaving from the PV ary tracksthatarereconstructeésdecayproductsof a B, then
re tting the PV andrecalculatinghe propertime residual. Theamountof excesseventswas
foundto decreaseyut someremained Onepossibleorigin of theremainingexcesseventsis
PVsthatincludetracksfrom the otherB in theevent,whentheotherB hasnotbeenidenti-
ed. Hencethebiascannotbe removedfor theseevents.In any casethe abore mechanism
canonly causeexcesseventsat negatve  , soit cannotexplain the excesseventsthatare
alsoseenat positive

Anotherpossibleexplanationfor the presencef outlying eventswith a very largeresid-
ualis thatthereareissueswith thereconstructiorof theseevents.For examplethe momen-
tum of one daughtermarticle canbe poorly measurediueto its track including a few hits
from anotherparticle(but not enoughhits from anotherparticlefor thetrackto beclassi ed
asa ghost). This would causea large momentunresidual, which cantranslateinto a large
propertime residual.

It is alsopossiblethat a more complicatedparameterisationf the dependenciesf M
andS on __ would alterthe modelto take accountof the excessevents. In particularthe
M dependenceayfeaturea quadraticor higherordercomponentseeFig. 4.5).

Thedisagreementsetweerthemodelandthedatain bothof theregionsdescribedibove
canberemoved (or at leastgreatlyreducedby addingadditionalterms,beyondthe single
Gaussianto theresolutionmodelR( ) [113]. However this introducesextra parameters
into themodel,andit wasfoundthattheseextraparametersannotbereliably extractedfrom
a t tothereconstructegbropertime distribution. This shows thatthe reconstructegbroper
time distribution is sensitie to the grossfeaturesof the resolutionmodel,but notto its ne
details. So the small discrepanciebetweenthe modelandthe dataare tolerated,because
they only appeafor atiny fractionof thetotal events(soneglectingthediscrepancieshould
not introducesigni cant biases),and also becauseemoving the discrepanciesequiresa
morecomplicatedesolutionmodelwhoseparametersannotbe extractedfrom data.

The tted valuesfor the resolutionmodelparameter&sM and GS from the ts to the
fourB! h*h’ decaysresummarisedh Table4.3. Notethatthelower statisticsavailable

4The PV reconstructiomecessarilyakes placebeforeary B hadronscanbeidenti ed, asoneof the key
characteristicsisedto identify B hadrongs theirlarge ight distancgrom thePV.
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Parameter | B4! * Bs! K*K B! K * By! K*

GM 0.043 0.006 | 0.060 0.004 | 0.055 0.009|0.047 0.006

GS 1.117 0.004 | 1.115 0.003|1.115 0.006 | 1.109 0.004
2Indfof t | 1.90 2.34 1.19 2.05

Table 4.3: Comparisorof resolutionmodelparameterfrom ts to propertimeresidual
distributionsfor B ! h*h’ decays.

fortheBs! K * decayleadtothe t errorsbeinghighertherethanfor the otherthree
decaysThelower statisticsalsoleadto alower ? perdegreeof freedomforBg! K *.
This is becausenoneof the ts describethe distribution perfectly andfor the decayswith
more statisticsthe discrepang betweenthe dataandthe modelbecomesstatisticallymore
signi cant, increasinghe ? perdegreeof freedom.

The valuesof GS for all four decaysare compatiblewith eachother within the t
errors. The fact that the valuesof GS is greaterthanunity shows that the lifetime tter
slightly underestimatethe valueof thepereventerror ... Thetruepropertimeresolution
for atypical B ! h*h’ eventin LHCb with 35 fs (seeFig 4.3) is therefore

GS 35fs 39fs

Thevaluesof GM in the Bs decaysareslightly larger thanin the B4 decayshowever
thisis notanissueasthemainaim of this studyis to extracttheresolutionmodelparameters
fromBs! K * andapplythemtoBs! K*K , andthe GM valuesin thesedecays
agreewithin the t errors. ThefactthatGM valuesarenon-zeroshows thatthereis a bias
in the measuremertaf the propertime. SinceGM > 0, this biasis toward larger valuesof

rec- Thesizeof thebiasisverysmall, GM 35fs 2fs Theorigin of this biasis notyet
understood.

Thefactthattheparameterfor B! K * andBs! K*K agreewith eachother
meanghatthe parameterfor Bs ! K ¥ thataremeasuredrom datacanbe appliedto
Bs! K*K . Themethodusedto nd the parametewaluesfor Bs! K * from data
will now bedescribed.

4.3 Determining the ResolutionModel Parametersfrom Data

Thefollowing sectionswill demonstrat¢éhata t tothe avourtagged ;e distributionof the
Bs! K * decaycancorrectlyrecorertheparametersf thepropertimeresolutionmodel.
TheprevioussectionhasdemonstratethattheseparametersanbeappliedtoBs ! K™K
which will allow the CP asymmetriesn thatchanneko be measured.
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Signal Specic Combinatorial
Background| Background

ResolutionModel GM 0.05 0.0 0.0
ResolutionModel GS 1.10 1.0 1.0
Averagel.ifetime 1.47ps 1.53ps 1.01ps
Mistag Rate(! (g) 34% 37% 50%
OscillationFrequeng ( m) | 17.8ps ! | 0.507ps ! | n/a

Width Difference( ) 0.07ps ! | Ops? n/a
Bkg-to-Signal(B/S) Ratio | n/a 0.52 1.94

Table 4.4: Inputsfor the propertime distribution of the signalandbackgrounccompo-
nentsof thetoy data.

4.3.1 Construction of Toy Data ¢ Distrib ution

To provide input for the t studies,samplesof simulated‘toy data” were generated.The
toy dataconsistof a given numberof eventswhich follow a Probability Density Function
(PDF)which resemblesscloselyaspossiblethe distribution of reconstructeghropertime
( rec) thatwill beseenin datafor selectecand avourtaggedasBs ! K * events.This
distributionwill have contributionsfrom signalevents,speci ¢ backgroundeventsandcom-
binatoric backgroundevents. The constructionof the avour tagged . distributionsfor
signal,speci ¢ backgroundandcombinatoridoackgrounawill now bedescribedn turn.
The rst stepin constructinghesignal(Bs! K ) contritutionto the avourtagged
rec PDF for the toy datais to choosethe valuesfor the parameterf the propertime
resolutionmodel. The valuesof GM and GS foundin the t to the distribution for
Bs ! K T aretaken,andslightly roundedoff for simplicity. The resultingresolution
modelis thenusedasoneof the inputsto a PDFwhich is designedo describethe avour
tagged , ¢ distribution, takinginto accounphysicsparameteranddetectoresolutiort. The
valuesusedto constructhe signalandbackgroundlistributionsaregivenin Table4.4. The
mistagvaluesaretakenfrom [75]. Thevaluesusedfor g, and mys aretakenfrom the
currentworld averageexperimentalmeasurementd5]. Thevaluesusedfor 4 arethe
StandardVlodel expectationgseee.g.[43]). Thechoiceof valuesfor the remainingparam-
eterswill bediscussedbelow.
A PDF P(
kernelestimation. The signal PDF describedabore is thenmadeconditionalon P( ...).

), is now formedfrom the _ distributionfor B¢ ! K ™, using

rec r

This stepde nes the propertime resolutionmodelfor the toy data,becausaéts parameters

SThe PDF objectusedis of the RooFitclassRooBDecay

134



CHAPTER4. PROPERTIME RESOLUTIONFORTWO-BODY HADRONIC B
DECAYS FROM DATA

Parameter Values
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Figure 4.10: Propertime acceptancéunction usedin the toy data. Seethe text for
details.

arefunctionsof GM, GS andP ( ). The nal stepin constructinghe signalPDFis to
multiply this conditionalPDF by a propertime acceptancéunction, to take accountof the
effect of the impactparametercutsin the selection. The acceptancéunction usedhasthe
form [56]

rec

1 C
=_ 1 Erf ——— : 4.1
(=5 1 BT = — (4.15)
whereErf (x) is theerrorfunction:
2 Z x
Erf(x) p= e “dt (4.16)
0
TheacceptancéunctionisOat = 0, andrisesto 1 for c. Theparameters andp

arefoundfrom a t to the .. distributionsfrom thefull simulation. Thesets nd values
of c andp thatareconsistenfaicrossheB | h*h’ decays.Thevaluesusedherearethe
averagevalues[56], whicharec = 0:80 psandp = 0:38 The acceptancéunction with
thesevaluesof ¢ andp is shavn in Fig. 4.10. The backgroundshouldhave very similar
acceptance® the signalasthey have to passthe sameimpactparametecuts. Sothe same
acceptancéunctionis usedherefor the signalandbackgroundlistributions.

To make the total toy dataPDF, the contributionsfrom speci ¢ andcombinatoricback-
groundnow needto be addedto the signalcontribution. The compositionandrelative sizes
usedfor the backgroundso B ! K * aretakenfrom the selectionstudyin [118]°. It

8Sincethis studywascarriedout, an updatedselectionstudyhasbeenpublished56]. However the signal
andbackgroundjieldsfoundin thetwo studiesarevery similar to eachothet
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is assumedhatonly B eventscanpassthe selection.This is becauseary short-lved back-
groundshouldberemovedby the cutswhich aremadeon theimpactparametesigni cance
of the nal stateparticlesand ight distancesigni canceof the B. This assumptiorcanbe
testedduring early datataking, whendatawill be taken with a randomtriggerto allow the
natureof minimumbiaseventsto be studiedin detail. This leavestwo typesof background
to consider— speci ¢ backgroundandinclusive combinatoricbackgroundseeSec.4.2.3).

The speci ¢ backgroundsrisefrom otherB | h*h’ decaysasary partially recon-
structedB ! hhh decaygqseeSec.4.2.3)will have massesvhich fall below the Bs mass.
ThedominantB ! h*h° backgroundor Bs ! K *istheBy! K ¥ decaybe-
causethis backgroundcannotbe reducedby cutting on the particleidenti cation (PID) of
the detectechadrons sincethe backgroundandsignal nal statesareidentical. The only
discriminatingvariableavailableis theinvariantmassof theh* h” pair. Theexpectecback-
groundto signalratiofrom speci ¢ backgroundasbeencalculatedo be0.5[118]. Thelevel
of contaminations signi cant becausehe expectedyield of selectedBy ! K ¥ events
is morethan10 timesthe expectedyield of Bs ! K * events(135,000versus9,800in
2fb 1). Thisfactorarisesdueto boththehigherprobabilityfor abquarkto hadronisento a
B4 mesorratherthanaBs mesonandthehigherbranchingatioforBg! K * compared
toBs! K ™.

Sincethe backgroundareinsensitve to the detailsof the resolutionmodel,a “default”
resolutionmodel,with GM = 0andGS = 1, is used. Thena distribution similar to the
signaldistribution, but with differentphysicsparameterg¢seeTable4.4),is created.

As well asspeci ¢ backgroundtherewill alsobe combinatoricbackground.The ex-
pectedbackgroundo signalratio from combinatorichackgrounchasbeencalculatedo be
1.9[118]. This valueis higherthanfor theotherB ! h*h’ channelsdueto the lower
yieldof Bs! K * events.

The propertime distribution for combinatorichackgroundrom B decaysshouldnotbe
too differentfrom thatfor theB ! h*h’ channelspecauseheir propertime acceptance
behaiour shouldbesimilar asdiscusse@bove, andthecombinatoridbackgroundvill shov
an exponentialdecay(but not necessarilywith the samelifetime asthe signal propertime
distribution). The propertime distribution for combinatoriceventspassinghe selectiorhas
been tted [118]. Theinputsfor combinatoricbackgroundn Table4.4 re ect the resultof
this t. In datatherewill be alarge and pure sampleof combinatoriceventsin the upper
sideband®f theinvariantmassdistribution (which arefree of partially reconstructedback-
groundevents).Theseeventscanbe usedto preciselydeterminghe propertime distribution
for combinatoridbackgroundAn alternatve method which measurethepropertime distri-
bution for combinatoricbackgroundoB ! h*h’ decaydlirectlyin thesignalmassregion
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Figure 4.11: Flavour tagged [ distribution for anexampletoy datase{blackpoints).

The total numberof eventsis 20,300. The solid red line shavs the total PDF (from

which thetoy datais generated)Thebrokenredline, blueline andgreenline shav the

contritutionsto the total PDFfrom Bs ! K  * signalevents,speci ¢ background
eventsandcombinatoridbackgroundeventsrespectrely.

usingbackgroundsubtractionhasrecentlybeendeveloped/119].

The total PDF for the toy datais now formed by addingthe signal PDF and the two
background®DFstogetherwith the background-to-signgB/S) ratios x edto valuesclose
to thosefoundin [118]. Thetoy dataaregeneratedollowing thistotal PDF

An exampletoy datasets shovnin Fig. 4.11. This datasetontains20,300events,6,000
of which aresignalevents. This correspondso whatis expectedafter2 fb * of LHCb data
taking[118].

4.3.2 Construction of ¢ Distrib ution for Fit

The | distribution for the PDFthatwill beto usedto t thetoy datadistribution described
in the previous sectionwill have oating valuesfor theresolutionmodelparametersywhich
shouldcorvergeduringthe t to thevaluesusedin thetoy datageneration.

For thesignalcontritutionto the t PDF, theform of theresolutionmodelis thesameas
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Parameter | Seedntenal FloatInterval
GM [-2.0,2.0] [-100,100]
GS [0.5,2.0] [0.001,100]

Table4.5: Intenalsusedto generatehe t PDFandperformthe t.

in thetoy data but theparameterareseededisingavalueuniformly choserfrom someseed
interval for eachparameterDuringthe t GM andGS areallowedto oat in intervalslarger
thantheseedntenals. Theseedand oat intervalsfor eachparametearegivenin Table4.5.

Theseseedntervalsaimto representaireasonableangeof valuesfor the parameteto take.

The oat intenvals shouldbe aslarge as possiblewhile still being physical(e.g.the width

cannotbe negative).

This resolutionmodelis thenusedasaninputto a avourtagged . distribution with
the samephysicsparametersand mistag as the toy data, but with the parameterf the
resolutionmodel oating ratherthanbeing x ed. The valuesof the mistagrate andthe
physicsparametersare assumedo have beenalreadywell measuredn variousexternal
analyses. The mistagrate can be measuredas describedn Sec.4.1.3.2,andthe B me-
sonlifetimes (including the width differences ) will be measuredby studyinguntagged

rec distributionsfor both high-yield decayssuchastheB ! D channelg120] andfor
B! h*h’ decayq119.

As with the toy data,the signal PDF is madeconditionalon P( ,..). This allows the
PDFto besensitveto thevaluesof GM andGS. Finally thesignalPDFis multiplied by the
samepropertime acceptancéunctionthatwasusedin thetoy data. Theacceptancéunction
will be measuredn dataas part of the lifetime measuremerénalysesnentionedabove.
Although thoseanalysegelateto untagged ;¢ distributions, the acceptancéunction for
taggedevents(whichis in any caseexpectedto be very similar to thatfor untaggedavents)
canbe measurean databy applyingthe sameanalysisto a sampleof taggedeventswhere
bothtagsare consideredogethey sothatno oscillationsare presenin the distribution. As
the acceptancéunctionshouldnot dependon the avour of thetag (B or B), this will give
theacceptancéunctionto beusedin ataggedanalysissuchasthe currentone.

The speci ¢ andcombinatoricbackgroundcontributionsto the t PDF arethe sameas
thoseusedin thetoy data. The physicsparameterand mistagfor the backgroundsanbe
determinedn datausingthe samemethodsasdescribedabove for the signal. The default
propertime resolutionmodelusedfor the backgroundsn the toy datais re-usedor the t
PDEF, sincethe backgroundsrenot sensitve to theresolutionmodelparameters.

Thetotal t PDFisthenmadeby summingthesignalandbackgrounctontributions.The
background-to-signdB/S) ratiosusedarethe sameasin thetoy data,astheseratioscanbe
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accuratelydeterminedy a t to theinvariantmassdistribution for taggedevents.

The t isanunbinnedog-likelihood t, carriedoutusingtheRooFit tting packaggl121],
which operateswvithin the ROOT dataanalysisframenork [122]. The maximisationof the
log-likelihoodis carriedout by the Minuit packagg123]. Theresultsfrom tting the PDF
describedabove to the toy datato extractthe resolutionmodelparametersvill now be de-
scribed.

4.3.3 Resultsfrom Fit to Toy Data
4.3.3.1 Setupfor Toy Monte Carlo Simulation Study

A numberof toy datasetarecreatedin orderto build updistributionsof the tted parameters
to checkthatthe valuesreturnedare unbiasedcandhave correctlyestimatecerrors. The toy
dataPDFis the samefor eachtoy datasetbut the generatiorof thetoy datapointsfrom this
PDFis doneusinga differentseedeachtime. For the t PDFthe background®DFsarethe
sameeachtime, while the signalPDF hasdifferentresolutionmodelparametergachtime,
uniformly dravn from the seednterval (seeprevioussection).

Sincethe numberof selectedBs ! K * eventspernnominalyearof LHCb running
(equialentto 2 fb ! integrateduminosity)is expectedo be' 10,000[118], andthetagging
efciency is around60%[75], around6,000taggedBs ! K * eventsareexpectedper
nominalyear It follows thataround30,000taggedBs ! K * eventsareexpectedafter
10fb ! (thetotalintegrateduminositythatwill becollectedduringthedatacollectionperiod
of thecurrentLHCDb detector).

As the purposeof extractingthe resolutionmodelparameterss to usethemasinput to
thet for ,at whichrequiresaconsiderableamountof datato produceasigni cant result,
it is not worthwhileto usethe methoddescribechereon very few events. Two separatesets
of toy experimentsarerun - onecorrespondindo 2 fb ! of data,andonecorrespondindo
10fb ! of data.

At eachintegratedluminosity 300 setsof toy dataare generatedandeachsetis tted
usinga PDFwith differentseedsisdescribedabove. For eachof the t parametersGM and
GS, thedistributionsfor thefollowing quantitiesareplotted:

Thevalueof the parametersreturnedoy the t.
Theerrorassignedy the t to thisvalue.
Theresidualof the parameteri.e. the tted valueminusthevaluein thetoy data.

Thepull of theparameteri.e. theresidualdividedby theerror.
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Figure 4.12: Fit resultsfor the parameteGM with 2 fb ! of data. Clockwisefrom top
left arethedistributionsof: tted values,tted errors,pulls andresiduals.

To monitor how the t hasperformed,single Gaussianare tted to the tted values,
residualsandpull distributionsof eachparameterThereliability of the t resultcanalsobe
monitoredby studyingthe correlationsbetweenthe differentvariablesin the t. For each
variable theminimisationpackageMinuit calculates “global correlation”,whichcombines
the correlationsof that variablewith eachothervariablein the t to estimatethe overall
independencef thatvariablein the t. In all plots,only ts thatreturnedafull andaccurate
covariancematrix areshown.

4.3.3.2 ResultsWith 2fb * of Data

Fromthe 300 ts to the 2 fb ! datasetsalmostall (298) returneda full andaccurateco-
variancematrix. The t resultsfor GM andGS areshown in Figs.4.12and4.13,andthe
distribution of the correlationcoefcient betweenGM andGS is shovnin Fig. 4.14.

It canbe seernthatthedistributionsof the tted valuesarebothapproximatelyGaussian,
andthereareno signi cant biaseson the tted values.However therearesix eventswhere
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Figure 4.13: Fit resultsfor the parameteGSwith 2 fb ! of data. Clockwisefrom top
left arethedistributionsof: tted values,tted errors,pulls andresiduals.
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Figure 4.14: Correlationcoefcient betweerGM andGSin the ts with 2fb * of data.
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GS hasbeentted to beverycloseto zero.Thesets haveverylargeerrorsonthe GS value
(between5 and 10), but have normalvaluesfor GM andits error. The presenceof these
eventsindicatesthat thereis a small probability (' 6/300= 2%) of the t corverging to a
local miniumumat GS=0. Shouldthe t to datahapperto cornvergeto thislocal minimum,
it would beidenti ed assuch,asGS=0 is not physical(it would imply perfectpropertime
resolution). Careful stepswould thenhave to be takento coaxthe t away from the local
minimumandmake it returna sensibleresult.

Thepull width for GM is compatiblewith 1, indicatingthattheerroronGM is correctly
estimated.However the GS pull distribution shavs a small but signi cant bias,with mean
0.12 0.06,andawidth of 0.83 0.04,signi cantly below 1. Part of the reasonfor this
is that the eventsat GS=0 are causingsomeexcesseventsto appearcloseto zeroon the
negative side of the pull distribution, sincetheir pull valuesare around(0-1.2)/8= -0.15.
In generalthe ts with lower tted valuesfor GS have larger errorson GS thanthe rest
of the ts, which is re ected in the presenceof a tail in the distribution of tted errors.
This tendenyg for larger errorsfor small GS valuescausesa de cit of ts with pull values
in [ 3:0; 1:5], which distortsthe t. Re tting the GS pull distribution with the six ts at
GS=0 excludedand tting only totheregion[ 1:5;3:0] causeshe pull width to increasdo
0.88 0.05,anddecreasethebiasto 0.08 0.06.Thedependencef thesizeof theGS t
erroronthe GS tted valueexplainswhy its pull distribution shovs a smallbias,while its
tted valuesdistribution doesnot.

The correlationbetweenGM andGS in the t is small,with the magnitudeof the cor
relationbeinglessthan0.2for almostall of the ts. ThisdemonstratehatGM andGS are
fairly independenin the t, sothereis noproblemin tting for bothof themsimultaneously

4.3.3.3 ResultsWith 10fb ! of Data

The above study correspondingo 2 fb ! of data, was repeatedwith toy datasetsorre-
spondingto 10 fb ! of data. Fromthe 300 ts to the 10fb ® datasets294 returneda full
andaccuratecovariancematrix. This is compatiblewith the numberof successfults for
the2 fb ! case. The t resultsfor GM and GS usingthe 10 fb ! datasetsare shawvn in
Figs.4.15and4.16,andthedistribution of the correlationcoefcient betweenrGM andGS
isshavnin Fig. 4.17.

Aswith the2fb ! ts, thedistributionsof the tted valuesareapproximatelyGaussian,
andthe meansof the tted valuesareunbiasedThekey changds thatthe tted errors(and
width of the tted valuesdistributions)are now smallerby factorsof aroundIO 5 22
which is the expectederror reductionfrom increasingthe datasefrom 2 fbo * to 10 fb .
The smallererror value meansthat the GS parametemever approachezerowhenit is
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Figure 4.15: Fit resultsfor theparameteGM with 10fb ! of data.Clockwisefrom top
left arethedistributionsof: tted values, tted errors,pulls andresiduals.

oating duringthe t, henceno ts arereturnedwith thelocal minimumresultGS=0. With-
outsuchevents thepull distributionfor GS is now Gaussianwith unbiasedneanandwidth
compatiblewith 1. Also thereareno longerary outliersin the tted error distribution for
GS. TheGM pull distribution is well-behaed, asit wasfor the2 fb * ts. Thecorrelation
betweenGM andGS inthe10fb ! ts is similarto the2 fb *, exceptthatthe spreadof
valuesis smaller dueto the higherstatisticanvolved.

Theresultsfor the ts to datawith thedifferentdatasesizesaresummarisedh Table4.6.
Theresultsshovn arethe meanandwidth of the Gaussianstted to the distribution of the
tted valuesandthe pulls distribution of eachparameter

4.3.3.4 Sourcesof SystematicErr or

Thereareseveralsourcef systematierrorin this analysismainly relatedto uncertainties

in thevaluesof the physicsparameterandexperimentauantitieshatare x edin the t. If

the x edvaluesassumedn the t areincorrectthiswill introducea systematierror.
Themostsigni cant sourceof systematicrroris likely to beanincorrectdetermination
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Figure 4.16: Fit resultsfor theparameteGSwith 10fb * of data.Clockwisefrom top
left arethedistributionsof: tted values,tted errors,pulls andresiduals.
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Variable Valuewith 2fb ! | Valuewith 10fb * | Input
GM | Fittedvaluesmean 0.05 0.01 0.04 0.01 0.05
Fittedvalueswidth 0.21 0.01 0.10 0.01 n/a
Pullmean 0.07 0.07 0.06 0.06 n/a
Pull width 1.01 0.06 0.95 0.05 n/a
GS | Fittedvaluesmean 1.08 0.02 1.10 0.01 1.10
Fittedvalueswidth 0.30 0.02 0.14 0.01 n/a
Pull mean 0.12 0.06 0.01 0.07 n/a
Pull width 0.83 0.04 0.98 0.06 n/a
Fitswith GS=0 6 0 n/a

Table 4.6: Comparisorof t resultswith 2 fb * of dataand10fb ! of data.

of themistagrate! 4, asfor aBs decaychangesn ! 4 affecttheoscillationsin the a vour
tagged . distribution in exactly the sameway as changesn the propertime resolution
do (seeFig. 4.2). To evaluatethe size of the systematicerror associatedvith the mistag
determinationthe studiesof the previous two sectionswere repeatedput with the mistag
ratefor the signalin the toy datasetto a differentvaluefrom the mistagrate usedin the
t PDF (recallfrom Table4.4 thatthe toy dataand t PDFin the studiesdiscussedbore
bothused! ,4=34%for the signal). As the expectedprecisionon the mistagratesis about
1% [75], this was chosenas the differencebetweenthe two rates. Fits were madewith
! tag=35%in the toy dataand! (,3=34%in the t PDF andalsowith ! 34=34%in the toy
dataand! ,g=35%in the t PDF. Asbefore, 300 ts wereperformedeachtime,with datasets
correspondingo 2 fb * of data,andagainwith 10fb ! of data.As with theprevious ts, all
but a handfulof the 300 ts returngoodcovariancematrices.Theresultsaresummarisedn
Table4.7.

From Table 4.7 it canbe seenthat the GM parametehasnot beenaffected— it is
still recoveredwithout biasandwith correctlyestimatecerrors. On the otherhand,the GS
parametetis subjectto a clearbias, althoughthe size of the errorson GS do not change
signi cantly. If the mistagvalueusedin the t is smallerthanthe “true” valuein the toy
data,the t compensatefr theincreasedlilution of the oscillationsby returninga higher
valuefor GS, implying apoorerpropertime resolution.Theoppositdas truewhenthemistag
valuein the t is larger thanthe true value. In both caseghe size of the biasis the same,
' 0.13. Thebiasdoesnot dependon the sizeof datasample asis expectedfor a systematic
error.

Notealsothatthelower tted valuesfor GS seerwhenthe mistagrateis overestimated
causedmore ts to fall into the local minimum at GS=0, with a correspondinglyworse
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Variable ! tag (toy)=35%,! 1ag(1)=34% | ! (ag(toy)=34%,! 1ag(1)=35% | Input
2fb ! 10fb ! 2fb ! 10fb !

GM | Fittedvaluesmean| 0.05 0.01| 0.04 0.01 0.04 0.01 | 0.05 0.01 | 0.05
Fittedvalueswidth | 0.24 0.01| 0.10 0.01 0.21 0.01 | 0.10 0.01 | n/a
Pullmean 0.06 0.06 0.11 0.06 0.06 0.06| 0.01 0.06 | n/a
Pull width 0.97 0.04| 0.97 0.05 1.00 0.05 | 0.98 0.05 n/a

GS | Fittedvaluesmean| 1.22 0.02| 1.23 0.01 0.95 0.02 | 0.96 0.01 | 1.10
Fittedvalueswidth | 0.33 0.02| 0.14 0.01 0.31 0.02 | 0.15 0.01 | n/a
Pull mean 0.48 0.06| 0.97 0.07 0.21 0.06| 0.93 0.06 | n/a
Pull width 0.95 0.04| 1.06 0.06 0.73 0.04 | 0.90 0.05 n/a
Fits with GS=0 0 0 15 1 n/a

Table4.7. Comparisorof t resultswith incorrectmistagvalueassumedh the t PDF

distortionof the pull distributionfor GS. In contrastthelargerGS tted valuesseenwhen
the mistagrateis overestimatededucethe numberof ts in thelocal minimum,leadingto
betterpull distributions.

4.3.3.5 Summary of Toy Data Results

It hasbeenshown thatthe parametersf the resolutionmodelarerecoseredcorrectlyfrom
a t to data. For both datasesizes,the pull distributionsfor the parameteiGM arewell-
behaed. For the GS parametem the ts with 2 fb ! of data,thereis a correlationbetween
the tted valueandthe error that causeghe pull distribution to be slightly non-Gaussian,
with a smallbiasin the meanfrom 0 anda width lessthan1. Howeverthe sizeof thebiasis
small,only 10%of the sizeof the statisticalerror. Thereis alsoa' 2% probabilityfor the t
to corvergeto alocal minimumwith GS=0.

For the ts with 10fb ! of data,theerrorson GS aresmallenoughthatthe tted values
never approacleero,andthereis no signi cant correlationwith the GS valueandits error.
Thisresultsin well-behaed pull distributionsfor GS.

The systematierroron GS arisingfrom the uncertaintyon the valueof the mistagrate
for thesignal,whichis expectedo bethedominantsystematichasbeenestimatedas' 0.13.
Combiningthe statisticaluncertaintiesrom Secs4.3.3.2and 4.3.3.3with this systematic
givesthe overall sensitvity to the resolutionmodel parameterg representadditionin
guadrature):

0:21(stad;
0:10(sta);

cs = 0:30(stad
as = 0:14(sta)

0:13(sys) = 0:33,
0:13(sys) = 0:19:

(2fb 1
(10fb 1)

GM

GM
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Sothe determinatiorof the resolutionmodel parametersvill not becomesystematics-
limited during the initial LHC data-takingperiod. A full study of the systematiceffects
from the propertime resolutionmodel on the measuremendf usingBy ! *  and
Bs! K K hasyetto bemadé. Howeverit is expectedthat, giventhe magnitudeof the
errorsithe t totheBs! K * propertimedistributionwill startto give usefulinputto the
studyof the propertime resolutionmodelfor Bs! K K™ (andhenceto the measurement
of ) with around2 fb ! of data.By thetime 10fb ! of datahasbeencollected;the t will
be ableto provide importantconstraintgo thestudyof Bs ! K K*.

4.4 Conclusions

The propertime resolutionfor thedecayBs ! K K™ hasto be measuredn orderto cor
rectly extractthe CP asymmetriesor thatdecaywhich areneededor themeasuremerdf
usingB ! h*h’ decaysThiscanbedoneondataby measuringhepropertime resolution
for the avourspecic decayBs ! K *,viaat toits avourtaggedreconstructed
propertime distribution.

A propertime resolutionmodelhasbeendevelopedthataccuratelydescribeghe proper
timeresidual ) distributionsin MonteCarlosimulateddatafor fourBgs ! f ;Kg'f ;Kg
channels:

N[

R( )= Ne 3(—=")" (4.17)

with themeanM andwidth S beingdeterminedvent-by-e&entaccordingto

M = GM
S=GS

rec!

(4.18)

rec?

where | __ isthe pereventerroron the reconstructegrropertime. The two parametersf

themodel,GM andGS, arefoundto becompatiblewith eachotherfor all four decays.
Theparametersbtainedrom the ts to thefull Monte Carloresidualdhave beenusedto
guideatoy Monte Carlostudy This study which requireghatcertainpropertiesof thedata,
suchasthe mistagrateandthe B mesonlifetime, have alreadybeenwell measuredby other
methods,demonstratedhat the parameter®f the resolutionmodelfor Bs ! K * can
be determinedrom the t to data,usinginformationfrom the perevent propertime error.
The statisticaluncertaintyon the parametersf the modelwith 2 fb * of datais foundto be

oM (sta) = 0:21and gg(siay = 0:30. With 10fb ! of datathe statisticalerrorsarelower by

"Howevera studyinto thepropertime resolutionsystematicor themeasuremerdf  usingBs ! J=
hasbeenmade[51]. Although no signi cant biason  was found, the extraction of the mistagrate was
signi cantly biasedf anincorrectresolutionmodelwasassumed.
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the expectedfactorof ' 2.2. Thedominantsystematiaincertaintyis expectedto arisefrom
anincorrectdeterminatiorof the mistagrate. This uncertaintyaffectsGS but not GM , and
hasbeenrestimatedobe gs(sysy = 0:13, whichis similarin sizeto thestatisticaluncertainty
onGS after10fb * of data.

With onenominalyearof LHCb data,the t canbeexpectedo constrainthe resolution

modelfor Bs ! K K* sufciently to provide usefulinput for the extractionof its time-
dependen€P asymmetriesandhencefor the measuremertf
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Chapter 5
Two-Body CharmlessBaryonic B Decays

This chaptempresents studyinto the feasibility of discovering new baryonicdecaymodes
of B mesonsat LHCb, with particularfocusontheB4 ! pp mode. This studyis alsore-
portedonin [124]. Section5.1summariseshetheoreticalbpredictionsfor the SM branching
ratiosof relevanttwo-bodycharmlesdaryonicB decaysarisingfrom differentcalculational
models,andalsogivesthe currentbestexperimentalupperlimits on thesebranchingratios.
Section5.2 describesthe adaptionof the inclusve B |  h*h’ selectiondescribedin
Sec.4.2.3to make it suitablefor selectingBy ! pp events. Section5.3 discusseghe
possiblesourcesof backgroundandhow they aresuppressetly the selection.Section5.4
givesthe performanceof the selectionalongwith the resultingbackground-to-signahtios
andsignalsigni canceasafunctionof theBy ! pp branchingraction. Section5.5laysout
the strategy for measuringhe By ! pp branchingratio oncea clearsignalhasbeenseen.
Trigger masswindow issuesfor By ! pp areconsideredn Sec.5.6. Section5.7 brie y
discusseshe prospectdor the obsenationof othertwo-bodycharmlesdaryonicB decays.
Conclusionsaregivenin Sec.5.8.

5.1 Current Statusof Theory and Experiment

Obsenationsof B mesongdecayinginto two light (charmlessmesonshave beenmadein
severalmodes However, despitesearchewith the CLEO detectorandatthe SLAC andKEK
B-factoriesnocharmlesswo-bodybaryonicB decayhasyetbeenobsened[125,126,127.
This situationis in contrastwith the obsenation of a multitude of three-bodybaryonicB
decaysEmpirically, thesuppressioonf two-bodycomparedo three-bodybaryonicB decays
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is well establishedyell-known examplesare(B.R. standgor the branchingratio):

B.R:(B*! ppK*) B:R:(Bg! pp);
BR:(B*! .p ") BR:(Bg! .p): (5.1)

Assuminga suppressiofiactorin charmlesslecayq rst example)similar to thatobsened
in b! c transitions(secondexample), of order0:1, the simplesttwo-body baryonicB
decayBy ! pp, maybeexpectedo have a branchingratio of order10 7, andthereforebe
obsenableat LHCb.

Theoreticapredictionsof thebranchingatiosfor suchtwo-bodybaryonicdecayswithin
the Standardviodel (SM) vary dependingon the methodof calculationused.However, the
predictedbranchingratios are normally of order 10 © or lower. The LHCb experimentis
verywell placedto make anobsenationof theseraredecaysthankso its excellentvertexing
andpatrticleidenti cation (PID) abilities, which enablebackgroundo be suppressedhile
efciently retainingsignalevents.

This studywill concentrat®n the particularchanneB4 !  pp, whichasaB ! h*h’
channels topologicallyidenticalto decayssuchasBy! * andBs! K*K ,which
have beenthe subjectof muchstudywithin LHCDb.

5.1.1 Theoretical Predictionsfor Branching Ratios

A theoreticalcalculationof the branchingratio for B mesondecaysinvolving baryonsis
challengingthe nal stateinvolvessix quarks(ratherthanfour asin adecayto two mesons),
andtheamplitudegypically requirethe productionof a quark-antiquarlpair out of the vac-
uum. This involvesrecoil effectswhich arenot yet fully understoocandhencearedif cult
to accountfor. Thedominantdecayamplitudegseebelow) arenon-factorisableandhence
moredif cult to evaluate.

Mosttwo-bodycharmlesdaryonicB decaysaredominatedy asingleamplitude which
is eitheratreeamplitudefeaturingab! u transition,or a gluonic penguinamplitudefea-
turingab! sorb! dtransition.OtheramplitudessuchasW annihilation,W exchange,
penguinannihilationandelectraveak penguinprocessesanalsooccut but their contribu-
tion is expectedto be small[128]. Figure 5.1 shavs anexampleof atree-dominatediecay
By ! pp, andanexampleof a penguin-dominatedecay B* ! p . Thediagramsare
similar to the correspondingliagramsfor B4 ! f ;Kg'f ;Kg decaysseeFig. 1.4),
exceptthatanadditionalgq pair is createcbut of thevacuum.

Predictionshave beenpublishedusingseveraldifferentapproachesncludingthe useof
QCD sumrules[129], thediquarkmodel[130] andthe pole model[131, 132 128. These
modelsdiffer in how they breakdown the decayamplitudein orderto calculateit. For
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Figure5.1: Feynmandiagramdor thetree-level processontritutingtoB4 ! pp (left),

andfor thegluonicpenguinprocessontritutingtoB* ! p (right).

DecayChannel| QCD Sum | DiquarkModel PoleModel
Rules
HarmonicOscillator | MIT BagModel
Model
Bs! pp 1.2 108129 10° 70 10° 11 107
Bag! 2 107 0
B*! p . 310°¢ 22 107

Table 5.1: Theoreticalpredictionsfor the branchingratios of differentbaryonictwo-
body B decays. A blank entry indicatesthat the branchingratio was not calculated
usingthatparticularmodel.

example,the pole modelconsiderghe decayamplitudeasa “pole amplitude”,wherethe B

undegoesastrongdecay(evaluatedasa 3-pointeffective interaction)to a charmlesdaryon
andanintermediatd>-baryonicstate(suchas E) ) or E, )), whichthendecaysveaklyto give
theothercharmlesdaryon.Meanwhilethe diquarkmodelconsiderghe decayamplitudeas
aweakdecayinto a diqguarkandan antidiquark followed by the gg pair creation.The q (0)
thencombineswith thediquark(antidiquark)to form the baryon(antibaryon).

A summaryof predictionsusingthesedifferentframevorksis givenin Table5.1. It can
be seenthat the predictionsof differenttheoreticalapproacheslo not agree,evenin order
of magnitude.Within the pole modelframewnork two differentmethodsof calculatingthe
hadronicmatrix elementare used: the harmonicoscillatormodel[131, 132, andthe MIT
bagmodel[128]. The MIT bagmodelcalculationsonly take the parity-conservingnatrix
element(correspondingo intermediatdr-baryonstateswith positive parity) into accountas
calculatingthe parity-violatingmatrix elementin thebagmodelposesadditionaltheoretical
challengesThebagmodelvaluesshavn in Table5.1 arethe parity-conserving-onlyalues.
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DecayChannel| Belle UL [125] | BabarUL [126] | CLEO UL [127]
Ba! pp 11 107 27 107 70 10°6
Bg! 32 107 39 10°
B*! p 32 107 26 10°

Table 5.2: Experimentalupperlimits on the branchingratios of different two-body
charmlesdaryonicB decaysLimits shavn correspondo a 90%con dencelevel.

5.1.2 Experimental Limits on Branching Ratios

Charmlesgwo-body baryonicB decayshave beensearchedor by the CLEO, Babarand
Belle experimentsTheircurrentbestupperlimits onthebranchingatiosof severalbaryonic
modesarelistedin Table5.2;they areof theorderof 10 °.

The experimental90% con dencelevel (C.L.) upperlimit for theBy4 ! pp branching
ratio,1:1 10 7, is dominatedoy thelatestBelle searcH125], whichuses414fb ! of data.
It is interestingto notethatthis resulthasalreadyruled out the predictionsof the QCD sum
rulesanddiquarkmodels,aswell asthe harmonicoscillatormethodwithin the pole model.
Indeed pressuras startingto be appliedto the predictionof the MIT bagmodelin the pole
model.Updatedesultsfrom Belle with alargerdatasample-to dateBelle hasaccumulated
over 700fb ! atthe (4S)resonance- would have the potential,if no signalwereto be
seento excludeall theoreticalcalculationgo date.

Consideringheinconsisteng amongthe severaltheoreticapredictiondor theBy4 ! pp
branchingratio and the experimentaldata, it is clear that an early measuremenof this
branchingratio by LHCb could have animpacton the theoreticalunderstandingf the dy-
namicsinvolvedin (two-body)baryonicB decayswhile providing the rst obsenationof a
charmlesswo-bodybaryonicB decay

5.2 Selectionof By! ppEvents

ThedecayBy ! pp is topologicallyidenticaltotheB ! f ;Kg'f ;Kg modesthat
areconsideredascorechanneldor the LHCb physicsprogramme.Theinclusive selection
for B !

the selectionof the“standard”B !

h*h’ modeswasdescribedn Sec.4.2.3. This setof cut variables optimisedfor
f ;Kg'f ;Kg decayssenedasa startingpointfor
theselectionof By ! pp candidatesindeed sincethatsetof cutsef ciently selectssignal
eventsin thesechannelswvhile keepingbackgroundrom so-calledob inclusive (i.e. generic
b-decays)andminimum biaseventsdown to anacceptabldevel, it is reasonabléo expect

thatit will performwell alsofor By ! pp events. The selectiondescribedbelow will be
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Typeof cut Value

B invariantmasswindow mg, 50MeV
Min. DLL(p ) for bothdaughters 5.0

Min. DLL(p K) for bothdaughters 0.0

Max. 2=npor for bothdaughtetracks 3.0

Table5.3: List of extra cutsappliedin theselectionrof B4 !  pp events.

equallyapplicableto thedecayBs ! pp, whichis discussedn Sec.5.7.1.

To reducethe backgroundevel further, several extra cutshave beenaddedto the inclu-
siveB ! h*h’ selection.To selectprotonsandrejectchaged pionsandkaons,particle
identi cation (PID) cuts on the differencebetweenthe log-likelihood of two particle hy-
pothesesDLL(p ) > 5andDLL(p K) > 0O, wereemployed. A tighter proton-pion
separatiortutDLL (p ) is necessargsatypical eventcontainamorepionsthankaons.In
addition,acutonthetrackquality, 2=np.r < 3, wasappliedto eachof thedaughtetracks
in orderto reducethe backgroundlueto ghost(fake) tracks.

The extra cutsthat areaddedto the inclusive selection(seeTable 4.1 for the inclusive
selectioncuts) are given in Table5.3. The backgroundsuppressiomresultingfrom these
extra cutsis discussedn Sec.5.3.2.

5.3 Background studies

5.3.1 Sourcesof Background

As statedin Sec.5.2,theinclusiveB | h*h’ selectionenableshigh suppressiomf back-
groundfrom bb inclusive and minimum bias events. This leadsto an expectationthat the
selectiondescribedabove shouldsuppressuchbackgroundsimilarly well for By ! pp
events.Particularcareis neverthelessieededgiventhelow By !  pp branchingratio.

In additionto theseinclusive backgroundstwo other potentialsourcesof background
wereinvestigatedbackgroundrom misidentiedB ! h*h’ nal statesandfrom partially
reconstructedhree-bodyB ! hhh decays.

Given their samesignatureand considerablyhigherbranchingratios,B ! h*h’ de-
caysare a potentiallydangerousourceof background.The following decaymodeswere
consideredBy! K* ,Bs! K*K and ,! pK .ThesearetheB ! h* h’ decay
modegthatmostlik ely to contributeto thebackgroundo B4 ! pp, sincethey all have both
arelatively high branchingratio, O(10 °), andatleastoneprotonor kaonin the nal state.

Partially reconstructed8 ! hhh decaysaretypically not a dangerousourceof back-
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groundin theanalysisof thestandard3 ! h*h’ modesbecauseheir reconstructeanass
tendsto fall signi cantly below thesignalmasspeak,asonetrackis notreconstructedHow-
ever, in the presentanalysisthesedecayshave the potentialto populatetheBy !  pp mass
peakregion asthe reconstructeanassof mosttwo-trackpairsfrom thesedecayswill shift
signi cantly upward undera protonmasshypothesis.TheB ! hhh decaysconsideredn
thepresenstudyare:By! * 0By! Kg - B*! 0t *B*!1 KT,
B*! *K K*,B*! pp *,B*! ppKTandB*! K*K K*.

5.3.2 Background Suppression

To examinethe role of PID andinvariantmasscutsin reducingthe speci ¢ background,
the invariant mass distributions for signal and backgroundbefore applying PID cuts
can be comparedwith thoseafter the PID cuts are applied. The following four gures,
Figs.5.2— 5.5, shav the signalandspeci ¢ backgroundeventsfrom 2 fb * of datawhich
areexpectedto passtheinclusive B ! h*h’ selectionwith a very wide masswindow of
mg, 1200MeV. In each gure, theleft-handplot shows the distributionsbeforeary PID
cuts, and the right-handplot shaws the distributions after the applicationof the PID cuts
givenin Sec.5.2. Theefciency of thesePID cutsonthesignalis 73%.

Figure 5.2 shovs the mass distribution for By! pp alongside those for the
B ! h*h’ channelsconsideredasbackgrounddere. Figure5.3 shavs the massdistri-
butionfor By ! pp alongsidethosefor B !  hhh channelsvherethe reconstructednass
tendsto fall well belov mg,. Finally, Figures5.4 and 5.5 comparethe signal massdis-
tribution with thosefor theB ! hhh channelsvherethe reconstructedanassdistribution
overlapssigni cantly with thesignal.

ﬁ 1o/~ [l B® pp

c 160~ [ ]B® Kp
£ 10f- BB® K-K_+
S 120f- COL,®pK

H ool
8o~
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20
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5000 5200 5400 5600 5800 0 4800 5000 5200 5400 5600 5800
Reconstructed Mass (MeV) Reconstructed Mass (MeV)

Figure 5.2: Reconstructedhassdistributionsbefore(left) andafter (right) PID cutsfor
Ba! pp(red),Bgq! K* (yellow),Bs! K*K (purple)and ,! pK (cyan)
events.
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Figure 5.7. Distributions of DLL(p K) for B4 ! pp (red, hatched)and

B*! * K™ (green)events.

FromFigures5.2and5.3it is clearthata masswindow of 50 MeV aroundthe B4 mass
removes almostall of the backgroundfrom the B | h*h’ channelsand someof the
B ! hhh channelsgven beforePID cuts beingapplied. However, Figures5.4 and5.5
shaw thatthis is not the casefor theremainingB ! hhh channelswherePID cutsplay a
crucialrdle in reducingthe backgroundevel.

Figures5.6and5.7illustratewhy the PID cutsaresoeffective againsthe speci ¢ back-
ground. Figure5.6compareshedistributionsof DLL(p ) for trueprotonsfromBg4 ! pp
andtruepionsfromBgy! * 9. Thereis excellentseparationthecutatDLL(p )= 5
removesalmostall of theBy! 9 eventswhilst having very high signalef ciency.

156



CHAPTERS. TWO-BODY CHARMLESSBARYONIC B DECAYS

Bl =
[:] Ghosts from Inclusive Bkg

PN NN
N
o

Arbitrary Units

i

o

o
\H‘\H‘H\‘H\‘\H‘H\‘H\‘\H‘H\‘\H‘\H‘\Hl\

T3 4 5 6 7 8 9 10
Track c?/ndf

Figure 5.8: Distributionsof track 2=npor for Bq! pp (red)andghosttracksfrom bb
inclusive (greenhatchedkvents.Seetext for details.

Figure5.7 compareghe distributionsof DLL(p K) for true protonsfrom B4 ! pp

andtrue kaonsfrom B* ! * K*. Again, thereis very good separation:the cut at
DLL(p K) = Oremosesa large majority of the backgroundwith minimal effect on the
signal.

The PID cutsarein facteven more powerful thanFigures5.6 and5.7 at rst suggest,
becausdhey areappliedto both daughterparticles,so that an event without a true proton
must have both daughtersn the tail of the DLL distribution, which is very unlikely. Of
coursea few speci c background¢ ! pK ,B*! ppK* andB* ! pp ") docontain
a true proton, but the invariant massdistributions for thesechannelsdo not overlap with
the signal peak (seeFigures5.2 and 5.3). To summarisejt is clearthatthe B ! hhh
backgroundvhichis presenin thesignalmassregion canbevery effectively reducedusing
PID information.

Finally, the effectivenes®f the cut on thequality of thetrack t is illustratedin Fig. 5.8,
which compareshetrack 2=npe distributionsfrom signaltrackswith thatfor ghosttracks
from bb inclusive events. The b inclusive eventsin Fig. 5.8 have only beenpassedhrough
a very loosepreselectionso that enoughbb inclusive eventssurvive to make the  ?=npoe
distribution for ghoststracksapparent.A cutof 2=np,e < 3 removesmary ghosttracks,
while having almostno effect on signaltracks. This cut removesthe few bbinclusive events
which survive the otherselectioncuts.
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5.4 LHCb Sensitvity toByq! pp

5.4.1 SelectionPerformance

Thestandard@ | h*h’ selectionwvasrunonsimulateddatasamplef signalandspeci ¢
backgroundevents,with a typical size of order 100,000eventsper channel. An inclusive
bb sampleconsistingof 980,000strippedevents wasused correspondingo around27 mil-
lion unstrippedevents. Finally, around5.5 million minimum biasevents,which passedhe
rst-level (LO) trigger, wereused. The physicsanalysisprogramDaVinci [117] version
v19rl4 wasemployed.

A masswindow of 50 MeV aroundthe nominalB 4 masswasappliedfor the signaland
speci ¢ backgroundsourcesyhile for the bbinclusive andminimumbiassampleghe mass
window waswidenedto 600MeV, to increasdhe availablestatistics.Their yieldswerelater
scaleddown by afactorof 12 to accountor this widenedwindow.

Theselectiondescribedn Sec.5.2is foundto have anef ciency ( s¢) of 9.8% onsignal.
No backgroundventof ary cateyory wasfoundto survive this selection.Thespeci ¢ back-
groundeventsarerejectedmainly by a combinationof PID andinvariantmasscuts, whilst
the bb inclusive andminimum biaseventsarerejectedmainly by the standardselectioncuts
suchasimpactparametesigni cancesandtrans\ersemomentunpr cuts.

Giventhatno backgroundeventsareselectedan upperlimit on the selectionef ciency

sel at 90% C.L. canbe found usingthe Feldman-Cousinstatisticalapproach133]. For
zeroselectedevents,it attributesan upperlimit on the numberof selecteceventsof 2.44 at
90% C.L., which canbecornvertedinto a90% C.L. upperlimit on .

Table 5.4 givesthe size of eachbackgroundsamplé, and the upperlimit on ¢ for
each. It alsogivesthe geometricalef ciency ( 4e0) Of €achchannel,i.e. the percentagef
eventsthat passthe generatoitevel cut which requiresthatall decayproductsof the signal
B lie within the LHCb acceptance The branchingratio of eachchannelis also given.
For all but onechannelthebranchingratio usedis the meanvaluegivenin the Particle Data
Group2008review [15]. The exceptionis , ! pK , the branchingratio of which was
recentlymeasured134] for the rst time by the CDF Collaboration.

1Strippedeventsareeventspassingat leastoneof a setof looserpre-selectiorcutstypically designedor
speci ¢ B-decays.
2For the inclusive bb sample the stripping ef ciency hasbeenaccountedor to give an effective sample

size.
3TheBs! K*K sampleusesaloosercut,whichrequiresnsteadthatthesignalB lieswithin theLHCb
acceptance.
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DecayChannel Sizeof Sample | Upper Limit | 4 (%) | Branching
on sel Ratio
Bg! ° 0 139,322 1.8 105 |18.3 25 10°
Bg! Ks * 457,135 53 10° 21.2 22 10°
B! * 61,138 40 10° |17.9 1.6 10°
B*! * K* 65,110 37 10° |183 55 10°
B*! *K K* 63,141 39 10° |18.7 50 10°
B*! pp* 68,078 36 10° |20.0 16 10°
B*! ppK* 46,737 52 10° |20.6 59 10°
B*! K*K K7 67,118 36 10° |19.3 34 10°
Bg! K* 296,700 82 10°% |20.2 19 10°
Bs! K*K 99,048 25 10° |34.6 33 10°
p! pK 64,579 38 10° |211 50 10°6
Inclusive bb 26.94M 91 108 43.7 n/a
LO-yesminimumbias | 5.55M 44 107 |nla n/a

Table 5.4: Channel-speci ovaluesusedto evaluatesignalandbackgroundsields. Lim-
its shavn correspondo a 90%con dencelevel upperlimit.

5.4.2 Signaland Background Yields

Theyieldin 2 fb ! of integratedluminosity (de ned asa“nominal LHCb year”,amounting
to 10’ s of datataking at a nominal averageluminosity) for signaland for a specic B

backgrounds givenby
Z

Yield= e« g geo fe BR  Ldt 2 (5.2)

Here, g Is theefciency of theLHCb triggeron eventsof thattypewhich have passed
the selection,fg is the probability for a b quarkto form the relevant B hadron,L is the
averageluminosity at the LHCb interactionpoint, and 5 is the beautycrosssectionat
14 TeV centre-of-massnengy. Thefactorof 2 accountdor the productionof bothabanda

b.
Theyieldsfor bbinclusive backgroundandminimumbiasbackgroundare,respectiely,

Z
. 1
Y|e|db5 = sel trig geo L dt b 1—2 (53)
and L
Yieldys = sei wig Rateg Timeyy 1 1—2; (5.4)

wheretheseyieldshave beenscaleddown by afactorl2to accounfor thewide massvindow
usedin theirselection(seeSec.5.4.1).In Eqn.5.4,Rateg is theoutputrateof theLO trigger,
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Parameter Valueused
LuminosityL |2 10°%%cm 2s !
. 500 b

Ratgg 10° Hz

Time,, 1 10’ s

fs(Bg) 0.40 0.01
fg(B*) 0.40 0.01
fg(Bs) 0.11 0.01

fo( b) 0.07 0.02

Table 5.5: Generakonstantsisedto evaluatesignalandbackgroundyields. Thevalues
for f g aretakenfrom [15].

Decaychannel | Sizeof sample | < (%) | geo (%) | Branchingratio | 2fb ! yield
Bg! pp 46707 9.8 21.9 11 107 678

Table5.6: Valuesusedto evaluatesignalyield.

andTimey, : isthetimetakento accumulat@ fo * of dataatthenominalLHCb luminosity.
Valuesfor thesequantitiesalongwith 5 andfg, aregivenin Table5.5. Notethatthe 5
valueis aworking assumptionbasedn theoreticapredictionsfrom QCD.

Theef ciency of thetriggerwith respecto of ine selected3 ! h*h’ eventshasbeen
studiedin [56]. It wasfoundthatfor themainB ! h* h’ channels, rig Wasalwaysin
the range[35%, 38%]. In the currentstudy a valueof 4; = 36%is assumedor the
signalandtheB ! h*h’ backgroundsAlthoughthe precisionwas limited by available
statisticsn thesimulationof backgroundevents, g for of ine selectedackgroundevents
(both physicsbackgrounddike B ! hhh andbb inclusive background)was found to be
broadly similar, althoughsomevhat lower, than i, for the signals. This is expected,as
thebackgroundventsthathave passedhe selectionarein somesense'signal-like”. Herea
conserativeassumptioms madetaking g = 36%for speci ¢ backgrouna@ndbbinclusive
backgroundThevaluefor the LO-yesminimumbiassamples higher(68%)astheseevents
have alreadypassedhe LO trigger, which hasanefciency of ' 53%ontheselectedevents.

The signalyield per2 fb ! was calculatedassuminghe currentexperimentallimit of
1:1 10 7 fortheBy ! pp branchingratio; it is foundto be 678 eventsper2 fb 1. The
valuesusedto calculatethe signalyieldsaregivenin Table5.6. Table5.7 showvs the upper
limits on the backgroundyields andthe resultingbackground-to-signgB/S) ratios. Each
upperlimit is calculatedusingtherelevantyield equationasgivenabove, takingtherelevant
upperlimit on ¢ from Table5.4.
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DecayChannel Upper limit on | Upperlimit onB/S
2fb !yield
Bg! ° 0 23 0.034
Byg! Ks " 7 0.011
B! * 33 0.048
B*! * K* 109 0.160
B! K K* |10 0.015
B*! K*K K* |69 0.101
B*! pp* 3 0.005
B*! ppK~ 18 0.027
Bg! K7 9 0.013
Bs! K*K 22 0.033
p! pK 2 0.003
Inclusive bb 1,188 1.75
Minimum Bias 249,129 367.4

Table5.7: Upperlimits on background/ieldsandresultingbackground-to-sical (B/S)
ratios.Limits correspondo a 90%con dencelevel.

The constraintplacedon the minimum biasyield is severely limited by the quantity of
availablesimulatedminimum biasevents. It is assumedn whatfollows thatthe amountof
minimum biaseventspassinghetriggerandthe nal of ine selectionwill be ngyligible, so
thatary possiblebackgroundaontribution from minimumbiaseventscanbe neglected.This
assumptions expectedto be valid becauseselectioncutswhich supresdackgroundrom
B decaysshouldbe evenmoreeffective againstoackgroundrom charmandlighter quarks.
The assumptiorcanbe testedusingthe large amountsof minimum biaseventsthatwill be
collectedoncedatataking begins.

With this condition, the upperlimit (at 90% con dencelevel) on the total background
to-signalratiois:

B=Sota = B:SB! h+n® t B=Ss1 nnn + B:Sof)inclusive
< 0:05+ 0:40+ 1:75 (at90%C.L.)
2:20:

Note thattherearetwo conserative assumptionsisedin the calculationof this upper
limit. Firstly, simply summinga numberof 90% con dencelevels from differentsources
overestimateshetotal upperlimit. Secondlyit is assumedhatthereis no overlapbetween
theinclusive andspeci ¢ backgroundsources.
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Figure 5.9: Signi canceof theBy ! pp signalasafunction of integratedluminosity
assuminga centre-of-masgnegy of Ecy = 14 TeV. Eachcurne assumes different
Bg! ppbranchingatio: 1:1 10 7 (red,solid),8 10 8 (blue,longdashes}4 10 &
(greenshortdashespnd2 10 8 (black,dash-dot).

5.4.3 Signal Signi cance

In the following calculationof the expectedsignal signi cance, the upper limit on the
background-to-signahtio calculatedabove is conseratively takenasthe centralvalue. The
signi canceof theBy ! pp signalcanbe expressedsa function of integratedluminosity
andits (currentlyunknaovn) branchingfraction. The signi canceis de ned as

- Nsi
Signi cance= p——2 (5.5)
Nsig + kag

whereNsigokg) IS the numberof signal(backgroundpvents.

Figure5.9 shaws, for four possiblevaluesfor the branchingratioof B4 ! pp, how the
signi cance evolveswith integratedluminosity. If the true branchingratio is closeto the
currentexperimentalupperlimit, adiscovery atthe5 level canbe madewith early LHCb
data.Takingthe currentupperlimit, a5 signi canceis achievedwith of order0.25fb * of
data. Evenif thetrue branchingratio is a factorof 5 belowv the currentlimit, which would
contradictall existing theoreticapredictionsLHCb canmale a discoverywith 5.3fb 1.

5.4.4 Prospectsor 2010

The initial physicsrun of the LHC, startingin late 2009 and nishing in late 2010, will
featurea lower thannominalcentre-of-masgnegy. In this sectionthe discovery prospects
forBg! ppin 2010areexaminedassumingacentre-of-massnepgy of Ecy =10 TeV.
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Figure 5.10: Signi canceof theBy ! pp signalasafunctionof integratedluminosity
assumingecy = 10 TeV. Eachcurwe assumes differentBy !  pp branchingratio:
1:1 10 7 (red,solid),8 10 8 (blue,longdashes)4 10 8 (greenshortdashesand
2 10 2 (black,dash-dot).

Thelower Ecy valuewill lower the beautycrosssection ;. The Monte Carlo-based
programPythia[135], usedto simulatehigh-enegy pp collisions,predicts(version6.2) that
atEcy =10TeV, 4 will beafactor' 0.77lessthanatEcy = 14 TeV*. Hence,assuming
that the reconstructiorand trigger performancesre similar at Ecy = 10 TeV, the signal
andbackgrounéd yieldsin Table 5.7 will all be scaleddown by the samefactor Hencethe
background-to-signahtio for agivenBy ! pp branchingratio will not change.However
thesignalsigni cancewill changeasit is notalinearfunctionof the signalandbackground
yields.

The signal signi cancefor By ! pp asa function of integratedluminosity for data
taken with Ecy = 10 TeV is shown in Fig 5.10. It canbe seenthat0.32fb ! of dataat
Ecv =10TeVisrequiredto achiere5 signi cance,assumingabranchingatio closeto the
currentexperimentalimit. Suchanamountof datais unlikely to be collectedin theinitial
physicsrun of the LHC. However it shouldbe recalledthatthe background-to-signatatio
assumedn Fig. 5.10is theupperlimit at 90% con dencelevel. Shouldthe background-to-
signalratio on databe signi cantly below this upperlimit, anobsenationmay still bemade

4Very recentlyit wasannouncedhatthe inital stagesof runningin 2010will take placeatEcy =7 TeV,
with the enegy rising to 10 TeV over the courseof therun. At Ecy =7 TeV, ; will beafactor' 0.58less
thanatEcy =14 TeV.

STheminimumbiasyield will notscalewith thesamefactor, but sinceminimumbiasbackgrounchasbeen
neglectedthisis notrelevanthere.

163



CHAPTERS. TWO-BODY CHARMLESSBARYONIC B DECAYS

in theinitial physicsrun. For illustration, assuminghat0.2 fb ! of dataare collectedat
Ecw = 10TeV (thisis consideredeasiblefor theinitial physicsrun), andagainassuminga
branchingratio closeto the currentexperimentalimit, a background-to-signahtio of 1.09
wouldleadtoa5 discoveryofBy! pp.

5.5 Measurementofthe By! pp Branching Ratio

Oncea5 signalfor B4 ! pp hasbeenobsered,its branchingratio canbe determined.
This canbe doneby normalisingthe branchingratioto thatof B4 ! K * , whichis the
B! h*h’ channelwith the highestbranchingratio andsmallestexperimentalerror Its

branchingratio hasbeenpreciselymeasuredby the B-factoriesto be (1:94 0:06) 10 °.

Thebranchingatiofor By ! pp canbeobtainedrom thisin thefollowing way.

Firstly, theyield in eachchannelwill be measuredThisis doneby tting to the peakin
theinvariantmassdistribution after all relevantcutshave beenapplied,taking the invariant
massdistributionsof the variousbackgroundsnto account.ForBy ! K* ,thet tothe
invariantmassdistribution will be donesimultaneouslywith the othermainB ! h*h’
channelsastheir distributionsoverlapsigni cantly (the tting methodis describedn [56]).
PID cutswill not have beenappliedat this stage.For By ! pp the only othersignalmass
distribution in thatregion will beBs ! pp, whichis expectedto make a negligible contri-
bution to the masspeak(seeSec.5.7.1). PID cutswill needto be appliedbeforethe t to
theBy ! pp masspeakcanbe made,asotherwisethe signalwill be swampedby speci ¢
backgroundgseeSec.5.3.2)andbbinclusive background.

Thenthe ef ciencies of the trigger and selectionneedto be taken into account. The
efciency . of afull ofine selectionforaB ! h* h’ channekanbebrokendown using
sel =  top=kin pip, Where (,in accountdfor the topologicaland kinematiccuts and
pip accountdor the PID cuts. Then ip=kin Shouldbe almostthesamefor B4 ! K *
andBy ! pp, while pp will bedifferent. However pp canbe estimatedusingcontrol
channelsvhichwill beusedto calibratethe PID performance.

For calibrationof the protonPID, thedecay ! p s used[136]. Studiesaim-
ing to calibratethe kaonandpion PID usingD * ! D°K ) * decayg56] have shavn
very promisingresults,hencethe proton PID calibrationcanalso be expectedto perform
well, especiallyconsideringhe higherproductionrateof ~ with respecto D *. Hencethe
estimationof p)p shouldnotbeamajorsourceof systematicerror.

Thetriggeref ciency is expectedto be very similar in the two channelgassuminghat
thetriggermasswindow is wide enoughseeSec 5.6),asthey will haveto pasghesamecuts
there.Finally, theratio of thegeometricakf ciencies for thetwo channelcanbeaccurately
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Figure5.11: Reconstructethasdistributionfor of ine selecte® 4! pp eventstaking
the pion masshypothesigor the B -daughters.

estimatedrom simulation.

Undertheseassumptions=gn.5.2 canbe usedto obtainanexpressiorfor theBy ! pp
branchingratio ( pp doesnot appearfor By ! K* astheBy! K™  vyield will be
calculatedbeforePID cutsareapplied):

BR(Bg! pp)= BR(Bg! K* ) (5.6)

Yieldk PID(pp) geqpp)

All of thetermsontheright-handsideof Eqn.5.6 canbeobtainedasdescribedboreto give
avaluefor BR(B4 ! pp).

5.6 Trigger MassWindow

In the high-level trigger selectionof B | h*h’ channelsa pion masshypothesiss as-
sumedfor all B-daughters.As a result,the reconstructeanassfor aBy4 ! pp eventwill
be far belonv the nominalB4 mass,asshavn in Fig. 5.11. It follows thatin orderto select
By ! pp eventsin thetrigger, the masswindow mustextendat leastw500MeV belowv the
nominalB4 mass. A masswindow of mg, 600MeV for examplewould select87% of
of ine-selectedsignalevents.Having thetriggermasswindow similar to this would, aswell
aslosing somesignal events,also add an extra systematiceffect in the calculationof the
By ! pp branchingratio, asthe percentagef eventslost dueto the masswindow would
have to be estimatedusinga Monte Carlo simulationof the invariantmassshape.Hence,
from the point of view of B4 ! pp, the bestmasswindow for the triggerto usewould be
onewhich startedfar belov theBy ! pp peak— awindow lower limit around4400MeV.
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Figure 5.12: Reconstructedhasdistributionsfor By !  pp (red)andBs ! pp (green)
events.Theright-handplot is a detail of theleft-handplot.

Recently the above triggerissuesfor By !  pp have causedhe masswindow usedin
the HLT2 trigger (seeSec.2.2.7.2)for B ! h*h’ eventsto be widened. The studies
in [56] assumeda triggermasswindow of [5000,5800]MeV, which would selectalmostno
By ! pp events. Thewindow hasnow beenwidenedto [4800,5800]MeV [137], which
would select76%of of ine-selectedB4 ! pp events.

5.7 Other Two-Body CharmlessBaryonic B Decays

5.7.1 Prospectdor the Observationof Bg! pp

The decayBs ! pp is expectedto be rathersuppressedelatve to Bq ! pp, because
in the Standardviodel it canonly occurvia annihilationdiagrams given that noneof the
quarksin the nal statearethoseof the initial Bs meson. Despitethe lack of ary rm
theoreticalpredictions,it is legitimateto searchfor this rare modegivenits identical nal
state. LHCb hasthe potentialto improve the presentexperimentalbranchingratio upper
limit of 5:9 10 ° by severalordersof magnitude.

Figure5.12shows the massdistributionsof By !  ppandBs ! pp eventsasexpected
after applying the full selection(including PID cuts)to 2 fb * of data,in the absenceof
background. Note that the core width of the massdistribution is 17 MeV. The assumed
branchingratiosare1:1 10 “forBy ! ppandl:1 10 8 for Bs ! pp. Far fewer
Bs ! pp eventsare presentdue to the lower assumedranchingratio, and the fact that
fe(Ba)=fs(Bs) 4.

Figure5.12illustratesthatthemuchlargerBy ! pp peakwill form a signi cant “back-
ground’to Bs ! pp. Assumingthatthe branchingratiosare asgivenabove, with 2 fb *
therewill be,within 50MeV of mg_,24B4! ppeventsand18B! pp events,leading
to abackground-to-signahtioof 1.33from B4 ! pp eventsalone.Thisvaluewill increase
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if the massresolutionin datais poorerthanin the simulation. Combinedwith the presence
of thebackgroundourceglescribedn Sec.5.3,thismeanghata signi cant amountof data
will berequiredin orderto obseretheBs! pp masspeak.

5.7.2 Prospectsfor Decayslnvolving a

Othertwo-bodycharmlesdaryonicB decayswvhich canbereconstructetby LHCb include
B*! p andBy!  ,incasesvherethe decaysvia ! p . AswithBy! pp,
theoreticalcalculationsof their branchingfractionsare subjectto debate with predictions
differing by upto anorderof magnitudgseeTable5.1). Thedominantdiagramcontributing
toB* | p is expectedto be the gluonic penguinthatwasshavn in Fig. 5.1. Thisis in
constrastoBy ! pp, wherethetreeprocesss expectedto dominate.

LHCb canalsolook for the Bg ! ~ decay WhereasBs ! pp shouldbe rather
suppressedomparedo By ! pp (seeSec.5.7.1),Bs !  couldhave arelatively large
branchingratio of the sameorderof thatof B* | p , asthe penguindiagramsmediating
theseprocesseareidenticalapartfrom their spectatoiquarks. Theu $ s transformation
relatingthespectatoguarks(andthusthepenguinamplitudesfor thesewo decayss known
as a V-spin transformation. This corresponddo a subgroupof SU(3), in analogyto the
isospin(u $ d)andU-spin(d$ s) transformations.

Thelatestupperlimit measurementsom Belle,shavn on Table5.2,arecloseto exclud-
ing all theoreticapredictiondor thesedecaysMoreover, adiscoveryof thedecayB 4 !
would crucially constrainthe MIT bagmodelcalculationapproachn the polemodel.

Selectiondor thesedecayswhich have a differenttopologyto By.s !  pp, have yetto
be developedwithin LHCb. The performanceof suchselectionswill dependcrucially on
theef ciency for reconstructing baryonsfrom B decays.Thereconstructiorof baryons
from B decaysasbeenshavn[138, 139]to beviablefor LHCb, howeveradetailedanalysis
of the reconstructioref ciency hasyet to be made. For thoseeventsthat are successfully
reconstructedhe presenc®f two protonsin the nal statewill enableexcellentsuppression
of backgroundhroughPID cuts(compareSec.5.3.2).Henceobsenationof B* | p and
Bs!  maybefeasibledependingnthevalueof their branchingratios.

5.8 Conclusions

Thetheoreticalandexperimentaltatusof two-bodycharmlesdaryonicB decayshasbeen
reviewed. Thereis no agreemenbetweendifferent theoreticalmodelson the branching
ratiosfor suchdecaysandmostof thetheoreticalpredictionshave alreadybeeninvalidated
experimentally
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TheLHCb inclusive selectionfor B! h*h’ decayshasbeenmodi ed to give aselec-
tion for theexclusve decayB s ! pp. This selectiorwasfoundto have agoodef ciency
for signalevents,while suppressindpackground$rom otherB decayssufciently to give a
satishctoryupperlimit on the background-to-signatatio for background$rom B decays.
However, therelatively smallamountof availablesimulatedminimumbiaseventsprevented
a usefulconstraintbeingobtainedon the amountof minimum biasbackgroundpassinghe
selection Hencethe expectedsignalsigni canceswerecalculatedundertheassumptiorthat
thenumberof minimumbiaseventspassingheselectiorwill benggligible. Thisassumption
will be testedusingthe large amountsof minimum bias eventsthatwill be collectedonce
datatakingbegins.

The potentialof LHCb to discoverBgq ! pp usingthis selectionhasbeenexploredin
detail. It is foundthataround0.25fb ! of data(atEcy = 14 TeV) will berequiredfor a5
discovery, assuminghattheB4 ! pp branchingractionis closeto the currentexperimental
upperlimit. Evenif thetruebranchingfractionis afactorof 5 lower thanthe presenupper
limit, adiscosery canbe madewith about5fb ! of data.

Obsenations of other charmlesstwo-body baryonic B decays,suchasBs ! pp,
B* ! p andBs! , mayalsobe possible,dependingon their branchingratios. A
detailedanalysisof the prospectd$or decayscontaininga in the nal staterequiresfurther
study includingthe developmentof suitableselections.
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Chapter 6

Measuring Dir ectand Mixing-Induced

CP Asymmetriesin Bq! ¥

This chapterpresentsa study of the capability of the LHCb detectorto measurehe time-

dependen€CP asymmetrydistributionin thedecayBy ! *  andextractthedirectand
mixing-inducedCP asymmetriesA toy Monte Carlosimulation,makinguseof information
from the full Monte Carlosimulationof LHCbB ! h*h’ events,is used. The statistical
sensitvity to the CP asymmetriesisinga smallamountof data(compatiblewith theamount
expectedto be collectedin theinitial 2009-2010run of the LHC) is assessedSection6.1
outlinesthe stratgy that will be usedto extractthe CP asymmetriesrom the toy data.
Section6.2describesheselectionrof By! *  events,andgivesthe expectedsignaland
backgroundjieldsat LHCb. Section$.3and6.4 discusghe constructiorof thetoy dataand
tting functionsrespectrely. Theresultsfromthe t to thetoy data,includingthesensitvity

to theCP asymmetriesaregivenin Sec.6.5. Thestudyis summarisedn Sec.6.6.

6.1 Strategyfor Fit to Time-DependentCP Asymmetry

As discussedn Sec.1.4,a measurementf thedirectandmixing-inducedCP asymmetries
(A% andAZX)inBg! *  canbeusedto constrainthe CKM angles (in combina-
tion with thedecaysB* ! * %andBy! © 9 and (in combinationwith the decay
Bs! K*K ). Fromapurelyexperimentaliewpoint,thereis alsoconsiderablénterestin
the measuremeraf AJL | asthe two existing measurementsom the B-Factoriesdisagree
signi cantly. The toy Monte Carlo studypresentedn this chapterdemonstratethe sensi-
tivity of LHCb to theseCP asymmetries.The resultingsensitvity to the effective CKM
parametesin2 . will alsobecalculated Howevertheinclusionof informationfrom other
decaymodedsto extract or is beyondthescopeof thiswork, andwill notbediscussed.
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In this study hardcutsareplacedon the particleidenti cation (PID) likelihoodsfor the

candidatesand on the invariantmassof the By candidate,jn orderto suppressack-
groundsarising from otherB ! h*h’ decays. The signal and backgroundyields are
estimatedusinga t to theinvariantmasdlistribution,andarethen x edin a t to theproper
time distribution thatextractsthe directandmixing-inducedCP asymmetries

This approachis in contrasto the oneusedin [56], whereall of theB ! h*h’ decays
are consideredogether andthe eventyields, meanlifetimes and CP asymmetriedor all
B! h*h’ decaysaredeterminedn onesimultaneoust to ajoint Probability Density
Function(PDF) which includesthe mass,propertime, taggingand PID information. The
differentB ! h*h’ decaysarestatisticallyseparatedrom eachotherduringthis simulta-
neoust, usingtheirmassandPID distributions.

The currentstudy on the otherhand,useshe massandPID distributionsto separatehe
signalfrom backgroundbefore the t. It will be seenthat this leavesonly two signi cant
backgroundsthe speci ¢ backgroundBy! K*  andcombinatoriabackground.These
arethe only backgroundshataremodelledin the masst, andalsoin the t to the proper
time distributionto extractthesignalCP asymmetriesTheparametersf thesebackgrounds,
andtheotherparametersf thesignalpropertime distribution,are x edin thepropertime t
usinginformationfrom externalanalyseswhich will be discussedTheadvantagesanddis-
adwantage®f the approactusedin the currentstudywith respecto the approacHrom [56]
will bepointedoutasthey arise.

For the toy Monte Carlo study an integratedluminosity of 0.3 fb ! is assumed.This
correspondgso the amountof datathatis expectedto be collectedduring the 2010run of
the LHC. It will be seenthatthis sampleis sufcient to allow astablet for thedirectand
mixing-inducedCP asymmetrieso bemade.

6.2 EventSelectionand Yields

In this study thefollowing backgroundso By ! *  areconsideredseeSec.4.2.3):the
two-bodyspeci c background84! K* ,Bs! K*K ,Bs! K *, y! pK and
b! p ,partiallyreconstructethree-bodyspeci c backgroundsandcombinatoriaback-
ground. A numberof differentthree-bodydecayscanact as partially reconstructedback-
groundstoBg! * , howeverfor simplicity the contribution from thesebackgroundss
modelledusingthedistributionsfor thedecayBy! +  ©.
TheinclusiveB ! h*h’ selectiondescribedn Sec.4.2.3,is appliedto full simulation
samplesof signalandspeci ¢ background.All decaymodesarereconstructedvith a
masshypothesidor the daughtermarticles. This shifts the invariantmassdistributionsfor
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Figure6.1: Cumulatve masdistributionforB ! h* h° eventsfollowing theinclusive
selectionwith the numberof simulatedeventscorrespondingo 0.3fb ! of data. The
contrilutionsfrom signalandfrom eachbackgroundareshavn. Yieldsaretaken from
[56].

non- nal stateswith respecto theirnominaldistributionswith the correctmasshypothe-
sis. A verywide masswindow of [5000,5600MeYV is usedatthis stage.Thiseventselection
isrunusingv19rl4 of the LHCb physicsanalysigpackageDaVinci [117].

To examinethe effect of addingtight massandPID cutsto the inclusive selectionthe
massandPID distributionsfrom the full LHCb Monte Carlo simulationareused.For each
speci ¢ decayconsideredthe massdistribution usedis thatfor of ine selectedventsin the
full simulation.For the combinatoridbackgrounda at massdistributionis assumedWhile
the combinatoricbackgroundmassdistribution in the full simulationdoesshav a shallov
negative slopein mass,n thetight masswindow thatis usedin nal selection(seebelow),
thedistribution canbe approximatedsbeing at.

Figure6.1shavsthe expectedcumulative massdistribution aftertheinclusive selection,
with the numberof simulatedeventscorrespondindo 0.3fb ! of data. The contritutions
from signalandfrom eachbackgroundareshavn. Theyieldsshownn in Figure6.1 have not
beencalculatedby the currentstudy; rathertheyieldsfoundin [56] areused. Theseyields
includethe expectedtrigger ef ciency of ' 36% on of ine-selectedevents. It canbe seen
that the signal suffers signi cant contamination poth from combinatoricbackgroundand
from thespeci c background84! K* andBs! K*K

The speci ¢ backgroundscan be drastically reducedby applying cuts on the PID
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Figure 6.3: Comparisorof DLL (K ) distributionsfor selectedB4 ! (red)
and ,! pK (greenhatchedgvents.

likelihoods (see Sec. 4.2.3) for the daughtertracks, to form an exclusive selectionfor
Bg ! * . ThePID likelihooddistribution, DLL (K ), for pionsis taken from se-
lectedeventsin the full simulationof By ! * . Similarly the distribution for kaonsis
takenfrom Bs ! K*K , andthatfor protonsfrom ,! pK . Thesedistributionsare
comparedn Figs.6.2and 6.3.

Dueto smalldifferencesn themomentundistributionsfor different8 ! h*h’ decays,
therearein fact small differencesetweenfor examplethe DLL (K ) distributionsfor
pionsfromBg ! * decaysandfor pionsfromBy ! K™*  decays.Howeverthese
differencesarenot large enoughto signi cantly affect the ef ciencies thatarefoundby the
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simpli ed approachusedhere,andso arengglected. All daughterdor the three-bodyand
combinatoricbackgroundsireassumedo be pions. This is a conserative assumptiorfor
backgroundsoaBy! * signal,asthetruethree-bodyandcombinatoridoackgrounds
will alsocontainsomekaonsandafew protons.

ThechoserPID cutappliedto bothdaughtettracksis

DLL(K )< O: (6.1)

This translatesasa requirementhat both tracksare,accordingto the informationfrom the
RICH detectorsmorelik ely to be pionsthankaons.

It canbe seenfrom Figs. 6.2 and 6.3 that this cut will have a high ef ciency for pions
while suppressingnostof the backgroundrom kaonsand protons. In factthe ef ciency
of the PID cut on the distributionsusedhereis ' 88% for true pions,' 8% for true kaons
and' 13%for true protons.Sinceeach nal stateparticleis assumedo have thesamePID
distribution independentf which decayit is from (seeabove), theresultingef ciency for a
givendecayis simply the productof the ef ciency of the cutfor eachdaughtetype.

The signal and backgroundyields following thesePID cuts are calculatedby taking
the above before-PIDyields, and factoringin the efciency of the PID cuts for each -
nal state particle as given above. Figure 6.4 shavs the expectedcumulatve massdis-
tribution following the PID cuts, with the numberof simulatedevents correspondingo
0.3fb ! of data. The contrikutionsfrom signalandfrom eachbackgroundareshavn. The
B ! h*h’ backgroundsre highly suppressedby the PID cuts, althougha signi cant
amountof B4 ! K™  eventsremain,dueto the highyield of this decay The combina-
toric backgroundandthree-bodybackgroundsrelargely unafected,dueto the assumption
that they consistonly of pions. The presenceof somecombinatoricbackgroundwill not
adwerselyaffectthe t for the CP asymmetriesasit doesnot carry any CP asymmetryjit-
self. Thisis in contrastto the speci ¢c backgroundswhereCP asymmetriesanaffect the
propertime distribution and, if they are not taken into account,biasthe extraction of the
CP asymmetriesn the signal. This is particularlytruefor Bs ! K*K , wherethe CP
asymmetriesrecurrentlyunmeasuredHowever, since mg Mgy, the effect of thefast
B oscillationsshouldlargely integrateout whenstudyingthe slower B 4 oscillations sothat
ary biasontheBy! * CP asymmetrieshouldbesmall.

Finally, acutis appliedon theinvariantmassof the  pair. Themasswindow is tight-
enedfrom [5000,5600]MeV to [5229,5329]MeV (i.e. mg, 50 MeV). This cut removes
almostall of the three-bodyspeci ¢ backgroundandalsoremovesmuchof the remaining
backgroundromBg4! K* andBg! K *.

Table6.1 givesthe signalandbackgroundsieldsfor 0.3fb ! of databeforethe PID and
masscuts,afterthe PID cutsbut beforethe masscuts,andafterboth PID andmasscuts.
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Figure 6.4: Cumulatve masdistributionforB ! h* h’ eventsfollowing theinclusive
selectionandPID cuts,with the numberof simulatedeventscorrespondingo 0.3fb 1
of data. The contritutionsfrom signalandfrom eachbackgroundareshawn.

Channel 0.3fb ! Yields
Before PID and | After PID | After PID and
MassCuts Cuts MassCuts
Bg! ° 8800 6910 6200
By! K7 32500 2270 1140
Bs! K*K 10800 70 50
Bs! K * 2300 170 80
b! pK 1600 20 "0
b! p 1100 120 10
Total two-bodybackground | 48300 2650 1280
Three-bodybackgrounds | 15000 11500 40
Combinatoridbackground | 27000 21200 3550
Total background 90300 35400 4870

Table6.1:B ! h*h’ andbackgroundieldswith 0.3fb ! of data,beforethePID and
masscuts,afterthe PID cutsbut beforethe masscuts,andafterboth PID andmasscuts.
YieldsfortheB ! h*h’ decayseforePID cutsaregivento theneareshundredand
after PID cutsto the nearesten.
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Theonly signi cant backgroundsemainingafterthe PID andmasscutsarethe speci ¢
backgroundBy ! K*  andthe combinatoricbackground. Sincethe amountof back-
groundfrom ! phremainingafterthe PID andmasscutsis sosmall,it will hereafteibe
completelynegglected. The small contritutionsfromBs ! K*K ,Bg! K * andthe
three-bodybackgroundsvill be includedin thetoy data,but not modelledin the PDF used
to t thetoy data. This simpli es the tting functionsconsiderablybut hasthe potentialto
introduceasmallsystemati@rrorif the t tothedecayfractionsbecomediasedIn Sec6.5,
thesizeof this biaswill be assesselly comparingtheresultsfrom ts to toy dataincluding
thesebackgroundso thosefrom ts to toy datathatdoesnotincludethem.

6.3 Construction of Toy Data

As statedin the previoussection,the , backgroundsireneglecteddueto their tiny contri-
bution to the overall numberof eventspassingthe full selection.Distributionsof invariant
massand a vourtaggedpropertime aregeneratedor the signal,the speci ¢ backgrounds
Bs! K* ,Bs! K*K andBs! K 7, thethree-bodyackgroundgrepresentetly
Bg! 9) andthe combinatoridbackgroundThedistributionsof the PID likelihoods
are not includedin the toy data,as only the massdistributions are neededo distinguish
betweerthe differentdecays.

6.3.1 MassDistrib utions for Toy Data

Massdistributions for the signal and speci ¢ backgroundsare generatedollowing PDFs
that are constructedusingthe kernelmethod[116] from the full simulationmassdistribu-
tionsunderthe *  masshypothesigthesewereshowvn in Fig. 6.1). For the three-body
backgroundthe full simulationdistribution usedis thatfor By ! * 9. For the combi-
natoricbackgroundthe massdistribution is againassumedo be at.

6.3.2 Proper Time Distrib utions for Toy Data

Thepropertime distributionsfor the signalandeachspeci ¢ backgroundarecreatedollow-
ing the expressiongivenin Sec.1.2.2.2. In eachdecaymodethe numberof eventswith
eachinitial B avour (and,for the avour speci c modesgach nal state)is determinedy
the valuefor the direct CP asymmetry The valuesusedfor the variousCP asymmetries
aregivenin Table6.2. The propertime distributionsfor the three-bodyand combinatoric
backgroundare assumedo be avour taggingblind, i.e. the distributionsfor both avour
tagsareidentical.
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Decay CP Asymmetries Source

Bg! * AdL =0.38,ATX =0.61 | World averageof experimental
measuremenid 5]

By! K* Ac =0.10 Average of experimental

measurement{$9, 140]
Bs! K*K AdL =0.10,AZX = 0.25,| Theoreticaprediction[141]
A =0.96
Bs! K ° Ac =0.39 Experimental measure-
ment[142]

Table 6.2: Valuesusedin thetoy datafor the CP asymmetries.

The three-bodybackgroundwill bedominatedoy B* andBy decaysdueto their high
hadronisatiorfractions,fg+ ' fg, ' 40% Herethethree-bodybackgroundpropertime
distributionis givena50% contributionwith theB * lifetime (1.64ps),anda 50% contriku-
tion with the B4 lifetime (1.53ps).

The propertime distribution for the combinatoricbackgroundn the full simulationis
seeno have adominantcomponentvith aneffective meanlifetime smallerthanB lifetimes,
anda smallercomponentvith a muchlarger effective meanlifetime. The distribution used
hereconsistof a 90% contritution from “short-lived” eventswith ameanlifetime of 0.5ps,
anda 10% contribution from “long-lived” eventswith a meanlifetime of 10 ps.

Thetaggingef ciencies ( og) andmistagrates(! »q) areestimatedy takingthevalues
found by the detailedstudyreportedin [56]*, andremoving the contritution from the same
sidekaontagger asthis is not applicableto B4 decays.Thetaggingstratey usedin [56]
wasoptimisedfor the simultaneoustudyof B4 andBs decaysandhences notthe optimal
stratgy whenconsideringa B4 decayalone.

Table 6.3 compareghe taggingef ciencies and mistagratesusingthe uni ed tagging
approaclof [56] with thosefor the B 4-only approachusedn thecurrentstudy Theeffective
taggingpower, . mg (1 2! g)?is alsoshovn. For eachstratayy, the taggingef -
cienciedor B4 decaysBs decaysandcombinatoridbackgroundsywhich areexpectedo be
very similar to eachother areassumedo be equalfor the sake of simplicity. It canbeseen
from Table6.3thatthe changeof taggingstrateyy is anadvantageof theapproachusedhere:
removing the sameside kaontaggerimprovesthe effective taggingpower for B4 decays,
while degradingit for Bs decays.Thisimprovesthesensitvity to theCP asymmetriesn the
signal,while alsoreducingtheobserned CP asymmetryin the Bs backgrounds.

1Thestudyin [56] supersedethe studyin [118] thatwasusedto give the assumedaggingperformance
for thepropertime resolutionstudiesin chapter.
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TaggingStratgy Tagging MistagRate! o4 | Effective Tagging
Ef ciency (ag Pover ¢
By Bs By Bs
Uni ed ([56]) 65% 37.0%| 34.7% | 4.39%| 6.09%
Bg-only (currentstudy) | 55% 35.5%| 36.1% | 4.66% | 4.25%

Table 6.3: Comparisonof taggingef ciencies and mistagratesin different tagging
stratgies.

The propertime acceptanceffectsarisingfrom the cutsappliedin the trigger andthe
of ine selectionaremodelledon anevent-by-eentbasis ratherthanwith anoverallaccep-
tancefunction. Eacheventis assigned turn-onpoint for the propertime acceptanceand
theeventis rejectedf thegeneratedaluefor thepropertime of theB mesornis lessthanthis
turn-onpoint. The turning pointsaresampledrom a Gaussiardistribution with a meanof
1.0 psandawidth of 0.1 ps. Samplingthe turning pointsin this way reproduceshe proper
time acceptancéhatis obsenedin the full Monte Carlo simulation(seeFig. 4.10). Both
signalandbackgroundareexpectedto have very similar propertime acceptancéehaiour,
asall eventsmustpasshe samempactparametecutsin orderto beaccepted.

Eachdecayis assigneda propertime resolutionmodelfollowing the modeldescribed

in Sec.4.2. For eachdecay the distributions of the perevent error on the proper

time are taken from the full Monte Carlo simulation. Sinceall modeshave to passthe
sameselectioncuts,the | .. distribution for
By! * wasshovnin Fig. 4.3). Thevaluesusedfor thetwo parametersf the proper
timeresolutionrmodelareGM =0.05andGS =1.1. Thesechoicesapproximatelyreproduce
thevaluesfoundfromthe ts tothefull MonteCarlopropertimeresidualdistributionsfor the
Bgs! f ;Kg'f ;Kg decayqseeSec.4.2.4).

The samevaluesfor GM and GS are usedfor all decays. This is justi ed for the
B! h*h’ decaydythefactthatthevaluesof GM andGSfortheBys! f ;Kg'f ;Kg

decayswverecompatiblewith eachother For thethree-bodyandcombinatoricbackgrounds,

.. distributionsareall broadlysimilar (the

r

the actual propertime resolutionmodel may have different parametervaluesfrom the
B! h*h’ decays.However becauseheir propertime distributionsdo not have oscilla-
tions,theirdependencen GM andGS is very weak,andthe samevaluescanbe assumed.
The nal yields usedfor signalandbackgroundor the0.3fb ! toy studyaregivenin
Table 6.4. The yields are lower than thosequotedin Table 6.1 due to the 55% tagging
ef ciency (untaggedventsarenot generate@sthey offer no sensitvity to theCP asymme-
tries). Eachsetof generatedoy datacontainsatotal of exactly 6100events,but the number
of eventsof eachdecayvariesaroundthe meanvaluesgivenin Table6.4.
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Channel Number of Events
in Toy Data

Bg! 3422

Bg! K* 626

Bs! K*K 29

Bs! K * 46

Three-bodybackgrounds | 25

Combinatoridbackground| 1952

Total 6100

Table 6.4: Numberof sighalandbackgroundeventsin a typicaltoy datasamplecorre-
spondingto 0.3fb ! of data.

6.4 Construction of Distrib utions for Fit

As statedat the endof Sec.6.2,the smallcontributionsfromBs! K*K ,Bs! K *
and the three-bodybackgroundsare not modelledin the t. This reducesthe numberof
parametershatneedto be consideredbut mayalsointroducea smallsystematidiasonthe
extractedvaluesfor thedirectandmixing-inducedCP asymmetriesTheonly decayswhich
aremodelledinthe t aretheBy! *  signalthespeci c background84! K* and
the combinatoridbackgroundln the following, eachof thesewill bereferredto asa“decay
class”.

To t thetime-dependentP asymmetrytheapproactusedin [119]to t theBs andBgy
lifetimesusinguntaggedropertime distributionshasbeendevelopedto includethe effects
of oscillationsandCP asymmetriesThisdevelopmentenderghemethodsuitablefor tting
avourtaggedoropertime distributions.

The t isanunbinnedog-likelihood t, carriedoutwithin theROOT dataanalysidrame-
work [122]. The packageMINT [143], written by J. Rademacr, is usedto interfaceto the
minimisationpackageMinuit [123]. MINT providesthe userwith a numberof prede ned
classedo describeobjectssuchas t parameteranddataevents,while maintainingalarge
amountof e xibility in the constructiorof thelikelihood.

6.4.1 MassDistrib utions for Fit

The massdistributionsusedin the t arethe sameasthoseusedin thetoy data. The mass
distributionsfrom thefull simulationareexpectedo give agooddescriptionof the datathat
will beseenasthedeviationfrom the Gaussiarshapdor thenon-  nal statess aknown

function of the momentumasymmetrybetweenthe daughterswhich is measuredor each
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event. Theeffectsof nal stateradiation,which alsoaffectsthe obserned massdistribution,
aretakeninto accounin thefull simulationaswell. ThePDFsusedfor themasdistributions
canbetestedandimprovedon datausingthe t to theinvariantmassdistributions.
Thetotal PDFf (m) for the t to thetoy datamassdistributionis the sumof the PDFs
for eachdecayclass:

X
f(m) = f (mjdecy) P (decwy); (6.2)

decay
wheref (mjdecy) is the PDF for eachdecayclassand P (deca) is the fraction of the
total samplecomingfrom eachdecay The t to the invariantmassdistribution of the toy
datareturnsvaluesfor the decayfractionsP (decay). Thevaluesfor P(Bq! * ) and
P(Bq! K7™ )aretted, with P(Combinatoric) constrainedobel P(Byq! * )
P(Bg! K™ ). Aswill beseenin the following section,thesefractionsandthe mass
PDFsareusedto statisticallyseparatehedifferentdecayclassesn the t to thepropertime
distribution. Following theapplicationof tight PID cutsin theselectionjt is notnecessaryo
re-usethePID likelihoodsin the t to separat@ut the decayclassesasthe modelleddecay
classesll have very distinctmasddistributions(if for exampleBs ! K*K wereincluded
in the t, it wouldbenecessaryo make useof thePID informationastheBs! K*K and
Byg! *  masdistributionsarevery similarunderthe  masshypothesis).

6.4.2 Proper Time Distrib utions for Fit PDFs
6.4.2.1 Treatmentof Proper Time Acceptance

The propertime acceptances treatedon an event-by-eentbasis,with the acceptancéunc-
tion for eacheventbeinga stepfunctionthatincrease$rom 0to 1 atsometurningpointt iy, .
Thevalueof t,, for eacheventcanbe measuredisingatechniqueknowvn as“swimming”,
wherethe valuesof the impactparametersire calculatedasa function of the decaytime of
theB, andthevalueof thedecaytime whentheimpactparameterbothbecomdargeenough
for the eventto beaccepteds the “turn-on point”?, denotedy t i, . The swimmingmethod
wasoriginally developedby the CDF collaboration[144], andhassincebeenadaptedor use
by LHCb [120Q].

Oncethe propertime acceptancés taken into accountthe propertime distribution for
agivendecayclasswill beafunction of the propertime t of the decay, thetagdecisiong,
whichis+1( 1) for aninitial statetaggedasaB 4(B4), andt,. This canbefactorisednto

2For two-trackdecayssuchasB ! h* h’ | the event-by-eentacceptancés a simple stepfunctionwith
oneturn-onpoint andno turn-off point. For decayswith morethantwo tracks,the event-by-esentacceptance

becomesnorecomplicated.
3Heret is usedratherthan | asusedin chapter4, to avoid confusionwith themeanB lifetime g, .
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the propertime distribution for a givenvalueof t,,, andthedistribution of t,,;, for agiven
decayclass:
f (6, o tminjdecdy) = f (t; Qjtmin; decdy) f (tmnjdecy): (6.3)

Sinceall selectedeventsareassumedo sharethe samepropertime acceptancéehaiour,

f (tminjdecy) factoriseutto becomeacommonfactorin thetotallik elihood.Henceit will
not affect the locationof the maximumof thelik elihood,andsocanbeignoredfor the pur-
posesof the t. In the caseof differentdecaysdisplayingdifferentpropertime acceptance
behaiour on data,the behaiour canbe measuredvith the swimmingmethod,andthe dif-
ferentf (tnjdecg) functionsthataremeasure@¢anbeincludedin thelik elihood.Notethat
in this casethe measured (t,njdecg) canbe usedto provide extra discriminatingpower
betweernthe differentdecayclasses.

Sincetherelevanttermin thelikelihoodis now f (t; gjtmin ; deca), in whicht,, behaes
asa parameteratherthana variable,the only effect on the propertime PDFsof including
the event-by-erentacceptancéunctionis that the normalisationbecomesan integral from
t = tyn tot = 1, ratherthantheusualt = Otot = 1 [119. Thefactthatincluding
the propertime acceptanceoesnot further complicatethe propertime distribution hasthe
bene t thatthe normalisatiorincludingthe propertime acceptanceanbedoneanalytically
In mary casesvhereanaverageacceptancéunctionis used theresultingintegral hasto be
donenumerically(seefor example[114]).

6.4.2.2 Conditional Proper Time Distrib utions

Following the approaclhof [118] and[56], ajoint PDFis usedfor f (t; gjtmin; deca). This
PDFsimultaneouslylescribeshe propertime distribution for eventswith either a vourtag.
Thisis foundby takingtheexpressiongor thedecayratefrom apureB or B initial state(see
Sec.1.2.2.2)and summingthemwith the appropriateweightto obtainthe experimentally
obseredratefor a giventag (seeEqn.4.9).
Thetime PDFsareassumedo have perfectpropertime resolution,asthe low value of
mg meansthat the effect of including the resolutioneffectsfor By decaysis neggligible
(seeSec.4.1.1).Neglectingthe propertime resolutioneffectsallows the PDFsto be greatly
simpli ed, andthe integrationfor the normalisationto remainanalytical. When tting the
time-dependentP asymmetryin aBs decaysuchasBs! K*K , thepropertime distri-
butionswill besigni cantly affectedby theresolution,sotheresolutioneffectswill needto
becorrectlyconsideredn the t, unlike for theB 4 casehere.
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With theresolutioneffectsneglected theratesare

f (t; qjtmin; Bd ! * ) =N (t; tmin) € = 84 1+q(1 2! tag)(Agilg COE( mdt) A ggx Sin( mdt))
(6.4)
fortheBy! *  signal,and

f (t; qjtmin; Bd K * ) = N (t; tmin) e = 84 1+ q(l 2! tag)ACP COE( mdt) (65)

fortheBy! K™  specic backgroundln theabove equationsN (t; tiin) is thenormal-
isationfactor and g, is the meanlifetime of the B4, whosecurrentworld averageexperi-
mentalvalueis (1.53 0.01)ps[15].

Thevaluesof g, andthe oscillationfrequeny m are x edto thoseusedin the toy
data,asthey arealreadywell known experimentallyandwill be measuredo anevenhigher
precisionby LHCb. The chage asymmetryAc for B4 ! K*  hasalreadybeenwell-
measuredy the B-factoriesandthe TeVatronexperimentswith the currentworld average
being0.10 0.02[15]. In the t, thisasymmetryis x edto its world averagevalue.

The mistagratein the above PDFsis x edto the samevalue usedto generatehe toy
data, as the mistagrate and direct and mixing-inducedCP asymmetriecannotbe tted
simultaneouslyThe mistagratewill be determinedrom data,usingthe methodsdiscussed
in chapter4. Theuncertaintyfrom this determinations lik ely to be oneof the mainsources
of systematierrorin this analysis however the factthatonly the mistagratefor B4 decays
is consideredereis anadwantageasthis ratecanbedirectly measuredromB4 ! K* |
while the measuremenif the mistagratefor Bs decayss moreproblematiq'seediscussion
in Sec.4.1.3). The effect of anincorrectdeterminatiorof the mistagrateon the extraction
of thedirectandmixing-inducedCP asymmetriess discussedh Sec.6.5.

ThenormalisatiorfactorN (t; tnin) is calculatedby integratingfromt = t,j, tot = 1
andsummingover thetwo discretevaluesof g. The summatiorover g causeshe oscillation
termsin thenormalisatiorto canceljeaving a simpleexpression:

1

tmin =By’
e d

N (t; tmin) = ) (6.6)

By

whichis the normalisatiorfactorin bothEgn.6.4andEqn.6.5.

The propertime distribution usedfor the combinatorichackgroundcontribution to the
t PDFisthesameasthatusedfor the combinatoricbackgroundn thetoy datageneration.
As describedn chapter4, therearevariousmethodsthat canbe employedto measurehe
combinatoridoackgroungropertimedistributionsondata,eitherfrom theuppersidebandr
by backgroundsubtraction119]. Thenormalisedatefor combinatoricbackgroundhich
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doesnotdependnthetagdecision,s

f (t, qjtmin;COWbinatOI'iC) = fShort NShort(t; tmin) e = shot 4 flong Nlong(t; tmin) e t= long

e t= short e t= long

= fshon > + flong 2

tmin = long

(6.7)

e tmin = short

short long e

wheref snor = 0:9 is thefraction of short-lvedbackgroundwith  gnot = 0:5ps,fiong = 0:1
is thefraction of long-livedbackgroundvith ,ng = 10:0 ps. As with the otherdecayrates,
the normalisationfor eachcomponents found by integratingfromt = t,;, tot = 1 and
summingover the tag values(the summationin this casesimply introducesa factorof 1/2
into thenormalisations).

6.4.2.3 Total Lik elihood for Proper Time Fit

Thetotal likelihoodthatis usedto t to the propertime distributionis

X
f(t; qtminjm) = f(t; q;tminjdeca) P (decajm); (6.8)
decay
whereP (decayjm), the probability for an eventwith a givenmassto be of a certaindecay
class,canbe found from the decayfractionsP (decay) andthe massPDFsusing Bayes'

theorem:
f (mjdecy) P(decy).

f(m)
As describedabove, f (t; gitmin; decgy) canbe usedin placeof f (t; g; tminjdeca), asthe

P (decayjm) = (6.9)

propertime acceptanceéehaiour of all decaysclassess assumedo bethesame.Thetotal
likelihoodcanthenbe constructedisingthe expressiongor eachf (t; gjtmin ; decg) givenin
the previous sections alongwith the decayfractionsP (decay) from the t to theinvariant
massdistribution, andthe massdistributionsf (mjdecg) for eachdecayclass. This is the
likelihoodthatis usedto t tothepropertimedistribution of thetoy datasetn thefollowing
section.

6.5 Resultsfrom Fit to Toy Data

6.5.1 Validation of Proper Time Fitter

The methodusedto performthe t to the propertime distribution can be testedfor ary

+

inherentbiasby performing ts to simulatedoy datasampleghatonly containB 4 ! ,
By! K*™ andcombinatoridbackgroundevents,i.e.thedecayclasseshatareconsidered
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in the t PDFE A large samplesizeis usedto minimisethe sizeof the t errors,sothatary
biascanbemoreeasilyseen A samplesizeof 100,000eventswaschosen.This corresponds
to thenumberof eventsfor thesemodesghatis expectedwith arounds fb ! of data,however
this sampledoesnot exactly correspondo the datasetthat would be obsered, as some
backgroundsre omitted. The purposeof tting to this large sampleis not to estimatethe
sensitvity of LHCb to the CP asymmetriesvith ' 5 fb ! of data,but ratherto validatethe
methodusedherefor the propertime t anddemonstrat¢hatit is free of inherentbias.

A total of 300 suchdatasetsveregeneratedwith the averagefractionsof B4 ! *
andBy ! K* eventsbeing0.561and0.103respectiely. Thesedatasetsvere then
tted with the t PDF describedn Sec.6.4.2,with all parametersn the PDF, apartfrom
the signal CP asymmetries,x ed to their true values(i.e. the valuesusedto generatehe
toy datasets). The decayfractions P (decay) are x ed to the average(true) values of
P(Bg ! T )= 056landP(By! K* ) = 0:103 ThesignalCP asymmetries,
Ad( + )yandAZX( * ), areseededn thesignaltime PDFwith valuesthatareclose,
but not identical, to the valuesin the toy data: 0.48 for A4, and 0.51for ATX (it was
checledthatusingotherseeddor Adl andA B in theinterval [-1.0,1.0]did not affect the
t results).Duringthe t the CP asymmetrieswhich aretheonly oating parametersare
bothallowedto oat in theinterval [-10.0,10.0]. Fittedvaluesthatviolatethe physicalcon-
straint(Ad? + ATX2) 1 (seethede nitions (1.47))canoccur asmathematicallyhe t is
measuringhe amplitudeof anoscillation,whichin principlecanhave ary value.

All 300 ts cornvergedsuccessfullyandreturneda full andaccuratecovariancematrix.
An examplet canbeseenin theupperhalf of Fig. 6.5. Thedifferentcomponentsf thedata
areshavn ascumulative histogramswith the eventsof eachdecayhaving tagq = +1( 1)
representedly a solid (hatchedhistogram(the datadistributionswith eachtagarehowever
not displayedcumulatvely here). The projectionof the PDFsfor eachdecayclasswith a
giventag have beensuperimposednto eachdecay The t shovn returnedAdt( * ) =
0.407 0.033andATX( * )=0.655 0.024.Themostrelevantfeatureof Fig. 6.5with
regardsto tting fortheBy! *  CP asymmetriess thatthe t PDFsfor eachtagged
subsetof B4 ! *  eventsfollow the dataclosely i.e. the greendottedline (tag = +1)
follows the solid red histogram andthe blue dottedline (tag= -1) follows the hatchedblue
histogram.For the otherdecayclassesn the t, thedistributionsfor eachtagareseento be
very similar to eachother asexpected.The t PDFsfor eachtagin theseclassedie almost
ontop of eachother sothatonly oneof themis visible. Thefactthatthe blue histogramlies
above theredhistogramj.e. thetime-dependentP asymmetryis negative, for mostof the
time interval shovnis dueto ATX( * ) beinglarge andpositive (seeEqn.1.52).

Also shawvn in Fig. 6.5 is the correspondingpropertime distribution of the fractional
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Figure 6.5: A typical t to thepropertime distribution of alarge simulateddatasample
containingsignaland main backgroundgtop), andthe correspondindractionalasym-
metrydistribution (bottom). Seetext for details.
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Parameter | Input Fitted ValuesDistribution Pull Distribution Fit Errors

Mean Width Mean Width Mean
A‘éiFr,( * ) 10.38 |0.379 0.002| 0.034 0.002|-0.01 0.06|1.00 0.05| 0.033
Arc"‘Fi,X * )|10.61 |0.610 0.002| 0.024 0.001| 0.00 0.07 | 1.03 0.06| 0.024

Table 6.5: Summaryof resultsfrom propertime ts to large simulateddatasamples
containingsignalandmainbackgrounds.

asymmetry(i.e. the differencein the numberof eventswith g = 1 andq = 1, divided
by the sum),with the fractionalasymmetryof the t PDF overlaidin blue. Theasymmetry
distribution is shavn only for illustration, it is not the distribution thatis tted. The t is
madeto the propertime distribution (seeEqn.6.8).

The distributions of the t resultsfor A% ( * ) andAZX( * ) from the 300 toy
datasetareshavnin Fig.6.6. Thedistributionsof the tted value, t errorandpull (i.e.resid-
ual dividedby t error)for eachparameteareshowvn. A single Gaussiant hasbeenper
formedonthedistributionsof tted valuesandpulls. Thedistribution of the (signed)corre-
lation betweerthetwo CP asymmetriesn the t is alsoshovn. Theresultsaresummarised
in Table6.5. It canbeseenfrom Fig. 6.6 andTable6.5that,for eacht parameter

The meanof the distribution of the tted valuesis equalto the input value for the
parameter

Themeanof the pull distributionis compatiblewith 0, andthewidth with 1,

Thewidth of thedistribution of the tted valuesmatcheshe meanof the distribution
of the t errors.

Henceit canbe concludedthatthe methodhassuccessfullyrecoreredthe input valuesfor
bothCP asymmetriesyith correctlyestimatecderrors.Fromthe uncertaintyon the meanof
the tted valueddistribution,andalsoonthemeanandwidth of thepull distribution,anupper
limit of* 0:1 (Acp) canbeplacedonthesizeof ary inherentbiasin the method. This
correspond$o anabsolutebiasof ' 0.003,whichis severaltimessmallerthanthe statistical
errorachiezableat LHCb duringtheinitial phaseof LHC operation(a nave extrapolationof
the t errorsobsenedhereto 10fb * wouldyield (Ac)' 0:02).

Anotherfeatureof the t resultsis thatthe erroron AZX is considerablysmallerthan
thaton A% . This arisesthroughthe combinationof threefeaturesof the signalpropertime
distribution (seeEqn.6.4): theturn-onpoint, the exponentialdecayandthesinusoidaterms.
Sincethetypical turn-onpoint valueis 1 ps, the vastmajority of the signaleventsthat pass
the selectionandthe trigger have propertime valuesbetweenl psand4 ps. Att ' 3.1ps,
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Figure 6.6: Distributionsof t resultsfor CP asymmetrie$rom propertime ts to large
simulateddatasamplescontainingsignalandmain backgroundsThe rst, secondand
third rows shav respectrely thedistributionsof tted values, tted errors,andpulls for
AdL+  yandA®ZX( * ). Thefourthrow shavsthedistribution of thecorrelation
betweerthetwo CP asymmetriesn the t.
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mgt ' =2 sothatsin( mgt) ' l1andcog mgt) ' 0. Soin theregion wheremostof
the datalies, the magnitudeof thetermmultiplying A % is largerthanthe magnitudeof the
termmultiplying AdL . This canbe seenin the asymmetryplot in Fig. 6.5: the pointswith
t . 4 ps,which have higherstatistics have smallererror barsandaremainly below the x-
axis, re ecting thedominanceof the ATX termin thistime region. Hencethe t determines
AT moreaccuratelythanA dl . If thepropertime acceptanceehaiour of datadiffersfrom
thatusedin this study thentheratio of theerrorson ATX andAdl maychange.

The distribution of the (signed)correlationbetweernthe two CP asymmetriesn the t,
shawvn in Fig. 6.6, is narrovly pealed around+0.40. A non-ngligible correlationis ex-
pected asthe sumof the sineandcosinetermsin the decayrate (seeEqn.6.4) canbe con-
sideredasasinglesinusoidafunctionwhoseamplitudeandphasebothdependn (different
combinationof) AIL andABx.

With the methodhaving beenseento carry no (or very little) inherentbias,arny biases
foundfrom ts to “realistic” datathatincludethe minor background€anbe ascribedo the
presencef thosebackgroundsndnot to the methoditself.

6.5.2 Massand Proper Time Fits to Realistic Data

The performanceof the massandpropertime ts on smallerdatasamplescorresponding
to the numberof triggered,selected andtaggedeventsexpectedin 0.3 fb ! of data,was
studied.ApartfromtheBy! *  signalandthe dominantbackground¢By ! K™
and combinatoricbackground)thesedatasamplesalso include the “minor” backgrounds
Bg! O (representinghree-bodybackgrounds)Bs ! K*K andBg! K *.
However the minor backgroundsare not modelledin the t. The resultsof the previous
sectionmeanthatary biasthatis foundon the extractedvaluesof the CP asymmetriesvill
bedueto the effect of theseminor backgroundsandnotthe t methoditself.

A total of 1000toy datasetsvere generatedasdescribedn Sec.6.3, with the average
numberof eacheventssetasgivenin Table6.4 (i.e. 6100total events,of which anaverage
of 3422aresignalevents).

As describedn Sec.6.4,thefractionsof eachdecayclass,P (decay), are rst measured
by tting theinvariantmasdistribution. Thetime ts areperformedwith thedecayfractions
x ednotto thetruevaluesbut to the meanvaluesfoundby theinvariantmasst. Thistakes
ary biasingeffect of the minor background®nthemasst into account.
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Figure 6.7: A typical t to the massdistribution of a simulated0.3fb ! datasample
containingsignalandall consideredackgroundsSeethetext for details.

6.5.2.1 MassFits

The massdistributions of the toy datasetglescribedabove were tted with the total mass
PDFf (m) asdiscusseth Sec.6.4.1,with only thesignalandthetwo dominantbackgrounds
beingincludedin thetotal PDE Themasdistribution,f (mjdecg), for eachmodelleddecay
classmatchegshat usedin the toy datageneration. The two independentlecayfractions,
P(Bg ! * YandP(By ! KT* ), areeachseededn the t with the value 0.33,
and oated in theinterval [0,1]. As the f (mjdec&) usedin the t matchthe generated
distributions,theonly possiblesourceof biasin theextractedvaluesof P(B4! * ) and
P(Bg! K™ )isthepresenceftheminorbackgrounds.

All 1000 ts corvermgedsuccessfullyandreturneda full andaccuratecovariancematrix.
An example t is shavnin Fig. 6.7. Thesix differentcomponent®f the dataareshowvn as
cumulatve histograms.The threedifferentcomponent®f the t PDFareshovn assmooth
lines. It canbe seenthatthe minor background$ave little effect on the total distribution.
The tted valuesfor thisdataseareP(By! * )=0.556 0.019andP(B4! K* )
=0.092 0.012.

Thedistributionsof the t resultsfor P(Bq! * )andP(Bgq! K™* ) fromthe
1000toy datasetsreshovnin Fig. 6.8. Thedistributionsof the tted value, t errorandpull
for eachparameteareshownn. A singleGaussiant hasbeenperformedonthedistributions
of tted valuesandpulls. Thedistribution of the (signed)correlationbetweerthetwo decay
fractionsin the t is alsoshovn. Theresultsaresummarisedn Table6.6.
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Parameter Input | FittedValuesDistribution Pull Distribution Fit Errors

Mean Width Mean Width Mean
P(Bq! * ) |0.561|0.556 0.001| 0.019 0.001|-0.24 0.03| 0.98 0.02| 0.019
P(Bq! K* ) ]0.103| 0.092 0.001|0.012 0.001|-0.96 0.03|0.97 0.02| 0.012

Table 6.6: Summaryof resultsfrom massts to simulated0.3fb ! datasamplescon-
tainingsignalandall consideredackgrounds.

Figure 6.8 and Table 6.6 showv that the presenceof the minor backgroundsausesa
small negative biasin the extractedvaluesfor the decayfractions. The biasis ' 0.005for
P(Bq ! * )and' 0.011forP(Bq ! K* ). ForP(Bg'! * ) the system-
atic error is several times smallerthan the statisticalerror with this datasample,but for
P(Bg! KT* ) they areroughly equal,andasmoredatais collectedandthe statistical
errordecreaseghe systematierrorwill becomedominant.Futurestudiesshouldtherefore
investigateheinclusionof the minor backgroundsn the t PDF, to remove this bias.

The effect of thebiason the extractionof the CP asymmetriesn the propertime t will
beexploredin thenext section.This biashasshiftedthe meansf the pull distributionsaway
from 0, but the widths of the pull distributionsarestill compatiblewith 1, showving thatthe
masst is determiningthe errorscorrectly

Finally, the correlationbetweenthe two decayfractionsin the t is seento bevery low.
This is expectedasthe shape®f the massdistributionsfor thethreemaindecayclassesare
very distinctfrom eachother(seeFig. 6.7).

6.5.2.2 Proper Time Fits

The t PDFusedis the sameasthatusedfor the ts describedn Sec.6.5.1,exceptthatthe
decayfractionsare x ednotto theirtrue valuesbut to the meanvaluesfound by themasst
in theprevioussectionj.e.P(Bq! * )= 0:556andP(Byq! K* )= 0:092

As with themasst, all 1000 ts corvergedsuccessfullyandreturneda full andaccu-
rate covariancematrix. An example t is shovn in Fig. 6.9. As expectedthe propertime
distributionsare very similar to thoseseenin Fig. 6.5, exceptthat the minor backgrounds
now appeain the data. The distributionsfor the minor backgroundsrenot displayedsep-
aratelyby tagto allow themto be moreclearly identi ed. It canbe seenthatthe amount
of combinatoridbackgrounds slightly overestimatedasindicatedby the smallnegative bi-
asesonP(By! * )andP(By! K* ) fromthemasst. The t shavn returned
Ad( + )=0.406 0.133andAZX( * )=0.572 0.096.

Thecorrespondingropertime distribution of thefractionalasymmetryis alsoshovn in
Fig. 6.9. Thedistributionis similar to thatshown in Fig. 6.5, exceptthatthe error barsare
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Figure 6.9: A typical t to the propertime distritution of a simulated0.3fb ! data
samplecontainingsignalandall consideredackgroundgtop), andthe corresponding
fractionalasymmetnydistribution (bottom). Seetext for details.
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Parameter | InputValue| FittedValuesDistribution Pull Distribution Fit Errors
Mean Width Mean Width Mean

Adrc+ ) 0.38 0.369 0.005| 0.135 0.003| -0.07 0.03|1.01 0.03| 0.134

Al ) 0.61 0.598 0.003| 0.093 0.002|-0.12 0.03|0.96 0.02| 0.097

Table 6.7: Summaryof resultsfrom propertime ts to simulatedd.3fb ! datasamples
containingsignalandall consideredackgrounds.

farlargerdueto thelower statisticanvolvedhere.

The distributionsof the t resultsfor AdL( *+ ) andATX( * ) from the 1000toy
datasetsareshavn in Fig. 6.10. The distributionsof the tted value, t errorandpull for
eachparametemareshavn. A single Gaussiant hasbeenperformedon the distributions
of tted valuesandpulls. The distribution of the (signed)correlationbetweerthe two CP
asymmetriesn the t is alsoshonvn. Theresultsaresummarisedn Table6.7. It canbe
seenthatthebiasintroducedby the minor backgroundss smallandnegative;around 0.01
for bothAdL andA . This biasis negligible comparedwith the statisticalerrorsfrom this
smallsamplewhichare' 0.13for AdL and' 0.10for A%X. Dueto this smallbias,the pull
distributionsdo nothave mean0, but their widthsarestill very closeto 1, indicatingthatthe
t is calculatingthe errorscorrectly As wasseenfor the resultsin Sec.6.5.1,andfor the
samereasonsthe erroron ATX hereis againconsiderablysmallerthanthaton A%, The
correlationdistribution hasa meanvaluethatis very similar to thatfor the t to thelarge
datasampleqseeFig. 6.6), but the spreads considerablyarger dueto the lower statistics
involved.

Before a completeestimateof the sensitvity to the CP asymmetriesvith the 0.3fb !
datasamplecanbe made,further sourcesof systematicerror, beyond that associateavith
theminor backgroundsneedto be considered.

6.5.3 Sourcesof SystematicErr or

Thepresencef minorbackgroundshatarenotmodelledin the t hasbeenseerto introduce
a small systematicerror on the extractionof the CP asymmetriesAnotherpossiblesource
of systemati@rroris anincorrectdeterminatiorof oneof the parameterghatis held x edin
thepropertime t. Thephysicsparametershatare x edin thepropertime t — g,
andAx(By! K™ ) — aretightly constrainedy currentexperimentalmeasurements,
whoseprecisionwill be improved by LHCb. Hencenoneof the physicsparametersare
expectedo bea sourceof signi cant systematiaincertainty

My

The other x ed parametersn the propertime t are experimentalparameters— the
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Figure 6.10: Distributionsof t resultsfor CP asymmetriegrom propertime ts to
simulatedd.3fb ! datasamplesontainingsignalandall consideredackgroundsThe
rst, secondandthird rows shav respecirely thedistributionsof tted values, tted er
rors,andpullsfor A&t ( * )andAlX( * ). Thefourthrow shavsthedistribution
of thecorrelationbetweerthetwo CP asymmetriesn the t.
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Parameter | Fit! (5g Fitted ValuesDistribution Pull Distribution Fit Errors
Mean Width Mean Width Mean
Adt(C+ )| 35.0% | 0.365 0.006| 0.120 0.004| -0.15 0.05| 0.96 0.04| 0.129
Al * )| 35.0% | 0.587 0.004| 0.087 0.003| -0.29 0.05| 0.96 0.04| 0.093
Adt( * )| 36.0% | 0.372 0.007| 0.142 0.005| -0.03 0.05| 1.04 0.04| 0.139
ATX( * )| 36.0% | 0.613 0.005| 0.099 0.004| 0.02 0.05 | 0.99 0.04| 0.100

Table 6.8: Summaryof resultsfrom propertime ts to simulatedd.3fb ! datasamples
containingsignalandall consideredackgroundswith incorrectestimationof ! (54 in
the t PDFE

mistagratefor By, andthe parameterselatingto the propertime distribution for the com-
binatoric background. Thesewill be measurecdn datausing the methodsmentionedin

Sec.6.4.2,howvever thesedeterminationsvill have someuncertaintyassociatedvith them.
As the coefcients of the oscillationsin the decayratearethe productof (1 - 2! +,4) anda
CP asymmetry(seeEqn.6.4),anincorrectdeterminatiorof the mistagrateis likely to have
themostdirectimpacton the extractedvaluesof the CP asymmetriesThesizeof this effect
canbeestimatedy carryingout ts to thedatasetsisedin Sec.6.5.2,but with the valueof

l'ag In the t PDF x edto adifferentvaluefrom thatusedto generateahe toy data,which
K* (see
Sec.4.1.3.1),its uncertaintyshouldberelatively small. Herethe effect of a 0.5%changean

is 35.5%. Sincethe mistagratefor B4 canbedirectly determinedusingBy !

thevalueof ! o4 usedin the t will beestimated.

The1000datasetsisedin Sec.6.5.2weredividedinto two setsof 500. Onesetwas tted
with a t PDFhaving! oy = 35.0%,andthe otherwith a t PDFhaving! oy = 36.0%.The
otherparametergincludingthe decayfractions)in the t were x edto thesamevaluesused
for the ts describedn Sec.6.5.2.2.All 1000 ts corvergedsuccessfullyandreturnedafull
andaccuratecovariancematrix.

The distributions of the resultsfrom the ts to thesesamplesare shavn in Figs. 6.11
and6.12(thedistributionsof the correlationbetweertheasymmetriesrenot shavn asthey
arealmostidenticalto thedistributionin Fig. 6.10). A summaryis givenin Table6.8.

Comparingtheseresultswith thosefrom the previous section,it canbe seenthatunder
estimating(overestimating}he mistagratedecrease@ncreases)he measuredaluesof the
CP asymmetrie®y around0.01. Thisis the expectedoehaiour, because.g.anunderesti-
mationof themistagcausesnoredilution of theoscillationsto be obseredthanis expected,
whichis compensatetbr by lower valuesof the CP asymmetrie¢seeEqn.6.4).

In the overestimatiorcase thereis a fortunatecancellationwith the systematicarising
from theminor backgroundsandthe nal resultscomeoutunbiasedHoweverthe t errors

194



CHAPTERG6. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN B4! *

- ¢2 / ndf 25.47/35 40F c2/ ndf 28.59/31
35F F
: Prob 0.8811 351 Prob 05908
30F 30F
F Constant  29.7+ 17 c Constant  34.09+ 1.98
25 25F
o0f Mean  0.3645+ 0.0056 E Mean  0.5865 + 0.0041
- 20E
r Sigma  0.1197 + 0.0043 E )
15F 15F Sigma 0.08663 + 0.00319
10F 10F
5 5F
OE‘ ) oy 0. A ofs VTP T cleil
0.2 0 02 04 06 08 1 0203040506 070809 1 11
Adir Amix
80k C
E 100
70 E Entries 500 [ Entries 500
60 E_ Mean 0.1292 80 C Mean 0.09346
50F r
F RMS 0.001313 60 RMS  0.0009189
40F L
305— 40
20F I
E 20
10 i
0:""""'-'"""'"'""""" O'....l....l...|...|....|....
0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.08 0.085 0.09 0.095 0.1 0.105 0.11
s(A,) s(A )
dir .
mix
F c?/ ndf 25.68 /33 35F c?/ ndf 32.44/36
35F Prob 08144 |  30F Prob 0.6385
30F F
F Constant  29.92+ 1.79 25F Constant  28.07 + 1.69
25F [
F Mean L0.147 + 0.046 20E Mean -0.2937 + 0.0467
20F E
E Sigma  0.9636 + 0.0390 15F Sigma 0.964 + 0.040
15F E
10f lop
5F 5F
0: R oA R R bl
5 4 -3 -2 0 1 2 3 4 5 5 4 3 -2 -1 0 1 2 3 4 5

Adir pU”

A pull

Figure 6.11: Distributionsof t resultsfor CP asymmetriegrom propertime ts to

simulatedd.3fb ! datasamplesontainingsignalandall consideredackgroundswith

! tag underestimatetdy 0.5%in the t PDFE The rst, secondandthird rows shaw re-

spectvely thedistributionsof tted values, tted errors,andpullsforAgiFr,( *

).

mix [ +
ACP

) and

195




CHAPTERG. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN By !

+

asE ¢2/ ndf 4174136 - 2/ ndf 26.6 /34

Prob 0.2352 35F Prob 0.8133
30 o

o Constant ~ 23.71+ 1.37 30 E Constant 27.49+ 1.61
25F .

F Mean 0.3717 + 0.0070 25 - Mean 0.6126 + 0.0048
201 Sigma  0.1419 + 0.0054 20F Sigma  0.09927 + 0.00389
15F 155_
10F 10F

5F 5F
0:.....|...|...|. 0ol O:
0 0.2 0.4 0.6 0.8 1 0203040506070809 1 11 1.2
Adir Amix
90F 90F
80F Entries soo| 8OF Entries 500
70F 70

E Mean 0.1385 E Mean 0.1002

60F 60F-
505_ RMS 0.001389 505_ RMS 0.001031
40F 40F
30F 30F
20F 20F
10f 10F
E. 1. NP PR P B B E.. o0t e e
0.125 0.13 0.135 0.14 0.145 0.15 0.155 0.085 0.09 0.095 0.1 0.105 0.11 0.115
s(A ) s(A )
dir mix
35 — 2/ ndf 3339132 | a5 E_ c2/ ndf 25.23/33
30 ;_ Prob 0.3997 30 E_ Prob 0.8316
o5 _ Constant 2742188 | ;_ Constant  27.74+1.63

E Mean  -0.03251% 0.05106 . Mean  0.01888: 0.04768
20 20F

E Sigma 1.044 + 0.040 r Sigma 0.9889+ 0.0400
15 15F
10F 10F
5F 5F

RIS TN T T T R - T Eooitn AT N . N T

5 4 3 -2 -1 0 1 2 3 4 5 5 4 3 -2 -1 0 1 2 3 4 5
Ay, pull A . pull

Figure 6.12: Distributionsof t resultsfor CP asymmetriegrom propertime ts to

simulatedd.3fb ! datasamplesontainingsignalandall consideredackgroundswith

! tag Overestimatedy 0.5%in the t PDFE The rst, secondandthird rows shaw re-

spectvely thedistributionsof tted values, tted errors,andpullsforAgiFr,( *

).

mix [ +
ACP

) and

196



CHAPTERG6. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN B4! *

areseeno increaseslightly whenthe mistagis overestimated.

Due to the cancellationnotedabove, the meansof the pull distributionsin the overes-
timation caseare compatiblewith zero. In the underestimatiorctasethey are signi cantly
negative. In bothcasesthewidthsof the pull distributionsarecompatiblewith 1, indicating
thatthe t is still correctlyestimatingtheerrors.

6.5.4 Sensitvity to AZ( *  YandALX( * )

The completesensitiity to the CP asymmetriesn Bq ! *  with 0.3fb ! of datacan
now be estimatedisingtheresultsfrom the previoussections:

ot (A%) = 0:135(sta) 0:011pkgy 0:004( tag) = 0:135(ta) 0:012(sys);
ot (ALX) = 0:093Gta) 0:0120kg9 0:013( 1g) = 0:093(sta) 0:018(ys);

wherethebiasesarisingfrom theminorbackgroundandthemistagdeterminatiornave been
combinedn quadraturdo give anestimatefor thetotal systematierror.

Although the total errorsas calculatedhere are slightly larger than that thoseon the
individual measurementsom BabarandBelle (seeEqgn. 1.68),a measurementith such
anerror, expectedat LHCb afteronly theinitial 2009—-201@lata-takingun, canstill helpto
resole the disagreemerttetweerthe BabarandBelle measurementsf A 4, .

As the datasamplegrows beyond 0.3 fb 1, the statisticalerror will fall while the sys-
tematicerrorwill remainthe same,assuminghat the analysiscontinuesnot to modelthe
minor backgroundsand the estimationof the mistagrate doesnot improve. Underthese
assumptionghetotal errorswith oneyearof dataat nominalluminosity (2 fo 1) would be:

ot (ASD) = 0:052(sta)  0:012@ys);
ot (ATX) = 0:036(ta) 0:018(ys);

Thesevaluesaresimilar to the 2 fb ! sensitvities reportedin [56], obtainedusingthe
simultaneoust stratey (seeSec.6.1). With thisamountof data,the disagreemertietween
the B-Factorieswill beresolhedbeyonddoubt.

Arguablythe mostimportantphysicsmeasuremerthatcanbemadeusingB !  h*h’
decaysds the measurementf the CKM angle utilising the directand mixing-inducedCP
asymmetriesn Bs ! K*K (seeSec.1.4.4). Assumingthatthe sensitvity attainedfor
the CP asymmetriesn Bs ! K *K is similar to thatfoundfor thosein By ! T hy
thecurrentstudy avaluefor canbecalculatedwith anerrorof around? , using2fb ! of
LHCb data[56].
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6.5.5 Sensitvity tosin2 ¢

In the absencef penguinamplitudesa measuremendf ASX( * ) would directly give
avaluefor sin2 . However the presencef penguinamplitudescausesAdL( * ) to be
nonzero,andthe measuredjuantitybecomeshe effective physicsparametesin2 ¢ (see
Sec.1.4.3).Fromthede nition

. AR
SiN2 ef G (6.10)
di
1 AC'FE(+ )

the uncertainties 4 and mix onA % andATX givenin the previous sectioncanbetrans-
latedinto anuncertainty g, onsin2 .
AB2 AT, 1, A% AR

( sine )2: m dir 17'&\%;2 mix m dir:mix  dir  mix s (6-11)

where 4;-mix IS thecorrelationcoefcient betweerAgi,E, andA(”;F‘,X (seeFig. 6.10).
Theinputvaluesof AdL = 0.38andA X = 0.61giveaninputvalueof sin2 . =0.659.

Usingthe valuesfoundin Sec.6.5.2.2for the meanvaluesof Adl andATX, the statistical

errors girmixy and gir:mix, theresultingmeasuremerdf sin2 . with 0.3fb ! of datais:

sin2 . = 0:643 0:119

This setsthe scaleof the expectederror on sin2 using the isospinmethod,and is the
minimum possibleerror in the ideal caseof no further uncertairy beingintroducedby the
inclusionof measurementsom thedecays8* ! * %andBy! © ©.

6.6 Conclusions

A studyhasbeencarriedout to estimatethe sensitvity of LHCb to the directand mixing-
inducedCP asymmetriegor thedecayBy! * , viaastudyof thetime-dependentP
asymmetrydistribution. Cutson particleidenti cation likelihoodsand invariantmassare
usedto reducethe backgroundevel from otherB ! h*h’ decays. The propertime t
methodwasvalidatedusinglarge datasamplesontainingonly the decayghataremodelled
in the t PDFE No evidenceof ary biasesvasfound.

Smallersetsof toy datacorrespondingo the expectedyields with 0.3 fbo ! of data,
were then generated. Thesedatasetsncludedthe minor backgroundof Bs ! K*K
Bs ! K * andthree-bodybackgroundshut were tted takingonly the B4 ! *
signalandthedominantbackgrounds— By ! K*  andcombinatoridbackground— into
account.The t wasperformedin two stages:rstly therelative fractionsof the signaland
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backgroundiecayclassearefoundfrom the invariantmassdistribution. Thesewerefound
to be biasedby a small absoluteamountof 0.005—-0.01.This biaswastaken into account
whenthe decayfractionswereusedas x ed parameterst to the propertime distribution.
The resultingmeasuredraluesfor the CP asymmetrieslisplayeda small biasof ' 0.01,
which, dueto the resultsfrom the tter validation,canbe ascribedto the in uence of the
minor backgrounds.

An incorrectdeterminationof the mistagrate! g3 was consideredas the mostlikely
sourceof additionalerror. It was found that an incorrectdeterminationof ! (4 by 0.5%
contritutesa furthersystematierrorof ' 0.01.

The expectedotal erroronthe CP asymmetriesising0.3fb ! of datais foundto be:

ot (AdD) = 0:135(ta)  0:012@ys);
ot (ATX) = 0:093@ta) 0:018(ys):

Theseare comparablgo the uncertaintieson the currentexperimentalmeasurements.
Clearly, LHCb canexpectto supersed¢hesemeasurementasmoredatais collected. The
correspondingneasuremerdf the effective physicsparametesin2 . would be:

sin2 o = 0:643 0:119

for aninput value of sin2 o = 0.659. The study describedhere could be continuedby
consideringfurther sourcesof systematicerror, suchas an incorrectdeterminationof the
propertime distribution for the combinatoriabackgroundr of the propertime acceptance
turning points. Furthermordhe known systemati@rrorarisingfrom the minor backgrounds
could betackledby including thesebackgroundsn the t PDE Theadditionof B¢ decays
to the t PDFwould requireincorporatinga propertime resolutionmodelinto the t PDFs,
anda strateyy for takingthe (currentlypoorly measuredP asymmetriesn thesechannels
into accountwould needto be developed.The naturallongertermdevelopmentof the tter
describechereis to enablea t to the CP asymmetriegor Bg ! K *K , which canthen
becombinedwith theBy! *  asymmetrieso extractavaluefor . However this will
requirecarefulconsideratiorof the possiblecontaminatiorof eachselectedsamplewith the
otherdecayof interest.
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Chapter 7

Conclusionsand Outlook

7.1 Summary

This thesisbegan by presentinga review of the Standardviodel (SM) of particle physics,
with particularfocus on the SM descriptionof quark mixing, the CKM mechanismand
how thephenomenownf CP violationis includedin this mechanismSeveralwaysin which
studiesof hadronicdecaysof B hadronscanconstrainthe CKM mechanismandpossibly
revealnew effectsbeyondthe SM, werediscussed.

The LHCb experimentwhich is aboutto begin physicsdatatakingat the Large Hadron
Collider (LHC), will make precisionmeasurementf B decaysjncludinghadronicdecays.
In chapter?, abrief descriptionwasgivenof the LHC acceleratocomplex andits attending
experimentsandthe LHCb detectowasdescribedn depth.

TheRing ImagingCherenkv (RICH) countersof the experimentprovide excellentpar
ticle identi cation (PID) for chaged hadronsover a wide momentumrange. In chapter2
the RICH countersveredescribedn moredetailthanthe othersubdetectorsasthe charac-
terisationof the entireensemblef the photondetectordor the RICHes,the Hybrid Photon
DetectordHPDs),wasthe subjectof chapter3.

All 557 HPDs producedfor LHCb underwentthoroughquality assuranceestingand
characterisatiomat dedicatedestfacilities. Their overall performancevasfoundto be out-
standing,with only 2.2% of HPDsjudgedto be unusablefor the RICHes. The LHCD re-
guirementsandthe contractuakpeci cationsare met and often exceededn key areasfor
examplethe deadpixel numberion feedbackprobabilityanddark-countrate. The quantum
ef ciency of the HPD photocathodes found to be signi cantly higherthan expectations,
leadingto increaseghotoelectroryield in the RICHes.

The measuremenf the single photoelectrordetectionef ciency of the HPD anode
wasdescribedn detail. The efciency wasfoundto be = (879 1.4)% whena?25ns
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digital readoutwindow wasused. The ef ciency wasindependenof the light input level.
This value con rms that the productionHPDs exceedthe contractualrequirementn this
area,andis in agreementvith previous measurementsf . It will be usedto improve the
simulationof the RICH detectors. The RICH detectorsare now fully populatedwith the
HPDsandarereadyto participatein thestudyof the rst collisionswithin LHCb.

The PID informationfrom the RICHesis crucial for the studyof hadronicB decaysas
different nal statescanbedistinguishedrom oneanothemonly if the nal stateparticlesare
correctlyidenti ed. Oneinterestingclassof hadronicB decayss the two-bodycharmless
decaysreferredto within LHCbasB ! h*h’ decays.

The detectorperformancewith respectto the propertime resolutionfor the decay
Bs ! K K™ hasto be measuredn orderto correctly extract the CP asymmetriesor
thatdecaywhich areneededor themeasuremerdf usingB ! h*h’ decaysThestudy
presentedh chapte proposeda methodwhich, withouttheuseof informationfrom Monte
Carlo simulations,was found to be able to correctly extract the parameter®f the proper
time resolutionmodelfor B! h*h’ decayslt wasdemonstratethatthis canbe doneby
measuringhe propertime resolutionfor the avour-speci cdecayBs! K *,viaat to
its avourtaggedreconstructeghropertime distribution.

A propertime resolutionmodelwasdevelopedthataccuratelydescribeshe propertime
residualdistributionsin simulateddatafor four Bgs ! f ;Kg'f ;Kg channels.The
modelmakesuseof thepereventerroronthereconstructegropertime. Thetwo parameters
of themodel,GM andGS, arethe effective scalingfactorsbetweerthe pereventerrorand
the meanandwidth, respectiely, of the resolutiondistribution. The valuesof GM andGS
werefoundto be compatiblewith eachotherfor all four decays.

The parameter®btainedfrom thesets to the full simulationwereusedto guidea toy
Monte Carlostudy which estimatechow well the parametersf the modelcanbe measured
using data. The statisticaluncertaintyon the parameter®f the modelwith 2 fbo * of data
is foundto be gm sty = 0:21and gs(sty = 0:30. The dominantsystematiauncertainty
is expectedto be that associatedvith anincorrectdeterminationof the mistagrate. This
uncertaintyaffectsGS but not GM , andhasbeenestimatedo be gs(sysy = 0:13, whichis
similar in sizeto the statisticaluncertaintyon GS after10fb ! of data. With onenominal
yearof LHCb data,the t to theresolutionmodelparameterganbe expectedto constrain
theresolutionmodelfor Bs ! K K* sufciently to provide usefulinput for the study of
its time-dependentP asymmetrydistribution,andhencefor the measuremeruf

While someB | h*h’ decayssuchasBs! K K*, areexperimentallywell estab-
lished,therearea numberof suchdecayshatremainunobsered. In the caseof two-body
charmles$aryonicB decaysthisis despitearangeof theoreticakalculationsvhich predict
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thatthesedecaysshouldalreadybe experimentallyaccessible.

In chapterb, a studywas presentedvhich examinedthe prospectof LHCb to discover
new baryonicB decaymodeswith particularfocuson the experimentallymostpromising
mode,B4 ! pp. Measurementsf the branchingratiosfor two-bodycharmlesdaryonic
B decayscanhelpto constrainanddiscriminatebetweendifferenttheoreticalmodelsthat
make certainapproximation®r asumptionsvhencalculatingdecayamplitudes.

TheLHCb inclusive selectionfor B ! h*h’ decaysvasadaptedo produceanexclu-
sive selectionfor the modesBy.s !  pp. By estimatingthe numberof backgroundevents
thatwould passthis selection,a5 discoveryof By ! pp wasfoundto be possiblewith
only 0.25fb * of nominalLHCb data,if thetrueB4 ! pp branchingfractionis closeto the
currentexperimentalupperlimit. Evenif the true branchingfractionis a factorof 5 lower
thanthe presenupperlimit, adiscoery canbe madewith about5 fb * of data.

A detailedexperimentalstudyis requiredbeforeary de niti ve statementanbe made
aboutthe prospect®f LHCb to obsene othertwo-bodycharmlesdaryonicB decaysHow-
ever, thosechannelsnvolving a baryonin the nal statemay alsobe worthy of studyat
LHCh.

Finally, chapter6 describeda study of the prospectsof LHCb to measurethe direct
andmixing-inducedCP asymmetriegor thedecayBy ! * , via a studyof the time-
dependenCP asymmetrydistribution. A stratgly wasadoptedfor the event selectionand
t which aimedto minimise systematieffectsby reducingproblematic poorly constrained
backgroundso smalllevels.

The methodusedto t totheBy ! *  propertime distribution was examinedfor
inherentbiasusing ts to large simulateddatasampleghat containedonly the decaysthat
aremodelledin the t PDE A tight limit wasplacedon ary suchbias.

Fits werethencarriedout to smallersetsof simulateddata,to evaluatethe sensitvity to
theCP asymmetriesvith 0.3fb ! of data,whichis approximatelyjthe amountof datathatis
expectedo be collectedin the 2009-201@atatakingrun of LHCb. Thesesmallerdatasets
includedbackgroundsvhich areexpectedto be presenin the sampleof selecteceventsfor
Bgy! * ,butwhicharenotmodelledin the t PDFE

A two-staget wasperformed:rstly therelativefractionsof thesignalandthemodelled
backgroundsvereobtainedusinga t to theinvariantmassdistribution. Therewasa small
biasof 0.005—-0.01on thesefractionsdueto the unmodelledbackgrounds.This shift was
consideredn thehandlingof the t to the propertime distribution.

The measuredraluesfor the CP asymmetriegrom this propertime t carrieda small
biasof ' 0.01. This canbe ascribedto the in uence of the minor backgroundsasthe t
methodwasfoundto befree of intrinsic bias. An incorrectdeterminatiorof the mistagrate
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I ag Wasconsideredasan additionalsourceof possiblesystematicerror. It wasfoundthat
anincorrectdeterminatiorof ! 1,4 by 0.5%introducesabiasof' 0.01to eachasymmetry

The expectedotal sensitvity to the CP asymmetriesvith 0.3fb ! of datawasfoundto
be:

ot (ASD) = 0:135(ta)  0:012@ys);
ot (ATX) = 0:093@ta) 0:018(ys):

This total expectederroris comparabldo the uncertaintieon the currentexperimental
measurementsAs more datais collectedand the statisticalerror falls, LHCb expectsto
cometo dominatetheworld averagevaluesfor theseCP asymmetries.

Usingthevaluesfor thedirectandmixing-inducedCP asymmetriegxpectedvith 0.3fb !
of data,the measurementf the effective physicsparametesin2 . isfoundto be:

sin2 o = 0:643 0:119

for aninput valueof sin2 o = 0.659. Apart from sin2 . , a rangeof otherinteresting
physicsmeasurementsanbe madeusingB ! h*h’ decays.Notably, a combinationof
themeasurementsf theCP asymmetrieforBy! * andBs! K K™ canbeusedto
extractavaluefor the CKM angle .

7.2 Outlook

With theLHC dueto begin physics-qualitydatatakingin early2010,the LHCb experiments

readyto analysehe rst collisionsto begin to calibrateandunderstandhedetector Calibra-
tion of the Particle Identi cation (PID) performanceof the experiment,which is crucial for

the studyof hadronicB decayswill involve a detailedunderstandingf the Hybrid Photon
DetectorgHPDSs). This is turn dependn the knowledgegainedfrom the comprehensie
testingprogrammehatall HPDsunderweniat the PhotonDetectorTestFacilities (PDTFs)
in Scotland OneHPD parametethatis requiredto beknown in orderto fully understandhe
PID performancas the single photoelectrordetectionef ciency of the HPD anode which
wasmeasuredn chapter3 of thisthesis.

Anotheraspectf thedetectothatneedso bewell understoods thepropertimeresolution
behaiour. Poorunderstandingf the propertime resolutionhasthe potentialto introduce
systematierrorsin time-dependendtudiesof B hadrondecays.In chapter4 a methodwas
proposedo measurehis behaiourfor B ! h*h’ decays.

Apart from detectorunderstandingthereare several potentially world-leadingphysics
measurementhat canbe madewith early data. Oneexamplewould be the obsenration of
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thedecayBy ! pp, or indeedary two-bodycharmlesdaryonicB decay The potentialof
LHCbtodiscorerBy ! ppwasexploredin chapters.
As more datais collected,LHCb will soonbe ableto make an accuratemeasurement

of usingthedecaysBq! * andBs! K™K . Themethodof chapter6 could
be developedto allow the time-dependen€P asymmetrydistribution of Bs ! K*K
aswell thatfor By ! * , to bestudied. The extensionof the CP asymmetrytter to

includeBs! K*K wouldrequirethepropertime resolutionmodelto be correctlytreated
in the t PDFs. The methodlaid outin chapter4 canbe usedto measurehe propertime
resolutionfrom data,to provide the necessarinputto the tter. Thiswould thenallow for a
measuremerdf to bemadeusingthis method.

SincethedecayBy! * andBs! K*K involve penguinamplitudesthevalue
of measuredisingthemmaybeaffectedby New Physics A comparisorof asmeasured
in thesedecayswith thatmeasuredrom decayghatdo notinvolve penguinamplitudesnay
leadto the discovery of New Physicseffects, and help to openthe door to a new era of
discoveryin High Enegy Physics.
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