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AbstratLifetime measurements o�er exellent opportunities for preision tests of the StandardModel of Partile Physis as well as for disovery of e�ets involving partiles beyondthe Standard Model. This thesis presents a method for measurements of lifetimes andlifetime ratios and its appliation to two-body hadroni �nal states of heavy �avourdeays at LHCb.The LHCb experiment is designed to measure heavy �avour partile deays produedin proton-proton ollisions at the LHC. Key to high quality vertexing is the spatialalignment of the Vertex Loator. The algorithms designed for this task, inludinga novel approah for the relative sensor alignment, are disussed in detail. Theirperformane is presented using test beam data as well as data using the �rst beamindued traks from LHC. The preision of these algorithms is found to be of the orderof 1−2 µm.A method for lifetime �tting using a Monte Carlo independent approah to deter-mine a lifetime aeptane funtion on an event-by-event basis is presented. Theseaeptane funtions are ruial to aount for a bias aused by the trigger seletion.The un-binned maximum likelihood �tter based on this method does not rely on aparametrised model for the lifetime distribution of ombinatorial bakground.The �t of the lifetime measured in B0
s → K+K− deays using a simulated data sam-ple equivalent to an integrated luminosity of 0.1 fb−1 would yield τ(B0

s → K+K−) =

(1.498 ± 0.030stat. ± 0.005syst.) ps with an average input lifetime of 1.500 ps. A om-petitive measurement of ∆Γs extrated from the B0
s → K+K− lifetime measurementwould require a data set equivalent to about 0.7 fb−1 of luminosity.With an integrated luminosity of only about 0.03 fb−1 it will be possible to makea ompetitive measurement of the D mixing parameter yCP . This uses a lifetime ra-tio measurement with prompt D0 → h+h′− deays. A �rst event seletion for prompt

D0 → h+h′− deays is presented. The major hurdle for this measurement is the on-tribution from seondary D deays. Possible solutions are disussed.
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PrefaeFlavour physis started with the disovery of the kaon in 1947. Sine then it has led tomany disoveries suh as CP violation in the K0, D0, B0
d, and B0

s systems. The highimpat of these measurements is shown by the predition of three quark families as aonsequene of the observation of CP violation in the K0 system at a time when onlythree quarks were known.LHCb will open a new hapter in �avour physis with studies of unpreedented datasets of heavy �avour partile deays. Lifetime measurements at LHCb o�er exellentopportunities for preision tests of the Standard Model of Partile Physis as well asfor disovery of e�ets involving partiles beyond the Standard Model. This thesispresents a method for measurements of lifetimes and lifetime ratios and its appliationto two-body hadroni �nal states of heavy �avour deays.The �rst hapter of this thesis gives an introdution to the Standard Model of par-tile physis and the aspets of �avour physis relevant to this work. It fouses par-tiularly on lifetime and lifetime ratio measurements. Lifetime ratio measurementslike τ(B0
s )/τ(B

0
d) allow preision tests of Standard Model preditions by the HeavyQuark Expansion formalism. It is disussed how the lifetime measured in the deay

B0
s → K+K− an be used for the extration of ∆Γs. To date, no preision measurementexists for ∆Γs, whih may reveal New Physis e�ets when measured in this hannel.Lifetime measurements with D deays are disussed, whih yield a measurement of the

CP violation quantity yCP .The LHCb experiment is designed to measure heavy �avour partile deays produedin proton-proton ollisions at the LHC. Both the aelerator omplex and the experi-ment are presented in detail in the seond hapter. With its preision Vertex Loatorand the two Ring Imaging Cherenkov detetors it is partiularly suited for lifetimemeasurements involving hadroni �nal states. A partiular fous is given to the VertexLoator whih plays a entral role in this thesis.Key to high quality vertexing is the spatial alignment of the Vertex Loator. Thealgorithms designed for this task are presented in the third hapter. Novel methods hadto be exploited due to the design of the Vertex Loator with r and φ measuring silion15



strip sensors. The alignment of the Vertex Loator is split in three steps: the relativealignment of the two sensors on a module, the relative alignment of the modules ineah half of the Vertex Loator, and the alignment of the two halves with respet toeah other. Their performane is presented using test beam data as well as data fromLHC injetor ommissioning test whih resulted in seondary muons being reorded byLHCb. A study of the impat of misalignments of the traking system is presented insetion 5.4, whih onludes that the remaining misalignments after appliation of thealignment algorithms will not have any deteriorating e�ets on lifetime measurements.The fourth hapter presents a method designed for lifetime measurements using aMonte Carlo independent approah. It is disussed how the lifetime bias aused bythe trigger seletion an be aounted for using event-by-event aeptane funtions.These are determined exploiting a data driven tehnique with an interfae to the trig-ger software. The �tter based on this method uses a two-stage un-binned maximumlikelihood �t. In the �rst stage the signal frations are �tted and the seond stage is theatual lifetime �t. The strength of the �tter is that it does not rely on a parametrisedmodel for the lifetime distribution of ombinatorial bakground.The main physis aim of this thesis is the preparation of a measurement of ∆Γswith B0
s → K+K− deays. The extration of ∆Γs from a lifetime measurement using

B0
s → K+K− deays is disussed in the �fth hapter. The lifetime �tter has been testedextensively with toy MC simulation data. Its results for �ts of the B0

d lifetime, the
B0

s → K+K− lifetime, and of the B0
s to B0

d and Λ0
b to B0

d lifetime ratios are presented.Tests of potential systemati e�ets are disussed onluding in the potential sensitivityto ∆Γs of LHCb.Due to the opious prodution ofD mesons and the high branhing ratio ofD0 → h+h′−deays, these are prime andidates for early measurements at LHCb. First studies ofthe measurement of yCP from lifetime ratio measurements in D0 → h+h′− deays arepresented. A �rst event seletion for prompt D0 → h+h′− deays and an extension ofthe lifetime �tter for B0
(s) → h+h′− deays to D0 → h+h′− deays are demonstrated.The major hurdle for this measurement is the ontribution from seondary D deays.Possible solutions are disussed.The last hapter summarises the work of this thesis and provides an outlook tofurther measurements at LHCb and the longer term future of �avour physis.

16



AknowledgementTo start with I would like to thank my supervisor Chris Parkes without whom thiswork would not have been possible. He spent a lot of time with never ending patienein disussions with me throughout the various stages of my thesis. During these, heprevented me from losing the path that led to the on-time ompletion of the thesisand taught me many invaluable lessons. At the same time, he always granted me thefreedom to try new ideas whih now form setions of this doument. This mixture iswhat made this thesis a suess and therefore: thanks a lot! The only lesson he failedto teah me is the skiing � thanks also for that.The seond big thank you to my seond supervisor Paul Soler. He often managed toinjet the right omment at the right time and was always available for advie. Speialthanks for still making it to the airport on time. I would have never found Abingdonon my own.Of ourse, the other members of the Glasgow LHCb group all ontributed in oneway or another to happy and suessful three years of work with them. Thanks toAldo and Franiole for the warm welome to the group and for letting me partiipatein the epi story of the `pink pig'. Speial thanks to Franiole for having used thekernel method. Seb, thanks for introduing me to a world full of twisted oordinatesystems. I owe Alison a big thank you for familiarising me with Italian physis and foragreeing on Dark Island for our �rst meeting. Thanks to Lars for joining me in theGulag, trying to teah me to ski, and for showing a few beautiful hills in the highlands.Tomasz, thanks for the many nie wines we tried together. And after all you managedto show me your favourite restaurant on the last day of my thesis. Laurene, thanksfor showing me that Irvine has muh nier guys than those often getting o� there fromthe train to Prestwik. You are the only true matador in Glasgow. Thanks to Njakafor being a great �atmate and a very good friend! Also for teahing me so muh aboutMalagasy ulture. Eduardo, thank you very muh for having had so muh time forendless disussions and for always getting me to see my work from some distane. Iam espeially grateful that you were always available for o�ee breaks even after beero'lok as well as for many a good night out. Thanks to Vava for introduing me to17



List of Tablesthe business of lifetime �tting and for never getting tired of disussing it ever sine.Silvia, an enormous portion of thanks for having taken over so quikly and for helpingme out of that twisted world. Thanks as well for the green and friendly atmospherein the o�e whih made being there a pleasure. Thanks to Mihael for the ourage oftaking over part of this work and for already having ontributed a lot. Good luk toyou!It would be impossible to mention all the people I worked with at CERN. A bigthank you to the whole VELO group for being suh a great team to work with! Speialthanks to Paula for always believing in me and for pushing the test beam analyses.Thanks to Jonas for teahing LHCb how to swim. Your omments often helped memake a leap forwards with my work. Also thanks to Jon for being a member of theswimming team. Thanks to Jaopo and Eduardo for the great team work whih was alot of fun!Bak at Glasgow, thanks a lot to Dima for many random things! Thanks also toAndrew and Kenny for keeping me alive at Oxford and for just being good mates.Thanks to Johanna for a lot of nie whiskies and parties. A big thank you to all PPEmembers whom I did not mention so far!I also would like to thank SUPA, who gave me the �nanial support for this PhD. Ialso bene�ted a lot from the SUPA Graduate Shool letures, whih managed to givestudents aess to the best letures aross Sotland.Before the start of my PhD, I had the luk to get eduated at the University ofMainz. Without the enormous amount I learned during my diploma thesis, I wouldnot have been able to aomplish the work for my PhD thesis on this time sale. Thankyou very muh to my supervisors Konrad Kleinkneht and Rainer Wanke, as well as toall members of the NA48 group at Mainz. At this point I annot value highly enoughwhat I learned from Reinhard Simon and Anton Androni during my visits to GSI.The time there is what got me hooked on to aelerator based physis and to workingin international environments.A few people dared to read this thesis before I wrote this page. They found manymistakes, typos, strange German phrasing, and a lot of other things that should nothave been there. They were great and gave invaluable omments to help making surethat this thesis somehow makes sense. All remaining imperfetions are likely to havebeen put in by myself after their reading, hene, they are not to blame. Thank youvery muh to Chris, Paul, Eva, Silvia, Eduardo, Vava, Simone, Volker, and Laurene.Thanks also to two people who read the whole thesis with great are as well: myexaminers Guennadi Borissov and Tony Doyle. They ertainly made sure that there18



are no loose ends and helped a lot in making this thesis more readable. Thanks a lotfor the detailed and fruitful disussion.Last but not least I owe a huge thank you to my family. Vielen Dank an meine Eltern,die mih haben ziehen lassen, damit ih meine Doktorarbeit im Ausland shreibenkonnte. Ohne ihre Unterstützung wären weder mein Studium noh diese Arbeit möglihgewesen. Vielen Dank auh an meinen Bruder, der mir so viele interessante Orte gezeigthat, an die mih die Physik noh niht geführt hatte. Danke auh, dass du es so langefernab der Zivilisation mit mir ausgehalten hast. Mersi mnogo i na sk�pa mo�, Eva.Mersi za tri hubavi godini s tvo�ta l�bov i t�rpenie. Mnogo te obiqam!

19



DelarationI delare that exept where expliit referene is made to the work of others, this disser-tation is the result of my own work. This work has not been submitted for any otherdegree at the University of Glasgow or any other institution.Maro Gersabek

20



1 Theory of Standard Model andFlavour PhysisHeutzutage habenWissenshaftler mehr Fantasie als die Verfasser von Krim-inalromanen.Werner HeisenbergThe start of the Large Hadron Collider (LHC) at the European Organization forNulear Researh (CERN) will mark a new hapter in partile physis. With an en-ergy that surpasses that of the previously most powerful aelerator, the TeVatron atFermilab, by almost an order of magnitude, it will give aess to a new range of physis.Key to the high preision measurements and disoveries of rare proesses is its highluminosity.This hapter will give the theoretial basis upon whih the work in this thesis isbased. After the introdution of the Standard Model of partile physis in setion1.1, setion 1.2 will over aspets of �avour physis relevant to this thesis. Setion 1.3will explain the onept of partile lifetimes and their measurements. The last twosetions will speialise on lifetime measurements using the deay B0
s → K+K− andharm deays, respetively.1.1 The Standard Model of Partile PhysisThe fundamental building bloks of matter are fermions, partiles of spin 1

2
. Theyare six quarks and six leptons together with their respetive anti-partiles. Both thequark and lepton setor are organised in three families of two partiles eah, wherethe partiles of di�erent families di�er only in their mass. The quark setor onsists offamilies of a quark with eletrial harge +2

3
(up, harm, and top) and one with harge

−1
3
(down, strange, and bottom). Quarks also have a olour harge that an take three21



1 Theory of Standard Model and Flavour Physisvalues and hene gives 18 di�erent quark states. The lepton setor onsists of partilesof unit harge −1 (eletron, muon, tau), and harge-less neutrinos (νe, νµ, and ντ ).Matter interats via four fores: the strong, the eletromagneti, the weak, and thegravitational fore. All but the latter an be desribed in the formalism of a quantum�eld theory (QFT) [1℄. Compared to the others, the gravitational fore is so weak that itan safely be negleted when dealing with quantum e�ets of elementary partiles. Thefores are mediated by bosons of spin 1. These are the photon for the eletromagnetifore, the neutral Z0 and harged W± for the weak fore, and eight gluons for thestrong fore whih arry a olour harge and an anti-olour harge.The theory desribing the interation of elementary partiles under the strong, ele-tromagneti, and weak fore is the Standard Model (SM) [2, 3, 4, 5℄. The followingsetion will brie�y introdue the priniples of QFT. Setion 1.1.2 will show the formal-ism for a SM with one generation of fermions. The full three generation SM will beexplained in setion 1.1.3.1.1.1 Quantum Field TheoryThe three fores that are of interest to partile physis � strong, eletromagneti,and weak � are desribed within a ommon theoretial framework of a quantum �eldtheory. It is based on the onept of the Lagrange funtion, from whih the equationsof motion that desribe the dynamis of a system an be obtained by evaluating theEuler-Lagrange equation.In ontrast to a lassial Lagrange funtion, the oordinates of an N -point system arereplaed by ontinuous �elds and the Lagrange funtion beomes a Lagrange density.The quantisation replaes these �elds by �eld operators. For a free salar �eld φ thisleads to
L =

1

2
∂µφ∂

µφ− 1

2
m2φ2, (1.1)where m is the mass of the �eld arrying partile. Adding an interation term thatobeys the requirement of renormalisability of the theory leads to

L =
1

2
∂µφ∂

µφ− 1

2
m2φ2 − λ

4!
φ4. (1.2)For a Dira �eld ψ the Lagrangian is given by

L = ψ(x)(iγµ∂µ −m)ψ(x). (1.3)Applying the Euler-Lagrange equation leads to the Dira equation. For a free vetor22



1 Theory of Standard Model and Flavour Physis�eld, Aµ, the Lagrangian is given by
L = −1

4
F µνFµν , (1.4)with Fµν ≡ ∂µAν − ∂νAµ. If Aµ represents the eletromagneti �eld, this Lagrangianleads to the Maxwell equations.1.1.2 The Standard Model for a Single GenerationThe Lagrangian of a theory is the entral piee in its desription as outlined in theprevious setion. Many aspets of the SM an be disussed by only studying theLagrangian for a single generation of fermions;

L(SM ,1) = Lgauge bosons + Lfermion masses + Lfermion KT + LHiggs. (1.5)In this ase the Lagrangian an be split up into four parts as shown in equation 1.5.It ontains:
• a term desribing the kineti terms for the gauge bosons (equation 1.6),
• one desribing Yukawa ouplings that lead to the fermion mass terms (equation1.13),
• a third term desribing the kineti terms for fermions (equation 1.14),
• and �nally the Higgs term, leading to mass terms for the gauge bosons (equation1.20),The ontent of these terms will be desribed in detail below.In general, the partile ontent and the symmetries that a theory is to desribe haveto be prede�ned. Any SU(n) group desribes a �eld with N = n2 − 1 gauge bosons.Experimental evidene, e.g. the existene of the Ω− baryon or the relative fration of

e+e− → qq with respet to e+e− → l+l−, ditates that quarks have to have a quantumnumber whih has three states: olour. The group to desribe the quark �elds is hene
SU(3). Therefore, the strong interation is mediated by eight gluons. U(1)Y ×SU(2)Ldesribes the eletroweak interation with its four gauge bosons. Note that U(1)Y doesnot represent the eletromagneti interation. Their onnetion is given in equation1.18. 23



1 Theory of Standard Model and Flavour Physis1.1.2.1 Kineti Terms for the Gauge BosonsThe kineti terms for the gauge bosons follow the usual struture of equation 1.4 andare given by
Lgauge bosons = −1

4
BµνB

µν − 1

4
F a

µνF
aµν − 1

4
FA

µνF
Aµν + Lgauge fix + LFP ghosts, (1.6)where the usual notation Xµν = ∂µXν − ∂νXµ is used.

Bµ is the U(1)Y �eld of hyperharge Y . F a
µ with a = 1..3 represents the three �eldsof the SU(2) group that together with Bµ ombine to form the eletroweak �elds. FA

µwith A = 1..8 denote the eight gluon �elds of the SU(3) group desribing the stronginteration.The �nal two terms allow for gauge �xing and so-alled Fadeev-Popov ghosts. Thelatter are partiles that appear inside additional loop proesses whih are introduedby the gauge �xing formalism.1.1.2.2 Fermion Mass TermsAs the weak interation is known to violate parity, the fermion ontent of the model issplit into left-handed and right-handed omponents.
ψ = ψL + ψR =

1 − γ5

2
ψ +

1 + γ5

2
ψ, (1.7)where 1−γ5

2
and 1+γ5

2
are the projetors for the left-handed and right-handed ompo-nents, respetively. For a one generation SM this gives two left-handed SU(2) doubletsand four right-handed SU(2) singlets.

qL ≡
(

uL

dL

)

; lL ≡
(

νL

eL

)

; uR; dR; eR; νR (1.8)The right-handed neutrino will not be onsidered further as, in the approximation ofmassless neutrinos, it does not interat with any other �eld.This leaves only mass terms of mixed hirality (mψψ = mψLψR + mψRψL), whihare not invariant under SU(2)L. A solution is the introdution of an SU(2) doublet Φ.This is the Higgs �eld that leads to the Yukawa interation terms
LY ukawa = −Y (f)fL

i
ΦifR + h.c., (1.9)where Y (f) denotes the Yukawa oupling onstant for the fermion �eld f , and h.c.stands for the hermitian onjugate of the �rst term.24



1 Theory of Standard Model and Flavour PhysisThe Higgs �eld introdues spontaneous symmetry breaking of the eletroweak sym-metry by having a potential with a minimum at Φ∗Φ = 1
2
v2. This leads to the �eld

Φ =
ei(ωaT a−ω3Y )

√
2

(

0

v +H

)

, (1.10)with the generators of the eletroweak groups, T a and Y , and real parameters ωi.Thus, the lepton part of the Lagrangian an be written as
LY ukawa = −Y (e)√

2
( νL eL )

(

0

v +H

)

eR + h.c., (1.11)whih leads to a mass term for the eletron proportional to the Higgs �eld vauumexpetation value v
Yev√

2
(eLeR + eReL) =

Yev√
2

︸︷︷︸
1
2
me

ee. (1.12)The full Lagrangian desribing the fermion mass terms an hene be written as
Lfermion masses = −YelL

i
ΦieR − YdqL

iΦidR − YuǫijqL
iΦ∗juR + h.c., (1.13)where ǫij is a two-dimensional antisymmetri tensor that allows the generation of amass for the up quark.1.1.2.3 Fermion Kineti TermsThe kineti terms for fermions are onstruted in the usual way (see equation 1.4)

Lfermion KT = ilL
T
γµDµlL + ieR

TγµDµeR + iνR
Tγµ∂µνR

+iqL
TγµDµqL + idR

T
γµDµdR + iuR

Tγµ∂µuR, (1.14)using the ovariant derivatives that determine whih fermions ouple to whih �elds
Dµ = ∂µ + igT aW a

µ + ig′Y (lL)Bµ for lL,

Dµ = ∂µ + ig′Y (eR)Bµ for eR,

Dµ = ∂µ + igsT
A
s G

A
µ + igT aW a

µ + ig′Y (qL)Bµ for qL,

Dµ = ∂µ + igsT
A
s G

A
µ + ig′Y (dR)Bµ for dR.

(1.15)In these terms, the oupling onstants for the various interations appear: g for theweak SU(2), g′ for the hyperharge U(1), and gs for the strong SU(3) oupling.Writing this out for left-handed leptons yields
LlL interaction = −g

2

(

νL

eL

)T

γµ

[(

W 3
µ W 1

µ + iW 2
µ

W 1
µ − iW 2

µ −W 3
µ

)

+
g′

g
Bµ

](

νL

eL

)

,(1.16)25



1 Theory of Standard Model and Flavour Physiswhih an be written in terms of the gauge boson �elds as
LlL interaction = −g

2

(

νL

eL

)T

γµ

(
1

cos θW
Zµ

√
2W−

µ√
2W+

µ cos θWZµ − 2 sin θWAµ

)(

νL

eL

)

,(1.17)using
(

Zµ

Aµ

)

≡
(

cos θW − sin θW

sin θW cos θW

)(

W 3
µ

Bµ

)

; tan θW ≡ g′

g
, (1.18)and

W± ≡ 1√
2
(W 1 ∓ iW 2). (1.19)This example shows how neutrinos interat only with eah other through Z bosonexhange (Zµ), while eletrons an also exhange photons (Aµ). It also introdues the�elds of harged W bosons that provide the harged urrent ouplings. For quarks, theoupling via gluons appears.1.1.2.4 The Higgs TermThe fourth ingredient to the SM Lagrangian is the Higgs term whih follows equation1.2 with the potential with vauum expetation value v = µ/

√
λ.

LHiggs = |DµΦ|2 − µ2Φ∗
i Φ

i + λ(Φ∗
i Φ

i)2

=
1

2
(∂µH)2 + µ2

︸︷︷︸
1
2
M2

H

H2 +
g2v2

4
︸︷︷︸

M2
W

W+µW−
µ +

g2v2

8 cos2 θW
︸ ︷︷ ︸

1
2
M2

Z

ZµZ
µ

+ interaction terms (1.20)It immediately yields the mass terms for the massive gauge bosons. The Higgs is theonly SM partile that has not yet been observed. It is one of the main goals of theLHC to reveal this last piee of the SM puzzle.1.1.3 The Three Generation Standard ModelFor the expansion to more than one fermion generation only the quark setor will bedisussed. The existene of three generations in the lepton setor is well establishedthrough diret observation of the three harged leptons, and the measurement of thewidth of the Z boson whih established the existene of three light neutrino families. Inaddition, the observation of neutrino mixing on�rmed that neutrinos are not massless.However, a detailed disussion of the lepton setor is beyond the sope of the workpresented here. 26



1 Theory of Standard Model and Flavour Physis1.1.3.1 Two Quark GenerationsThe simpler ase of two quark generations is disussed �rst to illustrate the majorhanges when going to more than one generation. The seond quark generation onsistsof a left-handed quark doublet and two right-handed singlets, thus introduing theharm and strange quarks. In all but their mass and family-spei� quantum numbers,harm and strange are idential to up and down, respetively.The general form of Yukawa ouplings of two quark generations, following equation1.9, now beomes
LY ukawa = −[Yd]ijqLiΦjdR + −[Yu]ijqLiǫjkΦ

∗
kuR + h.c., (1.21)whih introdues the Yukawa ouplings Yq as matries. Through these matries quarksof di�erent generations an interat.As the size of the Yukawa oupling determines the quark masses, analogously toequation 1.12, these matries have to be diagonal when ating on mass eigenstates.Sine this is not generally the ase, Cabibbo introdued the onept of a mixing matrixthat rotates the mass eigenstates into the �avour eigenstates that ouple to the gaugebosons [6℄. Using the mixing matrix, VC , the oupling of the mass eigenstate quarksto the W boson, following equation 1.14, an be written as

− g

2
√

2

(

u

c

)T

γµ(1 − γ5)VC

(

d

s

)

W−
µ + h.c. (1.22)The most general observable mixing matrix is given by

VC =

(

cos θC sin θC

− sin θC cos θC

)

, (1.23)with the Cabibbo angle θC .Writing out the expression for the oupling of d and s quarks to the Z boson thestruture of the mixing matrix implies that there are no �avour hanging neutral ur-rent proesses at tree level. This onsequene of the mixing struture of two quarkgenerations is known as the GIM1 mehanism [7℄. The observation of the strangeness-violating deay K0
L → µ+µ− lead to the predition of a harm quark with a massdi�erent to the up quark. The mass di�erene is required sine otherwise even higherorder harged urrent amplitudes would anel.1Glashow, Iliopoulos, Maiani 27



1 Theory of Standard Model and Flavour Physis1.1.3.2 Three Quark GenerationsThe generalisation to three quark generations re�ets the same struture. The addi-tional up-type quark is the top and the down-type quark is the bottom. The bottomquark is, among others, ontained in B mesons, whih are a key ingredient to thisthesis. The onnetion between the mass and �avour eigenstates is given by






d

s

b







flavour

= VCKM







d

s

b







mass

, (1.24)with the 3 × 3 Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [8℄.The CKM matrix onsists of 9 omplex elements that an be expressed by 18 realnumbers. 9 of these numbers an be removed taking into aount the unitarity require-ment. As �ve phases an be removed by global phase rotations of the quark �elds, thenumber of free parameters for the CKM matrix is four. A general parametrisation isgiven by
VCKM =







Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb







=







c12c13 s12c13 s13e
−iδ13

−s12c23 − c12s23s13e
iδ13 c12c23 − s12s23s13e

iδ13 c13s23

s12s23 − c12c23s13e
iδ13 −c12s23 − s12c23s13e

iδ13 c13c23






,(1.25)with cij and sij representing cos θij and sin θij , respetively. θ12 ≡ θC is the Cabibboangle mentioned above.Another representation is the Wolfenstein representation whih re�ets more promi-nently the vastly di�erent magnitudes of the individual elements.

VCKM =







1 − λ2/2 λ Aλ3(ρ− iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1







+ O(λ4), (1.26)with λ ≈ sin θC , A ≈ 1, ρ− iη = e−iδ13 .This matrix is the basis for �avour physis, whih desribes proesses involvingquarks of di�erent �avours. The following setion will introdue the physis relatedto the CKM matrix in more detail and will show how CP violation arises from itsstruture. 28



1 Theory of Standard Model and Flavour Physis1.2 Flavour PhysisFlavour physis started with the disovery of the kaon in 1947 [9℄. Sine then, it hasstudied the proesses involving di�erent quark families and led to the onstrution ofthe CKM matrix and subsequently to measurements of its parameters with inreasingpreision.These measurements are made by observing the deay of hadrons, i.e. partiles in-volving quarks. All stable partiles have to be neutral with respet to the harge ofthe strong interation, olour, due to olour on�nement. This leads to the fat thathadroni matter onsists of mesons, quark anti-quark pairs, and baryons, whih ontainthree quarks. The quarks in mesons have the same absolute olour harge but withopposite signs to reate a olour-neutral state. Baryons ontain three quarks, eahhaving a di�erent olour harge, whih also leads to a olour-neutral state.The following setions will introdue the onept of mixing of neutral mesons as wellas CP violation [10℄ and �nally illustrate the onnetion of the CKM matrix with thesephenomena.1.2.1 Mixing of Neutral MesonsThe main topis of this thesis involve deays of neutral mesons. Therefore, this setionwill desribe the onept of neutral meson mixing: a proess by whih a neutral mesonhanges into its anti-meson and vie versa. This proess exists for the K0, D0, B0
d, and

B0
s mesons.The mass eigenstates states are linear ombinations of the partile and anti-partilestates

α|N0〉 + β|N0〉 ≡
(

α

β

)

, (1.27)with the time dependent Shrödinger equation
i
d

dt

(

α

β

)

= X

(

α

β

)

. (1.28)The matrix X is given by X = M − i
2
Γ, where M and Γ are Hermitian matries. Theelements of X are given by

X11 = 〈N0|H|N0〉, X12 = 〈N0|H|N0〉,
X21 = 〈N0|H|N0〉, X22 = 〈N0|H|N0〉,

(1.29)
29



1 Theory of Standard Model and Flavour Physiswhere H is the Hamiltonian desribing the transition from a partile to an anti-partilestate and vie versa. The eigenvalues of X are
λh = mh − i

2
Γh,

λl = ml −
i

2
Γl, (1.30)with the orresponding eigenstates

|Nh〉 = p|N0〉 − q|N0〉,
|Nl〉 = p|N0〉 + q|N0〉. (1.31)These states are the physial states and have masses suh that ∆m ≡ mh −ml > 0.In addition one de�nes ∆Γ ≡ Γh − Γl. Unitarity requires |p|2 + |q|2 = 1.Using equation 1.30 it follows from (λh − λl)

2 that
(∆m)2 − 1

4
(∆Γ)2 = 4|m12|2 − |Γ12|2, (1.32)

∆m∆Γ = 4ℜe(m12Γ
∗
12), (1.33)and furthermore

q

p
= ±

√

m∗
12 − i

2
Γ∗

12

m12 − i
2
Γ12

= ± 2m∗
12 − iΓ∗

12

∆m− i∆Γ/2
, (1.34)where mij and Γij are the i, j matrix elements ofM and Γ, respetively, and where thesign ± orresponds to the hoie between λh,l (for a detailed disussion see hapter 7in referene [11℄).1.2.1.1 Time Evolution of Mixing StatesFor the mass eigenstates the time evolution is given by

|Nh(t)〉 = e−imht− 1
2
Γht|Nh(0)〉,

|Nl(t)〉 = e−imlt−
1
2
Γlt|Nl(0)〉. (1.35)Hene, the amplitude for an initially pure N0 state is given by

ψN =
1

2

(

(e−imht− 1
2
Γht + e−imlt−

1
2
Γlt)N0 − q

p
(e−imht− 1

2
Γht − e−imlt−

1
2
Γlt)N0

)

. (1.36)The probability for obtaining the state N0 (N0) after time t when starting from an N0state is
P (N0 → N0) =

1

2
e−T (cosh yT + cos xT ),

P (N0 → N0) =
1

2

∣
∣
∣
∣

q

p

∣
∣
∣
∣

2

e−T (cosh yT − cosxT ), (1.37)30



1 Theory of Standard Model and Flavour Physis
K0/K0 D0/D0 B0

d/B
0
d B0

s/B
0
s

τ (ps) 89.58 ± 0.05,

51160 ± 200
0.4101 ± 0.0015 1.530 ± 0.009 1.470 ± 0.027

Γ (s−1) 5.59 × 109 2.4 × 1012 6.5 × 1011 6.8 × 1011

x 0.946 ± 0.002 0.0097 ± 0.0028 0.776 ± 0.008 26.1 ± 0.5

y −0.9965 0.0078 ± 0.0019 |y| < 0.04, 90% C.L. [0.09,−0.03], 95% C.L.Table 1.1: Parameters for deay and mixing of neutral mesons [12℄.where T ≡ Γt, x ≡ ∆m
Γ
, and y ≡ ∆Γ

2Γ
have been introdued. The ase of starting withan N0 is idential apart from q

p
being replaed by its inverse.The �avour asymmetry follows

A(T ) =
P (N0 → N0) − P (N0 → N0)

P (N0 → N0) + P (N0 → N0)
=

cosxT + δ cosh yT

cosh yT + δ cosxT
, (1.38)with

δ ≡ 〈Nh|Nl〉 = |p|2 − |q|2 =
1 −

∣
∣
∣
q
p

∣
∣
∣

2

1 +
∣
∣
∣
q
p

∣
∣
∣

2 . (1.39)For the various systems of neutral mesons this asymmetry has drastially di�erenttime evolutions in reality due to large di�erenes in the parameters involved. Theurrent best measurements of these parameters are given in table 1.1.1.2.2 CP ViolationThree disrete transformations play a entral role in partile physis:
• C: the harge transformation onverts partiles into anti-partiles and vie versa,
• P: the parity transformation reverses the spatial oordinates whih leads to ahange of hirality of partiles,
• T : the time transformation reverses time and hene hanges sign of veloities,momenta, and angular momenta.Following the CPT theorem [13, 14, 15℄, all realisti quantum �eld theories are invariantunder the three ombined transformations CPT . As a onsequene of the theorem, allpartiles and anti-partiles must have the same masses, lifetimes, and magneti dipolemoments. This holds for all experimental tests onduted to date.31



1 Theory of Standard Model and Flavour PhysisThe weak interation violates both C and P symmetries. This is lear as the formerwould transform a left-handed neutrino into a left-handed anti-neutrino, whih doesnot exist (at least in the SM). Similarly, the right-handed neutrino is not found, whihwould be the result of a P transformation.The ombined transformation, CP , however, initially appeared to be onserved. In1964, Christenson, Cronin, Fith, and Turlay disovered that KL also deay into twopions [16℄. This proess is only allowed with the CP symmetry violated, as the KL isan eigenstate of CP with eigenvalue −1 and a pion pair has an eigenvalue of +1. Firstevidene for CP violation in B mesons was found by the BaBar and Belle experimentsin 2001 [17, 18℄.Neutral mesons an be eigenstates of CP . From
CP|N0〉 = eia|N0〉,
CP|N0〉 = e−ia|N0〉, (1.40)where the arbitrary phase a an be hosen to be 0, one obtains the CP eigenstates

CP|N+〉 =
1

2

(

|N0〉 + |N0〉
)

CP|N−〉 =
1

2

(

|N0〉 − |N0〉
)

, (1.41)with the CP eigenvalues +1 and −1, respetively.It follows from equation 1.31 that CP and mass eigenstates oinide if |p| = |q|.Furthermore, this implies that δ as de�ned in equation 1.39 vanishes. In this ase,
P (N0 → N0) and P (N0 → N0) are equal, or CP is onserved in the proess of mixing.From equation 1.34 it is obvious that CP violation in mixing requires ℑm m12 6= 0 or
ℑm Γ12 6= 0, in addition to a relative phase between m12 and Γ12.In addition to CP violation in mixing, also alled indiret CP violation, there is alsodiret CP violation or CP violation in the deay. Introduing the deay amplitudes A(A) of the B (B) meson into the �nal state f or f ,

Af ≡ 〈f |T |N0〉, Af ≡ 〈f |T |N0〉, (1.42)there is diret CP violation if
|Af | 6= |Af |,
|Af | 6= |Af |. (1.43)For deays into a CP eigenstate this simpli�es to |Af | 6= |Af |. Evidene for diret

CP violation in the neutral kaon system was �rst found by the NA31 experiment in32



1 Theory of Standard Model and Flavour Physis1988 [19℄ and �nally established by NA48 [20℄ and KTeV [21℄ in 1999. In the B systemdiret CP was �rst observed by BaBar and Belle in the deay B0 → Kπ in 2004 [22, 23℄.A third possible form of CP violation arises from the interferene of CP violation inmixing and deay. Analogously to equation 1.36, one obtains for the time-dependentdeay amplitude of a pure N0 (N0) state at t = 0 into a �nal state f
〈f |H|N0(t)〉 =

1

2
e−imte−Γt/2

[

g+Af +
q

p
g−Af

]

,

〈f |H|N0(t)〉 =
1

2
e−imte−Γt/2

[

g+Af +
p

q
g−Af

]

, (1.44)with
g+ = e−(ix+y)T/2 + e(ix+y)T/2, g− = e−(ix+y)T/2 − e(ix+y)T/2. (1.45)Introduing

λf =
q

p

Af

Af
, (1.46)and approximating | q

p
| = 1 it follows for the deay rate asymmetry that

Γ(N0(t) → f) − Γ(N0(t) → f)

Γ(N0(t) → f) + Γ(N0(t) → f)
=

(1 − |λf |2) cos(xT ) + 2ℑm λf sin(xT )

(1 + |λf |2) cosh(yT ) − 2ℜe λf sinh(yT )
. (1.47)Introduing the observables

Cf =
1 − |λf |2
1 + |λf |2

, Sf =
2ℑm λf

1 + |λf |2
, Af

∆Γ =
2ℜe λf

1 + |λf |2
, (1.48)leads to

Γ(N0(t) → f) − Γ(N0(t) → f)

Γ(N0(t) → f) + Γ(N0(t) → f)
=

Cf cos(xT ) + Sf sin(xT )

cosh(yT ) −Af
∆Γ sinh(yT )

. (1.49)For both neutral B mesons x is muh larger than y. Therefore, it is of interest to usethe approximation y = 0. In this ase equation 1.47 simpli�es to
Γ(B(t) → f) − Γ(B(t) → f)

Γ(B(t) → f) + Γ(B(t) → f)
= Cf cos(xT ) + Sf sin(xT ). (1.50)1.2.3 The CKM TriangleThe CKM matrix has been introdued in equation 1.25. The CKM matrix has to beunitary under the assumption of the onservation of the total probability whih is alsoa onsequene of the CPT theorem. The unitarity requirement VCKMV

†
CKM

= 1 leads33



1 Theory of Standard Model and Flavour Physis
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Figure 1.1: CKM triangle showing the urrent experimental onstraints. Reproduedfrom [24℄.to
∑

i=u,c,t

VijV
∗
ik = δjk, or

∑

i=d,s,b

VjiV
∗
ki = δjk, (1.51)whih, for the o�-diagonal elements (j 6= k), are equations that de�ne triangles in theomplex plane. The only triangles with three sides of roughly equal length (O(λ3)) aregiven by

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0,

VudV
∗
td + VusV

∗
ts + VubV

∗
tb = 0, (1.52)and normalising one side yields

VudV
∗
ub

VcdV ∗
cb

+ 1 +
VtdV

∗
tb

VcdV ∗
cb

= 0,

VudV
∗
td

VusV
∗
ts

+ 1 +
VubV

∗
tb

VusV
∗
ts

= 0, (1.53)Figure 1.1 shows the experimental onstraints on the �rst of the two triangles. Theapex of the triangle is over-onstrained by the measurements. However, the onstraintfrom the angle γ annot ompete with those from the other angles. The urrentbest measurements are (76 ± 22stat. ± 5syst. ± 5Dalitz)
◦ from BaBar [25℄ and (76+12

−13,stat.

±4syst. ± 9model)
◦ from Belle [26℄. It is one of the main goals of LHCb to redue thisunertainty by about a fator of 10. 34



1 Theory of Standard Model and Flavour PhysisAs γ is de�ned by
γ = arg

(

−VudV
∗
ub

VcdV
∗
cb

)

, (1.54)it is obvious that it is strongly related to the phase of Vub, i.e. δ13 (see equation1.25). This means that tree level b → u transitions are the most obvious way tomeasure γ. These our in many deays of neutral B mesons into harged partiles.The extration of γ often su�ers from manifold ambiguities when performed from B0
ddeays alone. Therefore, the omparison of related B0

d and B0
s deays an greatlyenhane the sensitivity to γ. One suh onept has been introdued by Fleisher [27℄and is pursued using hannels like B0

(s) → D±h∓ [28℄ or B0
(s) → h±h∓ [29℄.1.3 B Meson Lifetimes

B meson lifetime measurements form a setor of �avour physis whih o�ers a numberof interesting opportunities. This setion outlines the possibilities of using lifetimemeasurements for preision SM tests as well as for probing NP. The following setionsgive examples of appliations of lifetime measurements in the B0
s and the D0 setor.1.3.1 Heavy Quark ExpansionLifetimes ofB mesons an be alulated within the framework of heavy quark expansion(HQE, see [30℄ and referenes therein). In ontrast to QCD whih uses expansions inorders of the strong oupling onstant, αs, HQE expands in terms of Λ/mb, i.e. a salefator and the mass of the bottom quark.The leading terms for the expansion of a deay rate are given by

Γ = Γ0 +
Λ2

m2
b

Γ2 +
Λ3

m3
b

Γ3. (1.55)The �rst order term in Λ/mb vanishes, the seond order orretion is due to the kinetiand hromomagneti operator, and only the third order term depends on the spetatorquark.The weak in�uene of the spetator quark, whih only enters at the level Λ3

m3
b

, explainswhy the lifetime ratio of B0
s and B0

d is predited as
τ(B0

s )

τ(B0
d)

= 1.00 ± 0.01. (1.56)35



1 Theory of Standard Model and Flavour PhysisExperimentally, slightly lower values are favoured following results from CDF and D0.The urrent experimental average is
τ(B0

s )

τ(B0
d)

= 0.93 ± 0.03, (1.57)when taking the ratio of the averaged individual lifetimes [12℄.The theoretial preision of this ratio shows that preise measurements are an exel-lent test of HQE. Furthermore, it is important to either on�rm the tension betweentheory and experiment or to resolve it by measurement with at least a perent levelpreision. A method for diretly �tting lifetime ratios is presented in hapter 4.1.3.2 B Meson Lifetime ParametersThe mass eigenstates of neutral mesons deay aording to equation 1.35 with thedeay rates Γh and Γl. These are given by
Γh = Γ +

∆Γ

2
; Γl = Γ − ∆Γ

2
. (1.58)It is of interest to express Γ and ∆Γ in terms of the elements of the matrix X de�nedin equation 1.29. The matrix M is given by

mij = m0δij + 〈i|H|j〉 +
∑

n

P
〈i|H|n〉〈n|H|j〉
δ(m0 −En)

, (1.59)where the sum goes over all internal virtual states, P denotes the projetor for theprinipal part, and |1〉 and |2〉 represent the states |N0〉 and |N0〉, respetively.Similarly, the matrix Γ is given by
Γij = 2π

∑

c

ρc〈i|H|c〉〈c|H|j〉, (1.60)where the sum goes over the possible �nal states, and ρc is a phase spae fator. Sine
Γ12 is limited to �nal states that are aessible to both meson and anti-meson it followsthat |Γ12| < |Γ11| = |Γ|.Experimental evidene (see table 1.1) shows that for B mesons it an be assumedthat

|Γ12| ≪ |m12|; ∆Γ ≪ ∆m. (1.61)Using this approximation and equations 1.32 and 1.33 it an be shown that
∆m = 2|m12|

[

1 + O
(∣
∣
∣
∣

Γ12

m12

∣
∣
∣
∣

2
)]

, (1.62)36
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∆Γ = 2|Γ12| cosφ

[

1 + O
(∣
∣
∣
∣

Γ12

m12

∣
∣
∣
∣

2
)]

, (1.63)where the mixing phase φ has been introdued as
φ = arg

(
m12

Γ12

)

. (1.64)Further introduing
a = ℑmm12

Γ12
=

∣
∣
∣
∣

m12

Γ12

∣
∣
∣
∣
sinφ, (1.65)it follows from using equations 1.62 and 1.63 in equation 1.34

q

p
= ±e−iφm

[

1 − a

2

]

+ O
(∣
∣
∣
∣

Γ12

m12

∣
∣
∣
∣

2
)

, (1.66)where φm is the phase of m12.1.3.3 Time Evolution of Untagged B MesonsNegleting any prodution asymmetry in proton-proton ollisions, the deay rate foruntagged mesons an be written as
Γ(f, t) = Γ(N0(t) → f) + Γ(N0(t) → f). (1.67)Negleting the prodution asymmetry is a reasonable approximation as it is estimatedto be about 1%− 2% for B0

d mesons in LHCb [31℄. However, for B0
s mesons it is muhsmaller.Inverting 1.31 and using the time evolution given in 1.35 leads to

Γ(f, t) = Nf

[
e−Γlt|〈f |Bl〉|2 + e−Γht|〈f |Bh〉|2

]
+ O(a), (1.68)where Nf is a normalisation fator. Further, using 1.31 and 1.46 this an be rewrittenas

Γ(f, t) = Nf
|Af |2

2

(
1 + |λf |2

) [

(1 −Af
∆Γ)e−Γlt + (1 + Af

∆Γ)e−Γht
]

+ O(a). (1.69)For pratial reasons it is interesting to onsider the ase of �tting an untagged timedistribution to a single exponential with deay rate Γ̂f . Writing
Γ(f, t) = Ae−Γlt +Be−Γht, (1.70)the �t result would be

Γ̂f =
A/Γl +B/Γh

A/Γ2
l +B/Γ2

h

. (1.71)37



1 Theory of Standard Model and Flavour PhysisExpanding to seond order in ∆Γ and reintroduing the observables leads to
Γ̂f = Γ −Af

∆Γ

∆Γ

2
− 1 − (Af

∆Γ)2

2

(∆Γ)2

Γ
+ O

(
(∆Γ)3

Γ2

)

. (1.72)For CP eigenstates Af
∆Γ = ±1 and one measures Γ ∓ ∆Γ

2
. In �avour spei� modes

Af
∆Γ = 0 leads to a measurement of Γ − (∆Γ)2

2Γ
.1.3.4 New Physis In�uene on B Lifetime MeasurementsNew Physis (NP) partiles an only in�uene SM proesses at the level of loop dia-grams. Hene, it an be assumed for B mesons that Γ12 is not in�uened by NP as it isdominated by tree level transitions. The NP in�uene on m12 is generally parametrisedby an additional omplex fator ∆NP

m12 = mSM

12 ∆NP = |mSM

12 ||∆NP |ei(φm+φNP ). (1.73)Examples for NP senarios that an lead to sizeable NP phases are models with afourth generation of quarks [32℄ or the Littlest Higgs model with T-parity [33℄. Usingequations 1.62 to 1.66, this leads to
∆m = 2|mSM

12 ||∆NP |,
∆Γ = 2|Γ12| cos(φSM + φNP),

a =

∣
∣
∣
∣

mSM

12

Γ12

∣
∣
∣
∣
|∆NP | sin(φSM + φNP),

q

p
= ±e−i(φSM

m +φNP )
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1 − a

2

]

+ O
(∣
∣
∣
∣

Γ12

m12

∣
∣
∣
∣

2
)

. (1.74)For Af
∆Γ this leads to

Af
∆Γ = ± 2|λf |

1 + |λf |2
cos(φSM

m + φNP), (1.75)when negleting the phase of Af

Af
in equation 1.46. For equation 1.72 this results in twoosine terms entering through Af

∆Γ and ∆Γ. Thus, NP e�ets will derease the lifetimedi�erene between a CP averaged and a CP spei� mode.1.4 The Deay B0
s → K+K−The deay B0

s → K+K− is one of a group of deay modes whih is usually labelledas B0
(s) → h+h′−. Their deay proesses are governed by the diagrams shown in �gure38



1 Theory of Standard Model and Flavour Physis

Figure 1.2: Feynman graphs of proesses ontributing to the B0
(s) → h+h′− deays.The diagrams are tree (T ), gluoni penguin (P ), penguin annihilation(PA), olour-suppressed eletroweak penguin (PC

EW ), and W exhange(E).1.2. As the tree transition is proportional to Vub and Vus, and hene to ≈ λ4, the
B0

s → K+K−mode is dominated by penguin diagrams. Thus, NP partiles enteringthe various loop proesses an signi�antly in�uene the B0
s → K+K− deay.The K+K− �nal state is CP even, however, the interferene of the tree diagram withthe loop diagrams leads to a small CP violating e�et. Therefore, already within theSM there is a CP violating phase

Af = 〈K+K−|B0
s〉 ∝ eiσ; Af = 〈K+K−|B0

s〉 ∝ e−iσ. (1.76)1.4.1 Lifetime Measurements with B0
s → K+K−The previous setion showed the impat of Af

∆Γ on lifetime measurements. For a deayinto a CP even �nal state, it an also be written as
Af

∆Γ = − 2|λf |
1 + |λf |2

cos(arg λf), (1.77)highlighting the importane of the phase of λf . This phase onsists of two omponents,the phase of q/p and that of Af/Af . In the SM the former is approximately equal to
φSM

m ≈ φSM ≈ −2βs = (−0.04±0.01) rad [30℄. As desribed above (see equation 1.76),the latter adds a CP violating phase 2σ.This leads to
Af

∆Γ = − 2|λf |
1 + |λf |2

cos(2βs + 2σ). (1.78)39



1 Theory of Standard Model and Flavour PhysisWithin the SM, one obtains the onstraints [34℄
−1 . A∆Γ(B0

s → K+K−) . −0.95, (1.79)whih means that B0
s → K+K−is at least 95% CP even.NP partiles an ontribute to the mixing phase as desribed in setion 1.3.4. Inaddition, suh proesses may ontribute a CP violating phase σNP . Negleting the smallSM phase 2βs, ombining equation 1.72 with equations 1.74 and 1.75 and assuming

|λf | = 1 leads to
Γ̂(B0

s → K+K−) = Γs

+ cos(−φNP + 2σSM + 2σNP)
∆ΓSM

s

2
cos(φNP)

− sin2(−φNP + 2σSM + 2σNP)
(∆ΓSM

s )2

2Γs
cos2(φNP)

+O
(

(∆ΓSM

s )3

Γ2
s

)

. (1.80)1.4.2 Interpretation of Lifetime Measured with B0
s → K+K−One of the exponentials in equation 1.69 is strongly suppressed in the ase of a de-ay into a CP eigenstate. Hene, it is not possible to diretly measure both Γs and

∆Γs with a lifetime measurement using B0
s → K+K−. Taking an independent, preisemeasurement of Γs gives aess to the seond term in equation 1.80. Suh a measure-ment an be made using high statistis �avour spei� modes like B0

s → D±
s π

∓. Thethird term in this equation an be negleted due to the ∆ΓSM
s

Γs
(. 0.18 see table 1.1)suppression.The interpretation of a preise measurement of the seond term in equation 1.80 isstill ambiguous as the phases as well as ∆ΓSM

s have not yet been measured to highpreision. A full interpretation of the result is made possible through the omparisonwith measurements from other modes.1.4.2.1 Comparison with B0
s → J/ψφThe deay B0

s → J/ψφ is dominated by a tree level b → ccs transition. Therefore, NPe�ets an only enter through B0
s mixing. The orbital angular momentum (L) of thetwo deay produts is of importane, as this deay has a �nal state with two vetormesons. The �nal state (J/ψφ)L=0 is CP even and due to the absene of a signi�ant

CP phase in the SM one measures
Γ̂(B0

s → (J/ψφ)L=0) = Γs +
∆ΓSM

s

2
cos2(φNP)40
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− sin2(φNP)

(∆ΓSM

s )2

2Γs
cos2(φNP)

+O
(

(∆ΓSM

s )3

Γ2
s

)

. (1.81)or
Γ̂(B0

s → (J/ψφ)L=0) = Γs +
∆ΓSM

s

2
cos2(φNP)

(

1 − sin2(φNP)
∆ΓSM

s

Γs

)

+O
(

(∆ΓSM

s )3

Γ2
s

)

. (1.82)A omparison with B0
s → K+K− allows to onstrain the phase σSM + σNP . It shouldbe noted that the deay B0

s → J/ψφ allows the extration of ∆Γs without omparisonto other deay modes when measuring the CP odd L = 2 �nal state. This analysis,however, is signi�antly more hallenging than the measurement with B0
s → K+K−asit requires a lifetime measurement in ombination with an angular analysis.1.4.2.2 Comparison with B0

s → φφThe deay B0
s → φφ annot our at tree level. Thus, it has no CP phase in the SM.Similarly to B0

s → J/ψφ, it requires an angular analysis to disentangle the CP even
L = 0 state. This is even more hallenging than for B0

s → J/ψφ as the branhing ratiois only ∼ 10−5 ompared to ∼ 10−3 for B0
s → J/ψφ.Like for B0

s → K+K−, NP partiles an introdue a phase σNP , responsible for CPviolation in the deay, in addition to a possible CP violating NP mixing phase φNP .This leads to a measurement of
Γ̂(B0

s → (φφ)L=0) = Γs

+ cos(φNP + 2σNP)
∆ΓSM

s

2
cos(φNP)

− sin2(φNP + 2σNP)
(∆ΓSM

s )2

2Γs
cos2(φNP)

+O
(

(∆ΓSM

s )3

Γ2
s

)

. (1.83)This measurement will, however, only be able to serve as a ross hek to B0
s → K+K−,due to its branhing ratio of B0

s → φφ being lower than that of B0
s → K+K− by abouta fator 2 and due to the requirement of an angular analysis.41



1 Theory of Standard Model and Flavour Physis1.5 Charm Lifetime MeasurementsLifetime measurements in the harm setor are of high interest at LHCb due to theabundant prodution of harm mesons. Setion 5.3 gives more details on the potentialfor harm measurements at LHCb.The approximationmade in equation 1.61 forB mesons is not valid for harm mesons,as xD and yD are of the same order. The harm mixing parameters are very small, asshown in table 1.1,
xD, yD = O(1%) ≪ 1. (1.84)Therefore, it is useful to expand the deay rates up to leading order in xD and yD [35℄.For the CP even �nal state K+K−, squaring equation 1.44 and expanding leads to

Γ(D0(t) → K+K−) = e−ΓDt|AKK|2 {1 + [ℜe(λKK)yD − ℑm(λKK)xD]ΓDt} ,
Γ(D0(t) → K+K−) = e−ΓDt|AKK|2

{
1 + [ℜe(λ−1

KK)yD − ℑm(λ−1
KK)xD]ΓDt

}
,(1.85)where λKK follows the de�nition given in equation 1.46. For the non CP eigenstate

K−π+ the deay rate is given by
Γ(D0(t) → K−π+) = e−ΓDt|AKπ|2,
Γ(D0(t) → K+π−) = e−ΓDt|AKπ|2. (1.86)Experimentally, one obtains a ontribution from the doubly Cabibbo suppressed modes

D0 → K−π+ and D0 → K+π−. As their ontribution would not signi�antly hangethe measured lifetime it is heneforth ignored.Under the assumption of no signi�ant diret CP violation the rates mentioned abovean be written as
Γ(D0(t) → K+K−) = e−ΓDt|AKK |2 {1 + |λKK|[yD cos(φ) − xD sin(φ)]ΓDt} ,
Γ(D0(t) → K+K−) = e−ΓDt|AKK |2

{
1 + |λKK|−1[yD cos(φ) + xD sin(φ)]ΓDt

}
,

Γ(D0(t) → K−π+) = Γ(D0(t) → K+π−) = e−ΓDt|AKπ|2, (1.87)where φ is the phase of λKK. It should be noted that there is neither experimentalevidene nor theoretial motivation for signi�ant diret CP violation. Fitting withsingle exponentials would yield measurements of
Γ̂(D0 → K+K−) = ΓD {1 + |λKK|[yD cos(φ) − xD sin(φ)]} ,
Γ̂(D0 → K+K−) = ΓD

{
1 + |λKK|−1[yD cos(φ) + xD sin(φ)]

}
,

Γ̂(D0 → K−π+) = Γ̂(D0(t) → K+π−) = ΓD. (1.88)42



1 Theory of Standard Model and Flavour PhysisUsing the prodution asymmetry
Aprod =

N(D0) −N(D0)

N(D0) +N(D0)
, (1.89)one an de�ne the quantity

yCP ≡ Γ̂(D → K+K−)

Γ̂(D0 → K−π+)
− 1

= yD cos(φ)

[
1

2
(|λKK| + |λKK |−1) +

Aprod

2
(|λKK| − |λKK|−1)

]

−xD sin(φ)

[
1

2
(|λKK| − |λKK|−1) +

Aprod

2
(|λKK| + |λKK|−1)

]

, (1.90)where Γ̂(D → K+K−) refers to the measurement of untagged D → K+K− deays.Approximating |λKK |±1 = 1 ± Am

2
, with the small parameter Am, leads to

yCP = yD cos(φ) − xD sin(φ)

(
Am

2
+ Aprod

)

. (1.91)The ase φ = 0 results in the equality of yCP and the mixing parameter yD. In asemeasurements of the two parameters di�er, this would be a sign of CP violation in theinterferene of mixing and deay. The situation yCP 6= yD an furthermore be usedto determine yD cos(φ) and xD sin(φ) separately if a tagged measurement is used todetermine both Γ̂(D0 → K+K−) and Γ̂(D0 → K+K−).The lak of a preision measurement of yCP and the abundane ofD mesons produedat LHCb makes these measurements very interesting. A strategy for these analyses ispresented in setion 5.3.2.1.6 SummaryThis hapter outlined the Standard Model of partile physis whih represents theurrent knowledge about partile interations involving the eletromagneti, the weak,and the strong fore. An overview of �avour physis, whih builds the basis of theLHCb physis programme, was given.The seond part of the hapter desribed the potential of lifetime measurements.Measurements in B0
(s) → h+h′− deays, partiularly in B0

s → K+K−, o�er possibilitiesfor both SM tests via lifetime ratios and for sensitivities to NP through ∆Γs mea-surements. Finally, harm lifetime measurements allow measurements of the mixingparameter y and even sensitivity to CP violation in the harm setor via measurementsof yCP . 43



2 The LHCb experimentWir dürfen und wir können niht aus der Tehnik aussteigen, sondern wirmüssen es besser lernen, sie mit ihrer eigenen Hilfe zu beherrshen.Rihard von WeizsäkerIn 1993 three ollaborations proposed experiments for heavy �avour physis at theLarge Hadron Collider (LHC) at CERN, a proton-proton ollider that would follow theLarge Eletron Positron ollider (LEP) in its tunnel. The LHB ollaboration envisageda �xed target experiment with an extrated LHC beam [36℄. The COBEX1 experimentwas intended to have a forward spetrometer to detet B deays from ollisions of thetwo LHC beams [37℄. The third proposal from the GAJET2 ollaboration planned thestudy of B physis with ollisions originating from a gas jet target [38℄.After having been asked to develop a ommon proposal for a ollider based experi-ment with a forward spetrometer by the LHC experiments Committee (LHCC), thethree ollaborations merged and produed the LHC-B Letter Of Intent in 1995 [39℄.Three years later the Tehnial Proposal of the slightly renamed LHCb ollaborationfollowed [40℄. After a review proess, a revised version was produed [41℄ that reduedthe overall material budget and at the same time optimised the trigger e�ieny.In order to set the sene for desribing the LHCb experiment in more detail, thishapter will start with an overview of the CERN aelerator omplex. This is followedby a desription of eah of the omponents of the LHCb detetor, its data aquisitionsystem, trigger and software.2.1 The Aelerator Complex at CERN2.1.1 From Lina to SPSCERN started as a high energy physis laboratory in 1954. One of the �rst aelerators1Collider Beauty Experiment2Gas Jet 44



2 The LHCb experiment

Figure 2.1: Overview of the CERN aelerator omplex. Reprodued from [42℄.

45



2 The LHCb experimentto be onstruted at CERN was the Proton Synhrotron (PS) whih started operationin 1959. It is now a part of the aelerator hain preeding the LHC [43, 44, 45℄. Twotypes of partiles, protons and heavy ions (lead nulei), an be aelerated and ollidedin the LHC. As LHCb is designed to aquire data from proton-proton ollisions, onlytheir path will be desribed.All protons originate from a small bottle of hydrogen gas. Through a high eletri�eld and so-alled stripping foils the hydrogen moleules are ionised and thus serve asthe proton soure. Their �rst stage of aeleration is a linear aelerator alled LINAC2(see Fig. 2.1). A linear aelerator is used at the start of the aelerator hain as theprotons quikly gain in speed.After having been aelerated from thermal energies to a kineti energy of 50 MeV,the protons are injeted into the Proton Synhrotron Booster (PSB). It is the �rstirular aelerator that the protons pass through. The PSB onsists of four ringssitting on top of eah other and used in parallel in order to inrease the possibleproton intensity. At a kineti energy of 1.4 GeV the protons are injeted into theaforementioned Proton Synhrotron (PS). At an energy of 25 GeV they are transferredinto the Super Proton Synhrotron (SPS) whih forms the last aeleration stage beforethe LHC. The 7 km irumferene SPS aelerates the protons up to an energy of
450 GeV. At this energy they are injeted via two transfer lines in opposite diretionsinto the two beam pipes of the LHC. One of the transfer lines ends lose to LHCb, asdisussed further in setion 3.4.2.1.2 The LHCWhen arriving at the LHC the protons ome in bunhes of up to 1.1 × 1011 partiles.Under nominal onditions eah LHC beam will have 2808 of these bunhes whihmeans that their separation in the beam pipe is only about 8 m or 25 ns. The partilesare aumulated with inreasing bunh harges in the various aeleration stages toahieve these high intensities. This starts with two extrations from the PSB, whihare separated by 1.2 s and repeated every 3.6 s. The period for aumulating andaelerating partiles in the SPS is 21.6 s. To �ll the whole LHC then takes just under
10 minutes.The beams need to pass through separate beam pipes with opposite magneti �elds,as the LHC is a proton-proton ollider. The only way to ahieve the �eld strengthneessary to keep TeV protons on a 27 km ring under the given spatial onstraintsis with superonduting magnets. After aeleration, the protons will �nally have anenergy of 7 TeV whih requires a peak magneti �eld of 8.33 T.46



2 The LHCb experiment

Figure 2.2: Photo of the open interonnetion between two LHC dipoles showing thebeam pipes, the onnetion of the superonduting ables and the tubesfor the liquid helium supply. Reprodued from [46℄.The protons are kept on a irular trajetory by 1232 dipole magnets (see Fig. 2.2).
392 quadrupole magnets are used to ensure a well foused beam. In addition, about
8000 smaller magnets are used to �ne tune the beams. This is neessary to ompletethe beam optis of the main magnets and to ompensate for imperfetions in theonstrution and performane of the aelerator. The main superonduting magnetsare ooled using a total of 120 tons of super�uid helium.The LHC is split in eight setors, eah of whih onsists of repeated setions ofdipole and quadrupole magnets (see Fig. 2.3). Interation points (IPs) are loated inthe entre of the respetive otants shown in �gure 2.3. Only at four of the eight IPsare atual ollision points at whih experiments are loated: ATLAS is loated at IP1, ALICE at IP 2, CMS is at IP 5, and �nally LHCb is at IP 8.The other four IPs are used to host beam related instrumentation. Beam leaningfailities are loated at IP 3 and IP 7. At IP 3 the so-alled momentum leaning removespartiles with large (> 6σ) longitudinal osillation amplitudes and at IP 7 partiles withlarge transversal osillation amplitudes are removed. The main beam dump for bothbeams sits at IP 6. The protons are aelerated using high frequeny avities at IP 4.These are superonduting avities operating at a frequeny of 400.8 MHz. With anenergy gain per turn of 485 keV it takes the LHC 20 minutes to ramp up to nominalbeam energy of 7 TeV, where the speed is limited by the ramping speed of the magnets.Figure 2.4 shows how CERN and its aelerator omplex is loated between Genevain the east and the Jura mountains in the west. Following a stratum of rok risingtowards the mountains, the LHC tunnel has an inlination of 3.6 mrad. The LHCb47
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Figure 2.3: Shemati view of the LHC. The four interation points where the ex-periments are loated and the regions for beam leaning and the beamdump are indiated. Reprodued from [47℄.

Figure 2.4: View of the loation of the LHC in the Geneva region between the Juraon the right and the Alps on the left. Reprodued from [48℄.
48



2 The LHCb experiment

Figure 2.5: Shemati drawing of the LHCb detetor as seen from inside the LHCring. Reprodued from [49℄.experiment is loated at the Frenh-Swiss border lose to Geneva airport in the east ofthe ring.2.2 The LHCb DetetorThe LHCb experiment has been oneived as a so-alled forward spetrometer � adetetor that overs only a omparatively small region of the full solid angle aroundthe beam line. The nominal interation point of the two proton beams has beenmoved from the entre to one side of the avern to maximise the spae for a singlearm spetrometer. As shown in �gure 2.5 the Vertex Loator of the LHCb experiment(VELO) is loated at one side of the experimental hall while the other sub-detetors�ll the 20 m up to the other end. All quantities given subsequently in this setion arequoted from referene [49℄ unless otherwise stated.
B mesons are produed highly forward boosted suh that they are nearly ollinearwith one of the two beams. Both B and B mesons �y in the same diretion (see �gure2.6). Hene, LHCb an detet roughly 34% of the B mesons produed while overingonly about 2% of the full solid angle. 49
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Figure 2.7: Shemati drawing of the LHCb dipole magnet. Reprodued from [49℄.
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2 The LHCb experiment

Figure 2.8: Shemati drawing of the beam pipe inside the LHCb detetor. Repro-dued from [49℄.The LHCb traking system onsists of VELO (see Se. 2.2.1), the two silion trakersTraker Turiensis3 (TT) and Inner Traker (IT) (see Se. 2.2.2), Outer Traker (OT)(see Se. 2.2.3), and the magnet. A water-ooled dipole magnet is between TT and ITto allow the momentum of harged partiles to be measured (see Fig. 2.7). Its magneti�eld reahes a peak of just over 1 T and has a total bending power of about 4 Tm overa length of 10 m, roughly orresponding to a momentum kik in the horizontal planeof 1.2 GeV/c.The LHCb oordinate system is de�ned as a right-handed Cartesian system with the
z axis along the nominal diretion of beam 1 (towards IP 1), the y axis roughly upwards4and the x axis towards the outside of the LHC ring. For reasons of strutural stabilitynot all sub-detetors have been onstruted aording to this oordinate system. Alldetetors downstream of the magnet have their entre along the nominal beam line buttheir vertial axes oinide with the gravitational axis.The partile identi�ation system onsists of two Ring Imaging CHerenkov (RICH)detetors (see Se. 2.2.5), one between VELO and TT and the other between thetraking stations and the alorimeters (see Se. 2.2.6), whih, together with the muonidenti�ation system (see Se. 2.2.7), omplete the system.The VELO is loated in the beam vauum (see below). An exit window of 800 mm3formerly known as Trigger Traker4As the beam line is inlined by 3.6 mrad with respet to the horizontal plane, the y axis does notoinide with the gravitational axis. 51
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Figure 2.9: Drawing of the losed VELO (left) and photo of modules of a fully as-sembled VELO half (right). The di�erent sensor olours in the drawingindiate R and Φ sensors, respetively. Reprodued from [50, 51℄diameter onnets the VELO to a beam pipe (see Fig. 2.8). The �rst 12 m of this onialbeam pipe are made of Beryllium to redue the amount of material traversed by highlyforward boosted partiles. The �nal 7 m of the beam pipe inside the alorimeters andthe muon stations onsist of stainless steel.2.2.1 The Vertex LoatorThe VELO is a very speial and hallenging sub-detetor. It has the highest positionresolution of any devie in all four main LHC experiments. Of their sub-detetors it isthe losest to the LHC beam. It is operated inside the LHC vauum. Hene, its designhas required a number of novel ideas.2.2.1.1 The VELO SystemGiven the goal to measure traks of small angles with respet to the beam line a series ofirular disks is the most natural hoie from a geometrial point of view. This has beenadopted in the design of the VELO whih onsists of two halves with 42 half irularsilion sensors eah (see Fig. 2.9). The split into two halves allows the retration ofeah half away from the beam line. This is neessary in order to protet the detetorduring injetion of the beam into the LHC, aeleration to nominal momentum, thebeam dump, or other unstable beam onditions.Eah VELO half ontains 21 modules, eah of whih has two sensors. One sensoron eah module measures the radial oordinate (R sensor), the other one measuresthe angular oordinate around the beam line (Φ sensor). In addition to the 84 VELO52
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Figure 2.10: Drawing of a VELO half with the RF-box shown in the lower half andphoto of its insertion into the vauum vessel. Reprodued from [50, 52℄sensors, two R sensors plaed at the upstream end of either VELO half form the so-alled pile-up stations. They an be used in the trigger to suppress events with veryhigh trak multipliity or events with more than one hard interation.The VELO halves are plaed inside so-alled RF-boxes (see Fig. 2.10). This is toprotet the VELO sensors from the RF �eld aused by the beam and to suppressthe beam's wake �eld whih an in�uene subsequent bunhes. The side of the boxesfaing the beam is made of 300 µm thin Aluminium foil to redue the amount of theirmaterial. This requires the VELO sensors to be operated in a seondary vauum witha di�erential pressure with respet to the beam vauum of less than 10−3 mbar.As shown in �gures 2.9 and 2.10 the front side of the RF-boxes has an undulatingshape. This allows the sensors from both halves to slightly overlap suh that theyreate a gap-less aeptane in φ.The motion system that retrats and reinserts the VELO halves is able to move eahhalf independently away from the beam by 30 mm in the horizontal plane. The systeman adjust the `losed' position to anywhere within 5 mm of the nominal beam positionboth horizontally and vertially, as the beam position may hange from �ll to �ll.The motion system has been designed to have a reproduibility of about 3 µm fora ertain referene position. The position of eah of the halves with respet to theirreferene position is read out by resolvers with a preision of 10 µm. The use of themotion system information in the reonstrution of VELO hits is explained further insetion 3.1.3.1. A relative alignment of the positions of the two halves is essential, asthe motion system an only determine the position of eah half separately. A solutionfor this task is presented in setion 3.2.4. 53
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Figure 2.11: Cross-setion showing the e�et of irradiation on n+-on-n sensors.2.2.1.2 The VELO sensorsThe VELO sensors [53℄ are made of n-doped silion wafers with n+ implants that formthe strips. The bakplane onsists of a pattern of p-doped guard rings.For a non-irradiated sensor the n-doped bulk is depleted by applying a bias voltage.The size of the signal reated by a partile that passes through the sensor is proportionalto the size of the depletion region. The voltage neessary for full depletion hangeswith irradiation. Thus, with a given maximal voltage the sensors an no longer be fullydepleted after a ertain radiation dose. The advantage of n+-on-n sensors is that theirnon-depleted region is at the bakplane (see Fig. 2.11). Hene, the (smaller) signal isstill olleted by the implants without additional di�usion that would be aused by anon-depleted region near the implants.For very high radiation doses the bulk of the sensors undergoes type inversion, i.e. thesensors are then n+-on-p sensors. In this ase the non-depleted region would be loatedat the implants, thus generating a larger spread of the signal with lower intensity onthe individual strips.It is ruial to permanently monitor the performane of the sensors5, as the hangeswith irradiation are ontinuous. A thinner depleted region or a larger harge di�u-sion an both in�uene the position resolution as they hange the harge distributionamong neighbouring strips. A method to measure the sensor resolution is introduedin setions 3.3.3.3 and 3.4.3 together with results from data taken with non-irradiatedVELO sensors.All sensors have a ut-out up to a radius of 7 mm to form a hole that allows thebeams to pass through the VELO, as shown in �gure 2.12. The ative area of both Rand Φ sensors extends from a radius of 8.2 mm to a radius of 41.9 mm. The 2048 stripson the R sensors form ars of onentri irles. The R sensors are separated in four5The VELO sensors have been quali�ed to withstand a dose of 1.3×1014 neq/cm
2 roughly equivalentto three full years under nominal running onditions.54
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Figure 2.12: Layout of the VELO R and Φ sensors. Reprodued from [41℄setors suh that eah strip overs approximately 45◦ in φ. The strip pith6 inreaseslinearly with r from 40.0 µm to 101.6 µm.The strips on the Φ sensors are separated into inner and outer regions with theboundary at a radius of 17.25 mm. The boundary serves several purposes. By reduingthe overall strip length the oupany per strip is redued, whih helps the patternreognition in the trak �nding algorithm. The shorter strip length also redues thestrip apaity and, hene, the noise. It also allows the strips in the outer region tostart at a smaller pith whih improves the overall resolution. The 683 inner stripshave a pith ranging from 35.5 µm to 78.3 µm, while the 1365 outer strips have a pithbetween 39.3 µm and 96.6 µm.The strips on the Φ sensors are oriented in the radial diretion to �rst order. Asdesribed on page 78, they are lying on tangents to a irle of 2.8 mm (3.1 mm) radiusfor the inner (outer) region. Thus, they have a stereo angle with a radial line of −20◦(10.35◦) at their respetive innermost radius. The Φ sensors on subsequent modules arerotated by 180◦ suh that their strips have opposite stereo angles to avoid a four-foldambiguity in the pattern reognition of two traks.2.2.1.3 The VELO readout hainThe signals from the strips are routed via a seond metal layer to pith adaptors whihare plaed around the outer edge of the sensors. From there, the signals enter one of
16 Beetle front-end hips, i.e. eah hip proesses the signals of 128 strips.For R sensors eah setor of 512 strips is read out by four Beetle hips. The innermost
128 strips are always read out in the opposite order than the outermost 384. Thereadout order is reversed for neighbouring setors. In the ase of asymmetri ross-talk6The strip pith is de�ned as the distane between the midpoints of the entre of the urrent stripto the entres of the neighbouring strips. 55
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Figure 2.13: Overview of the VELO readout hain. Reprodued from [49℄.this pattern an result in non-trivial biases in the reonstruted hit positions. Thise�et has been observed and suessfully orreted for in test beam data as explainedin setion 3.3.3.1.For Φ sensors the readout order is more ompliated. The signals from inner stripsare routed on top of outer strips to the pith adaptors. Despite there being twie asmany outer strips than inner strips, the readout pattern does not follow a modulo threepattern but rather a modulo 12 pattern. Due to this readout order, ross-talk e�etssimilar to those for R sensors are not expeted for Φ sensors.The full VELO readout hain is shown in �gure 2.13. Starting with the Beetle front-end hips shown on the right, the signals are routed out of the vauum vessel intorepeater boards via two sets of kapton ables. From the repeater boards the signals govia 60 m analogue ables to a radiation free area where they are fed into the so-alledTELL1 boards [54℄.The TELL1 boards perform a range of signal proessing steps:
• Pedestal subtration: The analogue signals all have a ommon o�set of around

512 ADC ounts7. The exat value of this o�set an either be measured prior todata taking or followed with a running average.7The total available range is 1024 ADC ounts. 1 ADC ount is equivalent to ≈ 450 e−, hene aminimum ionising partile produes a signal around 50 ADC ounts.56
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• Beetle ross-talk orretion: This orretion removes ross-talk from the Bee-tle hip header bits in the raw data.
• FIR �lter: This �nite impulse response �lter removes ross-talk e�ets by ap-plying orretions to three to �ve neighbouring hannels.
• MCMS: The mean ommon mode suppression ounterats shifts in the Beetlebaseline aused by very large signals.
• Reordering: To simplify the reonstrution the hannels are reordered to re-�et the strip numbering on the sensors, i.e. physially neighbouring strips haveonseutive numbering after reordering.
• LCMS: The linear ommon mode suppression removes sensor noise ommon tostrips of the same region, hene its plae after the reordering.
• Zero suppression: The �nal proessing step forms lusters by applying severalthresholds to the ADC values of the individual strips.The output of the TELL1 proessing is a set of lusters that an subsequently beombined to form traks by software pattern reognition algorithms.A software pakage alled VETRA [55℄ has been developed for the analysis of raw VELOdata. Most notably, it inludes a bit-perfet emulation of the proessing algorithms ofthe TELL1 boards whih allows detailed debugging, analysis, and tuning of the VELOreadout.2.2.1.4 The VELO assembly and performaneThe individual VELO modules were assembled at Liverpool. Several optial surveymeasurements were made to ensure the preise plaement of the sensors on the mod-ule. The �nal VELO halves were assembled at CERN, followed by a survey of thewhole system. Eah module underwent a so-alled burn-in proedure upon arrival atCERN [56℄ to ensure stability in the long term operation. In this proedure, the mod-ules went through several temperature yles in a vauum hamber before and afterwhih the funtionality and performane of the sensors was assessed. The measure-ments done during the burn-in proess serve as a referene for regular heks duringnormal operation.The sensor resolution has been measured with the �nal readout hain in a test beamto assess the performane of the VELO. A detailed desription of the apparatus and57
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Figure 2.14: VELO sensor resolution as measured with data from the 2006 testbeam. The dashed line indiates the resolution for a binary readout.

Figure 2.15: Shemati view of a TT v-layer (left) and an IT x-layer (right). Re-produed from [49℄.the results is given in setion 3.3. As shown in �gure 2.14 the measured resolution forboth R and Φ sensors is well below the binary resolution that would be expeted for abinary readout sheme. For a pith of 40 µm both types of sensors reah a resolutionbelow 10 µm.2.2.2 The Silion TrakersThe Silion Trakers (ST) omprise the other two traking detetors, apart from theVELO, whih use silion strip tehnology. The Traker Turiensis (TT) is loatedbefore the magnet and the Inner Traker (IT) is positioned behind the magnet.The TT (see Fig. 2.15) onsists of one station omprising four layers of silion stripdetetors whih are arranged in modules. The �rst and last layer of the station havetheir silion strips oriented vertially, i.e. they measure x and are hene alled x-layers.The middle two layers, alled u- and v-layer, have their strips oriented at an angle of58
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±5◦ with respet to the vertial, respetively. This x-u-v-x sheme is repeated for theIT.Eah layer onsists of 17 modules, whih are split into upper and lower half-moduleswith 7 sensors eah. The front-end readout eletronis sit at the outer end of the half-modules to where the signals are transported from the sensors by kapton ables. Thereadout of the sensors is suh that only the sensors around the beam pipe are read outindividually (K setors). The innermost three sensors (or two around the beam pipe)are read out suh that strips of the same vertial o-ordinate are ombined (M setors).The outermost four sensors on eah half-module (L setors) are read out together.The sensors are made of 500 µm thik p-on-n silion. Having a size of 9.64×9.44 cm2they onsist of 512 strips at a pith of 183 µm. These sensors are designed to havea single hit resolution in x of about 50 µm. Through a staggering of the modules agap-less aeptane is ahieved.In ontrast to the TT, the IT does not over the full aeptane. Its total ative areaof about 4 m2 is meant to over the high multipliity region around the beam pipe,while the rest of the aeptane is overed by the OT (see below). The IT onsists ofthree stations that all omprise four layers with the same x-u-v-x sheme as the TT.Eah station is split into four boxes, one above, one below and one on either side ofthe beam pipe (see Fig. 2.15).The top and bottom boxes eah have 7 one-sensor modules, while the side boxes havethe same number of two-sensor modules. The sensors are again made of p-on-n silionwith a thikness of 320 µm for the one-sensor modules and 410 µm for the two-sensormodules. Eah sensor has a size of 7.6 × 11 cm2 and holds 384 readout strips with apith of 198 µm. The IT sensors are designed to have a single hit resolution of roughly
50 µm.2.2.3 The Outer TrakerThe Outer Traker (OT) like the IT onsists of three stations of x-u-v-x layers (seeFig. 2.16). The individual layers onsist of modules that eah ontain two staggeredlayers of straw tubes. The single straws are up to 4.85 m long and are plaed with apith of 5.25 mm. They operate with a mixture of Ar (70%) and CO2 (30%) gas thathas been hosen for its fast drift time (< 50 ns). As this is still slower than the timebetween two LHC bunh rossings (25 ns) the drift time is digitised every 25 ns andupon a positive trigger deision is read out for three onseutive bunh rossings. Theative area of nearly 29 m2 overs an aeptane of 300 mrad in the horizontal magnet59
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5.50 4.90Figure 2.16: Layout of the traking system (left) and ross-setion of an OT module(right). Reprodued from [49℄.bending plane and of 250 mrad in the vertial plane. Using the drift time informationa single hit resolution in x of 200 µm an be ahieved.2.2.4 Performane of the Traking SystemA high performane of the traking system is mandatory to perform heavy �avourphysis measurements. A good mass resolution allows a tight seletion and, hene, agood suppression of bakground events. Aiming for a mass resolution of 10 MeV for thedeay B0
s → D−

s π
+ translates into a required momentum resolution of δp/p ≈ 0.4%.This in turn needs both preise knowledge of the magneti �eld throughout the detetorand exellent position resolution, partiularly in the bending plane.A seond important point is the trak reonstrution e�ieny. An e�ieny of 95%per trak would translate in an overall reonstrution e�ieny of 81% for a deay withfour traks like B0

s → D−
s π

+.However, not all traks an be fully reonstruted as they esape the aeptane ofthe detetor. Figure 2.17 shows the y-omponent of the magneti �eld on top and anillustration of the various trak ategories below. For physis measurements, the traksof highest interest are the Long traks whih pass through all traking stations. Traksfrom deays of longer lived partiles like KS or Λ an esape the VELO and would then60
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(a) (b)Figure 2.21: Module of the eletromagneti alorimeter (a) and omplete system(b). Reprodued from [49℄.

(a) (b)Figure 2.22: Module of the hadroni alorimeter (a) and omplete system (b). Re-produed from [49℄.eletrons. It is designed to register the signals of harged partiles with sintillatorpads read out by wavelength shifting �bres into multi anode photo multiplier tubes.Separated by a 15 mm layer of lead, a seond almost idential layer of sintillator padsforms the Pre-Shower detetor (PS). The shower fragments deteted in the PS togetherwith the SPD information are used to quikly identify eletrons with large transverseenergy at the �rst trigger level, while suppressing individual photons or those from π0deays.The main part of the ECAL (see Fig. 2.21) onsists of a shashlik struture of 66layers of 2 mm lead and 4 mm sintillator tiles. The sintillators are read out bywavelength shifting �bres into photomultiplier tubes. With a total depth equivalentto 25 eletromagneti radiation lengths, the ECAL is designed to have a resolution of
σE/E = 10%/

√
E ⊕ 1% (E in GeV) whih has been on�rmed by test beam results.64
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E ⊕ (9± 2)% (E in GeV).2.2.7 The Muon DetetorThe muon detetor plays a vital role in a large number of LHCb analyses, suh asthe benhmark deays B0

s → J/ψ(µ+µ−)φ(K+K−), B0
s → µ+µ−, or B0

s → K∗0µ+µ−.In addition, muons are used for �avour tagging, i.e. for determining whether a reon-struted B or B meson was produed as a B or B, via detetion of a muon originatingfrom a semileptoni B deay. It is therefore essential to have a very e�ient muonidenti�ation system.The muon detetor onsists of �ve stations, one before the alorimeters, and fourthereafter (see Fig. 2.23). The �rst station is to support the fast mathing of traks tomuon hits in the �rst trigger level. The latter four stations are eah separated by ironabsorber walls of 80 cm thikness. Inluding the alorimeters, this amounts to a total65



2 The LHCb experimentof 20 nulear interation lengths.Like the alorimeters, the muon stations use inreasing sizes of their readout ellswith inreasing distane from the beam axis. All but the innermost region of the�rst station use Multi-Wire Proportional Chambers. Due to the higher partile ratetriple-GEM (Gas Eletron Multiplier) hambers will be used in the �rst muon station.A simulation study of B0
d → J/ψK0

S deays estimates the muon identi�ation e�-ieny to ε(µ→ µ) = 94% with a pion misidenti�ation rate of ε(π → µ) = 3%, whihis �at for partiles with a momentum above 10 GeV/c. These numbers an be signi�-antly improved by also using the information from the RICH and alorimeter systemsto ahieve ε(µ → µ) = 93% and ε(π → µ) = 1% for all partiles with a momentumabove 3 GeV/c.2.3 The Data Analysis Infrastruture2.3.1 The Trigger SystemThe trigger system plays a ruial role in the LHCb data taking. It is responsible fore�iently seleting events of interest while suppressing the unwanted bakground to aslow a level as possible.As the detailed implementation of the LHCb trigger keeps being adapted to thehanging start-up senarios of the LHC, this setion will introdue the basi onstraintsand goals of the trigger system, and will outline the urrent implementation and itsevolution as it is foreseen at this stage.LHCb operates at a lower design luminosity (2× 1032 cm−2 s−1) than the one envis-aged for ATLAS and CMS. This is ahieved by having a larger beam diameter and byhaving an e�etive bunh rossing rate of 30 MHz. Only every third bunh rossingprodues a visible event in the detetor. These 10 MHz of visible interations have tobe redued to 2 kHz of events that will be written to tape.To ahieve this, the trigger is split in three levels (see Fig. 2.24). The �rst level, L0, isa hardware trigger whose deision is based on the alorimeters and the muon stations,whih are read out at 40 MHz at a oarser granularity than for o�-line analysis. A L0deision an be triggered by one or two muons, one or two hadrons, an eletron, orphotons.After a redution to a rate of 1 MHz the full detetor information is read out andproessed in a software trigger stage alled HLT1. The priniple of this trigger stageis to on�rm the L0 deision using the full detetor information. For example a L066
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Figure 2.24: Overview of the LHCb trigger system. Reprodued from [49℄.hadron trigger has to be on�rmed through the so-alled hadron alley in HLT1. Amore detailed desription of the hadron alley in the ontext of lifetime measurementswill be given in setion 4.2.After a redution of the rate to about 30 kHz a seond software trigger, HLT2, willperform the �nal seletion to reah the desired output rate. Eventually, this stageis foreseen to have a large number of exlusive seletions to selet individual hannel(groups) of interest. However, at the beginning a simpler strategy is urrently beingantiipated whih exploits a few very inlusive seletions. The motivation for thisapproah is its simpliity during the early learning period of the experiment.2.3.2 The LHCb Computing ResouresThe bulk of the LHCb omputing resoures is dediated to the so-alled online farmproviding the omputing power needed for running the HLT. This farm omprises upto 2200 units of multi-ore CPUs.For the reonstrution and analysis stages (see below) LHCb will use the Grid. The�rst proessing of raw data and the subsequent storage will be performed at the Tier-0entre at CERN. All further proessing and analysis is foreseen to be performed atTier-1 entres. Tier-2 entres will be used to produe Monte Carlo (MC) simulationdata.2.3.3 The LHCb SoftwareThe LHCb software is based on the Gaudi framework [57℄. The main projets, repre-senting the various omputing tasks, are:
• Gauss provides the event generation for MC simulation. The proessing is splitin two parts, a generator phase to reate the initial deays, for example using67



2 The LHCb experimentEvtGen [58℄ for B-deays, and a simulation phase whih traks the various parti-les through the detetor based on GEANT4 [59, 60℄.
• Boole performs the digitisation step for simulated events, i.e. transforms theenergy deposits alulated by Gauss into detetor signals.
• Brunel is responsible for the event reonstrution whih is ommon to real andsimulated data. At this stage pattern reognition algorithms ombine dete-tor hits to traks or alorimeter lusters. Also, a �rst partile identi�ation isperformed. This is the stage where detetor alibration information is used toaount for deviations from the ideal detetor design, e.g. misalignments whosetreatment will be explained in the following hapter.
• DaVini is used for all physis analysis purposes. It ombines reonstrutedpartiles to their mother partiles and applies seletions to distinguish signalevents from bakground. It also omputes various observables that serve as inputto the �nal analyses. This is disussed in further detail in hapter 4 for the lifetime�ts.All LHCb software is designed for being run under both Linux and Windows systems.It an be installed on loal desktop mahines and is installed on the Grid to ensure ahigh performane of all stages of data proessing.
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3 AlignmentDas Bild hängt shief.LoriotThe goal of operating the VELO (see Se. 2.2.1) as the detetor at the LHC with thebest position resolution is a great hallenge. In order to ahieve suh a resolution, theposition of the individual sensors must be known to high preision. Any misalignmentbeyond the level of few mirons will signi�antly worsen the resolution. Misalignmentsare de�ned as translations or rotations of an objet with respet to its nominal position.This hapter desribes the alignment proedure, starting with an overview of theLHCb alignment strategy in setion 3.1. The main part of the hapter, setion 3.2,explains the di�erent methods used in the VELO software alignment. Finally, setions3.3 and 3.4 demonstrate the performane of the VELO software alignment with datafrom a test beam and from an LHC synhronisation test, respetively.3.1 The LHCb Alignment StrategyFor any detetor the alignment e�ort is strutured in various steps. Key to highpreision operation of any detetor is a preise assembly. This does not have to beat the same level of preision as the desired resolution but should be within the sameorder of magnitude. In most ases displaements an be orreted by software duringthe reonstrution stage (see below). Only if a trak passes lose to the edge of asensor displaements an lead to the partile missing the sensor and the signal notbeing reorded.For the VELO partiular are was taken with the plaement of the R sensors. Theywill be used for a �rst, fast trak �t in r-z oordinates in the trigger. In an ideal geom-etry hits on the irular strips of the R sensors are points in the r-z oordinate plane.However, a displaement of these sensors leads to the strips no longer lying on onen-tri irles. Hene, sizeable displaements (several 10 µm) signi�antly deteriorate asimple r-z traking. 69



3 Alignment3.1.1 The Conditions DatabaseMisalignments of individual detetor elements an be taken into aount at reonstru-tion level when ombining individual hits to form traks. This is done by applyingorretions to the hit positions aording to the knowledge of the displaement of thedetetor element they belong to. In general, suh a displaement an be desribed bysix parameters, three translations and three rotations.In LHCb, these parameters, also alled alignment onstants are stored in the ondi-tions database (CondDB). The CondDB ontains XML �les to store the alignment onstantsfor various levels in the detetor hierarhy. In ase of the VELO, one �le ontains thealignment information for individual sensors, a seond ontains the onstants for mod-ules, and a third holds the information for the two VELO halves and for the full system.When applying a orretion for the displaement of a partiular detetor element itsown alignment onstants have to be ombined with those of its parent to obtain theorret position in the global frame. This is done automatially by the lasses whihprovide the information about the hit positions.3.1.2 Optial Survey MeasurementsDuring assembly and installation every detetor underwent frequent metrology mea-surements to ensure that the quality margins were kept. For the VELO these startedwith optial surveys at the various institutes where the individual parts were assembled.In this proess, the module base plate and the vauum vessel were surveyed byphotogrammetry at Nikhef [61℄ while the individual sensors and, later on, the fullyassembled modules were measured with Coordinate Measurement Mahines (CMM)and Smartsope systems at Liverpool [62, 63℄. After arrival at CERN and assembly ofall modules on their base plate, the fully equipped VELO halves underwent a CMMmetrology. Also after assembly at CERN, the vauum vessel was measured in anotherphotogrammetry proedure.Measurements from metrologies at CERN (for the vessel and the module positions)and at Liverpool (for the relative sensor position on eah module) have been used togenerate a �rst set of alignment onstants whih desribe the best knowledge of theinitial position of all detetor elements [64℄. These onstants have been stored in theCondDB. The preision of these measurements has already been tested with data asdisussed in setions 3.3 and 3.4. 70



3 Alignment3.1.3 Detetor Alignment During OperationAt the time of operation external survey measurements are no longer possible dueto several reasons, suh as the high radiation environment and the inaessibility ofertain parts of the detetor. Hene, two possibilities are left to study misalignmentduring operation of the detetor. Hardware based alignment systems or trak basedsystems using the software reonstrution.3.1.3.1 Hardware Based Alignment Systems and the VELO Motion SystemHardware based alignment systems are devies speially installed to monitor the de-tetor position in situ. Examples are laser systems where the laser photons replaepartiles from an interation and are deteted with the ative parts of the detetor, oroptial systems attahed to the detetor frame that are able to detet deformations.A laser alignment system is used in the RICH detetors where the beams are diretedfrom de�nite positions via the mirrors onto the HPDs. Any movement in the mirrorsan thus be traed and orreted for. The OT uses a RASNIK system, whih is basedon projeting an image through a lens onto a CCD amera.In the VELO, the motion system that measures the position of eah of the twohalves is a hardware based alignment system. The horizontal position of eah half andtheir ommon vertial position is measured by resolvers to an auray of 10 µm (seepage 53). These measurements are stored in the online onditions database and theyare ombined with the alignment onstants stored in CondDB at the time of reonstru-tion. Further hardware based alignment systems, e.g. to monitor the position of theindividual modules, have not been onsidered as they require an inrease of materialin the ative area.3.1.3.2 Trak Based Alignment SystemsThe seond option for alignment strategies during operation are trak based systems us-ing the software reonstrution. As these are in priniple available for all sub-detetorsdue to their lose onnetion to the event reonstrution suh approahes are widelyused � not only in LHCb.Various algorithms have been developed to align traking detetors [65℄. Their om-mon base is the use of so-alled trak residuals (see Fig. 3.1). A residual measures thedistane of a single measurement to a trak. This an be the distane of losest ap-proah in 3D-spae or the distane measured in the plane de�ned by the detetor whihthe measurement is assoiated to (the latter is shown in Fig. 3.1). One distinguishes71



3 Alignment
sensors
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Figure 3.1: Illustration of the priniple of trak residuals. The diagram shows atrak produing hits on several sensors. The residual is given as thedistane between a hit and the trak in the sensor plane of the hit.between biased residuals, when the measurement in question is used in the trak �tand, hene, auses a bias, and unbiased residuals, when the trak is �tted withoutusing the measurement in question.It is important for the understanding of alignment algorithms to distinguish the termsmisalignment and residual. Misalignments are physial displaements that are, to �rstorder, onstant over a data taking period. Residuals vary for eah measurement dueto the single hit resolution of the detetor. For a perfetly aligned devie the averageof the residuals on a given detetor should be zero. Hene, misalignments only a�etthe average of the residuals.The goal of every alignment algorithm is to derive alignment onstants. These areonstants that desribe the position of a detetor element with respet to its nominalposition. Hene, they an be expressed as a translation vetor, a rotation de�ned bythree angles and, optionally, a pivot point. The storage and handling of these onstantsin LHCb is desribed in the following setion.The omputation of alignment onstants from residuals an follow many methods.The underlying idea is to solve a minimisation problem that yields the optimal setof alignment onstants given the measured residuals. In general, two basi priniplesexist: losed form or global alignment tehniques, or open form, iterative tehniques.3.1.3.3 Iterative Alignment AlgorithmsWithin the iterative tehniques two approahes are distinguished: solving the align-ment problem inside the trak �t; and �tting desriptions of the shape of residualdistributions as a funtion of the alignment parameters. The former is often used witha Kalman �lter trak �t and sequentially updates the alignment parameters as part ofthe trak �t. In pratie, this means that the set of alignment parameters evolves with72



3 Alignmentevery trak being proessed. This approah is able to aount for orrelations betweenthe individual alignment parameters. However, this is at the expense of high omput-ing requirements. It has to be iterated so that eventually all traks are �tted withthe same set of alignment parameters one the problem has onverged. An advantageof using a Kalman �lter trak �t in an alignment algorithm is that this �t is able toaount for multiple sattering e�ets and that it an apply energy loss orretions.The seond iterative approah uses the knowledge of the shape of residual distri-butions as a funtion of one or more oordinates. This tehnique has been used toalign the SLD vertex detetor [65℄. The residual distributions are evaluated using thefull data set and thereafter �tted to a model depending on the alignment onstants.Thus, all traks are always �tted using the same set of alignment onstants. However,properly taking into aount the orrelations between the alignment onstants an behallenging in this method. Therefore, this approah also requires several iterations.This approah has been adopted for the VELO sensor alignment (see Se. 3.2.1).3.1.3.4 Global Alignment AlgorithmsA losed form alignment algorithm solves a global minimisation problem, i.e. one thatdetermines the solution for all alignment onstants at the same time. The most widelyused approah is the MILLEPEDE algorithm developed by Volker Blobel for the H1ollaboration [65℄. This tehnique is used in the VELO alignment and is desribedin detail in the following setion. The priniple is to express the dependeny of themeasurements on all trak parameters and all alignment onstants as a large set oflinear equations that an be solved by a single matrix inversion. The requirement oflinearity prevents the use of a Kalman �lter trak �t as the trak model, and insteada linear trak model is used.Driven by work for the ST and OT, a losed form alignment algorithm based onthe Kalman �lter trak �t has also been developed in LHCb [66℄. Similarly to theMILLEPEDE approah, it populates a large matrix to desribe the onnetion betweentrak parameters and alignment onstants, rather than updating the alignment on-stants on a trak by trak basis. This algorithm requires only a small number ofiterations to onverge, as orrelations between trak parameters are taken into aount.3.1.3.5 The Struture of Alignment SystemsA deision to take for all alignment problems of large traking detetors is whetherto attempt a full alignment of the whole detetor at one, or whether to �rst align73



3 Alignmentsub-detetors individually and later treat them as rigid bodies when ombining themto ahieve an overall alignment. In most ases the systems are su�iently deoupledthat the latter approah is used.A bene�t of introduing a hierarhial struture into the alignment problem is thatit redues the requirement on omputing resoures. On the other hand, sometimes it isthe sub-struture of a detetor whih ditates that a partiular alignment algorithm isnot appliable to the system with the �nest granularity. This is the ase for the VELOwhere the linearity requirement of the MILLEPEDE algorithm means that the smallestalignable entity is a module rather than a sensor as desribed below.A problem for any alignment approah, but partiularly for those with a hierarhialstruture are weak modes. These are systemati deformations of the detetor thatleave the quantity to be minimised (usually a χ2) invariant. These deformations haveto be onstrained by either foring ertain parts of the detetor to remain unhangedor by onstraining the a�eted set of alignment onstants as a whole. Examples aregiven below for the VELO module alignment.For LHCb the alignment follows a hierarhial struture. As explained below, theVELO alignment is done in three stages of di�erent granularity. Other alignment algo-rithms have been developed to align ST and OT based on both the MILLEPEDE approahand the losed form Kalman approah. Furthermore, the Kalman approah has beenextended to be able to align the VELO and muon sub-detetors. An alignment algo-rithm has also been developed to align the RICH mirrors, following a similar approahto the one used in the VELO sensor alignment.A global alignment strategy that aligns all sub-detetors simultaneously is urrentlybeing developed. One approah exploits the Kalman �lter alignment. As this requiresreasonably preise starting onditions it will only be run after the sub-detetors havebeen aligned individually. One major advantage of aligning the full system is theredued sensitivity to weak modes within the individual sub-detetors (see setion3.2.3).3.2 The VELO Software Alignment MethodTwo aspets are entral to understanding the hoie of strategy for the VELO align-ment. First, the VELO alignment should be able to give a fast response to whetheror not the alignment onstants have hanged1 after re-insertion of the two halves. Therisk of movements of individual parts and, hene, sudden hanges in the alignment1As explained above, the position of the two VELO halves as measured by the resolvers is treatedseparately and is not part of the alignment onstants.74



3 Alignment
Sensor alignment Module alignment Velo half alignmentFigure 3.2: Struture of the VELO software alignment algorithms.onstants is partiularly high, as the VELO is being moved for every �ll of the LHC.The alignment onstants most likely to hange are those desribing the relative posi-tion of the two halves, i.e. preise orretion in addition to the measurements from theresolvers.Seond, as most partiles will only produe hits in sensors of one half, a separationof the algorithms to align either half internally (see Se. 3.2.3) and to obtain a rela-tive alignment of the two halves (see Se. 3.2.4) is a natural hoie. This separation(see �gure 3.2) also allows to optimise the data set for the spei� alignment task asdesribed below.The MILLEPEDE algorithm (see Se. 3.2.2) provides a framework for a fast and robustomputation of alignment onstants. However, its requirement of linearity of the rela-tion of residuals, trak and alignment parameters prevents the diret use of the VELOsensor information. The strips of the R and Φ sensors have a non-trivial onnetion tothe misalignments whih are translations along and rotations around axes of a Carte-sian system. Hits of both sensors on a module have to be ombined to a spae pointto reah a linear system. As both sensors are glued onto a ommon module, they arenot expeted to move signi�antly with respet to eah other. In ontrast to this, thepossible movement of one module with respet to the other is muh larger.Initially, it was assumed that, given the struture of the VELO, an alignment algo-rithm to determine the relative sensor alignment was not neessary. After it had beenshown that suh an algorithm was easy to be implemented when based on the shapeof residual distribution (see Se. 3.2.1), the initial deision was revised. Subsequently,this algorithm has proved to be a very useful tool, not only in re�ning the alignmentonstants, but also in helping to understand the detetor at the level of greatest detail(see e.g. setion 3.3.3.1). Figure 3.2 shows the full struture of the VELO softwarealignment with the separation into the sensor alignment and the two MILLEPEDE basedalgorithms to align the modules within eah half and the two halves with respet toeah other. 75
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Figure 3.3: In�uene of misalignments on residuals of R and Φ sensors (top). Themisalignment shown is a translation both along the negative x and ydiretion. Corresponding shape of the residual distribution as a funtionof φ (bottom).3.2.1 Relative Alignment of the VELO SensorsFor the determination of the relative misalignment of R and Φ sensors the problem is nolonger linearisable, whih is essential for exploiting a global matrix inversion tehniquelike MILLEPEDE. Hene, an iterative approah is used that extrats the misalignmentonstants from the distribution of residuals plotted against position.The harateristi shape of these distributions an easily be related to the misalign-ment of the sensors. In a non-misaligned geometry, the plane of the sensor surfae is,to �rst order approximation, the x-y oordinate plane in the LHCb oordinate system.The y-axis runs along the straight edge of the sensor, while the x-axis lies on the sym-metry axis of the sensor and de�nes φ = 0 (see �g. 3.3). The sensors are slightly tiltedinwards towards their straight edge by a rotation around their y axis of about 2 mradto further redue the risk of ontat with the RF-foil.Clearly, measurements will only be a�eted by misalignment translations that arenon-parallel to the orresponding strip on the sensor. Thus, R sensors are most sensitiveto x-translations around φ = 0, whereas they are most sensitive to y-translations near76



3 Alignment
φ = ±π/2. The opposite is true for Φ sensors (see �g. 3.3).Ideally, the method desribed below should be applied for eah sensor in its loaloordinate system, as it is sensitive to translations of the sensor in its own plane.However, to simplify the �t ode, all �ts are done in a ommon oordinate system.Therefore, the respetive VELO half oordinate system has been hosen as it alsoallows the algorithm to work when the VELO halves are retrated. The simpli�ationof using a ommon oordinate system is justi�ed as explained in the following.De�ning the residual as the di�erene between the hit position and the extrapolatedposition of an unbiased trak �t2 one an write the relation between misalignments(∆i) and residuals (ǫR/Φ) as follows. Note that the trak position is only extrapolatedto the z-position of the sensor, i.e. negleting the sensor tilts around the x and yaxes. However, this e�et is only of the order of the square of the tilts, hene in thesub-miron range.

ǫR = −∆x cos φtrack + ∆y sinφtrack (R sensor),

ǫΦ = +∆x sinφcluster + ∆y cosφcluster + ∆γrtrack (Φ sensor),
(3.1)where ∆γ desribes a misalignment in the form of a rotation around the z axis, whihtranslates into a shift in φ by multipliation with the radial oordinate of the extrap-olated trak in the sensor plane. It is su�ient to leave it as a free parameter in theform of a onstant when �tting the shape of the residual distribution as a funtion of

φ, as the ∆γ term does not ontain any φ dependene. This formalism is slightly sim-pli�ed as it ignores the stereo angle orientation of the Φ sensor strips whose treatmentis explained below.The sensor tilts around the x and y axes are negleted again as the residuals aredetermined in the sensor plane but plotted against r and φ in the respetive VELO halfoordinate system. One more, this is justi�ed as their e�et on x- and y-translationsis only of seond order.The value for∆γ an be diretly extrated by �tting the residual distribution on the Φsensor versus r (rather than versus φ as just disussed). Fitting a linear funtion to theresidual distribution versus r gives ∆γ as the slope. This value is used in the iterationsof this sensor alignment proedure to improve the onvergene of the algorithm. The�nal value for the z-rotation alignment onstant will not be determined by this method,but is determined by the module alignment algorithm as desribed in setion 3.2.3.2Here, the residual is alulated (as provided by the DeVelo[R/Phi℄Type lasses) as the perpendiulardistane to the strip hit in the sensor plane inluding inter-strip frations (as provided by theVeloClusterPositionTool [67℄). 77
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[−90◦, 90◦] for sensors in the VELO A-side (as shown in �gure 3.3), and [−180◦,−90◦]and [90◦, 180◦] for sensors in the VELO C-side.3.2.1.1 Treatment of Stereo Angle StripsThere is a further ompliation for the VELO Φ sensors arising from their stereo angle,
β (see Fig. 3.4), that has been negleted in the disussion above. For misalignmentsin the form of x and y translations it is obvious that equation 3.1 stays valid with thereplaement φ→ φ′ = φmin + β leading to:

ǫΦ = ∆x sin(φmin + β) + ∆y cos(φmin + β) (Φ sensor). (3.2)The ase of z rotation misalignments (∆γ) requires a loser look. As the Φ sensorstrips are tangents to irles with a radius, d (see �gure 3.5), of 2.8 mm (inner region)78
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√
r2 − d2. Hene, the Φsensor residuals are given by

ǫΦ = ∆x sin(φmin + β) + ∆y cos(φmin + β) + ∆γ

√
r2 − d2 (Φ sensor). (3.3)For reasons of simpliity, the radial dependene of the residual is �tted with a linearfuntion whih is a good approximation and leads to a relative bias of ∆γ of lessthan 1%. As the value for ∆γ is only used internally to the sensor alignment and notpropagated any further, as explained below, this simpli�ation has no onsequene onthe performane of the alignment algorithm.3.2.1.2 Weakly Constrained Degrees of FreedomThus far, the alignment of three degrees of freedom has been desribed. The remainingones, z translations and rotations around the x and y axes, are not �tted due to a lakof sensitivity.Rotations around the x and y axes, alled α and β respetively, only ause a seondorder e�et on residuals. For R sensors one obtains79



3 Alignment
ǫR = (1 − cos ∆α)rtrack sin2 φtrack + (1 − cos ∆β)rtrack cos2 φtrack (R sensor)

≈ 1
2
∆2

αrtrack sin2 φtrack + 1
2
∆2

βrtrack cos2 φtrack, (3.4)where ∆α and ∆β are the rotation misalignments around x and y, respetively, whihare of the order of 1 mrad aording to survey measurements. For Φ sensors thesensitivity is even further redued as the rotation axis for y rotations is de�ned as thestraight edge of the sensors where the sensitivity would be largest.The ase is somewhat di�erent for z translations. The e�etive z translation is givenby ∆z,eff = ∆z + ytrack tan ∆α + xtrack tan ∆β, as rotations around x and y ause loal
z translations. The measured residual then depends on the angle of the trak withrespet to the z axis, θ, and the angle of the trak projetion in the sensor plane witha tangent to the strip at the hit position, ρ:

ǫ = tan θtrack sin ρtrack(∆z + ytrack tan∆α + xtrack tan ∆β), (3.5)whih is valid for both R and Φ sensors.For large statistis with a trak sample that overs the full sensor at a range ofimpat angles θ it should be possible to onstrain also these degrees of freedom. Thisproess has not been onsidered yet, as this requires ollision data. For data olletedso far, only traks with small θ angles have been used leading to a tan θ suppression ofe�ets from the misalignments disussed here.3.2.1.3 ImplementationThe sensor alignment �t is based on residual distributions as it has been explainedabove and illustrated in �gure 3.3. The residuals are alulated in a linear trak �t(see setion 3.2.1.4) and plotted as funtion of r and φ for eah sensor.A leaning proedure is applied to the residual distributions to improve the �t sta-bility. First, a minimum number of entries (200 by default) is required for the wholedistribution. In order to suppress outliers in the distribution of the residual means, aminimum number of entries is also required for eah bin in φ. This threshold is 1/10of the threshold for the whole distribution.The shape of the residual distributions is determined by alulating the pro�le of thehistograms (see e.g. �gure 3.12 on page 97). These pro�le histograms are then used to�t the alignment parameters using the residual equations derived above.After ∆x,∆y, and ∆γ have been determined in eah iteration, the new alignmentonstants are applied to the Φ sensor. For x and y translations, the di�erene in80



3 Alignmentthe misalignment between the Φ and R sensor is applied as the Φ sensor's alignmentonstants, while the ommon misalignment will be attributed to the module by themodule alignment algorithm. For rotations around the z-axis, the alignment onstantis taken diretly from the Φ sensor as the R sensor is insensitive to this motion.A two-dimensional unbinned likelihood �t has been implemented to test the validityof the one-dimensional binned �ts. No di�erene has been observed and, hene, thefaster and less ompliated one-dimensional �ts are kept.In the ontext of the LHCb alignment software, the VELO sensor alignment algorithmis implemented as part of the VeloAlignment pakage inside the Alignment projet.Its iterations are ontrolled by a python sript while all the atual ode is a C++implementation of a GaudiTupleAlg.The sensor alignment will be run as the �rst step of the VELO alignment. It produesalignment onstants that re�et the relative x and y position of the Φ sensor withrespet to the R sensor. These are then used as input values for the module alignmentalgorithm. By de�nition, the R sensor is kept perfetly aligned with the module andhene its alignment onstants are all set to 0. The output of the module alignmentalgorithm is then used to update the module alignment onstants before aligning thetwo VELO halves. In pratise, the three algorithms will be run repeatedly and theirorder an be hanged as needed.As explained below, the most time onsuming part of this alignment algorithm isthe trak �t. Depending on the omplexity of the events, one iteration of the trak �tand relative sensor alignment algorithm using 20000 traks takes about one minute ona single CPU3.3.2.1.4 Trak FitsFor eah iteration, unbiased residuals have to be determined from trak �ts exludinghits on the sensors of the module under study. This means that the set of hits usedfor �tting one trak will vary when the residuals for sensors of di�erent modules arealulated. It turns out that the resulting large number of trak �ts aounts for thebulk of the time onsumption of the algorithm.Two di�erent trak �ts have been studied. The bi-diretional Kalman trak �t, asit is used by the main reonstrution software, and a straight line trak �t, whih �tsa straight line to a set of at least four spae-points made of an (r/φ) pair. Both �tsshow no signi�ant di�erene in their results for high momentum traks4. However, the31 CPU = 1000 SpeInt2000 units4The trak sample studied had a �at momentum distribution between 1 and 100 GeV.81



3 AlignmentKalman trak �t appears to be roughly 100 times slower than the straight-line trak�t.A tool is available to extrat unbiased residuals from a single Kalman �t using allhits. As this tool will, in the best ase, leave the Kalman �t a fator 5 slower than thestraight line �t, the latter was used to arry out the larger sale studies presented insetion 3.2.5. In addition, ideally the hits from both sensors should be exluded fromthe trak �t to avoid any bias when determining the relative sensor alignment. This isnot possible with a single Kalman �t.3.2.2 The Millepede AlgorithmAs mentioned above, the relative alignment of the VELO modules is performed usingan approah based on the MILLEPEDE algorithm [65℄. This algorithm is designed tosolve large sets of linear equations.The individual measurements of R and Φ sensors have to be ombined to spae pointsin order to reah a linear problem for the VELO. With the two sensors of eah modulebeing separated by 2 mm, the Φ sensor measurement is projeted onto the R sensor.In this projetion, the hange in the φ oordinate is estimated by a trak �t. This is avalid proedure as the in�uene of misalignments on the trak slope is small and henetheir in�uene on the φ orretion is negligible. Using the projeted φ oordinate, φcorr,a spae point is alulated as
x = r · cos(φcorr)

y = r · sin(φcorr)

z = z(R sensor),

(3.6)where z(R sensor) is the z oordinate of the R sensor. Using these spae points, ageneral trak equation is given by
Y = f(X) + ǫ, (3.7)where Y denotes the vetor of measurements, f(X) is a funtion of trak parametersand derivatives, and ǫ is the vetor of residuals. In the ase of a linear trak model,one has
f(X) = X · α, (3.8)where α is the vetor of trak parameters, i.e. slopes and o�sets, and X denotes thematrix of derivatives, in this ase z for the slopes and 1 for the o�sets. The trakparameters are also alled loal parameters as they are di�erent for eah trak.82



3 AlignmentFor an alignment problem, the aim is to �nd a relation between trak residuals andmisalignments in order to �t the latter simultaneously with the trak parameters. Inorder to use MILLEPEDE, this relation has to be linear, resulting in
ǫ = C · ∆, (3.9)where ∆ is the vetor ontaining the alignment parameters, and C the matrix ontain-ing their derivatives. As the parameters are independent of the individual traks theyare alled global parameters and global derivatives, respetively.De�ning the ovariane matrix V i for the ith measurement Y

i on a trak, the χ2 anbe written as
χ2 =

∑

i

(
Y

i −X iα− Ci
∆
)T

(V i)−1
(
Y

i −X iα− Ci
∆
)
. (3.10)When summing over the whole trak sample with index t, this leads to the fullalignment χ2:

χ2 =
∑

t,i

(
Y

t,i −X t,iαt − Ct,i
∆
)T

(V t,i)−1
(
Y

t,i −X t,iαt − Ct,i
∆
)
. (3.11)Minimisation with respet to both loal (∆) and global (∆) parameters leads to thefollowing matrix equation:
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, (3.12)with

A11 =
∑

t,i(C
t,i)T (V t,i)−1Ct,i

(A12)t =
∑

i(C
t,i)T (V t,i)−1X t,i

A21 = AT
12

(A22)tt =
∑

i(X
t,i)T (V t,i)−1X t,i,

(3.13)where the sub-matrix A12 has to be seen as a vetor of ntrack bloks of size nglobal×nlocal,and the sub-matrix A22 is 0 apart from bloks of size nlocal × nlocal along its diagonal.As the aim is predominantly the solution for the global parameters, i.e. for thealignment onstants, one obtains
∆ =

(
A11 −A12A

−1
22 A

T
12

)−1

·
[(
∑

t,i

(Ct,i)T (V t,i)−1
Y

t,i

)

− A12A
−1
22

(
∑

t,i

(X t,i)T (V t,i)−1
Y

t,i

)]

. (3.14)
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3 AlignmentThe idea behind the MILLEPEDE algorithm is to solve the required omponents of thissystem of equations exploiting the speial struture of the A matrix. This involves theinversion of A22 whih onsists of small sub-matries along its diagonal and, hene, istrivial to invert. The only additional inversion needed is the one of the �rst braket inequation 3.14 whih is of the size nglobal×nglobal. This signi�antly redues the resouresneeded ompared to the inversion of the full matrix A whih would be needed to solvethe omplete system, as nglobal is independent of the number of traks used in thealignment. In the VELO, nglobal is typially 126, whereas usually several 10000 traksare used, leading to a size of the matrix A of O(105).3.2.3 Relative Alignment of the VELO ModulesThe module alignment is based on measurements of spae points as de�ned in equation3.6. For eah module the algorithm has to determine six alignment onstants, threetranslational degrees of freedom (∆x, ∆y, ∆z) and three rotational degrees of freedom(∆α, ∆β, ∆γ). For the latter, α, β, and γ denote the rotations around the x, y, and
z axes, respetively. As the module alignment omputes the relative positions of themodules in eah half separately, there are in total 126 parameters per half.For small rotational misalignments the equivalent of equation 3.7 is given by
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, (3.15)
where the �rst term on the right hand side shows a standard straight line trak modelwhile the seond shows the in�uene of misalignments. The straight line model isjusti�ed as there is nearly no magneti �eld inside the VELO volume5. Small deviationsthat are aused for low-momentum partiles near the downstream end of the VELO5Inside the VELO volume the main magneti �eld omponent is By < 0.05 T.84



3 Alignment
Figure 3.6: Examples for weak modes in alignment algorithms: average translation(left), shearing (entre), and saling (right). The original position ofthe detetor elements is shown as blue (dashed) lines and the displaedas red (solid) lines.are suppressed by having high momentum traks as well as traks of both harges inthe sample.Global derivatives that depend on trak parameters, i.e. on loal parameters that arefree parameters in the overall �t, introdue non-linearities (these are the derivatives for

∆z, ∆α, and ∆β). This impedes the straightforward use of the MILLEPEDE algorithm asthe minimisation would use only the starting values of the derivatives to ompute thebest �t result. The trak slopes whih are in any ase rather small for VELO traksare set to 0 in the �rst pass of the �t when used as global derivatives to aount forthese non-linearities. A seond iteration uses the �t results of the �rst pass to omputethe derivatives.A well hosen sample of traks is essential for reahing an optimal alignment result(see setion 3.2.6). Traks parallel to the z axis onnet the highest number of modulesand hene produe the most powerful onstraints for the major degrees of freedom,
∆x, ∆y, and ∆γ . On the other hand, only traks with non-negligible slopes are able toonstrain the remaining three degrees of freedom. The optimal trak sample is obtainedby ombining traks parallel to the z axis (see setion 3.2.6) with traks from ollisionsin the primary interation region whih naturally have larger slopes.As mentioned in setion 3.1.3.5, hanges to the alignment onstants whih leave the
χ2 unhanged (weak modes) are a partiular danger to alignment algorithms as theyan introdue systemati biases. Possible weak modes (see �gure 3.6) inlude globaltranslations and rotations, saling of the system in one or more dimensions, shearing(translation in x or y of individual modules as a funtion of z), and twist (rotationaround z as a funtion of z).In order to onstrain weak modes, the alignment system, i.e. the χ2 funtion, hasto be onstrained. One approah would be to onstrain all traks by external trakingsystems. However, as the VELO resolution is a fator of 6 more preise than any85



3 Alignment
z axis rotation ∑

i ∆
i
γ = 0

x, y, z translations ∑

i ∆
i
(x,y,z) = 0

xz and yz shearing ∑

i ∆
i
(x,y) · (zi − z) = 0

z axis saling ∑

i ∆
i
z · (zi − z) = 0Table 3.1: List of onstrained weak modes in the VELO module alignment with theironstraint equations.other sub-detetor, this approah is not onsidered. There are two equivalent optionsfor internal onstraints: �xing two modules, or �xing the average movement of allmodules using Lagrange multipliers.For the implementation in the MILLEPEDE algorithm, a onstraint equation like

∑

i ∆
i
x = 0, whih onstrains the overall movement in x to 0, has to be written inthe form

X
T · f = f0, (3.16)where X

T = (∆, α) is the parameter vetor. Thus, the χ2 as de�ned in equation 3.11aquires additional terms with the Lagrange multiplier λi for the ith onstraint, leadingto
χ2 → χ2 +

∑

i

λi
(
X

T · f i − f i
0

)
. (3.17)For equation 3.12 this leads the vetors f

i being appended as new olumns to A12,the Lagrange multipliers extend the parameter vetor, and the onstraint values f i
0extend the vetor on the right hand side. Table 3.1 shows the weak modes whih areonstrained using this approah.The strategy outlined above explained how weak modes an be onstrained. However,despite them leaving the χ2 of the alignment problem unhanged, they an have animpat on physis observables. One possibility to measure weak modes is by moving toalignment systems in whih these modes do have an impat on the χ2 of the alignmentproblem. This an be done by ombining several sub-detetors. In this ase, forexample a shearing of the planes of a single sub-detetor is replaed by a shearing ofthe ombined system. The inreased size of the system to be aligned leads to a smallersize of potentially unresolved weak modes.Another possibility to measure weak modes is by using their impat on physis ob-servables in alibration measurements. Measuring the mass sale of known partiles tohigh preision in ombination with their momentum dependene allows the distintionof e�ets of the magneti �eld as well as alignment weak modes.86



3 Alignment3.2.4 Relative Alignment of the Two VELO HalvesDue to the VELO being moved in and out by 3 cm for eah �ll of the LHC, a preiseontrol of the position of the individual halves is of utmost importane. The twohalves are entred around the beam during the losing proedure and their individualposition with respet to a referene is measured by resolvers to a preision of 10 µm (seepage 53). However, the relative position of the two halves with respet to eah otheris intrinsially only known from metrology at a preision of about 100 µm. Hene, apreise measurement of the relative position of the two halves has to ome from a trakbased software alignment, both for an initial preision determination and for long termheks in onjuntion with the frequent movements. Two omplementary approahesto a software alignment solution of aligning the VELO halves have been developed.They are desribed in the following setions. One is based on traks that produe hitsin sensors of both halves. The other uses the reonstrution of the interation point ofthe primary ollision.
3.2.4.1 Alignment with Overlap TraksThe �rst approah is to use traks that have spae points in modules of both VELOhalves. Due to the shape of the RF foil the straight edge of the sensors of both halvesoverlap in the x-y projetion (see page 53). In x, this overlap region has a size of upto 1.7 mm when the VELO is fully losed.Traks that pass this region with no slope in x an produe several spae pointsin either of the two halves. They give aess only to the relative position of the twohalves, however, due to their rather even distribution in z, they provide good sensitivityalso to relative rotations around x and y. These traks an ome from the PV withan appropriate slope in y, or from beam gas interations further away from LHCband hene moving parallel to the beam. While PV interations are olleted by thestandard data aquisition strategy, traks parallel to the beam are not. An approahfor olleting a su�ient sample is desribed in setion 3.2.6.Under the assumption of a perfet relative module alignment, the equivalent of equa-tion 3.7 is given by 87



3 Alignment
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, (3.18)
where the ∆i are the relative misalignments of the two halves. The only di�erene toequation 3.15 is the z dependene of ∆(α,β) whih is responsible for the high sensitivityto these parameters. Using this equation, the MILLEPEDE algorithm is used in exatlythe same way as desribed for the module alignment in the previous setion.
3.2.4.2 Alignment with Primary VertiesThe seond approah uses traks originating from the main proton-proton ollision, theso-alled primary vertex (PV). Fitting ommon verties with traks from both halvesleads to sensitivity to their relative position. As the primary verties have a smallrange in z (σ(zPV ) = 5.3 cm) the lever arm, and with it the sensitivity, for resolvingrotations around x or y is small. A major advantage of this method is that it alsoworks with a partially or fully retrated VELO, whih is not the ase for the approahusing overlap traks.It is important to note that in this approah the measurements are omplete traks,(mx, bx, my, by), rather than individual spae points. The loal parameters are thevertex oordinates (vx, vy, vz). Individual spae points no longer enter the equation.Apart from this hange, the appliation of the MILLEPEDE method remains as de-sribed before for the module alignment. The equivalent of equation 3.7 is then88



3 Alignment
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, (3.19)
where the ∆i are the relative misalignments of the two halves.As both methods for measuring the relative position of the two VELO halves sharethe set of global parameters it is straightforward to ombine them within the MILLEPEDEalgorithm.3.2.5 Simulation ResultsThe aim of the alignment algorithms is to ensure that the remaining misalignments aresigni�antly smaller than the single hit resolution. As shown in setion 5.4 misalign-ments that are smaller than one third of the single hit resolution have negligible impaton physis results. This setion desribes the results from MC simulation studies usedto evaluate the performane of the VELO software alignment.3.2.5.1 Relative Sensor Alignment ResultsThe sensor alignment method has been tested with 10 samples of randomly gener-ated misalignments. All sensors have been misaligned individually, thus generating asenario equivalent to simultaneous module to module and sensor to sensor misalign-ments. Eah of the 10 samples onsists of 20000 traks with small slopes, thus passingthrough all sensors of one VELO half and evenly distributed aross the sensor surfae.Typially three iterations of the alignment proedure are required to obtain the bestresolution.Figure 3.7 shows the generated and the remaining misalignments after all iterations.The resolution on the relative x and y translation of the sensors of one module is
1.3 µm, i.e. a signi�ant improvement over the survey preision of approx 3 µm.89
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Figure 3.7: Misalignment values before (�), and after (�) relative sensor align-ment.
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Figure 3.8: Misalignment values before (�), and after (�) relative module align-ment.3.2.5.2 Relative Module Alignment ResultsA simulation of 200 samples of 25000 events eah has been produed to test the rel-ative module alignment. Eah sample, whih omprises a mixture of 5000 minimumbias events (≈ 100000 traks from primary vertex interations) plus 20000 beam gasinteration like events, was produed with a di�erent set of alignment onstants. Allthe module and detetor-half degrees of freedom have been misaligned.The internal alignment of the modules in eah detetor-half is primarily sensitive totranslations of the modules in x and y and rotations around the z axis. In �gure 3.8the alignment onstants for 200 event samples are shown before and after orretion.Resolutions on the x and y translation alignment parameters of 1.1 µm and on rotationsaround the z axis of 0.12 mrad are obtained.Conerning the non-linear degrees of freedom, the observed sensitivity is as expetedworse than for the other parameters. However, some results were obtained for the91



3 Alignmentmodules whih are lose to the interation region, i.e. where trak slopes are larger.Restriting the study to these stations (1 to 14), one obtains a reasonable sensitivity to
∆z (28 µm) and a fair sensitivity to ∆α and ∆β (0.8 mrad and 1.1 mrad respetively).This sensitivity is worse than the survey preision, but will provide a ross-hek ofthis survey information.The performane of this algorithm has been evaluated separately, as it is, in general,run independently of the relative sensor alignment algorithms In the presene of relativemisalignments of the sensors on a given module the module's position will be alignedto the average position of the two sensors6.3.2.5.3 Relative VELO Half Alignment ResultsAlthough the three alignment steps an be performed independently, in pratie it isexpeted that steps two and three will be run onseutively. Hene, the results pre-sented in this setion are for the realisti ase of performing both of these alignmentsteps on misaligned samples. The traks are re�tted after the module alignment pro-edure in order to update the trak parameters. The results presented here have beenobtained with about 300 traks in the overlap region.The results of the study are shown in �gure 3.9. The resolution on the x and ytranslation alignment parameters is 12 µm for x and y translations, and the resolutionon the x and y tilts is 36 µrad.Some of the degrees of freedom are more di�ult to onstrain, similar to the ase ofthe module alignment. In the VELO half alignment these weakly onstrained misalign-ments are the z translation and the rotation around the z axis. The relative rotationaround z between the two halves is onstrained using the overlap traks. Translationsalong z are estimated through the vertex �tting tehnique leading to a resolution ofabout 40 µm.3.2.6 The Data Aquisition Strategy for the VELO SoftwareAlignmentIt is neessary to have traks that traverse the VELO parallel to the beam axis in ad-dition to those oming from interation verties inside the VELO volume, as explainedin the previous setions. Suh traks an originate from beam gas interations awayfrom the LHCb detetor or from beam halo. These traks should arrive in time with6This requires a trak sample with a su�iently �at distribution in φ whih is given for the samplesused for VELO alignment. 92
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3 Alignmentthe main ollisions, as both soures are beam indued. Hene, they should be presentin a random sub-sample of the aquired events.It is foreseen to run all LHCb alignment on data olleted with a speial alibrationstream. This stream has an output rate of 5 Hz. The amount of events ontainingtraks parallel to the beam axis will be tuned to be about 10% of the alibrationstream (0.5 Hz). Thus, it should be possible to aquire a sample omparable to thoseused in the simulation studies within eah run.Traks running parallel to the beam are unlikely to �re the �rst trigger level (L0,see setion 2.3.1). Events with this kind of traks that have already passed the L0trigger have to be seleted in the high level trigger to reah the required output rate.A speial algorithm has been designed to �nd isolated traks that are parallel to thebeam. It is based on �rst seleting traks in the x-y projetion of all sensors andthereafter on�rming with the distribution of spae points along z. Thus, avoiding anytrak �t, this algorithm is partiularly fast and, hene, suited to be run at high rate inthe trigger.3.3 Test Beam ResultsThe �rst opportunity to test the VELO software alignment was with data from atest beam that took plae in November 2006. The following setions will desribethe apparatus and various studies that demonstrate the impat and quality of thealignment.3.3.1 Test Beam ApparatusA partially equipped VELO detetor half was tested in November 2006 in a 180 GeV/phadron and muon beam at the CERN SPS. The mehanial suspension, ooling systemand vauum operation were designed to provide a good representation of the onditionsexpeted from the �nal experiment. Ten of the 21 modules in one half of the detetorwere installed in their �nal position. The readout eletronis hain, as well as allsoftware, were the same as used in the �nal installation.Six out of the ten installed modules were read out simultaneously. Data was takenwith several di�erent abling on�gurations for the module readout. Partiles wereobserved diretly from the beam or from interations of the beam with a series oftargets. The 1 mm radius 300 µm thik irular lead targets were installed to representthe primary vertex loation that will be obtained in the �nal experiment. Figure 3.1094
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0 1 2 1 2

y

xFigure 3.10: Shemati top view of the test beam apparatus. A total of ten moduleswere mounted in the detetor half. The module numbers are indiatedand the loation of the R and Φ sensors in the modules. The loationof the targets is also shown.shows a shemati overview of the mounted modules. The oordinate system used, asindiated, is equivalent to that used in the �nal LHCb detetor.The eletronis readout system and prototype data proessing algorithms of the �nalexperiment were applied. The detetor half was operated under vauum (10−3 mbar)with modules ooled down (< 0◦C).
3.3.2 Alignment QualityThe LHCb VELO alignment algorithms are presented in setion 3.2. The only algo-rithms applied were the relative sensor and relative module alignment, as the test beamon�guration ontained only modules of one VELO half.The results presented here used the data from two readout abling on�gurations andprimarily used data in whih the beam passed through the targets, as this ontained aomplimentary set of traks both perpendiular and at small angles to the sensors.The relative positions of the R and Φ sensors inside the individual modules and therelative position of the modules were initially assumed to be at their nominal designpositions. Corresponding alignment onstants were applied as the starting point forthe alignment proedure. The software algorithms to determine the relative alignmentof the R and Φ sensors and the relative alignment of the modules were then appliedand the results are presented in the following setions.95
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Figure 3.11: Unbiased Φ sensor residuals as a funtion of the φ oordinate withoutany alignment information (left) and inluding survey and alignmentresults (right).3.3.2.1 Residual DistributionsThe distribution of the residuals aross the sensor surfae is sensitive to misalignments.For example, as desribed in setion 3.2.1, plotting the unbiased Φ and R sensor resid-uals as a funtion of the φ oordinate gives diret information on the relative x-y trans-lations of the sensors. In the ase of a perfet alignment these distributions should be�at when plotted against any oordinate variable.Figure 3.11 shows the distribution of residuals on the Φ sensor plotted against the φoordinate before the alignment proedure has been performed, assuming the alignmentonstants are as in the nominal detetor design, as well as after applying the alignmentproedure. Equivalent results were obtained for R sensors. As expeted, applying thealignment information results in reduing the deformations in the distributions (whihresult primarily from the x and y displaements of the sensors) and moving the meanof the residuals towards 0.In �gure 3.12 the mean of the residual distributions for the Φ and R sensors in onetypial module are shown plotted against both r and φ oordinates after the alignmentproedure has been applied. The distribution of residuals on the Φ sensor plottedagainst r is seen to have a small hange at the transition radius (r = 17.25 mm) between96
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Figure 3.12: The distribution of Φ (top) and R sensor (bottom) residuals in module
25 as a funtion of φ (left) and r oordinate (right).the inner and outer setors of the sensor. This e�et is understood to originate from a

z translation of the sensor (see setion 3.2.1.2), however, it has not been orreted inthe alignment that was applied to test beam data.The mean of the residual distributions an be projeted on the residual axis toassess the quality of the alignment ahieved, i.e. projetions of the plots shown in�gure 3.12. The spread of this distribution then provides information on the remainingmisalignments. These distributions obtained from all six sensors read out in a partiularabling on�guration are shown in �gure 3.13.The left hand plot in �gure 3.13 shows the projetions of the residual means as afuntion of φ for all twelve sensors (six R and six Φ sensors) under study. The r.m.s.of this distribution on�rms that the x and y translations of all sensors are knownto a preision of 2.1 µm, in agreement with the ombined preision of 1.1 µm for themodule alignment and 1.3 µm for the sensor alignment as obtained from the simulationstudies reported in setion 3.2.5.The right hand plot in �gure 3.13 shows the projetions of the residual means asa funtion of r. This plot is primarily sensitive to rotations around the z axis. Theprojetion is made only for the data from the six Φ sensors sine the R sensors areinsensitive to z rotations. The measured r.m.s. of 1.1 µm relates to the quality of97
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Figure 3.19: Misalignment values in air (•), and in vauum (◦) (top), and before(◦), and after (•) detetor halves movement (bottom).103



3 Alignmenttaken at atmospheri pressure and re-determined using data olleted after the air waspumped out of the VELO vauum vessel to a pressure of 10−3 mbar. The three majordegrees of freedom are shown: translations along the x and y-axis (top and middleplots), and rotations around the z axis (bottom plot). These plots show that modulemovements as a result of the pumping operation are small (< 10 µm). This is animportant result, partiularly for the x translations, where the mehanial onstraintsare very tight for the distane between the sensors and their surrounding RF foil.The e�ets studied here, however, must not be onfused with the expeted movementsduring operation under vauum when the pressure will remain within 10−3 mbar withrespet to the beam vauum (see setion 2.2.1.1).In order to move the beam from passing straight through the modules to hittingthe targets, a shift of the experimental apparatus along the x axis was made. Thismovement is equivalent to the VELO half retration, albeit with a di�erent mehanialonstrution. The alignment onstants before and after the movement are shown inthe right hand plot of �gure 3.19. Again, a very good stability of the module posi-tions within their respetive VELO half is observed. This result justi�es the baselineassumption that the alignment proedure will not need to be performed on-line foreah �ll (for use in the trigger system). Instead, it is expeted that the previouslydetermined alignment onstants for the modules an be used, while the VELO halfalignment onstants are updated to su�ient preision (5−10 µm) by knowledge frommehanial sensors of the VELO movement system. The alignment onstants an thenbe re�ned for use in the o�-line physis analysis.3.4 Results from LHC Synhronisation TestsA proton beam from the SPS was guided towards the LHC through the transfer lineTI8 (see �gure 2.1) and stopped by a beam dump, as part of the LHC ommissioning.This beam dump, known as the TED (Transfer line External beam Dump), is loatedlose to the end of the transfer line and, hene, approximately 340 m away from theLHCb experiment.Every 48 s a bunh of about 5 × 109 protons was shot onto the dump, produing ashower of partiles. The muon part of this shower and its reation produts ould stillbe registered by the LHCb detetor.In the �rst of these tests the VELO was operated with �ve ative modules in eahhalf. This allowed for the �rst time the reonstrution of traks indued by the LHCbeam on 22nd August 2008. The �rst event reorded by the VELO is shown in �gure3.20. 104



3 Alignment

Figure 3.20: Event display of the �rst event reonstruted by the VELO on 22ndAugust 2008.After this suessful initial test, all available (76) VELO sensors were read out7 forextended periods of shots on the TED. In this on�guration, data was taken on 24thAugust and on the 5th and 6th September 2008. In the following, the terms August andSeptember data samples refer to these periods with 76 sensors being read out. Thenext setion desribes the data taking onditions in detail, followed by demonstrationsof the alignment and detetor performanes.3.4.1 Data Taking ConditionsThe data samples in August and September were taken under rather di�erent ondi-tions. As the time alignment was only very roughly known initially, data was takenwith 15 onseutive triggers. This meant that, in addition to the main time samplefor whih the trigger deision was given by the alorimeter, the seven previous andseven subsequent time samples were read out additionally. Furthermore, to improvethe robustness against time misalignments, the front-end hip ontrol parameters wereadjusted. This broadened the pulse shape of the analogue signals by about a fatortwo in time, with the aim that all VELO sensors would give a signal in the same timesample.This proved to be a very suessful approah and the signal was found to be pre-dominantly in the default time sample. Therefore, it was deided to revert bak tothe standard signal shape for the September data taking and to redue the number7Eight sensors were not read out due to broken TELL1 readout boards or problems with the powersupplies. Meanwhile, all sensors are fully operational and an be read out.105
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Figure 3.21: Trak angle distribution in the x-z plane (left) and in the y-z plane(right).of onseutive triggers to 11. In addition, the lustering thresholds were inreased torather harsh values in order to better suppress noise that was observed to be at a highlevel in August. This, however, led to the fat that most lusters were single-striplusters as the smaller signal on the seond strip would not pass the threshold.As the individual sensors were not yet fully time aligned, the default length of thepulse shape meant that some sensors (about one third) had their main signal in the�rst time sample before the default one while other sensors had their main signal inthe seond time sample before the default one. For all trak reonstrution algorithmsthe optimal time sample was hosen on a sensor by sensor level. In the August datasample 790 traks with at least �ve spae points were reonstruted, while 1370 werefound for the September sample. Due to the signi�antly larger statistis only datafrom the September sample will be presented below unless otherwise stated.Figure 3.21 shows the trak angle distribution in the x-z and y-z planes, respetively.It should be noted that partiularly the x slope shows a positive mean, onsistent withthe diretion of the TED beam dump being roughly 12 mrad.Figure 3.22 shows the number of spae points per trak for A side and C side, re-spetively. The highest entries of eah distribution are equivalent to the number ofative modules, i.e. modules with both sensors being read out. Normally, the distribu-tions would be expeted to peak at this value for traks that are nearly parallel to thenominal beam axis. However, due to the time alignment onditions desribed above inombination with the harsh lustering thresholds, it was more likely to miss out oneor more sensors and, hene, to reonstrut shorter traks.106
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Figure 3.22: Number of spae points per trak for September, shown for A side (left)and C side (right).3.4.2 AlignmentThe data taken in August and September 2008 provided the �rst opportunity to exerisethe VELO software alignment on the full system after the assembly at its �nal positionin the LHCb detetor. However, as the VELO was operated with both halves fullyretrated, i.e. about 6 cm apart, and as all traks had rather small angles with respetto the z axis, no alignment of the two halves with respet to eah other ould beperformed.The relative alignment of the sensors on eah module requires large statistis in orderto reah a preision that an improve the alignment onstants obtained from optialsurvey measurements. Hene, no results from this method are reported either.The relative alignment of the modules within eah half was performed on all moduleswith a su�ient number of simultaneous hits on both their R and Φ sensors. Figure3.23 shows the di�erene of the alignment onstants obtained from software alignmentwith respet to the initial onstants from metrology as a funtion of the module zposition. The results are shown for both August and September data samples.In order to assess the quality of the software alignment, the di�erene in the onstantsobtained with the August and September data sets is shown in �gure 3.24. The qualityof the onstants for x and y translations is about 3 µm, while 140 µrad are obtainedfor rotations around the z axis. Both numbers are in agreement with the expetationsfor this number of traks.Another possible hek for the reliability of the alignment onstants obtained isto ompare two methods of omputing the onstants. Therefore, the results of theMILLEPEDE algorithmwere ompared to those obtained by the one based on the Kalman107
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Figure 3.23: Comparison of the alignment onstants with respet to metrology forAugust (blue squares) and September (red irles) data samples. Thealignment onstants from top to bottom are x translations, y trans-lations, and rotations around the z axis, shown as a funtion of themodule z position for A side (left) and C side (right).
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Figure 3.24: Di�erene in alignment onstants from August and September samplesfor all x and y translations (left) and all rotations around the z axis(right).
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Figure 3.25: Di�erene in alignment onstants between those determined by theMILLEPEDE algorithm and those determined by an algorithm based onthe Kalman �lter trak �t as a funtion of module z position. Thealignment onstants are x translations (top) and y translations (bot-tom), shown for A side (left) and C side (right).109



3 Alignment�lter trak �t (see page 73). The di�erenes in the results are shown in �gure 3.25 for
x and y translations only as rotations around the z axis were not �tted by the Kalman�lter based approah. All results are in very good agreement, thus, on�rming thequality measured by omparing the August and September data sets.3.4.3 Detetor PerformaneThe basi quantity to assess the detetor performane of a traking detetor is its singlehit resolution. Its measurement with test beam data has been presented in setion3.3.3.3. A resolution measurement with the small sample of TED data is hallenging,however, a minimal trak seletion is possible.It was deided to selet a narrow window around the diretion towards the TEDsine traks with larger angles had sattered and were, hene, more likely to have alower momentum. This seletion was neessary as the momentum distribution of thetraks observed in the VELO was a priori unknown. Traks with low momenta alsotend to be more prone to multiple sattering leading to signi�ant hanges in the trakdiretion. All traks were required to have at least 16 hits to avoid suh e�ets, i.e.they must have passed through at least 8 VELO modules.The residuals were plotted in �ve bins of inreasing strip pith. A orretion hasbeen applied to remove the ontribution of the trak extrapolation error, equivalentto the proedure disussed in setion 3.3.3.3. As the statistis were not su�ient fora measurement on a per sensor level, the residuals from all sensors were ombined.In this ombination, any average o�set in the individual distributions was removed toahieve results omparable to those obtained from the test beam where the resolutionwas measured for individual sensors. The resolution was then determined as the widthof a single Gaussian �t to the residual distribution in eah bin of strip pith.The result is shown in �gure 3.26. For both R and Φ sensors the resolutions agreewith the resolution expeted for a binary readout. Given that the error on the �tis roughly 1 µm and that the data set ontains 85% − 90% single strip lusters, thismeasurement is in agreement with the expetation from the previous test beam.With appropriately lowered lustering thresholds and an improved time alignmentit should be possible to reah the resolution measured in the test beam. AdditionalTED ollision runs before the LHC re-start allow to further tune the VELO in orderto have a high preision vertex detetor at the start of physis data taking.
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Figure 3.26: Resolution as measured with data from the September data sample asa funtion of pith for Φ sensors (left) and R sensors (right).
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4 Lifetime FittingWhile the individual man is an insoluble puzzle, in the aggregate he be-omes a mathematial ertainty. You an, for example, never foretell whatany one man will be up to, but you an say with preision what an averagenumber will be up to. Individuals vary, but perentages remain onstant.So says the statistiian.Arthur Conan DoyleMeasuring the lifetime of a deaying partile an be a hallenging task. However,deaying partiles follow muh simpler rules than the human organism. The maindi�erene between the two is that the probability of dying is independent of time fora partile. For a human, by ontrast, this probability tends to inrease steadily withage (ignoring the derease after a slightly higher mortality rate for newborns).Figure 4.1 shows these probabilities. The onstant deay probability for partilesleads to an exponential lifetime distribution, whereas the human lifetime only beginsto fall o� rather sharply after the age of 60. The exponential is the basi funtion thatis used to determine the lifetime of a partile.4.1 Lifetime Fitting with Hadroni ChannelsLifetime �tting tehniques in high energy physis are dominated by methods to orretfor e�ets that distort the measured lifetime from its usual exponential shape. Suhe�ets an, for example, be aused by hanges in the geometrial aeptane as afuntion of lifetime. This is mostly the ase for �xed target experiments whih studylong lived partiles, suh as kaons or hyperons, with typial deay regions of severaltens of metres in length.Other e�ets that distort the natural lifetime distribution an our during the eventseletion, both at trigger level and during the o�-line reonstrution. A very ommonand e�etive method to distinguish heavy �avour deays from other events is to apply a112



4 Lifetime Fitting
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Figure 4.1: Left: Relative number of survivors (blak, solid line) and mortality rate(red, dashed line) of a Sottish male as a funtion of age. Input datafrom [70℄. Right: The same plot for a deaying partile with an averagelifetime of 20 years.
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4 Lifetime Fittingut on the minimal impat parameter (IP) of �nal state traks. The impat parameter(see �gure 4.2) is the shortest distane between an extrapolated trak and the primaryvertex (PV).For D and B mesons, whih have lifetimes of the order of 1 ps, the average IP of thetraks produed by their deay produts is signi�antly non-zero. The ability to resolvethese small quantities is guaranteed by the performane of the VELO, as disussed insetion 2.2.4. Requiring a minimum value for the IP (signi�ane) strongly suppressespromptly deaying bakground, however, it also rejets true signal events that deay atshort lifetimes. This introdues a distortion in the reonstruted lifetime distributionfrom the true exponential shape.The orretion of this bias is the main di�ulty in lifetime measurements of heavy�avour mesons. Before disussing methods to remove this lifetime bias, it should benoted that there are also ways of avoiding it. Leptoni or semi-leptoni deays are oftenable to reah su�ient purity only by partile identi�ation, i.e. without using lifetimebiasing seletion riteria. For fully hadroni deays in LHCb the only soure of partileidenti�ation are the two RICH detetors, whih are urrently unavailable at triggerlevel as their reonstrution is too time onsuming. Hene, lifetime measurements usinghadroni deays generally su�er from a biased lifetime distribution.A bias due to the o�-line event seletion an be orreted in a reliable way as allquantities that are ut on are known. In addition, the event sample prior to appliationof the uts is available for omparison. Contrary to that, all seletions at trigger levelare based on a preliminary, simpli�ed reonstrution for reasons of the omputingtime available. Also, events not aepted by the trigger are not reorded and, hene,a omparison of the samples before and after seletion similar to the o�-line ase isnot possible. The quantities used at trigger level, alled on-line quantities, annotbe diretly linked to those from the o�-line reonstrution. Hene, it is not trivialto dedue the impat that lifetime biasing uts on on-line quantities have on o�-linequantities.In general, there are two possibilities to orret for the lifetime bias in the reon-struted lifetime distribution. One is to determine an average lifetime aeptanefuntion from MC simulation (see �gure 4.3). This is a funtion that determines therelative quantity of aepted events for a given lifetime. Suh an approah relies on theorret simulation of the relation between o�-line and on-line reonstrution, as wellas on the orret desription of the data by the MC simulation.The alternative to using an average aeptane funtion is to determine an event-by-event aeptane funtion without the use of MC simulation. The following setion114



4 Lifetime Fitting
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Figure 4.3: Example of an average aeptane funtion due to a ut suppressingevents at short lifetimes (left) and the orresponding measured lifetimedistribution (right).desribes how this funtion is obtained within the LHCb software. As will be seen,this method an also be used to determine the average aeptane funtion in a MCindependent manner. The last setion (4.3) in this hapter ompletes the method ofmeasuring lifetimes by presenting a �tter based on the use of event-by-event aeptanefuntions.4.2 Obtaining an Event-By-Event AeptaneFuntionThe idea of measuring event-by-event aeptane funtions without the use of sim-ulation is based on an approah introdued by Jonas Rademaker to the CDF ex-periment [71℄. It has sine been adapted to the possibilities o�ered by the LHCbsoftware [72, 73℄.The method follows the priniple that the probability density for observing a deaywith a set of kinemati variables kin at time t, f(t, kin), an be fatorised as
f(t, kin) = f(t|kin) · f(kin), (4.1)where the key element of the method is to realise that the probability density of theevent kinematis, f(kin), is independent of the measured lifetime. The event kine-matis depend on the phase spae of the deay and potential form fators desribingnon-uniformities in the deay distributions. The lifetime at whih a deay ours onlydepends on the physis proesses that lead to the deay, as disussed in setion 1.3.The onnetion between the measured lifetime and the event kinematis is made by115



4 Lifetime Fittingseletion uts, e.g. at the trigger level. Due to these uts, the event kinematis enter asa ondition in f(t|kin). The implementation of the LHCb trigger that leads to the life-time bias is desribed in the following setion, while setion 4.2.2 explains the methodof obtaining an event-by-event aeptane funtion and its use in a lifetime �t.4.2.1 Lifetime Bias in the LHCb Trigger SeletionsThe LHCb trigger system has been introdued in setion 2.3.1. Only the path ofhadroni �nal states is disussed here as only deays into suh states are studied inthis thesis. Their main way of being triggered is through so-alled hadroni triggers.Other trigger deisions are rare enough that they an be ignored in the analysis.Hadrons are triggered in L0 if they exeed a minimum transverse energy measuredby the HCAL. By design, this deision has to be on�rmed by the hadron alley inHLT1. This on�rmation is reahed if several requirements are ful�lled:
• Traks are reonstruted in the VELO as r-z (2D) traks and at least one has tobe mathed to an HCAL luster that triggered L0.
• For any suh trak a 3D trak �t is performed in the VELO and an IP of at least

0.1 mm with respet to any primary vertex is required.
• Suessful traks are extended to the other traking stations whih allows a mo-mentum measurement. The transverse momentum of these traks is required tobe larger than 2.5 GeV/c.After this stage there are two possibilities of ompleting the HLT1 hadron alley:
• Single Hadron Trigger: This trigger requirement is ful�lled if the trak inquestion has a transverse momentum above 5 GeV/c.
• Di-Hadron Trigger: This trigger requires a seond trak with an impat pa-rameter of more than 0.1 mm and a transverse momentum above 1 GeV/c. Thetwo traks have to form a good vertex and their ombination is required to pointtowards a primary vertex.The requirements introduing a lifetime bias are the impat parameter uts on thetraks. From �gure 4.2 it is obvious that the distane of �ight of a partile has to belarger than (or equal to) the impat parameters of its daughter traks. Hene, requiringa minimum impat parameter implies a lower ut on the partiles lifetime. It shouldbe noted that this ut depends on the angular distribution of the traks and, hene,116



4 Lifetime Fittingthere is no straightforward relation between an impat parameter ut and the resultingaverage lifetime aeptane funtion.The seletion during the HLT2 stage is not disussed here as its atual implemen-tation is hanging rapidly. The basi onept of lifetime biasing uts and the way toompensate them, as desribed below, will, however, be very similar to the situationfor HLT1.4.2.2 Measuring an Event-By-Event Aeptane Funtion withthe LHCb TriggerThe single event probability density of measuring a deay at time t, ignoring measure-ment errors, is given by
f(t|A) =

1
τ
e−t/τA(t)

∫∞

−∞
1
τ
e−t′/τA(t′)dt′

, (4.2)where τ is the average lifetime of the deay and A(t) is the lifetime aeptane funtion.The fator 1
τ
is kept as it normalises numerator and denominator separately in theabsene of an aeptane funtion. The lifetime aeptane funtion depends on theevent kinematis, hene f(t|A) = f(t|kin) from equation 4.1. As desribed above, anaverage aeptane funtion like the one shown in �gure 4.3 is not straightforwardlyobtained from data. However, a lifetime aeptane funtion an be determined on anevent-by-event basis.Ignoring an overall e�ieny for deteting and reonstruting an event, whih isindependent of the lifetime, this aeptane aquires values of either zero (rejeted) orone (aepted). For example, for an event with given kinematis, i.e. �xed trak slopesand momenta, there is a diret relation between the lifetime and the impat parametersof the traks. Hene, uts on impat parameters diretly translate into a disretedeision about aeptane or rejetion of an event as a funtion of its lifetime. This isillustrated in �gure 4.4, where a lower impat parameter ut is assumed. None of theseletions (trigger and o�-line) onsidered in this thesis uses upper impat parameteruts. Hene, the event-by-event aeptane funtion takes the shape of a step funtion.Using suh an event-by-event aeptane funtion in equation 4.2 leads to

f(t|A) =
1
τ
e−t/τΘ(t− tmin)
∫∞

tmin

1
τ
e−t′/τdt′

, (4.3)where tmin is the turn-on point of the aeptane, and Θ(t−tmin) is the Heaviside fun-tion. The denominator of this expression ould be further simpli�ed by evaluating the117



4 Lifetime Fitting
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4 Lifetime Fittingintegral, however, this beomes non-trivial when taking into aount the measurementresolution as disussed in setion 4.3.1.1.To atually determine the event-by-event aeptane funtion the trigger deisionhas to be evaluated for all lifetimes. Sine, as desribed above, this funtion is a stepfuntion this task boils down to the determination of the position of the step. Thisrequires the ability to manipulate the lifetime of an event and to re-evaluate the triggerdeision thereafter.In LHCb this an be done using an interfae to the trigger software that has beenimplemented for this purpose. Thus, the implementation of this method is reasonablydeoupled from the atual implementation of the trigger seletion. It works as follows:
• The traks used to reonstrut the deay o�-line have to be assoiated to theirounterparts in the on-line environment. As the on-line trak information isretained in the o�-line data struture this an be done with assoiator tools.
• The position of the primary vertex as reonstruted in the trigger is hangedalong the diretion of �ight of the partile under study1.
• The trigger deision is evaluated for eah new PV position using only the traksfrom the signal deay.
• One a hange in the trigger deision, i.e. a step in the aeptane, is found theproedure is repeated around this position with a re�ned step size to inreasepreision.The fat that the primary verties are moved rather than the traks themselves is anapproximation that greatly simpli�es the implementation. It is an approximation sinethe traks would produe hits at di�erent parts of the VELO sensors when originatingfrom a partile deay at a di�erent lifetime. This leads to hanges in the extrapolationdistanes and measurement errors involved. As these e�ets are themselves small, theyhave negligible e�ets on the determination of the position of the turning points of theaeptane.One aveat is the ase of events with multiple primary verties. In these eventsthe method should still be appliable as desribed above. However, as disrepaniesmight our from ambiguities in hoosing the PV with respet to whih the impatparameters have to be evaluated, ases with more than one primary vertex have not1The diretion of �ight is de�ned as the line between the primary vertex and the deay vertex of thepartile. 119



4 Lifetime Fittingyet been studied in detail. This does not re�et a signi�ant loss in events as around
80% of all reorded events in LHCb have exatly one primary vertex.The lifetime bias aused by the o�-line seletion (this will be desribed in detail insetion 5.1.4) an be treated in an equivalent way. However, one an take advantageof the exat knowledge of the signal traks to analytially determine the turning pointposition.After having obtained the event-by-event aeptane funtion for a data sample theaverage lifetime aeptane funtion an be extrated as well. Integrating out thekinemati (aeptane) part in the total probability density yields

f(t) =

∫

f(t, A)dA

=

∫

f(t|A)f(A)dA. (4.4)Assuming a single turning point in the event-by-event aeptane leads to
f(t) =

∫ 1
τ
e−t/τΘ(t− tmin)
∫∞

tmin

1
τ
e−t′/τdt′

f(tmin)dtmin

=
1

N

∑

i

Θ(t− tmin,i)
∫∞

tmin,i

1
τ
e−t′/τdt′

1

τ
e−t/τ

=
1

N

∑

i

Θ(t− tmin,i)

e−tmin,i/τ

1

τ
e−t/τ , (4.5)where the sum goes over all N events. The average aeptane funtion follows as

A(t) =

∑

i Θ(t− tmin,i)e
tmin,i/τ

∑

i e
tmin,i/τ

. (4.6)Figure 4.5 shows the average aeptane funtion obtained using fully reonstruted
B0

d → π+π− events. To evaluate the quality of this aeptane funtion it is overlaidwith the measured lifetime distribution divided by an exponential with the true averagelifetime. By de�nition, this results in the aeptane funtion. The slight disrepanyat small lifetimes results from an inomplete treatment of the determination of theaeptane at small lifetimes whih will be orreted in an ongoing re-implementation ofthe method. This shows that the method desribed here an also be used to determinethe average aeptane funtion purely from data for use in other analyses.4.3 A Lifetime Fitter for Multi-Signal EnvironmentsIn the analysis of hadroni deays, hannels often appear in groups with similar �nalstates. One suh example are the B0
(s) → h+h′− deays whih are deays of B0

d and B0
s120



4 Lifetime Fitting
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Figure 4.5: Average lifetime aeptane funtion as obtained from per-event aep-tane funtions (blak histogram) for B0
d → π+π− events ompared tothe measured lifetime distribution divided by an exponential (red dots).mesons into �nal states of two hadrons, mostly kaons and pions. Four of these hannels,

B0
d → π+π−, B0

d → K+π−, B0
s → π+K−, and B0

s → K+K−our in similar quantities.Hene, their invariant masses when reonstruted under a ommon hypothesis partiallyoverlap. A detailed study of these hannels is presented in setion 5.1.For lifetime studies with any of these hannels it is important to have a �tter that isable to aount for several hannels of spei� bakground. Additionally, ombinatorialbakground, i.e. bakground from partially or wrongly reonstruted deays, has to betaken into aount. This setion presents a lifetime �tter that has been designed forexatly these requirements.The observables used in the �tter are the reonstruted lifetime t, the turning pointfrom the event-by-event aeptane funtion tmin, and variables to identify the varioussignal hannels X. The most prominent variable to distinguish signal lasses is the re-onstruted invariant mass m. Other quantities that ould be used for this purpose aresingle partile identi�ation (PID) observables or angular distributions. The detaileduse of these variables is desribed in setion 4.3.3.The total probability density for measuring a set of observables an be fatorised as
f(t, tmin,X) = f(t, tmin|X) · f(X). (4.7)This equation has one term depending on the lifetime observables and a seond depend-ing on the variables to distinguish signal lasses. As the �tter follows the onept of a121



4 Lifetime Fittingmaximum likelihood �t, i.e. maximising the negative logarithm of the total probability,these two terms result in two independent likelihood urves.To speed up the �tting proess the �t is split in two parts:
• a signal fration �t that determines the relative frations of all signal lassesinvolved,
• a lifetime �t whih uses the previously obtained signal frations as �xed inputparameters and whih performs the atual lifetime measurement.The mass �t probability density f(X) an be written as the sum over the values of prob-ability density funtions (PDF) for all signal lasses multiplied by the orrespondingrelative frations of that lass:

f(X) =
∑

class

f(X|class) · P (class). (4.8)The term signal lasses refers to all possible lasses, i.e. the main signal, spei� bak-ground, and ombinatorial bakground. Using Bayes theorem the probability of a singleevent to belong to a partiular signal lass an be written as
P (class|X) =

f(X|class) · P (class)

f(X)
. (4.9)This expression is used in the lifetime part of the �t that is desribed in the followingsetion. Details of the mass �t are given in setion 4.3.3.4.3.1 Fitting the Lifetime of Exlusive ChannelsIt has been shown above how the total probability density for one event splits up intoa lifetime part and a part that is used to �t the relative signal frations (see equation4.7). The lifetime part an be expressed as a sum over the ontributions of the di�erentsignal lasses.

f(t, tmin|X) =
∑

class

f(t, tmin|class) · P (class|X), (4.10)where P (class|X) is the probability of an event belonging to a ertain signal lass asde�ned in equation 4.9. The remaining term for the time probability density for agiven signal lass is given by
f(t, tmin|class) = f(t|tmin, class) · f(tmin|class), (4.11)with the �rst term being the probability density of measuring time t given the turningpoint of the aeptane funtion at tmin and a partiular signal lass, and the seondterm being the probability density of having this turning point for the given signallass. 122



4 Lifetime Fitting4.3.1.1 The Signal Time ProbabilityThe probability density of observing a lifetime t for a given signal lass with turningpoint tmin is given by the onvolution of an exponential with a resolution funtion
R(t, σ), and normalisation N(t, tmin)

f(t|tmin, signal) = N(t, tmin)
1

τ
e−t/τΘ(t) ⊗R(t, σ). (4.12)The resolution funtion is assumed to be a single Gaussian with width σt

R(t, σ) =
1√
2πσ

e−
(t′−t)2

2σ2 , (4.13)leading to the onvolution equation
f(t|tmin, signal) = N(t, tmin)

∫ ∞

−∞

1

τ
e−t′/τΘ(t′)

1√
2πσ

e−
(t′−t)2

2σ2 dt′, (4.14)whih, using the de�nition of the frequeny funtion
F (x) =

1√
2π

∫ x

−∞

e−y2/2dy, (4.15)an be written as
f(t|tmin, signal) = N(t, tmin)

1

τ
e−t/τe

1
2
σ2/τ2

F

(
t

σ
− σ

τ

)

. (4.16)The normalisation is given by
N(t, tmin)−1 =

∫ ∞

tmin

1

τ
e−t′/τe

1
2
σ2/τ2

F

(
t′

σ
− σ

τ

)

dt′

=

[

−e−t′/τe
1
2
σ2/τ2

F

(
t′

σ
− σ

τ

)

+ F

(
t′

σ

)]∞

tmin

= 1 + e−tmin/τe
1
2
σ2/τ2

F

(
tmin

σ
− σ

τ

)

− F

(
tmin

σ

)

. (4.17)This leads to the �nal equation for the lifetime probability density
f(t|tmin, signal) =

1
τ
e−t/τe

1
2
σ2/τ2

F
(

t
σ
− σ

τ

)

1 + e−tmin/τe
1
2
σ2/τ2

F
(

tmin

σ
− σ

τ

)
− F

(
tmin

σ

) . (4.18)This an be simpli�ed sine σ ≪ τ and in general also tmin ≫ σ, as the resolutionis roughly 0.04 ps, whereas the turning point position and average lifetimes are of theorder of 1 ps. For t, tmin ≫ σ this leads to the simpli�ed formula
f(t|tmin, signal) ≈

1
τ
e−t/τ

e−tmin/τ

=
1

τ
e−(t−tmin)/τ . (4.19)Introduing t̃ ≡ t− tmin, this an be written as

f(t̃|signal) =
1

τ
e−t̃/τ . (4.20)Nevertheless, the full equation 4.18 has been implemented for f(t, tmin|class) in the �t.123



4 Lifetime Fitting4.3.2 Inlusion of Combinatorial BakgroundIt is very di�ult to estimate a proper parametrisation for the lifetime probabilitydensity of bakground from ombinatorial events. Therefore, an approah has beendeveloped here that does not make any a priori assumptions about the shape of thebakground lifetime probability density funtion (PDF).The idea is to obtain the bakground lifetime PDF from the observed total lifetimedistribution. This is based on an implementation of a non-parametri PDF for neuralnet outputs used in Higgs analyses at LEP [74℄. A similar approah has been �rstintrodued to an LHCb analysis to model the forward-bakward asymmetry in the raredeay B0
d → K∗µ+µ− [75℄.4.3.2.1 Obtaining a Non-Parametri DistributionThe easiest non-parametri PDF is obtained by using a histogram. However, this doesnot yield a smooth distribution whih is a requirement for its use in an unbinnedlikelihood �t. In the method exploited for this thesis, for eah event a so-alled kernelfuntion is used to represent the measured lifetime. The sum of all kernel funtions,weighted by the event's probability of being bakground, then desribes the lifetimeprobability density for bakground events. Hene, for a pure bakground sample theobserved time distribution would be omputed as

f̃(t|bg) =

∑

iGauss(t, ti, σ) × P (bg|Xi)
∑

i

P (bg|Xi)

︸ ︷︷ ︸

Nbg

, (4.21)
where ˜ denotes the measured distribution. Here, a Gaussian is used as a kernel fun-tion. In priniple any normalisable funtion an be used as a kernel. A Gaussian hasthe advantage of guaranteeing a ontinuous derivative of the obtained PDF.Figure 4.6 shows an example for the result of suh a PDF for 10 events suh that theindividual kernel funtions are visible. Due to the very low statistis, the desriptionof the true PDF is far from perfet, however it is already muh better than e.g. whenusing a histogram with only 10 entries. With inreasing statistis the ontributionsfrom individual kernels will be less pronouned and the desription of the atual PDFwill improve. The quality of this approah with high statistis is shown in setion 4.3.4.The width of the kernel funtions plays a key role in the method. It must notbe onfused with the measurement error sine it is a parameter used to ahieve asmooth distribution for the PDF and, hene, is more omparable with the bin size in124



4 Lifetime Fitting
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Figure 4.6: Individual kernel ontributions from 10 events (thin Gaussians) with theresulting PDF (thik histogram, not to sale) and the true distribution(dotted exponential).a histogram. There is no straightforward way of estimating the optimal width of akernel. Cranmer [74℄ suggests to use
h(xi) =

(
4

3

)1/5√
σ

f0(xi)
n−1/5, (4.22)as a width estimate for the kernel for the ith event, where σ is the measurement error, nthe total number of events, and f0(xi) an a priori estimate of the PDF at the measuredvalue xi [74℄. This formula is derived from

h =

(
4

3

)1/5

σn−1/5, (4.23)whih minimises the mean integrated squared error for a normal distribution of width
σ and n→ ∞.Equation 4.22 introdues a reursive behaviour into the method. To avoid iterationsof the rather CPU time intensive kernel method the term f0(xi) of equation 4.22 isestimated by a histogram. This allows a generi implementation of the method, as noparameters need to be tuned with varying statistis.4.3.2.2 Appliation to the Lifetime FitIn the usual ase of a data sample that omprises both signal and bakground events thesum in equation 4.21 would run over the full sample and hene the observed bakground125



4 Lifetime Fittingtime distribution would get a ontribution from signal events. To avoid this the signalontribution is subtrated from the total distribution using the known shape of thesignal PDF and an estimate of the signal aeptane to yield a pure bakground timedistribution. The signal aeptane (A(t|class)) has to be applied as the signal PDFdesribes the theoretial exponential distribution while the subtration works withmeasured distributions. The resulting funtion is
f̃(t|bg) =

∑

i

(

Gauss(t, ti, σ) −∑class 6=bg f(t|class) · A(t|class) · P (class|Xi)
)

∑

i P (bg|Xi)
.(4.24)The atual bakground lifetime PDF, whih is used in the likelihood formula, is ob-tained by dividing the observed bakground lifetime distribution by the bakgroundaeptane A(t|bg)

f(t|bg) = f̃(t|bg)/A(t|bg). (4.25)The average aeptane funtions for the various signal lasses are obtained by inte-grating the turning point distributions for eah signal lass using the weights as de�nedin equation 4.6. The individual lasses are distinguished using P (class|X) as de�nedin equation 4.9. The turning point distributions are measured using Gaussian kernelfuntions. This results in the funtion
A(t|class) =

∑

i F ((t− tmin,i)/σ)etmin,i/τP 2(class|X)
∑

i e
tmin,i/τP 2(class|X)

, (4.26)where F is the frequeny funtion de�ned in equation 4.15 and σ the smoothing param-eter for the turning point distributions. The respetive lass probability (P (class|X))is used as an additional weight in order to inrease the ontribution of regions in phasespae whih have less bakground.The signal models enter the alulation of the average aeptane funtion, thusintroduing a dependene of the average aeptane funtions on the �t parameters,i.e. the average lifetimes. Calulating the average aeptane funtions for eah setof �t parameters would introdue a quadrati dependene on the number of events.To avoid this, the average lifetimes used in the alulation of the average aeptanefuntions are �xed. A seond iteration of the �t an be run with updated values of theaverage lifetimes to prove the stability of the results. The impat of this simpli�ationis studied in detail in setion 5.2.3.10.The average aeptane funtion of the ombinatorial bakground is desribed bya set of exponentials. Also this desription an be updated (to a non-parametridesription if neessary) after a �rst �t to real data has revealed the atual strutureof bakground events. 126



4 Lifetime Fitting
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Figure 4.7: Example for situations resulting in negative values for the bakgroundPDF when subtrating the signal ontribution (red, dotted) from thetotal distribution (blak) due to statistial �utuations (left) or wrong�t values of the signal lifetime (right).4.3.2.3 Avoiding Negative Probability DensitiesThis method gives rise to an additional ompliation in its implementation. For vastlywrong signal lifetimes this an lead to negative values in ertain regions of lifetime.The trial of inorret signal lifetimes is a neessary part of the �tting proess. Evenwhen using the orret signal lifetime negative values are not exluded (see �gure 4.7).They an our due to statistial �utuations that may not be fully smoothed out bythe kernel approah in regions of lifetime where the signal fration is high, and henethe subtration an naturally produe small negative values.As no lifetime region is physially exluded for bakground events, setting the bak-ground PDF to zero if the subtration yields negative values is not an option. Instead,if the resulting bakground PDF has a fration of the total PDF of less than a smallvalue ǫ, all possible frations between ǫ and −∞ are ontinuously mapped to be insidethe interval [ǫ, 0). The mapping uses the diverging behaviour of the tangent funtion touniquely assign a positive value to every value between ǫ and −∞. Using this methoda stable behaviour of the �tter is obtained.The value of ǫ has to be tuned. Too small values result in too little orretion. Hene,the method is strongly a�eted by individual events produing probabilities lose tozero, whih vary with the �tting parameters. This yields a likelihood urve that is nolonger paraboli around its minimum but whih an have steps or �utuations. Thisleads to a failure of the minimisation or wrong error estimates. Too large values of ǫ,on the other hand, introdue too large a orretion leading to a bias in the �t result, asthe bakground PDF is arti�ially set to signi�antly non-zero values where it should127



4 Lifetime Fittingbe lose to zero. A value of ǫ of 0.01 has proven to lead to a very stable behaviour ofthe �t, independently of the size of the data sample. It should be noted that even thisvalue an lead to a small but non-negligible bias as disussed in detail in setion 5.2.1.4.3.2.4 Improved ImplementationThe probability for eah event of being bakground is used as a weight to enhane theontribution of regions with a leaner bakground sample in the omputation of thebakground time PDF. The resulting formula is
f(t|bg)

=

∑

i

([

Gauss(t, ti, σ) −∑class 6=bg f(t|class) · A(t|class) · P (class|Xi)
]

· P (bg|Xi)
)

(
∑

i P (bg|Xi)2) ·A(t|bg) .(4.27)This weighting also further redues the ases where negative values our for the bak-ground lifetime PDF. A disadvantage of this method is that it relies more strongly onthe non-orrelation of the bakground lifetime and the variables used to distinguish thesignal lasses. However, a method obtaining the bakground distribution from a sideband in mass would depend even more on this assumption of non-orrelation. It hasbeen shown with data from CDF that this orrelation is negligible [76℄.Sine the value of the kernel funtions of all events has to be evaluated for eah eventthis results in a quadrati CPU time dependene of the �t on the number of events.Therefore, a lookup table has been introdued whih evaluates the kernel funtionsat disrete points before the start of the �t. A variable binning is used to allow ane�ient overage of a time range up to about 500 times the lifetime of a B meson.This redues the CPU time dependene of the �tter to be linear with respet to thenumber of events.A third order spline interpolation is used to obtain a smooth PDF from the disretesampling points. A linear interpolation would be signi�antly faster, however its non-ontinuous derivative leads to �utuations in the likelihood urve that prevent the�tter from onverging properly. Quadrati spline interpolations are prone to large�utuations in the interpolated urve and are hene useless. In the extremely rare asethat the third order spline interpolation yields negative values the �tter reverts bakto the linear interpolation. 128
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4 Lifetime Fitting4.3.3 Distinguishing Various Signal ClassesThe lifetime �t as desribed in the previous setion requires a statistial distintion ofvarious signal lasses by means of equation 4.9. Therefore the signal frations, P (class),are �tted prior to the lifetime �t. They are determined by a �t to the distributionsof a set of variables that are partiularly useful for distinguishing the various signallasses. As mentioned above, the most typial suh variable is the invariant mass ofthe reonstruted daughter partiles.Another exellent andidate, partiularly for hadroni hannels, is the PID of theindividual daughter partiles. The hannels onsidered in this thesis all have eitherpions or kaons in their �nal state. Hene, the PID variable used is the di�erene in thelogarithm of the likelihood of the partiles being either pion or kaon, δ logLK . Thisvariable is dominated by information from the RICH detetors whih underlines theirimportane to the experiment.Following equation 4.8 the per-event probability density is given by
f(X) =

∑

class

f(X|class) · P (class), (4.28)where X is a vetor of the variables used to distinguish the various signal lasses, i.e.
X = (m, δ logL+

K , δ logL−
K), with the PID variable δ logLK for positive and negativepartiles, respetively. As the three variables used here are independent it follows that

f(X|class) =
∏

i

f(Xi|class). (4.29)This means that the ingredients needed for the signal fration �tter are the PDF ofthe three variables for the individual signal lasses. These an be obtained with variousmethods.For the mass distribution an analyti expression for the line shapes of the individualomponents an be used [29℄. Alternatively the shape of the mass distributions an bedesribed by a template PDF. The latter approah is used in this thesis. To obtainthe templates the mass distributions for the various signal hannels are sanned usingthe full MC simulation. The use of MC simulation is not essential here, as the analytidesriptions ould be used just as well.The atual determination of the templates exploits the kernel method. Eah event isassigned a kernel funtion ompletely analogously to the determination of the total timedistribution in the lifetime �t (see setion 4.3.2). The obtained distribution is sampledat variable intervals and stored in text �les. Thus, the only CPU time onsuming stepin the �t is the spline interpolation during the initialisation. Hene, the evaluation of130



4 Lifetime Fittingthe PDF values during the minimisation is faster than the evaluation of an analytidesription of the PDF, as it only requires the evaluation of the spline values.The distribution of the PID parameters annot be desribed in an analyti form.There, the same approah with templates from the kernel PDF is used to desribethe shapes of δ logLK . Four di�erent templates have been obtained from full MCsimulation: those for positive and negative pions from the deay B0
d → π+π− andthose for positive and negative kaons from B0

s → K+K− events.With data this approah will be replaed by a purely data driven tehnique. Itrelies on measuring the PID distribution in lean ontrol hannels and re-weightingthese distributions aording to the various distributions in momentum and transversemomentum. This method has been developed for and tested with the CP violationanalyses in B0
(s) → h+h′− deays [29℄.4.3.4 Quality of the Kernel MethodThe various appliations of the kernel sampling tehnique are evaluated by omparingwith the original distributions to establish the quality of the method. A χ2 variableis de�ned as the square of the di�erene between the kernel result and the originaldistribution divided by the statistial error of the original distribution at the point ofevaluation. Figure 4.9 shows three distributions, one where the kernel method has beenapplied to the lifetime distribution of an event sample, a seond for a mass distributionand a third for a kaon PID distribution. In all ases the individual kernel widths havebeen determined using the method based on equation 4.22. The χ2 variable divided bythe number of non-empty bins for the three distributions is 115/104 (lifetime), 107/97(mass), 59/95 (PID).4.4 ConlusionThis hapter presented a method for performing lifetime measurements of deays intohadroni �nal states. This lass of �nal states su�ers from a lifetime biasing e�etaused by the software trigger. A method has been desribed for determining this biason an event-by-event level using an interfae to the trigger software. This method doesnot require any input from MC simulation.A lifetime �tter has been presented whih is based on a non-parametri treatmentof ombinatorial bakground. This is ahieved through the use of kernel funtions todesribe the total measured lifetime distribution and by subtrating the various signal131
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Figure 4.9: Evaluation of the kernel method for lifetime distribution (top entre),mass (bottom left), and PID (bottom right). The upper plots show dataas rosses and the kernel san as a histogram. The lower plots show thedi�erene between data and kernel san divided by the statistial errorof the data distribution.
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4 Lifetime Fittingontributions in order to retrieve the bakground PDF. Detailed studies to evaluatethe quality of the �tter and the sensitivity of lifetime measurements using this methodare presented in the following hapter.
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5 Lifetime Measurements inTwo-Body B and D Deays
A judiious man uses statistis, not to get knowledge, but to save himselffrom having ignorane foisted upon him.Thomas Carlyle

The main goal of this thesis is to provide a method and study its sensitivity formeasuring ∆Γs with B0
s → K+K− events. The �rst setion outlines the method forextrating ∆Γs. Setion 5.2.3 overs studies of the stability of the lifetime �tter usedas well as the evaluation of potential systemati unertainties. Setion 5.3 outlinesthe possibility of applying the method to lifetime measurements in D mesons whihprovide exellent opportunities for measurements with early data. Finally, setion 5.4is dediated to a study of the impat of misalignments on measurements with two-bodydeays. This misalignment study obviously has an impat on the ∆Γs extration, how-ever, it is also appliable to other measurements suh as CP violation measurements.

5.1 Measuring ∆Γs with B0
s → K+K− EventsThe extration of ∆Γs from B0

s → K+K− events is based on a lifetime measurementwhih yields a result aording to equation 1.80. This equation ontains �ve unknownparameters: the deay width Γs, the width di�erene ∆ΓSM
s , the New Physis mixingphase φNP , the Standard Model CP violating phase σSM , and the phase responsiblefor CP violating NP e�ets σNP . Obviously, these annot be onstrained by a singlemeasurement. 134



5 Lifetime Measurements in Two-Body B and D Deays5.1.1 Measurements in a Standard Model SenarioIn setion 1.4.2 it was already stated that Γs an be obtained from measurements in�avour spei� hannels suh as B0
s → D±

s π
∓. Using suh a measurement the quantity

ỹ ≡ Γ(B0
s → K+K−)

Γ(B0
s → D±

s π
∓)

− 1 =
τ(B0

s → D±
s π

∓)

τ(B0
s → K+K−)

− 1 (5.1)an be de�ned. In the SM ase, both φNP and σNP vanish and ỹ only depends on
y = ∆Γs

2Γs
and the SM CP violating phase σSM . Hene, equation 1.80 leads to therelation

ỹ = −y cos(2σSM) − y2 sin2(2σSM) = −y cos(2σSM) − y2(1 − cos2(2σSM)). (5.2)A value for y an be extrated from ỹ using the knowledge of cos(2σSM) (see equation1.79). The error on ỹ is given by
σ(ỹ) =

√

δ(τ(B0
s → K+K−))2 + δ(τ(B0

s → D±
s π

∓))2 · τ(B
0
s → D±

s π
∓)

τ(B0
s → K+K−)

. (5.3)The dominant ontribution to the statistial error of ỹ will be the relative error of thelifetime measurement in B0
s → K+K−. However, the measurement in B0

s → D±
s π

∓ willhave a signi�ant ontribution as its annual yield is less than a fator of three higherthan the one of B0
s → K+K− [77℄.Given the onstraints on cos(2σSM) the relation between the observable ỹ and y isshown in �gure 5.1. The value of y is extrated from a measured value of ỹ by solvingequation 5.2 for y.Theory favours a value for y around 0.05, i.e. ∆Γs/Γs = 0.10. Therefore, a mea-surement of y with an absolute error at the per ent level would be desirable toahieve a 5σ signi�ane. Within the allowed range for cos(2σSM) a measurementof ỹ = 0.050± 0.010 would translate into y = 0.052± 0.010. Assuming Γs = 0.68 ps−1(from τ(B0

s ) = 1.47 ps [12℄) this would translate into ∆Γs = (0.071±0.014) ps−1. Thismeans that a measurement of ∆Γs at the 5σ level requires a 0.8% measurement of the
B0

s → K+K− lifetime, when taking into aount the error on the Γs measurement from
B0

s → D±
s π

∓.5.1.2 Measurements in a New Physis SenarioIn the presene of NP the interpretation of ỹ is less straightforward. With two addi-tional phases entering the equation additional onstraints are needed. Figure 5.2 showsthe impat of a large NP mixing phase on the extration of y from a measurement of135



5 Lifetime Measurements in Two-Body B and D Deays
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Figure 5.1: Relation of y and ỹ (for de�nition see text) for the SM ases of
cos(2σSM ) = −1 (blak) and cos(2σSM ) = −0.95 (red, steeper). Alsoshown is the urrent 95% C.L. for y.
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5 Lifetime Measurements in Two-Body B and D Deays

CPσ
-3 -2 -1 0 1 2 3

y~

-0.06

-0.04

-0.02

0

0.02

0.04

0.06
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ỹ. As opposed to the SM CP violating phase, a large NP phase signi�antly degradesthe sensitivity on y and hene on ∆Γs.As desribed in setion 1.4.2, a measurement of the lowest angular momentumomponent of the deay B0

s → J/ψφ is a good andidate for a omparison with a
B0

s → K+K− measurement. The only di�erene between the observable ỹ for the twohannels is the CP violating phase ontributing to B0
s → K+K−. However, a full an-gular analysis of the deay B0

s → J/ψφ an lead to measurements of y and φNP on itsown. It is therefore of interest to study the sensitivity to the CP violating NP phaseentering the deay B0
s → K+K−.Figure 5.3 shows the dependene of the observable ỹ on the ombined SM and NP

CP violating phases. The relation is given for �ve di�erent values of φNP showingthat a reasonably good sensitivity an be obtained if φNP is known to about 0.2 rador better. It should be noted that the atual extration of the NP CP violating phase
σNP requires the subtration of the SM omponent. The SM is onstrained by equation1.79 to |2σSM | < 0.3 rad. Assuming φNP = 0, a measurement of ỹ = 0.00±0.01 wouldlead to two onstraints on σCP of |σCP | = 1.67 ± 0.20. Combined with the onstrainton |2σSM | this yields |2σNP | = 1.67 ± 0.36.137



5 Lifetime Measurements in Two-Body B and D Deays5.1.3 The LHCb Sensitivity to ∆ΓsLHCb an measure ∆Γs in various hannels. The sensitivity to ∆Γs in the SM senariofor a measurement based on B0
s → K+K− events is 0.015 ps−1 for one nominal yearof data taking (following from setion 5.1.1) as will be disussed in more detail below(see setion 5.2.2.2).A measurement with the hannel B0

s → φφ is sensitive to ∆Γs as well (see setion1.4.2.2). The branhing ratio for B0
s → φφ is lower than that of B0

s → K+K− by abouta fator two. In addition, this hannel has a signi�antly lower trigger e�ieny dueto the lower momentum of the four �nal state partiles. A study of this hannel [78℄estimates the yield in a nominal year to 3100 events. Although the study does not quotea sensitivity to ∆Γs it is lear that it annot ompete with that from B0
s → K+K−disussed above due to the number of events being lower by about a fator of 20.With a branhing ratio of two orders of magnitude above that of B0

s → K+K−,
B0

s → J/ψφ is the prime andidate for measuring ∆Γs (see setion 1.4.2.1). As this,however, requires an angular analysis, similar to B0
s → φφ, the analysis is signi�antlymore omplex than a lifetime measurement in the B0

(s) → h+h′− environment. Aftera nominal year of data taking a sensitivity to ∆Γs of 0.010 ps−1 is expeted. Hene,despite the signi�antly smaller data set the B0
s → K+K− measurement will still makean important ontribution to the determination of ∆Γs.ATLAS and CMS also have a B physis programme. This is based on hannelsinvolving muons due to the requirements of their triggers. Therefore, they will alsoperform measurements of B0

s → J/ψφ deays as the J/ψ deays into two muons witha large branhing fration of 6% [12℄. CMS quote a sensitivity for ∆Γs of 0.009 ps−11for one nominal year of data taking [79℄. As opposed to LHCb, both ATLAS and CMSassume a luminosity of 1033 cm−2 s−1, i.e. a fator of 5 higher than LHCb, during their�rst three years of data taking. This is still a fator of 10 below their maximum designluminosity and is therefore the preferred period for B physis measurements.CDF and D0 have published measurements of ∆Γs using B0
s → J/ψφ deays.Their results are ∆Γs = 0.076+0.059

−0.063(stat.) ± 0.006(syst.) ps−1 [80℄ and ∆Γs = 0.13

±0.09 ps−1 [81℄, respetively. Extrapolating from the data sample used for these mea-surements, both experiments may reah a sensitivity of 0.03 ps−1 with their full dataset assuming a olleted integrated luminosity of 9 fb−1. This underlines that measure-ments at the LHC will be able to quikly improve on the urrent preision.1Statistial error only, extrapolated from 1.3 fb−1.138



5 Lifetime Measurements in Two-Body B and D Deays5.1.4 The Seletion of B0
(s) → h+h′− EventsThe seletion of signal events follows the one developed for the analysis to extrat theCKM angle γ with B0

(s) → h+h′− deays [29℄. Its basi priniple is to provide a ommonseletion for all B0
(s) → h+h′− hannels. Therefore, all events are reonstruted assum-ing the pion mass for the two seleted harged partiles. This leads to all B0

(s) → h+h′−overlapping in their reonstruted invariant mass.The seletion has been optimised to have a high e�ieny on signal events whilesuppressing the dominant soures of bakground. There are three lasses of bakgroundto B0
(s) → h+h′− events:
• Traks from partially reonstruted deays of B mesons into three-body �nalstates. These are deays suh as B0 → ρ±π∓, with ρ± → π±π0, where only thepair of harged pions is reonstruted. As all deays of this lass have in ommonthat one of their partiles is not reonstruted, the invariant mass of the twotraks is bound to be below the nominal B mass.
• Deays of Λ0

b baryons into two-body �nal states. The two �nal states in questionare Λ0
b → p±K∓ and Λ0

b → p±π∓. The underestimation of the invariant massdue to the assignment of the pion mass to both daughters is ompensated by thehigher mass of the Λ0
b ompared to B0

d and B0
s . Both hannels have their maindistribution at a slightly higher mass than the B0

(s) → h+h′− modes.
• The most important bakground lass is ombinatorial bakground. It resultsfrom ombining partiles that do not originate from the same mother partile.In order to ful�l the seletion riteria for B0

(s) → h+h′− as outlined below, thesetraks must either be produed away from the primary vertex (deay of long-lived partiles or onversion in material) or be mis-reonstruted suh that theyfake traks with large impat parameters. Events in this ategory originate frompurely random proesses whih lead to a ontinuous, falling spetrum in thereonstruted invariant mass.The seletion developed for the B0
(s) → h+h′− hannels is a ut based seletion (seetable 5.1). It does not require any partile identi�ation of the daughter traks in orderto selet all B0

(s) → h+h′− modes. For the daughter traks, minimal requirements forthe impat parameter signi�ane (IP/σ(IP )) as well as the transverse momentum(pT ) have to be met by at least one or both traks. The B andidate is de�ned by thedaughter Lorentz vetors. It has to satisfy requirements on the transverse momentum,the �ight distane signi�ane (LB/σ(LB)), the impat parameter signi�ane and the139



5 Lifetime Measurements in Two-Body B and D DeaysCut type Cut value
min[(IP/σ(IP ))h, (IP/σ(IP ))h′

] > 6

max[(IP/σ(IP ))h, (IP/σ(IP ))h′

] > 12

min[ph
T , p

h′

T ] in GeV/c > 1

max[ph
T , p

h′

T ] in GeV/c > 3

pB
T in GeV/c > 1

LB/σ(LB) > 18

(IP/σ(IP ))B < 2.5

χ2(vertex) < 5

mππ in GeV/c2 [5.0, 5.8]Table 5.1: Cuts for the seletion of B0
(s) → h+h′− events using the full reonstrutionon events that have passed the trigger.

χ2 of the �t of the deay vertex. Finally, a mass window is de�ned between 5.0 GeV/c2and 5.8 GeV/c2.This seletion has been evaluated using MC simulation. For the B0
(s) → h+h′− han-nels the seletion e�ieny of seleted events with respet to all generated events(without geometrial onstraints at generator level) is between 3.7% and 3.9%. For thetwo deay modes of Λ0

b mentioned above the e�ieny is about 3.3%.A similar seletion has been developed to selet events at trigger level. As the exatimplementation of the software trigger has yet to be �nalised the trigger seletion isnot disussed in detail. However, the e�et of the trigger implementation on the overalle�ieny of seleting events should be small. Hene, the total seletion e�ieny thathas been obtained with the preliminary implementation of the trigger will be used forestimating yields. For B0
(s) → h+h′− deays the overall seletion e�ieny (ǫtot) is 1.4%and it is 1.2% for Λ0

b → p±h∓ deays.The annual yield for eah hannel is alulated aording to
Y = L · σbb · fhadr · 2 · BR · ǫtot, (5.4)where L is the annual integrated luminosity of 2 fb−1, σbb is the bb prodution rosssetion whih is assumed to be 0.5 mb, and the hadronisation fration fhadr and thebranhing ratios BR are given in table 5.2. Most relevant for this thesis is the estimateof roughly 72k B0

s → K+K− events that will be seleted for analysis per nominal year.The amount of bakground has been estimated by the analysis of a sample of MCsimulation that ontains all known proesses in their relative frations (minimum bias140



5 Lifetime Measurements in Two-Body B and D Deays
Channel fhadr BR× 106 Annual yield

B0
d → π+π− 0.403 5.16 58.8k

B0
d → K+π− 0.403 19.4 216.6k

B0
s → K+K− 0.101 25.8 71.9k

B0
s → π+K− 0.101 5.27 15.1k

Λ0
b → p±K∓ 0.092 5.0 10.9k

Λ0
b → p±π∓ 0.092 3.1 7.0kTable 5.2: Annual yield for B0

(s) → h+h′− hannels and Λ0
b → p±h∓ hannels as-suming an annual integrated luminosity of 2 fb−1.

Figure 5.4: Distribution of events seleted by the B0
(s) → h+h′− seletion applied tominimum bias MC. Signal events (B and Λ0

b) are shown in red, partiallyreonstruted three-body deays are shown in green, and ombinatorialbakground is shown in blue.
141



5 Lifetime Measurements in Two-Body B and D Deayssimulation). Due to the low branhing ratios of the proesses studied here the numberof seleted events is very low and the unertainties on the relative frations are high.Figure 5.4 shows the distribution of seleted events.For the tests of the lifetime �tter it has been assumed that the relative fration ofevents with partially reonstruted three-body deays is 14% and that one third of allevents originate from ombinatorial bakground. These numbers are taken for the fullmass window from 5.0 GeV/c2 to 5.8 GeV2 and are in agreement with the intervalsdedued from minimum bias MC simulation.5.1.5 Lifetime Fitting with B0
(s) → h+h′− EventsThe lifetime �tting proedure is split in three parts:

• The data sample to be used in the �tting proess is obtained by the B0
(s) → h+h′−seletion desribed above.

• The event-by-event lifetime aeptane funtions are determined for all seleted
B0

(s) → h+h′− andidates by the method desribed in the previous hapter.
• The lifetime �t is performed using the event-by-event aeptane funtion as wellas other observables as input.The omplete set of input variables to the lifetime �t is given by the measuredlifetime and the event-by-event aeptane funtions for the atual lifetime �t, and bythe invariant mass using a di-pion hypothesis together with the PID values for the twodaughter traks for the �t of the signal frations.The lifetime is not a genuine observable of LHCb. It is de�ned as t = d ·m/p where

d is the measured distane between the primary and the deay vertex, m is the massof the deaying partile and p is its momentum. In the seletion desribed above theevents are reonstruted assuming they were B0
d → π+π− deays. This implies that the

B0
d mass is used to alulate the measured lifetime. For deays of other partiles than

B0
d this leads to a biased determination of the lifetime. The observable ξ ≡ t/m = d/pan be introdued to avoid this dependene on the partile mass. Replaing t by ξthe �t an be performed as desribed in the previous hapter with the �t parametersturning into the ratios of lifetime and mass. As this approah only re�ets a saling ofthe observables by the B0

d mass it has not been onsidered for the toy studies presentedhere. In fat, it has been assumed that all individual lifetimes an be measured diretlywhih means that the saling m(H0
b )/m(B0

d) for deays of H0
b (H0

b = B0
d , B

0
s ,Λ

0
b) has142



5 Lifetime Measurements in Two-Body B and D Deaysbeen applied impliitly. As all masses involved in this study are very similar, the salingis very small, and its e�et is negleted in the sensitivity studies presented here.The lifetime �tting tehnique desribed in the previous hapter has been extensivelytested with simulated events. To the extent that it was possible the method for obtain-ing the event-by-event lifetime aeptane funtions has been tested with the full LHCbMC data. This resulted in the average lifetime aeptane funtion shown in �gure 4.5,whih on�rmed good agreement was obtained between the measured funtion and thetrue distribution. A signal only �t has been performed using these data yielding anunbiased result.The atual �tter has been tested far more extensively with toy MC simulations asalready desribed in setion 5.2. Equation 5.3 states that, to a good approximation, therelative error on the lifetime measured with B0
s → K+K− determines the absolute erroron the observable ỹ. Therefore, studying the stability of the �ts of the B0

s → K+K−lifetime is of highest interest. A detailed aount of these heks is given in the followingsetion.
5.2 Test Results from Toy Monte Carlo StudiesToy simulation studies are indispensable in the development of a �tter. They providean easy way of testing a �tter for partiular features. Toy simulations are designed togenerate e�etive distributions of the observables used in the �t. Hene, they do notneed to go through the time onsuming yle of simulating and reonstruting eventsin a partiular detetor.A major advantage of the fast generation of toy simulations is that one an rule outstatistial �utuations in the �t results. Therefore, usually at least several hundredequivalent data sets are generated and �tted in one test. Most tests used in thedevelopment of this �tter used 1000 toy experiments with of the order of 104 eventseah.In the toy generator developed for this �tter the lifetimes are simulated as expo-nentials with a Gaussian resolution funtion. The aeptane funtion is applied bysimulating a Gaussian distribution for the turn-on points of the per-event aeptanefuntions. Mass and PID are simulated aording to the templates desribed in theprevious setion. 143



5 Lifetime Measurements in Two-Body B and D Deays5.2.1 Toy Monte Carlo Tests for B0
(s) → h+h′− EventsThe �t to B0

(s) → h+h′− events is the most hallenging as it involves a signi�ant num-ber of spei� hannels with similar branhing ratios. For the evaluation of the qualityof the �tter, seven exlusive signal hannels have been simulated together with ombi-natorial bakground. Four of the seven hannels are the four B0
(s) → h+h′− hannels,i.e. B0

d → K+π−, B0
d → π+π−, B0

s → K+K−, and B0
s → π+K−. In addition, the de-ays Λ0

b → p±K∓ and Λ0
b → p±π∓ are reonstruted in the upper mass side band.The seventh hannel is B0
d → π+π−π0, whih has been hosen to represent B0

d and B0
sdeays with three partiles in the �nal state where one has not been reonstruted. Allindividual hannels, the three-body bakground, and the ombinatorial bakground aresimulated at their expeted levels as disussed in detail in setion 5.1.4. The ombina-torial bakground is simulated to be �at in the invariant mass. This is in reasonableagreement with the available simulation of ombinatorial bakground in the B massregion.The �t is split into two parts as explained in the previous hapter. First, the signalfrations are determined within limits of 0 and 1 from a �t to the vetor X of distin-guishing variables, i.e. mass and δ logLK . Thereafter, these frations are fed into thelifetime �tter. It has been tested that these limits have no impat on a standard �t,whih is on�rmed by the width of the pull distributions. The minimisation is done bythe Minuit minimiser Migrad.Figure 5.5 shows the mass distribution with the �tted omponents of a typial toyexperiment. The lower plot shows the signi�ane of the di�erene between the �ttedtemplates and the distribution of generated data. A χ2 de�ned as the sum of thesquares of the entries of the lower plot yields a value of 103 for 100 non-zero entries.The agreement on�rms the quality of the kernel method presented above.The results of the signal fration �t are shown in �gures 5.6, 5.7, and 5.8 and sum-marised in table 5.3. All signal frations are unbiased. The pull widths are all inagreement with unity. Hene, the results of this �t provide the neessary input for thelifetime �tter.The �tted lifetime distribution is shown in �gure 5.9. The two soures of non-zerodi�erenes between the input data and the �t models are �utuations in data that aresmoothed out by the kernel method and the mehanism to prevent the bakgrounddistribution from aquiring values lose to or below zero (haraterised by the �tterparameter ǫ, see setion 4.3.2.3). A χ2 de�ned as above for the mass plot yields a valueof 145 for 143 non-zero entries. 144
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Figure 5.5: Result of a B0
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5 Lifetime Measurements in Two-Body B and D Deays
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Figure 5.6: Toy study results for sf(B0
d → π+π−) (left) and sf(B0

d → K+π−)(right). The plots show from top to bottom the �t results where theline marks the average true value, the error distributions, and the pulldistributions. The results are summarised in table 5.3.
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Figure 5.8: Toy study results for sf(Λ0
b → p±K∓) (left), sf(Λ0

b → p±π∓) (entre),and sf(B → 3− body) (right). The plots show from top to bottomthe �t results where the line marks the average true value, the errordistributions, and the pull distributions. The results are summarised intable 5.3.quantity true value avg. result avg. error pull mean pull width
sf(B0

d → π+π−) 0.081 0.081 0.002 −0.07 ± 0.03 1.01 ± 0.03

sf(B0
d → K+π−) 0.300 0.301 0.003 0.10 ± 0.03 0.99 ± 0.02

sf(B0
s → K+K−) 0.100 0.100 0.002 0.07 ± 0.03 0.97 ± 0.02

sf(B0
s → π+K−) 0.020 0.021 0.001 −0.10 ± 0.03 0.93 ± 0.02

sf(Λ0
b → p±K∓) 0.016 0.015 0.001 −0.00 ± 0.03 0.97 ± 0.02

sf(Λ0
b → p±π∓) 0.010 0.010 0.001 −0.13 ± 0.03 1.01 ± 0.03

sf(B → 3−body) 0.139 0.138 0.002 −0.11 ± 0.03 0.98 ± 0.02Table 5.3: Toy study results for the �t of the signal frations of the seven exlusivehannels used in the B0
(s) → h+h′− �t.
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Figure 5.9: Result of a B0
(s) → h+h′− lifetime �t. The upper plot shows the gener-ated distribution as rosses (MC), the distributions of the signal modelsusing the �tted lifetimes as blak lines, the bakground distribution as ared (dashed) line, and the total distribution aording to the �t results asa blue line. The lower plot shows the di�erene per bin between gener-ated data and the total distribution of the model divided by the statistialerror of the data sample.
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5 Lifetime Measurements in Two-Body B and D DeaysTo evaluate the quality of the lifetime �t a set of toy experiments has been generatedthat represents the data expeted for about 0.10 fb−1. This amount is 1/20 of a nominalyear of data taking, and is of the order of the amount of data expeted up to the end of
2010. 1000 toy experiments have been generated with 36000 events eah. 12000 eventswere simulated as ombinatorial bakground and 24000 were shared between the four
B0

(s) → h+h′− hannels, the two Λ0
b deays, and the three-body deays in their nominalproportions.The sample size equivalent to the luminosity of 0.10 fb−1 is valid for all studiesdesribed in the following unless otherwise stated. This sample size has been hosen asit re�ets roughly the available data set expeted by the end of 2010 and as these eventnumbers present a size for whih large numbers of example �ts an be performed on areasonable time sale. The CPU time onsumption of the �tter has been on�rmed tobe linear with the number of events in the input sample, as expeted by the layout of thealgorithm. Data sets of di�erent sizes ranging from those equivalent to the luminositiesof 0.01 fb−1 to 2.00 fb−1 have been tested as well. Their results are doumented insetion 5.2.2.2.Five �t parameters are used in the lifetime �t (see table 5.4). Both hannels

B0
d → π+π− and B0

d → K+π− are used to measure the B0
d lifetime. The B0

s lifetimeis measured using B0
s → π+K− deays only, where the theoretially more interestinglifetime ratio τ(B0

s )/τ(B
0
d) is left as a free parameter (see setion 1.3.1). The third pa-rameter is the lifetime measured from B0

s → K+K− whih is expeted to deviate fromthe CP averaged B0
s lifetime as outlined in setion 1.4.1 and disussed further in se-tion 5.1. The Λ0

b lifetime is measured using the hannels Λ0
b → p±K∓ and Λ0

b → p±π∓where again the lifetime ratio with respet to the B0
d lifetime (τ(Λ0

b)/τ(B
0
d)) is left as afree parameter. Similar to the lifetime ratio τ(B0

s )/τ(B
0
d), more preise theoretial pre-ditions exist for the lifetime ratio τ(Λ0

b)/τ(B
0
d) than for the Λ0

b lifetime itself. Finally,the three-body modes are �tted using a single lifetime. This is an approximation astheir ontribution onsists of deays of both B0
d and B0

s mesons, however, this approahis su�ient for dealing with this well separated bakground hannel.The results of the lifetime �t are shown in �gures 5.10 and 5.11 and summarised intable 5.4. The lifetime �ts of the variables of physial interest are unbiased. The errorsare well estimated.The lifetime for three-body deays is the only one for whih the �t returns biasedresults. The mass distribution of this hannel is the most similar to the ombinatorialbakground and hene any e�et related to the treatment of the bakground a�ets
τ(B → 3−body) more than other parameters. The lifetime measured in the three-body150



5 Lifetime Measurements in Two-Body B and D Deays
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Figure 5.10: Toy study results for τ(B0
d) (left), τ(B0

s )/τ(B0
d) (entre), and

τ(B0
s → K+K−) (right). The plots show from top to bottom the �tresults where the line marks the average true value, the error distribu-tions, and the pull distributions. The results are summarised in table5.4.quantity true value avg. result avg. error pull mean pull width

τ(B0
d) 1.530 ps 1.530 ps 0.015 ps 0.04 ± 0.04 1.00 ± 0.03

τ(B0
s )/τ(B

0
d) 0.961 0.961 0.061 0.01 ± 0.04 0.99 ± 0.03

τ(B0
s → K+K−) 1.500 ps 1.498 ps 0.030 ps −0.06 ± 0.04 0.99 ± 0.03

τ(Λ0
b)/τ(B

0
d) 0.902 0.901 0.041 −0.07 ± 0.03 0.96 ± 0.03

τ(B → 3−body) 1.500 ps 1.507 ps 0.026 ps 0.26 ± 0.04 1.05 ± 0.03Table 5.4: Toy study results for the �t of the lifetimes of the seven exlusive hannelsused in the B0
(s) → h+h′− �t.
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Figure 5.11: Toy study results for τ(Λ0
b)/τ(B0

d) (left) and τ(B → 3−body) (right).The plots show from top to bottom the �t results where the line marksthe average true value, the error distributions, and the pull distribu-tions. The results are summarised in table 5.4.
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5 Lifetime Measurements in Two-Body B and D Deayshannels is not a physis parameter to be extrated from the �tter and hene onlyof seondary interest. Furthermore, it is possible to tighten the mass window on thelower side in order not to be a�eted by the ontribution of three-body deays. Asalready desribed in setion 4.3.2.3 this bias is onneted to the orretion limiting thebakground time PDF to positive values.5.2.2 Stability of Lifetime Measurements with B0
(s) → h+h′−EventsThis setion summarises tests that have been performed using toy MC data sets toevaluate the stability of the �tter. The proedure was simpli�ed to allow more e�ienttesting. Where the input of the signal fration �t is unhanged with respet to thedefault senario, this stage has been omitted and the true average signal frations havebeen used as input to the lifetime �t. Using the average true values implies that thevalues used on average deviate from the true fration of the individual toy experimentsby their usual statistial �utuation. Similarly, the lifetimes of the Λ0

b and three-bodydeays are �xed to their true average values.To assess the impat of these simpli�ations a set of toy �ts has been performed on thedefault data set using the simpli�ed �tter. The average �t results are τ(B0
d) = 1.530 ps,

τ(B0
s )/τ(B

0
d) = 0.961, and τ(B0

s → K+K−) = 1.499 ps. These are in exellent agree-ment with the results of the full �t given in table 5.4, thus on�rming the validity ofthe simpli�ations made.The studies presented in this setion are made to evaluate the stability of the �tterwith respet to ontrollable hanges. The �rst test is the evaluation of the impatof various mass windows in the seletion, followed by an evaluation of the salingbehaviour of the �tter with hanges in the size of the data sample. Finally, the impatof a wrongly �xed signal fration is tested. No systemati unertainties are assignedfor any of these heks. Systemati unertainties, inluding those due to hanges in theinput templates that an lead to wrong signal frations, are studied in setion 5.2.3.5.2.2.1 Variation of the Mass WindowThe variation of the mass window is an important ross-hek for the �tter. Varyingthe mass window allows to ontrol the level of ombinatorial bakground and howmany events of various exlusive hannels are inluded in the �t. If the �tter is stablewith respet to a varied mass window this an be used to evaluate the size of potentialorrelations between the mass and lifetime distributions of ombinatorial bakground153
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5 Lifetime Measurements in Two-Body B and D Deays(see setion 4.3.2.4). No systemati error is assigned as this is a study of the apabilitiesof the �tter rather than an evaluation of any systemati e�et.The default mass window is between 5000 MeV/c2 and 5800 MeV/c2 in the invariantdi-pion mass. Five additional mass windows have been evaluated with tighter uts atthe lower and/or upper end. Tightening the uts at the lower end suppresses theontribution of bakground from partially reonstruted three-body deays. At theupper end, tighter uts lead to a removal of ombinatorial bakground as well as ofthe Λ0
b deays. The signal fration �t has been performed for these �ts as the orretsignal frations vary with the mass window.Figure 5.12 shows the �t results for the various mass windows. The lower left plotindiates the allowed regions of the mass windows as bars and the mass distribution onthe lower right shows how these uts a�et the individual signal hannels. The �ts showonly very minor �utuations whih is on�rmed by the numbers in tables 5.5 to 5.7.The �ts were performed on the same data set, hene, the errors are fully orrelated.5.2.2.2 Variation of the Size of the Data SampleThe next test is the behaviour of the �t with the variation of the size of the datasample. This is of partiular interest as it shows the stability of the �tter with verysmall data samples, i.e. smaller signal signi�anes. At the same time it allows thestudy of any bias of the �tter with high statistis samples. The sample size has beenvaried between those equivalent to integrated luminosities of 0.01 fb−1 to 2 fb−1.Figure 5.13 and tables 5.8 to 5.10 summarize the results. Only the B0

d lifetimemeasurement maintains a signi�ant bias. However, even this bias is smaller than thestatistial unertainty for 2 fb−1, i.e. about 0.2%. In onlusion, there is no problemfor a high preision lifetime measurement using this �tter.Note that the lifetime ratio measurement remains totally unbiased for all samplesizes. With a statistial unertainty of about 1.5%, even the B0
s → π+K− deay o�erspromising opportunities for preision tests of HQE and the SM.The stability of the �tter with very small data samples allows its ommissioning withthe �rst physis data reorded by LHCb. The samples equivalent to a luminosity of

0.01 fb−1 omprise only 3600 events eah.5.2.2.3 Impat of Wrong Signal FrationsThe signal fration �t has been �xed for most of the systemati heks disussed in thishapter. It is therefore important to study the impat that wrong �t results for thesignal frations have on the lifetime �t. The signal fration for B0
s → K+K− events has155



5 Lifetime Measurements in Two-Body B and D Deaysmass window true value avg. result avg. error pull mean pull width[ GeV/c2℄ [ps℄ [ps℄ [ps℄
5000 − 5800 1.530 1.530 0.015 −0.01 1.01

5000 − 5600 1.530 1.530 0.015 0.01 1.02

5000 − 5400 1.530 1.531 0.015 0.07 0.99

5100 − 5400 1.530 1.531 0.015 0.04 1.01

5150 − 5400 1.530 1.531 0.015 0.08 0.98

5150 − 5800 1.530 1.530 0.015 0.05 0.96Table 5.5: Toy study results for τ(B0
d) for the variation of the mass window. Defaultis (5000 − 5800) GeV/c2.mass window true value avg. result avg. error pull mean pull width[ GeV/c2℄

5000 − 5800 0.961 0.961 0.061 0.00 0.98

5000 − 5600 0.961 0.961 0.061 0.00 0.98

5000 − 5400 0.961 0.960 0.061 −0.03 0.94

5100 − 5400 0.961 0.960 0.061 −0.01 0.97

5150 − 5400 0.961 0.959 0.061 −0.05 0.94

5150 − 5800 0.961 0.961 0.062 0.00 0.98Table 5.6: Toy study results for τ(B0
s )/τ(B0

d) for the variation of the mass window.Default is (5000 − 5800) GeV/c2.mass window true value avg. result avg. error pull mean pull width[ GeV/c2℄ [ps℄ [ps℄ [ps℄
5000 − 5800 1.500 1.499 0.030 −0.05 0.99

5000 − 5600 1.500 1.499 0.030 −0.04 0.99

5000 − 5400 1.500 1.498 0.030 −0.06 1.00

5100 − 5400 1.500 1.498 0.030 −0.08 0.99

5150 − 5400 1.500 1.498 0.030 −0.08 1.01

5150 − 5800 1.500 1.498 0.030 −0.08 1.00Table 5.7: Toy study results for τ(B0
s → K+K−) for the variation of the mass win-dow. Default is (5000 − 5800) GeV/c2.
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0.10 fb−1. The dashed line indiates the average result of the default�t.luminosity true value avg. result avg. error pull mean pull width[ fb−1℄ [ps℄ [ps℄ [ps℄

0.01 1.530 1.528 0.045 −0.06 1.05

0.05 1.530 1.530 0.020 −0.03 1.00

0.10 1.530 1.530 0.015 0.01 1.01

0.20 1.530 1.532 0.010 0.19 0.98

0.50 1.530 1.532 0.007 0.29 0.99

2.00 1.530 1.532 0.003 0.62 0.99Table 5.8: Toy study results for τ(B0
d) for �ts with di�erently sized data samples.Default is 0.10 fb−1. 157



5 Lifetime Measurements in Two-Body B and D Deays
luminosity true value avg. result avg. error pull mean pull width[ fb−1℄

0.01 0.961 0.959 0.193 −0.11 0.93

0.05 0.961 0.958 0.086 −0.08 0.96

0.10 0.961 0.961 0.061 0.00 0.98

0.20 0.961 0.961 0.043 −0.02 0.98

0.50 0.961 0.962 0.027 0.02 0.98

2.00 0.961 0.961 0.014 0.03 0.96Table 5.9: Toy study results for τ(B0
s )/τ(B0

d) for �ts with di�erently sized data sam-ples. Default is 0.10 fb−1.

luminosity true value avg. result avg. error pull mean pull width[ fb−1℄ [ps℄ [ps℄ [ps℄
0.01 1.500 1.496 0.093 −0.08 0.99

0.05 1.500 1.500 0.042 0.03 0.94

0.10 1.500 1.499 0.030 −0.06 1.00

0.20 1.500 1.500 0.021 −0.01 1.07

0.50 1.500 1.500 0.013 −0.04 1.03

2.00 1.500 1.499 0.007 −0.10 0.97Table 5.10: Toy study results for τ(B0
s → K+K−) for �ts with di�erently sized datasamples. Default is 0.10 fb−1.
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5 Lifetime Measurements in Two-Body B and D Deays
sf(B0

s → K+K−) true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.90 1.530 1.530 0.015 0.00 1.01

0.95 1.530 1.530 0.015 0.00 1.01

1.00 1.530 1.530 0.015 0.01 1.01

1.05 1.530 1.530 0.015 0.01 1.01

1.10 1.530 1.530 0.015 0.00 1.00Table 5.11: Toy study results for τ(B0
d) for �ts with a wrong signal fration for

B0
s → K+K−. Default is 1.00.

sf(B0
s → K+K−) true value avg. result avg. error pull mean pull width

0.90 0.961 0.961 0.061 0.00 0.98

0.95 0.961 0.961 0.061 0.00 0.98

1.00 0.961 0.961 0.061 0.00 0.98

1.05 0.961 0.961 0.061 0.00 0.98

1.10 0.961 0.960 0.062 −0.01 0.99Table 5.12: Toy study results for τ(B0
s )/τ(B0

d) for �ts with a wrong signal frationfor B0
s → K+K−. Default is 1.00.

sf(B0
s → K+K−) true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

0.90 1.500 1.499 0.030 −0.04 1.00

0.95 1.500 1.499 0.030 −0.05 1.00

1.00 1.500 1.499 0.030 −0.06 1.00

1.05 1.500 1.499 0.029 −0.06 1.00

1.10 1.500 1.499 0.029 −0.06 1.00Table 5.13: Toy study results for τ(B0
s → K+K−) for �ts with a wrong signal fra-tion for B0

s → K+K−. Default is 1.00.
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5 Lifetime Measurements in Two-Body B and D Deays
ǫ true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

1 × 10−1 1.530 1.530 0.015 0.01 1.00

3 × 10−2 1.530 1.530 0.015 0.01 1.01

1 × 10−2 1.530 1.530 0.015 0.01 1.01

3 × 10−3 1.530 1.530 0.015 0.01 1.01

1 × 10−3 1.530 1.530 0.015 0.01 1.01Table 5.14: Toy study results for τ(B0
d) for the variation of the �tter parameter ǫ.Default is ǫ = 1 × 10−2.

ǫ true value avg. result avg. error pull mean pull width
1 × 10−1 0.961 0.961 0.061 0.00 0.98

3 × 10−2 0.961 0.961 0.061 0.00 0.98

1 × 10−2 0.961 0.961 0.061 0.00 0.98

3 × 10−3 0.961 0.961 0.061 0.00 0.98

1 × 10−3 0.961 0.961 0.061 0.00 0.98Table 5.15: Toy study results for τ(B0
s )/τ(B0

d) for the variation of the �tter param-eter ǫ. Default is ǫ = 1 × 10−2.
ǫ true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

1 × 10−1 1.500 1.499 0.030 −0.06 1.00

3 × 10−2 1.500 1.499 0.030 −0.06 1.00

1 × 10−2 1.500 1.499 0.030 −0.06 1.00

3 × 10−3 1.500 1.499 0.030 −0.06 1.00

1 × 10−3 1.500 1.499 0.030 −0.06 1.00Table 5.16: Toy study results for τ(B0
s → K+K−) for the variation of the �tterparameter ǫ. Default is ǫ = 1 × 10−2.
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B0

(s) → h+h′− EventsThis setion summarises tests that have been performed using toy MC data sets toevaluate the size of potential systemati unertainties of the lifetime �tting method.The �tting proess has been simpli�ed, as disussed in the previous setion, by �xingthe input signal frations as well as the Λ0
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(s) → h+h′− deays up to asmall unertainty [29℄. This unertainty has been modelled and applied to the templatesused in the �tter. Three senarios have been studied in addition to the default one: onewith the full bias (as shown in �gure 5.16), one with 2/3 of the bias, and one with 1/3of the bias. The δ logLK templates are among the ingredients for the signal fration�t, hene, for this study, both signal fration and lifetime �ts have been performed.The results of the tests are summarised in �gure 5.17 and tables 5.17 to 5.19. The�t results show some sensitivity to mis-alibrations of the δ logLK distribution. The163
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Figure 5.17: Toy study results for �ts with a biased δ logLK template. Default is
0.00. The dashed line indiates the average result of the default �t.

bias sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.00 1.530 1.530 0.015 0.01 1.01

0.33 1.530 1.532 0.015 0.12 0.97

0.67 1.530 1.532 0.015 0.15 0.96

1.00 1.530 1.532 0.015 0.16 0.96Table 5.17: Toy study results for τ(B0
d) for �ts with a biased δ logLK template.Default is 0.00.
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5 Lifetime Measurements in Two-Body B and D Deaysbias sale true value avg. result avg. error pull mean pull width
0.00 0.961 0.961 0.061 0.00 0.98

0.33 0.961 0.961 0.061 0.00 0.97

0.67 0.961 0.961 0.061 0.00 0.98

1.00 0.961 0.962 0.061 0.00 0.97Table 5.18: Toy study results for τ(B0
s )/τ(B0

d) for �ts with a biased δ logLK tem-plate. Default is 0.00.bias sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.00 1.500 1.499 0.030 −0.06 1.00

0.33 1.500 1.502 0.030 0.04 1.03

0.67 1.500 1.501 0.030 0.04 1.03

1.00 1.500 1.501 0.030 0.04 1.04Table 5.19: Toy study results for τ(B0
s → K+K−) for �ts with a biased δ logLKtemplate. Default is 0.00.maximal deviations from the respetive default values are taken as systemati uner-tainties.It may be expeted that the method to obtain the PID distributions from data an beimproved, e.g. by the usage of equally populated bins in the p-pT plane. Therefore, thesesystemati unertainties have the potential to be redued in the future. Eventually, astudy with the measured di�erenes between the re-weighted and the true distributionsshould be used instead of the parametrisation used here.5.2.3.2 Impat of Wrong m(B0

s → K+K−) TemplatesThe invariant mass templates are another ingredient to the signal fration �t. A salefator between 0.9 and 1.1 has been applied to the mass axis of the template for themass distribution of B0
s → K+K− events, suh that
f(mKK) → f(m0 + scale× (mKK −m0)), (5.5)where the entre of the saling, m0, has been set to the peak of the distribution suhthat its position remains unhanged. A hange of the mass sale an be expeted frommis-alibration of the magneti �eld or from misalignments suh as x translations ofthe stations of IT and OT whih are a linear funtion of their respetive z position.165
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Figure 5.18: Toy study results for �ts with a wrongly �xed m(B0
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5 Lifetime Measurements in Two-Body B and D Deays
m(B0

s → K+K−) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.90 1.530 1.528 0.014 −0.20 0.99

0.95 1.530 1.530 0.014 −0.05 0.99

1.00 1.530 1.530 0.015 0.01 1.01

1.05 1.530 1.529 0.014 −0.08 1.01

1.10 1.530 1.527 0.014 −0.20 1.01Table 5.20: Toy study results for τ(B0
d) for �ts with a wrongly �xed

m(B0
s → K+K−) sale. Default is 1.00.

m(B0
s → K+K−) sale true value avg. result avg. error pull mean pull width

0.90 0.961 0.962 0.079 −0.01 0.97

0.95 0.961 0.961 0.066 0.00 0.97

1.00 0.961 0.961 0.061 0.00 0.98

1.05 0.961 0.962 0.067 0.00 0.97

1.10 0.961 0.960 0.076 −0.05 0.97Table 5.21: Toy study results for τ(B0
s )/τ(B0

d) for �ts with a wrongly �xed
m(B0

s → K+K−) sale. Default is 1.00.
m(B0

s → K+K−) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.90 1.500 1.491 0.031 −0.32 1.02

0.95 1.500 1.497 0.029 −0.13 1.00

1.00 1.500 1.499 0.030 −0.06 1.00

1.05 1.500 1.497 0.031 −0.12 0.99

1.10 1.500 1.498 0.036 −0.07 1.01Table 5.22: Toy study results for τ(B0
s → K+K−) for �ts with a wrongly �xed

m(B0
s → K+K−) sale. Default is 1.00.
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Figure 5.19: Toy study results for �ts with varying signal frations. Default is 0.67.The dashed line indiates the average result of the default �t.5.2.3.3 Variation of the Level of Combinatorial BakgroundThe treatment of ombinatorial bakground is a entral part of the lifetime �tter (seesetion 4.3.2). Therefore, it has been studied how di�erent levels of ombinatorialbakground a�et the lifetime �tting proess. In the full mass window the level ofombinatorial bakground is estimated to amount to 1/3 of all events, whih orre-sponds to a signal fration (the sum of all exlusive hannels) of S/(S + B) = 2/3.This signal fration has been varied between 1/3 and 9/10 by varying the amount ofombinatorial bakground, i.e. by maintaining the number of signal events.The results are summarised in �gure 5.19 and tables 5.23 to 5.25. The dependenyon the level of ombinatorial bakground an be understood as the intrinsi systematiunertainty of the �tting method, sine a pure signal �t is unbiased. Given that thelevel of ombinatorial bakground an be ontrolled to some extent by varying the168



5 Lifetime Measurements in Two-Body B and D Deays
S/(S +B) true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

0.33 1.530 1.532 0.015 0.11 0.97

0.50 1.530 1.532 0.015 0.14 0.98

0.67 1.530 1.530 0.015 0.01 1.01

0.90 1.530 1.530 0.014 −0.04 1.01Table 5.23: Toy study results for τ(B0
d) for �ts with varying signal frations. Defaultis 0.67.

S/(S +B) true value avg. result avg. error pull mean pull width
0.33 0.961 0.963 0.064 0.01 0.97

0.50 0.961 0.961 0.063 −0.04 0.96

0.67 0.961 0.961 0.061 0.00 0.98

0.90 0.961 0.959 0.059 −0.06 1.00Table 5.24: Toy study results for τ(B0
s )/τ(B0

d) for �ts with varying signal frations.Default is 0.67.
S/(S +B) true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

0.33 1.500 1.501 0.030 0.01 1.00

0.50 1.500 1.500 0.030 −0.04 0.95

0.67 1.500 1.499 0.030 −0.06 1.00

0.90 1.500 1.500 0.030 0.00 1.00Table 5.25: Toy study results for τ(B0
s → K+K−) for �ts with varying signal fra-tions. Default is 0.67.
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Figure 5.20: Toy study results for �ts with varying turning point distributions. Seetext for details. Default is all 1.00. The dashed line indiates theaverage result of the default �t.mass window, a systemati unertainty of ±0.001 is assigned to all three observables.The fat that the errors are almost onstant for the di�erent levels of ombinatorialbakground underlines the high statistial power of the �tting method.5.2.3.4 Di�erent Lifetime Aeptane FuntionsIt has been disussed in setion 4.3.2.2 how the average aeptane funtions are ob-tained from data. In the standard toy MC generator the turning points de�ning theevent-by-event aeptane funtions have been generated using a Gaussian distributionwith mean 1.0 ps and width 0.1 ps for all hannels. However, as the turning points are,to �rst order, given by the lifetime biasing uts (ommon to all deays) and the angulardistributions of the traks involved, whih may di�er for di�erent deay modes, it is170



5 Lifetime Measurements in Two-Body B and D Deaysturning point mean true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄ [ps℄bg. 0.90 1.530 1.527 0.014 −0.17 0.98bg. 0.90, B0
s → K+K− 0.95 1.530 1.528 0.014 −0.18 1.02

B0
s → K+K− 0.90 1.530 1.530 0.015 −0.01 1.03all 1.00 1.530 1.530 0.015 0.01 1.01Table 5.26: Toy study results for τ(B0

d) for �ts with varying turning point distribu-tions. See text for details. Default is all 1.00.turning point mean true value avg. result avg. error pull mean pull width[ps℄bg. 0.90 0.961 0.967 0.061 0.08 0.95bg. 0.90, B0
s → K+K− 0.95 0.961 0.966 0.061 0.05 0.96

B0
s → K+K− 0.90 0.961 0.962 0.061 −0.04 0.95all 1.00 0.961 0.961 0.061 0.00 0.98Table 5.27: Toy study results for τ(B0

s )/τ(B0
d) for �ts with varying turning pointdistributions. See text for details. Default is all 1.00.not guaranteed that all turning point distributions are the same. If one distribution isdistint from all others this ats as an additional distinguishing variable leading to aquasi bakground-free �t for that partiular hannel. Therefore, the only thing to bestudied is di�erent but overlapping turning point distributions.Three senarios have been studied in addition to the default one. In all ases themean of some of the turning point distributions has been varied while the width waskept onstant. The �rst senario was produed with events where the turning pointdistribution for ombinatorial bakground had a mean of 0.90 ps. In the seond senariothe B0

s → K+K− distribution was generated with a mean of 0.95 ps, in addition to thehanges of the �rst senario. Finally, for the third senario, only the B0
s → K+K−distribution was altered from its nominal shape to a mean of 0.90 ps.The results are summarised in �gure 5.20 and tables 5.26 to 5.28. It is apparent thatthe most ritial turning point distribution is that of the ombinatorial bakground.In general, it is not surprising that the B0

d lifetime measurement is more a�etedby ombinatorial bakground than the B0
s → K+K− lifetime measurement. This isbeause the ombinatorial bakground is simulated to onsist purely of pions. Whilethis is true to a large extent, the e�et of ombinatorial bakground on theB0

s → K+K−171



5 Lifetime Measurements in Two-Body B and D Deaysturning point mean true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄ [ps℄bg. 0.90 1.500 1.500 0.030 −0.03 0.96bg. 0.90, B0
s → K+K− 0.95 1.500 1.499 0.029 −0.04 1.00

B0
s → K+K− 0.90 1.500 1.499 0.029 −0.06 0.98all 1.00 1.500 1.499 0.030 −0.06 1.00Table 5.28: Toy study results for τ(B0

s → K+K−) for �ts with varying turning pointdistributions. See text for details. Default is all 1.00.measurement might be underestimated. Therefore, a systemati unertainty due to thetreatment of the average aeptane funtions in the �tter of ±0.002 ps is assigned tothe B0
s → K+K− measurement. The value of 0.002 ps is taken as the mean betweenthe observed (and potentially underestimated) unertainty for B0

s → K+K− of 0.001 psand that for the B0
d lifetime of 0.003 ps. The other unertainties are assigned as themaximal deviations observed.5.2.3.5 Di�erent Bakground Lifetime DistributionsThe lifetime distribution for ombinatorial bakground has been simulated with a shortlived omponent of τ = 0.5 ps (relative fration 90%) and a long lived omponent of

τ = 10 ps (relative fration 10%). This roughly mathes the distribution of the full MCsimulation. The lak of a long lived omponent an potentially ause more problemsrelated to avoiding negative probability densities (see setion 4.3.2.3).In addition to the default senario, three other distributions for ombinatorial bak-ground have been studied. The �rst senario ontains a larger amount of the longlived omponent (1/3 instead of 10%). However, this is expeted not to be a realis-ti senario. The seond senario ontains a omponent with a signal-like lifetime of
τ = 1.5 ps in addition to the short and long omponents. All have a relative frationof 1/3. The third senario only ontains the short lived omponent.The results for the various senarios are summarised in �gure 5.21 and tables 5.29to 5.31. The �t results appear to be reasonably stable with respet to varying lifetimedistributions of ombinatorial bakground. The di�erenes between the `default' andthe `short only' senario are taken as systemati unertainties. Again, the B0

s → K+K−unertainty is inreased to 0.002 ps to aount for the potentially larger in�uene ofombinatorial bakground.Di�erent mass shapes for the ombinatorial bakground have not been studied. The172
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Figure 5.21: Toy study results for �ts with di�erent bakground lifetime distribu-tions. See text for details. The dashed line indiates the average resultof the default �t.
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5 Lifetime Measurements in Two-Body B and D Deaysbg. distribution true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄short, long 1.530 1.531 0.015 0.07 0.99short, medium, long 1.530 1.532 0.015 0.11 1.03short only 1.530 1.533 0.013 0.26 1.15default 1.530 1.530 0.015 0.01 1.01Table 5.29: Toy study results for τ(B0
d) for �ts with di�erent bakground lifetimedistributions. See text for details.bg. distribution true value avg. result avg. error pull mean pull widthshort, long 0.961 0.967 0.063 −0.03 0.99short, medium, long 0.961 0.962 0.063 −0.02 0.95short only 0.961 0.958 0.060 −0.09 0.97default 0.961 0.961 0.061 0.00 0.98Table 5.30: Toy study results for τ(B0
s )/τ(B0

d) for �ts with di�erent bakgroundlifetime distributions. See text for details.�at distribution is expeted to be reasonably lose to the one that will be observed indata. A hange in this distribution an e�etively be seen as a hange in the signalfration whih has been studied in setion 5.2.3.3.5.2.3.6 Impat of Wrong Proper Time ResolutionsThe nominal proper time resolution is about 40 fs. This an hange due to mis-alibrations of the detetor suh as misalignments (see setion 5.4). This setion studiesthe e�et of an inrease of the proper time resolution up to 80 fs. The values studiedhere roughly orrespond to those observed in the misalignment studies as disussedbg. distribution true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄short, long 1.500 1.499 0.030 −0.04 0.97short, medium, long 1.500 1.498 0.030 −0.09 0.96short only 1.500 1.498 0.030 −0.06 1.03default 1.500 1.499 0.030 −0.06 1.00Table 5.31: Toy study results for τ(B0
s → K+K−) for �ts with di�erent bakgroundlifetime distributions. See text for details.174
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Figure 5.22: Toy study results for �ts with wrong proper time resolutions. Thevalues are only varied in the generator while the default of 40 fs iskept in the �tter. The dashed line indiates the average result of thedefault �t.
in setion 5.4.2.3. While the input data are generated with the varied proper timeresolutions, the �tter assumes the nominal resolution of 40 fs.Figure 5.22 and tables 5.32 to 5.34 summarise the results. Sine the worsening ofthe proper time resolution due to misalignments is expeted to be at most 10%, anydeviations of the �ts with a resolution of 45 fs are taken as systemati unertainties.Despite the fat that exellent proper time resolution is less important for lifetimemeasurements, it is ruial for measurements aiming at resolving osillations in �avour-tagged B0

s deays. 175



5 Lifetime Measurements in Two-Body B and D Deaysproper time resolution true value avg. result avg. error pull mean pull width[fs℄ [ps℄ [ps℄ [ps℄
40 1.530 1.530 0.015 0.01 1.01

45 1.530 1.530 0.015 −0.01 1.00

60 1.530 1.530 0.015 0.02 0.99

80 1.530 1.531 0.015 0.05 1.00Table 5.32: Toy study results for τ(B0
d) for �ts with wrong proper time resolutions.The values are only varied in the generator while the default of 40 fs iskept in the �tter.

proper time resolution true value avg. result avg. error pull mean pull width[fs℄
40 0.961 0.961 0.061 0.00 0.98

45 0.961 0.960 0.061 −0.02 0.95

60 0.961 0.961 0.061 −0.03 0.97

80 0.961 0.962 0.061 −0.01 0.98Table 5.33: Toy study results for τ(B0
s )/τ(B0

d) for �ts with wrong proper time res-olutions. The values are only varied in the generator while the defaultof 40 fs is kept in the �tter.
proper time resolution true value avg. result avg. error pull mean pull width[fs℄ [ps℄ [ps℄ [ps℄

40 1.500 1.499 0.030 −0.06 1.00

45 1.500 1.499 0.030 −0.06 0.98

60 1.500 1.498 0.030 −0.06 0.98

80 1.500 1.499 0.030 −0.04 0.97Table 5.34: Toy study results for τ(B0
s → K+K−) for �ts with wrong proper timeresolutions. The values are only varied in the generator while the defaultof 40 fs is kept in the �tter.
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Figure 5.23: Toy study results for �ts with a wrongly �xed Λ0
b lifetime. Default is

1.00. The dashed line indiates the average result of the default �t.5.2.3.7 Impat of Wrongly Fixed Λ0
b LifetimeThe Λ0

b lifetime has been �xed in the �ts used for the systemati studies. Therefore,the impat of a wrong value of the Λ0
b lifetime has been studied. Its value has beensaled by a fator between 0.9 and 1.1 ompared to the true average value.The results are summarised in �gure 5.23 and tables 5.35 to 5.37. A strong depen-dene on the Λ0

b lifetime value is observed for all three �t parameters, strongest for the
B0

d lifetime. The Λ0
b lifetime is known to a preision of about 3% [12℄. Hene, �xingthis lifetime in the real �t would lead to a systemati unertainty of about 0.002 for allobservables. However, as the full �t did not show any bias ompared to the redued�t, no systemati unertainty is assigned.As an alternative to �xing the Λ0

b lifetime the mass window an be tightened to anupper limit of 5400 MeV/c2. This would exlude most of the events from Λ0
b deays.177



5 Lifetime Measurements in Two-Body B and D Deays
τ(Λ0

b) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.90 1.530 1.538 0.015 0.53 1.01

0.95 1.530 1.534 0.015 0.24 1.01

1.00 1.530 1.530 0.015 0.01 1.01

1.05 1.530 1.527 0.015 −0.24 1.02

1.10 1.530 1.523 0.014 −0.46 1.03Table 5.35: Toy study results for τ(B0
d) for �ts with a wrongly �xed Λ0

b lifetime.Default is 1.00.
τ(Λ0

b) sale true value avg. result avg. error pull mean pull width
0.90 0.961 0.966 0.061 0.06 0.95

0.95 0.961 0.963 0.061 0.00 0.93

1.00 0.961 0.961 0.061 0.00 0.98

1.05 0.961 0.958 0.061 −0.05 0.99

1.10 0.961 0.956 0.061 −0.09 0.97Table 5.36: Toy study results for τ(B0
s )/τ(B0

d) for �ts with a wrongly �xed Λ0
b life-time. Default is 1.00.

τ(Λ0
b) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.90 1.500 1.503 0.030 0.06 1.00

0.95 1.500 1.501 0.030 0.01 1.00

1.00 1.500 1.499 0.030 −0.06 1.00

1.05 1.500 1.497 0.030 −0.12 1.00

1.10 1.500 1.495 0.030 −0.19 1.00Table 5.37: Toy study results for τ(B0
s → K+K−) for �ts with a wrongly �xed Λ0

blifetime. Default is 1.00.
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Figure 5.24: Toy study results for �ts with a wrongly �xed 3−body lifetime. Defaultis 1.00. The dashed line indiates the average result of the default �t.In this ase, a systemati unertainty of about 0.001 would have to be assigned to allobservables aording to setion 5.2.2.1.5.2.3.8 Impat of Wrongly Fixed Three-Body LifetimeSimilarly to the previous setion, the lifetime for three-body deays has been �xed. Ithas been varied by a sale fator between 0.9 and 1.1.Figure 5.24 and tables 5.38 to 5.40 summarise the results. A similar, however weaker,dependeny ompared to the Λ0
b lifetime is observed. Again, no systemati unertaintyis assigned, as the full �t is unbiased. A tightening of the mass window to exludemost of the three-body bakground would lead to the assignment of a systemati errorof 0.001 to all �t parameters, as disussed in the previous setion.179



5 Lifetime Measurements in Two-Body B and D Deays
τ(3−body) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

0.90 1.530 1.533 0.015 0.22 0.99

0.95 1.530 1.532 0.015 0.12 1.02

1.00 1.530 1.530 0.015 0.01 1.01

1.05 1.530 1.528 0.014 −0.15 1.02

1.10 1.530 1.525 0.014 −0.36 1.04Table 5.38: Toy study results for τ(B0
d) for �ts with a wrongly �xed 3−body lifetime.Default is 1.00.

τ(3−body) sale true value avg. result avg. error pull mean pull width
0.90 0.961 0.957 0.061 −0.08 0.97

0.95 0.961 0.959 0.061 −0.03 0.98

1.00 0.961 0.961 0.061 0.00 0.98

1.05 0.961 0.962 0.061 0.00 0.94

1.10 0.961 0.964 0.061 0.03 0.96Table 5.39: Toy study results for τ(B0
s )/τ(B0

d) for �ts with a wrongly �xed 3−bodylifetime. Default is 1.00.
τ(3−body) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

0.90 1.500 1.498 0.030 −0.07 1.00

0.95 1.500 1.498 0.030 −0.06 1.00

1.00 1.500 1.499 0.030 −0.06 1.00

1.05 1.500 1.499 0.030 −0.03 1.00

1.10 1.500 1.500 0.030 −0.02 1.00Table 5.40: Toy study results for τ(B0
s → K+K−) for �ts with a wrongly �xed 3−

body lifetime. Default is 1.00.
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Figure 5.25: Toy study results for �ts with a wrongly �xed τ(B0
s → K+K−) sale.Default is 1.00. The dashed line indiates the average result of thedefault �t.5.2.3.9 Impat of Wrongly Fixed Average B0

s → K+K− LifetimeFixed values for the average signal lifetimes are used in the alulation of the averageaeptane funtions. It has been disussed in setion 4.3.2.2 that these an be updatedin a seond iteration of the �t if their values prove to be wrong in the �rst iteration.In order for this to work the dependene on wrong input values has to be su�ientlysmall. In this setion, the average B0
s → K+K− lifetime has been saled by a fatorbetween 0.9 and 1.1.The results are summarised in �gure 5.25 and tables 5.41 to 5.43. Perfet stabilityis observed suh that no systemati unertainty has to be assigned.181



5 Lifetime Measurements in Two-Body B and D Deays
τ(B0

s → K+K−) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.90 1.530 1.530 0.015 0.01 1.01

0.95 1.530 1.530 0.015 0.01 1.01

1.00 1.530 1.530 0.015 0.01 1.01

1.05 1.530 1.530 0.015 0.01 1.01

1.10 1.530 1.530 0.015 0.01 1.00Table 5.41: Toy study results for τ(B0
d) for �ts with a wrongly �xed τ(B0

s → K+K−)sale. Default is 1.00.
τ(B0

s → K+K−) sale true value avg. result avg. error pull mean pull width
0.90 0.961 0.961 0.061 0.00 0.98

0.95 0.961 0.961 0.061 0.00 0.98

1.00 0.961 0.961 0.061 0.00 0.98

1.05 0.961 0.961 0.061 0.00 0.98

1.10 0.961 0.961 0.061 0.00 0.98Table 5.42: Toy study results for τ(B0
s )/τ(B0

d) for �ts with a wrongly �xed
τ(B0

s → K+K−) sale. Default is 1.00.
τ(B0

s → K+K−) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄
0.90 1.500 1.499 0.030 −0.06 1.00

0.95 1.500 1.499 0.030 −0.06 1.00

1.00 1.500 1.499 0.030 −0.06 1.00

1.05 1.500 1.499 0.030 −0.06 1.00

1.10 1.500 1.499 0.030 −0.06 1.00Table 5.43: Toy study results for τ(B0
s → K+K−) for �ts with a wrongly �xed

τ(B0
s → K+K−) sale. Default is 1.00.
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Figure 5.26: Toy study results for �ts with a wrongly �xed τ(bg) sale. Default is
1.00. The dashed line indiates the average result of the default �t.5.2.3.10 Impat of Wrongly Fixed Average Bakground LifetimeSimilar to the previous setion, the values for the average lifetimes of ombinatorialbakground omponents have been varied. The variation is again given by a sale fatorbetween 0.9 and 1.1.Figure 5.26 and tables 5.44 to 5.46 summarise the results. In this ase, a rather strongdependeny is observed, partiularly for the B0

d lifetime measurement. However, withthe size of the bakground sample used in the toy experiments of this study it shouldbe feasible to measure the bakground lifetime distribution to about 1% statistialpreision. Using a seond iteration of the �t, this would lead to a redued dependeny.Hene, a systemati unertainty of only 0.001 ps is assigned to the two diret lifetimemeasurements while no unertainty is assigned to the lifetime ratio measurement.183



5 Lifetime Measurements in Two-Body B and D Deays
τ(bg) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

0.90 1.530 1.520 0.014 −0.72 1.03

0.95 1.530 1.525 0.014 −0.34 1.02

1.00 1.530 1.530 0.015 0.01 1.01

1.05 1.530 1.534 0.015 0.30 1.02

1.10 1.530 1.538 0.015 0.55 1.00Table 5.44: Toy study results for τ(B0
d) for �ts with a wrongly �xed τ(bg) sale.Default is 1.00.

τ(bg) sale true value avg. result avg. error pull mean pull width
0.90 0.961 0.960 0.061 −0.05 0.96

0.95 0.961 0.961 0.061 0.00 1.00

1.00 0.961 0.961 0.061 0.00 0.98

1.05 0.961 0.960 0.061 −0.01 0.98

1.10 0.961 0.960 0.061 −0.02 0.97Table 5.45: Toy study results for τ(B0
s )/τ(B0

d) for �ts with a wrongly �xed τ(bg)sale. Default is 1.00.
τ(bg) sale true value avg. result avg. error pull mean pull width[ps℄ [ps℄ [ps℄

0.90 1.500 1.501 0.030 0.03 0.99

0.95 1.500 1.500 0.030 −0.01 0.99

1.00 1.500 1.499 0.030 −0.06 1.00

1.05 1.500 1.498 0.030 −0.08 1.00

1.10 1.500 1.497 0.030 −0.11 1.01Table 5.46: Toy study results for τ(B0
s → K+K−) for �ts with a wrongly �xed τ(bg)sale. Default is 1.00.
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5 Lifetime Measurements in Two-Body B and D Deays
τ(B0

d) [ps℄ τ(B0
s )/τ(B

0
d) τ(B0

s → K+K−) [ps℄statistial unertainty 0.015 0.061 0.030soure of systemati unertainty
δ logLK templates 0.002 0.001 0.003

m(B0
s → K+K−) template 0.001 0.001 0.002ombinatorial bakground level 0.001 0.001 0.001avg. lifetime aeptane funtions 0.003 0.006 0.002bakground lifetime shape 0.003 0.003 0.002misalignments/ proper time error 0.000 0.001 0.000

Λ0
b lifetime 0.000 0.000 0.000three-body lifetime 0.000 0.000 0.000average B0

s → K+K− lifetime 0.000 0.000 0.000average bakground lifetime 0.001 0.000 0.001total 0.005 0.007 0.005Table 5.47: Summary of systemati unertainties disussed in this setion.5.2.3.11 Summary of Systemati UnertaintiesThe systemati unertainties studied and disussed in the previous setions are sum-marised in table 5.47. The dominant unertainty for the B0
s → K+K− lifetime mea-surement is the knowledge of the δ logLK template. Variations in the average lifetimeaeptane funtions are another major soure of systemati unertainties (dominantfor the B0

d lifetime and the lifetime ratio measurement). Future improvements in themethod of extrating the average lifetime aeptane funtions and eventually theknowledge of the atual distributions observed in data will allow a more reliable as-sessment of this unertainty.The last signi�ant soure of systemati unertainties is the lifetime shape of the om-binatorial bakground. This essentially desribes the quality of the method of treatingombinatorial bakground developed for this �tter (see setion 4.3.2). Also here, theknowledge of the real distribution from data will allow a more reliable estimation ofthe systemati unertainty.The only soures of systemati unertainties whih an be expeted to have a signi�-ant orrelation are the level of ombinatorial bakground and the shape of the lifetimedistribution of ombinatorial bakground. As the unertainty assigned to the �rst issmall this orrelation is ignored and all unertainties are added in quadrature. The185



5 Lifetime Measurements in Two-Body B and D Deaystotal systemati unertainties are given in table 5.47.Using the �t results quoted in table 5.4 and the systemati unertainties given intable 5.47 a �t of a data sample equivalent to an integrated luminosity of 0.1 fb−1would yield the following result:
τ(B0

d) = (1.530 ± 0.015stat. ± 0.005syst.) ps

τ(B0
s )/τ(B

0
d) = 0.961 ± 0.061stat. ± 0.007syst.

τ(B0
s → K+K−) = (1.498 ± 0.030stat. ± 0.005syst.) ps. (5.6)The studies presented here estimate the e�ets of one level of lifetime biasing seletionuts and their orretion within the lifetime �tting method. However, there are severallevels of seletions in the LHCb data taking, i.e. at trigger level and during the o�-lineseletion. The seletions are similar and so should be their systemati e�ets. Butas the lifetime aeptane has to be evaluated for all seletion levels, some systematiunertainties may be slightly larger for the full �t. Sine the aeptanes should mostlyoverlap, it is expeted that the hange in the systemati unertainties is small, whihis therefore ignored at this stage.The measurement of ∆Γs in the SM senario, as disussed in setion 5.1.1, wouldhave roughly the same relative unertainty as τ(B0

s → K+K−). Hene, the size ofthe data set studied here would be su�ient to math the preision expeted forthe TeVatron experiments at 9 fb−1 (see setion 5.1.3). To ahieve a measurementof τ(B0
s → K+K−) with a preision of 0.8%, su�ient for a 5σ measurement of ∆Γsassuming ∆Γs/Γs=0.10, a data sample of 0.7 fb−1 is needed. Aording to the urrentLHC running senarios suh a data sample would be available in 2011. The next setiondisusses opportunities for interesting measurements with early data.5.3 Early Physis MeasurementsLifetime measurements using B0

(s) → h+h′− events require a reasonably long periodof data taking in order to aquire a sample of su�ient size for measurements withsensitivity to New Physis. However, while B physis is learly the main priorityat LHCb, also deays of other partiles an be studied. The ross-setion for theprodution of cc pairs is about �ve times higher than that for produing bb pairs.Hene, D mesons are produed in abundane at the LHC. The deays of D0 mesonsinto two harged hadrons have been studied due to their similarity to B0
(s) → h+h′−deays. 186



5 Lifetime Measurements in Two-Body B and D DeaysCut type Cut value
(IP/σ(IP ))h > 4

ph
T in GeV/c > 0.5

ph in GeV/c > 5

pD
T in GeV/c > 1.5

LD/σ(LD) > 4

(IP/σ(IP ))D < 3

χ2(vertex) < 10

cos θ > 0.99993Table 5.48: Cuts for the seletion of D0 → h+h′− events using the full reonstru-tion on events that have passed the trigger.
D0 → h+h′− deays have higher branhing ratios than their B partners, howeverwith larger di�erenes among them. The most abundant is the Cabibbo allowed deay

D0 → π+K− with a branhing ratio of about 4% [12℄. The same mode with the hargeonjugate �nal state (D0 → K+π−) is doubly Cabibbo suppressed and has a branhingratio of roughly 0.015%. Finally, the two modes with two hadrons of the same �avourare singly Cabibbo suppressed and have branhing ratios of 0.4% (D0 → K+K−) and
0.14% (D0 → π+π−), respetively.Several observables that are aessible via lifetime measurements in D0 → h+h′−deays have been introdued in setion 1.5. It has been pointed out that these mea-surements as well as others in the harm setor have a high potential for revealing NewPhysis [82℄.5.3.1 Seleting Prompt D0 → h+h′− EventsThe �rst seletion of prompt D0 → h+h′− events in LHCb has been designed for thestudies presented here. It follows the seletion for B0

(s) → h+h′− events. All uts apartfrom the one on the transverse momentum of the mother partile have been loosenedsine the D has a shorter lifetime ompared to the B and the daughter traks arryless momentum. One ut has been added to suppress the ontamination from true
D deays originating from B deays: as the B deays into at least one other partilewhen deaying into a D, the diretion of �ight of the D usually di�ers from that of the
B and hene does not point towards the PV. Therefore, a powerful ut is that on theangle θ between the D momentum and the line onneting the D deay vertex withthe PV. 187



5 Lifetime Measurements in Two-Body B and D Deays

)0(Dθcos
0.9999 0.99992 0.99994 0.99996 0.99998 1

a.
u.

1

10

210

) in MeV/c0(D
T

p
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

a.
u.

0

100

200

300

400

500

600

700

800

Figure 5.27: Distributions for cos θ(D0) (left) and pT (D0) (right) for D0 → π+K−events (red, solid line) and ombinatorial bakground (blak, dashedline).The ut values are summarised in table 5.48. The uts on the transverse momentumof the mother partile and on cos θ are not very e�ient for the signal hannels, howeverthey were found to be very powerful in suppressing bakground (see �gure 5.27). Dueto the abundane of D deays in LHCb suh a tight seletion still results in high signalrates with very low bakground rates.Figure 5.28 shows the invariant mass distribution after the D0 → h+h′− seletion hasbeen applied to a sample of about 1.8 million minimum bias events that have passedthe L0 trigger. The events have been reonstruted under the hypothesis that thepositive trak has the mass of a harged pion while the negative is a harged kaon.Exellent separation between signal and bakground is ahieved despite the fat thatno PID information has been exploited at this point. Within ±25 MeV/c2 around thenominal D0 mass, 151 signal events are reonstruted and 39 events are identi�ed tobe bakground.Unlike B0
(s) → h+h′−, the mass of harged kaons is assigned to both partiles whenalulating the invariant mass for all further studies. Compared to the π+K− hypoth-esis it has the advantage that it does not suppress the respetive harge-onjugatedeays, i.e. in K+π−. The distributions for D0 → K+K− and D0 → K+π− deaysare lose together to allow a tight mass window, while still being separated due tothe good mass resolution of roughly 8 MeV/c2. The disadvantage of using the K+K−hypothesis (whih is also why it is not used for measurements involving B0

s → K+K−)is that three-body deays into �nal states involving partiles lighter than kaons anbe reonstruted with invariant masses inside the mass window. One possibility tofurther suppress bakground, whih has not been exploited, is to apply a ut on the188



5 Lifetime Measurements in Two-Body B and D Deays
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5 Lifetime Measurements in Two-Body B and D Deays
Channel BR in % fration in mass window in % BReff in %

D0 → K−π+π0 14 2.16 0.30

D0 → K−e+ν 3.6 6.92 0.25

D0 → K−µ+ν 3.3 6.76 0.22

D0 → KSπ
+π− 3 0 0.00

D+ → (K−π+)π+ 9 1.9 0.17

D+ → (K−π+)e+ν 4 0.26 0.01

D+ → (K−π+)µ+ν 4 0.05 0.00

D+ → K+(K−π+) 1 0 0.00total 0.95Table 5.49: Contributions from three-body bakground reonstruted under the
K+K− mass hypothesis. BReff denotes the e�etive BR inside themass window. The brakets for the D+ deays denote the partiles thathave been used to alulate the invariant mass.

Channel BR in % BReff in % Frequeny to tape in Hz

D0 → π+K− 4 2.4 20

D0 → K+K− 0.4 0.4 3.3

D0 → π+π− 0.14 0.0 0three-body 1.2 10Table 5.50: Estimated yields for two-body and three-body D deays. BReff is de�nedas in table 5.49.
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5 Lifetime Measurements in Two-Body B and D Deaysing the mass window as desribed in table 5.48. The three-body ontribution has beenslightly inreased ompared to the study presented above to be onservative. Othermodes whih have been negleted here for this initial study but whih have to be in-luded in a full simulation study are deays of the D±
s meson, e.g. into K+K−π± or

π+π−π±.5.3.2 Lifetime Measurements with D0 → h+h′− EventsLifetime measurements withD0 → h+h′− events o�er several opportunities for interest-ing measurements. The earliest aessible quantity is yCP whih, as de�ned in equation1.90, an be measured through a lifetime ratio measurement of D0 → π+K− and
D0 → K+K− events.The �tter desribed in this and the previous hapter forB0

(s) → h+h′− events has beenadapted for D0 → h+h′− events. The �t parameters are the D0 → π+K− lifetime, yCP ,and a lifetime assigned to the bakground from three-body D deays. New templateshave been obtained to desribe the invariant mass distributions.The templates for δ logLK where taken from the B0
(s) → h+h′− studies. Eventually,the PID templates will be obtained from D deays diretly as they an be seleted ina lean way. For the simulation studies presented here, the impat of the di�erenesbetween the PID templates for D and B on the lifetime �ts should be negligible.5.3.2.1 Bakground from Seondary D DeaysAn additional ompliation, ompared to the �t to B0

(s) → h+h′− events, arises from Ddeays for whih the D does not originate from the PV. Sine most B deays involvea D meson in their deay hain this bakground is a priori very high. The uts whihensure the D diretion of �ight to be ompatible with an origin at the PV suppress thebakground from seondary D deays. However, for small B lifetimes or for D deaysin the diretion of �ight of the B mesons, seondary D deays are an indistinguishablebakground.The �tter has to be adapted to aount for the double deay hain of seondary Dmesons. Therefore, the PDF for a simple partile deay,
f(t) =

1

τ
e−t/τ , (5.7)has to be replaed by the onvolution of two exponential deay funtions

f(t) =
1

τB − τD

(
e−t/τB − e−t/τD

)
. (5.8)191



5 Lifetime Measurements in Two-Body B and D DeaysThis model has been tested to be unbiased with a sample of pure seondary D deays.The assumption that allows this simple extension of the formalism is that both deaysour in the same diretion suh that the total measured distane of �ight is the sumof the �ight distanes of the B and the D mesons.One aveat arises from the fat that lifetimes annot be measured diretly. It hasbeen disussed previously that the lifetime may be replaed by the ratio of lifetimeand mass, whih leaves the ratio of �ight distane and momentum as a measurableobservable (see setion 5.1.5). However, in this ase only the D momentum is knownand furthermore it is not lear whih part of the �ight distane belongs to the B andwhih to the D. If the overall assumption of the sum of two exponential deays remainsvalid for the quantity (LB + LD)/pD, this formula an still be used sine there is nophysis interest in either of the lifetimes. Alternatively, one an attempt to reonstrutthe deay hain B → D∗(Dπ)X, whih would allow a splitting of the distane of �ightby using the D∗ vertex.Using the 151 signal events seleted from the MC sample mentioned in setion 5.3.1it has been found that the remaining bakground due to seondary D deays amountsto about 10% of the seleted events. This fration has been �xed to its orret valuein the �tter.5.3.2.2 Toy Monte Carlo Studies with D0 → h+h′− EventsThe sensitivity to yCP has been evaluated using a toy MC study. 1000 data sets havebeen generated with 125k events eah. The 125k events split up into 42k ombinatorialbakground, and 83k signal events whih are split aording to table 5.50. This data setis equivalent to some 40 minutes of data taking under nominal experimental onditionsor to an integrated luminosity of 0.5 pb−1.The �tter �rst �ts the signal frations whih were then used as input to the lifetime�t. The three-body lifetime has been �xed to its true average input value suh that the
D lifetime, obtained from D0 → π+K− deays, and yCP , obtained from D0 → K+K−deays, were left as free parameters.The result of a typial signal fration �t is shown in �gure 5.29. The χ2 desribingthe agreement between �t model and input data is 103 for 100 ontributing entries.The large �utuations in the template for D → 3−body deays are due to low statistisat this extreme upper end of the mass distribution. No larger sample was generated asthis study has to be repeated with full MC simulation for the three-body deays. The�t results of the signal fration �tter are unbiased.192
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Figure 5.29: Result of a D0 → h+h′− signal fration �t. The upper plot shows thegenerated distribution as rosses (MC) and the umulative distribu-tions of the model using the �tted signal frations as shaded areas.The lower plot shows the di�erene per bin divided by the statistialerror of the data sample.
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5 Lifetime Measurements in Two-Body B and D Deays
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5 Lifetime Measurements in Two-Body B and D DeaysAn example for a lifetime �t result is shown in �gure 5.30. The χ2 desribing theagreement between �t model and input data is 123 for 149 ontributing entries.In the full study, the D lifetime was measured on average as 0.593 ps with an averageunertainty of 0.004 ps. The input value was 0.500 ps. yCP was determined as 0.057with an error of 0.017 and an input value of 0.060.The large bias is due to the ontamination from seondary D deays. They are notdistinguished from prompt D deays in the �tter suh that every event is treated ashaving a 90% probability of being prompt and a 10% probability of being a seondary
D deay. The biases originating from the prompt being treated as seondary and vieversa do not anel. This results in the overall bias reported above.5.3.2.3 Prospets for D Lifetime Measurements at LHCbThe presene of seondary D deays is a hallenge for lifetime measurements withprompt D deays. It is beyond the sope of this thesis to study lifetime �tting withprompt D deays in more detail. However, a few remarks are given below on how todeal with this bakground.Key to a suessful �t with prompt D deays is a way to distinguish deays of Dmesons from the PV from those originating in B deays. Any variable used for thispurpose will have to exploit the fat that D mesons from B deays are not bound topoint bak to the PV. Hene, one possible variable for a distintion on a statistialbasis is the impat parameter of the D meson. Suh a tehnique has already beensuessfully exploited by the CDF ollaboration [83℄.Figure 5.31 shows the IP distribution of the D mesons for prompt and seondary
D0 → h+h′− deays after a redued seletion. The two distributions learly di�er whihallows their exploitation for the statistial distintion of the two samples. The mainaspet to be studied is the need for relaxation of seletion uts, partiularly the ut on
cos θ, in order to have aess to this distribution. This an have impliations on theassumption that B and D �y in the same diretion when alulating the onvolutedPDF (see equation 5.8).A possible way of suppressing seondary D deays is by reonstruting the deayhain D∗ → Dπs, where πs denotes a slow pion. Requiring that the D∗ vertex is inagreement with the PV an suppress D∗ deays from detahed verties. However, itremains to be studied whether the slow pion an be reonstruted with high e�ienyamong the numerous traks oming from the PV. Furthermore, the vertex resolutionof the D∗ deay is rather poor due to the low momentum pion. Therefore, it needs to195



5 Lifetime Measurements in Two-Body B and D Deays
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Figure 5.31: D0 IP distribution for prompt (red, solid line) and seondary (blak,dashed line) D0 → h+h′− deays.be evaluated whether the suppression of seondary bakground outweighs the loss instatistis due to the additional onstraints.A toy study similar to the one reported above has been performed to estimate theimprovement neessary to ahieve a preise measurement of yCP . The fration of se-ondary D deays has been redued from 10% to 1% while all other settings have beenkept. With the same input values the average D lifetime result is 0.514 ps with an errorof 0.002 ps. The result for yCP is 0.056 with an average error of 0.014. This shows thatthe bias is signi�antly redued, however, still present. Hene, a statistial treatmentof prompt and seondary D deays is mandatory.The latest HFAG average for yCP has an unertainty of 0.0026 [12℄. To reah thislevel of sensitivity, the unertainty quoted above of 0.017 has to be redued by atleast a fator of 7. Hene, the size of the data sample neessary for this measurementis equivalent to only about 30 pb−1. This data sample is urrently expeted to beavailable in 2010.5.4 Impat of Misalignments On Measurements withTwo-Body DeaysAn aurate and e�ient traking system is of ruial importane to the suess ofthe LHCb experiment. The alignment of the traking system is of great importane,as misalignments potentially ause losses in traking e�ienies and, hene, physis196



5 Lifetime Measurements in Two-Body B and D Deaysperformane.First studies of the deterioration of the LHCb traking and (software) trigger per-formane due to residual misalignments in the Vertex Loator (VELO) were disussedin [84℄ 2. A study of the onsequenes of a misaligned Outer Traker on the signal andbakground separation of B0
(s) → h+h′− deays an be found in [85℄.Here, the e�ets of misalignments of both the Vertex Loator and the traking T-stations on the analysis of the B0

(s) → h+h′− deays are investigated. The e�ets onthe pattern reognition performane, and also on the event seletion e�ienies andreonstrution performane are desribed.The next setion details the implementation of misalignments and the data samplesused for the study. Setion 5.4.2 presents the impat of random misalignments of thetraking detetors on the analysis of B0
(s) → h+h′− deays. Setion 5.4.3 presents theimpat of z-saling e�ets in the VELO.5.4.1 Implementation of Misalignments5.4.1.1 Misalignment SalesThe e�ets of misalignments are assessed in this setion as a funtion of their magni-tude. No assumptions are made based on the quality of the metrology or the expetedperformane of the alignment algorithms.The misalignment e�ets are looked at as a funtion of a �misalignment sale�. Thesales were hosen to be roughly 1/3 of the detetor single-hit resolution � alled �1σ�.Misalignments were then applied to eah VELO module and sensor, eah IT box andOT layer following a Gaussian distribution with a sigma orresponding to the 1σ values(see table 5.51).For eah sub-detetor 10 sets of suh 1σ misalignments were generated, to avoid anypotentially �friendly� or �atastrophi� set of misalignments. Likewise, this proedurewas repeated with the reation of 10 similar sets for eah VELO module and sensorand eah IT box and OT layer with misalignment sales inreased by fators of 3 (3σ)and 5 (5σ).Eah of these 10 misalignment sets were implemented and stored in dediated (on-ditions) databases. In total 9 databases were produed, orresponding to the 1σ, 3σand 5σ misalignments for the VELO, IT and OT detetors.2Note that these studies relate to a rather old and obsolete version of the trigger.197



5 Lifetime Measurements in Two-Body B and D DeaysDetetor Translations (µm) Rotations (mrad)
∆x ∆y ∆z Rx Ry RzVELO modules 3 3 10 1.00 1.00 0.20VELO sensors 3 3 10 1.00 1.00 0.20IT boxes 15 15 50 0.10 0.10 0.10OT layers 50 0 100 0.05 0.05 0.05Table 5.51: Misalignment �1σ� sales for the VELO modules and sensors, the ITboxes and OT layers.

5.4.1.2 Data SamplesThe study was performed with a 20 k sample of B0
d → π+π− events3 for eah senario:

• perfet alignment (denoted 0σ in the rest of the note);
• 1σ, 3σ, and 5σ misalignments for the following ases:� VELO misalignments,� IT and OT misalignments,� and misalignments of VELO, IT and OT.Eah 20 k sample onsists in reality of 10 sub-samples of 2 k events, eah of whih wasproessed with a di�erent one of the 10 sets of a partiular misalignment senario. Inaddition, the e�ets of a systemati hange in the VELO z-sale have also been studied.5.4.1.3 Event ProessingAll the events were generated and digitized with a perfet geometry (Gauss genera-tion program version v25r8 and Boole digitization program version v12r10). Startingalways from the same digitized data samples, the misalignments were only introduedat reonstrution level, where pattern reognition, trak �tting, primary vertexing andpartile identi�ation are performed. The version v32r2 of the Brunel reonstrutionsoftware was used for this task. The physis analysis was later performed with theDaVini program version v19r9.3For the sake of simpliity only one of the B0

(s) → h+h′− family of deays was onsidered, as theirdi�erent �nal states and B-mother are not relevant in the present study.198



5 Lifetime Measurements in Two-Body B and D Deays5.4.2 Impat of Random MisalignmentsThe e�ets of misalignments of the traking detetors have been studied separatelyfor VELO and T-stations as well as for their ombination. It was found that thee�ets learly split into those due to VELO misalignments and those due to T-stationmisalignments. Therefore, only the results of ombined misalignments are presentedbelow with remarks as to whih sub-detetor dominates the partiular e�et. A detailedaount of the e�ets of the individual sub-detetor misalignments is given in referene[86℄.5.4.2.1 E�et on the Pattern ReognitionOne the misalignments are introdued at the reonstrution level, as explained insetion 5.4.1, their e�ets need to be studied both on the pattern reognition (trak�nding e�ienies) and on the event seletion (e�ieny for �nding the orret deay).The pattern reognition algorithms4 onsidered are the ones that �nd:
• traks in the VELO detetor in r-z and 3D-spae. The algorithms are hereafterdenoted by VeloR and VeloSpae, respetively;
• traks that traverse the whole LHCb detetor (alled �long traks�). The twoexisting long traking algorithms are hereafter denoted Forward and Mathing.In table 5.52 the VeloR, VeloSpae, Forward and Mathing pattern reognitione�ienies for all long traks in the event with no momentum ut applied at seletionlevel are shown for the 0σ, 1σ, 3σ and the 5σ senarios. For the set of misalignmentsonsidered there is a relative loss of 8.6% for the Forward e�ieny and of 12.9%for the Mathing e�ieny between the 0σ and the 5σ ase. These numbers roughlyorrespond to the ombined losses due to the misalignments applied independentlyin the VELO and in the T-stations, shown in the previous subsetions. The loss ofe�ieny in the Forward pattern reognition is dominated by VELO misalignments asthe method is based on extrapolatingVELO traks. As the Mathing method ombinestrak seeds from both VELO and T-stations with similar extrapolation it is no surprisethat misalignments in both sub-detetors ontribute in roughly equal amounts.5.4.2.2 E�et on the Event SeletionIn table 5.53 the number of seleted events is shown for the di�erent misalignmentsenarios of both the VELO and the T-stations. If only the T-stations misalignments4For more details about the de�nitions of the pattern reognition e�ienies see [87℄.199



5 Lifetime Measurements in Two-Body B and D DeaysMisalignment VeloR VeloSpae Forward Mathingsenario e�ieny (%) e�ieny (%) e�ieny (%) e�ieny (%)0σ 98.0 ± 0.1 97.0 ± 0.1 85.9 ± 0.2 81.1 ± 0.21σ 98.0 ± 0.1 96.8 ± 0.1 85.6 ± 0.2 80.8 ± 0.23σ 98.0 ± 0.1 94.3 ± 0.4 83.3 ± 0.5 77.3 ± 0.75σ 97.8 ± 0.2 90.1 ± 1.7 78.5 ± 1.8 70.6 ± 1.9Table 5.52: VeloR, VeloSpae, Forward and Mathing pattern reognition e�ien-ies for various misalignment senarios of both the VELO and the T-stations.
are onsidered, the loss in the number of seleted events amounts to 4.2%, while inthe VELO ase, the loss in number of seleted events amounts to 73.9%. It an beonluded that the 75.6% loss in number of seleted events, here seen in the worst-asesenario, is mostly due to losses indued by misalignments in the VELO.Studies with VELO misalignments only have shown that the variables that are af-feted most strongly are the B impat parameter signi�ane followed by the B deayvertex χ2 (see �gure 5.32). The daughter impat parameter signi�ane uts showedvisible e�ets while the other ut variables appeared to be robust against misalign-ments. It should be kept in mind that although the e�ets of misalignments on theperformane of the partile identi�ation have not been studied here, the latter isexpeted to be in�uened mainly by T-stations misalignments.Misalignment Number ofsenario seleted events0σ 4141 (100%)1σ 3807 (91.9%)3σ 2041 (49.3%)5σ 1009 (24.4%)Table 5.53: Number of seleted events after running the B0

(s) → h+h′−seletion forthe di�erent misalignment senarios of both the VELO and the T-stations onsidered.
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5 Lifetime Measurements in Two-Body B and D Deays
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5 Lifetime Measurements in Two-Body B and D Deays5.4.2.3 E�et on ResolutionsIn �gures 5.33 and 5.34 the B0 daughters' momentum, B0 mass and proper time, andprimary vertex and B0 vertex resolutions are shown for the 0σ, 1σ, 3σ and 5σ ases.The values of the resolutions (the sigmas of single-Gaussian �ts) are summarised intables 5.54 and 5.55.
Momentum Mass Proper timeMisalignment resolution resolution resolutionsenario (%) (MeV) (fs)0σ 0.49 22.5 37.71σ 0.50 22.3 40.93σ 0.56 25.1 58.05σ 0.63 25.5 78.6Table 5.54: Values of the resolutions on the daughters' momentum, the B0 massand the B0 proper time for the di�erent misalignment senarios of boththe VELO and the T-stations. The resolutions orrespond to the sigmasof single-Gaussian �ts. The errors on all resolutions are around 1-1.5%.

Comparing these results with the ones obtained for independent misalignments of theVELO and of the T-stations, it an be seen that while VELO misalignments stronglyin�uene the primary and the B0 vertex resolutions, and onsequently the propertime resolution, T-stations misalignments have an e�et on the daughters' momen-tum resolution and therefore on the B0 mass resolution. Both misalignments haveomplementary e�ets.Finally, the e�et of misalignments on the B proper time has been studied (seetable 5.56). �gure 5.35 shows the distribution of the proper time error for the variousmisalignment senarios as well as the respetive pull distributions. A bias is observedin the estimation of the proper time, and the proper time errors are under-estimated.The degradation seen here is dominated by the misalignments in the VELO.202



5 Lifetime Measurements in Two-Body B and D Deays
Misalignment Primary vertex B0 vertexsenario ( resolutions µm) resolutions (µm)

x y z x y z0σ 9 9 41 14 14 1471σ 10 10 48 15 15 1593σ 14 17 84 20 21 2145σ 23 27 153 26 31 260Table 5.55: Values of the position resolutions on the primary and the B0 deayverties for the di�erent misalignment senarios of both the VELO andthe T-stations. The errors on all resolutions are around 1-2 %.

Misalignment senario Mean Sigma0σ 0.06 ± 0.02 1.14 ± 0.011σ 0.05 ± 0.02 1.22 ± 0.023σ 0.11 ± 0.04 1.63 ± 0.035σ 0.15 ± 0.07 2.10 ± 0.06Table 5.56: Values for the mean and sigma of the proper time pulls for the di�erentmisalignment senarios of both the VELO and the T-stations.
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Figure 5.33: E�et of VELO and T-stations misalignments on the resolutions in (a)momentum of the daughter pions, in (b) B0 invariant mass and in ()
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5 Lifetime Measurements in Two-Body B and D Deays
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Figure 5.34: E�et of VELO and T-stations misalignments on the resolutions ofthe (a) primary vertex and (b) the B0 vertex. The plots show from topto bottom the x, y, and z omponent of the vertex resolutions. Thevarious line styles are as explained in �gure 5.32.
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5 Lifetime Measurements in Two-Body B and D Deays5.4.3 Impat of a Systemati VELO z-SalingIn addition to studying the e�ets of random misalignments, the hange of the VELO
z-sale has been examined. This is of partiular interest to lifetime measurements asit potentially diretly introdues a bias in the measured proper time.A z-saling e�et ould be expeted from an expansion due to temperature varia-tions of the VELO omponents, partiularly the Aluminium base plate onto whih theindividual modules are srewed. However, the base plate is kept onstant at 20◦C byadditional loal heating. In addition, the saling should be limited by the arbon-�breonstraint system that keeps the modules in plae with a preision of 100 µm and whihis less prone to temperature-indued expansion given its material5.To assess the in�uene of an inorret knowledge of the VELO z-sale, four senarioswith di�erent z-sales have been simulated and studied. For eah senario the z-position of eah module has been hanged aording to the equation

zmodule → zmodule · (1 + scale), (5.9)where scale takes the four values 1
3
10−4, 10−4, 1

3
10−3, and 10−3 for the four senarios,respetively.5.4.3.1 E�et on the Pattern ReognitionThe �rst quantities to be studied with a hanged VELO z-sale were the patternreognition e�ienies. As shown in table 5.57 no deterioration has been observed upto a hange in the z-sale of 1/3× 10−3. This is expeted for the VELO-based patternreognitions as a z-saling e�etively only hanges the trak slopes. For the largest

z-saling under study small losses in the VELO-based pattern reognition e�ieniesare observed. These also propagate to the Forward and Mathing e�ienies.5.4.3.2 E�et on the Event SeletionWhen studying the in�uene of various z-sales on the event seletion the situationobserved for the pattern reognition performanes repeats itself. The overview of thenumber of seleted events is given in table 5.58. The �rst four sales under study showonly a minor loss in the number of seleted events, while a relative loss of about 20%5A onservative estimate using a temperature hange of 10 K yields a saling in the z-diretion of
2× 10−5. The 10 K is estimated as a maximal hange in the temperature of the onstraint systemas it has a large area ontat to the base plate at 20◦C and only a small ross-setion with theVELO modules at about −5◦C. 206



5 Lifetime Measurements in Two-Body B and D Deays
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Figure 5.35: E�et of VELO and T-stations misalignments on (a) the B0 propertime error and (b) on the pull distribution of the B0 proper time. Thevarious line styles are as explained in �gure 5.32.
z-sale VeloR VeloSpae Forward Mathinge�ieny (%) e�ieny (%) e�ieny (%) e�ieny (%)
1.00000 98.0 97.0 85.9 81.1
1.00003 98.0 97.0 85.9 81.2
1.00010 98.0 97.0 85.9 81.2
1.00033 98.0 96.8 85.7 81.0
1.00100 96.5 94.3 83.8 79.0Table 5.57: VeloR, VeloSpae, Forward and Mathing pattern reognition e�ien-ies for the various VELO z-saling misalignment senarios.
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5 Lifetime Measurements in Two-Body B and D Deaysis observed for the largest z-sale. As for the studies in the previous hapters, this isdue to a worsening in the resolution of the various ut parameters, where partiularlythe VELO-related quantities have shown great sensitivity.
z-sale Number ofseleted events
1.00000 4141 (100.0%)
1.00003 4137 (99.9%)
1.00010 4142 (100.0%)
1.00033 4063 (98.1%)
1.00100 3273 (79.0%)Table 5.58: Number of seleted events after running the B0

(s) → h+h′−seletion forthe various VELO z-saling misalignment senarios.
5.4.3.3 E�et on ResolutionsThe e�et of an inorretly known VELO z-sale on the resolutions of various physisquantities is summarised in tables 5.59 and 5.60. The relevant resolution distributionsare pitured in �gures 5.36 and 5.37.For the �rst three z-saling senarios the observed hanges in the resolutions areminimal. Only for the two largest z-saling ases one observes a sizeable deteriorationin partiular of the proper time and vertex resolutions.Looking at the pull distributions for the reonstruted proper time shown in �g-ure 5.38 and their summary in table 5.61, it appears that there is no signi�ant hangein the proper time bias due to a hange in the z-sale. This is expeted as, even forthe largest z-sale under study, the estimated e�et on the pull mean is of the order ofits unertainty.5.4.4 Summary of Misalignment E�etsIt has been shown above how misalignments of various sizes impat the physis ob-servables used in the analyses presented here. The evaluation of the quality of theVELO alignment as presented in hapter 3 on�rms that random misalignments willbe onstrained to the equivalent of the 1σ level of the studies presented here. Hene, no208
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Figure 5.36: E�et of VELO z-saling misalignments on the resolutions in (a) mo-mentum of the daughter pions, (b) B0 invariant mass and in () B0proper time. The blak line orresponds to a z-sale of 1.00003; thered line orresponds to a z-sale of 1.00010; the blue line orrespondsto a z-sale of 1.00033 and the magenta line orresponds to a z-saleof 1.00100.
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5 Lifetime Measurements in Two-Body B and D Deays
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Figure 5.37: E�et of VELO z-saling misalignments on the resolutions of the (a)primary vertex and (b) the B0 vertex. The plots show from top to bot-tom the x, y, and z omponent of the vertex resolutions. The variousline styles are as explained in Figure 5.36.
210



5 Lifetime Measurements in Two-Body B and D Deays
Momentum Mass Proper time

z-sale resolution resolution resolution(%) (MeV) (fs)
1.00000 0.49 22.5 37.7
1.00003 0.49 22.2 37.7
1.00010 0.49 22.1 37.7
1.00033 0.49 22.0 38.5
1.00100 0.50 22.0 46.8Table 5.59: Values of the resolutions on the daughters' momentum, the B0 massand the B0 proper time for the various VELO z-saling misalignmentsenarios. The resolutions orrespond to the sigmas of single-Gaussian�ts. The errors on all resolutions are around 1-1.5 %.
z-sale Primary vertex B0 vertexresolutions (µm) resolutions (µm)

x y z x y z

1.00000 9 9 41 14 14 147
1.00003 9 9 42 14 14 147
1.00010 9 9 42 14 14 145
1.00033 9 9 46 14 14 149
1.00100 11 11 72 16 15 184Table 5.60: Values of the resolutions of the primary and the B0 deay verties forthe various VELO z-saling senarios. The errors on all resolutions arearound 1-1.5 %.
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5 Lifetime Measurements in Two-Body B and D Deays
z-sale Mean Sigma
1.00000 0.06 ± 0.02 1.14 ± 0.01

1.00003 0.06 ± 0.02 1.15 ± 0.01

1.00010 0.07 ± 0.02 1.15 ± 0.02

1.00033 0.07 ± 0.02 1.15 ± 0.01

1.00100 0.05 ± 0.02 1.35 ± 0.02Table 5.61: Values for the mean and sigma of the proper time pulls for the variousVELO z-saling senarios.
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Figure 5.38: E�et of VELO z-saling misalignments on (a) the B0 proper timeerror and (b) on the pull distribution of the B0 proper time. Thevarious line styles are as explained in Figure 5.36.
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5 Lifetime Measurements in Two-Body B and D Deayssigni�ant systemati e�et on lifetime measurements is expeted due to any remainingrandom misalignments (see setion 5.2.3.6). The only sizeable e�et at the 1σ level isthe redution in the number of events, however the event seletion will be tuned onthe atual distributions measured in data, hene avoiding suh dramati losses.Conerning systemati e�ets from wrong z-sales in the VELO, a sale of 1.0001 isa onservative limit as disussed above. No signi�ant e�ets on resolutions or biasesare expeted at this sale. In summary, any residual misalignments in LHCb havenegligible e�ets on lifetime measurements.5.5 ConlusionThis hapter has desribed various opportunities for extrating physis observablesbased on lifetime measurements. It has been shown that B0
s → K+K− is an exellenthannel to extrat ∆Γs in a SM senario. In the presene of NP the extrated value of

∆Γs will hange signi�antly. Using external input, it will be possible to onstrain a
CP violating NP phase in B0

s → K+K− deays.The lifetime �tter, desribed in the previous hapter, has been tested with simulationdata and its potential for high preision lifetime measurements demonstrated. Usingthe �t results quoted in table 5.4 and the systemati unertainties given in table 5.47 a�t of a data sample equivalent to an integrated luminosity of 0.1 fb−1 would yield thefollowing result:
τ(B0

d) = (1.530 ± 0.015stat. ± 0.005syst.) ps

τ(B0
s )/τ(B

0
d) = 0.961 ± 0.061stat. ± 0.007syst.

τ(B0
s → K+K−) = (1.498 ± 0.030stat. ± 0.005syst.) ps. (5.10)A ompetitive measurement of ∆Γs would require a data set equivalent to about

0.7 fb−1 of integrated luminosity.With an integrated luminosity of only about 0.03 fb−1 it will be possible to make aompetitive measurement of the D mixing parameter yCP using prompt D0 → h+h′−deays. A �rst event seletion for prompt D0 → h+h′− deays and an extension ofthe lifetime �tter for B0
(s) → h+h′− deays to D0 → h+h′− deays have been presented.The major hurdle for this measurement is suppressing the ontribution from seondary

D deays. Possible solutions have been disussed.Finally, a study of the impat of misalignments of the traking system has beenpresented. From its results it an be onluded that the remaining misalignments213



5 Lifetime Measurements in Two-Body B and D Deaysafter appliation of the alignment algorithms will not have any deteriorating e�ets onlifetime measurements. The results of this study are appliable to other measurementssuh as those of CP asymmetries.
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6 Conlusion and OutlookSobald jemand in einer Sahe Meister geworden ist, sollte er in einer neuenSahe Shüler werden.Gerhard Hauptmann6.1 SummaryLifetime measurements form a setor of heavy �avour physis whih o�ers a vari-ety of interesting opportunities. Measurements of lifetime ratios allow preision testsof the HQE formalism. The determination of ∆Γs from a lifetime measurement of
B0

s → K+K− gives aess to NP e�ets. This was the main topi of the thesis pre-sented here.The VELO alignment was disussed in detail. A novel algorithm for the relativealignment of the VELO sensors has been presented. The high preision of the threealignment algorithms was on�rmed with data from test beam and LHC injetor om-missioning runs. It has been shown that the remaining misalignments have no deteri-orating e�et on the measurements disussed in this thesis.Chapter 1 gave an overview of the theory of the SM in general and lifetime measure-ments in partiular. It disussed in detail how to interpret a lifetime measurement of
B0

s → K+K− events. The �nal state of this hannel is nearly CP even while, at thesame time, it is loop dominated and thus sensitive to NP partiles altering observablesfrom their SM values. With these features, B0
s → K+K− is unique among the han-nels aessible in the �rst years of LHCb data taking. ∆Γs is extrated by the simpleomparison of the lifetime measured in B0

s → K+K− deays to the CP averaged B0
slifetime. The in�uene of SM and NP CP violating phases was disussed.In addition, the di�erenes between lifetime measurements of B and D mesons weredemonstrated. The D system gives aess to CP violation observables via simplelifetime ratio measurements. The formalism leading to the main observable, yCP , waspresented. 215



6 Conlusion and OutlookThe seond hapter presented the aelerator failities at CERN, from the protonsoure to the LHC, and the LHCb experiment. The LHCb detetor is speialisedon measuring partiles from heavy �avour deays produed in high energy hadronollisions. In its forward geometry, it exploits the fat that bb pairs are produedo-linearly, lose to the diretion of either proton beam.The sub-detetors of LHCb were introdued with a speial fous on the VELO.Its layout with a set of r and φ measuring semi-irular silion sensors follows therequirements for fast (r-z) traking in the trigger within the onstraints of the LHCbgeometry. The high preision of the VELO, with a single hit resolution of better than
10 µm for the smallest strip pithes, is neessary to distinguish the seondary deayverties from the primary ollision point already at trigger level. Many analyses alsobene�t from the exellent proper time resolution of about 40 fs.Central to ahieving a good detetor performane is the alibration. For most de-tetors, this inludes spatial alignment. The alignment strategy for the VELO wasdisussed in hapter 3. It is split in three stages: the relative alignment of the sensors,the relative alignment of the modules, and the relative alignment of the two VELOhalves. The sensor alignment is based on �tting residual distributions while the othertwo steps use the MILLEPEDE algorithm based on a linear trak �t.The algorithms were explained in detail and their performane evaluated with testbeam data. They were found to have a preision of about 2 µm, whih is signi�antlybelow any single hit preision and thus does not have any deteriorating e�ets onphysis performane. Commissioning runs of the injetor line to the LHC in 2008allowed a test of the full VELO after its installation in the LHCb experiment. The testsexploited muons oming from a beam stopper around 340 m away from the experiment.They on�rmed the funtioning of the alignment proedure and yielded a �rst set ofalignment onstants with a preision of roughly 5 µm.A repetition of the injetor ommissioning runs in June 2009 yielded a new and,ompared to 2008, signi�antly larger data set of traks reorded by the VELO. Theinrease in the number of traks allowed the sensor alignment algorithm to be run (seesetion 3.2.1) for the �rst time on data from the fully assembled VELO. Figure 6.1shows a omparison of the residual distribution as a funtion of φ for sensor 18 beforeand after appliation of the alignment algorithm. It shows the improvement ahieved inthe �rst appliation of the sensor alignment algorithm to this data set. The remainingmisalignment is only of the level of a few µm and will be resolved with a larger dataset available from ollision data after the start of the LHC.In addition, the VELO was operated for the �rst time in a nearly losed position.216
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Figure 6.1: Residual distribution as a funtion of φ for sensor 18 before (left) andafter (right) appliation of the sensor alignment algorithm to data takenat the injetor line ommissioning in June 2009.This allowed the �rst measurement of the relative alignment of the two VELO whihon�rmed the metrology results.Chapters 4 and 5 introdued a �tter for lifetime measurements and its appliation toLHCb, respetively. It was disussed how lifetime measurements in hadroni hannelsare a�eted by a bias aused in the HLT. The method disussed removes this bias bydetermining an event-by-event lifetime aeptane funtion and aounting for it in the�tting stage. This approah bene�ts from a diret interfae to the HLT software andis fully independent of any MC simulation.The �tter based on this method uses a two-stage un-binned maximum likelihood�t. In the �rst stage the signal frations of the hannels involved are �tted usingdistributions of the invariant mass and PID. The seond stage is the atual lifetime �t.Its strength is that it does not rely on a parametrised model for the lifetime distributionof ombinatorial bakground. This is determined by subtrating the measured signaldistributions from the total distribution taking into aount aeptane e�ets (seesetion 4.3.2). The shape of the various distributions is measured by applying a kernelmethod whih guarantees a smooth distribution even on a small data set.The main aim of this thesis was to study the measurement of ∆Γs with B0
s → K+K−deays. Setion 5.1 desribed the extration of ∆Γs from a lifetime measurement using

B0
s → K+K− deays. The sensitivity to NP mixing and CP violating phases wasdisussed. The approah for a lifetime �t in the environment of B0

(s) → h+h′− deayswas presented, inluding measurements of the B0
d lifetime and the B0

s to B0
d lifetimeratio in addition to the main measurement of the B0

s → K+K− lifetime.The lifetime �tter was tested extensively with toy MC simulation data. It wasfound to perform unbiased �ts of the B0
d lifetime, the B0

s → K+K− lifetime, and of the217



6 Conlusion and Outlook
B0

s to B0
d and Λ0

b to B0
d lifetime ratios. Tests of potential systemati e�ets revealedsmall systemati unertainties. The dominant unertainty for the B0

s → K+K− lifetimemeasurement is the knowledge of the δ logLK template. Variations in the averagelifetime aeptane funtions are another major soure of systemati unertainties.Using the �t results quoted in table 5.4 and the systemati unertainties given intable 5.47 a �t of a data sample equivalent to an integrated luminosity of 0.1 fb−1would yield the following result:
τ(B0

d) = (1.530 ± 0.015stat. ± 0.005syst.) ps

τ(B0
s )/τ(B

0
d) = 0.961 ± 0.061stat. ± 0.007syst.

τ(B0
s → K+K−) = (1.498 ± 0.030stat. ± 0.005syst.) ps. (6.1)A ompetitive measurement of ∆Γs would require a data set equivalent to about

0.7 fb−1 of luminosity.Due to the opious prodution of D mesons at the LHC and the high branhing ratioof D0 → h+h′− deays, these hannels are prime andidates for early measurementsat LHCb. The potential for lifetime measurements in this group of deays has beenstudied in setion 5.3. With an integrated luminosity of only about 0.03 fb−1 it willbe possible to make a ompetitive measurement of the D mixing parameter yCP usingprompt D0 → h+h′− deays. A �rst event seletion for prompt D0 → h+h′− deaysand an extension of the lifetime �tter for B0
(s) → h+h′− deays to D0 → h+h′− deayshave been presented. The major hurdle for this measurement is the suppression of theontribution from seondary D deays. Possible solutions have been disussed.Finally, a study of the impat of misalignments of the traking system has beenpresented. From these results it an be onluded that the remaining misalignmentsafter appliation of the alignment algorithms will not have any deteriorating e�ets onlifetime measurements. Furthermore, the results of this study are appliable to othermeasurements suh as those of CP asymmetries.6.2 OutlookThe experiments at the LHC will have a great in�uene on �avour physis. Predomi-nantly, this will be due to measurements of LHCb but also the ATLAS and CMS ex-periments will ontribute with measurements of heavy �avour deays involving muons.At the end of the �rst phase of the LHC, LHCb will have olleted data with anintegrated luminosity of 10 fb−1. With this amount of data the CKM angle γ will be218



6 Conlusion and Outlookonstrained to 2◦ − 3◦ from measurements with tree level deays and to better than
5◦ with measurements from loop dominated deays. The weak mixing phase βs willbe measured to better than 0.01 using the full amount of B0

s → J/ψφ deays. Thesensitivity on ∆Γs should be better than 0.005 ps−1, i.e. about a fator of 30 betterthan its expeted value.Other areas of signi�ant impat of LHC measurements will be rare deay searheswhih will reah sensitivities below the SM expetations, e.g. for B0
s → µ+µ−. Mea-surements of radiative deays will inrease existing data sets for exlusive b → sγtransitions by orders of magnitudes and will hene allow preise tests of NP models.Measurements of angular observables in the deay B0

d → K∗µ+µ− will yield preiseinformation on their SM onformity or on the NP models involved.Finally, the total data sample of D deays at the end of the �rst phase of LHCbwill yield signi�ant improvements in the CP violation and mixing measurements inthis setor. This measurements will most likely be systematially limited at the permill level. Searhes for rare harm deays will be greatly advaned ompared to theirurrent limits.6.2.1 LHCb UpgradeDespite the signi�ant inrease with respet to existing data sets, partiularly in the
B0

s setor, the LHC will leave open questions. For example, NP in�uene on the CKMangle γ in loop deay measurements an only be established if it di�ers by signi�antlymore than 20◦ from the SM measurement. For NP e�ets of only a few degrees asigni�antly larger data sample is needed.The deay B0
s → φφ is a loop mediated proess that is highly sensitive to NP e�ets.During the nominal data taking period, LHCb expets to ollet only 15.5k events ofthis mode. The measurement of a non-zero value of the sine-term of the time-dependent

CP violation, S(φφ), would be an unambiguous sign of NP. A data set of several 100kof B0
s → φφ events would allow a measurement of S(φφ) at the per-ent level [88℄.An upgrade of the LHCb experiment is planned in order to reah the sensitivitiesneeded to resolve the above issues. The measurements mentioned have in ommon thatthey involve fully hadroni �nal states. An upgrade to ollet signi�antly more datainevitably involves a higher instantaneous luminosity. For LHCb this means that thenumber of visible interations inreases from around 1 to roughly 4 per bunh rossing.For these deays the trigger has to beome more e�ient to ahieve the data redutionneeded. This unavoidably involves the ability to selet displaed verties at the �rsttrigger level. 219



6 Conlusion and OutlookThe LHCb upgrade is urrently in its design phase. It is planned to run at an averageluminosity of 1− 2× 1033cm−2s−1, i.e. 5− 10 times the urrent design luminosity. Thetrigger requirements will be met by reading out all sub-detetors at the full LHC bunhrossing rate of 40 MHz. Hene, one of the main hallenges of the upgrade projet isthe design of new readout eletronis that is able to ope with this high rate. Apartfrom this, some sub-detetors need to redesign their setion lose to the beam pipe toredue the oupany per hannel.It should be noted that the LHCb upgrade is rather independent of the plannedupgrade of the LHC. Sine the antiipated luminosity for the LHCb upgrade is belowthe design luminosity for the �rst phase of the LHC, the LHCb upgrade an be startedprior to that of the LHC. However, as the installation of the new omponents require asigni�ant amount of time the upgrade is ideally aligned with similar ativities at theother experiments or longer tehnial shutdown periods of the aelerator.6.2.2 Future Diretions in Flavour PhysisMeasurements of kaon deays have signi�antly ontributed to experimentally on-straining the CKM triangle for a long time. However, two hannels that yield ex-tremely high preision measurements sensitive to NP e�ets remain to be measured.They are the extremely rare deays of a neutral or harged kaon into a neutral orharged pion and a neutrino anti-neutrino pair [89℄. The deays have SM branhingratios of 9× 10−11 for K+ → π+νν and 3× 10−11 for KL → π0νν. Thanks to the verygood theoretial preision on these preditions of < 3% and 1%, respetively, NP sensi-tivity an be obtained by branhing ratio measurements alone. The NA62 experimentis urrently under onstrution at CERN and seeks to ollet about 100 K+ → π+ννdeays in a two-year data taking period (assuming the SM branhing ratio). The evenmore hallenging measurement of K0
L → π0νν is planned at J-PARC [90℄.A topi that will move to the entre of attention of future experiments is lepton�avour violation (LFV). It will already be studied at LHCb with deays like τ → µµµ or

τ → µφ. However, the sensitivity to these extremely rare proesses will be very limited.The B fatory experiments BaBar and Belle have already performed searhes for thesedeays. The upgrade of the Belle experiment [91℄ and of the KEK-B aelerator andpotentially the proposed Super-B fatory in Italy [92℄ will intensify these searhes andahieve signi�antly better sensitivity than LHCb.Other deays that are only aessible to B fatories are fully leptoni hannels like
B± → τ±ν. These are of high theoretial interest as leptoni �nal states are free of220



6 Conlusion and Outlookhadroni orretions and hene these proesses an be alulated with high preision.Apart from the LFV deays mentioned above, radiative lepton deays are highlysensitive to NP e�ets. The deay µ → eγ is urrently being searhed for by theMEG experiment [93℄ whih antiipates a sensitivity to the branhing ratio of 10−14.An experiment at J-PARC is foreseen to reah a sensitivity of up 10−16. Despitethe SM predition being 10−55 these experiments have a realisti hane of observingthis deay sine several NP models involve an enhanement of the branhing ratio tothe level of the experimental sensitivity. The same e�ets are also studied in µ → eonversions in muoni atoms. The µ2e [94℄ and COMET [95℄ experiments at Fermilaband J-PARC, respetively, aim at a redution of the limit to 10−16 while the proposedPRISM experiment [96℄ would go to 10−18.This short outline shows that the future diretion of �avour physis experimentsgoes towards high preision measurements of extremely rare proesses. Several aspetsof future possibilities in �avour physis have not been disussed, e.g. mixing or even
CP violation measurements in the neutrino setor at possible neutrino fatories [97℄.However, not only the experimental side of �avour physis will make signi�ant progressover the next deades. The hallenges on the theoretial side are in the explanationof the mass hierarhy of the hadroni and leptoni setor, revealing the soure of thedi�erent mixing behaviours in the two setors. The interpretation of �avour physismeasurements, in partiular with the inreased preision of future experiments, alsorelies on advanes in alulations based on lattieQCD. Finally, the origin of the matterdominane over anti-matter in the universe is the biggest riddle. Its answer may lie inbaryogenesis via leptogenesis [98, 99℄. It will ertainly take deades to experimentallyestablish any model. Many questions related to �avour physis are yet to be answeredand the measurements at LHCb will signi�antly advane the whole �eld.
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