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Performanceof Hybrid PhotonDetectorsand
Studiesof Two-BodyHadronic B Decaysat LHCb

Abstract

The LHCb experimentat the CERN LHC acceleratorwill begin physicsdatataking in

late2009.LHCb aimsto discoverNew Physicsprocessesvia precisionmeasurementsusing

heavy �a vouredhadrons,suchasB andD hadrons.This thesisdescribesstudiesrelevantto

measurementsof B decaysto hadronic�nal statesat LHCb. TheRing ImagingCherenkov

(RICH) countersof LHCb arecrucial to theperformanceof suchmeasurements.They use

arraysof Hybrid PhotonDetectors(HPDs)astheir photodetectionsystem.Detailedresults

arepresentedfrom the characterisationprogrammeof the entiresampleof 557 HPDsthat

wereproduced.Their overall performanceis found to be outstanding,with only 2.2% of

HPDsjudgedto beunusablefor theRICHes. TheLHCb requirementsandthecontractual

speci�cationsare met and often exceededin key areas. The measurementof the single

photoelectrondetectionef�ciency, � , of theHPDanodeis describedin detail.Theef�ciency

wasmeasuredas� = (87:9 � 1:4)%. This valueexceedstheLHCb-RICH requirement,and

is in agreementwith previousmeasurements.

A methodto measurethe detectorpropertime resolutionfor two-bodyhadronicB de-

caysfrom data,makinguseof theper-eventpropertime error, is described.A propertime

resolutionmodelis proposedandis shown to accuratelymatchthesimulatedresolutionfor

thesedecays.Themodelparameterscanbemeasuredon databy �tting the �a vour-tagged

propertime distributionof theBs ! K � � + decay. Constrainingthepropertime resolution

modelvia thismethodcanpotentiallyreducesystematicerrorsin time-dependentstudies.

A studyis presentedwhichexaminestheprospectsof LHCb to discovernew baryonicB

decaymodes,with particularfocuson theexperimentallymostpromisingmode,B d ! pp.

It is foundthata5� discoveryof Bd ! pp is possiblewith only 0.25fb� 1 of nominalLHCb

data,if its truebranchingfractionis closeto thecurrentexperimentalupperlimit.

Finally, theprospectsof LHCb to measurethedirectandmixing-inducedCP asymme-

triesfor thedecayBd ! � + � � , via atime-dependentstudy, areassessed.A �t is madeto the

invariantmassandpropertime distributionsof simulateddata. The total sensitivities with

earlydata(0.3 fb� 1) arefoundto be0.135(stat)+ 0.012(syst)and0.093(stat)+ 0.018(syst)

for thedirectandmixing-inducedasymmetriesrespectively. Thesesensitivitiesarecompeti-

tivewith currentexperimentalmeasurements,andindicatethatLHCb will cometo dominate

theworld averagevaluesfor theseCP asymmetriesasmoredatais collected.
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Preface

TheLHCb detectoris oneof four largeexperimentsthataresetto begin datatakingatthe

LargeHadronCollider(LHC), aparticleacceleratorring locatedat theEuropeanLaboratory

for ParticlePhysics(CERN),nearGeneva,Switzerland.LHCb aimstomakegroundbreaking

discoveriesof New Physicsthroughprecisionstudiesof heavy �a vouredhadrons,suchasB

andD hadrons.Thestudiespresentedin this thesisaim to contributetowardstheability of

LHCb to make suchdiscoveriesvia particularmeasurementsof B decaysto hadronic�nal

states.A brief overview will now begivenof thecontentsandstructureof this thesis.

Chapter1 givesthetheoreticalbackgroundrequiredto placethestudiesof this thesisin

context. TheStandardModel (SM) of particlephysicsis described,with a focuson theSM

descriptionof quarkmixing, whichis known astheCKM mechanism.Thewayin whichCP

violation,whichcharacterisesdifferencesin behaviour betweenparticlesandantiparticles,is

incorporatedinto theCKM mechanismis discussed.Severalmethodsto constraintheCKM

mechanismandsearchfor New PhysicseffectsusinghadronicB decaysareoutlined.

Chapter2 providesa brief overview of theLHC acceleratorcomplex andthepurposeof

the four mainLHC experiments.TheLHCb detectoris thendescribedin depth.Particular

attentionis paid to describingthe Ring ImagingCherenkov (RICH) countersof the exper-

iment. Thesedetectorsaim to provide excellentparticleidenti�cation (PID) capabilityfor

chargedhadronsin a wide momentumrangeof 1–100GeV. High-quality PID is a require-

ment for studiesof hadronicB decays,to allow different �nal statesthat sharethe same

topologyto beseparatedfrom eachother.

Thephotondetectorsof any RICH systemplay anessentialrôle in ensuringits PID per-

formance.The RICHesof LHCb usearraysof Hybrid PhotonDetectors(HPDs)to detect

theCherenkov photonsemittedby chargedparticlesasthey traversetheRICHes.Chapter3

givesa detaileddescriptionof thecomprehensivecharacterisationprogrammethatwascar-

ried out on theentiresampleof 557HPDsthatwereproducedfor theLHCb RICHes.One

particularmeasurement,that of the single photoelectrondetectionef�ciency of the HPD

anode,is highlighted.

SomephysicsmeasurementsusinghadronicB decaysinvolve time-dependentstudies,

wherea goodunderstandingof thedetectorpropertime resolutionis neededto ensurethat

sytematicerrorsarenot introducedinto theanalysis.Chapter4 describesa methodto mea-

surethedetectorpropertimeresolutionfor two-bodycharmlesshadronicB decays(referred

to within LHCb asB ! h+ h
0� decays)from data,without recourseto informationfrom

simulation.After theinitial datatakingperiod,thismethodshouldbeableto provideuseful

constraintson the propertime resolutionmodelfor B ! h+ h
0� decays.This canhelp to
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reducesystematicerrorsin time-dependentstudiesof thesedecays.

SomehadronicB decaysthataretheoreticallyallowedto occurhave yet to beobserved

experimentally. One classof suchdecaysare the two-body charmlessbaryonicdecays.

Chapter5 describesa study into the feasibility of discovering new baryonicdecaymodes

of B mesonsat LHCb. The main focusof thechapteris on the decayBd ! pp, which is

consideredto bethemostlikely candidatefor the�rst observationof a two-bodycharmless

baryonicB decay. An exclusive selectionfor this decayis developed,and the prospects

for LHCb to observe it in the early stagesof datataking areassessed.The likelihoodof

observingothersimilarbaryonicdecaysis brie�y discussed.

As hasbeenstatedalready, studiesof thetime-dependentdistributionsrelatingto certain

hadronicB decayscanyield interestingphysicsresults. A goodexampleis a methodfor

measuringthe parameterof the CKM descriptionknown as 
 . This fundamentalparam-

etercanbe measuredby studyingthe time-dependentCP asymmetrydistributionsof two

B ! h+ h
0� decays,Bd ! � + � � andBs ! K + K � . Thevalueof 
 measuredusingthis

methodis sensitive to New Physicseffects. Comparingthis valuefor 
 with thatmeasured

from otherB decayscanreveal inconsistenciesin theCKM description,demonstratingthe

presenceof New Physics. Chapter6 describesa studyof the potentialfor LHCb to mea-

surethe CP asymmetriesin Bd ! � + � � . Apart from their rôle in themeasurementof 
 ,

thereis signi�cant experimentalinterestin the valuesof theseCP asymmetries,ascurrent

measurementsfor oneof themarenot consistentwith eachother.

A two-stage�t methodto measuretheCP asymmetriesis presented.Themethodmea-

suresthe signalandbackgroundyields usingthe massdistribution, thenusestheseyields

asan input to a �t to thepropertime distribution. Thestatisticalandsystematicerrorsthat

areexpectedwith this methodusingearly dataareestimated,andcomparedto the current

experimentalprecision.

Chapter7 givesa summaryof thestudiespresentedin this thesisandtheir results,and

looks forward to the initial datataking run of the LHC, which marksthe beginning of an

exciting new chapterin thestoryof High Energy Physics.
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Chapter 1

Flavour Physicsand CP Violation

In this chapterthe theoreticalbackgroundto the work presentedin this thesisis reviewed.

Section1.1 givesan overview of the StandardModel of particlephysics,including its de-

scriptionof quarkmixing, which is known as the CKM mechanism.The conceptof CP

violation, correspondingto the asymmetricbehaviour of antimatterwith respectto matter,

is alsointroduced.Section1.2 discussessomeaspectsof �a vour physicsthat arerelevant

for thework in this thesis,with particularemphasison theeffectsof quarkmixing andCP

violation on the behaviour of neutralmesons.Section1.3 covers in detail the incorpora-

tion of CP violation into the CKM mechanism,andsummarisesthe currentstatusof CP

violation measurementsin the quarksector. Section1.4 outlinesthe theoreticalaspectsof

two-bodycharmlesshadronicB decays(in particular, the subclassof suchdecaysknown

asB ! h+ h
0� decays),anddiscussestwo physicsmeasurementsthatLHCb will make by

studyingsuchdecays.Studiesof B ! h+ h
0� decaysat LHCb will form Chapters4–6 of

this thesis.Thechapteris summarisedin Sec.1.5.

1.1 The Standard Model

1.1.1 Statusof the Standard Model

TheStandardModel (SM) of particlephysicswasdevelopedseveraldecadesago,andsuc-

cessfullypredictsthenatureof all interactionsbetweenall particlesthathavebeenobserved

to date,with the exceptionof gravitational interactions[1]. However it is widely believed

that the SM is not a fundamentaltheory of nature,ratherit is expectedthat the SM is a

low-energy effectivetheoryof ahigherenergy theorywhosenaturehasyet to beestablished.

Thisbeliefarisesfrom severaldeeptheoreticalandexperimentalissueswithin theSM,which

haveprovedverydif�cult to resolve.
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Two of themainexperimentaldif�culties arisefrom the�eld of cosmology. Firstly, there

is no candidateparticlewithin theSM for thedarkmatterwhich is believedto beabundant

in theuniverse.Secondly, theasymmetrybetweenmatterandantimatterin theUniverseis

observedto bevery large,andno mechanismto generatesucha large asymmetryexists in

theSM. A furtherexperimentaldif�culty for theSM is thatoneof its constituentparticles,

theHiggsboson,hasnotyet beenobserved.TheHiggsbosonis theparticleassociatedwith

a scalar�eld calledthe Higgs �eld, in the sameway that for examplethe photonis asso-

ciatedwith theelectromagnetic�eld. In theSM theHiggs �eld is responsiblefor breaking

electroweaksymmetryandendowing particleswith mass,via a processknown astheHiggs

mechanism.

Themainunresolvedtheoreticalissuewithin theSM is relatedto theHiggsmechanism,

andis known astheHierarchyProblem.This problemarisesbecausecurrentexperimental

constraintsdictatethatthemassof theHiggsbosonis lessthan1 TeV, which is many orders

of magnitudebelow the maximumpossiblemassscale,known asthe PlanckScale. In the

SM thereis no mechanismto protecttheHiggsmassfrom beingaffectedby largequantum

correctionsthatcouldpushthemassup to thePlanckScale.Within theSM theHiggsmass

canstill be“�ne tuned” to bebelow 1 TeV, but sucha solutionis consideredunnaturaland

not theoreticallysatisfying.

Solving theabove issues,anddistinguishingbetweenthemany candidatesfor themore

fundamental,higherenergy theory, is themaingoalof theparticlephysicsexperimentsthat

operateat the Large HadronCollider. Oneof theseexperimentsis the LHCb detector. It

aims to make precisionmeasurementsof the characteristicsof particlescontainingcharm

andbeautyquarks. Suchmeasurementscanshedlight on the reasonfor the large matter-

antimatterasymmetryin the Universe.This is becauseLHCb will studydifferencesin the

way particlesandtheir antiparticlesbehave, andthe existenceof suchdifferences(a phe-

nomenonknown asCP violation) is necessaryfor a matter-antimatterasymmetryto exist in

theUniverse[2].

1.1.2 Particle Content of the Standard Model

Theparticlecontentof theSM consistsof asetof elementaryparticleswhoseexistence,with

the notableexceptionof the Higgs boson,hasbeencon�rmed experimentally. The known

elementaryparticleshave no structuredown to a scaleof around10� 19 m. Eachparticle

in the SM hasa partner, known as its antiparticle, which hasthe samemassbut hasthe

sign of its internalquantumnumbers,suchascharge, reversed.It is possiblefor a neutral

particleto beits own antiparticle.A particleandits antiparticlearerelatedby thecombined

transformationsof parityP andchargeconjugationC, whicharedescribedin Sec.1.1.5.The

2
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elementaryparticlescanbeclassi�ed into two groups:bosonsandfermions.

1.1.2.1 The Standard Model Fermions

Fermionshavehalf-integerspinvaluesandhavewavefunctionsthatareantisymmetricunder

theexchangeof two identicalparticles.Hencethey obey thePauli exclusionprinciple. The

fermionscanbefurthersubdividedinto quarksandleptons.

Quarkscarry anothercharge known asthe colour charge, andaresubjectto the strong

force.Thecolourchargecarriedby aquarkcanbeoneof threestates,labelledred,blueand

green.Antiquarkscarryoneof threedifferentcolourstates,known asantired,antiblueand

antigreen.Freequarksarenot observedin nature,rathercolourlessparticlescalledhadrons,

consistingof setsof boundquarks,areobserved. Due to the requirementthat hadronsare

colourless,the only allowed combinationsof quarksarea quark-antiquarkpair (known as

a meson)anda setof threequarksor threeantiquarks(known asa baryonor antibaryon

respectively). Therearesix �a voursof quarkin theSM. Threeof these— theup(u), charm

(c) andtop (t) quarks— carry an electriccharge of 2=3, with the otherthree— the down

(d), strange(s) andbottom(b) quarks— carryinganelectricchargeof � 1=3.

Theleptons,of which thereareagainsix in theSM, canalsobedividedinto two setsof

threebasedon their electriccharge. The electron(e), muon(� ) andtau (� ) particlescarry

an electriccharge of � 1, while their associatedneutrinos(� e, � � and� � ) carry no electric

charge.

The known fermionscanbe arrangedinto three“f amilies” or “generations”,re�ecting

the hierarchyof how they interactwith eachother (seethe following sections). The �rst

generationconsistsof the u, d, e and� e, the secondgenerationof the c, s, � and� � , and

the third generationof the t, b, � and� � , with the associatedantiparticlesbeingimplicitly

includedin eachgeneration.

1.1.2.2 The Standard Model Bosons

Thesecondclassof elementaryparticlesis thebosons,which have integerspinvaluesand

symmetricwavefunctions. Bosonsact ascarriersof the differentforcesthat the fermions

describedabove canfeel, andhencethey mediatethe interactionsbetweenfermions. The

mediatorof theelectromagneticforceis thephoton(
 ), which is massless.Thephotoncou-

plesto electriccharge,andsocouplesto all of theelementaryfermions,with theexception

of theneutrinos.Sincethephotonitself doesnotcarrytheelectriccharge,thereis nophoton

self-coupling.This allows thephotonto travel freely throughspace,giving theelectromag-

neticforceanin�nite range.

3
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The strongforce, which is felt by quarksbut not leptons,is mediatedby gluons(g).

While gluons,like the photon,are massless,unlike the photonthey themselvescarry the

charge that they mediate,andso they canself-interact.This causestherangeof thestrong

force to be �nite andin fact very small (O(10� 15 m), roughly the diameterof a nucleon).

Freequarksandgluonsarenot observed. Giventheneedto mediatebetweentwo quarksor

antiquarks,which cancarry oneof six colour charges,the nä�ve expectationwould be for

nine differenttypesof gluon to exist, with eachcarryingsomecombinationof colour and

anticolourchargelinearly independentfrom thecombinationsof theothergluons.However

oneof theselinearlyindependentcombinationswouldhaveto becolourless,sothatthegluon

could have long rangeinteractions.Sincelong-rangestronginteractionsarenot observed,

this combinationdoesnotexist, andhencethereareonly eighttypesof gluon.

Theelectroweakforceis mediatedby threegaugebosons:theW + , theW � andtheZ 0.

Every fermion, including the neutrinos,feels the electroweak force. Eachof thesegauge

bosonsis very massive (M W ' 80:4 GeV andM Z ' 91:2 GeV),which causestherangeof

theelectroweakforceto beverysmall(O(10� 18 m)).

Thefollowing sectionswill build up themathematicaldescriptionof how, in theSM, the

particlesdescribedabove interactwith eachother. The descriptiongiven will assumethat

neutrinosaremassless.Althoughtheexistenceof non-zeroneutrinomasseswasprovenin

1998throughtheobservationthatthey couldoscillatebetween�a vours[3], theconclusions

of thediscussionsin thefollowing sectionswouldnotbechangedby their inclusion.

1.1.3 The One-GenerationStandard Model

Following theapproachin [4], theelectroweakandstronginteractionswill �rst beintroduced

for a “standardmodel” containingonly the �rst generationof fermions. Thenthe experi-

mentallyobservedsecondandthird generationswill beaddedto build up the full Standard

Model.

The theoreticalstructureof the SM is often consideredas two quasi-separatetheories

— QuantumChromodynamics(QCD), andElectroweak(EW) theory. QCD describeshow

particlesinteractvia thestrongforce,while EW theorydealswith theelectromagneticand

weakforces.Thereasonfor thetheorybeingsplit in thiswayis thattheSM is agaugetheory,

in which eachinteractionis a manifestationof the symmetryof a particulargaugegroup.

Thechoiceof gaugegroupsis madeto �t experimentalobservations;thereis no theoretical

reasonto excludegroupsbeyond thosewhich areused. In general,a gaugegroupof the

form SU(n) describesaninteractionwith n2 � 1 gaugebosons.HenceSU(3) candescribe

thestronginteractionwith eightgluons,andSU(2) � U(1)Y candescribetheelectroweak

interactionwith the photon,W � and Z 0. So the gaugegroup for the SM as a whole is

4
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SU(3)� SU(2)� U(1)Y , with theelectromagneticandweakforcesconsideredasoneuni�ed

electroweakforce. ThegaugegroupU(1) of theelectromagneticforce is relatedto (but is

not equalto) the U(1)Y subgroupof the electroweakgaugegroup(seeSec.1.1.3.4). This

uni�cation of electromagnetictheoryandthetheoryof theweakinteractionwasachievedin

the1960sby SheldonGlashow, AbdusSalamandStevenWeinberg [5, 6, 7].

The gaugebosonsassociatedwith eachof the gaugegroupsneednot be equivalentto

thephysicalgaugebosonsdescribedabove, andthecouplingconstantsarenot in the form

normallyassociatedwith eachinteraction(for exampletheunit electricchargefor theelec-

tromagneticinteraction).Thecouplingconstantof theAbeliangroupU(1)Y is calledg0, and

its gaugebosonB � . For thenon-AbeliangroupSU(2), thecouplingconstantis calledg and

thegaugebosonsW 1
� , W 2

� , andW 3
� . It will beseenthatthephoton,W � andZ 0 bosonsare

constructedfrom linearcombinationsof B � andW 1;2;3
� . For thenon-AbeliangroupSU(3),

the couplingconstantis calledgs and the gaugebosonsGa
� , with a 2 f 1; 2; : : : 8g. The

gluonsareconstructedfrom linearcombinationsof these.

1.1.3.1 Lagrangians in Quantum Field Theory

In QuantumField Theory(QFT), the dynamicsof a given systemarede�ned in termsof

the LagrangianL , from which the equationsof motion arefound by evaluatingthe Euler-

Lagrangeequationsassociatedwith the Lagrangian[8]. In QFT the basicform of the La-

grangianfor agiven�eld dependsuponthespinof theparticle.

For ascalar�eld � with massm, theLagrangianis:

L =
1
2

@� �@� �
1
2

m2� 2 �
�
4!

� 4; (1.1)

wherethe last term is the simplestinteractionterm that can be addedwhile keepingthe

theoryrenormalisable.

For a �eld  with half-integerspin(e.g.a fermion�eld), theLagrangianis:

L =  (i
 � @� � m) ; (1.2)

with thecorrespondingEuler-LagrangeequationbeingtheDiracequation.

Finally, for a �eld A � with non-zerointegerspin(e.g.agaugeboson),theLagrangianis:

L = �
1
4

F�� F �� ; (1.3)

de�ning the �eld strengthF�� � @� A � � @� A � . If A � representsthe photon�eld, the

correspondingEuler-LagrangeequationsaretheMaxwell equations.
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1.1.3.2 Overview of the Standard Model Lagrangian

The Lagrangianfor the one-generationStandardModel canbe divided into partsdealing

with differentparticles,asfollows:

L = L gaugebosonskinetic + L fermionkinetic + L fermionmasses+ L Higgs; (1.4)

sothatthereis onekinetictermfor thegaugebosonsandonefor thefermions,aYukawacou-

pling termgiving massto thefermions,anda Higgstermgiving massto thegaugebosons.

Thefollowing sectionswill considereachof thesetermsin turn, giving their mathematical

form anddiscussingthephysicalphenomenathatareelucidated.

1.1.3.3 GaugeBosonKinetic Terms

Following thepatternof (1.3),thekinetic termsfor thegaugebosonsare:

L gaugebosonskinetic = �
1
4

B �� B �� �
1
4

F a
�� F a �� �

1
4

F A
�� F A �� + L gauge�xing + L ghosts; (1.5)

whereB �� is the �eld strengthfor U(1)Y , F a
�� (with a 2 f 1; 2; 3g) the �eld strengthsfor

SU(2), andF A
�� (with A 2 f 1; 2; : : : 8g) the�eld strengthsfor SU(3). Thepenultimateterm

allows for gauge�xing, i.e. choosingthe gaugefor the theory. The gauge�xing hasthe

side-effect of introducingextraparticleswhich canappearin loop processes.The�nal term

is the Lagrangianfor these“Fadeev-Popov ghosts”,which do not contribute to observable

quantitiesastheir effect is cancelledby loopsof gaugebosons.Theform of theselast two

termsdependson thechosengauge.

1.1.3.4 Fermion Kinetic Terms

Beforethe form of the fermionkinetic termscanbediscussed,a formalismto describethe

couplingof thefermionsto theweakinteractionis needed:sincetheweakinteractionmax-

imally violatesparity, actingonly on left-handed�elds, it is convenientto split thefermion

wavefunctioninto its left-handedandright-handedcomponents:

 =  L +  R =
1 � 
 5

2
 +

1 + 
 5

2
 ; (1.6)

wherethe 1� 
 5

2 areknown asthe projectionoperators(PL=R ) for the left andright-handed

components,respectively. This leads(consideringfor themomentonly the �rst generation

of particles)to theleft-handed�elds formingdoubletsunderSU(2):

qL �

 
uL

dL

!

and lL �

 
� L

eL

!

; (1.7)
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andtheright-handed�elds formingsingletsunderSU(2):

uR ; dR ; � R and eR : (1.8)

The � R will not beconsideredin thefollowing, asa masslessright-handedneutrinohasno

interactionswith any other�elds.

With theabove formalism,thefermionkinetic termsare(following thepatternof (1.2)):

L fermionkinetic = i lL
T

 � D l

� lL + i eR 
 � D e
� eR + i qL

T 
 � D q
� qL + i dR 
 � D d

� dR

+ i uR 
 � @� uR ; (1.9)

wherethecovariantderivativesincludethecouplingsto therelevantgaugebosons,e.g.

D l
� = @� I + igT aW a

� + ig0Y (lL )B � ;

D e
� = @� + ig0Y(eR )B � ;

D d
� = @� + igsTa

s Ga
� + ig0Y(dR)B � ; (1.10)

wherethepreviouslyde�nedcouplingconstantsandgaugebosonshaveappeared,alongwith

thegaugegroupgenerators:T a andY for SU(2) � U(1)Y , andT a
s for SU(3). Furthermore

theparameterY(f ), theweakhyperchargeof fermionf , hasbeenintroduced:

Y(f ) � 2(Q(f ) � I Z (f )) ; (1.11)

whereQ(f ) is the electric charge of f , and I Z (f ) is the projectionof the weak isospin

operator(which is +1/2for uL and� L , -1/2 for dL andeL and0 for right-handedfermions).

Sotheinteractiontermsbetweentheleft-handedleptonsandthegaugebosonsare

�
g
2

 
� L

eL

! T


 �

" 
W 3

� W 1
� + iW 2

�

W 1
� � iW 2

� � W 3
�

!

+
g0

g
B �

#  
� L

eL

!

: (1.12)

Thephysicalgaugebosonsfor SU(2) � U(1)Y arefoundby requiringthattherebetwo mas-

sive chargedbosons(W � ), onemassiveneutralboson(Z 0) andonemasslessneutralboson

(
 ), andthattherebeno mixing betweenthegaugebosons.This leadsto thede�nitions

W �
� �

1
p

2
(W 1

� � iW 2
� ) (1.13)

for W �
� , and(introducingtheWeinberg angle� W , de�ned by tan � W � g0

g ):

 
Z �

A �

!

�

 
cos� W � sin� W

sin� W cos� W

!  
W 3

�

B �

!

; (1.14)
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for Z � andA � (thephoton�eld). Sotheinteractiontermsasafunctionof thephysicalgauge

bosonsare:

�
g
2

 
� L

eL

! T


 �

 
Z � =cos� W

p
2W �

�p
2W +

� Z � cos� W � 2A � sin� W

!  
� L

eL

!

: (1.15)

Thisdemonstratesthat� � � interactionscanonly proceedvia Z 0 exchange,while for e� e

interactionsaphotoncanalsobeexchanged.Thecharged-currentinteractionsbetweeneand

� , mediatedby theW � , alsoappear. Repeatingtheexercisefor thequarksshows the form

of thestrongforceinteractionterms.

1.1.3.5 Fermion MassTerms

Attemptingto introduceexplicit masstermsfor thefermionsbreaksthegaugeinvarianceof

thetheory, sincethetermsmix chirality (handedness),having theform m  = m L  R +

m R  L . Sothemasstermsarenot SU(2) invariant.This problemcanbesolvedvia thein-

troductionof anSU(2) doublet� , whichis theHiggsdoublet[9]. Thisallowsthegeneration

of gauge-invariantmassterms,via theYukawa interaction:

L Yukawa = � Yf f L � f R + h:c:; (1.16)

whereYf is theYukawa couplingconstantfor fermionf , andh:c: standsfor theHermitian

conjugateof the�rst term.Thepotentialfor theHiggstakestheform:

V(�) = � � 2� � � + � j� � � j2; (1.17)

which hasa minimum at � � � = 1
2 � 2=� . Sincethe minimum is not at zero, the Higgs

doubletacquiresa non-zerovacuumexpectationvalue(or “vev”). In theunitarygauge,the

vev residesonly in onepartof thedoublet,sothat:

h� i =
1

p
2

 
0

�=
p

�

!

�
1

p
2

 
0

v

!

: (1.18)

Giventhisexpectationvalue,� canbedecomposedas:

� =
ei (! a T a � ! 3Y )

p
2

 
0

v + H

!

; (1.19)

wheretheT a andY arethegeneratorsof SU(2) � U(1)Y , for somerealconstants! i , whose

valuedependson thechoiceof gauge.In theunitarygauge,theexponentialis rotatedaway,

sothattheleptonicpartof (1.16)becomes:

L Yukawa = �
Yep

2

�
� L eL

�
 

0

v + H

!

eR + h:c:; (1.20)
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sothattheelectronacquiresamasstermof theform

Yep
2

v(eL eR + eReL ) =
Yep

2
vee= meee; (1.21)

with themassbeingproportionalto both theYukawa couplingandthevev. Repeatingthis

for theotherfermion�elds, thefermionmassLagrangianfor the�rst generationparticlesis

L Yukawa = � Ye lL � eR � Yd qL � dR � Yu � ij qL � � uR + h:c:; (1.22)

where� ij , the two-dimensionalantisymmetrictensor, actson qL to allow the up quark to

acquireamass.

1.1.3.6 HiggsTerm and GaugeBosonMasses

The �nal ingredientfor the one-generationSM Lagrangianis the Higgs term. Sincethe

Higgsis a scalar, its Lagrangiantakestheform of (1.1):

L Higgs = jD � � j2 � � 2� � � + � (� � �) 2

=
1
2

(@� H )2 + � 2H 2 +
g2v2

4
W + � W �

� +
g2v2

8cos2 � W
Z � Z � + interactionterms

=
1
2

(@� H )2 +
1
2

m2
H H 2 + m2

W W + � W �
� +

1
2

m2
Z Z � Z � + interactionterms; (1.23)

wherethe“interactionterms”describeinteractionsbetweenmorethantwo bosons,e.g.two

gaugebosonsandtheHiggs. Sothegaugebosonshave acquiredmassesthatdependon the

couplingconstants,andareproportionalto thevev.

1.1.4 Adding Further Generations

In this sectionthe consequencesof addinga secondfermion generationwill be outlined,

beforethis is extendedto thethird generation.Thethird generationis of particularinterest

for this thesisasit containsthebottom(b) quark,which formstheB hadronswhosestudyis

themainfocusof theLHCb physicsprogramme.

1.1.4.1 Adding The SecondGeneration

The main featurethat emergeswhena secondgenerationof fermionsis addedis the phe-

nomenonof mixing betweengenerations.SincetestingtheSM descriptionof quarkmixing

will bethepurposeof theLHCb experiment,thefollowing will focusontheeffectof adding

asecondgenerationof quarks.Mixing betweenleptons,which leadsto neutrinooscillations,

is well established.This mixing is governedby the Pontecorvo-Maki-Nakagawa-Sakata

9
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(PMNS)matrix [10], which is theleptonicequivalentof theCKM quarkmixing matrix that

will beintroducedin thenext section.A discussionof leptonmixing is beyondthescopeof

this thesis.

Thesecondgenerationof quarks,thecharmandstrangequarks,transformunderSU(2)

in exactly the sameway as the �rst generation,into a left-handeddoubletand two right-

handedsinglets. The only differencesbetweenthe up andthe charmquarks(andbetween

thedownandthestrangequarks)arethatthey possesstheirown generation-speci�cquantum

numbers(charmfor thecharmquark,strangenessfor thestrangequarkandisospin1 for the

up anddown quarks),andthatthey havedifferentmasses.

Whenaddingthesecondgeneration,theLagrangiandescribedin Sec.1.1.3changesfor

the mostpart only by the additionof exactly equivalent termsdescribingthe interactions

of the new particleswith the gaugebosons,andmasstermsfrom their Yukawa coupling.

Thenon-trivial changeis thatextraYukawatermscannow bewrittendown whichallow the

massesto mix acrossgenerations,sothatthepartof theLagrangianthatgivesmassesto the

quarksbecomes

L quarkmasses= � [Yd]ij qLi � dRj � [Yu]ij qL i � j k � � uRk + h:c:; (1.24)

wheretheYukawa couplingshave becomematrices,whoseindicesij run over thegenera-

tions. If theoff-diagonalelementof [Yd] ([Yu]) is non-zero,thenmassmixing arisesbetween

the d ands (u andc) quarks. Sincefermion massesareproportionalto the Yukawa cou-

plings(see(1.21)),themasseigenstatesof thequarkscannothaveoff-diagonaltermsacting

on them. This canbeachievedby introducinga mixing matrix VC , which relatesthemass

eigenstatesto the stateswhich coupleto the gaugebosons(the �a vour eigenstates).The

interactiontermbetweenquarksandtheW � gaugebosonsis then(following (1.9)):

g

2
p

2

 
u

c

! T


 � (1 � 
 5)VC

 
d

s

!

W �
� + h:c: : (1.25)

To conserveparticlenumber, VC hasto beunitary. Soit takestheform

VC =

 
cos� C sin� C

� sin� C cos� C

!

; (1.26)

for someangle� C , which is known asthe Cabibboangleafter Nicola Cabibbo,who �rst

introducedthemixing matrix concept[11].

Oneimportantconsequenceof the above mixing structureis that (for the lowestorder

“tree” interactions)therearenoZ bosoninteractionsbetweenthe(physical)d ands quarks,

1Theisospinsubgroupof SU(3) referredto hereshouldnot beconfusedwith theconceptof weakisospin

introducedin Sec.1.1.3.4.
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or in otherwordsno Flavour ChangingNeutralCurrents(FCNCs). This predictionof the

SM is known astheGIM mechanism[12], afterGlashow, IliopoulosandMaiani. Theexper-

imentalobservationof the FCNC decayK L ! � + � � , which proceedsvia a second-order

“box” interaction,demonstratedtheexistenceof thecharmquarkbeforeit hadbeendirectly

observed.Measuringtherateof thedecayallowedanaccuratepredictionof thecharmquark

mass,astheboxamplitudeswouldcancelif mu = mc.

1.1.4.2 Adding The Third Generation: The CKM Matrix

Incoporatingthethird generationof quarks,thebottomandthetop, in ananalogousway to

thesecondgenerationclearly requiresa 3 � 3 unitarymatrix, in placeof the2 � 2 unitary

matrix VC . This matrix is known astheCabibbo-Kobayashi-Maskawa matrix, VCK M , after

Makoto KobayashiandToshihideMaskawa, who �rst proposedthe existenceof the third

quarkgeneration[13] to explain thephenomenonof CP violation (seeSec.1.1.5),andalso

afterNicolaCabibbo(seeabove). In 2008KobayashiandMaskawawereawardedtheNobel

Prizein Physicsfor their developmentof thismechanism.

Analogouslyto VC above, VCK M relatesthe �a vour eigenstates(d0; s0; b0) to the mass

eigenstates(d;s;b): 0

B
B
@

d0

s0

b0

1

C
C
A = VCK M

0

B
B
@

d

s

b

1

C
C
A : (1.27)

The elementsof VCK M are namedto re�ect the transitionbetweenquark �a vours that is

associatedwith eachelement:

VCK M =

0

B
B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
C
A : (1.28)

In principle,if eachelementVij is allowedto beacomplex number, VCK M haseighteenfree

parameters.However, asstatedabove,VCK M mustbeaunitarymatrix. This requirementre-

movesnineof thefreeparameters.Furthermore,becausetherearesix quarksbetweenwhich

transitionscanoccur, thereare� ve relative phasetransformationsthatdo not correspondto

physicalobservables.Thesecanthereforebe rotatedaway, leaving only four freeparame-

ters.Thesecanberepresentedin many differentways,dependingonhow therelativephases

arerotatedaway. Themostfrequentlyusedanalyticalrepresentationhasthreemixing angles

(generalisationsof theCabibboangle)andonephase:

VCK M =

0

B
B
@

c12c13 s12c13 s13e� i� 13

� s12c23 � c12s23s13ei� 13 c12c23 � s12s23s13ei� 13 s23c13

s12s23 � c12c23s13ei� 13 � c12s23 � s12c23s13ei� 13 c23c13

1

C
C
A ; (1.29)
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wherecij andsij representcos� ij andsin� ij respectively. If thephase� 13 is non-zero,then

thebehaviour for antiquarks(dependingonV y
CK M ) will differ from thebehaviour for quarks,

which meansthatCP (seeSec.1.1.5)will beviolated.Section1.2.2will show how this CP

violation manifestsitself for neutralmesons,and Sec.1.3 will describehow this can be

measuredexperimentally.

AlthoughEqn.(1.29)is useful,it givesnoindicationof thehierarchyin magnitudethatis

presentin theelementsof VCK M . Thishierarchyis illustratedin anon-analyticalparameteri-

sationby Wolfenstein[14], whichexpandseachelementin powersof � � sin� 12(= sin� C ):

VCK M =

0

B
B
@

1 � 1
2 � 2 � A� 3(� � i� )

� � 1 � 1
2 � 2 A� 2

A� 3(1 � � � i� ) � A� 2 1

1

C
C
A + O(� 4): (1.30)

The three remaining Wolfenstein parametersare de�ned as A � sin� 23=sin2 � 12 and

� � i� � (sin � 13 � e� i� 13 )=(sin � 12 � sin� 23), sothateachVij is expressedin termsof variables

of order1.

Thecurrentworld-averageexperimentalvalues[15] for themagnitudeof eachelement

of the CKM matrix aregiven in Table1.1. Brief descriptionsof the key measurement(s)

contributing to eachvaluearealsogiven.Currentmeasurementsrelatingto thephasein the

CKM matrixwill bediscussedin Sec.1.3.

Parameter ExperimentalValue Key Measurement(s)

jVudj 0.97418� 0.00027 Purevectortransistionsin nuclearbetadecay

jVus j 0.2255� 0.0019 Semileptonickaondecays

jVubj (3.93� 0.36)� 10� 3 InclusiveandexclusiveB ! X u l � decays

jVcdj 0.230� 0.011 Di-muonproductionfrom neutrinobeams

jVcsj 1.04� 0.06 SemileptonicD decays

jVcbj (41.2� 1.1) � 10� 3 InclusiveandexclusiveB ! X cl � decays

jVtd j (8.1� 0.6) � 10� 3 Bd oscillationfrequency

jVts j (38.7� 2.3) � 10� 3 Bs oscillationfrequency

jVtbj > 0.74(95%C.L.) Top quarkdecays

Table1.1: World-averageexperimentalvaluesfor themagnitudeof eachelementof the

CKM matrix.

1.1.5 DiscreteSymmetries

Symmetriesplay an incredibly importantrôle in nature. By Noether's theorem[16] any

symmetrypresentin theactionof a physicaltheorynecessarilyleadsto a conservationlaw.
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For exampletheinvarianceof theequationsof motionof asystemundertranslationsin space

andtimegivesrisetomomentumandenergyconservationrespectively, while theirinvariance

underphasechangesof thewavefunctiongivesrise to conservationof electriccharge. The

above instancesareexamplesof continuoussymmetries.Howeverdiscretesymmetriesalso

have a signi�cant rôle to play in nature.Discretetransformationsof wavefunctionscanbe

de�nedasthoseLorentztransformationswhicharenotobtainablebycontinuousdeformation

of the identity transformation.Thediscretetransformationsrelevant to thework presented

in this thesisareparity (P), chargeconjugation(C) andtime reversal(T ):

� Theparity transformationreversesspatialcoordinates,which hastheeffect of revers-

ing thechirality of aparticle.

� Charge conjugationtransformsa particle into its antiparticle,changingthe sign of

internalquantumnumberssuchaselectricchargeandleptonnumber.

� Time reversalis the transformationt ! � t, which changesthe sign of a particle's

linearandangularmomentum.

Symmetryunderthe combinedtransformationCPT hasto be conserved in any quan-

tum �eld theorywhich respectsLorentzinvarianceandlocality. A key implicationof CPT

symmetryis thatany antiparticlemusthavethesamemassandlifetime asits associatedpar-

ticle. Thebestexperimentaltestof CPT symmetryis theconstrainton theK 0 � K
0

mass

difference[15], which is currentlyj(mK
0 � mK 0 )=mK 0 j < 0:8 � 10� 18 at 90%con�dence

level (C.L.). AlthoughCPT is alwaysrespectedin a “sensible”QFT, sub-transformations

of CPT can be violated,anddeterminingthe exact natureof suchviolationsis key to un-

derstandingthe SM andany New Physicswhich may exist beyond it. All observationsto

dateindicatethat the strong,electromagneticandgravitational interactionsall conserve C,

P andT individually. Theonly interactionthathasbeenseento violateany of theseis the

weakinteraction,aswasdiscussedin Sec.1.1.3.4,wheretheweakinteraction(maximally)

violatedparityby actingonly on left-handedfermion�elds.

The phenomenonof P violation was �rst experimentallyobserved in the � -decayof
60Co atomsin 1957[17]. Following this discovery, it wasstill assumedthat the combined

symmetryof CP wasalwaysconserved[18]. However soonafter, in 1964,CP violation in

thedecaysof neutralkaonswasobservedby CroninandFitch [19]. Directobservationof T

violation (which,aslongasCPT is conserved,is equivalentto CP violation) wasnot made

until 1998,whentheCPLEARexperimentobserveda differencebetweenthemixing rates

for K 0 ! K
0

andK
0

! K 0 [20]. Recentobservationsof CP violation in the B meson

systemwill bediscussedin thefollowing sections.
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With theconceptof CP violation having now beenintroduced,its manifestationin the

quarksectorcannow bediscussed.Thefocuswill beonthebehaviour of neutralmesons,as

thesehavearicherCP phenomenologythaneitherchargedmesonsor baryons.A studycon-

cerningthemeasurementof oneexampleof this phenomenonwill bethesubjectof chapter

6 of this thesis.

1.2 Flavour Physics

The term“�a vour physics”is usedto decribethe interactionsbetween�a voursboth in the

leptonsectorandthequarksector. Thissectionwill look atsomeof the�a vourphenomenol-

ogy which arisesin thequarksector, focusingon neutralmesons.Section1.2.1outlinesthe

formalismusedto describethemixing of neutralmesons,andSec.1.2.2discusseshow CP

violationcanmanifestitself within this formalism.

The CKM matrix governsthe physicsof quarkmixing, which is probedusingstudies

of hadronscontainingat leastonequarkof thesecondandthird generations.The�rst such

hadronsto bediscoveredwerethechargedandneutralkaons,in 1947[21]. Althoughexis-

tenceof thecharmquarkwaspredictedby theobservationof K L ! � + � � (seeSec.1.1.4.1),

andthethird generationby theobservationof CP violation (seeSec.1.1.4.2),thediscovery

of furtherquarkstooksometime,dueto thelargeincreasein mass(andthusenergy required)

comparedto thestrangequark.

Thec andbquarkswere�nally discoveredin quick successionin themid-1970sby the

observationof quarkoniumresonances(qq states)decayingto e+ e� or � + � � . A cc (charmo-

nium) statewith a massof 3.1GeV wasobservedin 1974by two independentexperiments,

one[22] at theStanfordLinearAcceleratorLaboratory(SLAC) in California,andone[23]

at Brookhaven NationalLaboratory(BNL) in New York state. The cc stateproducedwas

namedasthe J by BNL andthe  by SLAC; todayit is usuallyknown asthe J= . The

productionof a bb (bottomonium)statewith a massof 9.5 GeV followed in 1977[24] at

Fermilab,Illinois. Thisstatewasnamedthe� (todayknown asthe�(1 S)).

While theFermilabandBNL experimentshad�red abeamof protonsatametallic�x ed

target, theSLAC experimenthadusedane+ � e� collider (theSPEARring). Thesuccess

of thecolliding beamexperimentled to theconstruction,atCornellUniversityin New York

state,of a morepowerful e+ � e� accelerator, the CESR(CornellElectronStorageRing).

In 1985theCLEO-I detector[25] runningat theCESRdiscoveredthe�(4 S) bottomonium

resonance[26], with amassof 10.58GeV. Sincethis is justabove twice themassof aB d or

B + meson,the�(4 S) almostalwaysdecaysto aB � B pair (eitherBd � B d or B + � B � ).

Hencethe�(4 S) discoveryopenedthedoorto high-statisticsstudiesof B mesons.
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These studies were carried out in the 1990s by the upgradedCLEO detector,

CLEO-II [27], and in the 2000sby two detectorsoperatingat asymmetrice+ � e� col-

liders (known as B-Factories). Thesedetectorsare the Babardetector[28] at the PEP-II

acceleratoratSLAC, andtheBelledetector[29] at theKEKB acceleratorat theHigh Energy

AcceleratorResearchOrganization(KEK) laboratoryin Tsukuba,Japan.Someof thedis-

coveriesmadeby theseexperimentswill bementionedin theremainderof this chapter. The

phenomenologyof mixing in neutralmesons,suchastheBd, will now bedescribed.

1.2.1 Time Evolution of Neutral Mesons

Neutralmesonscontainingquarksandantiquarksof different �a vour (qq0 states),suchas

neutralK , D andB mesons,canoscillatebetweentheirparticleandantiparticlestates.This

oscillationis notpossiblefor neutralmesonswhichare(superpositionsof) qq states,suchas

the� 0, � , � , � , J= and� , becausethey aretheirown antiparticles.

Thediscoveryof Bd mixing [30] wasmadeby theARGUSdetector[31], whichtookdata

(oftenat the�(4 S) resonance)between1982and1992at theDORIS-II e+ � e� collider at

the DESY laboratorynearHamburg. ARGUS wasableto infer that the Bd mustundergo

oscillationsby observingtwo like-signleptonsfrom the decayof a Bd � B d pair, which

meantthatoneof themesonsmusthavechanged�a vourbetweenproductionanddecay.

Thediscoveryof Bs mixingwasmadeby theTeVatronexperimentsD0 [32] andCDF[33]

(theB-Factoriesdo not createlargequantitiesof Bs mesons2) in 2006[34, 35], with theos-

cillation fequency beingfar higherthanthatfor theBd.

Thestateof a neutralmesonthatis observedexperimentallyis somelinearcombination

of theparticleandantiparticlestates,say

ajN 0i + bjN
0
i �

 
a

b

!

: (1.31)

Thetimeevolutionof this stateis describedby:

i
d
dt

" 
a

b

!#

= H

 
a

b

!

: (1.32)

Thematrix H , which representstheeffective Hamiltonian,is not Hermitian(if it were,the

mesonswould continueoscillatinginde�nitely andnot decay).However, aswith any com-

plex matrix, it canbewritten in termsof two Hermitianmatrices:

H = M �
i
2

� =

 
m11 � i

2 � 11 m12 � i
2 � 12

m�
12 � i

2 � �
12 m11 � i

2 � 11

!

; (1.33)

2Belle hascarriedout several short runs at the �(5 S) resonance,which can decayto a B s � B s pair,

however thestatisticsarenot competitivewith thoseat theTeVatron.
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with M beingthemassmatrix and� thedecaymatrix. Notethat theHermiticity of M and

� ensuresthat,asrequiredby CPT invariance,themassesandlifetimesof theparticleand

antiparticlestatesareequal,i.e.m11 = m22 and� 11 = � 22. Theoff-diagonaltermsm12 and

� 12 arisefrom �a vour-changingtransitionswith j� F j = 2 (whereF is the�a vour quantum

number, e.g.beauty).An exampleof sucha transitionis N 0 � N
0

mixing, whereN 0 is a

neutralmeson.Them12 (� 12) termcorrespondsto virtual (real)intermediatestates.

DiagonalisingH yieldstheeigenvalues

� H = mH �
i
2

� H ;

� L = mL �
i
2

� L ; (1.34)

wherethelabelsH for heavy andL for light havebeenintroduced.Thecorrespondingmass

eigenstates,in termsof theparticleandantiparticlestates,are

jNH i = pjN 0i � qjN
0
i ;

jNL i = pjN 0i + qjN
0
i ; (1.35)

whereconservationof particlenumberimposestheconstraintjpj2 + jqj2 = 1.

Themassesof theseeigenstates(which aretheobservablestates)aresuchthatthemass

difference� m � mH � mL is positive (hencethe labels“heavy” and“light”), while the

lifetime difference�� � � H � � L can be positive or negative. The massand lifetime

differencescanalsobeexpressedrelative to theaveragelifetime � � � 11 = (� H + � L )=2

by de�ning x � � m=� andy � �� =2� respectively.

By solving the eigenvalueequation(1.34), thecoef�cients p andq canbe expressedin

termsof theelementsof � andM :
�

q
p

� 2

=
m�

12 � (i=2)� �
12

m12 � (i=2)� 12
: (1.36)

FromEqn.(1.32),themasseigenstatesevolveaccordingto:

jNH (t)i = e� im H t � 1
2 � H t jNH (0)i ;

jNL (t)i = e� im L t � 1
2 � L t jNL (0)i : (1.37)

Now, Eqn.(1.35)canbeinvertedto obtainanexpressionfor a pureN 0 state:

jN 0i =
1
2p

(jNH i + jNL i ): (1.38)

So,usingEqn.(1.37),thetimeevolutionof astatewhich is pureN 0 at t = 0 will be:

jN 0(t)i =
1
2

� �
e� im H t � 1

2 � H t + e� im L t � 1
2 � L t

�
N 0 �

q
p

�
e� im H t � 1

2 � H t � e� im L t � 1
2 � L t

�
N

0
�

:

(1.39)

Theformalismfor neutralmesonmixing hasnow beengiven,allowing a discussionof CP

violation in thesemesons.
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1.2.2 CP Violation in Neutral MesonDecays

The instantaneousdecayamplitudesof a pesudoscalarmesonN 0 andits CP conjugateN
0

into amulti-particle�nal statef andits CP conjugatef aregivenby [36]:

A f = hf jH jN 0i ; A f = hf jH jN 0i ;

A f = hf jH jN
0
i ; A f = hf jH jN

0
i ; (1.40)

whereH is theHamiltoniangoverningweakinteractions.

1.2.2.1 Classi�cation of CP Violating Effects

Therearethreedistincttypesof CP violation thatarepossiblefor mesons.The�rst typeis

known asdirectCP violation,andthesecondandthird typesasindirectCP violation. The

threetypesarede�ned in termsof theaboveamplitudesand(for neutralmesons)themixing

parametersp=qasfollows:

� CP violation in thedecay:this occursif theinstantaneousamplitudesfor a decayand

its CP conjugatediffer in magnitude,i.e. if
�
�
�
�
�

A f

A f

�
�
�
�
�

6= 1: (1.41)

This is the only sourceof CP violation for charged mesonssuchas the B + . The

�rst observation of direct CP violation wasmadein 1999by the NA48 experiment

at CERN and the KTeV experimentat Fermilab,using neutralkaon decaysto two

pions[37, 38]. Direct CP violation in theB sectorwasobservedfor the�rst time by

theB-Factories[39, 40] in 2004,in thedecayBd ! K + � � .

� CP violation in mixing: this occursif the masseigenstatesof a neutralmesonare

not CP eigenstates,causingthe ratesN 0 ! N
0

andN
0

! N 0 to be unequal.This

correspondsto thecondition �
�
�
�
q
p

�
�
�
� 6= 1: (1.42)

Thiswasthe�rst typeof CP violationeverobserved(seesec.1.1.5),with thediscovery

of the decayK L ! � + � � . Suchan observation, of a decaythat is known to come

from a particularmasseigenstate,is possiblein the neutralkaonsectorbecausethe

masseigenstates,K L andK S, have very differentlifetimes: � K L = 5 � 10� 8 s and

� K S = 9 � 10� 11 s (hence“L” standingfor long, and “S” for short). So a neutral

kaonthat is observedto survive muchlongerthan,say, 10� 9 s mustbea K L andnot

a K S. Underthe assumptionof CP conservation, thesemasseigenstateswould also

17



CHAPTER1. FLAVOURPHYSICSAND CP VIOLATION

be CP eigenstates,so that for exampleK L would be a purely CP-odd state,andso

could decayto the CP-odd �nal states� + � � � 0 and� 0� 0� 0, but not to the CP-even

�nal states� + � � and� 0� 0. HoweverthedecayK L ! � + � � wasobservedin 1964by

CroninandFitch [19], demonstratingthatCP couldbeviolated. Thebranchingratio

wassmall,B:R:(K L ! � + � � ) = 2 � 10� 3, indicatingthatCP violation wasa small

effect in thekaonsector.

Much larger CP violating effects are possiblein the B sector, as will be seenin

Sec.1.3. However, CP violation in mixing for neutralB mesonsis predictedin the

SM to be proportionalto (mc=mt )2, andthereforeto be very small. It canbe mea-

suredexperimentallyin semileptonicdecaysof neutralB mesons(seebelow), assuch

decaysare�a vour-speci�c andno directCP violation is expected.A combinationof

measurementsfrom theB-factories[41, 42] gives[43]
�
�
�
�
q
p

�
�
�
�
B d

= 1:0002� 0:0028; (1.43)

whichis in agreementwith theSM prediction.No precisecorrespondingmeasurement

hasyetbeenmadein theBs sector.

� CP violation in interferencebetweenmixing anddecay:even if neitherof theabove

two typesof CP violationoccur, therecan(for neutralmesons)still beCP violation if

the�nal statef is accessibleto bothM andM . This is becausetheprocessesM ! f

andM ! M ! f sharethesameinitial and�nal states,andsocaninterferequantum

mechanically. This interferenceis describedby thequantity

� f �
q
p

A f

A f
: (1.44)

CP violationarisesfrom this interferenceif thecondition

= (� f ) 6= 0 (1.45)

holds.This typeof CP violation is oftenreferredto asmixing-inducedCP violation.

A strategy to extract both the direct andmixing-inducedCP asymmetries(A dir
CP and

A mix
CP ) in thedecayBd ! � + � � atLHCb will bethesubjectof Chapter6 of this thesis.

1.2.2.2 Time-DependentCP Violating Asymmetries

Theappearanceof all threeof theaboveCP effectscanoccuronly for thecasewhereaneu-

tral mesondecaysinto a �nal statewhich is accessibleto boththemesonandtheantimeson.

Herethecaseof a generic�nal statewill beconsideredat �rst, with theresultingrelations

laterbeingsimpli�ed for thecaseof a �a vour-speci�c �nal state.
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Using(1.39),thetime-dependentdecayamplitudesof a pureinitial N 0 or N
0

stateinto

a �nal statef canbefoundin termsof theinstantaneousamplitudes(1.40):

hf jH jN 0(t)i = e� imt e� � t=2(A f cosh(( ix + y)� t=2) �
q
p

A f sinh((ix + y)� t=2));

hf jH jN
0
(t)i = e� imt e� � t=2(A f cosh(( ix + y)� t=2) �

p
q

A f sinh((ix + y)� t=2)); (1.46)

wherem � m11 = (mH + mL )=2 is the averagemass. The observabledecayratesare

proportionalto the squaredmagnitudeof theseamplitudes.The decayratesarenormally

writtenby introducingtheasymmetryobservablesde�ned by:

A dir
CP =

1 � j� f j2

1 + j� f j2
; A mix

CP =
2= (� f )

1 + j� f j2
; A �� =

2< (� f )
1 + j� f j2

; (1.47)

which canbeseento obey therelation

(A dir
CP )2 + (A mix

CP )2 + (A �� )2 = 1: (1.48)

With thesede�nitions, thedecayratesare:

�( N 0(t) ! f ) / jA f j2(1 + j� f j2)e� � t
�

cosh(�� t=2) � A �� sinh(�� t=2)

+ A dir
CP cos(� mt) � A mix

CP sin(� mt)
�
;

�( N
0
(t) ! f ) / jA f j2

�
�
�
�
p
q

�
�
�
�

2

(1 + j� f j2)e� � t
�

cosh(�� t=2) � A �� sinh(�� t=2)

� A dir
CP cos(� mt) + A mix

CP sin(� mt)
�
; (1.49)

andtheCP asymmetryis givenby (assuming
�
�
� p

q

�
�
� = 1):

A CP (t) �
�( N 0 ! f ) � �( N

0
! f )

�( N 0 ! f ) + �( N
0

! f )
=

A dir
CP cos(� mt) � A mix

CP sin(� mt)
cosh(�� t=2) � A �� sinh(�� t=2)

: (1.50)

If �� is assumedto besmall(this is anexcellentapproximationfor Bd, but lesssofor Bs),

thenthedecayratesimpli�es to:

�( N 0(t) ! f ) / jA f j2(1 + j� f j2)e� � t
�
1 + A dir

CP cos(� mt) � A mix
CP sin(� mt)

�
;

�( N
0
(t) ! f ) / jA f j2

�
�
�
�
p
q

�
�
�
�

2

(1 + j� f j2)e� � t
�
1 � A dir

CP cos(� mt) + A mix
CP sin(� mt)

�
;

(1.51)

andtheCP asymmetryto (again,assuming
�
�
� p

q

�
�
� = 1):

A CP (t) = A dir
CP cos(� mt) � A mix

CP sin(� mt): (1.52)
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Theaboverelationssimplify considerablyfor thecasewheref is �a vour-speci�c, sothatthe

instantaneousamplitudefor N
0

is A f = 0. This implies � f = 0, so thedecayrates(1.49)

become

�( N 0(t) ! f ) / jA f j2e� � t
�

cosh(�� t=2) + cos(� mt)
�
;

�( N
0
(t) ! f ) / jA f j2

�
�
�
�
p
q

�
�
�
�

2

e� � t
�

cosh(�� t=2) � cos(� mt)
�
; (1.53)

with thecorrespondingratesfor f (with A f = 0) being:

�( N 0(t) ! f ) / jA f j2
�
�
�
�
q
p

�
�
�
�

2

e� � t
�

cosh(�� t=2) � cos(� mt)
�
;

�( N
0
(t) ! f ) / jA f j2e� � t

�
cosh(�� t=2) + cos(� mt)

�
: (1.54)

So the ratesfor N 0(t) ! f and N
0
(t) ! f differ only by the time-independentfactor

jA f =A f j. If
�
�
� p

q

�
�
� = 1, thesameis truefor N

0
(t) ! f andN 0(t) ! f .

The above decayrate expressionsfor �a vour-speci�c �nal statescan be combinedin

differentwaysto measuredifferentphysicsparameters.For example,semileptonicdecays

of neutralB mesons(e.g. Bd ! D (� )� � + � � or Bs ! D �
s � + � � ) are predictedto have

A f = A f , not only in the SM but in most extensionsof it (as the decayproceedsvia a

treeamplitudeonly). Hence
�
�
� p

q

�
�
� can be measuredfrom thesedecays,using the so-called

semileptonicasymmetryA SL:

A SL �
�( N 0 ! f ) � �( N

0
! f )

�( N 0 ! f ) + �( N
0

! f )
=

1 � jA f =A f j2jp=qj4

1 + jA f =A f j2jp=qj4
=

1 � jp=qj4

1 + jp=qj4
: (1.55)

Measurementsof A SL usingBd ! D (� )� � + � � decaysprovide theresultfor
�
�
� p

q

�
�
�
B d

givenin

theprevioussection.

Anothercombinationof the�a vour-speci�c decayratesis thechargeasymmetryA CP . If�
�
� p

q

�
�
� is takento be1, thenjA f =A f j for a �a vour-speci�c decaycanbemeasured:

A CP �
(�( N 0 ! f ) + �( N

0
! f )) � (�( N 0 ! f ) + �( N

0
! f ))

(�( N 0 ! f ) + �( N
0

! f )) + (�( N 0 ! f ) + �( N
0

! f ))
=

jA f =A f j2 � 1

jA f =A f j2 + 1
:

(1.56)

NotethatA CP can(unlike A SL) bemeasuredwithout inital statetagging,by simply count-

ing the numberof decaysseento each�nal state3. Measurementsof A CP in the channel

Bd ! K + � � gave the�rst observationof directCP violation in B decays.

3Of coursein a realexperimenttherewill be factorssuchasimperfecttaggingof the initial state�a vour,

detectionasymmetries,etc.,whichhave to betakeninto account.
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1.3 Testingthe CKM Mechanismwith CP Violation

Measurements

As discussedin Sec.1.1.4.2,CP violation in thequarksectoris only generatedin thepres-

enceof a non-zerophasein theCKM matrix. TheCP violating effectsarenormallyvisu-

alisedusingso-calledunitarity triangles,which will now bedescribed.

1.3.1 The Unitarity Triangles

Theunitarityof theCKM matrixgivesrisesto ninerelationsbetweenthedifferentelements:
X

i

Vij V �
ik = � j k and

X

j

Vij V �
kj = � ik : (1.57)

The six caseswherethe Kronecker deltaevaluatesto zerocanbe representedastriangles

in the complex plane. Eachtriangle hasthe samearea,which parameterisesthe amount

of CP violation that exists in the SM. Four of thesetriangleshave sideswhich differ in

orderof magnitude,andareoftenknown as“squashed”.Theremainingtwo triangleshave

sideswhich arethesameorderof magnitude(/ � 3) aseachother. They arede�ned by the

following unitarity relations:

VudV �
ub + VcdV �

cb + VtdV �
tb = 0 (1.58)

and

VtdV �
ud + VtsV �

us + VtbV �
ub = 0: (1.59)

Therelation(1.58)de�nes themorecommonlyusedtriangle,which is oftenreferredto

simplyas“the” unitarity triangle.It is normallyillustratedwith eachsidedividedby VcdV �
cb,

sothatits verticeslie at (0; 0), (1; 0) and(�; � ), where� � � (1� � 2=2) and� � � (1� � 2=2).

Thetrianglede�nedby (1.59)is identicalto “the” unitaritytriangleupto correctionsof order

� 3. Thesetwo “non-squashed”unitarity trianglesareillustratedin Fig 1.1.

Constraintsareplacedon the unitarity trianglevia measurementsof the lengthsof its

sidesandthesizeof its angles.Thelengthof onesideis 1 by de�nition, with thelengthsof

theothertwo sides(referredto asRb andRt ) beinggivenby

Rb =
(1 � � 2=2)jVubj

� jVcbj
; Rt =

jVtd j
� jVcbj

: (1.60)

Theanglesarereferredto4 as� , � and
 , with thefollowing de�nitions:

� � arg
�

�
VtdV �

tb

VudV �
ub

�
; � � arg

�
�

VcdV �
cb

Vtd V �
tb

�
; 
 � arg

�
�

VudV �
ub

VcdV �
cb

�
: (1.61)

4This is the notationusedby the Babarexperiment,as well as by the TeVatron andLHC experiments.

However theBelleexperimentusesadifferentnotation� 1;2;3, where� 1 = � , � 2 = � and� 3 = 
 .
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Figure1.1: Illustrationof thetwo “non-squashed”CKM unitaritytriangles.Reproduced

from [44].
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b

Bd;s
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d; s

b

W W B d;s

Figure1.2: ThemainFeynmandiagramcontributing to B d;s � B d;s mixing.

Thefactthattheseanglesarelarge,while thosefrom thesquashedunitarity trianglesare

very small,indicatesthat,in theSM, CP violation canbeanO(1) effect for B mesons,but

shouldbeamuchsmallereffectfor othermesons,suchasK andD. Eachof theaboveangles

hasbeenmeasured,to differingdegreesof precision,via studiesof B hadrons.Examplesof

suchstudies,andthecurrentconstraintson theunitarity triangles,will now begiven.

1.3.2 Constraints on the Unitarity Triangles

An illustrative exampleof how studiesof B mesonscanconstraintheunitarity trianglesis

themeasurementof theBd andBs mixing phases� d and� s, which arede�ned by:

� d � arg
�

q
p

�

B d

; � s � arg
�

q
p

�

B s

: (1.62)

To seethe link betweenthesephasesandtheCKM angles,considerthemainFeynman

diagramcontributingto Bd;s � B d;s mixing,whichis shown in Fig.1.25. For bothBd andBs,

themixing phasecanbefoundusingtheapproximation�� � � m, sothat(from (1.36))

p
q

=

r
m�

12

m12
+ O

�
� 12

m12

�
'

r
m�

12

m12
: (1.63)

Thedominantcontribution to theamplitudefor thediagramin Fig.1.2comesfrom theloop

with aninternaltopquark,sincethecontributionsareproportionalto m2
q [46]. Sofor Bd the

mixing phaseis approximately� 2� :
�

p
q

�

B d

'
VtdV �

tb

VtbV �
td

= e� 2i� ; (1.64)

andtheBs mixing phaseis approximately� 2� 
 :
�

p
q

�

B s

'
VtsV �

tb

VtbV �
ts

= e� 2i� 
 ; (1.65)

5All Feynmandiagramsin this thesisweretypesetby theauthor, usingtheJaxoDraw package[45].
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where

� 
 ' arg
�

�
VtsV �

tb

VcsV �
cb

�
(1.66)

is theangle6 betweenthebottomsideof thesecondunitarity triangleandtherealaxis (see

Fig. 1.1). This indicatesthatmeasuringmixing-inducedCP violation in Bd (Bs) decayscan

allow � (� 
 ) to bemeasured.Indeedthemeasurementof themixing-inducedCP violation

term in the decayBd ! J= K S by the B-Factoriesmarked the discovery of the �rst CP

violation seenin B decays [47, 48]. Analogously, � 
 can be measuredvia the mixing-

inducedCP violation in Bs ! J= � . Recentstudiesof this decayat theTeVatron[49, 50]

indicatethat � s, which is very small in the SM, may in fact be sizable7. If con�rmed this

wouldconstituteanunambiguoussignalfor New Physics.Improving themeasurementof � s

is a priority for theLHCb physicsprogramme[51].

The currentworld-averagevaluesfor eachangle[52, 53], obtainedwithout usingcon-

straintsfrom measurementsof theotheranglesor of thesidesof theunitarity triangle8, are

givenin Table1.2.

Parameter Value Key Measurement(s)

� (89:0+4 :5
� 4:2)

� Time-dependentCP asymmetriesin Bd ! ��

� (21:1 � 0:9)� Time-dependentCP asymmetriesin Bd ! J= K S


 (70+27
� 30)

� GLW, ADS andDalitz analysesof B + ! D (� )0K (� )+

Table1.2: World-averageexperimentalvalues,from directmeasurements,for theangles

of theCKM unitarity triangle.

A global �t of theunitarity trianglecanbemade[53] thatcombinesall availableinfor-

mationto constrainthepositionof thevertex at (�; � ). An illustrationof thecurrentstatus

of this global�t is givenin Fig. 1.3. Theresultingconstraintson theanglesfrom thisglobal

�t aregiven in Table1.3. The maindifferencebetweenthesevaluesandthosefrom direct

measurementsis adrasticdecreasein theuncertaintyon 
 , by a factorof around6.

Theconsistency of all of themeasurementsshown in Fig.1.3demonstratesthatthemany

new measurementsmadeby theB-Factorieshavebuilt upaconsistentdescriptionof theuni-

tarity triangle.This indicatesthattheCKM mechanismis thedominantsourceof CP viola-

tion in thequarksector, but currentlythereis still roomfor acontributionfrom New Physics,

6In theliteraturethenotation� s is sometimesusedin placeof � 
 .
7Thereis inconsistency in the literatureconcerningthe quantityreferredto as� s . To avoid ambiguities,

LHCb hasadopted[51] a notation� J = � � � arg(� J = � � J = � ), where� J = � = � 1 is theCP eigenvalueof

the�nal state.In theSM, theobservable� J = � is equalto � 2� 
 .
8However ambiguitiesin translatingfrom trigonometricfunctionsto angleshave beenremovedfollowing

theassumptionthatthesumof theanglesshouldbecloseto 180� .
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Figure 1.3: Global�t of theapex of theCKM unitarity triangle.Theredhashedregion

aroundtheapex correspondsto 68%C.L. Reproducedfrom [53].
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Parameter Valuefrom GlobalFit

� (90:6+3 :8
� 4:2)

�

� (21:6+0 :9
� 0:8)

�


 (67:8+4 :2
� 3:9)

�

Table 1.3: Valuesfor theanglesof theCKM unitarity trianglefrom a global �t for the

apex of thetriangle.

especiallyin the poorly-constrainedBs sector, wheremixing-inducedCP violation in Bs

mixing cancausesmall (in the SM) differencesbetweenthe two “non-squashed”unitarity

triangles.Onesuchdifferencearisesfrom � 
 , which canbemeasuredusingdecayswhich

proceeddominantlyor wholly via b ! ccs treetransitions.Sincethesearenot expectedto

beaffectedby New Physics,any deviation from theSM canbetracedto B s mixing. Recent

interestingstudiesof onesuchdecay, Bs ! J= � , werementionedabove.

Overconstrainingtheparametersof theCKM matrix to searchfor inconsistenciesin the

SM predictionsis akey physicsgoalof theLHCb experiment.TheLHCb strategy to search

for New Physicsvia directmeasurementsof themostpoorlyconstrainedangleof the“main”

unitarity triangle,
 , will bediscussedin Sec.1.4.4.

1.4 Two-bodyCharmlessHadronic B Decays

In this sectionsomeof the theoreticalaspectsunderlyingtwo-bodycharmlesshadronicB

decayswill be outlined,and two of the physicsmeasurementsthat canbe carriedout by

studyingsuchdecayswill be describedin detail. The expectedperformanceof LHCb for

eachof thesemeasurementswill besummarised.

The description“two-bodycharmlesshadronicB decay”canin principleapply to any

decayof a B hadroninto two hadronswhich do not containcharmquarks. Within LHCb

however, it is usuallyusedto refer only to caseswherethe daughterhadronsarecharged

pions,chargedkaons,andprotons.Thesearetheonly hadronsthatcanbetrackedin particle

detectors,becausethey are“stable”over thetypical time requiredto passthroughthedetec-

tor, andarecharged.Decaysof this typearereferredto within LHCb asB ! h+ h
0� decays.

Therearetensuchdecaysin total9: Bd ! K + � � , Bd ! � + � � , Bd ! K � K + , Bd ! pp,

Bs ! K � K + , Bs ! K � � + , Bs ! � + � � , Bs ! pp, � b ! pK � and� b ! p� � . The�rst

of theseto be observed wasBd ! K + � � [54], in 1993by the CLEO-II experiment[27].

Sincethen,furthermodeshavebeenobserved,andcurrentlytheonly remainingunobserved

B ! h+ h
0� modesareBd ! K � K + , Bs ! � + � � , Bd ! pp andBs ! pp.

9Not distinguishingbetweenadecayandits chargeconjugate.
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Of coursemany two-bodycharmlesshadronicB decaysexist thatarenot B ! h+ h
0�

decays(for exampleBs ! �� ), but the physicsmeasurementsthat can be madeusing

themdiffer from thosemadeusingB ! h+ h
0� decays,and they are alsovery different

from anexperimentalpoint of view, asthey have morethantwo chargedtracks,canfeature

intermediateresonances,andsoon. They arenotconsideredfurtherhere.

TheLHCb collaborationhasrecentlypublishedadetaileddocument[55] describinghow

six of its key measurementsphysicswill be carriedout. Oneof thesekey measurements

involvesB ! h+ h
0� decays[56]. Partsof theB ! h+ h

0� sectionof this documentsum-

marisethe work describedin chapters4 (propertime resolutionmodel for B ! h+ h
0�

decays)and5 (searchfor undiscoveredmodesB f d;sg ! pp) of this thesis.Thedetailedtheo-

reticalaspectsrelatingto thework in thosechapterswill beoutlinedatthebeginningof those

respectivechapters.Chapter6 of this thesisdescribesa methodto make a physicsmeasure-

mentwith oneparticularB ! h+ h
0� decay, Bd ! � + � � , usinganapproachwhich is com-

plementaryto thatusedin [56]. The theoryof this measurementis describedin Sec.1.4.3,

andthatof a relatedmeasurementalsoinvolving Bd ! � + � � , in Sec.1.4.4.

1.4.1 Overview of B ! h+ h
0� Decays

Of the ten B ! h+ h
0� decayslisted above, the six of the form Bd;s ! f � ; K g+ f � ; K g�

offer a particularlyrich arrayof possibilitiesfor physicsmeasurements.Thephysicsmea-

surementsthat canbe madeusinga particularoneof thesedecayslargely dependson the

natureof the �nal state,with � + � � andK � K + beingCP eigenstateswith eigenvalue+1
�
i.e. CPj� + � � i = + j� + � � i andCPjK + K � i = + jK + K � i

�
, and � � K � being �a vour-

speci�c. TheFeynmandiagramsfor theprocessescontributingto theBd;s ! f � ; K g+ f � ; K g�

decaysareshown in Fig. 1.4.

The tree and gluonic penguin10 processesare the dominantcontributors to the four

B ! h+ h
0� decayswith the highestbranchingratios(referredto hereasthe four “main”

B ! h+ h
0� decays),which are Bd ! K + � � , Bd ! � + � � , Bs ! K � K + and

Bs ! K � � + . Their branchingratiosareof the orderof 10� 5. These“main” decayscan

alsoreceive contributionsfrom theotherthreediagramsshown in Fig. 1.4,with thecolour-

suppressedelectroweakpenguin,penguinannihilationandW exchangeall contributing to

Bd ! � + � � andBs ! K � K + , andthecolour-suppressedelectroweakpenguincontribut-

ing to Bd ! K + � � andBs ! K � � + . However in theSM thesizeof thesecontributionsis

negligible comparedto thetwo dominantdigrams(seee.g.[57]).

10A processinvolving particleemissionfrom aninternalloop is referredto asapenguinprocess.
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Figure 1.4: Feynman diagrams for the processescontributing to B d;s !

f � ; K g+ f � ; K g� decays.
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However for themodesBd ! K � K + andBs ! � + � � , only thepenguinannihilation

andW exchangediagramsarepossible,causingthe SM branchingratiosfor thesedecays

to beat leastanorderof magnitudelower thanthoseof themainB ! h+ h
0� decays[57].

LHCb will searchfor theseundiscoveredraremodes[58], asameasurementof theirbranch-

ing ratioswill testtheSM predictionthattheannihilationandexchangeamplitudesaresmall.

A signi�cant enhancementof theirbranchingratiosabovetheSM predictionswouldindicate

thepresenceof New Physicsin thepenguinannihilationandW exchangediagrams.

An importantconceptrelatingcertainB ! h+ h
0� decaysto eachotheris thatof U-spin

symmetry[46]. Justas isospinsymmetryrelatesto a subgroupof SU(3) corresponding

to the interchangeof u andd quarks,U-spin symmetryrelatesto a differentsubgroupof

SU(3), which correspondsto the interchangeof s andd quarks.ThedecaysB d ! � + � �

andBs ! K � K + arefull U-spin conjugates,asthe interchangeof s quarksfor d quarks

transformsBd ! � + � � into Bs ! K � K + , andeachamplitudecontributingto Bd ! � + � �

also contributesto Bs ! K � K + (andvice versa). So if U-spin symmetryis respected,

Bd ! � + � � andBs ! K � K + sharethesamestronginteractiondynamics.

Note that the decaysBd ! � + � � andBs ! K � � + are not full U-spin conjugates:

althoughthey arerelatedvia the interchanged $ s, thereareamplitudes(from penguin

annihilationandW exchange)which contributeto Bd ! � + � � but not Bs ! K � � + . The

situationis exactly thesamefor Bs ! K � K + andBd ! K + � � . Althoughthey arenot full

U-spinconjugates,thesetwo pairsof decaysstill offeramethodfor testingU-spinsymmetry,

which predictsA dir
CP (Bd ! � + � � ) = A CP (Bs ! K � � + ) and A dir

CP (Bs ! K � K + ) =

A CP (Bd ! K + � � ), up to small correctionsarisingfrom the penguinannihilationandW

exchangetopologies. A further test of U-spin symmetrycan be madeby comparingthe

branchingratiosof thefull U-spinconjugatepairBd ! K � K + andBs ! � + � � .

While there are many interesting physics measurementsthat can be made using

B ! h+ h
0� decays,the remainderof this chapterwill focuson two particularmeasure-

ments,which arelinkedin thatthey bothrely on CP asymmetrymeasurementsin thedecay

Bd ! � + � � .

1.4.2 Time DependentCP Asymmetriesin Bd ! � + � �

A procedureto extract direct andmixing-inducedCP asymmetriesfrom a �t to the time-

dependentCP asymmetryin thedecayBd ! � + � � is describedin Chapter6 of this thesis.

This sectiondescribesthecurrentexperimentalstatusof theseasymmetries.Thefollowing

two sectionseachdescribea physicsmeasurementthatLHCb plansto make which requires

aprecisemeasurementof theseasymmetries.
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Since

� � + � � is aCP eigenstate,

� Thewidth difference�� in theBd systemis known to beverysmallcomparedto the

massdifference� m, and

� jp=qjB d is known to beequalto 1 to averygoodapproximation,

therelevantequationfor thetime-dependentCP asymmetryfor Bd ! � + � � is (1.52):

A CP (Bd(t) ! � + � � ) �
�( Bd ! � + � � ) � �( B d ! � + � � )

�( Bd ! � + � � ) + �( B d ! � + � � )

= A dir
CP (� + � � ) cos(� mt) � A mix

CP (� + � � ) sin(� mt): (1.67)

ThecurrentB-Factorymeasurementsof thedirectandmixing-inducedCP asymmetriesin

Bd ! � + � � are[59, 60]:

A dir
CP (� + � � ) = 0:25� 0:08� 0:02; A mix

CP (� + � � ) = 0:68� 0:10� 0:03 (Babar),

A dir
CP (� + � � ) = 0:55� 0:08� 0:05; A mix

CP (� + � � ) = 0:61� 0:10� 0:04 (Belle), (1.68)

wherethe �rst error is statisticalandthe secondsystematic.While thereis agreementbe-

tweenthe B-Factorieson the valueof the mixing-inducedasymmetry, thereis signi�cant

disagreementon thevalueof the directasymmetry, leadingto a 1.9� discrepancy between

the two experimentsin the A dir
CP (� + � � ) � A mix

CP (� + � � ) plane. The situationis illustratedin

Fig. 1.5,whichalsodisplaystheaverageof thetwo measurements(ascalculatedby HFAG):

A dir
CP (� + � � ) = 0:38� 0:06; A mix

CP (� + � � ) = 0:65� 0:07 (HFAG average), (1.69)

whereonly thetotal erroris quoted.

LHCb will resolve the con�ict betweenthe B-Factoriesby makinga higher-precision

measurementof theseasymmetries.Asidefrom theexperimentalissues,animprovedmea-

surementof theseasymmetrieswill alsoallow betterdeterminationsof someimportantCKM

parameters,via themethodsdescribedin thefollowing sections.

1.4.3 Measuring sin2� eff Using the DecayBd ! � + � �

Theonly way to directly measuretheCKM angle� , which is thephasebetweenVtdV �
tb and

VudV �
ub, is throughmeasurementsof time-dependentCP asymmetriesaffecting b ! u u d

transitions.ThedecayBd ! � + � � featuressucha transition,andcanbeusedto measure

theeffectiveparametersin2� eff . Thismeasurementcanbecombinedwith informationfrom
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p+ p- SCP vs CCP

Contours give -2D(ln L) = Dc2 = 1, corresponding to 60.7Y  CL for 2 dof
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Figure 1.5: Current B-Factory measurementsof the direct and mixing-induced

CP asymmetriesin the Bd ! � + � � decay. The de�nitions SCP � �A mix
CP and

CCP � �A dir
CP areused.Theaverageof thetwo measurements(ascalculatedby HFAG)

is alsoshown. Figurereproducedfrom [52].

otherdecays(asdetailedbelow) to constrainsin2� . Themethodusedfor thismeasurement

will now bedescribed.

A generalform for theamplitudeA � + � � for Bd ! � + � � (following thenotationof [61])

is:

A � + � � = VudV �
ub(A tree + Au

peng+ Aexch) + VcdV �
cbA

c
peng+ VtdV �

tbA t
peng; (1.70)

whereA tree(exch) is the tree (W exchange)amplitudewith the weak phasefactorisedout,

andA j
peng (for j 2 f u; c;tg) is the part of penguinamplitudecorrespondingto an internal

quarkof �a vour j , againwith therelevantweakphasefactorisedout (eachA j
peng includesthe

electroweak,gluonicandannihilationpenguinamplitudes).The CP-conjugatedamplitude

A � + � � is obtainedfrom A � + � � by conjugatingtheCKM elements.

To examinetherelationshipbetweentheseamplitudesand� , it is convenientto factorise

themagnitudes(but not thephases)of theCKM elementsbackinto theamplitudes,andto

usetheunitarityof theCKM matrix to rewrite A � + � � andA � + � � as[46]:

A � + � � = ei
 T + e� i� P � ei
 jT jei� T + e� i� jP jei� P ;

A � + � � = e� i
 T + ei� P � e� i
 jT jei� T + ei� jP jei� P ; (1.71)

whereT � jVud jjVubj(A tree + Au
peng+ Aexch � Ac

peng) andP � jVtd jjVtbj(A t
peng � Ac

peng) are
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(underthe assumptionsoutlinedin Sec.1.4.1)dominatedby the treeandgluonic penguin

contributionsrespectively, with magnitudesjTj andjPj andstrongphases� T and� P .

Fromtheseamplitudes,� � + � � (seede�nition (1.44))canbefound:

� � + � � �
�

q
p

� �
A � + � �

A � + � �

�
= e� 2i� jT je� i
 ei� T + jPjei� ei� P

jT jei
 ei� T + jPje� i� ei� P

= e� 2i (� + 
 ) 1 +
�
� P

T

�
� ei (� + 
 )ei (� P � � T )

1 +
�
� P

T

�
� e� i (� + 
 )ei (� P � � T )

= e2i�

 

1 + 2i

�
�
�
�
P
T

�
�
�
� sin� ei (� P � � T ) + O

�
�
�
�
P
T

�
�
�
�

2
!

; (1.72)

whereit hasbeenassumedthat� + � + 
 = � andjP=Tj2 � 1 (therelativesizesof jPj and

jTj will bediscussedbelow). Usingthede�nitions (1.47),thedirectandmixing-inducedCP

asymmetriescannow berelatedto thephysicsparametersasfollows:

A dir
CP (� + � � ) = 2

�
�
�
�
P
T

�
�
�
� sin� sin(� P � � T ) + O

�
�
�
�
P
T

�
�
�
�

2

;

A mix
CP (� + � � ) = sin2� + 2

�
�
�
�
P
T

�
�
�
� sin� cos2� cos(� P � � T ) + O

�
�
�
�
P
T

�
�
�
�

2

: (1.73)

So if the contribution to the amplitudefrom the penguintopology were negligible, the

mixing-inducedCP asymmetrywould equalsin2� , and the direct CP asymmetrywould

be 0. The analogouscondition (negligible penguinamplitude)is satis�ed for the decay

Bd ! J= K S, wherethemixing-inducedCP asymmetryis equalto sin2� to a very good

approximation.Howeverfor Bd ! � + � � , thepenguintopologycontributionis notexpected

to benegligible in theSM, with theoreticalcalculationspointingto avalueof around0.2for

jP=Tj (seee.g.[62]). Hencethevalueof themeasuredquantityA mix
CP (� + � � ) is signi�cantly

differentfrom thephysicsparametersin2� . Insteadit is relatedto aneffective physicspa-

rameter, known assin2� eff , throughthede�nition

sin2� eff �
A mix

CP (� + � � )q
1 � A dir 2

CP (� + � � )

: (1.74)

Clearly the relative magnitudesand strongphasesof the tree andpenguinamplitudes—

jP=Tj and(� P � � T ) — needto becalculatedif a precisemeasurementof sin2� eff is to be

translatedinto a precisemeasurementof sin2� . Onemethodfor calculatingtheseinvolves

combiningmeasurementsof thebranchingratio andCP asymmetriesfor Bd ! � + � � with

thosefor thedecaysB + ! � + � 0 andBd ! � 0� 0 [63]. Thesethreedecaysarerelatedvia

isospintransformations,with their amplitudesforming two so-called“isospin triangles”in

thecomplex plane,de�ned by
p

2A(B + ! � + � 0) = A(Bd ! � + � � ) +
p

2A(Bd ! � 0� 0) (1.75)
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Figure 1.6: Isospintrianglesrelatingthe amplitudesfor B d ! � + � � , B + ! � + � 0

and Bd ! � 0� 0. The triangle on the left (right) representsEqn. 1.75 (1.76). The

amplitudeswith superscriptsare labelled using the charge of the �nal statepions;

e.g.A+0 � A(B + ! � + � 0) andA
+ �

� A(B d ! � + � � ). The amplitudeswith

subscriptsare the amplitudesfor a B or B to decayto a � � pair with isospin0 or 2

respectively. Reproducedfrom [63].

and
p

2A(B � ! � � � 0) = A(B d ! � + � � ) +
p

2A(B d ! � 0� 0): (1.76)

Theseisospintrianglesareillustratedin Fig. 1.6. The fact that � � �nal statesarisingfrom

treeprocessescanhave isospinI = 0 or I = 2, while thosearisingfrom penguinprocesses

canonly haveI = 0, allowstheextractionof jP=Tj and(� P � � T ). Measuringthebranching

ratios of the B ! � � modes(i.e. the (CP-averaged)lengthsof the triangle sides)gives

jP=Tj, and measuringthe CP asymmetries(i.e. the relative phasebetweenthe triangles)

gives(� P � � T ). Thecurrentmeasurementsof � usingtheabove methodare� = (96+10
� 6 ) �

from Babar[59] and� = (97 � 11) � from Belle [60].

Clearly, improving on theseconstraintsusingthedecayBd ! � + � � alsorequiresim-

provedmeasurementsin thedecaysB + ! � + � 0 andBd ! � 0� 0. However, thepresence

of theneutralparticle� 0 in the�nal statewill make it dif�cult for LHCb to improve on the

currentB-Factorymeasurementsin B + ! � + � 0 andBd ! � 0� 0. This is especiallytrue

for Bd ! � 0� 0, which will beextremelyproblematicfor theLHCb trigger(seeSec.2.2.7)

to select.A furtherexperimentaldif�culty is that theBd ! � 0� 0 treeamplitudeis colour-

suppressed,leadingto abranchingratioof O(10� 6), anorderof magnitudelower thanthose

for Bd ! � + � � andB + ! � + � 0.

Despitetheobstaclesto anaccuratedeterminationof � atLHCb usingtheabovemethod,

it will still provide a valuablecross-checkto measurementsof � in otherdecaysat LHCb,

for exampleB ! �� andB ! �� , which areexpected(with 2 fb� 1 of data)to individ-

ually achieve statisticaluncertaintieson � of around10 � (B ! �� ) and15 � (B ! �� )
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Figure 1.7: Constrainton theapex of theCKM unitarity trianglefrom directmeasure-

mentsof 
 . TheSM solutionhas
 > 0. Reproducedfrom [53].

respectively [64]. While (mostof) the�� , �� decaymodesfeatureat leastone� 0 in the�nal

state,the additionalpresenceof at leasttwo chargedparticlesmeansthat suchmodeswill

havea farbettertriggeref�ciency atLHCb thanB + ! � + � 0 and(especially)Bd ! � 0� 0.

In addition to contributing to the constrainton � , a measurementof A dir
CP (� + � � ) and

A mix
CP (� + � � ) is an importantsteppingstoneto an accurateand theoreticallycleanmeasure-

mentof 
 , asdescribedin thefollowing section.

1.4.4 Measuring 
 UsingBd ! � + � � and Bs ! K � K +

1.4.4.1 LHCb Strategy for Dir ect Measurementsof 


New Physicscontributionsto quarkmixing could manifestthemselvesby causingthe ob-

served valueof a particularCKM parameterto changesigni�cantly whenmeasuredusing

differentdecays.Thereis scopefor this to happenfor the CKM angle
 , ascurrentcon-

straintsfrom directmeasurementsareverypoor, asillustratedin Fig. 1.7.

LHCb will makedirectmeasurementsof 
 usingtwo differentclassesof B decay:those

thatproceedvia treeamplitudesonly, andthosein which bothtreeandpenguinamplitudes

play a signi�cant rôle. Theaim is not only to tightentheconstrainton 
 , but alsoto search

for inconsistenciesin themeasuredvaluesof 
 in differentdecays,which would reveal the
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presenceof New Physics.Suchinconsistenciescanappearbecausethevalueof 
 measured

from “tree-only” decaysis unlikely to beaffectedby New Physics,asin mostNPmodelsthe

new particlesdonotenterat treelevel. Howeverfor decayswherepenguinamplitudesplaya

signi�cant rôle,new virtual particlescanappearin theloop,affectingthepenguinamplitude

andthusthemeasuredvalueof 
 for suchdecays.

Examplesof decaysthat are sensitive to 
 and proceedonly via tree amplitudesare

B + ! D
0
K + , Bd ! D

0
K � 0, Bs ! D �

s K � andBd ! D � � � [65]. For B + ! D
0
K +

andBd ! D
0
K � 0, 
 canbeextractedvia a time-integratedanalysis.For B s ! D �

s K � and

Bd ! D � � � , a time-dependentanalysisis required.Combiningmeasurementsfrom these

four decays,LHCb expectsto achieveanuncertaintyonthedirectmeasurementof 
 of ' 4 �

afteronenominalyearof datataking[65].

Two decaysthataresensitive to 
 andproceedby bothtreeandpenguinamplitudesare

theB ! h+ h
0� decaysBd ! � + � � andBs ! K � K + . ThemethodthatLHCb will use

to measure
 usingthesedecays,andthe expectedsensitivity of the method,will now be

described.

1.4.4.2 Extracting 
 Using the U-Spin Method

A methodwasproposedby Fleischerin [61] to extract 
 from measurementsof the direct

andmixing-inducedCP asymmetriesin Bd ! � + � � andBs ! K � K + . Themethodis an

attractiveonebecauseit doesnotneglectany of thedifferenttopologiescontributing to each

decay, andsodoesnot rely on any model-dependentassumptionsabouttheir relative sizes.

Theonly assumptionmade,usingthefactthatthesetwo decaysareexactU-spinconjugates

of eachother, is that the �nal-state stronginteractioneffectsarethe samefor eachdecay.

Violationsof this assumptiondueto possibleU-spinbreakingeffectsaretheonly sourceof

theoreticalerrorin themethod.

The amplitudefor Bd ! � + � � , as given in (1.70), can be rewritten in termsof the

Wolfensteinparameters(see(1.30))to give [61]:

A � + � � = C(ei
 � dei� ); (1.77)

where

C � A� 3Rb(A tree + Au
peng � A t

peng+ Aexch) (1.78)

and

dei� �
1

Rb

Ac
peng � A t

peng

A tree + Au
peng� A t

peng+ Aexch
: (1.79)
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Startingfrom a parameterisationanalogousto (1.70), the amplitudefor B s ! K � K +

canbewritten in asimilar way:

AK + K � =
�

1 � � 2=2
C0(ei
 + ((1 � � 2)=� 2)d0ei� 0

); (1.80)

where

C0 � A� 3Rb(A0
tree + Au0

peng� A t0

peng+ A0
exch) (1.81)

and

d0ei� 0
�

1
Rb

Ac0

peng � A t0

peng

A0
tree + Au0

peng� A t0

peng+ A0
exch

: (1.82)

The primesin the expressionsfor Bs ! K � K + indicatethat the transitionconcernedis

b ! u u s ratherthanb ! u u d. The CP-conjugatedamplitudesA � + � � andAK + K � are

obtainedfrom A � + � � andAK + K � respectively by conjugatingtheweakphase
 , but leaving

thestrongphasesunchanged.Thereis alsoamultiplicativefactorof +1 in eachcase,because

both�nal statesareCP-even. Fromtheseamplitudes,� � + � � and� K + K � canbecalculated,

allowing the direct andmixing-inducedCP asymmetries(seethe de�nitions (1.47)) to be

expressedin termsof 
 , � d, � s, d, d0, � and� 0:

A dir
CP (Bd ! � + � � ) =

� 2dsin� sin

1 � 2dcos� cos
 + d2

;

A mix
CP (Bd ! � + � � ) =

2dcos� sin(� d + 
 ) � sin(� d + 2
 ) � d2 sin� d

1 � 2dcos� cos
 + d2
;

A dir
CP (Bs ! K � K + ) =

2ed0sin� 0sin


1 + 2ed0cos� 0cos
 + ed0
2 ;

A mix
CP (Bs ! K � K + ) = �

2ed0cos� 0sin(� s + 
 ) + sin(� s + 2
 ) + ed0
2

sin� s

1 � 2ed0cos� 0cos
 + ed0
2 ; (1.83)

wheretheabbreviation ed0 � ((1 � � 2)=� 2)d0hasbeenused.NotethatA �� is notconsidered

hereasthemethodassumestheconstraint(1.48).

The Bd mixing phase,� d ' � 2� , is alreadywell measuredby the B-Factories,via

themeasurementof themixing-inducedCP asymmetryin Bd ! J= K S. TheBs mixing

phase,� s ' � 2� 
 , is currentlyonly looselyconstrainedby D0 andCDF usingthe decay

Bs ! J= � , but LHCb will makeaprecisemeasurementof � s with relatively little data,us-

ing thissamedecay[51]. Henceboth� d and� s canbeconsideredasknown quantities.This

however still leavesthe systemof equationsunderconstrained,astherearefour equations

with � veunknowns:d, d0, � , � 0 and
 .

The application of U-spin symmetry can solve this problem: Bd ! � + � � and

Bs ! K � K + sharethesamestronginteractiondynamicsunderU-spinsymmetry, so that

d = d0 and� = � 0 (even if U-spin symmetryis broken, the only correctionsto thesetwo
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equalitieswill benon-factorisablecorrections,which areexpectedto besmall [61]). Hence

applyingtheassumptionof U-spinsymmetryreducesthenumberof unknownsto three,leav-

ing thesystemof equationsoverconstrained.Eitherof theconditionsd = d0 or � = � 0 can

thenbereleasedwhen�tting to theexperimentaldata,providing a testof U-spinsymmetry

(however this degradesthesensitivity to 
 ). Thesizesof U-spinsymmetrybreakingeffects

areusuallyparameterisedin termsof thevariables� � d0=dand� � � � 0 � � .

In [56], theLHCb sensitivity to 
 wasestimated,usinga strategy wheretheCP asym-

metriesfor all eight B ! h+ h
0� decayswith masspeaksnearmB d underthe � � mass

hypothesis11 are�tted simultaneously. PossibleU-spinbreakingeffectsweretakeninto ac-

count,with the allowed rangesfor the U-spin breakingvariablesbeing � 2 [0:8; 1:2] and

j� � j < 20� . Thetotal uncertaintyon 
 with onenominalyearof LHCb data(2 fb� 1) using

this strategy was found to be ' 7 � , which includesstatistical,systematicand theoretical

(U-spinbreaking)uncertainties.This is a factorof ' 4 betterthantheuncertaintyfrom ex-

istingdirectmeasurements(seeTable1.2).

Thevalueof 
 foundusingBd ! � + � � andBs ! K � K + will becomparedwith the

valuemeasuredin the“tree-only” decays,asdescribedin theprevioussection.A signi�cant

discrepancy betweenthesevalueswould signal the presenceof New Physicsin the loop

processescontributing to Bd ! � + � � andBs ! K � K + .

1.5 Summary

This chapterhaspresentedanoverview of theStandardModel of particlephysics,andhas

describedin detailtheCKM mechanism,which in theStandardModel is responsiblefor CP

violation in thequarksector. Theconsequencesof theCKM mechanismfor thebehaviour

of neutralmesonshavebeenexplored.Somewaysin which theLHCb experimentcanstudy

neutralandchargedmesonsto improveon currentknowledgeof theCKM mechanism,and

possiblyidentify inconsistenciestherein,have beensummarised.Thephysicsof two-body

charmlesshadronicB decays(B ! h+ h
0� decays)have beenoutlined,and two physics

measurementsarisingfrom thestudyof suchdecaysatLHCb havebeendescribedin detail.

Thesedescriptionsshouldfacilitateunderstandingof the relevanceandimpactof thework

describedin Chapters4–6of this thesis.

11This is all of theB ! h+ h
0� decaysexceptBd ! pp andBs ! pp.
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Chapter 2

The LHCb Detector

In thischapteradiscussionof thedesignandfunctionof theLHCb detectorwill bepresented.

Section2.1will brie�y describetheLHC acceleratorcomplex andtheaimsof thefour main

LHC experiments.Section2.2will describetheLHCb detectorin detail,by consideringeach

componentof thedetector'shardwareandsoftwaresystemsin turn. Particularattentionwill

bepaid to theRICH subdetector, aswork carriedout on thephotondetectorsfor theRICH

will bedescribedin Chapter3.

2.1 The LHC

2.1.1 The LHC Accelerator

TheLHC [66], locatedatCERN[67] nearGeneva, is theworld's largestandmostpowerful

particle accelerator. It is designedto collide togetherbunchesof protonswith a centre-

of-massenergy of 14 TeV, andat a frequency of 40 MHz. The LHC acceleratorcomplex

consistsof several linkedacceleratorsandmakesuseof previously existing facilities. The

protonsareobtainedfrom hydrogengas,andundergo an intial accelerationto anenergy of

50MeV in theLinearAccelerator(LINAC2). They arethenfed into theProtonSynchrotron

Booster(PSB),wherethey reach1.4GeV, followedby theProtonSynchrotron(PS),where

they reach26 GeV. Next the protonsaredeliveredto theSuperProtonSynchrotron(SPS),

whichacceleratesthemto 450GeV. Finally, theprotonsaretheninjectedinto themainLHC

ring, wherethey areacceleratedto 7 TeV.

The main LHC acceleratorring is 100m underground,andis 27 km in circumference.

Two independentpipesareusedto allow beamsof protonsto circulatein both directions

without interferingwith eachother. Theprotonsarekeptwithin an approximatelycircular

pathwithin thepipesby 1700dipolemagnets.Eachdipolemagnetproducesa�eld of 8.33T.
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Figure 2.1: Overview of the layoutof theLHC. Themainacceleratorring is shown in

blue andwhite, with the SPSandthe injection systemin red andwhite. Reproduced

from [67].

As well asreachinga centre-of-massenergy around7 timeshigherthanany otherpar-

ticle accelerator, the LHC will alsoproducemuchlarger event ratesthanprevious hadron

accelerators.This rateis known astheluminosityL . TheLHC maximisesits luminosityby

colliding densehigh-populationbunchesof protonsat a very high rate. Eachprotonbunch

containsaround1011 protons,but has(at the LHCb collision point) a transverseradiusof

only 71 � m anda lengthof 7.5cm.

The layout of the LHC is shown in Figure 2.1. The location of the four main LHC

experiments(seeSec.2.1.2)areshown, alongwith theSPSandtheinjectionsystem.

2.1.2 The LHC Experiments

Therearefour mainexperimentsthatwill takedatafrom studyingLHC collisions.They are:

� A Toroidal LHC Apparatus(ATLAS) [68]. ATLAS is oneof two generalpurpose

detectors(GPDs)thatwill operateat theLHC. Thephysicsgoalsof ATLAS include

�nding themechanismresponsiblefor ElectroweakSymmetryBreaking(possiblyvia

observationof the Higgs boson)andsearchingfor evidenceof a numberof possible
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New Physics(NP) scenarios(via directproductionof new particles).Suchscenarios

includesupersymmetryandlargeextradimensions.

� CompactMuon Solenoid(CMS) [69]. CMS is theotherGPD.It hassimilar physics

goalsto ATLAS, althoughthedetectorlayoutandchoiceof detectortechnologiesdif-

fer in someaspects.Thepurposeof having two suchGPDsis to providecomplemen-

tarity in thesearchfor NP, andto allow any discoveriesto beindependentlycon�rmed.

� Large Hadron Collider Beauty (LHCb) [70]. LHCb is a dedicatedheavy �a vour

physicsexperimentthat aimsto carry out stringenttestsof the StandardModel and

probeNew Physicseffectsby makingprecisionmeasurementsin the B sector. The

detectoris describedin detail in Sec.2.2,andits physicsaimsin Sec.1.3.

� A LargeIon ColliderExperiment(ALICE) [71]. TheLHC is alsocapableof actingas

acollider of leadions.ALICE is primarily designedto studysuchcollisions.Its main

physicsgoal is to obtaina betterunderstandingof anexotic stateof matterknown as

thequark-gluonplasma.Improvedunderstandingof thishasthepotentialto shedlight

on conditionsin theearlyuniverse.

2.2 The LHCb Detector

The LHCb detector[70, 44, 72] is a forward arm spectrometer. It is designedto carry out

stringenttestsof the StandardModel andprobeNew Physicseffectsby makingprecision

measurementsin theB sector.

The LHC providesan excellent laboratoryfor the studyof B hadrons,sincethe pro-

ductioncross-sectionof b�b pairsin 14 TeV proton-protoncollisionsis very high, ' 500 � b.

This will enabletheLHC to quickly overtake previouscollidersin termsof the numberof

B hadronsproduced.The LHCb detectorhasan angularacceptancestartingat 10 mrad,

andextendingto 300 mradin the bendingplane,and250 mradin the non-bendingplane.

This geometryhasbeenchosenin orderto acceptthemajority of B hadronsin theforward

cone,asthey tendto beproducedat very low polarangles(seeFig. 2.2). Thesekinematics

arisebecausethe partons(quarksor gluons)insidethe two colliding protonsare likely to

haveverydifferentmomentafrom eachother, sothattheproducedb�bquarkssubtendasmall

anglewith respectto thebeamline.

The LHCb detectorconsistsof a numberof subdetectors,eachof which playsits own

rôle in the reconstructionof interestingeventsand in the separationof signal and back-

ground.The layoutof LHCb is shown in Fig. 2.3. Fromleft to right, the following subde-

tectorscanbeseen:theVertex Locator(VELO), the�rst Ring ImagingCherenkov counter
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Figure 2.2: Angulardistribution of b and�b quarksfrom proton-protoncollisionsat 14

TeV. � b (� �b) is theproductionangleof theb (�b) quarkwith respectto theprotonbeam.

Reproducedfrom [44].

(RICH1), the Tracker Turicensis(TT), the magnet,the TrackingStations(T1,T2,T3), the

secondRingImagingCherenkov counter(RICH2),the�rst MuonStation(M1), theElectro-

magneticCalorimeter(ECAL), theHadronicCalorimeter(HCAL), andtheremainingMuon

Stations(M2,M3,M4,M5). Eachof thesesystemsis decribedin Secs.2.2.1to 2.2.6.

LHCb is designedto operateat a nominal luminosity of 2 � 1032 cm� 2s� 1, which is

around50 timesbelow thenominalluminosityof ATLAS andCMS. The lower luminosity

is achievedby defocusingthebeamjust beforetheLHCb collision point. At this lower lu-

minositythemeannumberof inelasticproton-protoncollisionsperbunchcrossingis around

0.6.Having alow numberof suchhardinteractionsperbunchcrossingis desirablefor LHCb

asit greatlyaidstheselectionof eventscontainingB hadrons,andalsoaidstherejectionof

backgroundevents[44, 72]. Furthermorethe lower luminosityalsoreducesthe amountof

radiationdamagesufferedby thecomponentsof thedetector.

2.2.1 Vertex Locator

Oneof thekey propertiesof B hadrons,which is usedto distinguishthemfrom light �a vour

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 as the primary vertex or PV) and their decay
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Figure2.3: Layoutof theLHCb detector. Thebeamlineis alongthez axis.Reproduced

from [72].

point (known as the secondaryvertex or SV). To take advantageof this, LHCb usesthe

Vertex Locator(VELO) [70, 73] to make very precisemeasurementsof thepositionsof the

locationsof boththeprimaryvertex andof thesecondaryverticesof any B hadronsproduced.

TheVELO canmeasurethepositionof primaryverticeswith a resolutionof 10 � m in the

transverse(xy) plane,andabout42 � m in the beam(z) direction. The resolutionon the

decaylengthof aB hadrondependsonthedecaymodeconsidered,rangingfrom 220� m to

330� m. Along with decaylength,anothervariablethatplaysanimportantrôle in separating

B hadrondecaysfrom backgroundeventsis the impactparameterof a track,which is the

distanceof closestapproachof the track to the PV. For trackswith transversemomentum

(pT ) higherthan10GeV, theVELO resolutionon theimpactparameteris around20 � m. In

ordertoachievetheaboveresolutions,theVELO requiresasignaltonoiseratio(S/N)greater

than14 anda singlechannelef�ciency greaterthan99%. In addition,excellentsinglehit

resolutionis required(the bestresolutionachieved is ' 4 � m, for tracksin the �ne pitch

region (seeSec.2.2.1.2)andwith anoptimalopeningangleof ' 100mrad).

2.2.1.1 VELO Layout

TheVELO consistsof 21 stations,arrangedalongthez axisasshown in Fig. 2.4. Notethe

presenceatnegativez (left handsideof Fig.2.4)of two stationswhichareknown asthepile-

up system.Informationrelatingto thenumberof chargedtracksseenin thepile-upsystem

is usedby theLevel 0 trigger(seeSec.2.2.7.1)to rejecteventswith many p� p interactions.

Tracksfound in thepile-upstationsarealsousedin thereconstructionof primaryvertices.
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Figure 2.4: Geometryof the VELO stationsalongthe LHCb z axis. The closedand

openpositionsof themodulesarealsoshown. Referto thetext for details.Reproduced

from [70].

Howeverinformationfrom thepile-upsystemis notusedto reconstructB hadrons,asLHCb

canonly reconstructB hadronsthatareproducedin theforwarddirection.

2.2.1.2 VELO Sensors

Eachstationconsistsof two modules,oneeithersideof the beampipe,with eachmodule

covering182� of theazimuthalangle� . In turneachmodulecomprisestwo siliconsensors,

anR sensoranda � sensor, placedback-to-back.Thesesensorsconsistof a seriesof strips

that recordhits from particlespassingthroughthem. TheR and� sensorsarebothn-on-n

typesilicon andbothhave a thicknessof 300� m, but thegeometriesof their stripsarevery

different. Thesensorlayoutsareshown in Fig. 2.5. Thestripson anR sensorareannular,

andgive informationonhow farahit is from thebeamaxis.To reducetheoccupancy, theR

stripsaredividedinto 4 sectorsof 45 � each.Eachsectorcontains512strips.Thepitch size

of R stripsvariesbetween38� m and102� m,with theaveragestripoccupancy beingaround

0.4%. The stripson a � sensorareradial, andgive informationon the azimuthalangleof
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Figure2.5: Geometryof theVELO sensors(R (left) and� (right)). Seetext for details.

Reproducedfrom [72].

thehit with respectto thebeamaxis. The� stripsaredividedinto innerandouterstrips,in

orderto reducetheoccupancy. Thereare683 innerstripsand1365outerstrips. Thepitch

sizeof � stripsvariesbetween36 � m and97 � m, with the averagestrip occupancy being

around0.4%. Oneunusualfeatureof the � stripsis that they have a non-zerostereoangle

with respectto theperfectlyradialdirection.Theinnerstripshave aninitial stereoangleof

20� , while theouterstripshave an initial stereoangleof � 10 � . The � sensorsin adjacent

modulesalongthe beamaxis arethen�ipped with respectto eachother, so that they have

oppositestereoangles.This improvesthepatternrecognition.Combininginformationfrom

theR and� sensorsallowsa3D point for thehit to befound.Hits alongtheVELO stations

arethenusedto reconstructtracks,which correspondto chargedparticlespassingthrough

theVELO.

Thenominalpositionof thesensorsplacesthemcloserto thebeam(the innermostend

of aninner� strip is only 7 mmfrom thebeamaxis)thanwill besafeduringLHC injection,

whenthebeamapertureis considerablylargerthanduringstablerunning.Hencethesensors

mustberetractable.Thechangein sensorpositionthisentailsis shown in Fig. 2.4.Notethat

thefact thatthesensorsmustberetractedbeforeevery injectionandthenclosedagainonce

thebeamis stableplacesstringentrequirementson theVELO alignmentsystem,which do

notapplyto thealignmentsystemsof theotherLHCb subdetectors.

2.2.2 Ring Imaging Cherenkov Counters

ParticleIdenti�cation (PID) is afundamentalrequirementfor theLHCb physicsprogramme.

Particleidenti�cation for hadrons(protons,chargedpionsandchargedkaons)in themomen-

tumrange1–100GeVis providedby twoRingImagingCherenkov (RICH) counters[70,74].

Oneclassof channelswhosestudyrequiresPID is theB ! h+ h
0� classof channels,where

h standsfor a chargedpion, kaonor proton. Onesuchchannel,which will be studiedin

Chapter5, is theraredecayBd ! p�p. Theimportanceof theRICH to thestudyof Bd ! p�p
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Figure 2.6: Invariantmassdistributions for B d ! p�p andselectedthree-bodyback-

grounds,before(left) andafter(right) RICH PID informationis used.

is illustratedin Fig. 2.6,wherethesignalis clearlyvisible above thepartially-reconstructed

three-bodybackgroundsonly after the RICH PID information is used. In addition to its

ability to distinguishdecayswith identicaltopologicalsignals,the RICH is alsocrucial in

identifying the�a vourof neutralB-hadronsatproduction.Thisprocessis known as�a vour

taggingandis necessaryin many CP violation studies[75]. Oneimportant�a vour tagging

methodat LHCb is thatof same-sidekaontagging.Theaim is to identify thechargedkaon

that canbe producedin associationwith a Bs meson.The initial �a vour of the Bs canbe

inferredfrom thechargeof thekaon.For thismethodto work it is necessaryto reduceback-

groundfrom chargedpions,relying on theRICH PID. This sectiondiscussesin detailhow

theRICH detectorsof LHCb provide theseimportantinputsto LHCb physicsanalyses.

2.2.2.1 Cherenkov Radiation

The RICH detectorsof LHCb rely upon the phenomenonof Cherenkov Radiation. This

phenomenonwill bebrie�y describedhere;a moredetaileddiscussionis availablein [76].

TheCherenkov effect causesa chargedparticletravelling througha medium(a radiator) at

a velocity that is greaterthanthevelocity of light in that medium,to emit photons.These

Cherenkov photonsareemittedin a cone,andtheopeningangle� c of theconeis relatedto

thevelocityv of theparticle:

cos� c =
c

nv
; (2.1)

wherec is thespeedof light in vacuum,andn is therefractive index of theradiator. Hence

a measurementof � c canbe usedto measurethe particle's velocity. Whencombinedwith

momentuminformationthisallowsameasurementof theparticle's mass(thedetailsof how

theparticleidenti�cation is actuallyperformedin LHCb aregivenin Sec.2.2.2.6).
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Thenumberof photonsradiatedby a particlewith chargez (in unitsof theelementary

charge)traversinga radiatorof lengthL is:

N 
 = L
� z2

} c

Z
sin2 � c(E) dE; (2.2)

where� ' 1=137is the�ne structureconstantandE is theenergy of theCherenkov photon.

2.2.2.2 The RICHes of LHCb

In LHCb there are two separateRICH systemsused: RICH1 [77] and RICH2 [78].

Figures2.7and2.8show schematicdiagramsandphotographsof RICH1andRICH2respec-

tively. Two separatesystemsarenecessaryin orderto maximisethenumberof trackson

whichparticleidenti�cation canbereliablyperformed,astracksfrom B decaysvarywidely

in their polarangleandmomentum.A scatterplotillustratinghow tracksfrom Bd ! � + � �

eventsaredistributedin thesevariablesis shown in Fig. 2.9. The RICHescover different

rangesof polarangleandmomentum,asfollows: RICH1 is placedupstreamof theLHCb

magnetandusestwo radiators;aerogel(n ' 1.03) andC4F10 (n ' 1.0014). It provides

momentumcoveragerangingfrom around1 GeV to around70 GeV, andangularcoverage

startingat 25 mradandextendingto 300mradin thehorizontalplaneand250mradin the

verticalplane.RICH2is placeddownstreamof themagnet,andusesasingleradiatorof CF4

(n ' 1.0005).It providesmomentumcoveragerangingfrom around15 GeV to beyond100

GeV, andangularcoveragestartingat 15 mradandextendingto 120mradin thehorizontal

planeand100 mrad in the vertical plane. The angularandmomentumcoverageof each

RICH is superimposedontoFig. 2.9.

The dependenceof � c on momentumfor different particle typesin eachof the three

radiatorsis shown in Fig. 2.10. At high momentum,where� c is almostindependentof the

particletype,thetrackis saidto besaturated.

2.2.2.3 Detectionof Cherenkov Photons

In both RICHesthe Cherenkov photonsare re�ected off a seriesof mirrors onto a pho-

todetectorplane,wherethey give hits that form rings. Thesehits areusedto identify the

particletype,asdescribedin Sec.2.2.2.6.Thephotodetectorplanesarepopulatedby arrays

of Hybrid PhotonDetectors(HPDs)[79], whichdetecttheCherenkov photons.This is done

by makinguseof the photoelectriceffect: the Cherenkov photonsstrike a quartzwindow

on which a photocathodematerialis deposited,andproducephotoelectrons.Thesephoto-

electronsare then acceleratedtoward a pixellatedsilicon sensor, wherethey createmany

electron-holepairs. It is this signal from the photoelectronthat is actually detected,and
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Figure 2.7: Schematicdiagram(left) andphotograph(right) of RICH1. Note that the

LHCb interactionpoint is to the left in thediagram,but to theright in thephotograph.

Both �gures reproducedfrom [70].
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Figure 2.8: Top-view schematicdiagram(left) andphotograph(right) of RICH2. Note

that theRICH2 entrancewindow is not presentin thephotograph.Both �gures repro-

ducedfrom [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 that the HPDsare

describedin detail in Chapter3, andhencearenot discussedfurtherin this chapter.

Thepathof thephotoelectronswithin theHPDscanbeaffectedby thepresenceof mag-

netic�elds. To protecttheHPDsfrom thefringe �eld of theLHCb magnet,iron shieldingis

presentaroundthesuperstructureof bothRICHes.Also eachHPDis surroundedby acylin-

drical MuMetal shield,to combattheresidual�eld existing insidetheRICH [80]. However

despitethesemeasures,theremaining�eld insidetheHPDscanstill belargeenoughto have

a signi�cant effect on thephotoelectronpath,with themaximumexpectedresidual�eld in

RICH1 beingaround2.4 mT. The effect of a 5 mT magnetic�eld, appliedparallel to the

HPD axis, on a hit patternon the HPD pixel chip is shown in Fig. 2.11. To measurethe

effectof theresidualmagnetic�eld andaccountfor it, bothRICHesusemagneticdistortion

monitoringsystems,whichshineknown light patternsontotheHPDplaneandthenmonitor

how thepatternon eachHPDchangesasthemagnetic�eld is changed.

2.2.2.4 RICH Mirr ors

Within eachRICH therearetwo setsof mirrors [70]; onesetof sphericalmirrorsanda set

of �at mirrors [77, 78]. The sphericalmirrors of RICH1 lie within the LHCb acceptance,

andarecomposedof a carbon�bre reinforcedpolymerin orderto help reducetheamount

of materialseenby particlesbeforethey reachthecalorimeter. Indeedthesphericalmirrors

representonly 1.5%of a radiationlength(X0). The �at mirrorsof RICH1 andbothsetsof

RICH2mirrorslie outsideof theLHCb acceptance,andsocanbeconstructedfrom glassas
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Figure2.12: Schematicdiagramsof theLaserAlignmentMonitoringSystems(LAMS)

for RICH1(left) andRICH2(right). Reproducedfrom [70] and[81] respectively.

thematerialbudgetis not an issue.Eachsetof mirrors is madeup of segments:in RICH1

thesphericalmirrorsconsistof two sphericalsegmentsin eachplane(above andbelow the

beampipe), while the �at mirrors consistof eight rectangularmirrors in eachplane. In

RICH2 thesphericalmirrorsconsistof 26 hexagonalmirrorsin eachplane(left andright of

theacceptance),while the �at mirrorsconsistof 20 rectangularmirrors in eachplane.The

re�ectivity of all RICH mirrorshasbeenstudied,andwasfound to have a typical valueof

around90% for incomingphotonsin therelevantwavelengthregion.

As any deviation of the mirrors from their ideal positionwill affect whereCherenkov

photonsstriking thatmirror arrive on theHPD plane,thealignmentof themirrorsmustbe

closelymonitored,andthecurrentstateof themirrorscommunicatedto the reconstruction

software. Within bothRICH1 andRICH2 themirror alignmentis monitoredusinga Laser

AlignmentMonitoring System,or LAMS [81]. Schematicsof theLAMS setupsfor RICH1

andRICH2 areshown in Fig. 2.12. The LAMS takeslight from a lasersourceandpasses

it througha setof optical �bres. Each�bre endsinsidetheRICH, wherethelight is passed

througha focalisingunit. This unit focusesthe beamandthensplits it into two, with one

beamaimeddirectlyataCCDcameramountedinsidetheRICH, andtheotherbeamre�ect-

ing off a mirror segment,thenarriving at theCCD camera.This createstwo light spotson

theCCDcamera.Any changein therelativepositionof thetwo spotsrevealsachangein the

orientationof themirror segment.
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2.2.2.5 RICH Electronics

The taskof the RICH electronics[82] is to readout the datafrom the HPDs. The RICH

electronicsaredivided into the Level 0 (L0) electronicsandthe Level 1 (L1) electronics.

TheL0 electronicsarelocatedon thedetectorandhencehave to beradiation-hard.As well

as the HPD pixel chip itself1, the L0 electronicscomprisethe L0 board,which interfaces

theHPD with theLHCb onlinesystem(seeSec.2.2.8),andthedistribution systemfor the

high andlow voltagesfor theHPDs. TheL1 electronicsarelocatedin thecountinghouse,

behindthe protective concreteshield,andso neednot be radiation-hard.They compress

thedatareceivedfrom theL0 electronics(throughzero-suppressionfor example),andalso

interfacethecustomformatof this datawith thecommercialethernetprotocolusedby the

LHCb DAQ network (seeSec.2.2.8). The datamanipulationis carriedout by a seriesof

Field-ProgrammableGateArrays(FPGAs),which arecontrolledby theLHCb ReadoutSu-

pervisor.

2.2.2.6 Particle Identi�cation Algorithm and Performance

Using informationfrom the LHCb trackingsystem,the RICH reconstructionsoftwarees-

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

photonsemittedfrom eachreconstructedtrack [70]. In doing this thereareseveralsources

of uncertaintythatneedto betakeninto account.Themostimportantsourcesareemission

pointerror, chromaticdispersion,pixel resolutionandtrackreconstruction.

� Emissionpoint error: in the reconstructionit is assumedthatall Cherenkov photons

were emittedwhen the particle was at the midpoint of the radiator. In reality the

photonsareemittedrandomlyalongthe trajectoryof the particleas it traversesthe

radiator, hencesomeuncertaintyis introduced.

� Chromaticdispersion:therefractive index of eachradiatoris dependenton thewave-

lengthof theemittedphoton.As emittedphotonswill have differentwavelengthsfol-

lowing the Cherenkov emissionspectrum[76], they experiencea differentrefractive

index, resultingin aspreadin theCherenkov angle(seeEqn.2.1).

� Pixel resolution:ThepixelsontheHPDsiliconsensor, whichdetectthephotoelectrons

producedby theCherenkov photons,have a �nite size,which introducesuncertainty

to thelocationon thequartzwindow thatwasstruckby theCherenkov photon.

1TheHPD pixel chipwill bedescribedin detail in Chapter3.
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� Track reconstruction: The �nite resolutionof the trackingsystemintroducesuncer-

tainty on the trajectoryof thechargedparticle,andthuson the locationof thecentre

of theCherenkov ring.

Theexpectedrelativesizeof eachof theaboveeffectsfor eachradiatoris givenin Table2.1.

Detector RICH1 RICH2

Radiator Aerogel C4F10 CF4

� emis
� (mrad) 0.60 0.74 0.31

� chrom
� (mrad) 1.61 0.81 0.42

� pixel
� (mrad) 0.78 0.83 0.18

� track
� (mrad) 0.26 0.42 0.20

� total
� (mrad) 2.00 1.45 0.58

Npe 6.5 30 22

Table2.1: Contributionsto theoverall resolutionon theCherenkov anglein eachof the

threeRICH radiators[74], andtheexpectednumberof detectedphotoelectronsin each

radiator[70].

For eachtrack thesoftwarethencyclesthrough� ve differentparticlehypotheses(e, � ,

� , K andp). Eachhypothesisis associatedwith an expectedpatternof hits for that track.

By comparingthis patternwith theobservedpatternof hits for eachtrack,a likelihoodcan

beconstructed.Finally, thesetof hypothesesis chosenthatmaximisesthe total likelihood

whenall tracksareconsidered.Eachhypothesisalsohasacon�dencelevelassociatedwith it,

calculatedby consideringthechangein thetotal likelihoodwhenthathypothesisis changed.

Theproceduredescribedaboveis known asglobalpattern-recognition, becausehits from all

reconstructedtracksandall threeradiatorsareconsideredsimultaneously.

An estimationof theperformanceof theRICHhadronPIDobtainedusingtheabovealgo-

rithm and the current known performanceof the RICH hardware has been made.

Figure2.13shows theexpectedef�ciency andmisidenti�cationratefor kaons.

During datataking, the actualPID performanceof the RICHeswill be monitoredby

studyingspecially-obtainedsamplesof certaindecays[56]. Thesedecaysarechosensuch

thatthetypeof particleassociatedto a trackcanbedeterminedpurelyfrom thedecaykine-

matics,without theuseof PID information.

To measuretheK � � separationpowerof theRICH, thedecayD � + ! D 0(K � )� + (and

its chargeconjugate)will beused.Herethetightly constrainedD � � D 0 massdifferenceis

veryeffective in reducingthebackgroundratewhile maintaininghighsignalef�ciency.

To measurethe p � � separationpower of the RICH, the decay� ! p� � (and its

chargeconjugate)will beused.The large lifetime of the � will beusefulin distinguishing
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Figure 2.13: Ef�ciency andmis-identi�cation rates,asa function of momentum,for

identifyingakaonas“heavy”, i.e.asakaonor aproton.

it from mostotherparticles.TheK s hasa similar lifetime to the � , but they canbedistin-

guishedfrom eachotherusingtheir distinctive distributionsin the (pT ; � ) plane,where�

is themomentumasymmetryof thetwo tracks.A plot of suchdistributionsis known asan

Armenteros-Podolansky plot [83].

In both of the above channels,tight selectionalgorithmshave beendevelopedthat are

expectedto givesampleof thecontrolchannelswith greaterthan90%purity. Bothchannels

will havededicatedstreamsin theLHCb Triggerframework (seeSec.2.2.7).

2.2.3 Magnet

TheLHCb detectorpossessesa powerful dipolemagnet[70, 84] that is usedto allow mea-

surementsof themomentaof chargedparticlesto bemade.A perspectiveview of themagnet

is shown in Fig. 2.14.Themagnetis a warm(non-superconducting)dipole. Its yoke is con-

structedfrom platesof laminatedlow carbonsteel,with a total weightof 1500tons,while

its two coilsaremadefrom aluminiumandhavea totalweightof 54 tons.

The magnetat full power producesan integrated�eld of 4 Tm. This large value is

necessaryto achieve therequiredprecisionon momentummeasurements.Themagnetpo-

larity will bereversedon a regularbasisto monitordifferencesin chargedparticletracking,

thusreducingsystematiceffectsin CP asymmetrymeasurements.Themagnetis designedso

asto maximisethe�eld experiencedby particlespassingthroughtheLHCb trackingsystem.

Accuratemomentummeasurementsrequirean excellent knowledgeof the magnitude
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Figure2.14: Perspective view of theLHCb dipolemagnet,wheretheLHCb interaction

point liesbehindit. Distancesshown arein mm. Reproducedfrom [70].

anddirectionof the �eld throughoutthe trackingvolume. To acquirethis knowledge,the

�eld mapof themagnethasbeenaccuratelymeasuredby a survey campaignthatusedHall

probesto measure�eld atdifferentspacepoints.Thesurvey encompassedboththetracking

volumeandthevolumeof theRICH detectors[85].

2.2.4 Tracking System

In orderto measurethe trajectoriesandmomentaof chargedparticles,LHCb usesseveral

trackingsystems,locatedat differentpointsalongthe beamline. BetweenRICH1 andthe

magnettherearetwo silicon tracker stations,collectively known asthe Tracker Turicensis

(TT). Betweenthe magnetand RICH2 thereare threetracker stations,known as T1, T2

andT3 respectively. Thedifferentcomponentsof the trackingsystemswill now bebrie�y

described.

2.2.4.1 Tracker Turicensis

TheTT system[70,72], alongwith theVELO, allowsthetrajectoriesof chargedparticlesbe-

tweentheinteractionpointandthemagnetto bemeasured.In particularthesetracksareused

to identify displacedverticesfor thepurposesof theHigh Level Trigger (seeSec.2.2.7.2).
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Figure 2.15: Layoutof Tracker Turicensislayers,with a verticalx layeron theleft and

the rotatedu layeron theright. Dimensionsaregiven in cm. Both �gures reproduced

from [72].

They alsoprovide associatedtracksfor Cherenkov rings in RICH1. The TT is comprised

of four layersof silicon microstrip sensors,with pitchesof around200 � m. The spatial

resolutionof themicrostripsis around50� m. Thelayoutof thelayersis shown in Fig. 2.15.

Thetotal activeareaof theTT is around8.4m2, with a total of 143360readoutstrips.The

occupancy perchannelin theinnermostregion of theTT is at thelevel of a few %. TheTT

layersaregroupedinto two pairs,referredto as(x; u) and(v; x). Thestripsin thex layers

arealignedvertically, while thosein theu (v) layerarerotatedat anangleof � 5 � (+5 � ) to

the vertical. This stereoanglegeometryallows the transversemomentum(pT ) of charged

particlesto bemeasured,andalsoreducesambiguitiesbetweenmeasuredhits.

2.2.4.2 Tracking Stations

Particletrajectoriesmeasuredin thetrackingstationsallow trackscreatedin theVELO to be

matchedwith objectsidenti�ed in the calorimetersandthe muonsystem.Tracksfrom the

trackingstationsarealsoneededto provideassociatedtracksfor Cherenkov ringsin RICH2.

Theoutlineof thetrackingstationslayoutis shown ontheleft of Fig. 2.16.Eachof thethree

trackingstations(T1,T2,T3)hasan inner region composedof silicon (known asthe Inner

Tracker, or IT [70, 86]), andanouterregion composedof straw tubes(known astheOuter

Tracker or OT [70, 87]). Themoreexpensivesilicon technologyis usednearthebeampipe

asthechargedparticledensitythereis muchhigherthanin theouterregionsof thedetector,

wherethecheaperstraw tubetechnologyis used.

TheIT partof eachtrackingstationconsistsof four layersof siliconmicrostripdetectors,

55



CHAPTER2. THE LHCB DETECTOR

10.7

340

31.00

5.25

5.50 4.90

Figure 2.16: Left: Outlineof thetrackingstationslayout.Along increasingz is theTT,

followedby T1, T2 andT3. TheTT andIT areshown in purple,andtheOT is shown in

aquamarine.Right: Cross-sectionof anOT module,wheredimensionsaregivenin mm.

Both �gures reproducedfrom [70].

which follow the same(x; u; v; x) geometryasthe TT layersdescribedabove. As for the

TT, thespatialresolutionof theIT stripsis around50 � m. Thetotal active areaof theIT is

around4.0m2, with a total of 129024readoutstrips.Theoccupancy perchannelis ' 1%.

The OT is an arrayof modules,eachof which containstwo staggeredlayersof straw

tubes,with eachlayer having 64 tubes. The cross-sectionof an OT moduleis shown on

the right of Fig. 2.16. Thegasin thedrift tubesis a mixture of Ar (70%) andCO2 (30%).

This mixture is chosento allow a fastdrift time (below 50 ns) andgoodspatialresolution

(' 200� m). As with theIT, eachtrackingstationcontains4 layersof OT modules,arranged

in the(x; u; v; x) geometry. In total thereare55000singlestraw tubereadoutchannels.The

occupancy 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 energies of

electrons,hadronsandphotons. This information is usedin the Level 0 hardware trigger

(seeSec.2.2.7for a full descriptionof theLHCb trigger),andalsofor particleidenti�cation.

The calorimetersystemconsistsof the Scintillator Pad Detector(SPD),Pre-Shower (PS),

ElectromagneticCalorimeter(ECAL) andHadronicCalorimeter(HCAL). Eachof thesesys-

temswill now bedescribedin turn.
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Figure 2.17: Segmentationschemeof the SPD/PSand the ECAL (left), and of the

HCAL (right). Thecell dimensionsarealsogiven.Reproducedfrom [70].

2.2.5.1 Scintillator Pad Detectorand PreShower

The SPD/PSsystemconsistsof two planesof scintillator pads,with a 15 mm-thick lead

converterplatesandwichedbetweenthem. The segmentationschemeof the SPD/PSpads

(which is alsothesegmentationschemefor theECAL) is shown ontheleft of Fig. 2.17.The

SPDdetectschargedparticlesin orderto reduce� 0 contaminationin the Level 0 electron

trigger. Theleadplateinduceselectromagneticshowers,causingsignalsin thePSthatallow

contaminationfrom charged pions to be suppressed.The scintillation light producedby

the SPD andPS is fed throughWavelength-Shifting(WLS) optical �bres to Multi-anode

PhotoMultiplierTubes(MaPMTs) that sit outsidethe detector. Each�bre is pointedat a

particularpixel of a MaPMT. TheMaPMTsamplify thescintillationlight sothat thesignal

becomesstrongenoughto be readout. All partsof the calorimetersystemadoptvariable

lateral segmentation,becausethe occupancy varieshugely (by two ordersof magnitude)

betweenthe inner andouter regions. The units of segmentationareknown ascells, with

eachcell beingreadoutby oneWLS �bre.

2.2.5.2 ElectromagneticCalorimeter

The purposeof the ECAL is to selecthigh-energy photonsand electronsfor the Level 0

trigger. It alsoprovidesinformationfor particleidenti�cation of photonsandelectrons.It

consistsof alternatinglayersof leadabsorberandscintillating material,divided into mod-

ules. Eachmoduleconsistsof 66 layersof 2 mm-thick lead,and66 layersof 4 mm-thick

scintillatortiles. Thetotal radiationlengthprovidedby theECAL is 25X 0, whereX 0 is the

characteristicradiationlength. The readoutsystemfor the ECAL is similar to that for the

SPD/PS,with the exceptionthat the WLS �bres areorganisedinto bundles,with the light

from eachbundlebeingreadoutby a singlephototube.Thenumberof cellspermodulede-

creaseswith distancefrom thebeampipe,with modulesin theinnerregionhaving ninecells,

thosein themiddle region having four, andthosein theouterregion having only one. All
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Figure 2.18: Photographsof modulesfor theECAL (left), andof thecompletedECAL

detector(right). Both �gures reproducedfrom [70].

threetypesof modulecanbeseenontheleft of Fig. 2.18.Theexpectedenergy resolutionof

theECAL is givenby
� E

E
=

10%
p

E
� 1%; (2.3)

whereE is measuredin GeV.

2.2.5.3 Hadronic Calorimeter

Thepurposeof theHCAL is to selecthadronswith high transverseenergy2 for theLevel 0

trigger. It alsoprovidesinformationfor particleidenti�cation of hadrons.Similarly to the

ECAL, theHCAL consistsof alternatinglayersof iron absorberandscintillatingmaterial.

However in the HCAL the scintillator tiles are orientedparallel to the beamaxis. The

scintillator-absorberlayout is shown on the left of Fig. 2.19, and the segmentationof the

HCAL is shown ontheright of Fig. 2.17.Thescintillatortilesare4 mmthick, while theiron

absorberplatesare12mmthick. Thescintillator-absorberslicesaregroupedinto cells,with

eachcell readout by a groupof WLS �bres that leadto a singlePMT. The total radiation

lengthprovidedby theHCAL is 5.6� I , where� I is thecharacteristicinteractionlengthfor

hadronsin steel.This is fewer interactionlengthsthanthenumberof radiationlengthsin the

ECAL because(unlike for the Level 0 photontrigger) the energy resolutionnecessaryfor

theLevel 0 hadronictriggerdoesnot requirethefull shower to becontained.

Theexpectedenergy resolutionof theHCAL is givenby

� E

E
=

80%
p

E
� 10%; (2.4)

whereE is measuredin GeV.
2The transverseenergy ET is de�ned as ET � E sin � , where� is the openingangleof the particle's

trajectory.
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Figure2.19: Schematicdiagramof scintillator-absorber layoutfor theHCAL (left), and

photographof thecompletedHCAL detector(right). Both�gures reproducedfrom [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 analyses,andalsoto provide transversemomentum

(pT ) informationfor theLevel 0 hardwaremuontrigger. TheLHCb muonsystemcomprises

� ve muonstations,referredto asM1, M2, M3, M4 and M5 respectively. M1 is located

betweenRICH2andtheSPD/PS,andis only usedto providepT informationfor theLevel 0

trigger. Theotherfour stationsarelocatedbeyondtheHCAL. Betweeneachof M2–M5 an

80 cm thick iron �lter is usedin orderto reducecontaminationfrom electronsor hadrons.

As a side-effect, low energy muonsarealso�ltered out (a muonwith anenergy of lessthan

6 GeVwill not reachM5).

Eachstationis divided into four regions,labelledR1–R4moving away from the beam

pipe.Thechamberlayoutof amuonstationis shown ontheleft of Fig.2.20.Regionsfurther

fromthebeampipearelargerwith coarsersegmentation,sothataverageparticleoccupancies

acrossregionsaresimilar.

Two differenttechnologieshave beenadoptedto performthe muondetection.Most of

the regionsuseMulti-Wire ProportionalChambers(MWPCs). Region R1 of M1 usesGas

ElectronMultipliers (GEMs).This is becausethelocationof M1, in front of thecalorimeter

system,meansthattheparticle�ux in theR1 region is sohigh thatanMWPC would suffer

59



CHAPTER2. THE LHCB DETECTOR

BEAM PIPE

M1R1 M1R2

M1R3

M1R4

R1 R2 R3 R4 x

y
Dx

Dy

Figure2.20: Layoutof chambersin amuonstationquadrant(left), andsegmentationof

eachregionof thequadrant(right). Reproducedfrom [70].

signi�cantly degradedperformanceoverthelifetime of theexperiment,dueto radiationdam-

age.Elsewherethe�ux is low enoughthat thesimplertechnologyof MWPCscanbeused.

Bothof thesetechnologiesandtheir implementationwithin LHCb will now bedescribed.

2.2.6.2 Multi-W ir eProportional Chambers

In total theLHCb muonsystemuses1368MWPCs.Within eachMWPC layer, gold-plated

tungstenwiresareheld2.0mmfrom eachother. Thewiressit in thecentreof two cathodes

(heldat ground)thatare5 mm apart.Thegapbetweenthecathodesis �lled by a gasthat is

amixtureof CO2 (55%),Ar (40%)andCF4 (5%). Thesignalfrom eachpairof adjacentgas

gapsis ORedto achieveanef�ciency of greaterthan95%in a20nswindow. Thisef�ciency

requiresagainof ' 105, whichis achievedbyholdingthewiresatavoltageof around2600V.

TheMWPCsin M2–M5 have four layers,while thosein M1 have two layers.A diagramof

a four-layerMWPC andaphotographof a two-layerMWPC areshown in Fig. 2.21.

2.2.6.3 GasElectron Multipliers

Region R1 of M1 is subdivided into twelve chambers,with eachchambercontainingtwo

triple-GEM detectors.Thesignalfrom eachpair of GEMsis ORed,achieving anef�ciency

betterthan96%within a 20 nswindow. A schematicdiagramanda photographof a triple-

GEM detectorareshown in Fig. 2.22.EachindividualGEM foil is made50 � m-thickKap-

ton,with a5 � m-thickcopperlayerdepositedoneachsideof 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 four-layer MWPC (left), and photographof a two-layer

MWPC (right). Both �gures reproducedfrom [70].
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Figure 2.22: Schematicdiagram(left) andphotograph(right) of a triple-GEMdetector.

Both �gures reproducedfrom [70].

from eachother.

The foils areusedin a triple-layerstructure,in orderto increasethe overall gain. The

magnitudesof the drift, transferand induction �elds (seeFig. 2.22) areED = 3.5 kV/cm,

ET = 3.5kV/cm andEI = 5.0kV/cm respectively. Thegasmixturepresentbetweenthefoils

waschosenasCO2 (15%),Ar (45%)andCF4 (40%),asthiscombinationwasfoundto offer

thebesttime resolution(betterthan3 ns).

2.2.7 Trigger

Due to the very high rateof bunchcrossingsat the LHC, andthe large amountof storage

neededfor eachevent, it is not possibleto recordandstoreall the datafrom every single
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collision thattakesplaceinsidethedetector. However, only a smallproportionof collisions

areof interestfor thephysicsprogrammeof LHCb. Hencea triggersystem[70, 90] is used

thataimsto selectonly theseinterestingevents,at a low enoughrateto allow thedatafrom

themto bestored.Datafrom eventsjudgedby thetriggerto beuninterestingarenot stored,

andtheeventis discarded.

Thetriggerprocessis split into two distinctlevels,known astheLevel 0 Trigger(L0) and

theHigh Level Trigger (HLT). Theoverall effect of thesetwo levels is to reducetheevent

ratefrom 10MHz (therateof visible interactionsfor LHCb atnominalluminosity)to 2 kHz,

which is a low enoughratesuchthat all datacanbe readout andstored. The following

sectionsdescribehow the L0 and the HLT achieve the necessaryreductionin event rates

while having high ef�ciency on interestingevents.

2.2.7.1 Level 0 Trigger

TheLevel 0 Triggerreadsout informationfrom theVELO pile up system,calorimetersand

muonsystemonly. Thesesubdetectorsarereadout at 40 MHz3. Therateof eventspassing

L0 is 1 MHz, which is thespeedat which informationfrom the wholeLHCb detectorcan

bereadout. Theoperationof L0 is purelyhardware-based,dueto thespeedwith which the

decisionto retaintheeventor notmustbemade(thelatency timefor theL0 decisionis 1 � s).

TheL0 usesacombinationof thefollowing informationwhenmakingits decision:

� High Energy Particle:Theproductsof B decaystendto havehigh transverseenergies

(ET ) andmomenta(pT ), dueto thehighmassof B hadrons.TheL0 usesinformation

from the calorimetersandthe muonsystemto identify particles(e, � , � , K , p or 
 )

with highET or pT .

� Track Multiplicity: Correctreconstructionof B decayproductsis very dif�cult in

eventswith a high numberof chargedtracks. The L0 usesthe numberof �red cells

in theSPDto estimatethenumberof chargedtrackspresentin theforwarddirection.

TheVELO pile-upsystemis alsoused,to estimatethenumberof chargedtracksin the

backwarddirection.

� Multiple Interactions:The VELO pile-up systemalso providesan estimateof how

many inelasticp � p interactionsoccurredin agivenbunchcrossing.

Theabove informationis processedby theL0 DecisionUnit, which makesthedecision

to keepor discardtheeventsasfollows: unlessat leastoneparticlehaving anET or pT above

3Althoughthevisible interactionsonly occurat 10 MHz, whethertheeventhasa visible interactionor not

is of coursenotknown until someinformationfrom thedetectoris readout.
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a certainthresholdis found, the event is discarded.Even if sucha particleis found in the

event,theeventmaybediscardedif thenumberof chargedtracksor numberof interactions

is judgedto be too high. The ET /pT thresholdsfor eachparticle type, andthe thresholds

for rejecting“noisy” eventswith too many chargedtracksor interactions,canbevariedas

desired.For exampletheL0 traditionallyrejectedeventswith two or morep� p interactions,

but thisconditionhasrecentlybeenrelaxed.Thedecisionfrom theL0 is transmitted,via the

readoutsupervisor, to the front endelectronicsof all subdetectors.If the eventhaspassed

L0, thenall subdetectorsarethenreadout. This datais sentto theLHCb processingfarm,

wheretheeventis scrutinisedby theHLT algorithms.

2.2.7.2 High Level Trigger

TheHLT is asoftware-basedsystemthatrunsontheLHCb EventFilter Farm(EFF),alinked

groupof up to 2000computingnodes.An overview of thestructureof theHLT is shown in

Fig. 2.23.Thealgorithmsfor theHLT areimplementedin C++. Theinput to theHLT is the

datareadout from thedetectorfor eventsthathave passedL0. This dataarrivesat a rateof

1 MHz andincludesinformationfrom all LHCb subdetectors.TheHLT reducestherateto

around2 kHz, aimingto retainonly eventsthatareinterestingenoughto storepermanently.

The HLT is subdivided into two stages,known asHLT1 andHLT2. HLT1 is run on each

event�rst, andif theeventpassesHLT1 it is thenpassedto HLT2.

TheHLT1 stageis carriedout asa seriesof “alleys”. Severaldifferentalleys exist, with

eachonebeing de�ned accordingto the type of particle(s)that were identi�ed at the L0

stage.Only therelevantalley(s) is thenrun. Thealley attemptsto �nd a trackin theVELO

andT-stations,whichcorrespondsto theL0 object.For exampleif theL0 objectwasamuon,

themuonalley of HLT1 would attemptto �nd a track thatmatchestheclusterin themuon

systemthatcausedtheeventto passL0. In general,for aneventto passHLT1, a trackmust

befoundthatmatchestheL0 object,andthathaslargepT anda largeimpactparameter. The

HLT1 reducestheeventratefrom 1 MHz to around30 kHz. EventspassingHLT1 undergo

furtheranalysisin theHLT2 stage.

TheHLT2 stageis composedof a numberof selectionalgorithms,eachof which is de-

signedto selecta particularclassof decay. This couldbeaninclusivedecay(for examplea

B decayingto two chargedtracks,or to a J/ mesonplussomethingelse),or anexclusive

decay(for exampleBs ! �
 ). The event ratecomingout of HLT1 is designedto be low

enoughthata full trackreconstruction4 canbecarriedoutby HLT2, allowing betterdiscrim-

inationbetweeninterestinganduninterestingevents.For example,theHLT2 selectionscan

cut on variablessuchas impactparametersigni�cance (i.e. the impactparameterdivided

4However theHLT2 reconstructionis notasaccurateastheof�ine reconstruction,dueto time constraints.
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Figure2.23: Overview of thestructureof theLHCb High Level Triggersystem.Repro-

ducedfrom [70].

by its error),whereastheHLT1 cutsonly on the raw impactparameter. The �nal decision

from theHLT2 stageis takenasanOR of all theHLT2 selections,andtheoutputratefrom

HLT2 will bearound2 kHz. Theisueof whichHLT2 inclusiveandexclusiveselectionswill

be used,andthe division of the HLT2 bandwidthbetweenselections,will evolve with the

experienceof runningthedetectorandthephysicsprioritiesof theexperiment.

2.2.8 Online System

In orderto handlethedatabeingreadout from thedetectorandpassit safelyto permanent

storage,and also to monitor the statusand performanceof eachsubdetector, LHCb uses

a dedicatedonline system[70, 91]. The overall architectureof the online system,includ-

ing how it is linked to thedetectorreadoutelectronicsandthestorageof data,is shown in

Fig. 2.24. This systemconsistsof threeparts: DataAcquisition (DAQ), Timing andFast

Control (TFC) andExperimentControl System(ECS).Eachof thesesubsystemswill be

brie�y describedin thefollowing sections.
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Figure 2.24: Overview of the architectureof the LHCb Online system. Reproduced

from [70].

2.2.8.1 Data Acquisition

The aim of the DAQ systemis to ensuresafepassageof the datafrom the front end(FE)

electronicsof thedetectorto thepermanentstoragefacilities. This includesthepassageof

datato thetriggersystem,someof whichwill subsequentlyfail thetriggerandbediscarded,

andalsothepassageof datafrom eventsthathave passedthetrigger to permanentstorage.

Themain requirementsfor theDAQ systemarethat it is fastenoughto copewith thehigh

ratesof databeingproducedby thedetector, while being�e xible enoughto handledifferent

amountsof dataproducedby differentevents. Note that the averageLHCb event requires

around150kB of space.The�rst stagein theDAQ systemis to collectthedatafrom theFE

electronics.In mostsubdetectorsthereadoutmotherboardusedto digitiseandpre-process

thedatabeforesendingit to theEFFis theTELL1 board[92], while theRICHusestheUKL1

board[74]. However thetwo differentboardshave thesamebehaviour from a datareadout

pointof view. Thesereadoutboardsarecontrolledby areadoutsupervisor[93], whichsends

theboardsthe triggersignalandthe IP addressof theEFFnodethat is to receive thedata.

Oncethe dataarrivesat this node,the HLT algorithmsarerun, andif the eventpassesthe

HLT it is sentto permanentstorage.
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2.2.8.2 Timing and FastControl

The purposeof the TFC systemis to control the DAQ systemby providing the readout

boardsandtheFE electronicswith a clock signalthat is synchronisedwith theLHC clock

(i.e.synchronisedwith thetiming of thebunchcrossings).It alsoprovidesthereadoutboards

with theL0 triggerdecision.Thesynchronisationof thesesignals,andtheir transmissionto

thereadoutboardsandtheFE electronics,areagaincontrolledby thereadoutsupervisor.

2.2.8.3 Experiment Control System

The ECS provides control of the entire detectoron a far slower timescalethan the TFC

system.TheECScontrolsandmonitorsnotonly thestatusof thesubdetectors(e.g.statusof

voltagesupplies,gaspressures,temperaturesetc.),but alsothestatusof thetrigger, DAQ and

TFCsystems.For thereadoutof subdetectorstatus,specially-developedradiation-hardserial

busesareused.Awayfrom thehighradiationzone(e.g.in theelectronicsbarracksandonthe

surface)commercialethernetis used.TheECSsoftwareis baseduponPVSSII [94], which

is a commerciallyavailableSupervisoryControl andDataAcquisition (SCADA) system.

Thesoftwarehasto integratethediversemonitoringhardwareacrossdifferentsubdetectors

into onesystem.It is alsocapableof issuingwarningsin caseproblemsareidenti�ed in a

certainsubdetector, andin emergency casesit cantakeactionto preventtheproblemcausing

damageto partof thedetector.

2.3 Summary

Thischapterhasprovidedbackgroundinformationon theoverallLHC acceleratorcomplex,

andon the LHCb detectorandits differentcomponents.This informationwill enablethe

work of theforthcomingchaptersto beunderstoodin thewidercontext of thewholedetector

andits capabilities.The RICH detectorsweredescribedin detail asthe following chapter

will describethe conceptandoperationof the Hybrid Pixel Detectors(HPDs)usedin the

RICHes,andgiveresultsfrom their characterisationprogram.
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Chapter 3

Characterisation of Hybrid Photon

Detectorsfor the RICH

Thischapterprovidesadetaileddescriptionof theHybrid PhotonDetectors(HPDs)thatare

usedto detectCherenkov photonsin theLHCb RingImagingCherenkov counters(RICHes),

andgivestheresultsfrom their characterisation.Section3.1describesthedesignandopera-

tional principlesof theHPDsusedin theRICHes.Section3.2 describestheprogrammeof

generalquality assuranceteststhat werecarriedout on all HPDsmanufacturedfor LHCb.

Section3.3brie�y describesthemeasurementsof thequantumef�ciency of theHPDphoto-

cathode.Section3.4describesin detailtheimplementationof andresultsfrom aspecialised

testthatwascarriedout on asubsetof HPDs.Thisspecialisedtest,alsoreportedon in [95],

measuredthe photoelectrondetectionef�ciency of the HPD anode.The measurementsof

quantumef�ciency andphotoelectrondetectionef�ciency werenot carriedout on all HPDs

dueto their time-consumingnature.Section3.5summarisesanddiscussestheperformance

of theHPDsin thegeneraltests.

3.1 Hybrid PhotonDetectorsin LHCb

ThetwoRICHdetectorsof LHCb,andtheirimportancefor thephysicsprogrammeof LHCb,

have beendescribedin Sec.2.2.2.Both RICH detectorsmake useof arraysof pixel Hybrid

PhotonDetectors(HPDs)[79] to detecttheCherenkov photonsthatareemittedby charged

particlesasthey traversethe RICH. The RICHesuse484 HPDsbetweenthem,196 being

in RICH1 and288beingin RICH2. TheHPDsaremountedontocolumns,which arethen

installedside-by-sidewithin the RICHesto form a rectangulararrayof HPDs. Figure3.1

shows thecolumnlayoutfor RICH2anda photographof a singleRICH2columnpopulated

with HPDs.In RICH1eachphotodetectorplaneconsistsof sevencolumns,with eachcolumn
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Figure 3.1: Schematicdiagramof thecolumnmountingschemefor RICH2 (left), and

photographof asingleRICH2columnpopulatedwith HPDs(right). Both �gures repro-

ducedfrom [70].

holding14 HPDs. In RICH2 eachphotodetectorplaneconsistsof ninecolumns,with each

columnholding16 HPDs.

3.1.1 Requirements

As the chosenphotodetectortechnologyfor the RICHes, the HPDs must meetstringent

performancerequirementsif they are to allow the RICHes to provide suf�cient Particle

Identi�cation (PID) capabilityover thelifetime of theLHC. Theserequirementsinclude:

� Ability to detectsinglephotonswith wavelengthsbetween200and600nm

� Timeprecisionof lessthan25ns(thebunchcrossingtimeof theLHC)

� Spatialprecisionof 2.5mmx 2.5mmfor Cherenkov photons

� Readoutrateof 1 MHz (therateafterthelevel 0 trigger)

� Largeareacoverage(around3.5m2) with highactive-to-totalarearatio (at least64%)

� Suf�ciently low noiserate

� Ability to operatein amagnetic�eld of 5 mT (in RICH1).

Thenext sectiondescribeshow theHPDsful�l theserequirements.
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Figure 3.2: Schematicdiagram(left) andphotograph(right) of thepixel hybrid photon

detector. Both �gures reproducedfrom [70].

3.1.2 Designand Operation

Thepixel HPD combinestheadvantagesof vacuumandsilicon technologyby encapsulat-

ing a pixellatedsilicon sensorinside a vacuum-sealedtube with a quartzwindow where

Cherenkov photonsarrive. Figure3.2showsaschematicdiagramof anHPD.Its basicprin-

ciple of operationis asfollows: anincomingCherenkov photonreachesthequartzwindow

of the HPD andstrikesa layer of photocathodematerial,liberatinga photoelectron.The

photoelectronis acceleratedtowardthesilicon sensorby a strongappliedelectric�eld. On

strikingthesensor, thephotoelectroncreatesalargenumberof electron-holepairs.Theelec-

tronsform the signal from which the arrival locationof the Cherenkov photonis inferred.

Thenatureof eachcomponentof theHPDwill now bedescribedin detail.

The HPD quartzwindow is 7 mm thick andhasa diameterof 83 mm, with the active

diameterbeing 72 mm. A thin coatingof S20-typemultialkali photocathodematerial is

depositedon the vacuumsideof the window. To createa high-qualityvacuuminsidethe

HPD,thecarrier-tubebodysystemis subjectedto abake-outprocesswherebyit is placedin

a vacuumandheatedat around350� C for 5 hours.Gasmoleculesinsidethetubebodyare

boiledoff to createa hardvacuum.After thebake-outthequartzwindow is placedontothe

tubebodyandsecuredin placewith anindiumseal.

Thephotoelectronsthatareliberatedby Cherenkov photonsareacceleratedandfocused

ontoa pixellatedsilicon sensorby a 20 kV electric�eld. Therearefour electrodesinvolved

in acceleratingandfocusingthephotoelectronfrom thephotocathodeto thesilicon sensor.

This is known asatetrodestructure.Theanode(thesiliconsensor)is heldatground,andthe

photocathodeis heldat � 20.0kV. Thetwo further intermediateelectrodesaresituatednear
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Figure 3.3: Cross-sectiondiagramof theHPDsiliconsensor. Reproducedfrom [96].

theanode.They areknown asthezoomandfocuselectrodes,andareheldat � 16.4kV and

� 19.7kV respectively. Thepurposeof theseextraelectrodesis to cross-focusthephotoelec-

tronssothat they all strike thesilicon sensor, which is smallerthanthephotocathode.This

cross-focusingresultsin theimagefrom thephotocathodebeingdemagni�edby a factorof

about5.

Thesensorcross-sectionis shown in Fig. 3.3. It is of thep-on-ntype, i.e. it consistsof

p+ type pixel segmentedimplantsin a nearinstrinic n-typesubstrate,with n+ implantson

the backplanelayer. This n+ layer formsan ohmic contactwith thebulk (lightly doped)n

substrateandis kept asthin aspossiblein orderto minimisethe energy lost by thephoto-

electronbeforeit reachesthesensorbulk. A thicker layerof n+ implantsaroundtheedgeof

thesensorbackplane,with analuminiumcontactframeplacedon top, formstheguardring.

A layer of SiO2 on the front sideof the sensorinsulatesthe sensorbulk from the readout

electronics,andthebumpbondsfrom eachother.

Whena 20 kV photoelectronstrikesthesilicon sensor, around5,000electron-holepairs

arecreated(the ionisationenergy of silicon is 3.6 eV). Beyond the obvious advantageof

having a high signal,the large numberof electron-holepairscreatedcausesthedownward

�uctations from themostprobablevalue(of theLandaudistributionthatdescribesthesignal

size)to besmall,around1.4%.Thismeansthatthesignalsizestayswell abovethethreshold

value,whichis around1100e� . Thepixellatedsiliconsensoris bump-bondedpixel-by-pixel

to a binary (pixel) readoutchip, creatingwhat is referredto asthe �ip-chip assembly. The

useof bump-bondingresultsin a low capacitanceloadto thefront-endelectronics,allowing

thesensorreadoutto beperformedat 40 MHz with low noise. It is this low noiseratethat

makesthesignal-to-noiseratio largeenoughthata binaryreadoutcanbeused.Thebinary

readouthasthe advantagethat the chip consumesrelatively little power (about50 � W per

pixel). The readoutchip wasa joint development[97] with the ALICE experiment,with
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different�nal versionsusedby thetwo experiments.Fabricationof thepixel chip wasdone

using0.25� m CMOStechnology, with thelayoutadaptedto achievethenecessaryradiation

tolerance.

The �ip-chip assemblyis wire-bondedto a Pin Grid Array (PGA) ceramiccarrier, to

createtheHPDanode.Thesiliconsensorhas8192pixels,of dimensions62.5� m� 500� m.

Theseareknown asALICE pixels. During LHCb runningthe ALICE pixels areORedin

groupsof eight to make 1024superpixels (or LHCb pixels), in a 32� 32 squaregrid. Each

superpixel thenhasdimensionsof 500� m� 500� m. Dueto thedemagni�cationeachpixel

representsanareaof 2.5mm� 2.5mmonthephotocathode.

TheHPD manufacturingprocess,from fabricationof thesilicon wafersthroughto �nal

tubeassembly, involveda numberof differentinternationalcompanies,with the�nal stages

carriedoutby Photonis-DEP1. With therequirementsasgivenin Sec.3.1.1in mind,aseries

of speci�cations[98] for eachaspectof theHPDs' performanceweredrawn up andagreed

with DEP. Thekey speci�cationsaregivenin Table3.1. Themeaningof eachpropertyand

its relevanceto theperformanceof theHPD will bediscussedin the following sections,as

therelevantteststo measureeachpropertyaredescribed.

Property Speci�cation

WorkingPixels 95%minimum

PhotoelectronDetectionThreshold 1500e� maximum

PhotoelectronDetectionNoise 145e� typical

PhotoelectronDetectionEf�ciency 85%typical

LeakageCurrentat80 V ReverseBias 1 � A typical

QuantumEf�ciency at270nm 20.0%minimum

QuantumEf�ciency at400nm 15.7%minimum

QuantumEf�ciency at520nm 8.3%minimum

Dark-CountRate 5 kHz/cm2 typical

Ion FeedbackProbability 1% maximum

Lifetime 10 yearsminimum

RadiationHardness 30 kradminimum

Table3.1: Selectedcontractspeci�cationsfor themanufacturedHPDs.

1PhotonisNetherlandsB.V., Dwazziewegen2, P.O. Box 60, NL-9300AB Roden,Netherlands.Formerly

Delft ElectronicProducts.
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Figure 3.4: Expecteddistributionsof Cherenkov photonsin RICH1 (left) andRICH2

(right) for collisionsthatcontainabquark.Thescaleandunitsarearbitrary. Both�gures

reproducedfrom [99].

3.2 PhotonDetectorTestFacilities

Two dedicatedPhoton Detector Test Facilities (PDTFs) were constructed,one at the

University of Glasgow andoneat the University of Edinburgh. To allow for the possible

failureof HPDsduringthelifetime of thedetector, a total of 550HPDsweremanufactured

for LHCb. QualityAssurance(QA) testswerecarriedoutonall of these550HPDsbetween

October2005andJuly 2007. Thepurposeof theQA testsis to ensurethatall HPDsgoing

into the RICHesmeetthe speci�cations,andalsoto provide valuesfor certainparameters

(for exampledark-countrate,ion feedbackrate,quantumef�ciency andphotoelectrondetec-

tion ef�ciency) thatmustbeknown by theRICH reconstructionsoftware(seeSec.2.2.2.6)

in orderto optimisethePID performanceof theRICHes.Furthermore,datafrom thePDTFs

is usedto decidetheplacementof HPDswithin theRICHes,asthebest-performingHPDs

shouldbe installedin the highest-occupancy areas.Thesetendto be in centralareaof the

RICHes,with theoccupancy beingat its highestin thecentreof RICH1. Theexpecteddis-

tributionsof Cherenkov photonsin RICH1 andRICH2 for collisionsthatcontaina b quark

areshown in Fig. 3.4.

Section3.2.1describesthesetupof thePDTFstations.Sections3.2.2and3.2.3describe

thegeneraltestprogrammethatall HPDsweresubjectedto.

3.2.1 PDTF Setup

EachPDTF consistsof two teststations.The four teststationsareidenticalto eachother,

exceptfor additionalequipmentaddedto two of thestationsto allow specialisedteststo be

carriedout: onestationin Edinburgh wasusedto measurethe quantumef�ciency of the
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photocathode(seeSec.3.3),andonestationin Glasgow wasusedto measurethephotoelec-

tron detectionef�ciency of theHPD anode(seeSec.3.4). Onestationat eachPDTFsite is

usedasthe default teststationwherethe majority of HPDsaretestedin the �rst instance.

Thestationat eachPDTFwith thespecialisedequipmentaddedis usedto carryout retests

onHPDsthatshowedbehaviour in their �rst testthatrequiresfurtherinvestigation,andalso

of courseto carry out the specialisedtests. Shouldthe default stationdevelop a fault, the

secondstationis alsousedasbackupfor the main testprogrammewhile the fault on the

default stationis repaired.

Batchesof HPDsarriveonamonthlybasisateachPDTF. They arethentestedatarateof

aboutoneHPDpersiteperday, andall HPDsthatarejudgedsuitablefor usein theRICHes

arethenshippedto CERNin batches.Whennot undertest,theHPDsarestoredin fridges

containinga nitrogenatmosphere.Normal air is not a suitableatmospherefor storageof

HPDsasit containsa small amount(around5 partspermillion) of helium. Helium atoms

aresmallenoughto diffusethroughthequartzwindow, increasingtheconcentrationof gas

moleculesinsidetheHPD.This increasestheion feedbackrate(seeSec.3.2.3.2),degrading

theperformanceof theHPD.

Figure3.5showsa photographof thedefault teststationatGlasgow. A schematicof the

setupis shown in Fig. 3.6. At themostbasiclevel, a teststationconsistsof:

� A light-tight box within which the HPD is mounted,andwith an optical �bre feed-

throughcarryinglight from anLED.

� A setof electronicsdevicesthroughwhich theHPD canbepowered,controlled,con-

�gured andreadout.

� A PCthatis usedto acquireandstoredatafrom thetests.

A photomultipliertubeis placedinsidethe light-tight box, andis readout usinganos-

cilloscopeplacedoutsidethedarkbox. ThePMT is usedto checkthatthelight level inside

theboxonceit is closedandsealedis not toohigh,asexposureto high light levelswhenthe

highvoltageis oncandamagetheHPD.Thelight-tight boxalsocontainsa “pinholemask”,

which is a small rectangularsliceof plasticwith a grid of holesdrilled throughit. Thepin-

holemaskis mountedontoasmalltablewith ahinge,andsitsbetweentheendof theoptical

�bre andtheHPD.It canberaisedandloweredvia theactivationof anelectromagnetthatis

attachedto thehinge.Thepinholemaskis usedin onepartof thesoftwaretestprogramme

(seeSec.3.2.3.2).

An Agilent E6347ADC powersupplyprovidesthe80 V reversebiasvoltageto thesili-

consensor, while aKeithley 6485picoammeteris usedto measuretheleakagecurrentfrom
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Figure 3.5: Photographof thedefault HPD teststationat Glasgow. From left to right

canbeseen:light-tight darkbox (with LED �bre mount,pinholemaskandHPD mount

point),high voltagesupplybox,LED controlelectronics,pixel chip readoutelectronics

andDAQ PC.

Figure 3.6: Schematicdiagramof thestandardPDTFsetup.
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the sensor. The voltagethat producesthe acceleratingelectric �eld for the photoelectrons

(referredto asthehighvoltage,or HV) is providedby a Matsusadahighvoltagepowersup-

ply, which is internallylimited to supplynomorethantherequired20kV. A customvoltage

divider is usedthatreceivesthevoltagefrom thesupply, dividesit anddeliversit at thecor-

rect level to thevariouselectrodesalongtheHPD body(seeSec.3.1.2). Eachclip usedto

securethe lid of thedarkbox is interlockedto theHV supplyso that theHV dropsto 0 V

shouldthedarkbox beopenedwhile theHV is running.

An LED emittingbluelight (470nm)is usedto 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 cableinsidethedarkbox to thequartzwindow is suf�ciently

largeto allow approximatelyuniform illumination of thewindow. Theintensityof theLED

is controlledvia a voltagedeliveredfrom a Thurlby ThandarPL330DPprogrammableDC

power supply, andis tunedsothat themeannumberof hits on thepixel chip perLED burst

is around2 to 3. The LED is containedinsidea box, external to the HPD dark box, that

containsthenecessaryelectronicsto allow thefrequency anddurationof theLED triggerto

betuned.Theseelectronicsalsoallow thetuningof thedelayof thetriggerwith respectto

thereadouttriggerof theHPD pixel chip.

The HPD is mountedinsidethe dark box suchthat the Pin Grid Array (PGA) ceramic

carrier of the anodesits roughly in the planeof the nearside of the dark box, with the

quartzwindow pointing toward the endof the cablecarrying the LED light. The signals

passingthroughthe PGA arereadout usinga Zero InsertionForce(ZIF) board,which is

mounteddirectly onto thePGA. To allow theZIF boardto move independentlyof the rest

of theelectronics,two double-layertwistedpair cablesareusedto carrythesignalfrom the

ZIF boardto theso-calledMB andFB printedcircuit boards2, which form thenext layerof

electronics[100].

Thetwistedpair cablesareconnectedvia genderadaptorsto theMB board.This board

suppliespower to the pixel chip, andin additionis �tted with a setof ADCs that monitor

thevoltageandcurrentlevelsof thevariouspowersupplies.Anothertaskperformedby the

MB boardis theadjustmentof voltageandcurrentlevelsof theincomingandoutgoingsig-

nalsto correspondto thelogic systemusedateachstage.Thesignalsproducedby theHPD

pixel chipuseGunningTransceiverLogic (GTL). Thesesignalsaretranslatedto Transistor-

TransistorLogic (TTL) for processingon theMB 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 andtheFB boardarenamedaftertheir respectivedevelopersatCERN,MikeBurnsandFrançois

Bal.
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Group)protocolis usedtocon�gure theMB boardandthepixel chip. Thisinterfaceprovides

TTL signalsthatcontrolandmonitorthevoltageson theMB boardandthepixel chip. Con-

nectionbetweentheMB andFB boardsis providedby two twistedpair cables,onetaking

signalsin eachdirection.

The FB boardgeneratesthe clock signalandtriggersneededby the pixel chip. These

signalsaregeneratedby anFPGA(Field-ProgrammableGateArray) on theFB board,and

aresentto thepixel chipvia theMB board.Theothermaintaskof theFB boardis to format

andserialisethe datafrom the pixel chip (received via the MB board)andthensendit to

a mezzaninereceiver cardinsidethe DAQ PC.Transmissionto the PC occursat a rateof

40 MHz alonga shieldedtwistedpair cable,usingtheS-link protocol[101]. The receiver

cardde-serialisesthedataandtransmitsit to theFLIC (Flexible Input/OutputCard)PCIcard

on which it is mounted.The datais thenwritten to memoryby the FLIC card. The FLIC

cardalsogeneratesthereadoutandresetcommandsthatarepassedto theFB boardandthen

on to thepixel chip.

Theequipmentdescribedabove is usedto subjecteachHPD to a rigourousprogramme

of qualityassurancetests.Thisprogrammeis describedin detail in thefollowing sections.

3.2.2 Visual Inspectionand MechanicalTests

The�rst stepin thetestprogrammeis to remove theHPD from its protectivepackagingand

inspectit for visible defects.During inspection,unpowderedlatex glovesareworn to keep

the HPD ascleanaspossible.Also a groundingstrapis worn to prevent any electrostatic

discharges.

Firstly thepin grid arrayis inspectedto checkfor bentor otherwisedamagedpins. Pins

thatareonly slightlybentcanbecorrectedwith asimplemechanicalstraighteningtool,while

moreseveredamagerequiresexpertinterventionandmaycausetheHPDtobeunusable.The

HV cablesarealsoinspectedto checkthattheir insulationis intact.Next, adry brushis used

to clearany dustpresentwithin thePGA. ThenthePGA is cleanedusingde-ionisedwater

andthebrush,anddriedusinga dry air spray. TheHV connectionsinsidetheHPD arethen

checkedusinga multimeter. Eachelectrodeshouldbeelectricallyconnectedto onespeci�c

part of the HPD, and isolatedfrom thosepartsconnectedto the other electrodes.These

connectionsarechecked simply by measuringthe resistancebetweenthe relevant partsof

the HPD. If any of the HV connectionsare not as expectedthen the HPD needsexpert

attentionandmaybeunusable.

The �nal areaof the HPD to be inspectedis the quartzwindow. The window is �rst

checkedfor scratchesor otherdamage,thenany dustpresentis removedwith adry air spray.

Next thewindow is wipedwith anethanol-soakedlenstissueto remove any dirt or residue.

76



CHAPTER3. CHARACTERISATION OFRICH HYBRID PHOTON DETECTORS

This last stepis particularly importantasany unwantedmaterialon the quartzwindow is

likely to causemicrodischargesin thatareaof thewindow oncetheHV is activated,which

meanstheestimateof thedark-countratewill beaffected.After thewindow is clean,astrip

of te�on tapeis appliedto the indium sealthatattachesthewindow to therestof theHPD.

Thete�on insulatestheindium sealto preventmicrodischargesfrom occuringoncetheHV

is activated.Thiscompletesthevisualinspection.

After thevisual inspectionthemechanicaldimensionsof the HPD arechecked usinga

custom-madejig. TheHPDis mountedinto thejig, which is thenclosedaroundtheHPD.If

theHPD hasbeenmanufacturedcorrectly, thedistancebetweentherim of theHPD quartz

window andthejawsof thejig will thenhaveauniformvalue(of about0.5mm)all theway

roundthe HPD. If it doesnot (e.g. if the HPD is leaningto oneside)thenthis may cause

problemswhentheHPDis mountedin theRICH, astheMuMetalshieldof theleaningHPD

maytouchthatof aneighbouringHPD.

3.2.3 SoftwareTests

Assumingno problemswerefound during the visual inspectionandmechanicaltests,the

HPD is thenmountedinsidethe dark box, andthe HV cablesareconnectedto the correct

terminalsinsidetheHV distributionbox. TheZIF boardis thenattachedto thepin grid array,

andthedarkbox is closedandsealed.Beforetheelectronicsareturnedon, thesignalfrom

the photomultipliertubeinsidethe dark box is checked on the oscilloscope.If the rateof

singlephotonsis above10 kHz this probablymeansthereis a light leakinsidethebox,and

thedarkbox is openedup andthesourceof thelight leaksearchedfor.

After the dark box is sealedand the light level hasbeenchecked with the PMT, the

HPD canbepoweredon, andthesoftware-controlledtestscanbegin. Thesoftwareusedto

control thevariouselectronicsdevicesdetailedin Sec.3.2.1,andhencecontrol theHPD, is

Labview [102] version7.1, runningon Windows XP. A Labview programhasbeenwritten

that automatesmuchof the testprogramme,only requiringinput from the testerat certain

points(for exampleto con�rm at the endof a taskthat the resultsaresatisfactoryandthe

next taskcanstart).Theprogramalsohasinbuilt safetychecksto protectboththetesterand

theHPD: for exampleif theleakagecurrentfrom thepixel chip exceeds10 � A at any time,

theprograminstructstheAgilent power supplyto drop thebiasvoltageto thechip to 0 V.

Also automatedis thewriting of resultsfrom thetestsontoadedicatedharddiskon thePC.

Whenstarted,theprogramdisplaysthemainVirtual Instrument(VI) thatcanbeusedto

runsomesequenceof sub-VIsthatperformindividualtasksasdescribedbelow. A screenshot

of themainVI is shown in Fig. 3.7. Therearealsosub-VIsthatdisplaythecurrentlevelsof

importantparameterssuchasthebiasvoltage,thehighvoltageandthechip temperature.
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Figure 3.7: Screenshotshowing the main Labview Virtual Instrumentusedto run the

softwaretestsonHPDsatPDTF.
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Figure 3.8: Screenshotfrom PDTF showing current-voltagebehaviour of HPD pixel

chip.

3.2.3.1 Pixel Chip Tests

The �rst taskof the software is to power on the pixel chip andensurethat signalscanbe

sentto andreceived from the chip. Thenthe responsesof the variousDigital to Analogue

Converters(DACs)within thepixel chiparetestedto ensurethatthey arelinear. At thisstage

the testeralsoinspectsthevoltageandcurrentsbeingreadout from the chip (asdisplayed

in the main VI), andcomparesthemto referencevaluesthat vary from teststationto test

station.If thevoltageor currentsarenotasexpectedthis indicateseitheraninternalproblem

of thepixel chipelectronics,or (morelikely) apoorconnection,eitherbetweenthechipand

thereadoutboards,or betweenthereadoutboardsandthepowersupplies.

Thenext testis anIV scan,measuringthecurrent-voltagecharacteristicof thesensor. A

screenshotof a typical IV scanis shown in Fig. 3.8. The biasvoltageis rampedfrom 0 V

to � 90 V andbackto 0 V, in stepsof 5 V, andthe leakagecurrentat eachvoltagestepis

recorded.Due to the p-n natureof the sensor, the leakagecurrentdependenceon voltage

shouldbediode-like,ratherthanresistive(linear).

When installedin the RICHes,eachHPD is placedin serieswith a 2 M
 resistor, in

order to protectthe power suppliesin caseof a shortwithin the HPD. Hencethe leakage

currentat � 80 V actsto diminish the voltageactuallydepletingthe sensor, so if it is too

high thesensormaynotdepletefully. Theactualdepletionvoltagealsoaffectsthedrift time

of theelectronsin thesensor, which in turn affectstheexact timing settingsrequiredwhen
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Figure 3.9: Screenshotsfrom PDTFshowing responseof theHPD pixel chip with dif-

ferentthresholds.Left, theresponseat a lower thandesiredthreshold,wheresomehits

canstill beseen.Right,theresponseat thechosenthreshold,wherenohitsarerecorded.

This particularHPDdoesnothave any noisypixels.

readingout theHPD.Finally, high leakagecurrentscausemoreheatto bedissipatedin the

chip, increasingthestrainon theRICH coolingsystems.After theIV scanthebiasvoltage

is increasedto � 80 V andheldtherefor theremainingtests.

The next test is known as the thresholdscan. It calibratesthe voltagediscriminator

thresholdwithin the chip. This is the voltageabove which a signal(i.e. the voltagepulse

formedfrom the charge collectedin a givenpixel) is consideredasconstitutinga “hit” on

thatpixel. This thresholdis controlledvia theDAC 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 be identi�ed asdeador noisy. Noisy pixelsarenot maskedonline,ratherthey are

maskedduringtheprocessingof thetestdataafterthetestprogrammeis complete.

The �rst stageof the thresholdscaninvolveschangingthe valueof pre VTH andob-

servingtheamountof electronicnoiseseenacrossthechip (no testpulseis injectedat this

stage).Screenshotsof this �rst stageof thethresholdscanareshown in Fig. 3.9. At theend

of thescanpre VTH is �x edby thetesterto beoneDAC settinglowerthanthehighestvalue
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Figure 3.10: Screenshotsfrom PDTFshowing responseof anHPD pixel chip to a test

pulse. The conversionfactorbetweenthe DAC valueandthe numberof electronsin-

jectedis 100,000,e.g.0.01correspondsto 1,000electrons.Left, the responseto a test

pulseof 1,000electrons.Right, thefull S-curveafterall stagesof thescanarecomplete.

that givesno noisehits acrossthe whole chip. This choiceminimisesthe electronicnoise

while maximisingthe chancefor genuinephotoelectronhits to be detected.The program

allows thetesterto scroll backthroughpre VTH valuesto inspecteachhitmap,sothatany

noisypixels(thatconsistentlygivehitsat lowerpre VTH valuesthanall otherpixels)canbe

discardedwhenchoosingtheoptimalpre VTH value.

Oncethepre VTH valuehasbeenchosen,it is heldatthisvalueandasecondtypeof scan

is performed.Screenshotsof this secondstageof thethresholdscanareshown in Fig. 3.10.

At eachstepof this scan,a testpulseof a given charge is injectedinto the chip. The test

pulseis injectedrow-by-row to avoid overloadingthechip. Forty triggersaresentto each

pixel andthenumberof responsesfrom eachpixel is recorded.As thetestpulsedecreases,

the pixel responseforms an S-curve. The derivative of this S-curve is a Gaussian.For an

individual pixel3, themeanof this Gaussiangivesthethresholdvaluefor thatpixel, andthe

width givestheamountof electronicnoiseaffectingthatpixel.

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

3Thesoftwaredisplaysonly oneS-curve,which is anaverageaftertakingall pixelsinto account.
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Figure 3.11: Screenshotsfrom PDTFshowing HPD hit rateduringhigh voltageramp-

up (left), anddark-countratefollowing high voltageramp-up(right). Over 30 minutes

thedark-countratedropsfrom 9.2kHz/cm2 to 2.6kHz/cm2.

very low responseregardlessof thesizeof thetestpulse)or always-on/noisy(i.e. alwaysor

usuallyrespondregardlessof thesizeof thetestpulse)usingtheirS-curves.Suchpixelscan

betakeninto accountof�ine whenanalysingthetestdata4.

Comparingthemeansfor differentpixelsallowsthespreadof thresholdsacrosspixelsto

bemeasured.Thethresholdspreadandtheindividualpixel noisebothcontributeto thenoise

observedwhenreadingout thepixel chip. Eachpixel hasa3-bit thresholdadjustthatallows

�ne-tuning of thresholdsonaper-pixel basis.However in practiceit is foundthatthespread

of thresholdsacrosspixelsis narrow (typical width is 90 electrons),hencethis functionality

is notusedandthesamethreshold(dictatedby thechosenvalueof pre VTH) is usedacross

thewholechip.

3.2.3.2 TestsUnder High Voltage

Oncethe discriminatorthresholdfor the chip hasbeenchosen,the high voltagecannow

be rampedup in the knowledgethat any hits on the pixel chip shouldcomefrom genuine

photoelectronsandnotelectronicnoise.Theresponseof atypicalHPDduringtheHV ramp-

upis shown ontheleft of Fig.3.11.Thehighvoltageis rampedupslowly, atarateof 50V/s.

After eachkV increase,thephotocathodeis illuminatedwith light from thecalibrationLED.

Typically no hits arerecordedon thepixel chip until theHV reaches5 kV. This is expected

asthe numberof electron-holepairsproducedby a 5 kV photoelectronstriking the sensor

is around1300,so below 5 kV the signal is insuf�cient to passthe typical discriminator

4In thefull RICH monitoringsoftwaresuchpixelscanbedealtwith online.
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threshold(seeTable3.1). Between5 kV and' 10 kV thehit raterisessharply, thenabove

10 kV theriseis moreshallow.

Thehit rateis calculatedusingthreemethods,with all threeof theseratesbeingshown

in theVIs. The�rst andsimplestmethodjust countsthenumberof pixels�ring eachtime,

andtakesthe mean.The secondmethodusesa clusteringalgorithmto form clustersfrom

adjacenthit pixels, and countsthe numberof clusters,againtaking the mean. The third

methodcalculatestheaveragenumberof hits by countingthefrequency with which no hits

arerecorded,andassumingthe hit distribution is Poisson.In generalthe secondandthird

methodsgiveverysimilar results,while the�rst methodgivessomewhathigherrates,asof-

tenclustersareformedfrom morethanonepixel (dueto for examplechargesharingbetween

adjacentpixels).As statedpreviously, theintensityof theLED is tunedsuchthattheaverage

numberof hitsperLED burstat20kV is ' 2–3.

OncetheHV reaches20kV, it is heldthereandthehit ratewithoutany illuminationfrom

theLED (i.e. thedark-countrate)is measuredfor 30 minutes.Thedark-countratetypically

showsasettlingeffectover the30minutesastheHV stabilisesandtherateof any microdis-

chargesdrops.Theevolutionof thedark-countrateaftertheHV ramp-upfor a typicalHPD

is shown on theright of Fig. 3.11.Veryhighdark-countratesarenotdesirableduringLHCb

runningasthey createspurioushitson thephotodetectorplane,reducingtheperformanceof

thePID algorithm. Hencefor optimalperformancethedark-countrateshouldbeaslow as

possible.

After the dark-countmeasurementa so-calledstrobescanis performed.Screenshotsof

strobescansfor both a typical HPD andan HPD with large ion feedbackprobability (see

below) areshown in Fig. 3.12. Eachstepin the strobescaninvolvesilluminating the HPD

with theLED with adifferentdelaytime betweenthetriggeringof theLED andthereadout

of thepixel chip. Thereadouttriggerto thechip (generatedon theFB board)canbemoved

in stepsof 25ns,while theLED triggercanbemovedin stepsof 2 ns.Thestrobescanserves

two purposes:�rstly it checksthatthedefault delay(usedin therestof theteststhatinvolve

illuminationof theHPD)is thedelaythatmaximisestheobservednumberof photoelectrons.

Secondly, and more importantly for the characterisationof the HPD, it measuresthe ion

feedbackratewithin theHPD.

Ion feedback(IFB) occurswhenaphotoelectronstrikesaresidualgasmoleculeinsidethe

HPD,ejectinganelectronfrom themoleculeandcreatinga positive ion. Dueto theapplied

�eld from the HV, the ion thenmovestoward the photocathode.Whenthe ion strikesthe

photocathode,a largenumber(' 30–40)of photoelectronsareproducedsimultaneouslydue

to thelargeamountof energy depositedby theion. Thesephotoelectronsarethenaccelerated

towardtheanode,wherethey causelargeclustersof hits (typically morethan10pixels).So

83



CHAPTER3. CHARACTERISATION OFRICH HYBRID PHOTON DETECTORS

Figure 3.12: Screenshotsof strobescansat PDTF. Thedelayshown refersto thetrigger

of theLED, sothata largervaluecorrespondsto a shortertime betweentheLED �ring

andthechip beingreadout. TheIFB rateis shown multiplied by a factorof 100on the

VI, to enableit to be seennext to the main peakfrom the direct photoelectrons.The

mainpeakoccursata timing of around1100ns,while thehits from IFB occurataround

850ns.Left: A typicalHPDwith negligible IFB rate(0.008%).Right: An atypicalHPD

with largeIFB rateof 0.50%.

the rateof very large clustersis a measureof the quality of the vacuuminside the HPD.

Dueto thecross-focusingopticsinsidetheHPD,mostclustersfrom IFB photoelectronswill

strikenearthecentreof theanode.

If thedensityof residualgasmoleculesinsidetheHPDis toohigh,thenapoint is reached

wherethe probability of at leastone of the ' 30–40photoelectronsproducedby the ion

striking anothermoleculeon its way to theanodereaches100%,sothatanavalancheeffect

occurs.Thephotoelectronsfrom IFB will thendominateover thesignalphotoelectrons,and

theHPDwill no longerbeusable.

For thepurposesof thestrobescan,aclusteris de�nedasbeingtheresultof ion feedback

if it is larger than� ve pixels in size. If the ion feedbackrate is non-negligible, a peakin

therateof largeclusterscanbeseenwhenthedelayis about250nslongerthantheoptimal

delayfor detectionof standardphotoelectrons.This correspondsto theextra time takenfor

theion to reachthephotocathode,andfor theresultingphotoelectronsto reachtheanode.

Following thestrobescan,a scanin biasvoltageis performed.A screenshotof a typical

biasvoltagescanis shown in Fig. 3.13.Thebiasvoltageis changedin stepsof 5V, dropping

from 80 V to 0 V andthenrising backup to 80 V. TheHV is heldat 20 kV andtheHPD is
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Figure3.13: Screenshotof biasvoltagescanatPDTF.

illuminatedat eachstep.Themainpurposeof thebiasscanis to con�rm thatthesensorre-

spondsasexpectedto differentbiases.Typically thereis noactivity below ' 35V, andabove

35 V theresponseturnson very sharply, andplateausabove ' 50 V wherefull depletionis

reached.If the level of activity fails to plateauthis may indicatethat theLED delayis not

optimal.

The �nal scanperformedis a scanin HV. The HV is rampeddown to 0 V and then

backup to 20 kV in stepsof 1 kV. The HPD is illuminatedat eachstep. The numberof

photoelectronsobserved asa function of the appliedHV shouldfollow a similar curve to

thatobservedduringtheHV ramp-up.

Following the variousscans,several stablerunsof differenttypesareperformed.The

�rst is the“long LED run”, wheretheHPDis illuminatedover200,000LED bursts,with the

HV andbiasvoltageat theirnominalvalues.ThelongLED runallows thepositionandsize

of the photocathodeimageto be preciselydetermined,andalsoallows pixels that respond

poorly (or not at all) to light to be identi�ed. The long LED run is carriedout twice, once

with thepixels readout in ALICE modeandoncewith thepixels readout in LHCb mode.

The ALICE run allows individual faulty pixels to be found, while the LHCb run checks

for problemswith theOR logic thatmakesthesuperpixels. Screenshotsof long LED runs

in ALICE modefor two differentHPDs,illustrating the displacementof the photocathode

image,areshown in Fig. 3.14.

It canbe seenfrom Fig. 3.14that the photocathodeimagedoesnot �ll the entirepixel

chip. Ratherit sits nearthe centreof the pixel chip, leaving a clearboundaryaroundthe

imagewhereno hits arevisible. A very small numberof hits do occuroutsidethis main
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Figure 3.14: Screenshotsof long LED runsin ALICE modeat PDTF. On the left, an

HPD with little displacementof the photocathodeimage. On the right, an HPD with

signi�cant displacement(by 1.2LHCb pixels)of thephotocathodeimagein thepositive

x direction.

photocathodeimage,duenot to electronicnoisebut ratherto genuinephotoelectronsthat

have arrivedat thesensorwithin thenormalphotocathodeimagearea,undergonebackscat-

teringandsubsequentlylandedoutsidethenormalimagearea(seeSec.3.4.3for adiscussion

of backscattering).Suchhits howeverarenot visible in Fig. 3.14,dueto thehigh z scalere-

quiredto allow thehit distribution in thephotocathodeimageto beseen.

If thecentreof thephotocathodeimageis signi�cantly displacedfrom thecentreof the

chip,dueto for exampleirregularcross-focusingof thephotoelectrons,somephotoelectrons

maymissthesensorandbelost. Thepossibilityof distortionof theimagedueto theresidual

�eld from theLHCb magnetmeansthat,evenif theimageis containedwithin thesensorat

the PDTF, within the RICH part of the imagemay fall outsideof the chip. Hencea clear

boundaryaroundtheimageasseenat thePDTFis desirable,to actasasafetymargin.

In addition to locating the centreof the photocathodeimage, the long LED run also

revealsthestructureof hit frequency acrossthe image. The hit distribution (seeFig. 3.14)

is not uniform,but varieswith radius.Threeconcentricringsof higheractivity canbeseen.

Theseringsappeardueto thoseincomingphotonswhichstrike thechromiumcoatingonthe

undersideedgeof thequartzwindow. If thephotonre�ects backfrom thechromiumcoating

it maythenundergototal internalre�ection betweentheouterandinnersurfacesof thequartz

window. Eachtime thephotonstrikesthe innersurface,it maycausea photoelectronto be

emitted. The threerings thatareobservedcorrespondto the threepossibleradii wherethe

photoncanstrike the inner surfaceduring this total internalre�ection, beforethe angleof
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Figure3.15: Screenshotof adistortionmaprunatPDTF. ThisHPDshowsnosigni�cant

rotationor distortionof thephotocathodeimage.

incidencebecomestoosmallfor total internalre�ection to continue(adetaileddiscussionof

theseeffects,includinga full simulation,canbefoundin chapter5 of [99]). At thePDTFs

thesere�ections causeconcentricrings becausethe photonsoriginatefrom a point source

andarrive approximatelyperpendicularto the quartzwindow. During LHCb running the

Cherenkov photonsdo not originatefrom a point source,andthere�ections insteadcausea

small signal-correlatedbackgroundto appear. This backgroundis taken into consideration

duringtheRICH reconstructionprocess.

After the long LED runs, the pinhole mask(seeSec.3.2.1) is raised. This is done

automaticallyby thesoftware,which activatestheelectromagnet,pulling themaskup from

ahorizontalpositionto beverticalandbetweentheendof theoptical�bre andtheHPD.The

holesin the maskhave a diameterof 1 mm anda pitch of 11 mm. They arearrangedin a

squaregrid, with two extra holesnearthe centreso that the absoluteorientationis known.

Datais takenover 200,000LED bursts,thenthepinholemaskis loweredagain.A screen-

shotshowing theresultinghit patternfor a typicalHPDcanbeseenin Fig. 3.15.Thepattern

of hits from light passingthroughthepinholemaskallows thedemagni�cationof thepho-

tocathodeimageto be measured.It alsoallows any rotationof the chip with respectto its

expectedorientationto be identi�ed. For thesereasonsthis test is known asthe distortion

map.

Finally, after the run with the pinholemask,a dark-countrun is made(againin both

ALICE andLHCb mode).Datais accumulatedfrom 5,000,000triggerswithout illumination

from theLED. Thedark-countrunis performedafterall theotherteststo givethedark-count
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Figure 3.16: Screenshotsof dark-countrunsat PDTF. On the left, an HPD with low

dark-countrate(0.16kHz/cm2) spreaduniformly acrossthephotocathodeimage.Onthe

right, anHPD with signi�cant ion feedbackrate(1.3%),manifestingitself asincreased

activity in thecentreof thephotocathodeimage.Thedark-countratefor this HPD was

measuredto be5.5kHz/cm2.

ratetimeto stabilise,sothatthisruncangivethebestpossibleestimateof thedark-countrate

in theHPD. Thedark-countrunsalsogive anotherestimateof the IFB rate,from counting

therateof largeclustersof hits. Any sourceof microdischargescanalsobeidenti�ed from

observationof an increasedhit ratein a localisedareaof thephotocathodeimage. Screen-

shotsof dark-countrunsin ALICE modefor two differentHPDs,illustrating the effect of

ion feedback,areshown in Fig. 3.16. It canbeseenfrom Fig. 3.16that thedark-counthits

mostly fall within the areaof the photocathodeimage. This shows that thesehits arenot

from electronicsnoise,but ratherfrom genuinephotoelectronsthermallyemittedfrom the

photocathode.

The dark-countrunsarethe �nal stageof thesoftwaretesting. After they are�nished,

thetestercaninstructthesoftwareto eitherrerunoneor moreof theindividualtests(if some

issuewasfound in a certaintest),or to begin the shutdown sequence,wherethe HV and

biasvoltagearerampeddown andthepixel chip poweredoff. After theshutdown sequence

is completed,the testerturnsoff all the electronics,dismountsthe HPD andreturnsit to

storage.Thecollatedresultsfor all productionHPDsof theteststhathavebeendescribedin

this sectionaregivenin Sec.3.5.
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Figure3.17: Schematicof thesetupusedto measureHPDquantumef�ciency atPDTF.

Referto thetext for details.Reproducedfrom [99].

3.3 Quantum Ef�ciency Measurements

This sectionsummarisesmeasurementsof thequantumef�ciency of theproductionHPDs.

Thesemeasurementswerecarriedout at DEP andat the PDTF at the University of Edin-

burgh. A full anddetailedaccountof themeasurementscanbefoundin chapter4 of [99].

The quantumef�ciency (QE) of a photocathodeis de�ned as the ratio of the number

of photoelectronsemittedby the photocathodeto the numberof photonsincident on the

photocathode.For any photocathodematerialtheQE is a strongfunctionof thewavelength

of the incomingphoton. TheS20-typemultialkali materialchosenasthephotocathodefor

theLHCb HPDshasaQEspectrumthatpeaksin therelevantregion for Cherenkov photons

producedin theLHCb RICHes,which is 200nm–600nm.

All HPDshadtheir QE measuredby Photonis-DEPjust after production,with around

10% of HPDs having the measurementrepeatedat the PDTF. The PDTF measurements

serve to validatethe DEP results,andalso allow moredetailedstudiesto be carriedout.

Note that the quantitythat wasmeasuredis not the bareQE of the photocathode,ratherit

is theprobabilityof photoelectronemissiongivenanincidentphotonat thequartzwindow.

This quantitywill besensitive to sucheffectsasre�ection at theoutsideof thewindow, and

scatteringwithin thephotocathode.However this is not a problem,asit is this “overall” QE

thatis therelevantquantityfor characterisingtheHPDperformance.

The methodused,which was similar at DEP and at the PDTFs,will now be brie�y

described.A schematicof thesetupusedto measureQEatPDTFis shown in Fig. 3.17.The

HPD is mountedin thedarkbox asnormal,but illumination comesfrom a quartz-tungsten-
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Figure 3.18: Left: Distribution of quantumef�ciency at 270nm for all HPDs,asmea-

suredby DEP. Right: Evolutionof QEat270nmwith batchnumber, againasmeasured

by DEP.

Property MeanValue RMS

QuantumEf�ciency at270nm 30.8% 3.4%

QuantumEf�ciency at400nm 24.2% 2.4%

QuantumEf�ciency at520nm 13.4% 1.4%

QuantumEf�ciency at800nm 0.5% 0.8%

Table3.2: Quantumef�ciency performanceof themanufacturedHPDs,asmeasuredby

DEP. Valuesgivenaretheraw meanandRMS of thedistribution.

halogenbulb ratherthananLED. A seriesof differentwavelength�lters areusedto allow the

QEto bemeasuredasa functionof wavelength.Thelight outputfrom thelampis measured

by placinga calibratedphotodiode(PD) of known QE (QEPD ) betweenthelight sourceand

the HPD, andmeasuringthe resultingphotocurrent,IPD . The photodiodeis thenremoved

andthephotocurrentIHPD producedat theHPD photocathode(which is biasedto � 100V)

is measured.TheQE of theHPD is thensimply:

QEHPD = QEPD
IHPD

IPD
: (3.1)

The distribution of QE at 270nm for all HPDs(asmeasuredby DEP) is shown on the

left of Fig. 3.18.TheaverageQEvalues(againasmeasuredby DEP)atkey wavelengthsare

givenin Table3.2.

TheaverageQE at 270nm wasfound to be30.8%,which is a relative improvementof

32%overthetypicalvalueof 23.3%speci�edin thecontract(thecontractualvaluewasbased

on measurementson pre-productionHPDs).Thereasonfor this improvementis re�nement

by DEPof their procedurefor fabricationof thephotocathode.This re�nementis re�ected

in theimprovementof theQE at 270nm over theproductionprocess,which increasedfrom

90



CHAPTER3. CHARACTERISATION OFRICH HYBRID PHOTON DETECTORS

Figure3.19: Comparisonof quantumef�ciency measurementsatPDTFandDEP. Left:

QE spectrumfor a single HPD as measuredby DEP and by LHCb at PDTF. Right:

scatterplotof QE at differentwavelengthsasmeasuredby DEPandby LHCb at PDTF,

showing all 60HPDsthathadtheirQEmeasuredat PDTF.

' 26%for earlybatchesof HPDsto ' 32%for the lastbatchesproduced.Theevolution of

QEwith batchis shownontheright of Fig 3.18.Theimprovedphotocathodefabricationalso

led to a decreasewith batchnumberof the QE at 800 nm, from ' 1.4%to' 0.3%. This is

bene�cial aslowerQE at800nm reducesthethermalemissionof photoelectronsandhence

reducesthedark-countrate.

Theseimprovementsin QE will increasethenumberof detectedCherenkov photonsin

theRICH, andthusimprove thePID performance.Theincreasein photonyieldscompared

to theexpectationsfrom preseriesHPDsis expected[99] to be22%in RICH2 and36%for

thegasradiatorof RICH1. The increaseis larger for RICH1 astheHPDswith thehighest

QE were placedin the centralregion of RICH1, which is the highestoccupancy areaof

the RICHes. A preliminarysimulation[99] suggeststhat with the photonyields increased

asabove, thekaonidenti�cation ef�ciency canbekept roughlyconstantwhile achieving a

relative32%decreasein thepionmisidenti�cationrate.

A total of 60 HPDshadtheir QE spectrameasuredatPDTF. In general,excellentagree-

mentis found betweenthesespectraandthe QE spectraasmeasuredby DEP. This agree-

ment,illustratedin Fig. 3.19,reinforcescon�dencein theDEPmeasurements.

In summary, the quantumef�ciency of the HPD photocathodehasbeenmeasuredby

both DEP andPDTF. Thesemeasurementsareconsistentwith eachother, and indicatea

signi�cant increasein thequantumef�ciency at the relevantwavelengths,comparedto ex-

pectations.This increasewill haveapositiveimpactonthePID performanceof theRICHes.
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3.4 Measurementof the PhotoelectronDetectionEf�ciency

of the HPD Anode

Thissectiondescribesmeasurementscarriedouton two HPDsat thePDTFat theUniversity

of Glasgow. Thepurposeof thesemeasurementsis to �nd thesinglephotoelectrondetection

ef�ciency, � , of theHPD anode.Knowledgeof � is requiredfor anaccuratesimulationof

theRICH detectors.A directmeasurementof � involvescomparingtheaveragenumberof

photoelectronsseenby thereadoutchipto thenumberarriving at thebackplaneof thesilicon

sensor. Sincethemeasurementat thebackplaneis theinterestingandchallengingpartof the

ef�ciency measurement,thewholemeasurementis known asthe“backpulse”measurement.

Section3.4.1explains the importanceof measuringthe singlephotoelectrondetection

ef�ciency, andSection3.4.2describesthegeneralprinciplesof themethodto directly mea-

sureit at the PDTF. Section3.4.3outlinesthe effectswithin the sensorthat cause� to be

lessthanunity. The experimentalsetupanddatataking methodologyusedat the Glasgow

PDTFto carryout themeasurementof � arerespectively outlinedin Secs.3.4.4and3.4.5.

Section3.4.6containstheresultsfrom the� measurement,includingadiscussionof how the

errorswerecalculated.

3.4.1 Why Measure the Photoelectron DetectionEf�ciency?

Given a saturated(i.e. � � 1) charged particle traversinga RICH detector, the expected

numberof hitsNpe expectedin thephotodetectorplaneis givenby [103]

Npe =
� �

~c

�
L � A �

Z
QRT sin2 � c dE 
 : (3.2)

Apart from theleadingfactor, which is madeupof fundamentalphysicalconstants,all of the

termsin Eqn.3.2arepropertiesof theRICH systemin question.Thefactorsin front of the

energy integral arethe lengthL of the radiator, the fractionalcoverage� A providedby the

photodetectors,andthesinglephotoelectrondetectionef�ciency � . The following sections

describea direct measurementof � at the PDTF. It is also possibleto make an indirect

measurementof � in a testbeamsetup,by measuringthe averageNpe seenby the HPDs,

andthenusingestimatesfor theotherquantitiesin Eqn.3.2 to deducethevalueof � . The

remainingtermsareinsidethe integral asthey aredependenton the energy of the emitted

Cherenkov photon. They arethe quantumef�ciency Q of the HPD entrancewindow, the

re�ectivity R of themirror system,the transmissionT of thequartzwindow thatencloses

thephotodetectorsystem,andtheCherenkov angle� c.

Thesalientfeatureof Eqn.3.2for thecurrentstudyis thatNpe is directlyproportionalto

� , which demonstratesthataccurateknowledgeof � is requiredto correctlyreproduceNpe
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Figure 3.20: Diagramshowing a Si pixel bump-bondedto a channelof the readout

chip. At the top of the diagramis the sensorbackplane,wherethe “analoguehnpei ”

is measured.At the bottomof the diagramis the readoutchip input stage,wherethe

“digital hnpei ” is measured.

in simulationsof the RICH detectors.An accuratesimulationof the detectoris neededin

orderto correctlypredict the detectorperformance,for examplethe PID likelihooddistri-

butions. Someasuring� will improve thedetectorsimulation,allowing theactualdetector

performanceto becon�dently comparedto thepredictionsfrom thesimulation,sothatany

discrepanciescanbeinvestigated.

3.4.2 How to Measure the Photoelectron DetectionEf�ciency

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

toelectronsinsidetheHPD vacuum.Thenumberof photoelectronsproducedis countedat

two differentareasof the HPD anode. Theseareascanbe seenin Fig. 3.20. Firstly, one

countsthenumberof hits registeredby thedigital readoutchip,asmeasuredby thestandard

PDTFLabview software.Thisnumberis the“digital hnpei ”, wherehnpei meansnumberof

photoelectrons.

Secondly, onecountsthenumberof photoelectronsarriving at thebackplaneof thesili-

consensor. This is doneby tappingin to thebackplanedirectly andmeasuringtheamount

of chargedepositedthere. Over a largenumberof eventsa histogramof thecharge canbe

built up thatshouldshow peaksat multiplesof thechargedepositedby one20 keV photo-

electron,which is around5,000electrons.The capacitive noiselevel associatedwith this

measurementis very high, asthewholechip is beingreadout at once.This leadsto a very

largecapacitance(proportionalto theareabeingreadout) of around90 pF, comparedto the
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90 fF that is associatedwith anindividual pixel. Fromtherelative heightof eachpeak,one

candeducetheaveragenumberof photoelectronsarriving at thebackplaneperLED strobe.

Thisnumberis the“analoguehnpei ”. Theratioof digital to analoguehnpei is theef�ciency

of thechip:

� =
hnpei digital

hnpei analogue
: (3.3)

3.4.3 FactorsAffecting DetectionEf�ciency

Therearetwo mainmechanismsby which thechipcanfail to detectanincomingphotoelec-

tron, giving rise to an ef�ciency that is lessthan100%. The �rst is calledcharge sharing.

This occurswhena photoelectronhits the sensornearto the edgeof a pixel, causingthe

electron-holepairsto bedetectedby morethanonepixel on thereadoutchip. It is possible

for theelectron-holepairsto besharedbetweenpixelsin suchaway thatno individualpixel

seesenoughof a signalin therequiredtime window to reachits threshold,sono pixel �res

andthephotoelectronis notdetectedby thechip.

The second,andpredominant,mechanismis known asbackscattering.Whena photo-

electronstrikesapixel on thesensorthereis achancethatit will notdepositall of its energy

there,but ratherreboundfrom the sensorsurfacehaving depositedonly part of its energy.

This initial energy depositmaynotbesuf�cient to reachthethresholdandcausethepixel to

�re. In this caseseveraldifferentscenariosarepossible.If thebackscatteredphotoelectron

landsagainoutsideof thedetectorchip, it will not bedetected.If it landsagaininsidethe

detectorchip,it maystill beundetected,if its residualkineticenergy is below thediscrimina-

tion threshold.Themorelikely outcome,giventhetypical thresholdusedin theHPD pixel

chip, is thatsuf�cient chargewill bedepositedat this stageto reachthethreshold.However

it is possiblethatby thetime thephotoelectronlandsagainandthechargefrom this second

strike is collected,thereadoutwindow of thechip will have closed.In this casethephoto-

electronwill bedetected,but will beassignedto thewrongtimewindow. This is known asa

“timewalked” hit. Clearly theamountof timewalkedhits dependsstronglyon the lengthof

thereadoutwindow.

Theprobabilitythatanelectronstrikinga thick sensorwill backscatteris a functiononly

of the electronenergy, angleof electronincidenceand the atomic numberof the sensor

material[104]. Here,“thick” meanssuf�ciently thick thattheelectronwill notpassthrough

thesensor. As thestoppingrangeof a20keV electronin siliconis about5 � m, thiscondition

is comfortablysatis�ed for the caseof the HPD sensor. For HPD operation,the electron

energy (20keV) andatomicnumberof the sensor(14 for Si) areknown, andthe angleof

incidenceis restrictedasthe electronmustoriginateat the HPD quartzwindow andstrike
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thesensor. This meansthatthebackscatterprobabilitycanbeaccuratelyestimatedas18%,

with anerrorof lessthan1% [104].

Note that both mechanismsdescribedabove dependon the lengthandpositionof the

electronic“window” thatde�neswhenthechipis readout. Thisdependency will beexplored

in Sec.3.4.6.3.

In additionto theaboveeffectsoccuringwithin theHPDsensor, theobservedphotoelec-

tron detectionef�ciency mayalsobeaffectedby aspectsof themeasurementsetup,suchas

thetimedistributionof theLED pulse.If this is toowideor containsa tail, thiswill increase

theamountof hits seenin thewrongtimewindow.

3.4.4 BackpulseSetupat PDTF

3.4.4.1 Digital Measurement

Thedigital hnpei is measuredby runninga strobescan(seeSec.3.2.3.2).Therelevantpoint

on the strobescanfor the � measurementis the point that gives the maximumnumberof

clusters. This is the peaktiming of the readout,which is what shouldbe comparedwith

theanaloguehnpei . Notethateachpoint on thestrobescanis measuredby running20,000

triggers.

Thenumberof photoelectronsseenby thedigital chipwill of coursedependonthelength

and position of the digital readoutwindow. The digital readoutwindow's position with

respectto thesignalfrom thechip canbealteredvia thestandardPDTFLabview software.

Howeverthelengthof thewindow is hardwiredinto oneof thechipsonthePDTFelectronics

boardsas50 ns,andcannotbe easilychanged.Thebunchcrossingfrequency of theLHC

demandsthata 25 ns-longwindow beusedduringLHCb datataking. Giventheconstraints

on the window length that have just beenmentioned,one constructsa 25 ns window by

shifting thestartof the50 nswindow backby 25 nswith respectto thesignal,which leaves

only thesecond25nsof thewindow with signalin it. It is expectedthatthe� valueobtained

usingthe50 nsgatewill be larger thanwith the25 nsgate,asthe longerreadoutgatewill

pick upmoretimewalkedhits (seeSec.3.4.3).

3.4.4.2 AnalogueMeasurement

A schematicof thesetupof theequipmentusedfor theanaloguemeasurementis shown in

Fig. 3.21.Thereadoutchainis operatedasfollows: thecurrentpulsefrom thebackplaneis

input to a low-noisechargepreampli�er (modelPR304from Eurorad)thatoutputsa signal

whoseheightis proportionalto theamountof chargedepositedat thebackplane.To smooth

this signalout it is passedthrougha commercialbuffer ampli�er (modelEL2002CNfrom
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Figure 3.21: Schematicdiagramof thesetupfor themeasurementof thecharge spec-

trum at thesensorbackplane.

Elantec),thena fast�lter ampli�er (model579from Ortec).Theshapingtime of theOrtec

ampli�er is adjustable,andcantake valuesbetween10 ns and500 ns. A shapingtime of

200nswasfoundto beoptimal for datataking. Finally, theoutputof theOrtecampli�er is

passedto amulti-channelanalyser(TrumpADC card[105]) thatis installedin astandardPC

andis controlledusingasoftwarepackagecalledMaestro.TheMaestrosoftwareproducesa

spectrumof countsversuschannelnumber, wherethechannelscorrespondto differentADC

valuesreadout from theTrumpcard.

As mentionedabove, thenoiselevel in theanaloguemeasurementis extremelyhigh. If

it is not minimisedthenthepeakcorrespondingto eachnumberof photoelectronswould be

washedoutof thespectrumsothatthey arenotvisible,andit wouldnotbepossibleto make

a reliable �t to the data. To minimisethe noiselevel it wasnecessaryto do the analogue

measurementwith thecablesthatarenormallyusedto readoutthechip disconnected.This

removestheclockingnoisefrom thereadoutboardsthatwould otherwiseswamptheback-

pulsesignal. This strategy slows down thedatatakingprocess,asit meansthesystemhas

to bepowereddown andup againbetweeneachanalogueanddigital measurement,but it is

unavoidable.To minimisenoisefrom electronicpickup, thedarkbox thathousestheHPD

duringtestingwascoveredwith a wire mesh,which wasgroundedto theHPD high voltage

ground.This effectively makesthedarkbox a Faradaycage.Useof themeshwasfoundto

signi�cantly reducethenoiseseenon thebackpulsesignal.

Thetriggeringof theLED andof thereadoutof theanaloguesignalarecorrelatedusing

achainof two gategenerators.They aresetup to allow thecorrectamountof time to elapse

between�ring theLED andreadingout theresultingsignalfrom thebackplane.They also
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allow the startingpoint of the analoguereadoutgateandits lengthto be changed.This is

importantasthecorrectreadoutof theanaloguesignalis verysensitive to theexactsetupof

theanaloguereadoutgate(seeSec.3.4.5.6).

3.4.5 Procedure for Data Taking and Fitting

3.4.5.1 GeneralStrategy

As thedatatakingproceduretakesa �nite amountof time, therewill inevitably bechanges

in theenvironmentaltemperature.Thesizeof thechangein temperaturedependson factors

suchasthetimeof daythemeasurementis carriedout. Environmentaltemperaturechanges

causea changein thetemperatureof theLED, which in turn affectstheaveragenumberof

photonsemittedby theLED eachtimeit is triggered.To copewith this,oneneedsto monitor

thechangesin theLED outputlevel overthetimethatthemeasurementsarecarriedout. This

is achievedby introducinga measurementprocedurewhereeachanaloguemeasurementis

sandwichedbetweentwo digital measurements.The averageof the two digital hnpei is

thentaken asan estimatefor what the digital hnpei would have beenduring the analogue

measurement.Fromhereon, � dig will beusedto referto theaveragedigital hnpei (thevalue

usedto calculate� ), while � 1
dig and� 2

dig will beusedto refer to thedigital hnpei measured

by the�rst andsecondstrobescans,respectively.

Demonstratingthat the � valueobtainedfor a given HPD is independentof the LED

intensity(i.e. independentof thedigital hnpei ) is vital in proving thata genuineef�ciency

is beingmeasured.To checkthis, for eachHPD studiedmeasurementsare performedat

different levels of LED intensity. Onecan thencheckif the valueof � changeswith the

LED intensityor not. However the LED intensityusedshouldnot be too high, to ensure

thattheprobabilityof two or morephotoelectronsstrikingthesamepixel (thusdistortingthe

measureddigital hnpei ) remainsvery low.

3.4.5.2 Model for ChargeDepositionSpectrumat Backplane

Before the analoguehnpei can be measured,a model needsto be de�ned that describes

the sensorresponseto the arrival of a numberof 20 keV photoelectronsat the backplane.

This modelwill be usedto performa �t to the observed charge depositionspectrum,and

extract the analoguehnpei . The startingpoint for this model is the SinglePhotoelectron

Response(SPR)function.This describestheprobabilitythata singlephotoelectronstriking

thesensorwill deposita certainfractionof its energy. TheSPRusedfor theHPD sensoris

shown in Fig. 3.22.This functionwascharacterisedpreviouslyby studyingprototypeHPDs

thathada smallersensor, andhencelower noiselevels. In particularthespectrafrom these
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Figure 3.22: Thesinglephotoelectronresponse(SPR)of theHPD sensor. Thereis an

82%probabilityfor thephotoelectronto notbackscatter, andsodepositall (oralmostall)

of its energy into thesensoruponstriking it for the�rst time. If thephotoelectrondoes

backscatter(18% probability), the fraction of its energy that is depositedin the initial

strike follows anapproximately�at distribution (shown multiplied by a factorof 10 to

make it visible). Thegreenvertical line indicatesthetypical amountof chargerequired

to bedepositedin onepixel to causeit to �re. Reproducedfrom [106].

prototypeHPDshave low enoughnoiselevelssuchthata �t canbe performedto measure

thebackscatterprobability. Thevaluefoundfor thebackscatterprobabilitywasaround18%,

which is in agreementwith theacceptedvaluedescribedin theprevioussection.

The energy depositionspectrumfor the arrival of two photoelectronswithin the same

readoutwindow is just theconvolution of theSPRwith itself. This is becausethearrival of

photoelectronsis independent.Anotherconsequenceof theindependenceof thephotoelec-

tronsis thattheprobabilitythatagivennumberwill arrive in thesametimewindow follows

aPoissondistribution. This is akey factorthatallows thebackpulsemeasurementto becar-

riedout,astherelativeheightof eachphotoelectronpeakwill follow a Poissondistribution,

whosemean� is theanaloguehnpei .

So in theabsenceof noisein thereadoutchain,thechargespectrumwould consistof a

Poisson-weightedsumof thedepositionspectrumfor k electrons,wherek = f 1; 2; : : : ; 1g

andthepedestal,which at this stageis just representedby a deltafunctionat zero. Let this

idealisedchargespectrumbef (x), wherex representsthetotal chargedeposited,in unitsof
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thechargedepositedby asinglenon-backscatteredelectron(which is � 5,000electrons).To

accountfor thefactthatthereis electronicnoisepresentbothat thesensorandin thereadout

chain,oneconvolutesf (x) with someglobalnoisefunctiong(x) to obtainh(x), say. This

h(x) is thena realisticmodelfor thechargespectrum.In practice,g(x) takestheform of a

Gaussian.Applying a FourierTransformto h(x) gives(usingtheconventionof capitalising

transformedfunctions):

H (k) = F (k) � G(k): (3.4)

Underthe assumptionthat the charge spectrumfollows a Poissondistribution, it hasbeen

shown thata Light SumRuleexistsfor theFourierTransformof thechargespectrum[107].

TheLight SumRulein this casegives

F (k) = exp(�S (k)); (3.5)

where� is thePoissonmean,andS(k) is theFourierTransformof theSPR.Theexponential

arisesasa power seriesformedby theadditionin Fourierspaceof termscorrespondingto

eachpossiblenumberof photoelectrons.Theconsequenceof theLight SumRuleis thatone

obtainsarelatively simpleexpressionfor H (k), andthenonejustappliestheinverseFourier

Transformto obtainanotherrelatively simpleexpressionfor h(x), whichnow hasanexplicit

dependenceon � , thevariableof interesthere.Henceperformingthe�t in Fourierspaceis

fasterandmorerobustthanabruteforcemethodof building theenergy depositionspectrum

from theSPRandthenoisefunctionwithoutmakinguseof theLight SumRule.

3.4.5.3 PedestalSubtraction

During datataking it was observed that the height of the pedestalin eachspectrumwas

alwaystoo large, i.e. the pedestaldid not �t the Poissondistribution followed by the pho-

toelectronpeaks. The reasonfor this is not known, althoughit could be that, due to its

peak-sensingnature,theADC is pickingupsomedarkcountevents.To dealwith theexces-

sive pedestalsize,it wasdecidedto remove the pedestalfrom eachspectrumand�t to the

modi�ed spectrumusinga modelthatalsohasthepedestalremoved. This way thepattern

of thephotoelectronpeaksis preserved,andthesecanbeusedto deducethePoissonmean

of thedistribution.

To subtractthe pedestalfrom a dataspectrum,�rst a pedestalspectrumis taken to ac-

company eachanaloguerun. This is donesimply by takingananaloguerun with theLED

disabled.Thenthe pedestalspectrumis scaledso that it containsapproximatelythe same

numberof eventsthatcomprisethepedestalcontribution to thespectrumtaken for the full

analoguerun. To carry out this scaling,the peakchannelof the pedestalspectrumis �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 thehistogramof thenumberof countsin eachchannelby linear

interpolation.Top left: a “raw” spectrumincluding thepedestal.Top right: thecorre-

spondingpedestal-onlyrun. It canbeseenthattheshapeof thepedestalis asymmetric,

which is a further indicationthat dark counteventsarebeingpicked up. Bottom: the

spectrumformedby scalingthepedestalandthensubtractingit from theraw spectrum.

(four channelseachside)is calculated.Thechoiceof takingfour channelseithersideof the

peakstrikesa balancebetweenthestatistical�uctuations from usingtoo few channelsand

dependenceon theshapeof the pedestalfrom usingtoo many channels.The total number

of countsin thecorrespondingchannelsof thefull analoguespectrumis thencalculated,and

thescalingfactoris foundby takingtheratio of thethesetwo numbers.This methodrelies

onthefactthatthemappingfrom channelsto thepeaksin thespectrumdoesnot (for agiven

HPD)changefrom run to run.

Finally, thescaledpedestalis subtractedfrom thefull analoguespectrumto givea spec-

trum consistingof only thephotoelectronpeaks.This processis illustratedin Fig. 3.23. A

modi�ed �tting modelis neededto copewith thepedestal-subtracteddata. To subtractthe

pedestalfrom the�tting model,F (k) � 1 is substitutedfor F (k) whenconstructingthe�tting

model(seeSec.3.4.5.2).
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Figure 3.24: Typical �t to a backpulsespectrumwith thepedestalsubtracted.Thedata

pointsarein black,andthe�tted PDFis shown by thegreenline.

3.4.5.4 Fit Region

The �t region is de�ned asthechannelsfor which the � 2 betweenthedataandthe �t PDF

is calculatedduring the �t. Fits including thepedestalregion wereoften found to not con-

verge correctly. This is becausethe distribution in the pedestalregion is very sensitive to

the pedestalscalingfactor, the calculationof which is not an exact process.In particular

negative valuescanbe obtainedafter subtraction.Also, the �t region doesnot includethe

higherchannelsin the spectrumas the numberof signalcountsthereis very low. Hence

backgroundnoisein the readoutchaincansigni�cantly distort the shapeof the spectrum

there,affectingin turn the�t to thelower photoelectronpeaks.By contrasta smallnumber

of backgroundcountsat the lower photoelectronpeakswill not affect the �t signi�cantly,

sincemostof thephotoelectrondatacanbe found in this region. For thesereasons,the �t

to thepedestal-subtractedspectrumis performedstartingat the�rst or secondphotoelectron

peak,and�nishing ataroundthesixthor seventhphotoelectronpeak5.

3.4.5.5 Executionof Fit

A �t is then performedusing the modi�ed model, h(x), for the charge spectrum(see

Sec.3.4.5.2).The minimisationis performedby the “Simplex” �tter from the GSL (GNU

Scienti�c Library) package[108]. An example�t is shown in Fig. 3.24. Thereare four

5However the �tting function is still drawn covering the whole spectrumto demonstratethat it is still in

broadagreementwith thespectrumevenin theareaswherethe�t is notbeingdone.
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Figure 3.25: Sketchof thebackplanesignalandanaloguegatesetup.Thegreen(red)

vertical line representsthestart(end)of theanaloguegate. The signalrise time (R) is

independentof thegatesetup.Thesumof thisandthelengthof time(A) thegateextends

after thepeakis equalto thesumof thegatelength(L) andthedelay(D) betweenthe

startof thesignalandthestartof thegate.

parametersleft �oating in the �t: the locationof thepedestal,thedistancebetweenphoto-

electronpeaks,thewidth of theglobalnoiseGaussianandthePoissonmean.As thelocation

of thepedestalcanbededucedwithin a few channelsby inspectingthedata,the�t is seeded

with a valuefor the pedestallocationthat is very closeto the full value. This preventsthe

�t from attemptingto treatanotherphotoelectronpeakasthe pedestal.The parametersof

theSPRare�x edaccordingto theresultsfoundfrom the �ts to spectrafrom theprototype

HPDs.

3.4.5.6 Dependencyof Ef�ciency on AnalogueGate

Dataweretaken with a numberof differentsetupsfor the analoguegate. A sketchof the

backplanesignal(asit appearson theoscilloscope,afterpassingthroughtheampli�ers) and

theanaloguegatesetupis shown in Fig. 3.25.Thepeakheightof thesignaloutputtedby the

fast�lter ampli�er (seeSec.3.4.4.2)is proportionalto thetotal amountof chargedeposited

at the backplane.Hencethe ADC is usedin peak-sensingmode,andin principle the gate

only hasto includethesignalpeakin orderto correctlysamplethesignal. However it was

found that a strongdependenceexistedbetweenthe measuredvaluefor the ef�ciency and

the lengthof time theanaloguegateextendedafter thepeakof thesignal. Thedependency

of themeasured� valueon thegatesetupfor a �x edlight input level (digital hnpei ' 3.3) is

shown on theleft of Fig. 3.26.Two separateeffectscanbeseen.
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Figure 3.26: Left: Dependenceof themeasuredsensoref�ciency (� ) on analoguegate

setup. The x-axis is the length “A” shown in Fig. 3.25. Right: Dependenceof the

measuredsensoref�ciency onthelight input level for ananaloguegatewith A = 600ns.

Firstly, whenthegateextendslessthan500nsafterthepeakof thesignal,themeasured

valueof � rises.Thesizeof thepedestalin thechargespectrumcollectedwith sucha gate

is seento increasesharply, resultingin dominationof the spectrumby the pedestal.This

disruptsthe�t to thespectrum,causingit to returnlowervaluesfor theanaloguehnpei . This

translatesinto a highermeasuredvaluefor thesensoref�ciency. The reasonfor this effect

is understood:thedocumentationof theADC statesthat thesamplinggatemustextendfor

at least500 ns after the peakof the signal to allow the heightof the peakto be correctly

sampled.

Secondly, when the analoguegateextendsmore than 500 ns beyond the peakof the

signal,themeasuredvalueof � startsto rise.Theincreasein measured� valuescomesfrom

andecreasein themeasuredanaloguehnpei , with thedigital hnpei (which is independentof

theanaloguegatesetup)remainingconstant.Thequestionthenarisesasto whichgatesetup

is giving thecorrectvaluefor � . Thisquestioncanberesolvedbyconsideringthedependence

of themeasured� valueson thelight input level (i.e. on theaveragedigital hnpei ) whenthe

gatesetupis �x ed. For the gatesextendingsigni�cantly morethan500 ns after the signal

peak,� is seento dependon thedigital hnpei . An exampleof this is shown on theright of

Fig. 3.26,showing datatakenwith ananaloguegatethatextendsfor 600nsafter thesignal

peak.Themeasured� valuesincreaseastheaveragedigital hnpei increases.This is a clear

indicationthatthesegatesetupsarenotoptimal.Whenthegateextendsroughly500nsafter

thesignalpeak,however, themeasured� valuesno longerdependon thedigital hnpei (see

Fig. 3.28),which indicatesthat the ef�ciency is beingcorrectlymeasured.Hencethis was

chosenastheoptimalgatesetup.

Thereasonfor thedropin analoguehnpei asthegatelengthincreasesis not fully under-

stood.Onepossiblecauseis thattheanaloguesignalis sufferingsomeringingafterthemain
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signalpeak,but that this ringing is not large enoughto show itself above the noiseon the

oscilloscope.Thelongergatesincludethis ringing region of thesignal,but theshorterones

do not. Anotherpossiblecauseis anadditionalcontribution from darkcounts.

3.4.6 Results

Using the optimisedanaloguegatesetupasdescribedin Sec.3.4.5.6,measurementswere

carriedoutonHPDH630005using25nsand50nsdigital gatelengths,andonHPD708016

using50 nsdigital gatelength. TheseparticularHPDswereselectedfor this measurement

asthey exhibitedexcellentperformancein thegeneralPDTFtests.In particular, they have

� Very low leakagecurrent(O(10nA)) from thedetectorchip,whichminimisestheshot

noise,

� Very low dark-countrate(O(1 kHz/cm2)), which reducesthenumberof background

hitson thedetectorchip,

� No deador noisypixels,to eliminatetheneedto take theseinto accountwhencalcu-

lating thenumberof photoelectrons.

Sincetheanodepropertiesshouldvary little betweenHPDs,it is expectedthatnosigni�cant

differencein � valueswill beseenbetweenthetwo HPDs,andalsothatthe� valuesobtained

will berepresentativeof theentiresampleof HPDs.

3.4.6.1 Err ors on Digital hnpei

Thestatisticalerroron eachof � 1
dig and� 2

dig (thedigital measurementsbeforeandafter the

analoguemeasurement)is simply theuncertaintyonthePoissonmeanreturnedby thePDTF

software.Thiscanbeestimatedby calculatingtheincreasein the� 2 of thePoisson�t when

a differentPoissonmeanis assumed,andchoosingthevariationin themeanthatcausesthe

� 2 to increaseby 1. Thisvariationis foundto rangefrom 0.011for low valuesof � 1;2
dig (' 2) to

0.017for high values(' 6). Thestatisticalerroron � dig (theaveragedigital hnpei ) is found

by combiningtheerrorson � 1;2
dig in quadrature,thenhalvingtheresult.Thetypical (absolute)

statisticalerroris thenaround0.01or less.As will beseenbelow, this is smallcomparedto

thesystematicerror, andwill beneglected.

Themainsystematicerroron � dig comesfrom possibletemperature-dependentchanges

in theLED outputrateover time. Evenwhenthedifferencebetween� 1
dig and� 2

dig is small,

the output ratemay for examplehave risenbetweenthe �rst strobescanandthe analogue

run, then fallen againbetweenthe analoguerun and the secondstrobescan.To take this
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uncertaintyinto account,a systematicerror is assignedto � dig as follows: the difference

between� 1
dig and� 2

dig is calculatedandhalved. If the resultis larger than1% of � dig , it is

takenasthesystematicerror. Otherwisethesystematicerroris setto 1%. Thechoiceof 1%

asthe minimumsystematicuncertaintyon � dig is basedon the typical variationsin digital

hnpei thatareseenduringnormalHPDtesting,for examplebetweenconsecutive long LED

runs(seeSec.3.2.3.2).Suchvariationscanonly bedueto changesin theLED outputrate.

This assignmentleadsto a systematicerror of 1% for caseswhere� 1
dig and� 2

dig have

verysimilarvalues,andof up to ' 2% for caseswheretherewassigni�cant changebetween

� 1
dig and� 2

dig . Sothesystematicerroron � dig is alwaysat leastseveraltimeslargerthanthe

statisticalerror, which is thereforeneglected.

3.4.6.2 Err ors on Analoguehnpei

Thestatisticalerroron theanaloguehnpei is theuncertaintyon the� parameterasreturned

by the �t to the backpulsespectrum.This canbe estimatedby the samemethodusedfor

thedigital hnpei , by measuringhow mucheachparametermustchangeto increasethetotal

� 2 of the �t by 1. For the � parameterit is found that the changeneededis of the order

of 10� 3. This valueis sosmallbecausethestatisticspresentin a givenspectrumarehuge,

with eachbin of theearly photoelectronpeaks(seeFig. 3.24)holdingof order105 events.

Thusthefractionalerroron thebin heightis well below thepercentlevel. Theerrorreturned

by the �t is correspondinglyvery small. It will be seenbelow that this statisticalerror is

completelynegligible whencomparedto thesystematicerror. Hencethestatisticalerrorwill

notbeconsideredwhencalculatingtheoverallerroron theanaloguehnpei .

A signi�cant systematicerror on the analoguehnpei arisesbecausethe modelusedto

�t thebackplanespectrumto extract � doesnot accuratelydescribethedataover thewhole

distribution. Thesizeof theerrorintroducedby this canbeestimatedin two differentways.

Firstly, thechangein � causedby varyingtheregionof thespectrumthatis �tted to (i.e. the

region wherethe� 2 is calculated)canbestudied.It is foundthat thelargestchangein � is

inducedby not includingtheregionof the�rst photoelectronpeakin the�t. For mostspectra

this causesa changein � of about1%. But for spectraat low analoguehnpei , thedifference

is moresigni�cant, at about3%. A changeof about3% wasalsoseenfor the �ts with the

highestanaloguehnpei values. The effect of changingthe �t region on the �t result for a

spectrumat low analoguehnpei is illustratedin Fig. 3.27. The �t on the left handsideis

madeincludingthe�rst photoelectronpeakin the�t region,while the�t regionfor the�t on

theright handsideexcludesthe�rst photoelectronpeak.It canbeseenthatthe�t excluding

the�rst photoelectronpeakfollows thedataat thehigherphotoelectronpeaksbetter, at the

expenseof apoorer�t at the�rst andsecondphotoelectronpeaks.
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Figure 3.27: Effectof varyingthe�t region for a spectrumat low analoguehnpei . The

�t region for the left hand�t includesthe �rst photoelectronpeak,while the �t region

for theright hand�t doesnot. Thevalueof � returnedby the�t is 2.75for theleft hand

�t and2.86for theright hand�t.

Thesecondwayof examiningtheeffectof theimperfect�t on� is to rerunthe�t with one

or moreof theparametersthatarenormally�oating being�x ed,andexamininghow the�tted

valuefor � changesasthe valuechosenfor the �x ed parameterchanges.The parameters

representingtheseparationbetweenphotoelectronpeaksandthelocationof thepedestalare

variedwithin the rangesfound whenvarying the �t region. This rangeis typically a few

channelsin size. Thesevariationsarefound to causea typical changein � of around1%.

Thesizeof thiseffect,unliketheeffectof alteringthe�t region,doesnotsigni�cantly change

from spectrumto spectrum.

Theeffectof choosingadifferentvaluefor thebackscatteringprobabilityin theSPRcan

alsobeconsidered.In light of theremarksaboutthebackscatteringprobabilityin Sec.3.4.3,

0.5%is chosenasan estimateof the uncertaintyon the backscatteringprobability. Fitting

with theprobability �x edto be0.5%eithersideof the18%centralvaluechangesthe�tted

valueof � by about0.4%.Thesizeof thiseffect is independentof thespectrumstudied.An

error of this sizecanbe neglectedwhencomparedwith the othersystematicuncertainties

describedabove.

As the statisticalerror on � hasalsobeenseento be negligible, the total error on � is

foundby addingthetwo dominantsystematicuncertainties,from variationof the �t region

andof theotherparametersin the�t, in quadrature.

3.4.6.3 Measured Valuesof the DetectionEf�ciency

The errorson digital hnpei andanaloguehnpei areindependentof eachother. Hencethe

erroron a single� valuecanbefoundby makinguseof Eqn.3.3 to combinethedigital and
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Relative Error on

Digital hnpei

Relative Error on

Analoguehnpei

RelativeError on �

Statistical < 0:4% O(0:1%) < 0:4%

SystematicBetween 1% and

2%, depending on

j� 1
dig � � 2

dig j

Between1.4%and3.2%,

depending on the �t

behaviour at �rst photo-

electronpeak

Between1.7%and3.7%

Combined Between1%and2% Between1.4%and3.2% Between1.7%and3.7%

Table3.3: Contributionsto thetotal erroron thesensoref�ciency.
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Figure 3.28: Resultsfor � usingdigital gatelengthof 50 ns. The left handplot shows

resultsfrom HPDH630005,andtheright handplot shows resultsfrom HPD H708106.

analogueerrors: �
� �

�

� 2

=
�

� hnpei digital

hnpei digital

� 2

+
�

� hnpei analogue

hnpei analogue

� 2

: (3.6)

Thecontributionsto thetotal erroron � aresummarisedin Table3.3. Theresultsfor 50 ns

digital gatelengthareshown in Fig. 3.28,andthosefor 25nsdigital gatelengthin Fig. 3.29.

In eachplot in Figs.3.28and3.29,aconstant�t hasbeenmadeto giveanaveragevaluefor

� from eachplot. Performinga straightline �t shows that thegradientof � with respectto

� dig is compatiblewith zerofor all threeplots,demonstratingthat � is independentof � dig

asdesired.

Combiningtheresultsusingdigital gatelengthof 50nsfromthetwoHPDsallowsoverall

resultsfor bothgatelengthsto bestated.Theerrorsaretakenfrom theconstant�ts to each

set of results. In Table3.4 the overall resultsare given. The LHCb-RICH speci�cation,

which is governedby photoelectronbackscatteringeffectsandtheexpectedperformanceof

thepixel readoutchip, is alsogiven.

As expected,thedetectionef�ciency whenusinga 25 nsgateis signi�cantly lower than
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Figure 3.29: Resultsfor � usingdigital gatelengthof 25 ns. Resultsarefrom HPD

H630005.

Digital ReadoutWindow MeasuredValueof � LHCb-RICHSpeci�cation

50 ns (93:3 � 0:7)% n/a

25 ns (87:9 � 1:4)% 85%typical

Table 3.4: Singlephotoelectrondetectionef�ciency � of the manufacturedHPDs,as

measuredat PDTF.

whenusinga 50 ns gate. It canalsobe seenthat the productionHPDsexceedthe LHCb-

RICH requirementthat the singlephotoelectrondetectionef�ciency with a 25 ns readout

window shouldhavea typical valueof 85%.Theresultsarein agreementwith � valuesthat

weremeasuredusingpreseriesHPDs[109], andwith indirectmeasurementsfrom testbeams

usingpreseries[110] andproduction[111] HPDs.

3.5 PDTF TestResults

In this sectionthe distributionsof the key parametersthat weremeasuredfor all HPDsat

thePDTFswill bepresented,andtheimplicationsfor theoperationandperformanceof the

HPDswithin theRICHeswill bediscussed.Notethat thefollowing resultscover testingof

557 HPDs. This is higherthanthe 550 requiredin the contractasit includes7 HPDsthat

failedandwerereplacedwith new HPDsby DEP.

3.5.1 Performance

A summaryof theperformanceof theHPDensembleis givenin Table3.5.Thedistributions

of key parametersareshown in Figs.3.30to 3.346.

6Notethatin eachhistogramin Figs.3.30to 3.34,therightmostbin is anover�ow bin thatholdsany HPDs

lying abovetherangeusedfor thathistogram.
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Property MeanValue RMS

WorkingPixels 99.8% 0.4%

LeakageCurrentat80 V ReverseBias 1.49� A 2.65� A

PhotoelectronDetectionThreshold 1064e� 98e�

PhotoelectronDetectionNoise 145e� 11e�

Dark-CountRate 2.49kHz/cm2 5.82kHz/cm2

Ion FeedbackProbability 0.04% 0.15%

PhotocathodeImageRadius 6.61mm 0.13mm

PhotocathodeImageDisplacement 0.39mm 0.21mm

Table 3.5: Performanceof themanufacturedHPDs.Valuesgivenaretheraw meanand

RMS of thedistribution.
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Figure 3.30: Distributionsof thenumberof dead(left) andnoisy(right) ALICE pixels

(out of 8192).
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Figure3.31: Distribution of leakagecurrentat80 V reversebias.
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Figure3.32: Distributionsof averagepixel thresholds(left) andnoise(right). Valuesare

calculatedby averagingover thevaluesfrom eachindividual pixel. The typical spread

of thesevaluesin a singleHPD is about90 electronsfor thepixel threshold,andabout

20 electronsfor thepixel noise.

)2Dark Count Rate (kHz/cm
0 2 4 6 8 10 12 14 16 18 20

F
re

qu
en

cy

0

50

100

150

200

250

Ion Feedback Probability (%)
0 0.05 0.1 0.15 0.2

F
re

qu
en

cy

0

50

100

150

200

250

Figure 3.33: Distribution of dark-countratefrom testsover 5 million triggers(left) and

ion feedbackprobabilityfrom strobescan(right).
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Figure 3.34: Distributions of radiusof the photocathodeimage(left) and radial dis-

placementof theimagewith respectto thecentreof thepixel chip (right).
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Figure3.35: Finalclassi�cationof HPDsaccordingto thetestsperformedatthePDTFs.

3.5.2 Discussion

After testing(includingany reteststo resolve issuesfoundin the�rst testrun),eachHPD is

classi�edasbelongingto oneof 5 categories:A+ , A, B, E or F. Thecriteriafor eachcategory

aredetailedin Table3.6. HPDsclassi�edasA+ or A arepreferentiallyplacedin thehigher-

occupancy regionsof theRICH system(seeFig. 3.4). HPDsclassi�edasB or E areplaced

in lower-occupancy regions,or keptassparesin caseany HPDsfail after installationin the

RICHes.HPDsclassi�edasF arejudgedunusable,andarenotplacedin theRICH atall.

Thedistributionof HPDsacrossthecategoriesis shown in Fig. 3.35. It canbeseenthat

only 12(or 2.2%)of HPDsfail therequirementsin suchawayasto bejudgedunusablein the

RICH system.Someof thesecasesweredueto theHPD performingpoorly in a particular

testandaredescribedbelow. In othercasestheHPDsufferedacompleteoperationalfailure,

for examplefailureof thepixel chipduringtheinitial highvoltageramp-up.Thejusti�cation

of theHPDcategoriesin light of theresultsshown in Sec.3.5.1will now bediscussed.

Almost all HPDshave far fewer badpixelsthanthemaximumof 410(5%) speci�ed in

the contract. This indicatesthat the quality andreliability of the bump-bondingprocessis

excellent.A handfulof HPDswereclassi�edasE dueto ahighnumberof deadpixels.

In theleakagecurrentdistributionthreedistinctclassesof behaviour canbedistinguished.

Examplesof eachof theseareshown in Fig 3.36. The leakagecurrentof the �rst classof

HPD shows a linear dependencewith biasvoltageall the way up to 90 V. No breakdown
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Table 3.6: Classi�cationcriteriafor HPDs.To achieve categorisationasA + , A, B or E, anHPD mustmeetall of thelistedcriteria. Any HPD

with oneor moreof thecriteriagivenfor theF category is categorisedasF.

Category Meaning Speci�edPerformance

IFB Rate QE(270nm) BadChannels Dark-CountRate Leakage Current

at80 V

Photocathode

Offset

A+ Meetsall speci�cations

andclearlyexceedscer-

tain speci�cations.

< 1% > 30% < 20 Uniform with pixel

rate< 2� 10� 5

< 3 � A < 0.5mm

A Meets all speci�ca-

tions.

< 1% � 20% < 80 < 5 kHz/cm2 < 5 � A < 1 mm

B Fails to meet one or

more of the speci�ca-

tions but is still fully

usable.

< 1% � 20% < 200 < 100kHz/cm2 < 5 � A < 1 mm

E Flaggedwith a partic-

ular issuethat requires

specialattention,but is

still fully usable.

< 1% � 20% < 400 < 100kHz/cm2 < 20 � A < 2 mm

F Fails to meet one or

more of the speci�ca-

tionsin sucha way that

it is unusable in the

RICHes.

� 1% < 20% � 400 � 100kHz/cm2 � 20 � A � 2 mm
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Figure 3.36: Threedifferentclassesof leakagecurrentcurve for HPDs. Left, anHPD

thatshows no breakdown effect up to 90 V reversebias,leadingto low leakagecurrent.

Centre,an HPD that seesan increasein gradientbeyond 40 V, leadingto a moderate

leakagecurrent.Right,anHPD thatdisplaysa breakdown at around50 V reversebias,

leadingto veryhigh leakagecurrentat theoperatingpointof 80 V reversebias.

effects are observed, and only a very small residualcurrent (typically below 0.8 � A) is

observed.Thesecondclassof behaviour is similarto the�rst classat low voltages,but shows

a clear increasein gradientabove a certainbiasvoltage,typically around40 or 50 V. The

resultingleakagecurrentat 80 V is usuallybetween1 and3 � A. This behaviour is believed

to be causedby defectsin the manufacturingprocessof the sensor, and often groupsof

HPDsconsistingof sensorsfabricatedfrom thesamewafer featuresimilar leakagecurrent

behaviour.

Examplesof possibledefectsincludescratchesin thehighly dopedn+ layerat thesensor

backplane,which mayallow theintrinsic n bulk of thesensorto comeinto contactwith the

aluminumguardring (this contactcanalsobe causedif “spikes” arepresentin the guard

ring causingthe n+ layer to be pierced). A currentsink thenforms at the backplaneonce

thebiasvoltagereachesa certainvalue. Anotherpossibledefectis thepresenceof �ssures

or cracksin thesideedgeof thesensor. If theseextendinto theregion of non-zeroelectric

�eld in the main part of the sensor, currentcan�o w aroundthe sensoredge. If the local

electric �elds generatedby suchdefectsis high enough,the electronsbecomesuf�ciently

energetic to ionisesilicon atoms,leadingto an avalancheeffect. A suddenbreakdown is

seenabove a certainbiasvoltage,and the leakagecurrentrunsaway to very high values

(usually> 5 � A). This is the third classof behaviour. HPDswith this behaviour form the

bulk of thoseclassi�edasE.

However, for all exceptoneHPD, theleakagecurrentis low enoughthatthesensorstill

reachesfull depletionat 80 V reversebias,andsois still usuable.TheoneHPD wherefull

depletionwasnot attained(with leakagecurrentof 24 � A) wasjudgedunusableandclassi-

�ed asF. HPDswith similar leakagecurrentsareplacedon thesameLevel 0 boardwithin

theRICHes,astheleakagecurrentaffectsthereadouttiming settings(seeSec.3.2.3.1),and
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thesearesetoneachLevel 0 boardandnot individually for eachHPD.

Although threeHPDs marginally exceedthe contractualmaximumpixel thresholdof

1500e� , thisdoesnotaffect theirclassi�cation,asthey havenormalnoisevalues,sothatthe

signal-to-noiseratio is still high enoughthat any effect on theperformanceof theseHPDs

will beminimal. No HPD exceedsthecontractualtypical noiseof 145e� by largeenough

margin to adverselyaffect its performance.

Althoughthereare63 HPDs(11%)thatshow dark-countratesabove thecontractspec-

i�cation of 5 kHz/cm2, this will not have any signi�cant effect on their performancein the

RICHes.This is becausethepatternrecognitionalgorithmis not seriouslyaffectedby dark-

countratesbelow 5 MHz/cm2, i.e.onethousandtimeshigherthanthecontractspeci�cation.

However lower dark-countratesarestill preferable,henceany HPDswith dark-countrates

above 5 kHz/cm2 wereclassi�ed asB. This amountedto 60 HPDs. Also, threeHPDsex-

hibitedunstabledark-countratespeakingbetween50 and100kHz/cm2. TheseHPDswere

classi�edasF andrejected.

Thevastmajorityof HPDs(521,or 94%)haveion feedbackprobabilitiesthatareat least

anorderof magnitudelower thanthecontractspeci�cationof 1%. OneHPD showedvery

high IFB probability(> 10%)andwasrejected.

Despitetheexcellention feedbackprobabilitiesthatweremeasuredby thePDTFs,many

HPDshave beenfound to show considerablyhigher IFB ratesfollowing their installation

insidetheRICHes.IndeedtheIFB rateof someHPDshasrisenabovethelevel thattriggers

anavalancheeffect (seeSec3.2.3.2),causingtheseHPDsto becomeunusable.TheseHPDs

havebeenreplacedin theRICHeswith spares.

Studiesof the time dependenceof the IFB ratehave shown anapproximatelylinear in-

creaseof theIFB ratewith time. This is thereasonthattheIFB ratesmeasuredat thePDTFs

werenot high enoughto causeany concern.The causeof the vacuumdegradationthat is

driving the increasein IFB rateis not yet known, however preliminarystudiessuggestthat

hydrogenis presentinside the HPD. Due to theseunresolved vacuumquality issues,the

HPDsarenot beingconsideredasthe �rst-choice RICH photodetectortechnologyfor the

plannedupgradeof LHCb.

Only 2 HPDsshow a photocathodeimagethatis displacedby morethan2 LHCb pixels

(i.e. 1 mm). TheseHPDswereclassedasE, becausesucha displacementat PDTF may

translateto a largerdisplacementwithin theRICHes,dueto theresidualmagnetic�eld (see

discussionin Sec.3.2.3.2). Hencethereis a risk that part of the photocathodeimagemay

fall outsideof thepixel chip. OneHPD showeda smallerthannormalphotocathodeimage

of radius5.8mmandwasclassi�edasE.
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To summarise,theoverallqualityof theproductionHPDshasbeenseento beexcellent,

with thevastmajorityof themperformingwell enoughto beusedin theRICHeswithoutany

concerns.Thecontractualspeci�cationsandLHCb requirementsaremetandoftenexceeded

in key areas.

3.6 Conclusions

The LHCb RICH systemusesarraysof Hybrid PhotonDetectors(HPDs) to detectthe

Cherenkov photonsproducedby chargedparticlestraversingtheRICH. All 557HPDspro-

ducedfor LHCb have undergonethoroughquality assurancetestingandcharacterisationat

dedicatedtestfacilities.Theirperformanceis excellent,with only 2.2%of HPDsfoundto be

unusablefor theRICHes.TheLHCb requirementsandthecontractualspeci�cationsaremet

andoftenexceededin key areas,for examplethedeadpixelnumber, ion feedbackprobability

anddark-countrate.Thequantumef�ciency of thephotocathodeis foundto besigni�cantly

higherthanexpectations,leadingto increasedphotoelectronyield in theRICHes.

The singlephotoelectrondetectionef�ciency � of the HPD anodehasbeenmeasured

usingtwo differentdigital readoutwindows. Themeasuredvaluesare� 50ns = (93:3� 0:7)%

and� 25ns = (87:9� 1:4)%respectively. Thesevaluesareindependentof thelight input level.

They con�rm that the productionHPDsexceedthe LHCb-RICH requirementin this area,

andarein agreementwith previousmeasurementsof � . Thevaluefor the25 nsgatewill be

usedto optimisethesimulationof theRICH detectors.

TheRICH detectorsarenow fully populatedwith theHPDsandarereadyto participate

in thestudyof the�rst collisionswithin LHCb.
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Chapter 4

Measuring the Proper Time Resolution

for Two-BodyHadronic B Decaysfr om

Data

An introductionto thephysicsof two-bodycharmlesshadronicB decays,in particularthe

decaysknown asB ! h+ h
0� decays,wasgiven in Sec.1.4. Therearea numberof in-

terestingphysicsmeasurementsthat canbe madeby LHCb via the studyof thesedecays.

Oneexample,describedin detail in Sec.1.4.4.2,is the measurementof the CKM angle


usingmeasurementsof thetime-dependentCP asymmetriesin thedecaysB d ! � + � � and

Bs ! K + K � . The “time” variableappearingin the expressionsfor decayratesandCP

asymmetriesthatweregivenin Secs.1.2 and1.4 is the lifetime of a particularmesonin its

own referenceframe.This is known asthepropertimeof themeson,andis usuallygiventhe

symbol� . It is measuredexperimentallyby reconstructingthedecayproductsof themeson,

andperformingthevectordotproductof its decaylengthvector~L with its momentumvector

~p. Thepropertime is then

� = m
~L � ~p
j~pj2

; (4.1)

wherem is themassof themeson.

Measuringthetime-dependentCP asymmetriesin a givendecayinvolvesa comparison

of the reconstructedpropertime (� r ec) distribution for eventswherethe initial stateof the

B mesonhasbeentaggedascontaininga b quarkwith the correspondingdistribution for

eventswheretheinitial stateof theB mesonhasbeentaggedascontaininga bquark.Such

�avour-taggedpropertime distributionsareaffectedby experimentalfactors— namelythe

�nite propertime resolutionof the detector, andthe incorrect�a vour taggingof a certain

percentageof events(mistag).Soto optimiseananalysisaimingto measuretime-dependent
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CP asymmetries,knowledgeof boththemistagrateandthepropertimeresolutionfrom data

is needed.

This chapterdescribesa methodto extract the propertime resolutionof the LHCb de-

tector for B ! h+ h
0� decays.The methodonly usesinformationwhich will be present

in data. The mistagrateis assumedto be known from measurementsin control channels,

which will bediscussed.A propertime resolutionmodelfor B ! h+ h
0� is proposed,and

thenvalidatedby showing that it accuratelydescribesthepropertime residualdistributions

for B ! h+ h
0� decays.Themodelusedis a developmentof onepresentedin [112]. It is

thenshown that thevaluesof theparametersof this modelcanbeextractedby �tting to the

reconstructedpropertime distribution of �a vour taggedeventsfor thedecayB s ! K � � +

(thereasonsfor this choiceof decayarediscussedin Sec.4.1.3). The �t alsomakesuseof

theper-eventerrors(� � r ec ) on � r ec, but, crucially sincethemethodis to beappliedto data,it

doesnotuseany informationonthetruelifetime (� tr ue) of theMonteCarlosimulatedevents.

An earlierversionof thestudypresentedhereis documentedin [113].

Section4.1 discusseshow the �a vour-taggedpropertime distributionsareaffectedby

theexperimentalfactorsmentionedabove. In Sec.4.2,themodelto describethepropertime

resolutionis introduced,andthenvalidatedvia its applicationto four differentB ! h+ h
0�

decays.Thedeterminationof theparametersof theresolutionmodelfor B ! h+ h
0� decays

from datais describedin Sec.4.3.Conclusionsaregivenin Sec.4.4.

4.1 Experimental Effectson DecayRates

Thetheoreticalexpressionsfor thepropertime distributions(decayrates)in neutralmeson

decaysweregivenin Sec.1.2.2.2.Theseexpressionsdo not take into accountexperimental

featuressuchasthe �nite propertime resolutionof the detector, andthe imperfect�a vour

taggingprocess. The effect of thesefeatureson the decayratesand CP asymmetriesin

neutralmesondecayswill now bediscussed.For thesake of simplicity thediscussionwill

assumethat the width difference�� is zerofor both the Bd andBs systems,asthe effect

from including non-zero�� valuescompatiblewith the StandardModel expectationsis

negligible. Thesimpli�cation jp=qj = 1 will alsobemadefor bothBd andBs. While jp=qjB s

(unlike jp=qjB d ) hasyet to bewell measuredexperimentally, it is (like jp=qjB d ) predictedto

beverycloseto 1 in theSM.
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4.1.1 Proper Time ResolutionEffects

With the assumptionsstatedabove, the decayrate for a neutralmesonis (omitting time-

independentfactorssuchasjA f j):

�( N 0(� tr ue) ! f CP ) / e� � � tr ue
�
1 + A dir

CP cos(� m� tr ue) � A mix
CP sin(� m� tr ue)

�
(4.2)

for adecayto aCP eigenstate(seeEqn.1.51),and

�( N 0(� tr ue) ! f f s) / e� � � tr ue
�
1 + cos(� m� tr ue)

�
(4.3)

for a decayto a �a vour-speci�c �nal state(seeEqn.1.53). The variable� tr ue denotesthe

actual(true)propertimeof themeson.

In thecaseof �nite propertimeresolution,thedecayrateasafunctionof � r ec, themeson

propertime asreconstructed(measured)by thedetector, is foundby convoluting theabove

theoreticalexpressionswith the resolutionfunction R(� � ), where� � � � r ec � � tr ue. If

R(� � ) is aGaussianof �x edwidth � � andmean0, thenthemeasureddecayratebecomes

�( N 0(� r ec) ! f CP ) /
Z 1

0
e� � � tr ue

�
1 + A dir

CP cos(� m� tr ue)

� A mix
CP sin(� m� tr ue)

�
e� 1

2 ( � �
� � )2

d� tr ue (4.4)

for theCP eigenstatecase,and

�( N 0(� r ec) ! f f s) /
Z 1

0
e� � � tr ue

�
1 + cos(� m� tr ue)

�
e� 1

2 ( � �
� � )2

d� tr ue (4.5)

for the �a vour-speci�c �nal statecase.An analyticalcalculationof integralsof the above

typeshows[114] thatthecoef�cient of eachoscillatingterm
�

cos(� m� tr ue) or sin(� m� tr ue)
�

is reducedby a factorD � � , where

D � � � e� 1
2 (� m� � )2

: (4.6)

This is the mostsigni�cant changein the decayratedistribution for B ! h+ h
0� decays

that is introducedwhenthepropertime resolutionis accountedfor [114]. In principle, the

propertime resolutionalsoaffectstheobserveddistribution for small valuesof � r ec, asthe

reconstructedvaluecanbe negative if the true valueis small enough.Sucheffectscanbe

seenfor decayswheretheselectionis lifetime-unbiased,i.e. theselectiondoesnot include

cuts(suchasminimum cutson the daughterparticleimpactparameters)which prevent B

particleswith smallpropertimesfrom surviving theselection.

Examplesof decayswith lifetime-unbiasedselectionsin LHCb areBd ! J= K � and

B + ! J= K + . Sucha selectionis usedin orderto allow the full angulardistribution of

118



CHAPTER4. PROPERTIME RESOLUTIONFORTWO-BODY HADRONIC B
DECAYS FROM DATA

thedaughterparticlesto be studied(thesedecaysact ascontrol channelsfor B s ! J= � ,

wherethefull angulardistribution is neededto extracttheCP asymmetries,asthe�nal state

is not a CP eigenstate).The � r ec distribution for theseJ= X decaysextendsslightly into

theunphysicalnegativeregion,by anamountdependentonthepropertimeresolution[112].

Howeverfor B ! h+ h
0� decays,impactparametercutsareanimportantpartof theselection

(seeSec4.2.3),sotherearenoselectedeventswith verysmallpropertimes,andtheshapeof

the� r ec distributionat thepointwhereeventsstartto passtheimpactparametercutsdepends

morestronglyon thesecutsthanon thepropertime resolution[56].

Thedilution factorD � � re�ects thefact thattheoscillationswill becompletelyresolved

(i.e. D � � ' 1) as long as � � � 1=(� m). It will be seenin Sec.4.2 that the propertime

resolutionof the LHCb detectoris approximately40 fs. Assumingthis valuefor � � , the

dilution factoris

D � � = e� 1
2 ((0 :507 ps� 1)(0 :04 ps))2

= e� 1
2 (0:02)2

= 0:9998 for Bd; (4.7)

D � � = e� 1
2 ((17:8 ps� 1 )(0 :04 ps))2

= e� 1
2 (0:71)2

= 0:776 for Bs: (4.8)

So for Bd decays(andalsofor D 0 decays,where� m ' 0.02ps� 1), the dilution factoris

' 1 andcanbeneglected.However for Bs decays,thedilution factoris very differentfrom

1, andhasto be taken into accountif theCP asymmetriesareto bemeasuredcorrectly. A

strategy to takeaccountof thedilution factorwill beoutlinedin Sec.4.1.3.

4.1.2 Mistag Effects

Theperformanceof the �a vour taggingprocessis parameterisedin termsof two variables:

thetaggingef�ciency � tag andthemistagrate! tag . Thetaggingef�ciency is theprobability

that the taggingalgorithm provides a decision,taggingthe event. The mistagrate is the

probability (given thata taggingdecisionwasmade)that the taggingdecisionis incorrect.

For a non-zeromistagrate,theobserveddecayratefor a neutralmesonwhich is taggedas

being(say)anN 0 stateatproductionbecomesasuperpositionof thedecayratesfor N 0 and

N
0
:

� tagged(N 0(� r ec) ! f ) = � tag ((1 � ! tag )�( N 0(� r ec) ! f ) + ! tag �( N
0
(� r ec) ! f )) :

(4.9)

This leadsto [56] thecoef�cients of theoscillatingtermssufferingatagging-relateddilution

of

D tag � (1 � 2! tag); (4.10)
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regardlessof whetherthe�nal stateis aCP eigenstateor �a vour-speci�c. Sincetheexpected

mistagratesfor B ! h+ h
0� decaysaresigni�cant [75], thedilution factorfrom taggingis

signi�cantly differentfrom 1 for bothBd andBs:

D tag = (1 � 2(0:37)) = 0:26 for Bd; (4.11)

D tag = (1 � 2(0:34)) = 0:32 for Bs: (4.12)

Clearlythedilution from imperfecttaggingneedsto betakeninto accountto correctlymea-

sureCP asymmetriesin bothBd andBs decays.A strategy to handlethedilutionsfrom both

taggingandpropertime resolutionwill now begiven.

4.1.3 Measuring Experimental Effectson Data

Whenboth of the dilutions describedin the previous sectionsare taken into account,the

overall coef�cients of the oscillatingtermsin the experimentalneutralmesondecayrates

areD � � D tag A dir =mix
CP for decaysto CP eigenstates,andD � � D tag for �a vour-speci�c decays.

The four “main” B ! h+ h
0� decays,Bd ! � + � � , Bs ! K + K � , Bs ! K � � + and

Bd ! K + � � , were highlightedin Sec.1.4.1 asbeing the B ! h+ h
0� decayswith the

highestbranchingratios. Thetwo modeswith theK � �nal stateare�a vour-speci�c, while

theothertwo decaysareto CP eigenstates.Soif thedilution factorscanbemeasuredin the

�a vour-speci�c decays,thisknowledgecanbeusedto extracttheCP asymmetriesin decays

to CP eigenstates(which is whatis requiredto measure
 ).

4.1.3.1 The Bd Decays

The previous sectionshave shown that for Bd decays,the dilution from the propertime

resolutionis negligible. So the only importantdilution is from the mistagrate. This is

illustratedin Fig 4.1, wherea changein the propertime resolutionhasno effect on the

�a vour tagged� r ec distribution, but an increasedmistagratedoeshave aneffect. Sincethe

mistagratesfor Bd ! � + � � andBd ! K + � � areexpectedto be almostidentical [75],

thetaggingdilution factorasmeasuredfrom Bd ! K + � � shouldbedirectly applicableto

Bd ! � + � � .

4.1.3.2 The Bs Decays

For the Bs decays,the situationis morecomplicated,asthe dilution from the propertime

resolutioncannotbeneglected.Thisis illustratedin Fig.4.2.Changesin boththepropertime

resolutionandthemistagrateaffect thedepthof theoscillationsfor B s ! K � � + . Hence

thetaggingdilution for theBs channelscannotsimplybemeasuredfrom the�a vour-speci�c
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Figure4.1: Illustrationof theimpactof thepropertimeresolution� � andthemistagrate

! tag on the�a vour tagged� r ec distribution for Bd ! K + � � . In theleft handplot, the

distribution shown in bluehas! tag= 34%,anda resolutionmodelwhich is a Gaussian

with �x edwidth � � = 70 fs. A distribution having ! tag= 34%anda Gaussianresolution

modelwith �x edwidth 40 fs is alsoplotted,but is not visible asit overlapscompletely

with thedistribution in blue. In the right handplot, both distributionshave � � = 40 fs,

with thedistribution shown in green(blue)having ! tag= 34%(40%).
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Figure 4.2: Illustrationof the impactof the propertime resolution� � andthe mistag

rate! tag on the�a vour tagged� r ec distribution for Bs ! K � � + . In theleft handplot,

both distributionshave ! tag= 34%,with thedistribution shown in green(blue) having

a resolutionmodelwhich is a Gaussianwith �x edwidth � � = 40 fs (70 fs). In theright

handplot, bothdistributionshave � � = 40 fs, with thedistribution shown in green(blue)

having ! tag= 34%(40%).
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decayBs ! K � � + . Neithercanthe taggingdilution asmeasuredfrom Bd ! K + � � be

used,asthemistagratesfor Bd andBs decaysarenot in generalthesame.This is dueto the

useof differentsame-sidetaggersfor Bd andBs decays,correspondingto the hadronthat

canbeproducedin conjunctionwith eachtypeof meson.TheBd taggingusesa sameside

pion tagger, while theBs taggingusesa samesidekaontagger. Thesamesidekaontagger

hasa lower mistagratethanthesamesidepion tagger, becausetherearefewer kaonsthan

pionsproducedin a typicalevent,sothelikelihoodof thekaonreconstructedby thetagging

algorithmasbeingassociatedwith theproductionof theB s mesonbeingthecorrectkaonis

higherthantheequivalentlikelihoodfor a pion. This causestheoverall mistagratefor B s

mesonsto be lower thanthat for Bd decays,even thoughthey usethe sameopposite-side

taggers.

Onepossiblestrategy to measurethemistagratefor Bs ! K � � + is to take themistag

ratefrom Bd ! K + � � , andmeasurethedecreasein ratedueto thesame-sidedifferences

describedaboveusingthedifferencesin mistagrateseenin apairof channelswherethiscan

bemeasured,suchasBs ! D �
s � + andBd ! D � � + .

Oncethemistagratefor Bs ! K � � + hasbeendetermined,thedilution dueto theproper

time resolutioncanbemeasuredby studyingthe�a vour-tagged� r ec distribution. A method

to measurethepropertime resolutionin thisway is thesubjectof Sec.4.3.Both thetagging

andpropertime dilution factorscanbe appliedto Bs ! K � K + — the mistagratesfor

Bs ! K + K � , Bs ! K � � + areexpectedto beverysimilar, andit will beshown in Sec.4.2

thatbothchannelshavethesamepropertimeresolution.Thiswill allow theCP asymmetries

in Bs ! K � K + to beextracted.

4.2 Validation of theResolutionModel onFull Monte Carlo

Simulation

Thissectionintroducesapropertimeresolutionmodel,andshows,makinguseof theMonte

Carlo simulatedtruth information, that it givesan accuratedescriptionof the propertime

residualdistributions of the four main B ! h+ h
0� decays. It will also be shown that

the parametersof the propertime resolutionmodelaresimilar betweentheseB ! h+ h
0�

decays.This is necessaryto allow theresultsfrom the�t to B s ! K � � + datato beapplied

to Bs ! K � K + .
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4.2.1 Form of the Proper Time ResolutionModel

Themodelusedherefor B ! h+ h
0� decaysis de�ned in Eqn4.13. It is anadaptationof

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

model,andits applicationto the decaysBd ! J= K � andB + ! J= K + , is described

fully in [112]. Themodelfor B ! h+ h
0� decaystakesthe form of a Gaussianwith mean

M andwidth S:

R(� � ) = N e� 1
2 ( � � � M

S )2

; (4.13)

whereN is a normalisationfactor. Previous studies[113] usedmorecomplicatedmodels

with more parameters.However thesemodelsonly provide a small improvementin the

descriptionof the residuals,at the expenseof unreliable�ts to the �a vour-taggedproper

timedistribution,dueto thefactthatmoreparametersneedto be�tted.

Themodelgivenaboveaimstodescribetheresidualsof onlyonedecayatatime(i.e.only

signalevents).Thisis notaproblemwhenstudyingsimulateddata,asany backgroundevents

which maybepresentcanbeeliminatedby looking at thesimulatedtruth information.The

strategy for studyingdata(i.e. thereconstructedpropertimedistribution),wherebackground

eventswill bepresent,is describedin Sec.4.3.

4.2.2 Method for Validation of Model

The methoddescribedherefollows the methodusedin [112]. For eachevent, the recon-

structedpropertime� r ec hasaper-eventerror� � r ec associatedwith it. Thiserroris calculated

by propagatingtheerrorson themeasurementswhich arecombinedto calculatetheproper

time — namelythemomentum,�ight distanceandreconstructedmassof theB-meson(see

Eqn.4.1). In LHCb, a lifetime �tter tool hasbeendeveloped[115] that calculatesthe � r ec

and the � � r ec for eachevent. In most fully reconstructedB decaychannelsat LHCb, the

� � r ec distributionsarebroadlysimilar to eachother. As anexample,the� � r ec distribution for

Bd ! � + � � is shown in Fig. 4.3. Themeanof this distribution,35 fs, setsthescalefor the

expectedvaluesfor theresolutionmodelparameterS.

Althoughthe� � r ec distributiondoesnot follow ananalyticalformula,aPDFcanbecon-

structedthatfollowsthedistributionclosely. This is doneusingthemethodof kernelestima-

tion [116], wherethePDFis built by a superpositionof Gaussians,onefor eachdatapoint

in thedistribution. An exampleof sucha PDF is superimposedon the � � r ec distribution in

Fig. 4.3.

For themodelto beuseful,its parametershaveto beglobal,i.e. they have to describethe

resolutionmodeladequatelyfor all signalevents.Howeverassignaleventshave a rangeof

valuesof � � r ec , thesamevalueof, for example,S is not expectedto beableto describethe
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Figure4.3: Propertimeper-eventerror(� � r ec ) distribution(redpoints)for Bd ! � + � � ,

�tted with aPDF(bluecurve) built by kernelestimation.
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Figure 4.4: SingleGaussian�ts to propertime residual� � in two bins of the proper

time per-event error � � r ec . Left: Fit to eventswith � � r ec 2 [27; 30] fs. Right: Fit to

eventswith � � r ec 2 [45; 50] fs.

width of theentiredistribution. Thegoalis to determinea globally applicablemodelwhere

theparametersof R(� � ) canbedeterminedonan“event-by-event” basisaccordingto some

reconstructedparameter(s)of eachevent.

To searchfor asuitableparameterisationfor M andS, thetwo parametersof R(� � ), the

� � distribution is plottedin binsof somevariable,then�tted with R(� � ). Thedependency

of M andS on thebinnedvariablecanthenbeseen.Example�ts to thethe� � distribution

in two binsof theper-eventpropertimeerror, � � r ec , canbeseenin Fig. 4.4.
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Figure 4.5: Dependenciesof the singleGaussianmean(left) andwidth (right) on the

propertime per-eventerror� � r ec .

It is foundthatM andS canbewell parameterisedin a simpleway, aslinear functions

of � � r ec . The dependenciesof M andS on � � r ec areshown in Fig. 4.5. The scalingfactor

betweenM and� � r ec is namedGM , andthe scalingfactorbetweenS and� � r ec is named

GS. A �rst-degreepolynomial �t is made,allowing for somenon-zerointerceptaswell

asthe gradient.The offsetof the interceptfrom zerois very small (' 1 fs for both M and

S). It will be neglectedfrom now on, astaking it into accountwould introducetwo extra

parameters(theoffsetfor M andtheoffsetfor S) into theglobal�t.

Using the dependenciesas described,eachevent contributes a Gaussianwith mean

M = GM � � � r ec andwidth S = GS � � � r ec to theoverall distribution. If thereis no biasin

thecalculationof � r ec, GM shouldbe0. If � � r ec is correctlycalculatedfor eachevent,GS

shouldbe1.

Using the dependenciesof M andS on � � r ec , R(� � ) canbe madeconditionalon the

� � r ec distribution. Theaim is to obtaina resolutionmodelthat is a functionof theper-event

error. If P(� � r ec ) is a PDF built by kernelestimationfrom the � � r ec distribution, thenthe

equation:

R(� � ) =
Z 1

0
R(� � j� � r ec )P(� � r ec ) d� � r ec (4.14)

allowsR(� � ) to besimultaneously�tted to the� � distribution for all signalevents,regard-

lessof their � � r ec value. A �t canbe performedto determinethe valuesof GM andGS

which give the best�t to the � � distribution. The valuesof GM andGS obtainedfrom

this �t shouldbemorereliablethanthoseobtainedfrom �tting singleGaussiansto the � �

distribution in binsof � � r ec (seeFig. 4.5)asthey donot dependon thechoiceof binning.

If, insteadof themodeldescribedabove,asimpleGaussianwith some�x edglobalwidth

(saythe meanof the � � r ec distribution) wasusedfor the propertime resolutionmodel,the

modelwould likely provide anadequatedescriptionof the � � distribution aroundits peak,

but wouldcompletelyunderestimatethetailsof thedistribution,dueto thepresenceof events
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with highvaluesof � � r ec . If suchasimplemodelwereusedin theanalysiswhichstudiesthe

�a vour tagged� r ec distributionsto extract CP asymmetries,extra systematicerrorswould

mostlikely beintroduced.

It shouldbenotedthat thereareothermethodswhich couldpossiblyextract theproper

time resolutionmodelfor the B ! h+ h
0� channelsfrom data. Oneexampleinvolvesthe

studyof the reconstructedpropertime distribution of promptJ= ! � + � � events. The

proper time residualfor prompt J= ! � + � � is the sameas the reconstructedproper

time, becausethe true lifetime is known to be (very closeto) zero. The unphysicalnega-

tive sideof the reconstructedpropertime distribution thengivesinformationon theproper

timeresolutionmodelfor J= ! � + � � . Theopenquestionis how similar thismodelwould

beto themodelfor theB ! h+ h
0� channels.

4.2.3 Selectionof B ! h+ h
0� Decays

Thepropertime resolutionmodelis applied,usingthemethodoutlinedin theprevioussec-

tion, to MonteCarlosimulateddistributionsof � � . Themethodis appliedto selectedevents

in eachof thefourdecayswhichhavethehighestbranchingratiosof thepossibleB ! h+ h
0�

decays:Bd ! � + � � , Bs ! K + K � , Bs ! K � � + andBd ! K + � � . To run the event

selectionandproducethe � � distribution, v19r10 of theLHCb physicsanalysispackage

DaVinci [117] is used. The selectionusedfor this studywill now be described,begin-

ning with the “inclusive” selectionfor B ! h+ h
0� decays,which forms the basisfor the

selectionsusednot only in this chapter, but alsoin chapters5 and6.

An inclusive selectionhasbeendevelopedwithin LHCb to selectB ! h+ h
0� events.

This selectionis designedto ef�ciently selectany decayof the B ! h+ h
0� type, while

achieving excellent backgroundrejection. For analyseswhere only one particular

B ! h+ h
0� decayis of interest,andotherB ! h+ h

0� decaysareconsideredasback-

grounds,the inclusive selectionis turnedinto anexclusive selectionby theadditionof cuts

on the invariantmassof the B andthe PID likelihoodsfor the daughters.The exact mass

andPID cutsthatareappliedareof coursedependentonwhichB ! h+ h
0� modeis consid-

eredasthesignal. Herethecutsthatcomprisethe inclusive selectionwill begivenandthe

motivationfor eachcut brie�y described;a full discussionis givenin [56]. An explanation

of theprocessusedto optimisethecut valuesfor a previousinclusiveB ! h+ h
0� selection

for LHCb, very similar to theselectionusedhere,canbefound in [118]. Thedistributions

of thecutvariablesfor signalandbackgroundcanalsobefoundthere.

Theeventsthataremostly likely to form themainbackgroundsto B ! h+ h
0� events,

i.e. the eventsthat an inclusive selectionaimsto suppressasfar aspossible,fall into two

broadcategories:
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� Physicsbackground:Therearemany decaysof B hadronswherethe�nal state(asseen

by the detector)consistsof threehadrons(� , K or p). Thesedecays,known within

LHCb asB ! hhh decays,oftenproceedvia intermediateresonances(for example

B ! �� or B ! K � � ), but non-resonantthree-bodydecayscanalsooccur. Whenone

of these�nal statehadronsis not correctlyreconstructed,the resultingexperimental

signaturecanmimic thatof a B ! h+ h
0� event. Theprobabilityof a hadronnot be-

ing correctlyreconstructedis far higherfor neutralhadronsthanfor chargedhadrons:

for � 0 particlesthat decayinto two photonseachhaving pT > 200MeV, the recon-

structionef�ciency is around50%[70], while for chargedhadronswith pT > 10GeV

andwith tracksformedusinghits from both theVeLo andthe trackingstations1, the

reconstructionef�ciency is around94%[70]. This meansthat,for example,anevent

of the typeBd ! � + � � � 0 is morelikely to bereconstructedasa B ! h+ h
0� event

thanoneof the typeB + ! � + � � � + , becausethe reconstructionef�ciency for � 0 is

far lower thanfor � + .

These“partially reconstructed”eventshaveaninvariantmassthatis kinematicallylim-

ited to bebelow therelevantB mass,if thecorrectmasshypothesisis used.However

themasshypothesisfor certainB ! h+ h
0� decayscancausepartially reconstructed

decaysto fall underthesignalmasspeak(thiswill beseenin Chapter5 to beapartic-

ular issuefor thedecayBd ! pp).

� Combinatorialbackground:This refersto backgroundswherethe candidatesfor the

�nal stateparticles(theh+ h
0� candidatesin thecurrentcase)do not originatefrom a

singleB decay. They maybegenuinechargedhadronsoriginatingfrom decaysof two

differentB hadrons(whichis “combinatorialbackground”in thetruestsense),or there

maybeonegenuinechargedhadronfrom a B decay, andonefake or “ghost” track2.

Thesetwo possibilitiescover mostof the combinatorialbackgroundthat is found to

passloosepreselectionsfor B ! h+ h
0� events. In principle it is alsopossiblefor

tracksfrom D decays,or evenfrom theprimaryvertex, to passtheselection,but any

contribution from theseshouldbe lesssigni�cant thanthat from the two main types

justdescribed.

To suppresscombinatorialbackground,cutsareplacedon theh+ h
0� candidatetracksto

selecttrackswhichhavethecharacteristicsof originatingfrom thedecayof aB hadron.Due

to thelargemassesof B hadrons,theB daughterstypically havehigherpT valuesthanother

1In LHCb suchtracksarereferredto as“long tracks”.
2In LHCb, a track is classi�ed asa ghosttrack in simulationif lessthan70%of thehits usedto form the

trackoriginatefrom asingle(true)particle.
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particles,anddueto therelatively long lifetimesof B hadrons,theB daughterswill tendto

have large impactparameters3 (IP). Thelikelihoodfor animpactparameterto benon-zero,

andhencefor thetracknot to have originatedfrom theprimaryvertex (PV) of thecollision,

is evaluatedusing the impactparametersigni�cance (IPS), which is the IP divided by its

error. Soin theselection,minimumvaluesarerequiredfor thepT andIPSof bothdaughter

tracks.

Having selectedthe daughters,the only othercutsto be madearethoseon the mother

(theB candidate),becausethereareno intermediateresonancesinvolved. This meansthat

thetotalnumberof cutsin theselectionis lowerthanin selectionsfor decaymodesinvolving

intermediateresonances,sotheindividualcutscanbetighter(or “harder”)while maintaining

a reasonabletotal ef�ciency for signalevents.However thereis a correspondingdisadvan-

tage,which is thattherearefewer cutsfor backgroundeventsto survive,soit is morelikely

thata backgroundeventcanfake thesignatureof a signalevent(this is trueof bothphysics

backgroundsandcombinatorialbackgrounds).

The�rst cut appliedwhenforming themothercandidateis a maximumcut on the� 2 of

the vertex of the daughtertracks,sincethe tracksshouldoriginatefrom the samemother.

The long lifetimes of B hadronsjustify a minimum cut on the �ight distancesigni�cance

(FDS)of themotherwith respectto theprimaryvertex. Therequirementthat theB hadron

originatedat thePV translatesinto amaximumcutonthemotherIPS(notethecontrastwith

theminimumcutonthedaughterIPS,whichensuresthatthedaughtersdonotoriginatefrom

thePV). Finally, sinceB hadronsareproducedat largeropeninganglesthanlighterparticles

(e.g.D hadrons),theirpT will onaveragebelarger. Soaminimumcuton thepT of theB is

applied.Thecompletesetof selectioncutsthatcomprisetheinclusiveB ! h+ h
0� selection

is summarisedin Table4.1.

To form an exclusive selectionfor eachB ! h+ h
0� decayconsideredhere,cuts on

particleidenti�cation (PID) andinvariantmassareaddedto theinclusiveselection.ThePID

variablethatis cut on is thedifferencein log-likelihood(DLL) for two PID hypotheses.For

example,DLL(K � � ) is thelog-likelihoodfor akaonhypothesis,lessthelog-likelihoodfor

a pion hypothesis.If DLL(K � � ) is positive (negative), theparticleis morelikely to bea

kaon(pion). Thecutsthatareaddedto theinclusiveselectionaregivenin Table4.2.

Theef�ciencies of therelevantexclusive selectionfor eachdecaywerecalculated.The

totalselectionef�ciency, takingintoaccountthegeometricalef�ciency of theLHCb detector,

is found to 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,theimpactparameterof a trackis de�ned asthedistanceof closestapproachof a

trackto theprimaryvertex.
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CutVariable Value

Max. � 2 of B vertex 5.0

Min. pT of B 1.0GeV

Max. IPSof B 2.5

Min. FDSof B 18.0

Min. pT for bothdaughters 1.0GeV

Min. pT for (at least)onedaughter 3.0GeV

Min. IPSfor bothdaughters 6.0

Min. IPSfor (at least)onedaughter 12.0

Table 4.1: List of cutscomprisingthe inclusive B ! h+ h
0� 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

Table4.2: MassandPID cutsfor theexclusive B ! h+ h
0� selections.

selectionarefoundnot to besignalevents.Mostof thesenon-signaleventsareformedusing

onereconstructedtrackfrom atruesignaldecay, andoneghosttrack.Thenon-signalevents

areremovedfrom thesetof selectedeventsby applyinga cut on theMonteCarlosimulated

truthinformationfor eachevent.Thisensuresthatthevalidationof thepropertimeresolution

modelis carriedouton truesignaleventsonly.

4.2.4 Resultsof Model Validation

Oncesignaleventsfor aparticularB ! h+ h
0� decayhavebeenselectedasdescribedabove,

the� � distributionis �tted usingR(� � ), makinguseof theper-eventerrors(seeEqn.4.14).

Figures4.6to 4.9show the�ts to eachB ! h+ h
0� decayin turn. Thevaluesof theparam-

etersof themodelaredisplayedin the top right cornerof thegraph,alongwith the � 2 per

degreeof freedomof the�t.

For eachdecay, it canbeseenthatgood�ts areobtainedovermostvaluesof � � . How-

ever in the tails of the � � distribution, the modeldoesnot �t the datawell. Someexcess

eventsarepresentthatarenotdescribedby themodel.

An explanationof theorigin of theexcesseventswith negative � � valueswasproposed

in [112], wherea similar (but moresigni�cant) effect wasseenin �ts to the propertime
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Figure 4.6: Resolution model �t to the proper time residual distribution for

Bd ! � + � � events.
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Figure 4.7: Resolution model �t to the proper time residual distribution for

Bs ! K + K � events.
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Figure 4.8: Resolution model �t to the proper time residual distribution for

Bs ! K � � + events.
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Figure 4.9: Resolution model �t to the proper time residual distribution for

Bd ! K + � � events.
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residualdistributionsfor the decaysBd ! J= K � andB + ! J= K + . This explanation

claimsthattheexcesseventsaredueto areconstructionbiaseffect thatis seenin thesimula-

tion. This biasis dueto eventswherethereconstructedprimaryvertex (PV) includestracks

from thedecayof aB hadron,whichcouldbethesignalB or theotherB in theevent.4 Such

a reconstructedPV is “attracted”towardtheB decayvertex, decreasing� r ec. This causesa

smallbiastowardnegativevaluesof � � . In [112] anattemptwasmadeto remove this bias

by removing from the PV any tracksthatarereconstructedasdecayproductsof a B, then

re�tting thePV andrecalculatingthepropertimeresidual.Theamountof excesseventswas

foundto decrease,but someremained.Onepossibleorigin of theremainingexcesseventsis

PVsthatincludetracksfrom theotherB in theevent,whentheotherB hasnotbeenidenti-

�ed. Hencethebiascannotberemovedfor theseevents.In any casetheabove mechanism

canonly causeexcesseventsat negative � � , so it cannotexplain theexcesseventsthatare

alsoseenatpositive � � .

Anotherpossibleexplanationfor thepresenceof outlying eventswith a very largeresid-

ual is thatthereareissueswith thereconstructionof theseevents.For examplethemomen-

tum of onedaughterparticlecanbe poorly measureddueto its track including a few hits

from anotherparticle(but not enoughhits from anotherparticlefor thetrackto beclassi�ed

asa ghost). This would causea largemomentumresidual,which cantranslateinto a large

propertime residual.

It is alsopossiblethat a morecomplicatedparameterisationof the dependenciesof M

andS on � � r ec would alter themodelto take accountof theexcessevents. In particularthe

M dependencemayfeatureaquadraticor higherordercomponent(seeFig. 4.5).

Thedisagreementsbetweenthemodelandthedatain bothof theregionsdescribedabove

canberemoved(or at leastgreatlyreduced)by addingadditionalterms,beyond thesingle

Gaussian,to the resolutionmodelR(� � ) [113]. However this introducesextra parameters

into themodel,andit wasfoundthattheseextraparameterscannotbereliablyextractedfrom

a �t to thereconstructedpropertime distribution. This shows that thereconstructedproper

time distribution is sensitive to thegrossfeaturesof theresolutionmodel,but not to its �ne

details. So the small discrepanciesbetweenthe modelandthe dataaretolerated,because

they only appearfor atiny fractionof thetotalevents(soneglectingthediscrepanciesshould

not introducesigni�cant biases),and also becauseremoving the discrepanciesrequiresa

morecomplicatedresolutionmodelwhoseparameterscannotbeextractedfrom data.

The �tted valuesfor the resolutionmodelparametersGM andGS from the �ts to the

four B ! h+ h
0� decaysaresummarisedin Table4.3.Notethatthelowerstatisticsavailable

4ThePV reconstructionnecessarilytakesplacebeforeany B hadronscanbe identi�ed, asoneof thekey

characteristicsusedto identify B hadronsis their large�ight distancefrom thePV.
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Parameter Bd ! � + � � Bs ! K + K � Bs ! K � � + Bd ! 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

� 2/ndf of �t 1.90 2.34 1.19 2.05

Table4.3: Comparisonof resolutionmodelparametersfrom �ts to propertimeresidual

distributionsfor B ! h+ h
0� decays.

for theBs ! K � � + decayleadto the �t errorsbeinghighertherethanfor theotherthree

decays.Thelowerstatisticsalsoleadto a lower � 2 perdegreeof freedomfor Bs ! K � � + .

This is becausenoneof the �ts describethe distribution perfectly, andfor the decayswith

morestatisticsthe discrepancy betweenthe dataandthe modelbecomesstatisticallymore

signi�cant, increasingthe� 2 perdegreeof freedom.

The valuesof GS for all four decaysare compatiblewith eachother, within the �t

errors. The fact that the valuesof GS is greaterthan unity shows that the lifetime �tter

slightly underestimatesthevalueof theper-eventerror� � r ec . Thetruepropertimeresolution

for a typical B ! h+ h
0� event in LHCb with � � r ec � 35 fs (seeFig 4.3) is therefore

� � � GS � 35fs� 39fs.

The valuesof GM in the Bs decaysareslightly larger thanin the Bd decays,however

this is notanissueasthemainaimof thisstudyis to extracttheresolutionmodelparameters

from Bs ! K � � + andapply themto Bs ! K + K � , andthe GM valuesin thesedecays

agreewithin the �t errors.Thefact thatGM valuesarenon-zeroshows that thereis a bias

in themeasurementof thepropertime. SinceGM > 0, this biasis toward largervaluesof

� r ec. Thesizeof thebiasis verysmall,� GM � 35fs� 2fs. Theorigin of thisbiasis not yet

understood.

Thefact that theparametersfor Bs ! K � � + andBs ! K + K � agreewith eachother

meansthat theparametersfor Bs ! K � � + thataremeasuredfrom datacanbeappliedto

Bs ! K + K � . Themethodusedto �nd theparametervaluesfor Bs ! K � � + from data

will now bedescribed.

4.3 Determining theResolutionModel Parametersfr omData

Thefollowing sectionswill demonstratethata�t to the�a vour tagged� r ec distributionof the

Bs ! K � � + decaycancorrectlyrecovertheparametersof thepropertimeresolutionmodel.

TheprevioussectionhasdemonstratedthattheseparameterscanbeappliedtoB s ! K + K � ,

which will allow theCP asymmetriesin thatchannelto bemeasured.
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Signal Speci�c

Background

Combinatorial

Background

ResolutionModelGM 0.05 0.0 0.0

ResolutionModelGS 1.10 1.0 1.0

AverageLifetime 1.47ps 1.53ps 1.01ps

MistagRate(! tag ) 34% 37% 50%

OscillationFrequency (� m) 17.8ps� 1 0.507ps� 1 n/a

Width Difference(�� ) � 0.07ps� 1 0 ps� 1 n/a

Bkg-to-Signal(B/S)Ratio n/a 0.52 1.94

Table 4.4: Inputsfor thepropertime distribution of thesignalandbackgroundcompo-

nentsof thetoy data.

4.3.1 Construction of Toy Data � r ec Distrib ution

To provide input for the �t studies,samplesof simulated“toy data” weregenerated.The

toy dataconsistof a given numberof eventswhich follow a ProbabilityDensityFunction

(PDF)which resemblesascloselyaspossiblethedistribution of reconstructedpropertime

(� r ec) thatwill beseenin datafor selectedand�a vour taggedasB s ! K � � + events.This

distributionwill havecontributionsfrom signalevents,speci�c backgroundeventsandcom-

binatoricbackgroundevents. The constructionof the �a vour tagged� r ec distributionsfor

signal,speci�c backgroundandcombinatoricbackgroundwill now bedescribedin turn.

The�rst stepin constructingthesignal(Bs ! K � � + ) contribution to the�a vour tagged

� r ec PDF for the toy data is to choosethe valuesfor the parametersof the proper time

resolutionmodel. The valuesof GM andGS found in the �t to the � � distribution for

Bs ! K � � + are taken, andslightly roundedoff for simplicity. The resultingresolution

modelis thenusedasoneof the inputsto a PDFwhich is designedto describethe �a vour

tagged� r ec distribution,takinginto accountphysicsparametersanddetectorresolution5. The

valuesusedto constructthesignalandbackgrounddistributionsaregivenin Table4.4. The

mistagvaluesaretakenfrom [75]. Thevaluesusedfor � B d;s and� md;s aretakenfrom the

currentworld averageexperimentalmeasurements[15]. Thevaluesusedfor �� d;s arethe

StandardModel expectations(seee.g.[43]). Thechoiceof valuesfor theremainingparam-

eterswill bediscussedbelow.

A PDF, P(� � r ec ), is now formed from the � � r ec distribution for Bs ! K � � + , using

kernelestimation.The signalPDF describedabove is thenmadeconditionalon P(� � r ec ).

This stepde�nes thepropertime resolutionmodelfor the toy data,becauseits parameters

5ThePDFobjectusedis of theRooFitclassRooBDecay.
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Figure 4.10: Propertime acceptancefunction usedin the toy data. Seethe text for

details.

arefunctionsof GM , GS andP(� � r ec ). The �nal stepin constructingthesignalPDF is to

multiply this conditionalPDFby a propertime acceptancefunction, to take accountof the

effect of the impactparametercutsin the selection.The acceptancefunction usedhasthe

form [56]

� (� ) =
1
2

�
1 � Erf

�
c � �

p�

� �
; (4.15)

whereErf (x) is theerrorfunction:

Erf (x) �
2

p
�

Z x

0
e� t2

dt: (4.16)

Theacceptancefunctionis 0 at � = 0, andrisesto � 1 for � � c. Theparametersc andp

arefoundfrom a �t to the � r ec distributionsfrom thefull simulation.These�ts �nd values

of c andp thatareconsistentacrosstheB ! h+ h
0� decays.Thevaluesusedherearethe

averagevalues[56], which arec = 0:80 ps andp = 0:38. The acceptancefunction with

thesevaluesof c andp is shown in Fig. 4.10. The backgroundsshouldhave very similar

acceptancesto thesignalasthey have to passthesameimpactparametercuts.Sothesame

acceptancefunctionis usedherefor thesignalandbackgrounddistributions.

To make the total toy dataPDF, thecontributionsfrom speci�c andcombinatoricback-

groundnow needto beaddedto thesignalcontribution. Thecompositionandrelative sizes

usedfor the backgroundsto Bs ! K � � + aretaken from the selectionstudyin [118]6. It

6Sincethis studywascarriedout, anupdatedselectionstudyhasbeenpublished[56]. However thesignal

andbackgroundyieldsfoundin thetwo studiesareverysimilar to eachother.
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is assumedthatonly B eventscanpasstheselection.This is becauseany short-livedback-

groundshouldberemovedby thecutswhicharemadeon theimpactparametersigni�cance

of the �nal stateparticlesand�ight distancesigni�canceof theB. This assumptioncanbe

testedduringearlydatataking,whendatawill be takenwith a randomtrigger to allow the

natureof minimumbiaseventsto bestudiedin detail. This leavestwo typesof background

to consider— speci�c backgroundandinclusivecombinatoricbackground(seeSec.4.2.3).

The speci�c backgroundsarisefrom otherB ! h+ h
0� decays,asany partially recon-

structedB ! hhh decays(seeSec.4.2.3)will have masseswhich fall below theB s mass.

The dominantB ! h+ h
0� backgroundfor Bs ! K � � + is the Bd ! K � � + decay, be-

causethis backgroundcannotbe reducedby cutting on the particleidenti�cation (PID) of

the detectedhadrons,sincethe backgroundandsignal �nal statesare identical. The only

discriminatingvariableavailableis theinvariantmassof theh+ h
0� pair. Theexpectedback-

groundtosignalratiofromspeci�c backgroundhasbeencalculatedtobe0.5[118]. Thelevel

of contaminationis signi�cant becausetheexpectedyield of selectedBd ! K � � + events

is morethan10 timestheexpectedyield of Bs ! K � � + events(135,000versus9,800in

2 fb� 1). This factorarisesdueto boththehigherprobabilityfor abquarkto hadroniseinto a

Bd mesonratherthanaBs meson,andthehigherbranchingratiofor Bd ! K � � + compared

to Bs ! K � � + .

Sincethebackgroundsareinsensitive to thedetailsof theresolutionmodel,a “default”

resolutionmodel,with GM = 0 andGS = 1, is used. Thena distribution similar to the

signaldistribution,but with differentphysicsparameters(seeTable4.4),is created.

As well asspeci�c background,therewill alsobe combinatoricbackground.The ex-

pectedbackgroundto signalratio from combinatoricbackgroundhasbeencalculatedto be

1.9 [118]. This valueis higherthanfor the otherB ! h+ h
0� channels,dueto the lower

yield of Bs ! K � � + events.

Thepropertime distribution for combinatoricbackgroundfrom B decaysshouldnot be

too differentfrom that for theB ! h+ h
0� channels,becausetheir propertime acceptance

behaviour shouldbesimilarasdiscussedabove,andthecombinatoricbackgroundwill show

an exponentialdecay(but not necessarilywith the samelifetime asthe signalpropertime

distribution). Thepropertime distribution for combinatoriceventspassingtheselectionhas

been�tted [118]. The inputsfor combinatoricbackgroundin Table4.4 re�ect theresultof

this �t. In datatherewill be a large andpuresampleof combinatoriceventsin the upper

sidebandsof theinvariantmassdistribution (which arefreeof partially reconstructedback-

groundevents).Theseeventscanbeusedto preciselydeterminethepropertimedistribution

for combinatoricbackground.An alternativemethod,whichmeasuresthepropertimedistri-

butionfor combinatoricbackgroundto B ! h+ h
0� decaysdirectly in thesignalmassregion
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Figure 4.11: Flavour tagged� r ec distribution for anexampletoy dataset(blackpoints).

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

which thetoy datais generated).Thebrokenredline, blueline andgreenline show the

contributions to the total PDF from B s ! K � � + signalevents,speci�c background

eventsandcombinatoricbackgroundeventsrespectively.

usingbackgroundsubtraction,hasrecentlybeendeveloped[119].

The total PDF for the toy datais now formedby addingthe signalPDF and the two

backgroundPDFstogether, with thebackground-to-signal(B/S) ratios�x edto valuesclose

to thosefoundin [118]. Thetoy dataaregeneratedfollowing this totalPDF.

An exampletoy datasetis shown in Fig. 4.11.Thisdatasetcontains20,300events,6,000

of which aresignalevents.This correspondsto whatis expectedafter2 fb� 1 of LHCb data

taking[118].

4.3.2 Construction of � r ec Distrib ution for Fit

The� r ec distribution for thePDFthatwill beto usedto �t thetoy datadistributiondescribed

in theprevioussectionwill have �oating valuesfor theresolutionmodelparameters,which

shouldconvergeduringthe�t to thevaluesusedin thetoy datageneration.

For thesignalcontribution to the�t PDF, theform of theresolutionmodelis thesameas
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Parameter SeedInterval FloatInterval

GM [-2.0,2.0] [-100,100]

GS [0.5,2.0] [0.001,100]

Table4.5: Intervalsusedto generatethe�t PDFandperformthe�t.

in thetoy data,but theparametersareseededusingavalueuniformly chosenfrom someseed

interval for eachparameter. Duringthe�t GM andGS areallowedto �oat in intervalslarger

thantheseedintervals.Theseedand�oat intervalsfor eachparameteraregivenin Table4.5.

Theseseedintervalsaim to representa reasonablerangeof valuesfor theparameterto take.

The �oat intervals shouldbe aslarge aspossiblewhile still beingphysical(e.g.the width

cannotbenegative).

This resolutionmodelis thenusedasan input to a �a vour tagged� r ec distribution with

the samephysicsparametersand mistagas the toy data,but with the parametersof the

resolutionmodel �oating rather than being �x ed. The valuesof the mistagrate and the

physicsparametersare assumedto have beenalreadywell measuredin variousexternal

analyses.The mistagrate can be measuredas describedin Sec.4.1.3.2,and the B me-

sonlifetimes(includingthewidth differences�� q) will bemeasuredby studyinguntagged

� r ec distributionsfor both high-yield decayssuchasthe B ! D� channels[120] andfor

B ! h+ h
0� decays[119].

As with the toy data,the signalPDF is madeconditionalon P(� � r ec ). This allows the

PDFto besensitiveto thevaluesof GM andGS. Finally thesignalPDFis multipliedby the

samepropertimeacceptancefunctionthatwasusedin thetoy data.Theacceptancefunction

will be measuredon dataaspart of the lifetime measurementanalysesmentionedabove.

Although thoseanalysesrelateto untagged� r ec distributions, the acceptancefunction for

taggedevents(which is in any caseexpectedto bevery similar to that for untaggedevents)

canbemeasuredon databy applyingthesameanalysisto a sampleof taggedeventswhere

both tagsareconsideredtogether, so thatno oscillationsarepresentin thedistribution. As

theacceptancefunctionshouldnot dependon the�a vour of thetag(B or B), this will give

theacceptancefunctionto beusedin a taggedanalysissuchasthecurrentone.

The speci�c andcombinatoricbackgroundcontributionsto the �t PDFarethesameas

thoseusedin the toy data. Thephysicsparametersandmistagfor thebackgroundscanbe

determinedon datausingthesamemethodsasdescribedabove for thesignal. Thedefault

propertime resolutionmodelusedfor thebackgroundsin the toy datais re-usedfor the �t

PDF, sincethebackgroundsarenot sensitiveto theresolutionmodelparameters.

Thetotal �t PDFis thenmadeby summingthesignalandbackgroundcontributions.The

background-to-signal(B/S) ratiosusedarethesameasin thetoy data,astheseratioscanbe
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accuratelydeterminedby a �t to theinvariantmassdistribution for taggedevents.

The�t is anunbinnedlog-likelihood�t, carriedoutusingtheRooFit�tting package[121],

which operateswithin theROOT dataanalysisframework [122]. Themaximisationof the

log-likelihoodis carriedout by theMinuit package[123]. Theresultsfrom �tting thePDF

describedabove to the toy datato extract the resolutionmodelparameterswill now bede-

scribed.

4.3.3 Resultsfr om Fit to Toy Data

4.3.3.1 Setupfor Toy Monte Carlo Simulation Study

A numberof toy datasetsarecreated,in ordertobuild updistributionsof the�tted parameters

to checkthat thevaluesreturnedareunbiasedandhave correctlyestimatederrors.Thetoy

dataPDFis thesamefor eachtoy dataset,but thegenerationof thetoy datapointsfrom this

PDFis doneusinga differentseedeachtime. For the�t PDFthebackgroundPDFsarethe

sameeachtime, while thesignalPDFhasdifferentresolutionmodelparameterseachtime,

uniformly drawn from theseedinterval (seeprevioussection).

Sincethe numberof selectedBs ! K � � + eventsper nominalyearof LHCb running

(equivalentto 2 fb� 1 integratedluminosity)is expectedto be' 10,000[118], andthetagging

ef�ciency is around60% [75], around6,000taggedB s ! K � � + eventsareexpectedper

nominalyear. It follows thataround30,000taggedB s ! K � � + eventsareexpectedafter

10fb� 1 (thetotal integratedluminositythatwill becollectedduringthedatacollectionperiod

of thecurrentLHCb detector).

As thepurposeof extractingtheresolutionmodelparametersis to usethemasinput to

the�t for 
 , a �t whichrequiresaconsiderableamountof datato produceasigni�cant result,

it is not worthwhileto usethemethoddescribedhereon very few events.Two separatesets

of toy experimentsarerun - onecorrespondingto 2 fb� 1 of data,andonecorrespondingto

10 fb� 1 of data.

At eachintegratedluminosity 300 setsof toy dataaregenerated,andeachset is �tted

usingaPDFwith differentseedsasdescribedabove. For eachof the�t parameters,GM and

GS, thedistributionsfor thefollowing quantitiesareplotted:

� Thevalueof theparameterasreturnedby the�t.

� Theerrorassignedby the�t to this value.

� Theresidualof theparameter, i.e. the�tted valueminusthevaluein thetoy data.

� Thepull of theparameter, i.e. theresidualdividedby theerror.
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Figure 4.12: Fit resultsfor theparameterGM with 2 fb� 1 of data.Clockwisefrom top

left arethedistributionsof: �tted values,�tted errors,pullsandresiduals.

To monitor how the �t hasperformed,singleGaussiansare �tted to the �tted values,

residualsandpull distributionsof eachparameter. Thereliability of the�t resultcanalsobe

monitoredby studyingthe correlationsbetweenthe differentvariablesin the �t. For each

variable,theminimisationpackageMinuit calculatesa“global correlation”,whichcombines

the correlationsof that variablewith eachothervariablein the �t to estimatethe overall

independenceof thatvariablein the�t. In all plots,only �ts thatreturneda full andaccurate

covariancematrixareshown.

4.3.3.2 ResultsWith 2 fb � 1 of Data

From the 300 �ts to the 2 fb� 1 datasets,almostall (298) returneda full andaccurateco-

variancematrix. The �t resultsfor GM andGS areshown in Figs.4.12and4.13,andthe

distributionof thecorrelationcoef�cient betweenGM andGS is shown in Fig. 4.14.

It canbeseenthatthedistributionsof the�tted valuesarebothapproximatelyGaussian,

andthereareno signi�cant biaseson the �tted values.However therearesix eventswhere
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Figure 4.13: Fit resultsfor theparameterGSwith 2 fb� 1 of data.Clockwisefrom top

left arethedistributionsof: �tted values,�tted errors,pullsandresiduals.
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Figure4.14: Correlationcoef�cient betweenGM andGSin the�ts with 2 fb � 1 of data.
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GS hasbeen�tted to beverycloseto zero.These�ts havevery largeerrorsontheGS value

(between5 and10), but have normalvaluesfor GM andits error. The presenceof these

eventsindicatesthat thereis a small probability (' 6/300= 2%) of the �t converging to a

local miniumumat GS=0. Shouldthe�t to datahappento convergeto this local minimum,

it would beidenti�ed assuch,asGS=0 is not physical(it would imply perfectpropertime

resolution). Carefulstepswould thenhave to be taken to coaxthe �t away from the local

minimumandmake it returnasensibleresult.

Thepull width for GM is compatiblewith 1, indicatingthattheerroronGM is correctly

estimated.However theGS pull distribution shows a smallbut signi�cant bias,with mean

0.12� 0.06,anda width of 0.83� 0.04,signi�cantly below 1. Part of the reasonfor this

is that the eventsat GS=0 arecausingsomeexcesseventsto appearcloseto zeroon the

negative sideof the pull distribution, sincetheir pull valuesarearound(0-1.2)/8= -0.15.

In general,the �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 tendency for larger errorsfor smallGS 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 to theregion [� 1:5; 3:0] causesthepull width to increaseto

0.88� 0.05,anddecreasesthebiasto 0.08� 0.06.Thedependenceof thesizeof theGS �t

erroron theGS �tted valueexplainswhy its pull distribution shows a smallbias,while its

�tted valuesdistributiondoesnot.

ThecorrelationbetweenGM andGS in the�t is small,with themagnitudeof thecor-

relationbeinglessthan0.2for almostall of the�ts. ThisdemonstratesthatGM andGS are

fairly independentin the�t, sothereis noproblemin �tting for bothof themsimultaneously.

4.3.3.3 ResultsWith 10 fb � 1 of Data

The above study, correspondingto 2 fb� 1 of data,was repeatedwith toy datasetscorre-

spondingto 10 fb� 1 of data. From the 300 �ts to the 10 fb� 1 datasets,294 returneda full

andaccuratecovariancematrix. This is compatiblewith the numberof successful�ts for

the 2 fb� 1 case. The �t resultsfor GM andGS usingthe 10 fb� 1 datasetsareshown in

Figs.4.15and4.16,andthedistributionof thecorrelationcoef�cient betweenGM andGS

is shown in Fig. 4.17.

As with the2 fb� 1 �ts, thedistributionsof the�tted valuesareapproximatelyGaussian,

andthemeansof the�tted valuesareunbiased.Thekey changeis thatthe�tted errors(and

width of the �tted valuesdistributions)are now smallerby factorsof around
p

5 � 2:2,

which is the expectederror reductionfrom increasingthe datasetfrom 2 fb� 1 to 10 fb� 1.

The smallererror value meansthat the GS parameternever approacheszero when it is
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Figure4.15: Fit resultsfor theparameterGM with 10fb� 1 of data.Clockwisefrom top

left arethedistributionsof: �tted values,�tted errors,pullsandresiduals.

�oating duringthe�t, henceno �ts arereturnedwith thelocalminimumresultGS=0. With-

outsuchevents,thepull distributionfor GS is now Gaussian,with unbiasedmeanandwidth

compatiblewith 1. Also thereareno longerany outliersin the �tted error distribution for

GS. TheGM pull distribution is well-behaved,asit wasfor the2 fb� 1 �ts. Thecorrelation

betweenGM andGS in the 10 fb� 1 �ts is similar to the 2 fb� 1, exceptthat the spreadof

valuesis smaller, dueto thehigherstatisticsinvolved.

Theresultsfor the�ts to datawith thedifferentdatasetsizesaresummarisedin Table4.6.

The resultsshown arethemeanandwidth of theGaussians�tted to thedistribution of the

�tted valuesandthepulls distributionof eachparameter.

4.3.3.4 Sourcesof SystematicErr or

Thereareseveralsourcesof systematicerrorin thisanalysis,mainly relatedto uncertainties

in thevaluesof thephysicsparametersandexperimentalquantitiesthatare�x edin the�t. If

the�x edvaluesassumedin the�t areincorrect,thiswill introduceasystematicerror.

Themostsigni�cant sourceof systematicerroris likely to beanincorrectdetermination
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Figure 4.16: Fit resultsfor theparameterGSwith 10 fb� 1 of data.Clockwisefrom top

left arethedistributionsof: �tted values,�tted errors,pullsandresiduals.
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Figure4.17: Correlationcoef�cient betweenGM andGSin the�t with 10fb � 1 of data.
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Variable Valuewith 2 fb� 1 Valuewith 10 fb� 1 Input

GM Fittedvaluesmean 0.05� 0.01 0.04� 0.01 0.05

Fittedvalueswidth 0.21� 0.01 0.10� 0.01 n/a

Pull mean � 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

Table4.6: Comparisonof �t resultswith 2 fb� 1 of dataand10 fb� 1 of data.

of themistagrate! tag , asfor aBs decay, changesin ! tag affect theoscillationsin the�a vour

tagged� r ec distribution in exactly the sameway aschangesin the propertime resolution

do (seeFig. 4.2). To evaluatethe sizeof the systematicerror associatedwith the mistag

determination,the studiesof the previous two sectionswererepeated,but with the mistag

rate for the signal in the toy dataset to a differentvaluefrom the mistagrateusedin the

�t PDF (recall from Table4.4 that the toy dataand�t PDF in the studiesdiscussedabove

bothused! tag=34%for thesignal). As theexpectedprecisionon themistagratesis about

1% [75], this was chosenas the differencebetweenthe two rates. Fits were madewith

! tag=35%in the toy dataand! tag=34%in the �t PDF, andalsowith ! tag=34%in the toy

dataand! tag=35%in the�t PDF. Asbefore,300�ts wereperformedeachtime,with datasets

correspondingto 2 fb� 1 of data,andagainwith 10fb� 1 of data.As with theprevious�ts, all

but a handfulof the300�ts returngoodcovariancematrices.Theresultsaresummarisedin

Table4.7.

From Table 4.7 it can be seenthat the GM parameterhasnot beenaffected— it is

still recoveredwithout biasandwith correctlyestimatederrors.On theotherhand,theGS

parameteris subjectto a clearbias,althoughthe sizeof the errorson GS do not change

signi�cantly. If the mistagvalueusedin the �t is smallerthanthe “true” valuein the toy

data,the �t compensatesfor the increaseddilution of theoscillationsby returninga higher

valuefor GS, implying apoorerpropertimeresolution.Theoppositeis truewhenthemistag

valuein the �t is larger thanthe true value. In both casesthe sizeof the biasis the same,

' 0.13.Thebiasdoesnot dependon thesizeof datasample,asis expectedfor a systematic

error.

Notealsothatthelower �tted valuesfor GS seenwhenthemistagrateis overestimated

causedmore �ts to fall into the local minimum at GS=0, with a correspondinglyworse
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Variable ! tag (toy)=35%,! tag (�t)=34% ! tag (toy)=34%,! tag (�t)=35% Input

2 fb� 1 10 fb� 1 2 fb� 1 10 fb� 1

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

Pull mean 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

Fitswith GS=0 0 0 15 1 n/a

Table4.7: Comparisonof �t resultswith incorrectmistagvalueassumedin the�t PDF.

distortionof thepull distribution for GS. In contrast,thelargerGS �tted valuesseenwhen

themistagrateis overestimatedreducethenumberof �ts in the local minimum,leadingto

betterpull distributions.

4.3.3.5 Summary of Toy Data Results

It hasbeenshown that theparametersof theresolutionmodelarerecoveredcorrectlyfrom

a �t to data. For both datasetsizes,the pull distributionsfor the parameterGM arewell-

behaved.For theGS parameterin the�ts with 2 fb� 1 of data,thereis a correlationbetween

the �tted valueandthe error that causesthe pull distribution to be slightly non-Gaussian,

with asmallbiasin themeanfrom 0 andawidth lessthan1. However thesizeof thebiasis

small,only 10%of thesizeof thestatisticalerror. Thereis alsoa ' 2%probabilityfor the�t

to convergeto a localminimumwith GS=0.

For the�ts with 10 fb� 1 of data,theerrorsonGS aresmallenoughthatthe�tted values

never approachzero,andthereis no signi�cant correlationwith theGS valueandits error.

This resultsin well-behavedpull distributionsfor GS.

Thesystematicerroron GS arisingfrom theuncertaintyon thevalueof themistagrate

for thesignal,whichis expectedto bethedominantsystematic,hasbeenestimatedas' 0.13.

Combiningthe statisticaluncertaintiesfrom Secs4.3.3.2and4.3.3.3with this systematic

gives the overall sensitivity to the resolutionmodel parameters(� representsaddition in

quadrature):

� GM = 0:21(stat); � GS = 0:30(stat) � 0:13(syst) = 0:33; (2 fb� 1)

� GM = 0:10(stat); � GS = 0:14(stat) � 0:13(syst) = 0:19: (10 fb� 1)
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So the determinationof the resolutionmodelparameterswill not becomesystematics-

limited during the initial LHC data-takingperiod. A full study of the systematiceffects

from the propertime resolutionmodelon the measurementof 
 usingBd ! � + � � and

Bs ! K � K + hasyet to bemade7. However it is expectedthat,giventhemagnitudeof the

errors,the�t to theBs ! K � � + propertimedistributionwill startto giveusefulinput to the

studyof thepropertime resolutionmodelfor Bs ! K � K + (andhenceto themeasurement

of 
 ) with around2 fb� 1 of data.By thetime 10 fb� 1 of datahasbeencollected,the�t will

beableto provide importantconstraintsto thestudyof B s ! K � K + .

4.4 Conclusions

Thepropertime resolutionfor thedecayBs ! K � K + hasto bemeasuredin orderto cor-

rectlyextracttheCP asymmetriesfor thatdecay, whichareneededfor themeasurementof 


usingB ! h+ h
0� decays.Thiscanbedoneondataby measuringthepropertimeresolution

for the �a vour-speci�c decayBs ! K � � + , via a �t to its �a vour-taggedreconstructed

propertimedistribution.

A propertime resolutionmodelhasbeendevelopedthataccuratelydescribestheproper

timeresidual(� � ) distributionsin MonteCarlosimulateddatafor fourBd;s ! f � ; K g+ f � ; K g�

channels:

R(� � ) = N e� 1
2 ( � � � M

S )2

; (4.17)

with themeanM andwidth S beingdeterminedevent-by-eventaccordingto

M = GM � � � r ec ;

S = GS � � � r ec ; (4.18)

where� � r ec is theper-eventerroron the reconstructedpropertime. The two parametersof

themodel,GM andGS, arefoundto becompatiblewith eachotherfor all four decays.

Theparametersobtainedfrom the�ts to thefull MonteCarloresidualshavebeenusedto

guidea toy MonteCarlostudy. Thisstudy, which requiresthatcertainpropertiesof thedata,

suchasthemistagrateandtheB mesonlifetime, havealreadybeenwell measuredby other

methods,demonstratedthat the parametersof the resolutionmodel for B s ! K � � + can

be determinedfrom the �t to data,usinginformationfrom theper-eventpropertime error.

Thestatisticaluncertaintyon theparametersof themodelwith 2 fb� 1 of datais foundto be

� GM (stat) = 0:21and� GS(stat) = 0:30. With 10 fb� 1 of datathestatisticalerrorsarelowerby

7Howeverastudyinto thepropertimeresolutionsystematicsfor themeasurementof � 
 usingB s ! J= �

hasbeenmade[51]. Although no signi�cant bias on � 
 was found, the extraction of the mistagrate was

signi�cantly biasedif anincorrectresolutionmodelwasassumed.
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theexpectedfactorof ' 2.2. Thedominantsystematicuncertaintyis expectedto arisefrom

anincorrectdeterminationof themistagrate.This uncertaintyaffectsGS but not GM , and

hasbeenestimatedto be� GS(syst) = 0:13, whichis similar in sizeto thestatisticaluncertainty

on GS after10 fb� 1 of data.

With onenominalyearof LHCb data,the�t canbeexpectedto constraintheresolution

modelfor Bs ! K � K + suf�ciently to provide useful input for the extractionof its time-

dependentCP asymmetries,andhencefor themeasurementof 
 .

148



Chapter 5

Two-BodyCharmlessBaryonic B Decays

This chapterpresentsa studyinto the feasibility of discoveringnew baryonicdecaymodes

of B mesonsat LHCb, with particularfocuson theBd ! pp mode. This studyis alsore-

portedon in [124]. Section5.1summarisesthetheoreticalpredictionsfor theSM branching

ratiosof relevanttwo-bodycharmlessbaryonicB decaysarisingfrom differentcalculational

models,andalsogivesthecurrentbestexperimentalupperlimits on thesebranchingratios.

Section5.2 describesthe adaptionof the inclusive B ! h+ h
0� selectiondescribedin

Sec.4.2.3 to make it suitablefor selectingBd ! pp events. Section5.3 discussesthe

possiblesourcesof background,andhow they aresuppressedby theselection.Section5.4

givestheperformanceof theselection,alongwith theresultingbackground-to-signalratios

andsignalsigni�canceasa functionof theBd ! pp branchingfraction.Section5.5laysout

thestrategy for measuringtheBd ! pp branchingratio oncea clearsignalhasbeenseen.

Trigger masswindow issuesfor Bd ! pp areconsideredin Sec.5.6. Section5.7 brie�y

discussestheprospectsfor theobservationof othertwo-bodycharmlessbaryonicB decays.

Conclusionsaregivenin Sec.5.8.

5.1 Curr ent Statusof Theory and Experiment

Observationsof B mesonsdecayinginto two light (charmless)mesonshave beenmadein

severalmodes.However, despitesearcheswith theCLEOdetectorandattheSLAC andKEK

B-factories,nocharmlesstwo-bodybaryonicB decayhasyetbeenobserved[125,126,127].

This situationis in contrastwith the observation of a multitudeof three-bodybaryonicB

decays.Empirically, thesuppressionof two-bodycomparedto three-bodybaryonicB decays
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is well established;well-known examplesare(B.R.standsfor thebranchingratio):

B:R:(B + ! ppK + ) � B:R:(Bd ! pp);

B:R:(B + ! � �
c p� + ) � B:R:(Bd ! � �

c p): (5.1)

Assuminga suppressionfactorin charmlessdecays(�rst example)similar to thatobserved

in b ! c transitions(secondexample),of order 0:1, the simplesttwo-body baryonicB

decay, Bd ! pp, maybeexpectedto have a branchingratio of order10� 7, andthereforebe

observableatLHCb.

Theoreticalpredictionsof thebranchingratiosfor suchtwo-bodybaryonicdecayswithin

theStandardModel (SM) vary dependingon themethodof calculationused.However, the

predictedbranchingratiosarenormally of order10� 6 or lower. The LHCb experimentis

verywell placedto makeanobservationof theseraredecays,thanksto its excellentvertexing

andparticleidenti�cation (PID) abilities,which enablebackgroundto besuppressedwhile

ef�ciently retainingsignalevents.

This studywill concentrateon theparticularchannelBd ! pp, which asa B ! h+ h
0�

channelis topologicallyidenticalto decayssuchasBd ! � + � � andBs ! K + K � , which

havebeenthesubjectof muchstudywithin LHCb.

5.1.1 Theoretical Predictionsfor Branching Ratios

A theoreticalcalculationof the branchingratio for B mesondecaysinvolving baryonsis

challenging:the�nal stateinvolvessix quarks(ratherthanfour asin adecayto two mesons),

andtheamplitudestypically requiretheproductionof a quark-antiquarkpair out of thevac-

uum. This involvesrecoil effectswhich arenot yet fully understoodandhencearedif�cult

to accountfor. Thedominantdecayamplitudes(seebelow) arenon-factorisable,andhence

moredif�cult to evaluate.

Mosttwo-bodycharmlessbaryonicB decaysaredominatedbyasingleamplitude,which

is eithera treeamplitudefeaturinga b ! u transition,or a gluonicpenguinamplitudefea-

turing a b ! s or b ! d transition.OtheramplitudessuchasW annihilation,W exchange,

penguinannihilationandelectroweakpenguinprocessescanalsooccur, but their contribu-

tion is expectedto besmall[128]. Figure 5.1showsanexampleof a tree-dominateddecay,

Bd ! pp, andan exampleof a penguin-dominateddecay, B + ! p� . The diagramsare

similar to the correspondingdiagramsfor Bd;s ! f � ; K g+ f � ; K g� decays(seeFig. 1.4),

exceptthatanadditionalqq pair is createdoutof thevacuum.

Predictionshavebeenpublishedusingseveraldifferentapproaches,includingtheuseof

QCD sumrules[129], thediquarkmodel[130] andthepolemodel[131, 132, 128]. These

modelsdiffer in how they breakdown the decayamplitudein order to calculateit. For
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Figure5.1: Feynmandiagramsfor thetree-level processcontributing to B d ! pp (left),

andfor thegluonicpenguinprocesscontributing to B + ! p� (right).

DecayChannel QCD Sum

Rules

DiquarkModel PoleModel

HarmonicOscillator

Model

MIT BagModel

Bd ! pp 1:2� 10� 6 2:9 � 10� 6 7:0 � 10� 6 1:1 � 10� 7

Bd ! � � 2 � 10� 7 0

B + ! p� . 3� 10� 6 2:2 � 10� 7

Table 5.1: Theoreticalpredictionsfor the branchingratiosof differentbaryonictwo-

body B decays. A blank entry indicatesthat the branchingratio was not calculated

usingthatparticularmodel.

example,thepolemodelconsidersthedecayamplitudeasa “pole amplitude”,wheretheB

undergoesastrongdecay(evaluatedasa3-pointeffective interaction)to acharmlessbaryon

andanintermediateb-baryonicstate(suchas� (� )
b or � (� )

b ), whichthendecaysweaklyto give

theothercharmlessbaryon.Meanwhilethediquarkmodelconsidersthedecayamplitudeas

a weakdecayinto a diquarkandanantidiquark,followedby theqq pair creation.Theq (q)

thencombineswith thediquark(antidiquark)to form thebaryon(antibaryon).

A summaryof predictionsusingthesedifferentframeworksis givenin Table5.1. It can

be seenthat the predictionsof differenttheoreticalapproachesdo not agree,even in order

of magnitude.Within the pole model framework two differentmethodsof calculatingthe

hadronicmatrix elementareused:the harmonicoscillatormodel[131, 132], andthe MIT

bagmodel[128]. The MIT bagmodelcalculationsonly take the parity-conservingmatrix

element(correspondingto intermediateb-baryonstateswith positiveparity) into account,as

calculatingtheparity-violatingmatrixelementin thebagmodelposesadditionaltheoretical

challenges.Thebagmodelvaluesshown in Table5.1aretheparity-conserving-onlyvalues.
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DecayChannel BelleUL [125] BabarUL [126] CLEOUL [127]

Bd ! pp 1:1 � 10� 7 2:7 � 10� 7 7:0 � 10� 6

Bd ! � � 3:2 � 10� 7 3:9 � 10� 6

B + ! p� 3:2 � 10� 7 2:6 � 10� 6

Table 5.2: Experimentalupper limits on the branchingratios of different two-body

charmlessbaryonicB decays.Limits shown correspondto a90%con�dencelevel.

5.1.2 Experimental Limits on Branching Ratios

Charmlesstwo-bodybaryonicB decayshave beensearchedfor by the CLEO, Babarand

Belleexperiments.Theircurrentbestupperlimits onthebranchingratiosof severalbaryonic

modesarelistedin Table5.2; they areof theorderof 10� 7.

The experimental90% con�dencelevel (C.L.) upperlimit for the Bd ! pp branching

ratio,1:1 � 10� 7, is dominatedby thelatestBellesearch[125], whichuses414fb� 1 of data.

It is interestingto notethatthis resulthasalreadyruledout thepredictionsof theQCD sum

rulesanddiquarkmodels,aswell astheharmonicoscillatormethodwithin thepolemodel.

Indeed,pressureis startingto beappliedto thepredictionof theMIT bagmodelin thepole

model.Updatedresultsfrom Bellewith alargerdatasample– to dateBellehasaccumulated

over 700 fb� 1 at the � (4S) resonance– would have the potential,if no signalwere to be

seen,to excludeall theoreticalcalculationsto date.

Consideringtheinconsistency amongtheseveraltheoreticalpredictionsfor theB d ! pp

branchingratio and the experimentaldata, it is clear that an early measurementof this

branchingratio by LHCb couldhave an impacton the theoreticalunderstandingof thedy-

namicsinvolvedin (two-body)baryonicB decays,while providing the�rst observationof a

charmlesstwo-bodybaryonicB decay.

5.2 Selectionof Bd ! pp Events

The decayBd ! pp is topologically identical to the B ! f � ; K g+ f � ; K g� modesthat

areconsideredascorechannelsfor theLHCb physicsprogramme.The inclusive selection

for B ! h+ h
0� modeswasdescribedin Sec.4.2.3.This setof cut variables,optimisedfor

theselectionof the“standard”B ! f � ; K g+ f � ; K g� decays,servedasa startingpoint for

theselectionof Bd ! pp candidates.Indeed,sincethatsetof cutsef�ciently selectssignal

eventsin thesechannelswhile keepingbackgroundfrom so-calledbb inclusive (i.e. generic

b-decays)andminimumbiaseventsdown to anacceptablelevel, it is reasonableto expect

that it will performwell alsofor Bd ! pp events. The selectiondescribedbelow will be
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Typeof cut Value

B invariantmasswindow mB d � 50 MeV

Min. DLL(p � � ) for bothdaughters 5.0

Min. DLL(p � K ) for bothdaughters 0.0

Max. � 2=nDoF for bothdaughtertracks 3.0

Table5.3: List of extracutsappliedin theselectionof B d ! pp events.

equallyapplicableto thedecayBs ! pp, which is discussedin Sec.5.7.1.

To reducethebackgroundlevel further, severalextra cutshave beenaddedto the inclu-

sive B ! h+ h
0� selection.To selectprotonsandrejectchargedpionsandkaons,particle

identi�cation (PID) cuts on the differencebetweenthe log-likelihoodof two particle hy-

potheses,DLL(p � � ) > 5 andDLL(p � K ) > 0, wereemployed. A tighter proton-pion

separationcutDLL(p� � ) is necessaryasatypicaleventcontainsmorepionsthankaons.In

addition,acut on thetrackquality, � 2=nDoF < 3, wasappliedto eachof thedaughtertracks

in orderto reducethebackgrounddueto ghost(fake) tracks.

The extra cutsthat areaddedto the inclusive selection(seeTable4.1 for the inclusive

selectioncuts) are given in Table 5.3. The backgroundsuppressionresultingfrom these

extracutsis discussedin Sec.5.3.2.

5.3 Background studies

5.3.1 Sourcesof Background

As statedin Sec.5.2, theinclusiveB ! h+ h
0� selectionenableshigh suppressionof back-

groundfrom bb inclusive andminimum biasevents. This leadsto an expectationthat the

selectiondescribedabove shouldsuppresssuchbackgroundssimilarly well for B d ! pp

events.Particularcareis neverthelessneeded,giventhelow Bd ! pp branchingratio.

In addition to theseinclusive backgrounds,two otherpotentialsourcesof background

wereinvestigated:backgroundfrom misidenti�edB ! h+ h
0� �nal statesandfrom partially

reconstructedthree-bodyB ! hhh decays.

Given their samesignatureandconsiderablyhigherbranchingratios,B ! h+ h
0� de-

caysarea potentiallydangeroussourceof background.The following decaymodeswere

considered: Bd ! K + � � , Bs ! K + K � and� b ! pK � . ThesearetheB ! h+ h
0� decay

modesthatmostlikely to contributeto thebackgroundto Bd ! pp, sincethey all haveboth

a relatively highbranchingratio,O(10� 5), andat leastoneprotonor kaonin the�nal state.

Partially reconstructedB ! hhh decaysaretypically not a dangeroussourceof back-
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groundin theanalysisof thestandardB ! h+ h
0� modesbecausetheir reconstructedmass

tendsto fall signi�cantly below thesignalmasspeak,asonetrackis notreconstructed.How-

ever, in thepresentanalysisthesedecayshave thepotentialto populatetheB d ! pp mass

peakregion asthe reconstructedmassof mosttwo-trackpairsfrom thesedecayswill shift

signi�cantly upwardundera protonmasshypothesis.TheB ! hhh decaysconsideredin

thepresentstudyare:Bd ! � + � � � 0, Bd ! K S � � � + , B + ! � + � � � + , B + ! � + � � K + ,

B + ! � + K � K + , B + ! pp� + , B + ! ppK + andB + ! K + K � K + .

5.3.2 Background Suppression

To examinethe role of PID and invariantmasscuts in reducingthe speci�c 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, show thesignalandspeci�c backgroundeventsfrom 2 fb� 1 of datawhich

areexpectedto passthe inclusive B ! h+ h
0� selectionwith a very wide masswindow of

mB d � 1200MeV. In each�gure, the left-handplot shows thedistributionsbeforeany PID

cuts,and the right-handplot shows the distributionsafter the applicationof the PID cuts

givenin Sec.5.2. Theef�ciency of thesePID cutson thesignalis 73%.

Figure 5.2 shows the mass distribution for Bd ! pp alongside those for the

B ! h+ h
0� channelsconsideredasbackgroundshere. Figure5.3 shows the massdistri-

bution for Bd ! pp alongsidethosefor B ! hhh channelswherethe reconstructedmass

tendsto fall well below mB d . Finally, Figures5.4 and5.5 comparethe signalmassdis-

tribution with thosefor the B ! hhh channelswherethe reconstructedmassdistribution

overlapssigni�cantly with thesignal.
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Figure 5.2: Reconstructedmassdistributionsbefore(left) andafter(right) PID cutsfor

Bd ! pp (red),Bd ! K + � � (yellow), Bs ! K + K � (purple)and� b ! pK � (cyan)

events.
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Figure 5.3: Reconstructedmassdistributionsbefore(left) andafter(right) PID cutsfor

Bd ! pp (red),B + ! K + K � K + (black) , B + ! ppK + (violet) andB + ! pp� +

(darkgreen)events.
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Figure 5.4: Reconstructedmassdistributionsbefore(left) andafter(right) PID cutsfor

Bd ! pp (red)andBd ! � + � � � 0 (blue)events.
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Figure5.6: Distributionsof DLL(p� � ) for B d ! pp (red,hatched)andBd ! � + � � � 0

(blue)events.
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Figure 5.7: Distributions of DLL(p � K ) for B d ! pp (red, hatched)and

B + ! � + � � K + (green)events.

FromFigures5.2and5.3 it is clearthata masswindow of 50 MeV aroundtheBd mass

removes almostall of the backgroundfrom the B ! h+ h
0� channelsand someof the

B ! hhh channels,even beforePID cuts being applied. However, Figures5.4 and5.5

show that this is not thecasefor theremainingB ! hhh channels,wherePID cutsplay a

crucialrôle in reducingthebackgroundlevel.

Figures5.6and5.7illustratewhy thePID cutsaresoeffectiveagainstthespeci�c back-

ground. Figure5.6comparesthedistributionsof DLL(p� � ) for trueprotonsfrom B d ! pp

andtruepionsfrom Bd ! � + � � � 0. Thereis excellentseparation:thecutatDLL(p� � ) = 5

removesalmostall of theBd ! � + � � � 0 eventswhilst having veryhighsignalef�ciency.
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Figure 5.8: Distributionsof track� 2=nDoF for Bd ! pp (red)andghosttracksfrom bb

inclusive (green,hatched)events.Seetext for details.

Figure5.7 comparesthe distributionsof DLL(p � K ) for true protonsfrom Bd ! pp

and true kaonsfrom B + ! � + � � K + . Again, thereis very good separation:the cut at

DLL(p � K ) = 0 removesa large majority of the backgroundwith minimal effect on the

signal.

The PID cutsare in fact even morepowerful thanFigures5.6 and5.7 at �rst suggest,

becausethey areappliedto both daughterparticles,so that an event without a true proton

must have both daughtersin the tail of the DLL distribution, which is very unlikely. Of

coursea few speci�c backgrounds(� b ! pK � , B + ! ppK + andB + ! pp� + ) do contain

a true proton, but the invariantmassdistributions for thesechannelsdo not overlapwith

the signal peak(seeFigures5.2 and 5.3). To summarise,it is clear that the B ! hhh

backgroundwhich is presentin thesignalmassregioncanbeveryeffectively reducedusing

PID information.

Finally, theeffectivenessof thecuton thequalityof thetrack�t is illustratedin Fig. 5.8,

whichcomparesthetrack� 2=nDoF distributionsfrom signaltrackswith thatfor ghosttracks

from bb inclusiveevents.Thebb inclusive eventsin Fig. 5.8have only beenpassedthrough

a very loosepreselection,so that enoughbb inclusive eventssurvive to make the � 2=nDoF

distribution for ghoststracksapparent.A cut of � 2=nDoF < 3 removesmany ghosttracks,

while having almostno effect on signaltracks.Thiscut removesthefew bb inclusiveevents

which survive theotherselectioncuts.
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5.4 LHCb Sensitivity to Bd ! pp

5.4.1 SelectionPerformance

ThestandardB ! h+ h
0� selectionwasrunonsimulateddatasamplesof signalandspeci�c

backgroundevents,with a typical sizeof order100,000eventsper channel. An inclusive

bbsampleconsistingof 980,000strippedevents1 wasused,correspondingto around27mil-

lion unstrippedevents.Finally, around5.5 million minimumbiasevents,which passedthe

�rst-level (L0) trigger, wereused. The physicsanalysisprogramDaVinci [117] version

v19r14 wasemployed.

A masswindow of 50MeV aroundthenominalBd masswasappliedfor thesignaland

speci�c backgroundsources,while for thebb inclusiveandminimumbiassamplesthemass

window waswidenedto 600MeV, to increasetheavailablestatistics.Their yieldswerelater

scaleddown by a factorof 12 to accountfor thiswidenedwindow.

Theselectiondescribedin Sec.5.2is foundto haveanef�ciency (� sel) of 9.8% onsignal.

No backgroundeventof any categorywasfoundto survivethisselection.Thespeci�c back-

groundeventsarerejectedmainly by a combinationof PID andinvariantmasscuts,whilst

thebb inclusiveandminimumbiaseventsarerejectedmainly by thestandardselectioncuts

suchasimpactparametersigni�cancesandtransversemomentumpT cuts.

Giventhatno backgroundeventsareselected,anupperlimit on theselectionef�ciency

� sel at 90% C.L. canbe found using the Feldman-Cousinsstatisticalapproach[133]. For

zeroselectedevents,it attributesanupperlimit on thenumberof selectedeventsof 2.44at

90% C.L., whichcanbeconvertedinto a90% C.L. upperlimit on � sel.

Table 5.4 gives the size of eachbackgroundsample2, and the upper limit on � sel for

each. It alsogivesthe geometricalef�ciency (� geo) of eachchannel,i.e. the percentageof

eventsthatpassthegeneratorlevel cut which requiresthatall decayproductsof thesignal

B lie within the LHCb acceptance3. The branchingratio of eachchannelis also given.

For all but onechannel,thebranchingratiousedis themeanvaluegivenin theParticleData

Group2008review [15]. The exceptionis � b ! pK � , the branchingratio of which was

recentlymeasured[134] for the�rst timeby theCDF Collaboration.

1Strippedeventsareeventspassingat leastoneof a setof looserpre-selectioncutstypically designedfor

speci�c B -decays.
2For the inclusive bb sample,the strippingef�ciency hasbeenaccountedfor to give an effective sample

size.
3TheBs ! K + K � sampleusesa loosercut,whichrequiresinsteadthatthesignalB lieswithin theLHCb

acceptance.
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DecayChannel Sizeof Sample Upper Limit

on � sel

� geo (%) Branching

Ratio

Bd ! � + � � � 0 139,322 1:8 � 10� 5 18.3 2:5 � 10� 5

Bd ! K S � � � + 457,135 5:3 � 10� 6 21.2 2:2 � 10� 5

B + ! � + � � � + 61,138 4:0 � 10� 5 17.9 1:6 � 10� 5

B + ! � + � � K + 65,110 3:7 � 10� 5 18.3 5:5 � 10� 5

B + ! � + K � K + 63,141 3:9 � 10� 5 18.7 5:0 � 10� 6

B + ! pp� + 68,078 3:6 � 10� 5 20.0 1:6 � 10� 6

B + ! ppK + 46,737 5:2 � 10� 5 20.6 5:9 � 10� 6

B + ! K + K � K + 67,118 3:6 � 10� 5 19.3 3:4 � 10� 5

Bd ! K + � � 296,700 8:2 � 10� 6 20.2 1:9 � 10� 5

Bs ! K + K � 99,048 2:5 � 10� 5 34.6 3:3 � 10� 5

� b ! pK � 64,579 3:8 � 10� 5 21.1 5:0 � 10� 6

Inclusivebb 26.94M 9:1 � 10� 8 43.7 n/a

L0-yesminimumbias 5.55M 4:4 � 10� 7 n/a n/a

Table5.4: Channel-speci�cvaluesusedto evaluatesignalandbackgroundyields.Lim-

its shown correspondto a90%con�dencelevel upperlimit.

5.4.2 Signaland Background Yields

Theyield in 2 fb� 1 of integratedluminosity(de�ned asa “nominal LHCb year”,amounting

to 107 s of datataking at a nominal averageluminosity) for signal and for a speci�c B

backgroundis givenby

Yield = � sel � � trig � � geo � f B � B.R. �
Z

L dt � 2 � � bb: (5.2)

Here,� trig is theef�ciency of theLHCb triggeroneventsof thattypewhichhavepassed

the selection,f B is the probability for a b quark to form the relevant B hadron,L is the

averageluminosity at the LHCb interactionpoint, and � bb is the beautycrosssectionat

14 TeV centre-of-massenergy. Thefactorof 2 accountsfor theproductionof botha banda

b.

Theyieldsfor bb inclusivebackgroundandminimumbiasbackgroundare,respectively,

Yieldbb = � sel � � trig � � geo �
Z

L dt � � bb �
1
12

(5.3)

and

YieldMB = � sel � � trig � RateL0 � Time2fb � 1 �
1
12

; (5.4)

wheretheseyieldshavebeenscaleddownbyafactor12toaccountfor thewidemasswindow

usedin theirselection(seeSec.5.4.1).In Eqn.5.4,RateL0 is theoutputrateof theL0 trigger,
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Parameter Valueused

LuminosityL 2� 1032cm� 2s� 1

� bb 500� b

RateL0 106 Hz

Time2fb� 1 107 s

f B (Bd) 0.40� 0.01

f B (B + ) 0.40� 0.01

f B (Bs) 0.11� 0.01

f B (� b) 0.07� 0.02

Table5.5: Generalconstantsusedto evaluatesignalandbackgroundyields.Thevalues

for f B aretakenfrom [15].

Decaychannel Sizeof sample � sel (%) � geo (%) Branchingratio 2 fb� 1 yield

Bd ! pp 46707 9.8 21.9 1:1 � 10� 7 678

Table5.6: Valuesusedto evaluatesignalyield.

andTime2fb� 1 is thetimetakento accumulate2 fb� 1 of dataatthenominalLHCb luminosity.

Valuesfor thesequantities,alongwith � bb andf B , aregivenin Table5.5. Notethat the � bb

valueis aworkingassumption,basedon theoreticalpredictionsfrom QCD.

Theef�ciency of thetriggerwith respectto of�ine selectedB ! h+ h
0� eventshasbeen

studiedin [56]. It wasfound that for the main B ! h+ h
0� channels,� trig wasalwaysin

the range[35%, 38%]. In the currentstudy, a value of � trig = 36% is assumedfor the

signalandthe B ! h+ h
0� backgrounds.Although the precisionwaslimited by available

statisticsin thesimulationof backgroundevents,� trig for of�ine selectedbackgroundevents

(both physicsbackgroundslike B ! hhh andbb inclusive background)was found to be

broadlysimilar, althoughsomewhat lower, than � trig for the signals. This is expected,as

thebackgroundeventsthathavepassedtheselectionarein somesense“signal-like”. Herea

conservativeassumptionis made,taking� trig = 36%for speci�c backgroundandbbinclusive

background.Thevaluefor theL0-yesminimumbiassampleis higher(68%)astheseevents

havealreadypassedtheL0 trigger, whichhasanef�ciency of ' 53%on theselectedevents.

The signalyield per 2 fb� 1 wascalculatedassumingthe currentexperimentallimit of

1:1 � 10� 7 for theBd ! pp branchingratio; it is found to be 678 eventsper 2 fb� 1. The

valuesusedto calculatethesignalyieldsaregivenin Table5.6. Table5.7 shows theupper

limits on the backgroundyields andthe resultingbackground-to-signal(B/S) ratios. Each

upperlimit is calculatedusingtherelevantyield equationasgivenabove,takingtherelevant

upperlimit on � sel from Table5.4.

160



CHAPTER5. TWO-BODY CHARMLESSBARYONIC B DECAYS

DecayChannel Upper limit on

2 fb� 1 yield

Upperlimit onB/S

Bd ! � + � � � 0 23 0.034

Bd ! K S � � � + 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

Bd ! K + � � 9 0.013

Bs ! K + K � 22 0.033

� b ! pK � 2 0.003

Inclusivebb 1,188 1.75

Minimum Bias 249,129 367.4

Table5.7: Upperlimits on backgroundyieldsandresultingbackground-to-signal (B/S)

ratios.Limits correspondto a 90%con�dencelevel.

The constraintplacedon the minimumbiasyield is severely limited by thequantityof

availablesimulatedminimumbiasevents.It is assumedin what follows that theamountof

minimumbiaseventspassingthetriggerandthe�nal of�ine selectionwill benegligible, so

thatany possiblebackgroundcontributionfrom minimumbiaseventscanbeneglected.This

assumptionis expectedto be valid becauseselectioncutswhich supressbackgroundfrom

B decaysshouldbeevenmoreeffectiveagainstbackgroundfrom charmandlighter quarks.

Theassumptioncanbetestedusingthe largeamountsof minimumbiaseventsthatwill be

collectedoncedatatakingbegins.

With this condition,theupperlimit (at 90%con�dencelevel) on the total background-

to-signalratio is:

B=Stotal = B=SB ! h+ h0� + B=SB ! hhh + B=Sbbinclusiv e

< 0:05+ 0:40+ 1:75 (at90%C.L.)

= 2:20:

Note that thereare two conservative assumptionsusedin the calculationof this upper

limit. Firstly, simply summinga numberof 90% con�dencelevels from differentsources

overestimatesthetotal upperlimit. Secondly, it is assumedthatthereis no overlapbetween

theinclusiveandspeci�c backgroundsources.
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Figure 5.9: Signi�canceof theBd ! pp signalasa functionof integratedluminosity,

assuminga centre-of-massenergy of ECM = 14 TeV. Eachcurve assumesa different

Bd ! pp branchingratio: 1:1� 10� 7 (red,solid),8� 10� 8 (blue,longdashes),4� 10� 8

(green,shortdashes)and2 � 10� 8 (black,dash-dot).

5.4.3 SignalSigni�cance

In the following calculationof the expectedsignal signi�cance, the upper limit on the

background-to-signalratiocalculatedaboveis conservatively takenasthecentralvalue.The

signi�canceof theBd ! pp signalcanbeexpressedasa functionof integratedluminosity

andits (currentlyunknown) branchingfraction.Thesigni�canceis de�ned as

Signi�cance=
Nsigp

Nsig + Nbkg
; (5.5)

whereNsig(bkg) is thenumberof signal(background)events.

Figure5.9 shows, for four possiblevaluesfor thebranchingratio of Bd ! pp, how the

signi�cance evolveswith integratedluminosity. If the true branchingratio is closeto the

currentexperimentalupperlimit, a discovery at the5� level canbemadewith earlyLHCb

data.Takingthecurrentupperlimit, a5� signi�canceis achievedwith of order0.25fb� 1 of

data. Even if the truebranchingratio is a factorof 5 below thecurrentlimit, which would

contradictall existing theoreticalpredictions,LHCb canmakeadiscoverywith 5.3 fb� 1.

5.4.4 Prospectsfor 2010

The initial physicsrun of the LHC, startingin late 2009 and �nishing in late 2010, will

featurea lower thannominalcentre-of-massenergy. In this sectionthediscovery prospects

for Bd ! pp in 2010areexamined,assumingacentre-of-massenergy of ECM = 10TeV.

162



CHAPTER5. TWO-BODY CHARMLESSBARYONIC B DECAYS

)�1Integrated Luminosity (fb
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 =
 1

0 
T

eV
C

M
S

ig
na

l S
ig

ni
fic

an
ce

 a
t E

0

2

4

6

8

10 Assumed Branching Ratio

�71.1*10 �88*10

�84*10 �82*10

Figure 5.10: Signi�canceof theBd ! pp signalasa functionof integratedluminosity,

assumingECM = 10 TeV. Eachcurve assumesa differentB d ! pp branchingratio:

1:1� 10� 7 (red,solid),8� 10� 8 (blue,longdashes),4� 10� 8 (green,shortdashes)and

2 � 10� 8 (black,dash-dot).

The lower ECM valuewill lower the beautycrosssection� bb. The Monte Carlo-based

programPythia[135], usedto simulatehigh-energy ppcollisions,predicts(version6.2) that

at ECM = 10 TeV, � bb will bea factor' 0.77lessthanat ECM = 14 TeV4. Hence,assuming

that the reconstructionand trigger performancesare similar at ECM = 10 TeV, the signal

andbackground5 yields in Table 5.7will all bescaleddown by thesamefactor. Hencethe

background-to-signalratio for a givenBd ! pp branchingratio will not change.However

thesignalsigni�cancewill changeasit is nota linearfunctionof thesignalandbackground

yields.

The signal signi�cance for Bd ! pp as a function of integratedluminosity for data

taken with ECM = 10 TeV is shown in Fig 5.10. It canbe seenthat 0.32 fb� 1 of dataat

ECM = 10TeV is requiredto achieve5� signi�cance,assumingabranchingratiocloseto the

currentexperimentallimit. Suchanamountof datais unlikely to becollectedin the initial

physicsrun of the LHC. However it shouldbe recalledthat the background-to-signalratio

assumedin Fig. 5.10is theupperlimit at 90%con�dencelevel. Shouldthebackground-to-

signalratio on databesigni�cantly below thisupperlimit, anobservationmaystill bemade

4Very recentlyit wasannouncedthat the inital stagesof runningin 2010will take placeat ECM = 7 TeV,

with theenergy rising to 10 TeV over thecourseof therun. At ECM = 7 TeV, � bb will bea factor' 0.58less

thanat ECM = 14TeV.
5Theminimumbiasyield will notscalewith thesamefactor, but sinceminimumbiasbackgroundhasbeen

neglectedthis is not relevanthere.
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in the initial physicsrun. For illustration, assumingthat 0.2 fb� 1 of dataarecollectedat

ECM = 10 TeV (this is consideredfeasiblefor theinitial physicsrun),andagainassuminga

branchingratio closeto thecurrentexperimentallimit, a background-to-signalratio of 1.09

would leadto a 5� discoveryof Bd ! pp.

5.5 Measurementof the Bd ! pp Branching Ratio

Oncea 5� signal for Bd ! pp hasbeenobserved, its branchingratio canbe determined.

This canbe doneby normalisingthebranchingratio to thatof Bd ! K + � � , which is the

B ! h+ h
0� channelwith the highestbranchingratio andsmallestexperimentalerror. Its

branchingratio hasbeenpreciselymeasuredby theB-factoriesto be(1:94� 0:06) � 10� 5.

Thebranchingratio for Bd ! pp canbeobtainedfrom this in thefollowing way.

Firstly, theyield in eachchannelwill bemeasured.This is doneby �tting to thepeakin

the invariantmassdistribution afterall relevantcutshave beenapplied,takingthe invariant

massdistributionsof thevariousbackgroundsinto account.For Bd ! K + � � , the�t to the

invariantmassdistribution will be donesimultaneouslywith the othermain B ! h+ h
0�

channels,astheirdistributionsoverlapsigni�cantly (the�tting methodis describedin [56]).

PID cutswill not have beenappliedat this stage.For Bd ! pp theonly othersignalmass

distribution in that region will beBs ! pp, which is expectedto make a negligible contri-

bution to themasspeak(seeSec.5.7.1). PID cutswill needto be appliedbeforethe �t to

theBd ! pp masspeakcanbemade,asotherwisethesignalwill beswampedby speci�c

backgrounds(seeSec.5.3.2)andbb inclusivebackground.

Then the ef�ciencies of the trigger and selectionneedto be taken into account. The

ef�ciency � sel of a full of�ine selectionfor aB ! h+ h
0� channelcanbebrokendown using

� sel = � top=kin � � PID , where� top=kin accountsfor the topologicalandkinematiccuts and

� PID accountsfor the PID cuts. Then� top=kin shouldbe almostthesamefor Bd ! K + � �

andBd ! pp, while � PID will be different. However � PID canbe estimatedusingcontrol

channelswhichwill beusedto calibratethePID performance.

For calibrationof the proton PID, the decay� ! p� � is used[136]. Studiesaim-

ing to calibratethe kaonandpion PID usingD � + ! D 0(K � )� + decays[56] have shown

very promisingresults,hencethe protonPID calibrationcanalsobe expectedto perform

well, especiallyconsideringthehigherproductionrateof � with respectto D � + . Hencethe

estimationof � PID shouldnot beamajorsourceof systematicerror.

The triggeref�ciency is expectedto bevery similar in the two channels(assumingthat

thetriggermasswindow is wideenough,seeSec.5.6),asthey will haveto passthesamecuts

there.Finally, theratioof thegeometricalef�ciencies for thetwo channelscanbeaccurately
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Figure5.11:Reconstructedmassdistributionfor of�ine selectedB d ! pp eventstaking

thepion masshypothesisfor theB -daughters.

estimatedfrom simulation.

Undertheseassumptions,Eqn.5.2canbeusedto obtainanexpressionfor theB d ! pp

branchingratio (� PID doesnot appearfor Bd ! K + � � asthe Bd ! K + � � yield will be

calculatedbeforePID cutsareapplied):

BR(Bd ! pp) = BR(Bd ! K + � � ) �
Yieldpp � � geo(K � )

YieldK � � � PID(pp) � � geo(pp)
(5.6)

All of thetermsontheright-handsideof Eqn.5.6canbeobtainedasdescribedaboveto give

avaluefor BR(Bd ! pp).

5.6 Trigger MassWindow

In the high-level trigger selectionof B ! h+ h
0� channels,a pion masshypothesisis as-

sumedfor all B -daughters.As a result, the reconstructedmassfor a Bd ! pp event will

be far below thenominalBd mass,asshown in Fig. 5.11. It follows that in orderto select

Bd ! pp eventsin thetrigger, themasswindow mustextendat leastw500MeV below the

nominalBd mass.A masswindow of mB d � 600MeV for examplewould select87% of

of�ine-selectedsignalevents.Having thetriggermasswindow similar to thiswould,aswell

as losing somesignalevents,alsoaddan extra systematiceffect in the calculationof the

Bd ! pp branchingratio, asthe percentageof eventslost dueto the masswindow would

have to be estimatedusinga Monte Carlo simulationof the invariantmassshape.Hence,

from thepoint of view of Bd ! pp, thebestmasswindow for the trigger to usewould be

onewhichstartedfarbelow theBd ! pp peak— awindow lower limit around4400MeV.
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Figure 5.12: Reconstructedmassdistributionsfor B d ! pp (red)andBs ! pp (green)

events.Theright-handplot is adetailof theleft-handplot.

Recently, the above trigger issuesfor Bd ! pp have causedthe masswindow usedin

the HLT2 trigger (seeSec.2.2.7.2)for B ! h+ h
0� eventsto be widened. The studies

in [56] assumeda triggermasswindow of [5000,5800]MeV, whichwouldselectalmostno

Bd ! pp events. The window hasnow beenwidenedto [4800,5800] MeV [137], which

wouldselect76%of of�ine-selectedBd ! pp events.

5.7 Other Two-BodyCharmlessBaryonic B Decays

5.7.1 Prospectsfor the Observation of Bs ! pp

The decayBs ! pp is expectedto be rathersuppressedrelative to Bd ! pp, because

in the StandardModel it canonly occurvia annihilationdiagrams,given that noneof the

quarksin the �nal stateare thoseof the initial Bs meson. Despitethe lack of any �rm

theoreticalpredictions,it is legitimateto searchfor this raremodegiven its identical �nal

state. LHCb hasthe potentialto improve the presentexperimentalbranchingratio upper

limit of � 5:9 � 10� 5 by severalordersof magnitude.

Figure5.12shows themassdistributionsof Bd ! pp andBs ! pp eventsasexpected

after applying the full selection(including PID cuts) to 2 fb� 1 of data,in the absenceof

background. Note that the core width of the massdistribution is 17 MeV. The assumed

branchingratios are 1:1 � 10� 7 for Bd ! pp and1:1 � 10� 8 for Bs ! pp. Far fewer

Bs ! pp eventsare presentdue to the lower assumedbranchingratio, and the fact that

f B (Bd)=fB (Bs) � 4.

Figure5.12illustratesthatthemuchlargerBd ! pp peakwill form a signi�cant “back-

ground” to Bs ! pp. Assumingthat the branchingratiosareasgivenabove, with 2 fb� 1

therewill be,within � 50 MeV of mB s , 24 Bd ! pp eventsand18 Bs ! pp events,leading

to abackground-to-signalratioof 1.33from Bd ! pp eventsalone.Thisvaluewill increase
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if themassresolutionin datais poorerthanin thesimulation.Combinedwith thepresence

of thebackgroundsourcesdescribedin Sec.5.3,thismeansthatasigni�cant amountof data

will berequiredin orderto observe theBs ! pp masspeak.

5.7.2 Prospectsfor DecaysInvolving a �

Othertwo-bodycharmlessbaryonicB decayswhich canbereconstructedby LHCb include

B + ! p� andBd ! � � , in caseswherethe � decaysvia � ! p� � . As with Bd ! pp,

theoreticalcalculationsof their branchingfractionsaresubjectto debate,with predictions

differingby upto anorderof magnitude(seeTable5.1).Thedominantdiagramcontributing

to B + ! p� is expectedto be the gluonic penguinthat wasshown in Fig. 5.1. This is in

constrastto Bd ! pp, wherethetreeprocessis expectedto dominate.

LHCb can also look for the Bs ! � � decay. WhereasBs ! pp shouldbe rather

suppressedcomparedto Bd ! pp (seeSec.5.7.1),Bs ! � � couldhave a relatively large

branchingratio of thesameorderof thatof B + ! p� , asthepenguindiagramsmediating

theseprocessesareidenticalapartfrom their spectatorquarks.The u $ s transformation

relatingthespectatorquarks(andthusthepenguinamplitudes)for thesetwo decaysis known

as a V-spin transformation.This correspondsto a subgroupof SU(3), in analogyto the

isospin(u $ d) andU-spin(d $ s) transformations.

Thelatestupperlimit measurementsfrom Belle,shown onTable5.2,arecloseto exclud-

ing all theoreticalpredictionsfor thesedecays.Moreover, adiscoveryof thedecayB d ! � �

wouldcrucially constraintheMIT bagmodelcalculationapproachin thepolemodel.

Selectionsfor thesedecays,which have a differenttopologyto Bd;s ! pp, have yet to

be developedwithin LHCb. The performanceof suchselectionswill dependcrucially on

theef�ciency for reconstructing� baryonsfrom B decays.Thereconstructionof � baryons

from B decayshasbeenshown [138, 139]to beviablefor LHCb,howeveradetailedanalysis

of the reconstructionef�ciency hasyet to be made. For thoseeventsthat aresuccessfully

reconstructed,thepresenceof two protonsin the�nal statewill enableexcellentsuppression

of backgroundthroughPID cuts(compareSec.5.3.2).Henceobservationof B + ! p� and

Bs ! � � maybefeasible,dependingon thevalueof theirbranchingratios.

5.8 Conclusions

Thetheoreticalandexperimentalstatusof two-bodycharmlessbaryonicB decayshasbeen

reviewed. Thereis no agreementbetweendifferent theoreticalmodelson the branching

ratiosfor suchdecays,andmostof thetheoreticalpredictionshavealreadybeeninvalidated

experimentally.
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TheLHCb inclusiveselectionfor B ! h+ h
0� decayshasbeenmodi�ed to giveaselec-

tion for theexclusivedecaysBd;s ! pp. This selectionwasfoundto havea goodef�ciency

for signalevents,while suppressingbackgroundsfrom otherB decayssuf�ciently to givea

satisfactoryupperlimit on thebackground-to-signalratio for backgroundsfrom B decays.

However, therelatively smallamountof availablesimulatedminimumbiaseventsprevented

a usefulconstraintbeingobtainedon theamountof minimumbiasbackgroundpassingthe

selection.Hencetheexpectedsignalsigni�canceswerecalculatedundertheassumptionthat

thenumberof minimumbiaseventspassingtheselectionwill benegligible. Thisassumption

will be testedusingthe large amountsof minimum biaseventsthat will be collectedonce

datatakingbegins.

The potentialof LHCb to discover Bd ! pp usingthis selectionhasbeenexploredin

detail. It is foundthataround0.25fb� 1 of data(at ECM = 14 TeV) will berequiredfor a 5�

discovery, assumingthattheBd ! pp branchingfractionis closeto thecurrentexperimental

upperlimit. Evenif thetruebranchingfractionis a factorof 5 lower thanthepresentupper

limit, adiscoverycanbemadewith about5 fb� 1 of data.

Observations of other charmlesstwo-body baryonic B decays,such as B s ! pp,

B + ! p� andBs ! � � , may alsobe possible,dependingon their branchingratios. A

detailedanalysisof theprospectsfor decayscontaininga � in the�nal staterequiresfurther

study, includingthedevelopmentof suitableselections.
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Chapter 6

Measuring Dir ect and Mixing-Induced

CP Asymmetriesin Bd ! � + � �

This chapterpresentsa studyof the capabilityof the LHCb detectorto measurethe time-

dependentCP asymmetrydistribution in thedecayBd ! � + � � andextract thedirectand

mixing-inducedCP asymmetries.A toy MonteCarlosimulation,makinguseof information

from thefull MonteCarlosimulationof LHCb B ! h+ h
0� events,is used.Thestatistical

sensitivity to theCP asymmetriesusingasmallamountof data(compatiblewith theamount

expectedto be collectedin the initial 2009-2010run of the LHC) is assessed.Section6.1

outlinesthe strategy that will be usedto extract the CP asymmetriesfrom the toy data.

Section6.2describestheselectionof Bd ! � + � � events,andgivestheexpectedsignaland

backgroundyieldsatLHCb. Sections6.3and6.4discusstheconstructionof thetoy dataand

�tting functionsrespectively. Theresultsfrom the�t to thetoy data,includingthesensitivity

to theCP asymmetries,aregivenin Sec.6.5. Thestudyis summarisedin Sec.6.6.

6.1 Strategy for Fit to Time-DependentCP Asymmetry

As discussedin Sec.1.4,a measurementof thedirectandmixing-inducedCP asymmetries

(A dir
CP andA mix

CP ) in Bd ! � + � � canbe usedto constraintheCKM angles� (in combina-

tion with thedecaysB + ! � + � 0 andBd ! � 0� 0) and
 (in combinationwith thedecay

Bs ! K + K � ). Froma purelyexperimentalviewpoint, thereis alsoconsiderableinterestin

the measurementof A dir
CP , asthe two existing measurementsfrom theB-Factoriesdisagree

signi�cantly. The toy Monte Carlo studypresentedin this chapterdemonstratesthe sensi-

tivity of LHCb to theseCP asymmetries.The resultingsensitivity to the effective CKM

parametersin2� e� will alsobecalculated.However theinclusionof informationfrom other

decaymodesto extract� or 
 is beyondthescopeof thiswork, andwill notbediscussed.
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In this study, hardcutsareplacedon theparticleidenti�cation (PID) likelihoodsfor the

� � candidatesand on the invariantmassof the Bd candidate,in order to suppressback-

groundsarising from other B ! h+ h
0� decays. The signal and backgroundyields are

estimatedusinga�t to theinvariantmassdistribution,andarethen�x edin a �t to theproper

timedistribution thatextractsthedirectandmixing-inducedCP asymmetries

This approachis in contrastto theoneusedin [56], whereall of theB ! h+ h
0� decays

areconsideredtogether, andthe event yields, meanlifetimes andCP asymmetriesfor all

B ! h+ h
0� decaysaredeterminedin onesimultaneous�t to a joint ProbabilityDensity

Function(PDF) which includesthe mass,propertime, taggingandPID information. The

differentB ! h+ h
0� decaysarestatisticallyseparatedfrom eachotherduringthis simulta-

neous�t, usingtheir massandPID distributions.

Thecurrentstudy, on theotherhand,usesthemassandPID distributionsto separatethe

signal from backgroundbefore the �t. It will be seenthat this leavesonly two signi�cant

backgrounds;thespeci�c backgroundBd ! K + � � andcombinatorialbackground.These

aretheonly backgroundsthataremodelledin themass�t, andalsoin the �t to theproper

timedistributiontoextractthesignalCP asymmetries.Theparametersof thesebackgrounds,

andtheotherparametersof thesignalpropertimedistribution,are�x edin thepropertime�t

usinginformationfrom externalanalyses,which will bediscussed.Theadvantagesanddis-

advantagesof theapproachusedin thecurrentstudywith respectto theapproachfrom [56]

will bepointedoutasthey arise.

For the toy Monte Carlo study, an integratedluminosity of 0.3 fb� 1 is assumed.This

correspondsto the amountof datathat is expectedto be collectedduring the 2010run of

theLHC. It will beseenthat this sampleis suf�cient to allow a stable�t for thedirectand

mixing-inducedCP asymmetriesto bemade.

6.2 Event Selectionand Yields

In this study, thefollowing backgroundsto Bd ! � + � � areconsidered(seeSec.4.2.3):the

two-bodyspeci�c backgroundsBd ! K + � � , Bs ! K + K � , Bs ! K � � + , � b ! pK � and

� b ! p� � , partiallyreconstructedthree-bodyspeci�c backgrounds,andcombinatorialback-

ground. A numberof differentthree-bodydecayscanact aspartially reconstructedback-

groundsto Bd ! � + � � , however for simplicity thecontribution from thesebackgroundsis

modelledusingthedistributionsfor thedecayBd ! � + � � � 0.

TheinclusiveB ! h+ h
0� selection,describedin Sec.4.2.3,is appliedto full simulation

samplesof signalandspeci�c background.All decaymodesarereconstructedwith a � �

masshypothesisfor the daughterparticles. This shifts the invariantmassdistributionsfor

170



CHAPTER6. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN Bd ! � + � �

Reconstructed Mass (MeV)
5000 5100 5200 5300 5400 5500 5600

-1
E

ve
nt

s 
in

 0
.3

fb

0

500

1000

1500

2000

2500

3000

3500

4000

4500 -p+p ®dB
-p+ K®dB

+K-K®sB
+p

-
 K®sB

-
pK®bL

-pp®bL
0p-p+p®dB

Combinatoric Bkg

Figure6.1: Cumulativemassdistributionfor B ! h+ h
0� eventsfollowing theinclusive

selection,with thenumberof simulatedeventscorrespondingto 0.3 fb� 1 of data. The

contributionsfrom signalandfrom eachbackgroundareshown. Yieldsaretaken from

[56].

non-� � �nal stateswith respectto theirnominaldistributionswith thecorrectmasshypothe-

sis.A verywidemasswindow of [5000,5600]MeV is usedatthisstage.Thiseventselection

is runusingv19r14 of theLHCb physicsanalysispackageDaVinci [117].

To examinethe effect of addingtight massandPID cutsto the inclusive selection,the

massandPID distributionsfrom thefull LHCb MonteCarlosimulationareused.For each

speci�c decayconsidered,themassdistributionusedis thatfor of�ine selectedeventsin the

full simulation.For thecombinatoricbackgrounda �at massdistribution is assumed.While

the combinatoricbackgroundmassdistribution in the full simulationdoesshow a shallow

negative slopein mass,in thetight masswindow that is usedin �nal selection(seebelow),

thedistributioncanbeapproximatedasbeing�at.

Figure6.1shows theexpectedcumulativemassdistributionaftertheinclusiveselection,

with the numberof simulatedeventscorrespondingto 0.3 fb� 1 of data. The contributions

from signalandfrom eachbackgroundareshown. Theyieldsshown in Figure6.1have not

beencalculatedby thecurrentstudy;rathertheyields found in [56] areused.Theseyields

includethe expectedtrigger ef�ciency of ' 36% on of�ine-selectedevents. It canbe seen

that the signal suffers signi�cant contamination,both from combinatoricbackgroundand

from thespeci�c backgroundsBd ! K + � � andBs ! K + K � .

The speci�c backgroundscan be drastically reducedby applying cuts on the PID
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Figure 6.2: Comparisonof DLL(K � � ) distributionsfor selectedB d ! � + � � (red)

andBs ! K + K � (black,hatched)events.
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Figure 6.3: Comparisonof DLL(K � � ) distributionsfor selectedB d ! � + � � (red)

and� b ! pK � (green,hatched)events.

likelihoods(seeSec. 4.2.3) for the daughtertracks, to form an exclusive selectionfor

Bd ! � + � � . The PID likelihooddistribution, DLL(K � � ), for pions is taken from se-

lectedeventsin the full simulationof Bd ! � + � � . Similarly thedistribution for kaonsis

taken from Bs ! K + K � , andthat for protonsfrom � b ! pK � . Thesedistributionsare

comparedin Figs.6.2and 6.3.

Dueto smalldifferencesin themomentumdistributionsfor differentB ! h+ h
0� decays,

therearein fact small differencesbetweenfor examplethe DLL(K � � ) distributionsfor

pionsfrom Bd ! � + � � decaysandfor pionsfrom Bd ! K + � � decays.However these

differencesarenot largeenoughto signi�cantly affect theef�ciencies thatarefoundby the
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simpli�ed approachusedhere,andso areneglected.All daughtersfor the three-bodyand

combinatoricbackgroundsareassumedto be pions. This is a conservative assumptionfor

backgroundsto a Bd ! � + � � signal,asthetruethree-bodyandcombinatoricbackgrounds

will alsocontainsomekaonsanda few protons.

ThechosenPID cut appliedto bothdaughtertracksis

DLL(K � � ) < 0: (6.1)

This translatesasa requirementthatboth tracksare,accordingto the informationfrom the

RICH detectors,morelikely to bepionsthankaons.

It canbe seenfrom Figs.6.2 and6.3 that this cut will have a high ef�ciency for pions

while suppressingmostof the backgroundfrom kaonsandprotons. In fact the ef�ciency

of the PID cut on the distributionsusedhereis ' 88% for true pions, ' 8% for true kaons

and' 13%for trueprotons.Sinceeach�nal stateparticleis assumedto have thesamePID

distribution independentof which decayit is from (seeabove), theresultingef�ciency for a

givendecayis simply theproductof theef�ciency of thecut for eachdaughtertype.

The signal and backgroundyields following thesePID cuts are calculatedby taking

the above before-PIDyields, and factoring in the ef�ciency of the PID cuts for each�-

nal stateparticle as given above. Figure 6.4 shows the expectedcumulative massdis-

tribution following the PID cuts, with the numberof simulatedeventscorrespondingto

0.3 fb� 1 of data.Thecontributionsfrom signalandfrom eachbackgroundareshown. The

B ! h+ h
0� backgroundsare highly suppressedby the PID cuts, althougha signi�cant

amountof Bd ! K + � � eventsremain,dueto thehigh yield of this decay. Thecombina-

toric backgroundandthree-bodybackgroundsarelargely unaffected,dueto theassumption

that they consistonly of pions. The presenceof somecombinatoricbackgroundwill not

adverselyaffect the �t for theCP asymmetries,asit doesnot carryany CP asymmetryit-

self. This is in contrastto the speci�c backgrounds,whereCP asymmetriescanaffect the

propertime distribution and, if they arenot taken into account,bias the extractionof the

CP asymmetriesin the signal. This is particularly true for B s ! K + K � , wherethe CP

asymmetriesarecurrentlyunmeasured.However, since� ms � � md, theeffect of thefast

Bs oscillationsshouldlargely integrateoutwhenstudyingtheslowerBd oscillations,sothat

any biason theBd ! � + � � CP asymmetriesshouldbesmall.

Finally, a cut is appliedon theinvariantmassof the� � pair. Themasswindow is tight-

enedfrom [5000,5600]MeV to [5229,5329]MeV (i.e. mB d � 50 MeV). This cut removes

almostall of the three-bodyspeci�c background,andalsoremovesmuchof the remaining

backgroundfrom Bd ! K + � � andBs ! K � � + .

Table6.1givesthesignalandbackgroundyieldsfor 0.3fb� 1 of databeforethePID and

masscuts,afterthePID cutsbut beforethemasscuts,andafterbothPID andmasscuts.
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Figure6.4: Cumulativemassdistributionfor B ! h+ h
0� eventsfollowing theinclusive

selectionandPID cuts,with thenumberof simulatedeventscorrespondingto 0.3 fb � 1

of data.Thecontributionsfrom signalandfrom eachbackgroundareshown.

Channel 0.3 fb� 1 Yields

Before PID and

MassCuts

After PID

Cuts

After PID and

MassCuts

Bd ! � + � � 8800 6910 6200

Bd ! K + � � 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

Combinatoricbackground 27000 21200 3550

Totalbackground 90300 35400 4870

Table6.1: B ! h+ h
0� andbackgroundyieldswith 0.3fb� 1 of data,beforethePID and

masscuts,afterthePID cutsbut beforethemasscuts,andafterbothPID andmasscuts.

Yieldsfor theB ! h+ h
0� decaysbeforePID cutsaregivento thenearesthundred,and

afterPID cutsto thenearestten.
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Theonly signi�cant backgroundsremainingafterthePID andmasscutsarethespeci�c

backgroundBd ! K + � � and the combinatoricbackground.Sincethe amountof back-

groundfrom � b ! ph remainingafterthePID andmasscutsis sosmall,it will hereafterbe

completelyneglected.Thesmall contributionsfrom B s ! K + K � , Bs ! K � � + andthe

three-bodybackgroundswill be includedin thetoy data,but not modelledin thePDFused

to �t thetoy data.This simpli�es the�tting functionsconsiderably, but hasthepotentialto

introduceasmallsystematicerrorif the�t to thedecayfractionsbecomesbiased.In Sec.6.5,

thesizeof this biaswill beassessedby comparingtheresultsfrom �ts to toy dataincluding

thesebackgroundsto thosefrom �ts to toy datathatdoesnot includethem.

6.3 Construction of Toy Data

As statedin theprevioussection,the� b backgroundsareneglecteddueto their tiny contri-

bution to theoverall numberof eventspassingthe full selection.Distributionsof invariant

massand�a vour-taggedpropertime aregeneratedfor thesignal,thespeci�c backgrounds

Bd ! K + � � , Bs ! K + K � andBs ! K � � + , thethree-bodybackgrounds(representedby

Bd ! � + � � � 0) andthecombinatoricbackground.Thedistributionsof thePID likelihoods

are not includedin the toy data,as only the massdistributionsare neededto distinguish

betweenthedifferentdecays.

6.3.1 MassDistrib utions for Toy Data

Massdistributions for the signal and speci�c backgroundsare generatedfollowing PDFs

that areconstructedusingthe kernelmethod[116] from the full simulationmassdistribu-

tions underthe � + � � masshypothesis(thesewereshown in Fig. 6.1). For the three-body

background,thefull simulationdistribution usedis thatfor Bd ! � + � � � 0. For thecombi-

natoricbackground,themassdistribution is againassumedto be�at.

6.3.2 Proper Time Distrib utions for Toy Data

Thepropertimedistributionsfor thesignalandeachspeci�c backgroundarecreatedfollow-

ing the expressionsgiven in Sec.1.2.2.2. In eachdecaymodethe numberof eventswith

eachinitial B �a vour (and,for the�a vour speci�c modes,each�nal state)is determinedby

the valuefor the direct CP asymmetry. The valuesusedfor the variousCP asymmetries

aregiven in Table6.2. The propertime distributionsfor the three-bodyandcombinatoric

backgroundareassumedto be �a vour taggingblind, i.e. the distributionsfor both �a vour

tagsareidentical.
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Decay CP Asymmetries Source

Bd ! � + � � A dir
CP = 0.38,A mix

CP = 0.61 World averageof experimental

measurements[15]

Bd ! K + � � A CP = 0.10 Average of experimental

measurements[59, 140]

Bs ! K + K � A dir
CP = 0.10, A mix

CP = 0.25,

A �� = 0.96

Theoreticalprediction[141]

Bs ! K � � + A CP = 0.39 Experimental measure-

ment[142]

Table6.2: Valuesusedin thetoy datafor theCP asymmetries.

The three-bodybackgroundwill bedominatedby B + andBd decays,dueto their high

hadronisationfractions,f B + ' f B d ' 40%. Herethe three-bodybackgroundpropertime

distribution is givena50%contributionwith theB + lifetime (1.64ps),anda50%contribu-

tion with theBd lifetime (1.53ps).

The propertime distribution for the combinatoricbackgroundin the full simulationis

seento haveadominantcomponentwith aneffectivemeanlifetime smallerthanB lifetimes,

anda smallercomponentwith a muchlargereffective meanlifetime. Thedistribution used

hereconsistsof a90%contributionfrom “short-lived” eventswith ameanlifetime of 0.5ps,

anda10%contribution from “long-lived” eventswith ameanlifetime of 10 ps.

Thetaggingef�ciencies (� tag ) andmistagrates(! tag ) areestimatedby takingthevalues

foundby thedetailedstudyreportedin [56]1, andremoving thecontribution from thesame

sidekaontagger, asthis is not applicableto Bd decays.The taggingstrategy usedin [56]

wasoptimisedfor thesimultaneousstudyof Bd andBs decays,andhenceis not theoptimal

strategy whenconsideringa Bd decayalone.

Table6.3 comparesthe taggingef�ciencies andmistagratesusingthe uni�ed tagging

approachof [56] with thosefor theBd-only approachusedin thecurrentstudy. Theeffective

taggingpower, � e� � � tag � (1 � 2! tag)2 is alsoshown. For eachstrategy, the taggingef�-

cienciesfor Bd decays,Bs decays,andcombinatoricbackgrounds,whichareexpectedto be

very similar to eachother, areassumedto beequalfor thesake of simplicity. It canbeseen

from Table6.3thatthechangeof taggingstrategy is anadvantageof theapproachusedhere:

removing the samesidekaontaggerimprovesthe effective taggingpower for B d decays,

while degradingit for Bs decays.This improvesthesensitivity to theCP asymmetriesin the

signal,while alsoreducingtheobservedCP asymmetryin theB s backgrounds.

1Thestudyin [56] supersedesthestudyin [118] thatwasusedto give theassumedtaggingperformance

for thepropertime resolutionstudiesin chapter4.
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TaggingStrategy Tagging

Ef�ciency � tag

MistagRate! tag Effective Tagging

Power � e�

Bd Bs Bd Bs

Uni�ed ( [56]) 65% 37.0% 34.7% 4.39% 6.09%

Bd-only (currentstudy) 55% 35.5% 36.1% 4.66% 4.25%

Table 6.3: Comparisonof taggingef�ciencies and mistagratesin different tagging

strategies.

The propertime acceptanceeffectsarisingfrom the cutsappliedin the trigger andthe

of�ine selectionaremodelledon anevent-by-eventbasis,ratherthanwith anoverall accep-

tancefunction. Eachevent is assigneda turn-onpoint for the propertime acceptance,and

theeventis rejectedif thegeneratedvaluefor thepropertimeof theB mesonis lessthanthis

turn-onpoint. Theturningpointsaresampledfrom a Gaussiandistribution with a meanof

1.0psanda width of 0.1ps. Samplingtheturningpointsin this way reproducestheproper

time acceptancethat is observed in the full Monte Carlo simulation(seeFig. 4.10). Both

signalandbackgroundareexpectedto have very similar propertime acceptancebehaviour,

asall eventsmustpassthesameimpactparametercutsin orderto beaccepted.

Eachdecayis assigneda propertime resolutionmodel following the modeldescribed

in Sec.4.2. For eachdecay, the distributions of the per-event error � � r ec on the proper

time are taken from the full Monte Carlo simulation. Sinceall modeshave to passthe

sameselectioncuts,the � � r ec distributionsareall broadlysimilar (the � � r ec distribution for

Bd ! � + � � wasshown in Fig. 4.3). Thevaluesusedfor thetwo parametersof theproper

timeresolutionmodelareGM = 0.05andGS = 1.1.Thesechoicesapproximatelyreproduce

thevaluesfoundfromthe�ts to thefull MonteCarlopropertimeresidualdistributionsfor the

Bd;s ! f � ; K g+ f � ; K g� decays(seeSec.4.2.4).

The samevaluesfor GM and GS are usedfor all decays. This is justi�ed for the

B ! h+ h
0� decaysby thefactthatthevaluesof GM andGS for theBd;s ! f � ; K g+ f � ; K g�

decayswerecompatiblewith eachother. For thethree-bodyandcombinatoricbackgrounds,

the actual proper time resolutionmodel may have different parametervaluesfrom the

B ! h+ h
0� decays.However becausetheir propertime distributionsdo not have oscilla-

tions,theirdependenceon GM andGS is veryweak,andthesamevaluescanbeassumed.

The �nal yields usedfor signalandbackgroundfor the 0.3 fb� 1 toy studyaregiven in

Table 6.4. The yields are lower than thosequotedin Table 6.1 due to the 55% tagging

ef�ciency (untaggedeventsarenotgeneratedasthey offer nosensitivity to theCP asymme-

tries).Eachsetof generatedtoy datacontainsa total of exactly6100events,but thenumber

of eventsof eachdecayvariesaroundthemeanvaluesgivenin Table6.4.
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Channel Number of Events

in Toy Data

Bd ! � + � � 3422

Bd ! K + � � 626

Bs ! K + K � 29

Bs ! K � � + 46

Three-bodybackgrounds 25

Combinatoricbackground 1952

Total 6100

Table6.4: Numberof signalandbackgroundeventsin a typical toy datasample,corre-

spondingto 0.3fb� 1 of data.

6.4 Construction of Distrib utions for Fit

As statedat theendof Sec.6.2, thesmallcontributionsfrom B s ! K + K � , Bs ! K � � +

and the three-bodybackgroundsare not modelledin the �t. This reducesthe numberof

parametersthatneedto beconsidered,but mayalsointroduceasmallsystematicbiason the

extractedvaluesfor thedirectandmixing-inducedCP asymmetries.Theonly decayswhich

aremodelledin the�t aretheBd ! � + � � signal,thespeci�c backgroundBd ! K + � � and

thecombinatoricbackground.In thefollowing, eachof thesewill bereferredto asa “decay

class”.

To �t thetime-dependentCP asymmetry, theapproachusedin [119] to �t theB s andBd

lifetimesusinguntaggedpropertime distributionshasbeendevelopedto includetheeffects

of oscillationsandCP asymmetries.Thisdevelopmentrendersthemethodsuitablefor �tting

�a vour-taggedpropertimedistributions.

The�t is anunbinnedlog-likelihood�t, carriedoutwithin theROOT dataanalysisframe-

work [122]. ThepackageMINT [143], written by J.Rademacker, is usedto interfaceto the

minimisationpackageMinuit [123]. MINT providesthe userwith a numberof prede�ned

classesto describeobjectssuchas�t parametersanddataevents,while maintaininga large

amountof �e xibility in theconstructionof thelikelihood.

6.4.1 MassDistrib utions for Fit

Themassdistributionsusedin the �t arethesameasthoseusedin the toy data. Themass

distributionsfrom thefull simulationareexpectedto giveagooddescriptionof thedatathat

will beseen,asthedeviation from theGaussianshapefor thenon-� � �nal statesis aknown

functionof themomentumasymmetrybetweenthedaughters,which is measuredfor each
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event. Theeffectsof �nal stateradiation,which alsoaffectstheobservedmassdistribution,

aretakeninto accountin thefull simulationaswell. ThePDFsusedfor themassdistributions

canbetestedandimprovedon datausingthe�t to theinvariantmassdistributions.

The total PDF f (m) for the �t to the toy datamassdistribution is thesumof thePDFs

for eachdecayclass:

f (m) =
X

decay

f (mjdecay) � P(decay); (6.2)

wheref (mjdecay) is the PDF for eachdecayclassand P(decay) is the fraction of the

total samplecomingfrom eachdecay. The �t to the invariantmassdistribution of the toy

datareturnsvaluesfor the decayfractionsP(decay). The valuesfor P(Bd ! � + � � ) and

P(Bd ! K + � � ) are�tted, with P(Combinatoric) constrainedto be1� P(Bd ! � + � � ) �

P(Bd ! K + � � ). As will be seenin the following section,thesefractionsandthe mass

PDFsareusedto statisticallyseparatethedifferentdecayclassesin the�t to thepropertime

distribution. Following theapplicationof tight PID cutsin theselection,it is notnecessaryto

re-usethePID likelihoodsin the�t to separateout thedecayclasses,asthemodelleddecay

classesall haveverydistinctmassdistributions(if for exampleB s ! K + K � wereincluded

in the�t, it wouldbenecessaryto makeuseof thePID informationastheB s ! K + K � and

Bd ! � + � � massdistributionsareverysimilarunderthe� � masshypothesis).

6.4.2 Proper Time Distrib utions for Fit PDFs

6.4.2.1 Treatmentof Proper Time Acceptance

Thepropertime acceptanceis treatedon anevent-by-eventbasis,with theacceptancefunc-

tion for eacheventbeingastepfunctionthatincreasesfrom 0 to 1 atsometurningpoint tmin .

Thevalueof tmin for eacheventcanbemeasuredusinga techniqueknown as“swimming”,

wherethevaluesof theimpactparametersarecalculatedasa functionof thedecaytime of

theB, andthevalueof thedecaytimewhentheimpactparametersbothbecomelargeenough

for theeventto beacceptedis the“turn-onpoint”2, denotedby tmin . Theswimmingmethod

wasoriginally developedby theCDFcollaboration[144], andhassincebeenadaptedfor use

by LHCb [120].

Oncethe propertime acceptanceis taken into account,the propertime distribution for

a givendecayclasswill bea functionof thepropertime t of thedecay3, thetagdecisionq,

which is +1( � 1) for aninitial statetaggedasaBd(B d), andtmin . Thiscanbefactorisedinto

2For two-trackdecayssuchasB ! h+ h
0� , theevent-by-eventacceptanceis a simplestepfunctionwith

oneturn-onpoint andno turn-off point. For decayswith morethantwo tracks,theevent-by-eventacceptance

becomesmorecomplicated.
3Heret is used,ratherthan� r ec asusedin chapter4, to avoid confusionwith themeanB lifetime � B d .
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thepropertime distribution for a givenvalueof tmin andthedistribution of tmin for a given

decayclass:

f (t; q; tmin jdecay) = f (t; qjtmin ; decay) � f (tmin jdecay): (6.3)

Sinceall selectedeventsareassumedto sharethe samepropertime acceptancebehaviour,

f (tmin jdecay) factorisesout to becomeacommonfactorin thetotal likelihood.Henceit will

not affect thelocationof themaximumof thelikelihood,andsocanbeignoredfor thepur-

posesof the �t. In thecaseof differentdecaysdisplayingdifferentpropertime acceptance

behaviour on data,thebehaviour canbemeasuredwith theswimmingmethod,andthedif-

ferentf (tmin jdecay) functionsthataremeasuredcanbeincludedin thelikelihood.Notethat

in this casethemeasuredf (tmin jdecay) canbeusedto provide extra discriminatingpower

betweenthedifferentdecayclasses.

Sincetherelevanttermin thelikelihoodis now f (t; qjtmin ; decay), in whichtmin behaves

asa parameterratherthana variable,theonly effect on thepropertime PDFsof including

the event-by-eventacceptancefunction is that the normalisationbecomesan integral from

t = tmin to t = 1 , ratherthanthe usualt = 0 to t = 1 [119]. The fact that including

thepropertime acceptancedoesnot furthercomplicatethepropertime distribution hasthe

bene�t thatthenormalisationincludingthepropertimeacceptancecanbedoneanalytically.

In many caseswhereanaverageacceptancefunctionis used,theresultingintegralhasto be

donenumerically(seefor example[114]).

6.4.2.2 Conditional Proper Time Distrib utions

Following theapproachof [118] and[56], a joint PDF is usedfor f (t; qjtmin ; decay). This

PDFsimultaneouslydescribesthepropertimedistribution for eventswith either�a vour tag.

Thisis foundby takingtheexpressionsfor thedecayratefrom apureB or B initial state(see

Sec.1.2.2.2)andsummingthemwith the appropriateweight to obtain the experimentally

observedratefor a giventag(seeEqn.4.9).

The time PDFsareassumedto have perfectpropertime resolution,asthe low valueof

� md meansthat the effect of including the resolutioneffects for Bd decaysis negligible

(seeSec.4.1.1).Neglectingthepropertime resolutioneffectsallows thePDFsto begreatly

simpli�ed, andthe integrationfor the normalisationto remainanalytical. When�tting the

time-dependentCP asymmetryin a Bs decaysuchasBs ! K + K � , thepropertime distri-

butionswill besigni�cantly affectedby theresolution,sotheresolutioneffectswill needto

becorrectlyconsideredin the�t, unlike for theBd casehere.
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With theresolutioneffectsneglected,theratesare

f (t; qjtmin ; Bd ! � + � � ) = N (t; tmin )�e� t=� B d
�
1+q(1� 2! tag)(A dir

CP cos(� mdt)�A mix
CP sin(� mdt))

�

(6.4)

for theBd ! � + � � signal,and

f (t; qjtmin ; Bd ! K + � � ) = N (t; tmin ) � e� t=� B d
�
1 + q(1 � 2! tag)A CP cos(� mdt)

�
(6.5)

for theBd ! K + � � speci�c background.In theabove equations,N (t; tmin ) is thenormal-

isationfactor, and� B d is themeanlifetime of theBd, whosecurrentworld averageexperi-

mentalvalueis (1.53� 0.01)ps[15].

The valuesof � B d andthe oscillationfrequency � m are�x ed to thoseusedin the toy

data,asthey arealreadywell known experimentally, andwill bemeasuredto anevenhigher

precisionby LHCb. The charge asymmetryA CP for Bd ! K + � � hasalreadybeenwell-

measuredby theB-factoriesandtheTeVatronexperiments,with thecurrentworld average

being0.10� 0.02[15]. In the�t, thisasymmetryis �x edto its world averagevalue.

The mistagrate in the above PDFsis �x ed to the samevalueusedto generatethe toy

data,as the mistagrate and direct and mixing-inducedCP asymmetriescannotbe �tted

simultaneously. Themistagratewill bedeterminedfrom data,usingthemethodsdiscussed

in chapter4. Theuncertaintyfrom thisdeterminationis likely to beoneof themainsources

of systematicerror in this analysis,however thefact thatonly themistagratefor B d decays

is consideredhereis anadvantage,asthis ratecanbedirectly measuredfrom B d ! K + � � ,

while themeasurementof themistagratefor Bs decaysis moreproblematic(seediscussion

in Sec.4.1.3). Theeffect of an incorrectdeterminationof themistagrateon theextraction

of thedirectandmixing-inducedCP asymmetriesis discussedin Sec.6.5.

ThenormalisationfactorN (t; tmin ) is calculatedby integratingfrom t = tmin to t = 1

andsummingover thetwo discretevaluesof q. Thesummationoverq causestheoscillation

termsin thenormalisationto cancel,leaving asimpleexpression:

N (t; tmin ) =
1

2 � � B d � e� tmin =� B d
; (6.6)

which is thenormalisationfactorin bothEqn.6.4andEqn.6.5.

The propertime distribution usedfor the combinatoricbackgroundcontribution to the

�t PDFis thesameasthatusedfor thecombinatoricbackgroundin thetoy datageneration.

As describedin chapter4, therearevariousmethodsthat canbe employed to measurethe

combinatoricbackgroundpropertimedistributionsondata,eitherfromtheuppersidebandor

by backgroundsubtraction[119]. Thenormalisedratefor combinatoricbackground,which
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doesnotdependon thetagdecision,is

f (t; qjtmin ; Combinatoric) = f short � Nshort (t; tmin ) � e� t=� short + f long � N long(t; tmin ) � e� t=� long

= f short �
e� t=� short

2 � � short � e� tmin =� short
+ f long �

e� t=� long

2 � � long � e� tmin =� long

(6.7)

wheref short = 0:9 is thefractionof short-livedbackgroundwith � short = 0:5 ps,f long = 0:1

is thefractionof long-livedbackgroundwith � long = 10:0 ps. As with theotherdecayrates,

thenormalisationfor eachcomponentis foundby integratingfrom t = tmin to t = 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 thepropertimedistribution is

f (t; q; tmin jm) =
X

decay

f (t; q; tmin jdecay) � P(decayjm); (6.8)

whereP(decayjm), theprobability for aneventwith a givenmassto beof a certaindecay

class,canbe found from the decayfractionsP(decay) and the massPDFsusingBayes'

theorem:

P(decayjm) =
f (mjdecay) � P(decay)

f (m)
: (6.9)

As describedabove, f (t; qjtmin ; decay) can be usedin placeof f (t; q; tmin jdecay), as the

propertime acceptancebehaviour of all decaysclassesis assumedto bethesame.Thetotal

likelihoodcanthenbeconstructedusingtheexpressionsfor eachf (t; qjtmin ; decay) givenin

theprevioussections,alongwith thedecayfractionsP(decay) from the �t to the invariant

massdistribution, andthemassdistributionsf (mjdecay) for eachdecayclass.This is the

likelihoodthatis usedto �t to thepropertimedistributionof thetoy datasetsin thefollowing

section.

6.5 Resultsfr om Fit to Toy Data

6.5.1 Validation of Proper Time Fitter

The methodusedto perform the �t to the propertime distribution can be testedfor any

inherentbiasby performing�ts to simulatedtoy datasamplesthatonly containB d ! � + � � ,

Bd ! K + � � andcombinatoricbackgroundevents,i.e. thedecayclassesthatareconsidered
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in the �t PDF. A largesamplesizeis usedto minimisethesizeof the �t errors,so thatany

biascanbemoreeasilyseen.A samplesizeof 100,000eventswaschosen.Thiscorresponds

to thenumberof eventsfor thesemodesthatis expectedwith around5 fb� 1 of data,however

this sampledoesnot exactly correspondto the datasetthat would be observed, as some

backgroundsareomitted. Thepurposeof �tting to this large sampleis not to estimatethe

sensitivity of LHCb to theCP asymmetrieswith ' 5 fb� 1 of data,but ratherto validatethe

methodusedherefor thepropertime �t anddemonstratethatit is freeof inherentbias.

A total of 300suchdatasetsweregenerated,with theaveragefractionsof Bd ! � + � �

and Bd ! K + � � eventsbeing 0.561and 0.103 respectively. Thesedatasetswere then

�tted with the �t PDF describedin Sec.6.4.2,with all parametersin the PDF, apartfrom

the signalCP asymmetries,�x ed to their true values(i.e. the valuesusedto generatethe

toy datasets). The decay fractions P(decay) are �x ed to the average(true) valuesof

P(Bd ! � + � � ) = 0:561 andP(Bd ! K + � � ) = 0:103. The signalCP asymmetries,

A dir
CP (� + � � ) andA mix

CP (� + � � ), areseededin thesignaltime PDFwith valuesthatareclose,

but not identical, to the valuesin the toy data: 0.48 for A dir
CP and 0.51 for A mix

CP (it was

checkedthatusingotherseedsfor A dir
CP andA mix

CP in theinterval [-1.0,1.0]did not affect the

�t results).During the �t theCP asymmetries,which aretheonly �oating parameters,are

bothallowedto �oat in theinterval [-10.0,10.0]. Fittedvaluesthatviolatethephysicalcon-

straint(A dir2
CP + A mix2

CP ) � 1 (seethede�nitions (1.47))canoccur, asmathematicallythe�t is

measuringtheamplitudeof anoscillation,which in principlecanhaveany value.

All 300 �ts convergedsuccessfullyandreturneda full andaccuratecovariancematrix.

An example�t canbeseenin theupperhalf of Fig.6.5.Thedifferentcomponentsof thedata

areshown ascumulative histograms,with theeventsof eachdecayhaving tagq = +1(� 1)

representedby a solid (hatched)histogram(thedatadistributionswith eachtagarehowever

not displayedcumulatively here). The projectionof the PDFsfor eachdecayclasswith a

given taghave beensuperimposedontoeachdecay. The �t shown returnedA dir
CP (� + � � ) =

0.407� 0.033andA mix
CP (� + � � ) = 0.655� 0.024.Themostrelevantfeatureof Fig. 6.5with

regardsto �tting for theBd ! � + � � CP asymmetriesis that the �t PDFsfor eachtagged

subsetof Bd ! � + � � eventsfollow the dataclosely, i.e. the greendottedline (tag = +1)

follows thesolid redhistogram,andthebluedottedline (tag= -1) follows thehatchedblue

histogram.For theotherdecayclassesin the�t, thedistributionsfor eachtagareseento be

very similar to eachother, asexpected.The�t PDFsfor eachtagin theseclasseslie almost

on topof eachother, sothatonly oneof themis visible. Thefactthatthebluehistogramlies

above theredhistogram,i.e. thetime-dependentCP asymmetryis negative, for mostof the

time interval shown is dueto A mix
CP (� + � � ) beinglargeandpositive(seeEqn.1.52).

Also shown in Fig. 6.5 is the correspondingpropertime distribution of the fractional
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Figure 6.5: A typical �t to thepropertimedistribution of a largesimulateddatasample

containingsignalandmainbackgrounds(top), andthecorrespondingfractionalasym-

metrydistribution (bottom).Seetext for details.
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Parameter Input FittedValuesDistribution Pull Distribution Fit Errors

Mean Width Mean Width Mean

A dir
CP (� + � � ) 0.38 0.379� 0.002 0.034� 0.002 -0.01� 0.06 1.00� 0.05 0.033

A mix
CP (� + � � ) 0.61 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 q = 1 andq = � 1, divided

by thesum),with thefractionalasymmetryof the�t PDFoverlaidin blue. Theasymmetry

distribution is shown only for illustration, it is not the distribution that is �tted. The �t is

madeto thepropertimedistribution(seeEqn.6.8).

The distributionsof the �t resultsfor A dir
CP (� + � � ) andA mix

CP (� + � � ) from the 300 toy

datasetsareshown in Fig.6.6.Thedistributionsof the�tted value,�t errorandpull (i.e.resid-

ual dividedby �t error) for eachparameterareshown. A singleGaussian�t hasbeenper-

formedon thedistributionsof �tted valuesandpulls. Thedistributionof the(signed)corre-

lationbetweenthetwo CP asymmetriesin the�t is alsoshown. Theresultsaresummarised

in Table6.5. It canbeseenfrom Fig. 6.6andTable6.5that,for each�t parameter,

� The meanof the distribution of the �tted valuesis equalto the input value for the

parameter,

� Themeanof thepull distribution is compatiblewith 0, andthewidth with 1,

� Thewidth of thedistribution of the �tted valuesmatchesthemeanof thedistribution

of the�t errors.

Henceit canbe concludedthat the methodhassuccessfullyrecoveredthe input valuesfor

bothCP asymmetries,with correctlyestimatederrors.Fromtheuncertaintyon themeanof

the�tted valuesdistribution,andalsoonthemeanandwidth of thepull distribution,anupper

limit of ' 0:1 � � (A CP ) canbeplacedon thesizeof any inherentbiasin themethod.This

correspondsto anabsolutebiasof ' 0.003,which is severaltimessmallerthanthestatistical

errorachievableatLHCb duringtheinitial phaseof LHC operation(anä�veextrapolationof

the�t errorsobservedhereto 10 fb� 1 wouldyield � (A CP ) ' 0:02).

Another featureof the �t resultsis that the error on A mix
CP is considerablysmallerthan

thaton A dir
CP . This arisesthroughthecombinationof threefeaturesof thesignalpropertime

distribution(seeEqn.6.4): theturn-onpoint,theexponentialdecayandthesinusoidalterms.

Sincethetypical turn-onpoint valueis 1 ps,thevastmajority of thesignaleventsthatpass

theselectionandthetriggerhave propertime valuesbetween1 psand4 ps. At t ' 3.1 ps,
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Figure6.6: Distributionsof �t resultsfor CP asymmetriesfrom propertime�ts to large

simulateddatasamplescontainingsignalandmainbackgrounds.The�rst, secondand

third rows show respectively thedistributionsof �tted values,�tted errors,andpulls for

A dir
CP (� + � � ) andA mix

CP (� + � � ). Thefourthrow shows thedistributionof thecorrelation

betweenthetwo CP asymmetriesin the�t.
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� mdt ' � =2 sothatsin(� mdt) ' 1 andcos(� mdt) ' 0. So in theregion wheremostof

thedatalies, themagnitudeof thetermmultiplying A mix
CP is largerthanthemagnitudeof the

termmultiplying A dir
CP . This canbeseenin theasymmetryplot in Fig. 6.5: thepointswith

t . 4 ps,which have higherstatistics,have smallererrorbarsandaremainly below thex-

axis,re�ecting thedominanceof theA mix
CP termin this time region. Hencethe�t determines

A mix
CP moreaccuratelythanA dir

CP . If thepropertimeacceptancebehaviour of datadiffersfrom

thatusedin this study, thentheratioof theerrorsonA mix
CP andA dir

CP maychange.

Thedistribution of the (signed)correlationbetweenthe two CP asymmetriesin the �t,

shown in Fig. 6.6, is narrowly peaked around+0.40. A non-negligible correlationis ex-

pected,asthesumof thesineandcosinetermsin thedecayrate(seeEqn.6.4) canbecon-

sideredasasinglesinusoidalfunctionwhoseamplitudeandphasebothdependon(different

combinationsof) A dir
CP andA mix

CP .

With the methodhaving beenseento carry no (or very little) inherentbias,any biases

foundfrom �ts to “realistic” datathatincludetheminor backgroundscanbeascribedto the

presenceof thosebackgroundsandnot to themethoditself.

6.5.2 Massand Proper Time Fits to Realistic Data

The performanceof the massandpropertime �ts on smallerdatasamples,corresponding

to the numberof triggered,selected,andtaggedeventsexpectedin 0.3 fb� 1 of data,was

studied.Apart from theBd ! � + � � signalandthedominantbackgrounds(Bd ! K + � �

andcombinatoricbackground),thesedatasamplesalso include the “minor” backgrounds

Bd ! � + � � � 0 (representingthree-bodybackgrounds),Bs ! K + K � andBs ! K � � + .

However the minor backgroundsare not modelledin the �t. The resultsof the previous

sectionmeanthatany biasthat is foundon theextractedvaluesof theCP asymmetrieswill

bedueto theeffectof theseminorbackgrounds,andnot the�t methoditself.

A total of 1000toy datasetsweregeneratedasdescribedin Sec.6.3, with the average

numberof eacheventssetasgivenin Table6.4 (i.e. 6100total events,of which anaverage

of 3422aresignalevents).

As describedin Sec.6.4,thefractionsof eachdecayclass,P(decay), are�rst measured

by �tting theinvariantmassdistribution. Thetime�ts areperformedwith thedecayfractions

�x ednot to thetruevaluesbut to themeanvaluesfoundby theinvariantmass�t. This takes

any biasingeffectof theminorbackgroundson themass�t into account.

187



CHAPTER6. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN Bd ! � + � �

Reconstructed Mass (MeV)
5230 5240 5250 5260 5270 5280 5290 5300 5310 5320

-1
E

ve
nt

s 
in

 0
.3

fb

0

50

100

150

200

250

300

-p+p ®dB

-p+ K®dB

+K-K®sB

+p- K®sB

0p-p+p®dB

Combinatoric Bkg

Figure 6.7: A typical �t to the massdistribution of a simulated0.3 fb� 1 datasample

containingsignalandall consideredbackgrounds.Seethetext for details.

6.5.2.1 MassFits

The massdistributionsof the toy datasetsdescribedabove were�tted with the total mass

PDFf (m) asdiscussedin Sec.6.4.1,with only thesignalandthetwo dominantbackgrounds

beingincludedin thetotalPDF. Themassdistribution,f (mjdecay), for eachmodelleddecay

classmatchesthat usedin the toy datageneration.The two independentdecayfractions,

P(Bd ! � + � � ) and P(Bd ! K + � � ), are eachseededin the �t with the value 0.33,

and �oated in the interval [0,1]. As the f (mjdecay) usedin the �t matchthe generated

distributions,theonly possiblesourceof biasin theextractedvaluesof P(Bd ! � + � � ) and

P(Bd ! K + � � ) is thepresenceof theminorbackgrounds.

All 1000�ts convergedsuccessfullyandreturneda full andaccuratecovariancematrix.

An example�t is shown in Fig. 6.7. Thesix differentcomponentsof thedataareshown as

cumulativehistograms.Thethreedifferentcomponentsof the�t PDFareshown assmooth

lines. It canbe seenthat the minor backgroundshave little effect on the total distribution.

The�tted valuesfor thisdatasetareP(Bd ! � + � � ) = 0.556� 0.019andP(Bd ! K + � � )

= 0.092� 0.012.

The distributionsof the �t resultsfor P(Bd ! � + � � ) andP(Bd ! K + � � ) from the

1000toy datasetsareshown in Fig.6.8.Thedistributionsof the�tted value,�t errorandpull

for eachparameterareshown. A singleGaussian�t hasbeenperformedon thedistributions

of �tted valuesandpulls. Thedistributionof the(signed)correlationbetweenthetwo decay

fractionsin the�t is alsoshown. Theresultsaresummarisedin Table6.6.
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Figure 6.8: Distributionsof �t resultsfor decayfractionsfrom mass�ts to simulated

0.3 fb� 1 datasamplecontainingsignalandall consideredbackgrounds.The �rst, sec-

ondandthird rows show respectively thedistributionsof �tted values,�tted errors,and

pulls for the fractionsof Bd ! � + � � andBd ! K + � � . The fourth row shows the

distribution of thecorrelationbetweenthetwo decayfractionsin the�t.
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Parameter Input FittedValuesDistribution Pull Distribution Fit Errors

Mean Width Mean Width Mean

P(Bd ! � + � � ) 0.561 0.556� 0.001 0.019� 0.001 -0.24� 0.03 0.98� 0.02 0.019

P(Bd ! 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 mass�ts to simulated0.3 fb� 1 datasamplescon-

tainingsignalandall consideredbackgrounds.

Figure 6.8 and Table 6.6 show that the presenceof the minor backgroundscausesa

small negative biasin the extractedvaluesfor the decayfractions. The biasis ' 0.005for

P(Bd ! � + � � ) and ' 0.011 for P(Bd ! K + � � ). For P(Bd ! � + � � ) the system-

atic error is several times smaller than the statisticalerror with this datasample,but for

P(Bd ! K + � � ) they areroughly equal,andasmoredatais collectedandthe statistical

errordecreases,thesystematicerrorwill becomedominant.Futurestudiesshouldtherefore

investigatetheinclusionof theminorbackgroundsin the�t PDF, to remove thisbias.

Theeffect of thebiason theextractionof theCP asymmetriesin thepropertime �t will

beexploredin thenext section.Thisbiashasshiftedthemeansof thepull distributionsaway

from 0, but thewidthsof thepull distributionsarestill compatiblewith 1, showing that the

mass�t is determiningtheerrorscorrectly.

Finally, thecorrelationbetweenthetwo decayfractionsin the�t is seento bevery low.

This is expectedastheshapesof themassdistributionsfor thethreemaindecayclassesare

verydistinctfrom eachother(seeFig. 6.7).

6.5.2.2 Proper Time Fits

The�t PDFusedis thesameasthatusedfor the�ts describedin Sec.6.5.1,exceptthatthe

decayfractionsare�x ednot to their truevaluesbut to themeanvaluesfoundby themass�t

in theprevioussection,i.e.P(Bd ! � + � � ) = 0:556andP(Bd ! K + � � ) = 0:092.

As with the mass�t, all 1000�ts convergedsuccessfullyandreturneda full andaccu-

ratecovariancematrix. An example�t is shown in Fig. 6.9. As expected,thepropertime

distributionsarevery similar to thoseseenin Fig. 6.5, except that the minor backgrounds

now appearin thedata.Thedistributionsfor theminor backgroundsarenot displayedsep-

aratelyby tag to allow themto be moreclearly identi�ed. It canbe seenthat the amount

of combinatoricbackgroundis slightly overestimated,asindicatedby thesmallnegativebi-

aseson P(Bd ! � + � � ) andP(Bd ! K + � � ) from the mass�t. The �t shown returned

A dir
CP (� + � � ) = 0.406� 0.133andA mix

CP (� + � � ) = 0.572� 0.096.

Thecorrespondingpropertime distributionof thefractionalasymmetryis alsoshown in

Fig. 6.9. Thedistribution is similar to thatshown in Fig. 6.5,exceptthat theerrorbarsare
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Figure 6.9: A typical �t to the propertime distribution of a simulated0.3 fb� 1 data

samplecontainingsignalandall consideredbackgrounds(top), andthe corresponding

fractionalasymmetrydistribution (bottom).Seetext for details.
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Parameter InputValue FittedValuesDistribution Pull Distribution Fit Errors

Mean Width Mean Width Mean

A dir
CP (� + � � ) 0.38 0.369� 0.005 0.135� 0.003 -0.07� 0.03 1.01� 0.03 0.134

A mix
CP (� + � � ) 0.61 0.598� 0.003 0.093� 0.002 -0.12� 0.03 0.96� 0.02 0.097

Table6.7: Summaryof resultsfrom propertime �ts to simulated0.3fb� 1 datasamples

containingsignalandall consideredbackgrounds.

far largerdueto thelowerstatisticsinvolvedhere.

The distributionsof the �t resultsfor A dir
CP (� + � � ) andA mix

CP (� + � � ) from the 1000toy

datasetsareshown in Fig. 6.10. The distributionsof the �tted value,�t error andpull for

eachparameterareshown. A singleGaussian�t hasbeenperformedon the distributions

of �tted valuesandpulls. Thedistribution of the (signed)correlationbetweenthe two CP

asymmetriesin the �t is alsoshown. The resultsaresummarisedin Table6.7. It canbe

seenthatthebiasintroducedby theminorbackgroundsis smallandnegative;around� 0.01

for bothA dir
CP andA mix

CP . Thisbiasis negligible comparedwith thestatisticalerrorsfrom this

smallsample,whichare' 0.13for A dir
CP and' 0.10for A mix

CP . Dueto this smallbias,thepull

distributionsdonothavemean0, but theirwidthsarestill verycloseto 1, indicatingthatthe

�t is calculatingthe errorscorrectly. As wasseenfor the resultsin Sec.6.5.1,andfor the

samereasons,the erroron A mix
CP hereis againconsiderablysmallerthanthat on A dir

CP . The

correlationdistribution hasa meanvaluethat is very similar to that for the �t to the large

datasamples(seeFig. 6.6), but thespreadis considerablylargerdueto the lower statistics

involved.

Beforea completeestimateof the sensitivity to the CP asymmetrieswith the 0.3 fb� 1

datasamplecanbe made,further sourcesof systematicerror, beyond that associatedwith

theminorbackgrounds,needto beconsidered.

6.5.3 Sourcesof SystematicErr or

Thepresenceof minorbackgroundsthatarenotmodelledin the�t hasbeenseento introduce

a small systematicerroron theextractionof theCP asymmetries.Anotherpossiblesource

of systematicerroris anincorrectdeterminationof oneof theparametersthatis held�x edin

thepropertime �t. Thephysicsparametersthatare�x edin thepropertime �t — � B d , � md

andA CP (Bd ! K + � � ) — aretightly constrainedby currentexperimentalmeasurements,

whoseprecisionwill be improved by LHCb. Hencenoneof the physicsparametersare

expectedto beasourceof signi�cant systematicuncertainty.

The other �x ed parametersin the proper time �t are experimentalparameters— the

192



CHAPTER6. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN Bd ! � + � �

 / ndf 2c  31.16 / 38

Prob   0.7764

Constant  2.2±  54.2 

Mean      0.0045± 0.3692 

Sigma     0.0033± 0.1347 

dir
A

-0.2 0 0.2 0.4 0.6 0.8 1
0

10

20

30

40

50

60

70  / ndf 2c  31.16 / 38

Prob   0.7764

Constant  2.2±  54.2 

Mean      0.0045± 0.3692 

Sigma     0.0033± 0.1347 

 / ndf 2c   43.1 / 36

Prob   0.1936

Constant  2.39± 58.72 

Mean      0.0031± 0.5975 

Sigma     0.0024± 0.0933 

mixA
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

0

10

20

30

40

50

60

70  / ndf 2c   43.1 / 36

Prob   0.1936

Constant  2.39± 58.72 

Mean      0.0031± 0.5975 

Sigma     0.0024± 0.0933 

Entries  1000
Mean   0.1337

RMS    0.00135

)
dir

(As
0.12 0.125 0.13 0.135 0.14 0.145 0.15
0

20

40

60

80

100

120

140
Entries  1000
Mean   0.1337

RMS    0.00135

Entries  1000

Mean   0.0967

RMS    0.0009736

)
mix

(As
0.085 0.09 0.095 0.1 0.105 0.11 0.115
0

20

40

60

80

100

120

140

160

180

200

Entries  1000

Mean   0.0967

RMS    0.0009736

 / ndf 2c  29.09 / 36

Prob   0.7863

Constant  2.26± 56.91 

Mean      0.03315± -0.06565 

Sigma     0.025± 1.006 

 pull
dir

A
-5 -4 -3 -2 -1 0 1 2 3 4 5

0

10

20

30

40

50

60

70  / ndf 2c  29.09 / 36

Prob   0.7863

Constant  2.26± 56.91 

Mean      0.03315± -0.06565 

Sigma     0.025± 1.006 

 / ndf 2c  37.13 / 39

Prob   0.5554

Constant  2.31± 57.29 

Mean      0.0314± -0.1244 

Sigma     0.024± 0.961 

 pullmixA
-5 -4 -3 -2 -1 0 1 2 3 4 5

0

10

20

30

40

50

60  / ndf 2c  37.13 / 39

Prob   0.5554

Constant  2.31± 57.29 

Mean      0.0314± -0.1244 

Sigma     0.024± 0.961 

Entries  1000

Mean   0.3843
RMS    0.01245

Correlation between asymmetries
0.25 0.3 0.35 0.4 0.45 0.5 0.55
0

20

40

60

80

100

Entries  1000

Mean   0.3843
RMS    0.01245

Figure 6.10: Distributions of �t resultsfor CP asymmetriesfrom propertime �ts to

simulated0.3 fb� 1 datasamplescontainingsignalandall consideredbackgrounds.The

�rst, secondandthird rows show respectively thedistributionsof �tted values,�tted er-

rors,andpullsfor A dir
CP (� + � � ) andA mix

CP (� + � � ). Thefourthrow showsthedistribution

of thecorrelationbetweenthetwo CP asymmetriesin the�t.
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Parameter Fit ! tag FittedValuesDistribution Pull Distribution Fit Errors

Mean Width Mean Width Mean

A dir
CP (� + � � ) 35.0% 0.365� 0.006 0.120� 0.004 -0.15� 0.05 0.96� 0.04 0.129

A mix
CP (� + � � ) 35.0% 0.587� 0.004 0.087� 0.003 -0.29� 0.05 0.96� 0.04 0.093

A dir
CP (� + � � ) 36.0% 0.372� 0.007 0.142� 0.005 -0.03� 0.05 1.04� 0.04 0.139

A mix
CP (� + � � ) 36.0% 0.613� 0.005 0.099� 0.004 0.02� 0.05 0.99� 0.04 0.100

Table6.8: Summaryof resultsfrom propertime �ts to simulated0.3fb� 1 datasamples

containingsignalandall consideredbackgrounds,with incorrectestimationof ! tag in

the�t PDF.

mistagratefor Bd, andtheparametersrelatingto thepropertime distribution for thecom-

binatoric background. Thesewill be measuredon datausing the methodsmentionedin

Sec.6.4.2,however thesedeterminationswill have someuncertaintyassociatedwith them.

As the coef�cients of theoscillationsin thedecayratearetheproductof (1 - 2! tag ) anda

CP asymmetry(seeEqn.6.4),anincorrectdeterminationof themistagrateis likely to have

themostdirectimpacton theextractedvaluesof theCP asymmetries.Thesizeof thiseffect

canbeestimatedby carryingout �ts to thedatasetsusedin Sec.6.5.2,but with thevalueof

! tag in the �t PDF �x edto a differentvaluefrom thatusedto generatethe toy data,which

is 35.5%.Sincethemistagratefor Bd canbedirectly determinedusingBd ! K + � � (see

Sec.4.1.3.1),its uncertaintyshouldberelatively small. Heretheeffect of a 0.5%changein

thevalueof ! tag usedin the�t will beestimated.

The1000datasetsusedin Sec.6.5.2weredividedinto two setsof 500.Onesetwas�tted

with a �t PDFhaving ! tag = 35.0%,andtheotherwith a �t PDFhaving ! tag = 36.0%.The

otherparameters(includingthedecayfractions)in the�t were�x edto thesamevaluesused

for the�ts describedin Sec.6.5.2.2.All 1000�ts convergedsuccessfullyandreturneda full

andaccuratecovariancematrix.

The distributionsof the resultsfrom the �ts to thesesamplesareshown in Figs. 6.11

and6.12(thedistributionsof thecorrelationbetweentheasymmetriesarenotshown asthey

arealmostidenticalto thedistribution in Fig. 6.10).A summaryis givenin Table6.8.

Comparingtheseresultswith thosefrom theprevioussection,it canbeseenthatunder-

estimating(overestimating)themistagratedecreases(increases)themeasuredvaluesof the

CP asymmetriesby around0.01. This is theexpectedbehaviour, becausee.g.anunderesti-

mationof themistagcausesmoredilution of theoscillationsto beobservedthanis expected,

which is compensatedfor by lowervaluesof theCP asymmetries(seeEqn.6.4).

In the overestimationcase,thereis a fortunatecancellationwith the systematicarising

from theminorbackgrounds,andthe�nal resultscomeoutunbiased.However the�t errors
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Figure 6.11: Distributions of �t resultsfor CP asymmetriesfrom propertime �ts to

simulated0.3fb� 1 datasamplescontainingsignalandall consideredbackgrounds,with

! tag underestimatedby 0.5%in the �t PDF. The �rst, secondandthird rows show re-

spectively thedistributionsof �tted values,�tted errors,andpulls for A dir
CP (� + � � ) and

A mix
CP (� + � � ).

195



CHAPTER6. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN Bd ! � + � �

 / ndf 2c  41.74 / 36

Prob   0.2352

Constant  1.37± 23.71 

Mean      0.0070± 0.3717 

Sigma     0.0054± 0.1419 

dirA
0 0.2 0.4 0.6 0.8 1

0

5

10

15

20

25

30

35
 / ndf 2c  41.74 / 36

Prob   0.2352

Constant  1.37± 23.71 

Mean      0.0070± 0.3717 

Sigma     0.0054± 0.1419 

 / ndf 2c   26.6 / 34

Prob   0.8133

Constant  1.61± 27.49 

Mean      0.0048± 0.6126 

Sigma     0.00389± 0.09927 

mixA
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
0

5

10

15

20

25

30

35

 / ndf 2c   26.6 / 34

Prob   0.8133

Constant  1.61± 27.49 

Mean      0.0048± 0.6126 

Sigma     0.00389± 0.09927 

Entries  500

Mean   0.1385

RMS    0.001389

)
dir

(As
0.125 0.13 0.135 0.14 0.145 0.15 0.155
0

10

20

30

40

50

60

70

80

90

Entries  500

Mean   0.1385

RMS    0.001389

Entries  500

Mean   0.1002

RMS    0.001031

)
mix

(As
0.085 0.09 0.095 0.1 0.105 0.11 0.115
0

10

20

30

40

50

60

70

80

90

Entries  500

Mean   0.1002

RMS    0.001031

 / ndf 2c  33.39 / 32

Prob   0.3997

Constant  1.58± 27.42 

Mean      0.05106± -0.03251 

Sigma     0.040± 1.044 

 pulldirA
-5 -4 -3 -2 -1 0 1 2 3 4 5

0

5

10

15

20

25

30

35  / ndf 2c  33.39 / 32

Prob   0.3997

Constant  1.58± 27.42 

Mean      0.05106± -0.03251 

Sigma     0.040± 1.044 

 / ndf 2c  25.23 / 33

Prob   0.8316

Constant  1.63± 27.74 

Mean      0.04768± 0.01888 

Sigma     0.0400± 0.9889 

 pullmixA
-5 -4 -3 -2 -1 0 1 2 3 4 5

0

5

10

15

20

25

30

35  / ndf 2c  25.23 / 33

Prob   0.8316

Constant  1.63± 27.74 

Mean      0.04768± 0.01888 

Sigma     0.0400± 0.9889 

Figure 6.12: Distributions of �t resultsfor CP asymmetriesfrom propertime �ts to

simulated0.3fb� 1 datasamplescontainingsignalandall consideredbackgrounds,with

! tag overestimatedby 0.5% in the �t PDF. The �rst, secondandthird rows show re-

spectively thedistributionsof �tted values,�tted errors,andpulls for A dir
CP (� + � � ) and

A mix
CP (� + � � ).

196



CHAPTER6. DIRECT AND MIXING-INDUCED CP ASYMMETRIESIN Bd ! � + � �

areseento increaseslightly whenthemistagis overestimated.

Due to the cancellationnotedabove, the meansof the pull distributionsin the overes-

timation casearecompatiblewith zero. In the underestimationcasethey aresigni�cantly

negative. In bothcases,thewidthsof thepull distributionsarecompatiblewith 1, indicating

thatthe�t is still correctlyestimatingtheerrors.

6.5.4 Sensitivity to A dir
CP (� + � � ) and A mix

CP (� + � � )

Thecompletesensitivity to theCP asymmetriesin Bd ! � + � � with 0.3 fb� 1 of datacan

now beestimatedusingtheresultsfrom theprevioussections:

� tot (A dir
CP ) = 0:135(stat) � 0:011(bkgs) � 0:004(! tag) = 0:135(stat) � 0:012(syst);

� tot (A mix
CP ) = 0:093(stat) � 0:012(bkgs) � 0:013(! tag) = 0:093(stat) � 0:018(syst);

wherethebiasesarisingfrom theminorbackgroundsandthemistagdeterminationhavebeen

combinedin quadratureto giveanestimatefor thetotal systematicerror.

Although the total errorsas calculatedhereare slightly larger than that thoseon the

individual measurementsfrom BabarandBelle (seeEqn.1.68),a measurementwith such

anerror, expectedatLHCb afteronly theinitial 2009–2010data-takingrun,canstill helpto

resolve thedisagreementbetweentheBabarandBellemeasurementsof A dir
CP .

As the datasamplegrows beyond 0.3 fb� 1, the statisticalerror will fall while the sys-

tematicerror will remainthe same,assumingthat the analysiscontinuesnot to model the

minor backgroundsand the estimationof the mistagrate doesnot improve. Under these

assumptions,thetotal errorswith oneyearof dataatnominalluminosity(2 fb� 1) wouldbe:

� tot (A dir
CP ) = 0:052(stat) � 0:012(syst);

� tot (A mix
CP ) = 0:036(stat) � 0:018(syst);

Thesevaluesaresimilar to the 2 fb� 1 sensitivities reportedin [56], obtainedusingthe

simultaneous�t strategy (seeSec.6.1).With thisamountof data,thedisagreementbetween

theB-Factorieswill beresolvedbeyonddoubt.

ArguablythemostimportantphysicsmeasurementthatcanbemadeusingB ! h+ h
0�

decaysis themeasurementof theCKM angle
 utilising thedirectandmixing-inducedCP

asymmetriesin Bs ! K + K � (seeSec.1.4.4). Assumingthat the sensitivity attainedfor

theCP asymmetriesin Bs ! K + K � is similar to that foundfor thosein Bd ! � + � � by

thecurrentstudy, avaluefor 
 canbecalculatedwith anerrorof around7 � , using2 fb� 1 of

LHCb data[56].
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6.5.5 Sensitivity to sin2� e�

In the absenceof penguinamplitudes,a measurementof A mix
CP (� + � � ) would directly give

a valuefor sin2� . However the presenceof penguinamplitudescausesA dir
CP (� + � � ) to be

nonzero,andthe measuredquantitybecomesthe effective physicsparametersin2� eff (see

Sec.1.4.3).Fromthede�nition

sin2� eff �
A mix

CP (� + � � )q
1 � A dir 2

CP (� + � � )

; (6.10)

theuncertainties� dir and� mix on A dir
CP andA mix

CP givenin theprevioussectioncanbetrans-

latedinto anuncertainty� sin e� on sin2� e� :

(� sin e� )2 =
A dir 2

CP � A mix 2
CP

(1 � A dir 2
CP )3

� � 2
dir +

1
1 � A dir 2

CP

� � 2
mix + 2

A dir
CP � A mix

CP

(1 � A dir 2
CP )2

� � dir ;mix � � dir � � mix ; (6.11)

where� dir ;mix is thecorrelationcoef�cient betweenA dir
CP andA mix

CP (seeFig. 6.10).

Theinputvaluesof A dir
CP = 0.38andA mix

CP = 0.61giveaninputvalueof sin2� e� = 0.659.

Using thevaluesfound in Sec.6.5.2.2for themeanvaluesof A dir
CP andA mix

CP , thestatistical

errors� dir(mix) and� dir ;mix , theresultingmeasurementof sin2� e� with 0.3fb� 1 of datais:

sin2� e� = 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 uncertainy beingintroducedby the

inclusionof measurementsfrom thedecaysB + ! � + � 0 andBd ! � 0� 0.

6.6 Conclusions

A studyhasbeencarriedout to estimatethesensitivity of LHCb to the directandmixing-

inducedCP asymmetriesfor thedecayBd ! � + � � , via a studyof thetime-dependentCP

asymmetrydistribution. Cutson particle identi�cation likelihoodsand invariantmassare

usedto reducethe backgroundlevel from otherB ! h+ h
0� decays.The propertime �t

methodwasvalidatedusinglargedatasamplescontainingonly thedecaysthataremodelled

in the�t PDF. No evidenceof any biaseswasfound.

Smallersetsof toy datacorrespondingto the expectedyields with 0.3 fb� 1 of data,

were then generated.Thesedatasetsincludedthe minor backgroundsof B s ! K + K � ,

Bs ! K � � + and three-bodybackgrounds,but were �tted taking only the Bd ! � + � �

signalandthedominantbackgrounds— Bd ! K + � � andcombinatoricbackground— into

account.The�t wasperformedin two stages:�rstly therelative fractionsof thesignaland
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backgrounddecayclassesarefoundfrom theinvariantmassdistribution. Thesewerefound

to be biasedby a small absoluteamountof 0.005–0.01.This biaswastaken into account

whenthe decayfractionswereusedas�x ed parameters�t to the propertime distribution.

The resultingmeasuredvaluesfor the CP asymmetriesdisplayeda small bias of ' 0.01,

which, dueto the resultsfrom the �tter validation,canbe ascribedto the in�uence of the

minorbackgrounds.

An incorrectdeterminationof the mistagrate ! tag was consideredas the most likely

sourceof additionalerror. It was found that an incorrectdeterminationof ! tag by 0.5%

contributesa furthersystematicerrorof ' 0.01.

Theexpectedtotal erroron theCP asymmetriesusing0.3fb� 1 of datais foundto be:

� tot (A dir
CP ) = 0:135(stat) � 0:012(syst);

� tot (A mix
CP ) = 0:093(stat) � 0:018(syst):

Theseare comparableto the uncertaintieson the currentexperimentalmeasurements.

Clearly, LHCb canexpectto supersedethesemeasurementsasmoredatais collected.The

correspondingmeasurementof theeffectivephysicsparametersin2� e� wouldbe:

sin2� e� = 0:643� 0:119;

for an input valueof sin2� e� = 0.659. The study describedherecould be continuedby

consideringfurther sourcesof systematicerror, suchas an incorrectdeterminationof the

propertime distribution for thecombinatorialbackgroundor of thepropertime acceptance

turningpoints.Furthermoretheknown systematicerrorarisingfrom theminorbackgrounds

couldbetackledby including thesebackgroundsin the �t PDF. Theadditionof B s decays

to the�t PDFwould requireincorporatinga propertime resolutionmodelinto the�t PDFs,

anda strategy for takingthe(currentlypoorly measured)CP asymmetriesin thesechannels

into accountwould needto bedeveloped.Thenaturallonger-termdevelopmentof the�tter

describedhereis to enablea �t to theCP asymmetriesfor B s ! K + K � , which canthen

becombinedwith theBd ! � + � � asymmetriesto extracta valuefor 
 . However this will

requirecarefulconsiderationof thepossiblecontaminationof eachselectedsamplewith the

otherdecayof interest.
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Chapter 7

Conclusionsand Outlook

7.1 Summary

This thesisbeganby presentinga review of the StandardModel (SM) of particlephysics,

with particularfocus on the SM descriptionof quark mixing, the CKM mechanism,and

how thephenomenonof CP violation is includedin thismechanism.Severalwaysin which

studiesof hadronicdecaysof B hadronscanconstraintheCKM mechanism,andpossibly

revealnew effectsbeyondtheSM, werediscussed.

TheLHCb experiment,which is aboutto begin physicsdatatakingat theLargeHadron

Collider (LHC), will make precisionmeasurementof B decays,includinghadronicdecays.

In chapter2, abrief descriptionwasgivenof theLHC acceleratorcomplex andits attending

experiments,andtheLHCb detectorwasdescribedin depth.

TheRing ImagingCherenkov (RICH) countersof theexperimentprovide excellentpar-

ticle identi�cation (PID) for chargedhadronsover a wide momentumrange. In chapter2

theRICH countersweredescribedin moredetail thantheothersubdetectors,asthecharac-

terisationof theentireensembleof thephotondetectorsfor theRICHes,theHybrid Photon

Detectors(HPDs),wasthesubjectof chapter3.

All 557 HPDs producedfor LHCb underwentthoroughquality assurancetestingand

characterisationat dedicatedtestfacilities. Their overall performancewasfound to beout-

standing,with only 2.2%of HPDsjudgedto be unusablefor the RICHes. The LHCb re-

quirementsandthe contractualspeci�cationsaremet andoften exceededin key areas,for

examplethedeadpixel number, ion feedbackprobabilityanddark-countrate.Thequantum

ef�ciency of the HPD photocathodeis found to be signi�cantly higher thanexpectations,

leadingto increasedphotoelectronyield in theRICHes.

The measurementof the singlephotoelectrondetectionef�ciency � of the HPD anode

wasdescribedin detail. The ef�ciency wasfound to be � = (87:9 � 1:4)% whena 25 ns
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digital readoutwindow wasused. The ef�ciency wasindependentof the light input level.

This valuecon�rms that the productionHPDsexceedthe contractualrequirementin this

area,andis in agreementwith previousmeasurementsof � . It will beusedto improve the

simulationof the RICH detectors.The RICH detectorsarenow fully populatedwith the

HPDsandarereadyto participatein thestudyof the�rst collisionswithin LHCb.

ThePID informationfrom theRICHesis crucial for thestudyof hadronicB decays,as

different�nal statescanbedistinguishedfrom oneanotheronly if the�nal stateparticlesare

correctlyidenti�ed. Oneinterestingclassof hadronicB decaysis the two-bodycharmless

decays,referredto within LHCb asB ! h+ h
0� decays.

The detectorperformancewith respectto the proper time resolution for the decay

Bs ! K � K + hasto be measuredin order to correctly extract the CP asymmetriesfor

thatdecay, whichareneededfor themeasurementof 
 usingB ! h+ h
0� decays.Thestudy

presentedin chapter4 proposedamethodwhich,without theuseof informationfrom Monte

Carlo simulations,was found to be able to correctlyextract the parametersof the proper

time resolutionmodelfor B ! h+ h
0� decays.It wasdemonstratedthatthis canbedoneby

measuringthepropertime resolutionfor the�a vour-speci�c decayB s ! K � � + , via a �t to

its �a vour-taggedreconstructedpropertimedistribution.

A propertime resolutionmodelwasdevelopedthataccuratelydescribesthepropertime

residualdistributions in simulateddatafor four Bd;s ! f � ; K g+ f � ; K g� channels.The

modelmakesuseof theper-eventerroronthereconstructedpropertime. Thetwo parameters

of themodel,GM andGS, aretheeffectivescalingfactorsbetweentheper-eventerrorand

themeanandwidth, respectively, of theresolutiondistribution. Thevaluesof GM andGS

werefoundto becompatiblewith eachotherfor all four decays.

The parametersobtainedfrom these�ts to the full simulationwereusedto guidea toy

MonteCarlostudy, whichestimatedhow well theparametersof themodelcanbemeasured

usingdata. The statisticaluncertaintyon the parametersof the modelwith 2 fb� 1 of data

is found to be � GM (stat) = 0:21 and� GS(stat) = 0:30. The dominantsystematicuncertainty

is expectedto be that associatedwith an incorrectdeterminationof the mistagrate. This

uncertaintyaffectsGS but not GM , andhasbeenestimatedto be� GS(syst) = 0:13, which is

similar in sizeto thestatisticaluncertaintyon GS after10 fb� 1 of data. With onenominal

yearof LHCb data,the �t to the resolutionmodelparameterscanbeexpectedto constrain

theresolutionmodelfor Bs ! K � K + suf�ciently to provide usefulinput for thestudyof

its time-dependentCP asymmetrydistribution,andhencefor themeasurementof 
 .

While someB ! h+ h
0� decays,suchasBs ! K � K + , areexperimentallywell estab-

lished,therearea numberof suchdecaysthat remainunobserved. In thecaseof two-body

charmlessbaryonicB decays,this is despitearangeof theoreticalcalculationswhichpredict
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thatthesedecaysshouldalreadybeexperimentallyaccessible.

In chapter5, a studywaspresentedwhich examinedtheprospectsof LHCb to discover

new baryonicB decaymodes,with particularfocuson theexperimentallymostpromising

mode,Bd ! pp. Measurementsof the branchingratiosfor two-bodycharmlessbaryonic

B decayscanhelp to constrain,anddiscriminatebetween,differenttheoreticalmodelsthat

makecertainapproximationsor asumptionswhencalculatingdecayamplitudes.

TheLHCb inclusiveselectionfor B ! h+ h
0� decayswasadaptedto produceanexclu-

sive selectionfor the modesBd;s ! pp. By estimatingthe numberof backgroundevents

that would passthis selection,a 5� discovery of Bd ! pp wasfound to be possiblewith

only 0.25fb� 1 of nominalLHCb data,if thetrueBd ! pp branchingfractionis closeto the

currentexperimentalupperlimit. Even if the true branchingfraction is a factorof 5 lower

thanthepresentupperlimit, adiscoverycanbemadewith about5 fb� 1 of data.

A detailedexperimentalstudyis requiredbeforeany de�niti ve statementcanbe made

abouttheprospectsof LHCb to observeothertwo-bodycharmlessbaryonicB decays.How-

ever, thosechannelsinvolving a � baryonin the �nal statemayalsobeworthy of studyat

LHCb.

Finally, chapter6 describeda study of the prospectsof LHCb to measurethe direct

andmixing-inducedCP asymmetriesfor the decayBd ! � + � � , via a studyof the time-

dependentCP asymmetrydistribution. A strategy wasadoptedfor the eventselectionand

�t which aimedto minimisesystematiceffectsby reducingproblematic,poorly constrained

backgroundsto smalllevels.

The methodusedto �t to the Bd ! � + � � propertime distribution wasexaminedfor

inherentbiasusing�ts to large simulateddatasamplesthat containedonly thedecaysthat

aremodelledin the�t PDF. A tight limit wasplacedon any suchbias.

Fits werethencarriedout to smallersetsof simulateddata,to evaluatethesensitivity to

theCP asymmetrieswith 0.3fb� 1 of data,which is approximatelytheamountof datathatis

expectedto becollectedin the2009–2010datatakingrunof LHCb. Thesesmallerdatasets

includedbackgroundswhich areexpectedto bepresentin thesampleof selectedeventsfor

Bd ! � + � � , but whicharenotmodelledin the�t PDF.

A two-stage�t wasperformed:�rstly therelativefractionsof thesignalandthemodelled

backgroundswereobtainedusinga �t to theinvariantmassdistribution. Therewasa small

biasof 0.005–0.01on thesefractionsdueto the unmodelledbackgrounds.This shift was

consideredin thehandlingof the�t to thepropertimedistribution.

The measuredvaluesfor the CP asymmetriesfrom this propertime �t carrieda small

biasof ' 0.01. This canbe ascribedto the in�uence of the minor backgrounds,as the �t

methodwasfoundto befreeof intrinsic bias.An incorrectdeterminationof themistagrate
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! tag wasconsideredasanadditionalsourceof possiblesystematicerror. It wasfound that

anincorrectdeterminationof ! tag by 0.5%introducesabiasof ' 0.01to eachasymmetry.

Theexpectedtotal sensitivity to theCP asymmetrieswith 0.3 fb� 1 of datawasfoundto

be:

� tot (A dir
CP ) = 0:135(stat) � 0:012(syst);

� tot (A mix
CP ) = 0:093(stat) � 0:018(syst):

This total expectederror is comparableto theuncertaintieson thecurrentexperimental

measurements.As moredatais collectedand the statisticalerror falls, LHCb expectsto

cometo dominatetheworld averagevaluesfor theseCP asymmetries.

Usingthevaluesfor thedirectandmixing-inducedCP asymmetriesexpectedwith 0.3fb� 1

of data,themeasurementof theeffectivephysicsparametersin2� e� is foundto be:

sin2� e� = 0:643� 0:119;

for an input valueof sin2� e� = 0.659. Apart from sin2� e� , a rangeof other interesting

physicsmeasurementscanbe madeusingB ! h+ h
0� decays.Notably, a combinationof

themeasurementsof theCP asymmetriesfor Bd ! � + � � andBs ! K � K + canbeusedto

extractavaluefor theCKM angle
 .

7.2 Outlook

With theLHC duetobeginphysics-qualitydatatakingin early2010,theLHCb experimentis

readyto analysethe�rst collisionsto begin to calibrateandunderstandthedetector. Calibra-

tion of theParticleIdenti�cation (PID) performanceof theexperiment,which is crucial for

thestudyof hadronicB decays,will involve a detailedunderstandingof theHybrid Photon

Detectors(HPDs). This is turn dependson theknowledgegainedfrom thecomprehensive

testingprogrammethatall HPDsunderwentat thePhotonDetectorTestFacilities(PDTFs)

in Scotland.OneHPDparameterthatis requiredto beknown in orderto fully understandthe

PID performanceis thesinglephotoelectrondetectionef�ciency of theHPD anode,which

wasmeasuredin chapter3 of this thesis.

Anotheraspectof thedetectorthatneedstobewell understoodis thepropertimeresolution

behaviour. Poorunderstandingof the propertime resolutionhasthe potentialto introduce

systematicerrorsin time-dependentstudiesof B hadrondecays.In chapter4 a methodwas

proposedto measurethisbehaviour for B ! h+ h
0� decays.

Apart from detectorunderstanding,thereareseveral potentiallyworld-leadingphysics

measurementsthatcanbemadewith earlydata.Oneexamplewould betheobservationof
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thedecayBd ! pp, or indeedany two-bodycharmlessbaryonicB decay. Thepotentialof

LHCb to discoverBd ! pp wasexploredin chapter5.

As moredatais collected,LHCb will soonbe able to make an accuratemeasurement

of 
 using the decaysBd ! � + � � andBs ! K + K � . The methodof chapter6 could

be developedto allow the time-dependentCP asymmetrydistribution of B s ! K + K � ,

aswell that for Bd ! � + � � , to be studied. The extensionof the CP asymmetry�tter to

includeBs ! K + K � wouldrequirethepropertimeresolutionmodelto becorrectlytreated

in the �t PDFs. The methodlaid out in chapter4 canbe usedto measurethe propertime

resolutionfrom data,to provide thenecessaryinput to the�tter . Thiswould thenallow for a

measurementof 
 to bemadeusingthismethod.

SincethedecaysBd ! � + � � andBs ! K + K � involvepenguinamplitudes,thevalue

of 
 measuredusingthemmaybeaffectedby New Physics.A comparisonof 
 asmeasured

in thesedecayswith thatmeasuredfrom decaysthatdonot involvepenguinamplitudesmay

lead to the discovery of New Physicseffects, and help to openthe door to a new era of

discovery in High Energy Physics.
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