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2A study of B0s ! J= � in the D� experiment and anexample of HEP te
hnology transfer
Daniela Ursula BauerImperial College of S
ien
e, Te
hnology and Medi
ineAugust, 2002ABSTRACTAfter years of preparation, data taking with the upgraded D� dete
tor at the Tevatron proton-antiproton 
ollider has begun. The large amount of data produ
ed in a p�p-
ollider requires sophis-ti
ated triggers to �lter out the interesting events. Des
ribed in this thesis is the development oftrigger software for the newly implemented Sili
on Mi
rostrip Tra
ker.D� is a multi-purpose dete
tor with a broad physi
s programme. One area being studied atD� is B mesons. An algorithm for re
onstru
ting the B0s and B0d mesons and for measuring theirlifetimes has been developed and is des
ribed in this thesis. The results suggest that an improve-ment of the 
urrent lifetime measurements 
an be a
hieved within the next two years.The re
onstru
tion of a J= meson forms the basis for a wide range of b-physi
s. Data taken withthe muon system during the 
ommissioning period of the dete
tor has been analysed and a signalfor the J= meson has been found.Systemati
 transfer of HEP te
hnologies into other areas and their 
ommer
ial exploitation willplay an important role in the future of parti
le physi
s. An area of parti
ular interest is DNAsequen
ing as shown by the re
ent 
ompletion of the sequen
ing of the human genome. The �nalpart of this thesis details the development of a simulation for a high throughput sequen
ing devi
ewhi
h is 
urrently being developed at Imperial College.



3
A
knowledgements

I would like to thank ....John Hassard for �nding the funding for this PhD and making it all possible.Gavin Davies for the en
ouragement and for the help in dealing with the authorities. He is just somu
h more diplomati
 than I 
ould ever be.Gavin Davies, Vivek Jain, Ray Beuselin
k, John Hassard and Trevor Ba
on for reading this thesis,
orre
ting spelling and grammar, o�ering insights and hints and for generally being helpful.My 
olleagues Robert Illingworth and Ray Beuselin
k for helping me get started with D� softwareand Robert for explaining the �ner points of the SMT to me. Vivek Jain, Kin Yip, Wendy Taylorand Farrukh Azfar for dealing with the pitfalls of b-physi
s, Monte-Carlo data or both.Ray Beuselin
k for sorting out 
ountless software problems, his spe
ial sense of humour, lettingme use his fridge, driving my stu� all the way to White
hapel and for extra
ting my laptop fromthe 
laws of Dell.On a di�erent note, I'd like to thank my fellow graduate students/post-do
s at FNAL (espe
iallyLu
io, Freya and Greg) and at Imperial (espe
ially Ri
hard, Rod, Robert, Barry and Ri
ardo) forall the entertainment they provided. Mi
hele would have been an almost ideal 
ubi
le mate atFNAL, if it wasn't for those endless 
onversations with his girlfriend.I like to thank Jonathan Hays ~ for those interesting times. I would have enjoyed the last 3 yearsa lot less without him.I a
knowledge that PPARC paid the fees for this PhD.



Contents 4
Contents

Abstra
t 2A
knowledgements 3Contents 4List of Figures 8List of Tables 12Chapter 1. Introdu
tion 131.1 The Standard Model 131.2 Triggering and re
onstru
tion software 141.3 Te
hnology transfer 15Chapter 2. B-mesons: CP-violation, mixing and lifetimes 162.1 Symmetries in the Standard Model 162.2 The dis
overy of CP-violation 182.3 The CKM matrix 192.4 Mixing in the neutral B-meson system 222.5 Types of CP-violation 252.6 Lifetimes 272.7 The de
ay B0s ! J= � 302.8 The de
ay B0d ! J= K�0 332.9 B-meson produ
tion at the Tevatron 34



Contents 5Chapter 3. The D� Dete
tor at the Tevatron 363.1 The Tevatron at Fermilab 363.2 The D� Dete
tor 363.2.1 Coordinate System 393.2.2 Central Tra
king System 393.2.3 Solenoid Magnet 433.2.4 Preshower Dete
tors 433.2.5 Calorimeter 443.2.6 Inter
ryostat Dete
tor 453.2.7 Muon System 463.3 Trigger 473.3.1 Level 1 and Level 2 Trigger 473.3.2 Level 3 Trigger 483.4 Software 49Chapter 4. Clustering for the Sili
on Mi
rostrip Tra
ker 514.1 SMT 
lustering for the Level 3 trigger 514.1.1 Coordinate systems 524.1.2 Two-dimensional 
lustering 544.1.3 Three-dimensional 
lustering 564.2 Evaluation of the software 584.2.1 Monte Carlo mat
hing 584.2.2 Results: Resolutions, eÆ
ien
ies and timing 594.3 Calibration 634.4 Cosmi
s 67Chapter 5. Analysis 735.1 Introdu
tion 735.2 The Monte Carlo data sample 745.2.1 Software 745.2.2 Signal sample 75



Contents 65.2.3 Ba
kground sample 765.3 The re
onstru
tion of B0s ! J= � 785.3.1 Muon re
onstru
tion 785.3.2 J= re
onstru
tion 815.3.3 � re
onstru
tion 845.3.4 B0s re
onstru
tion 865.3.5 Vertex re
onstru
tion 895.3.6 Lifetime 945.3.7 Fitting 975.4 The re
onstru
tion of B0d ! J= K�0 1005.4.1 Lifetime 1055.5 Cross-talk 1085.6 Event yields 1085.7 Angular distributions 1105.7.1 Generators for b-physi
s 1105.7.2 Shaping angular distributions 1135.8 J= re
onstru
tion using real data 114Chapter 6. Te
hnology transfer 1186.1 Introdu
tion 1186.2 DNA sequen
ing 1196.2.1 The DNA helix 1196.2.2 Traditional DNA sequen
ing 1196.2.3 Capillary ele
trophoresis 1226.2.4 Lambert-Beer's Law 1236.3 The �DiaGene Proje
t 1246.3.1 EÆ
ien
y of 
apillary ele
trophoresis 1246.3.2 Status of the �DiaGene proje
t 1256.3.3 Algorithms developed for �DiaGene 1266.4 MEDUSA: A simulation tool for �DiaGene 128



Contents 76.4.1 MEDUSA Overview 1286.4.2 The main program 1296.4.3 Algorithm 1306.4.4 Input data 1316.4.5 Results 134Chapter 7. Con
lusion 1367.1 The D� Run II b-physi
s programme 1367.2 Summary and Outlook 139Appendix A. 142A.1 Lorentz transformations 142A.2 A 
ookbook re
ipe for 
al
ulating the transversity angle 
os �t 143A.3 Error on the re
onstru
ted proper de
ay length 143A.4 Straight line �t: Method of the Least Squares 144A.5 The Method of Maximum Likelihood 146Referen
es 151



List of Figures 8
List of Figures

2.1 Two unitarity triangles of the CKM matrix. 212.2 Box diagrams for B0s $ B0s mixing via top quarks. 232.3 Hadroni
 de
ay of a B0 in the spe
tator model. 292.4 More realisti
 representation of a hadroni
 de
ay. 292.5 Feynman diagram for B0s ! J= � 302.6 Feynman diagram for B0d ! J= K�0 332.7 Leading order diagrams for b-quark produ
tion at the Tevatron. 353.1 Fermilab a

elerators s
hemati
. 373.2 Side view of the D� Run II dete
tor. 383.3 The D� tra
king system. 403.4 The Sili
on Mi
rostrip Tra
ker. 413.5 The liquid-argon 
alorimeter. 453.6 Level 1 and 2 trigger overview. 484.1 The lo
al 
oordinate system of SMT ladders and wedges. 524.2 Illustration for equation 4.1. 534.3 The global 
oordinate system at D�. 544.4 Ghost killing. 574.5 Spatial resolution in xy for the SMT barrels. 604.6 Spatial resolution in z for the SMT barrels. 604.7 EÆ
ien
y and misidenti�
ation for 2d 
lusters. 614.8 EÆ
ien
y and misidenti�
ation for 3d 
lusters. 61



List of Figures 94.9 Spatial resolution for F-Disks. 624.10 Spatial resolution for H-Disks. 624.11 Timing for 
lustering. 644.12 Pedestals for 
hannels on a 
hip at the end of a ladder. 654.13 In
uen
e of dead 
hannels on pedestal �t. 664.14 Di�eren
e between �tted and measured pedestal divided by the error onthe measured pedestal. 674.15 Setup for the 
osmi
 ray test. 684.16 Variables used by the 
osmi
 tra
k �nder. 694.17 Event display for a 
osmi
 tra
k from online re
onstru
tion. 704.18 Event display for a 
osmi
 tra
k from o�ine re
onstru
tion. 704.19 Tra
k residuals in x for 
osmi
s. 714.20 Tra
k residuals in z for 
osmi
s. 714.21 Tra
k residuals in z for 
osmi
s from o�ine re
onstru
tion. 725.1 Muon re
onstru
tion: pt spe
tra. 795.2 Muon re
onstru
tion: px and pz resolution. 795.3 Muon re
onstru
tion: pt resolution as a fun
tion of pt. 805.4 Muon re
onstru
tion: Purity. 805.5 Monte Carlo J= mass resolution. 825.6 Muon re
onstru
tion: Number of muon 
andidates per event. 825.7 J= transverse momentum. 835.8 J= momentum resolution. 835.9 J= �2 distribution. 845.10 � re
onstru
tion. 855.11 � transverse momentum. 855.12 Invariant mass of B0s 
andidates (minimum 
uts). 875.13 Invariant mass of B0s 
andidates passing all 
uts. 875.14 Transverse momentum for re
onstru
ted and generated B0s . 885.15 �2 distribution for B0s 
andidates. 885.16 Number of minimum bias events. 90



List of Figures 105.17 The re
onstru
ted and MC primary vertex and the MC B-momentum. 915.18 Proje
ted residual (�~r � ~pB) for the primary vertex. 915.19 Primary vertex resolution in x. 925.20 Primary vertex resolution in z. 925.21 B0s se
ondary vertex resolution. 935.22 Proper de
ay length resolution in the 
hannel B0s ! J= �. 965.23 Transverse de
ay length resolution. 965.24 B0s proper de
ay length distribution in the signal region. 995.25 B0s proper de
ay length distribution in the sidebands. 995.26 K-� ambiguity. 1015.27 Invariant mass of B0d 
andidates (minimum 
uts). 1015.28 K�0 transverse momentum. 1025.29 B0d se
ondary vertex resolution. 1025.30 B0d �2 distribution. 1035.31 Invariant mass of B0d 
andidates after applying all 
uts. 1035.32 Proper de
ay length resolution in the 
hannel B0d ! J= K�0. 1045.33 B0d proper de
ay length distribution in signal region. 1075.34 B0d proper de
ay length distribution in sideband region. 1075.35 Cross-talk. 1095.36 Transversity angle as simulated by QQ. 1125.37 Transversity angle as simulated by EvtGen. 1125.38 Transversity angle distribution at generator level. 1135.39 Transversity angle distribution in the B0s ! J= � signal sample. 1145.40 Real data: Mass distribution for �-pairs. Minimal 
uts only. 1155.41 Real data: Transverse momentum vs. invariant mass of muon pairs. 1165.42 Real data: Pseudo-rapidity � vs. invariant mass of �-pairs. 1165.43 Real data: Mass distribution for �-pairs after applying all 
uts. 1176.1 DNA stru
ture. 1196.2 The four bases of DNA. 1206.3 Traditional DNA sequen
ing. 121



List of Figures 116.4 Lambert-Beer's law. 1236.5 �DiaGene s
hemati
. 1256.6 Vertexing algorithm. 1276.7 Velo
ity sorting algorithm. 1276.8 MEDUSA s
hemati
 1286.9 Fits to measured velo
ities. 1326.10 MEDUSA: Simulation and data from measurement. 134



List of Tables 12
List of Tables

2.1 Experimental results for B-hadron lifetimes. 283.1 Planned Tevatron parameters for Run II. 373.2 Sili
on Mi
rostrip Tra
ker dete
tor parameters. 423.3 Trigger rates for Run II. 474.1 SMT 
luster resolutions. 635.1 Parti
le masses a

ording to the Parti
le Data Group. 775.2 Summary of 
uts used for B0s re
onstru
tion. 895.3 Results from the unbinned maximum likelihood �t for the B0s lifetime. 985.4 Summary of 
uts used for B0d re
onstru
tion. 1055.5 Results from the unbinned maximum likelihood �t for the B0d lifetime. 1065.6 Event yields for Run IIa. 110



1 Introdu
tion 13
Chapter 1

Introdu
tion
In this thesis I des
ribe my 
ontribution to the D� experiment at Fermilab in prepa-ration for Run II. This work is divided into two parts: Work for the Level 3 triggerand Monte Carlo studies of B-mesons. The last part of the thesis 
on
erns a 
om-pletely di�erent proje
t: The development of a DNA sequen
ing 
hip as an exampleof HEP te
hnology transfer.
1.1 The Standard ModelThe Standard Model of parti
le physi
s used to des
ribe three of the four funda-mental for
es of nature has proven to be a hugely su

essful theory. Even pre
isionmeasurements have so far found no deviations from its predi
tions, with the ex
ep-tion of the neutrino masses. But when indi
ations of massive neutrinos were found[1℄ they 
ould be easily in
orporated into the existing model.A number of problems remain though: The Standard Model makes no provision forin
luding gravity and it requires a large number of free parameters: three gauge
ouplings, nine Fermion masses (twelve when in
orporating massive neutrinos), fourquark mixing parameters and two parameters des
ribing the Higgs potential. Notall parameters of the Standard Model have been measured to the same pre
ision



1.2 Triggering and re
onstru
tion software 14and we have yet to dis
over the Higgs.I have 
on
entrated on a parti
ular aspe
t of the Standard Model: Measuring thede
ay B0s ! J= � and the related de
ay of B0d ! J= K�0. Both de
ays have beenmeasured before by other experiments, but never by D�. Reprodu
ing the resultswill provide a test for the upgraded D� dete
tor and its newly developed software.On
e this has been a
hieved the goal will be to improve the earlier measurementsand 
he
k for in
onsisten
ies with the Standard Model.In 
hapter 2 the di�erent aspe
ts 
on
erning the theory of B-mesons are presented.This is followed by a des
ription of the experimental apparatus in
luding an overviewof the di�erent trigger stages for the D� dete
tor. Chapter 5 
ontains the results ofmy Monte Carlo studies. It 
on
ludes with �rst results from real data taken duringthe 
ommissioning period of the dete
tor.
1.2 Triggering and re
onstru
tion softwareBefore an attempt to re
onstru
t parti
les in a dete
tor 
an be made the raw datahave to be transformed into more 
on
rete obje
ts: 
lusters, tra
ks or jets are typi
alexamples.As most of the 
ollisions between the proton and anti-proton bun
hes result in eventswith no or little useful information (usually referred to as minimum bias events) thedete
tor relies on triggers to �lter out the interesting events. These events 
ompriseless than 1% of all events o

urring in the dete
tor. Whether the triggers are hard-ware or software based, they have to be fast and reliable, as any data lost at triggerstage are not re
overable.Chapter 4 des
ribes my work for the Level 3 trigger. The Level 3 unpa
king toolfor the Sili
on-Mi
rostrip-Tra
ker delivers a set of two dimensional 
lusters, whi
hare not always suitable for higher-level triggers. I developed the tool to 
ombinethese 
lusters into three-dimensional 
lusters that provide x; y; z 
oordinates. ThenI analysed its performan
e and that of the unpa
king tool using Monte Carlo data.



1.3 Te
hnology transfer 15When the �rst data from a test-stand be
ame available, I analysed these data by de-veloping a 
osmi
 tra
k �nder, whi
h 
on�rmed that the tools were working properly.
1.3 Te
hnology transferHigh Energy Physi
s (HEP) is expensive. The a

elerators and dete
tors used havebeen getting bigger and more sophisti
ated over time. Over the years resear
h inparti
le physi
s has spilled over into other dis
iplines with the 
reation of the WorldWide Web at CERN as one of the most famous examples. Yet few attempts havebeen made to systemati
ally exploit the a
hievements of HEP.The HEP group at Imperial College has a
tively and su

essfully en
ouraged te
h-nology transfer over a period of years. One of these proje
ts, a biote
hnologydevelopment, is presented here. Chapter 6 starts with an introdu
tion to the�DiaGene proje
t, whi
h aims to develop a fast and poison free DNA sequen
ing
hip. When I joined the proje
t preliminary measurements had been made. Basedon these measurements and theoreti
al 
onsiderations I developed a simulation usedto resear
h di�erent possible 
on�gurations and to provide Monte Carlo data for thedevelopment of the analysis software.



2 B-mesons: CP-violation, mixing and lifetimes 16
Chapter 2

B-mesons: CP-violation, mixingand lifetimes
The aim of this 
hapter is to provide a brief overview of the theoreti
al aspe
ts ofthe main b-physi
s topi
s at D�. A summary of the experimental studies 
ondu
tedso far 
an be found in se
tion 7.1.This 
hapter starts with a brief introdu
tion to the 
on
ept of symmetries in theStandard Model. Then the formalism of the CKM matrix is presented and ades
ription of mixing in the neutral B-meson systems is given. This is followedby a dis
ussion of the di�erent types of CP-violation within the Standard Model.B-mesons at the Tevatron are produ
ed with a large boost. This makes D� an idealenvironment for studying their lifetimes. The relevant theory is presented in se
tion2.6. The following two se
tions give the details of the de
ays studied in this thesis.The 
hapter 
on
ludes with a brief dis
ourse on b-quark produ
tion, as the b�b 
ross-se
tion is later used to 
al
ulate the expe
ted event rates in the signal 
hannels.2.1 Symmetries in the Standard ModelThe Standard Model des
ribes the strong, weak and ele
tromagneti
 intera
tions interms of renormalizable gauge theories [2℄. Gauge theories are based on invarian
e



2.1 Symmetries in the Standard Model 17under a set of lo
al (i.e. spa
e-time dependent) transformations. In order for agauge theory to be physi
ally meaningful it has to be renormalizable. This means itmust be possible to absorb the divergen
es that appear as higher-order 
orre
tionsinto the rede�nition of the theory's free parameters.Symmetries, whether 
onserved or broken, play a major role in all quantum �eldtheories. The Standard Model uses a SU(3) � SU(2) � U(1) gauge symmetry todes
ribe the strong (SU(3)) and ele
troweak (SU(2) � (U(1)) intera
tions. Thespontaneous symmetry breaking of SU(2)� U(1) (Higgs me
hanism) generates theparti
le masses while preserving the renormalizability of the theory.While gauge invarian
e and renormalizability already severely restri
t the form ofthe Standard Model Lagrangian, there are three further symmetries to be taken intoa

ount:ParityParity symmetry P 
onsists of the invarian
e of physi
s under a dis
rete transfor-mation whi
h 
hanges the sign of the spa
e 
oordinates x,y,z. A right-handed 
oor-dinate system be
omes left-handed under this transformation. Parity is 
onservedin strong and ele
tromagneti
 intera
tions. It is violated in weak intera
tions, mostprominently in the neutrinos: In the limit of vanishing neutrino masses all neutrinosare left-handed1 and all2 anti-neutrinos are right-handed. For this reason the weakisospin group is usually referred to as SU(2)L as only the left-handed fermion �eldsparti
ipate in weak intera
tions3. It is U(1)Y asso
iated with the hyper
harge Y(Q = T3 + Y=2 with 
harge Q and T3 the third 
omponent of the weak isospin)whi
h 
ouples to both heli
ity states.
1Left-handed neutrino: The proje
tion of its spin is antiparallel to the dire
tion of motion.2A non-zero mass means it is possible to perform a Lorentz transformation and 
hange a left-handed neutrino into a right-handed neutrino and vi
e versa.3The weak isospin for right-handed leptons and quarks is 0 (T = T3 = 0).



2.2 The dis
overy of CP-violation 18Charge 
onjugationCharge 
onjugation C 
onverts a parti
le into its anti-parti
le. It 
hanges the sign ofall internal quantum numbers su
h as 
harge, baryon number and strangeness whileleaving mass, energy, momentum and spin un
hanged. Only parti
les that are theirown anti-parti
les 
an be eigenstates of C. Like parity, C is 
onserved for strongand ele
tromagneti
 intera
tions, but violated in weak de
ays:�(�+ ! �+�L) = 99:98% 6= �(�+ ! �+�R) = 0 P violation�(�+ ! �+�L) = 99:98% 6= �(�� ! ����L) = 0 C violationbut �(�+ ! �+�L) = �(�� ! ����R)Time reversal and the CPT theoremTime reversal T reverses the sign of the time 
oordinate, i.e. it swaps the initialand �nal state. The invarian
e under the produ
t of all three symmetries is thoughtto always hold for any Lorentz invariant lo
al quantum �eld theory. This is knownas the CPT theorem. A 
onsequen
e of CPT invarian
e is that the masses of aparti
le and its anti-parti
le should be equal. This has been veri�ed for example inthe kaon system and it was found that jmK0�m �K0 jmaverage < 10�18 [3℄.Parity violation in weak intera
tions was dis
overed in 1957 [4℄. For a long timeit was thought that CP was 
onserved until in 1964 Christenson, Cronin and Turlayfound eviden
e for CP-violation in the neutral kaon system [5℄.2.2 The dis
overy of CP-violationNeutral kaons are observed as K0L with a lifetime � = (5:17� 0:04)� 10�8 s and asK0S with a lifetime of � = (0:8935� 0:0008)� 10�10 s [3℄. These kaons are a mixture



2.3 The CKM matrix 19of the 
avour eigenstates K0 and K0:��K0L� = p��K0�+ q��K0���K0S� = p��K0�� q��K0� (2.1)If CP is 
onserved then q = p and K0S and K0L would be eigenstates of CP, witheigenvalues +1 and -1 respe
tively.The original experiment looked at the de
ay of neutral K mesons into pions. Theshort-lived CP-eigenstate should always de
ay into two pions, the long-lived eigen-state into three. But what Christenson et al. found was that a tiny fra
tion of theK0L de
ayed into two pions and therefore CP was not 
onserved.The experimental quantities measured are the ratios of the de
ay amplitudes�+� = A(KL ! �+��)A(KS ! �+��) = j�+�jei�+��00 = A(KL ! �0�0)A(KS ! �0�0) = j�00jei�00 (2.2)and their 
urrent values are [3℄j�+�j = (2:276� 0:017)� 10�3 �+� = (43:3� 0:5)Æj�00j = (2:262� 0:017)� 10�3 �00 = (43:2� 1:0)Æ (2.3)2.3 The CKM matrixThe weak intera
tion 
ouples to the quark doublets 0�ud01A, 0� 
s01A, 0� tb01A, whered0; s0; b0 are linear 
ombinations of the physi
al quarks d, s and b, whi
h are produ
edthrough rotation in 
avour spa
e.0BBB���d0���s0���b0�1CCCA = VCKM �0BBB���d���s���b�1CCCA = 0BBB�Vud Vus VubV
d V
s V
bVtd Vts Vtb1CCCA0BBB���d���s���b�1CCCA (2.4)



2.3 The CKM matrix 20VCKM is known as the Cabibbo-Kobayashi-Maskawa matrix. Its elements Vij are
omplex numbers, measuring the 
oupling between quarks of di�erent 
avours. Itis unitary (V V + = 1) by 
onstru
tion. Of its nine parameters a global phase, tworelative phases between the u, 
, t-quarks and two relative phases between the d,s, b-quarks are not observable. This leaves three angles and a 
omplex phase Æ,related to the 
oupling of the W to the quarks. This phase is used to in
orporateCP-violation into the Standard Model. As it is possible to omit this phase in atheory with two quark generations, Kobayashi and Maskawa originally proposed theexisten
e of the third generation in order to provide a me
hanism for CP-violation[6℄. In this parameterization VCKM be
omesVCKM = 0BBB� 
12
13 s12
13 s13e�iÆ�s12
23 � 
12s13s23eiÆ 
12
23 � s12s13s23eiÆ 
13s23s12s23 � 
12s13
23eiÆ �
12s23 � s12s13
23eiÆ 
13
23 1CCCA (2.5)where 
ij = 
os �ij; sij = sin �ij. The angles �ij vary between 0 and �=2, the phase Æbetween 0 and 2�.The Wolfenstein [7℄ parameterization in A; �; �; � is an expansion in � = jVusj = 0:22with four independent parameters. The parameter � takes the role of the CP-violating phase Æ.
VCKM � 0BBB� 1� �22 � A�3(�� i�)�� 1� �22 A�2A�3(1� �� i�) �A�2 1 1CCCA (2.6)

Unitarity imposes a number of restri
tions on the matrix elements. The most usefulones are VudV �ub + V
dV �
b + VtdV �tb = 0 (2.7)
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(a) Unitarity triangle for equation 2.7
)η,ρ(
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 tb
* Vub

*V  td Vud
*V

ts Vus
*V(b) Unitarity triangle for equation 2.8Figure 2.1: Two unitarity triangles of the CKM matrix. The parameters �� and �� are de�ned as�� � (1� �2=2)� and �� � (1� �2=2)�.and V �udVtd + V �usVts + V �ubVtb = 0 (2.8)These 
onditions 
an be represented as triangles in the 
omplex plane (�g. 2.1).In the Wolfenstein parameterization up to �3 both triangles are identi
al and areusually referred to as the unitarity triangle. The angles of the unitary triangle arethen de�ned as:� � arg �� VtdV �tbVudV �ub� ; � � arg ��V
dV �
bVtdV �tb � ; 
 � arg ��VudV �ubV
dV �
b � : (2.9)Like most perturbative expansions, the higher order terms are not unique anddi�erent papers will quote di�erent formulae [7℄, [8℄. A 
ommon parameterisationof the higher orders of the CKM matrix is de�ned by imposing the relationss12 = � s23 = A�2 s13e�iÆ = A�3(�� i�) (2.10)



2.4 Mixing in the neutral B-meson system 22to all orders of �. This leads to the following extension:VCKM � VCKM(�3) +0BBB� ��48 0 0�A2�5(�+ i� � 12) �(18 + A2 )�4 012A�5(� + i�) �A�4(�+ i� � 12) �A22 �4
1CCCA (2.11)With this extension the CP-violating phase � appears also in the Vts and V
d matrixelements and the two triangles be
ome distin
t from ea
h other (see �g. 2.1). Thise�e
t is beyond the rea
h of the Tevatron experiments, but will be relevant for LHCmeasurements [9℄.2.4 Mixing in the neutral B-meson systemParti
le-antiparti
le mixing, as in the neutral kaon system, and os
illations betweenthe 
avour eigenstates also exist in the B0d and B0s meson systems. Su
h a systemis produ
ed in one of the two possible states of well-de�ned 
avour: ��B0s� (� �bs) or��B0s� (� b�s). This initial state evolves into a time-dependent superposition of thetwo 
avour states a

ording toi ��t  ��B0q (t)���B0q(t)�! = �M� i���2� ��B0q (t)���B0q(t)�! (2.12)where ��� = ���+ and M = M+ are the de
ay and mass matri
es. The mixing is dueto the o�-diagonal elements M12 =M�21 and �12 = ��21.The probability density to observe an initial B0q=d;s meson de
aying as a B0q or B0qmeson at a time t after its 
reation is given by [9℄P (t) = �2 � ���2 �22� e��t �
osh ��t2 + � 
os(�mt)� (2.13)with � = �1 for B0q ! B0q and � = +1 for B0q ! B0q . The de
ay width di�eren
e ��is de�ned as �Heavy � �Light and � = �H+�L2 . When measuring the time-dependent
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Figure 2.2: Box diagrams for B0s $ B0s mixing via top quarks.asymmetry A(t) = PB0q!B0q (t)� PB0q!B0q(t)PB0q!B0q (t) + PB0q!B0q(t) = 
os(�mt)
osh ��t2 (2.14)the mass di�eren
e �m is proportional to the os
illation frequen
y, while a non-zerowidth di�eren
e will result in a time-dependent damping of the os
illations.The matrix element M12 
an be 
al
ulated from the box diagrams (see �g. 2.2)whi
h are dominated by the ex
hange of virtual top quarks. This leads toM12 = G2Fm2W�BBBqf 2Bq12�2 S0� m2tm2W � jV �tqVtbj2 (2.15)where GF is the Fermi 
onstant, mW the W mass, Vtq=d;s and Vtb the relevantCKM matrix elements. The fun
tion S0 
an be approximated by 0.784� m2tm2W �0:76and the QCD 
orre
tion �B is of order unity [3℄. The de
ay 
onstant fB and thebag-parameter BBq have been determined using latti
e 
al
ulations. Their 
urrentvalues are [9℄fB = (200� 40) MeV; fBs = (230� 40) MeV; fBsfB = 1:15� 0:07 (2.16)and BBq(mb) = 0:91� 0:06; BBsBB = 1:00(3) (2.17)



2.4 Mixing in the neutral B-meson system 24Assuming CP -violation in mixing is negligible [10℄ the mass di�eren
e between theheavy and light eigenstate is related to M12 by�m = 2jM12j (2.18)and �mBs�mBd � f 2Bsf 2Bd BBsBBd ����VtsVtd ����2 (2.19)While the mass di�eren
e �mB0d has been measured to be (0.472� 0.017) �1012~s�1[3℄, the rapid os
illations in the B0s system have not yet been resolved. Measurementsgive xs = �mBs� > 15:7 at 95% 
on�den
e level [3℄.The matrix element �12 des
ribes real transitions due to de
ay modes 
ommon tothe parti
le and anti-parti
le (e.g. B0d (B0d)! �+��). These de
ays involve b! 
�
qtransitions, whi
h are Cabbibo suppressed for q=d, but favoured for q=s. Thereforethe width di�eren
e in the B0d system is extremely small and usually assumed tobe zero, but the width di�eren
e in the B0s system might be sizeable. Theoreti
alpredi
tions [11℄ yield ��s�s = 0:12� 0:06%: (2.20)A measurement [12℄ by the ALEPH experiment in the B0s (B0s)! D(�)+s D(�)�s 
hannelusing 2 BR(B0s (B0s)! D(�)+s D(�)�s ) ' ���L (2.21)gives ���L = 0:26+0:30�0:15 (2.22)whi
h is 
onsistent with the theoreti
al predi
tions.



2.5 Types of CP-violation 252.5 Types of CP-violationThere are three basi
 types of CP-violation:CP-violation in the mixing of neutral mesons as in the kaon example above.This type of CP -violation is also known as indire
t CP -violation.CP-violation in the de
ay of neutral and 
harged mesons, also referred to asdire
t CP-violation. Here the transition rate T from an initial state i to a �nal statef of a de
ay and its CP 
onjugate pro
ess are di�erent: j
f ��T ��i�j2 6= j
 �f ��T ���i�j2.This type of CP-violation has been measured by the KTEV [13℄ and NA48 [14℄experiments usingR = �(KL ! �0�0)=�(KS ! �0�0)�(KL ! �+��)=�(KS ! �+��) ' 1� 6 Re(�0=�) (2.23)where �0 refers to dire
t and � to indire
t CP-violation. A non-zero value of Re(�0=�)indi
ates dire
t CP-violation. The 
urrent experimental value is [3℄Re(�0=�) = (2:1� 0:5)� 10�3 (2.24)
CP-violation in the interferen
e between de
ays with and without mixing.This type of de
ay 
an for example be observed in the neutral B0d system [10℄, [15℄.The light and heavy mass eigenstates of the B0d 
an be des
ribed by��BL� = p��B0�+ q��B0���BH� = p��B0�� q��B0� (2.25)where the 
omplex 
oeÆ
ients p and q are normalized so thatjpj2 + jqj2 = 1 (2.26)



2.5 Types of CP-violation 26The de
ay amplitudes Af are de�ned asAf = 
f ��T ��B0�; A �f = 
 �f ��T ��B0��Af = 
f ��T ��B0�; �A �f = 
 �f ��T ��B0� (2.27)and the parameter � by �fCP � qp �AfAf = �fCP qp �A �fAf (2.28)where �fCP = �1 is the CP-eigenvalue of the state fCP . CP-violation leads to� 6= �1. Note that CP-violation is possible with j�j = 1 as long as Im(�) 6= 0.The time-dependent asymmetry afCP in this type of CP-violation 
an be observedby 
omparing de
ays into �nal CP-eigenstatesafCP = �(B0(t)! f
p)� �(B0(t)! f
p)�(B0(t)! f
p) + �(B0(t)! f
p) (2.29)The asymmetry afCP is related to � by [15℄afCP = (1� j�j2) 
os(�mbt)� 2Im(�) sin(�mBt)1 + j�j2 (2.30)For B0d de
ays that are dominated by a single CP-violating phase (i.e. the e�e
t ofCP-violation in de
ay is negligible), afCP simpli�es toafCP = Im(�) sin�mBt (2.31)This is the 
ase in the `golden' de
ay B0d ! J= (! l+l�) K0s (! �+��) where the�nal state is 
ommon to both the B0 and the B0. At tree-level � 
an be written as:�B0d!J= Ks = ��V �tbVtdVtbV �td��V
bV �
sV �
bV
s��V �
sV
bV
sV �
b� (2.32)The �rst term arises from B0 mixing, the se
ond term from K0 mixing and thethird term from the B0 de
ay. K0 mixing is essential as otherwise at tree level the



2.6 Lifetimes 27B0(� �bd) will de
ay to a K0(� �sd) and similarly the B0 to a K0, whi
h are notCP-eigenstates. The e�e
t 
aused by the fa
t that KS and KL are not 
ompletelyCP-eigenstates is negligible. Combining equations 2.9 and 2.32 givesarg�B0d!J= Ks = 2� (2.33)and aB0d!J= Ks = sin 2� sin�mBt (2.34)Re
ent results for sin 2� from BABAR [16℄ using a number of de
ays in
ludingB0d ! J= K0S give sin 2� = 0:75� 0:09(stat)� 0:04(syst) (2.35)and j�j = 0.93 � 0.06(stat) � 0.02(syst) whi
h is 
onsistent with the StandardModel expe
tation of no dire
t CP-violation in this type of de
ay.In a similar analysis the BELLE 
ollaboration �nds [17℄sin 2� = 0:82� 0:12(stat)� 0:05(syst) (2.36)2.6 LifetimesThe simplest way to des
ribe the de
ay of a B-meson is the pure spe
tator quarkmodel, where the b-quark de
ays to a 
-quark with only negligible interferen
e fromthe other quark in the B-meson (see �g. 2.3). The b-quark 
ouples predominantlyto the 
-quark and its lifetime depends essentially on the matrix element V
b. Thisfa
t was used in early lifetime measurements of B-mesons [18℄, [19℄ whi
h providedthe �rst measurement of the magnitude of V
b.A

ording to the spe
tator model the lifetimes of all B-mesons would be equal.Measuring the lifetimes probes to what extent this model is valid and to what degree



2.6 Lifetimes 28other diagrams and �nal state intera
tions (see for example �g. 2.4) 
ontribute tothe de
ays.The 
urrent experimental results are:Parti
le Lifetime in psB0d 1.548 � 0.032B+ 1.653 � 0.028B0s 1.493 � 0.062B
 0.46 � 0.03Table 2.1: Experimental results for B-hadron lifetimes [3℄. The lifetime of the B
 is signi�
antlyshorter as both quarks 
an de
ay weakly.
Heavy Quark E�e
tive TheoryA very su

essful theory to des
ribe the de
ay of mesons 
ontaining a heavy and alight quark is the Heavy Quark E�e
tive Theory (HQET) [20℄, where a heavy quarkis de�ned by mQ � �QCD, with �QCD � 0:2 GeV. In the HQET the Lagrangian isexpressed in an expansion in powers of 1=mQ, usually referred to as the OperatorProdu
t Expansion (OPE). HQET works best for bound states 
ontaining a b-quark,and is in most 
ases also valid for mesons 
ontaining 
-quarks, even though the lowermass of the 
-quark (� 1.2 GeV) 
an require further 
orre
tions. It does not applyto top quarks though, as they de
ay before forming bound hadroni
 states.In the 1=mQ expansion, the leading term des
ribes the de
ay of a free quark. Dif-feren
es in the lifetimes of B-mesons �rst appear in the 1=m3Q terms and for the �bat 1=m2Q level [21℄.The lifetime ratios of B-mesons and the �b have been 
al
ulated using the OPE tobe �B+�B0 = 1� � fB200MeV �2 ; �Bs�B0 = 1� 0:01; �b�B0 = 0:9 (2.37)



2.6 Lifetimes 29with fB as in equation 2.16. The experimental values are�B+�B0 = 1:062� 0:029; �Bs�B0 = 0:964� 0:045; �b�B0 = 0:780� 0:037 (2.38)whi
h are, ex
ept for the �b, in good agreement with the theory.
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2.7 The de
ay B0s ! J= � 302.7 The de
ay B0s ! J= (! �+��) �(! K+K�)When theB0s de
ays into a J= and a �, they both e�e
tively4 de
ay instantaneously.In the de
ay J= ! �+�� and �! K+K� this results in a four tra
k vertex whi
hmakes this de
ay an ideal 
andidate for measuring the B0s lifetime. A Feynmandiagram of the de
ay is shown in �g. 2.5.
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Figure 2.5: Tree level diagram for the de
ay B0s ! J= �.The de
ay B0s ! J= � has another interesting feature:The B0s is a spin 0 parti
le de
aying to two ve
tor mesons (J= ; �). This implies arelative angular momentum of L=0, 1, 2 between the ve
tor mesons and the �nalstate will be a mixture between CP even and odd states with L=0,2 being CP evenand L=1 CP odd. The 
orresponding angular distributions were originally des
ribedin terms of heli
ity [22℄ whi
h is de�ned as the sign of the proje
tion of a parti
le'sspin ~s along the dire
tion of its momentum ~p:h = ~s � ~pj~sjj~pj (2.39)4The width of the J= is (87 � 5) keV and that of the � (4.458 � 0.032) MeV.



2.7 The de
ay B0s ! J= � 31To separate the CP even and odd 
ontributions to the �nal state it is more 
onve-nient to use the so-
alled transversity basis [23℄ whi
h des
ribes the de
ay in terms ofpolarisations analogous to light polarisations. The three amplitudes A0, Ak and A?refer to longitudinal, parallel and perpendi
ular polarised states. They are related[15℄ to the three heli
ity amplitudes H0(0; 0); H+(1; 1); H�(�1;�1) throughA0 = H0; Ak = 1p2(H+ +H�); A? = 1p2(H+ �H�) (2.40)and are normalized so thatd�(B0s ! J= �)=dt = jA0j2 + jAkj2 + jA?j2 (2.41)A? refers to CP odd states, while Ak and A0 measure CP even states.There are three angles whi
h 
an be used to extra
t these amplitudes [23℄. The �rsttwo are de�ned in a right-handed Cartesian 
oordinate system in the J= rest-frame.The x-axis in this frame is the dire
tion of the �, the y-axis lies in the plane formedby the K+ and the K� with ~p(K+) > 0 and the z axis is the normal to this plane.The angles are then�t: The angle between the �+ and the z-axis.': The angle between the proje
tion of the �+ on the K+K� plane and the x-axis.The third angle  is de�ned in the � rest-frame as the angle between the K+ andthe negative dire
tion of the J= in this frame.The full angular distribution isd4�[Bs ! (l+l�)J= (K+K�)�℄d 
os �t d' d 
os = 932� [2jA0j2 
os2( )(1� sin2 �t 
os2 ')+ sin2  fjAkj2(1� sin2 �t sin2 ') + jA?j sin2 �t � Im(A�kA?) sin 2�t sin'g+ 1p2 sin 2 fRe(A�0Ak) sin2 �t sin 2'+ Im(A�0A?) sin 2�t 
os'g℄ (2.42)



2.8 The de
ay B0d ! J= K�0 32Using this method jA?j2 and jA0j have been measured [24℄ to bejA?j2 = 0:23� 0:19(stat)� 0:04(syst)jA0j2 = �longitudinal� = 0:61� 0:14(stat)� 0:02(syst) (2.43)Depending on the analysis it is often suÆ
ient only to measure the parameter 
os(�t)whi
h is referred to as the transversity variable. The probability density fun
tion forCP even de
ays is then 38(1+
os2 �t) and for CP odd de
ays 34 sin2 �t. A `
ookbook're
ipe for 
al
ulating 
os(�t) is given in Appendix A.2.As CP -violation in the B0s system is expe
ted to be extremely small, the mass eigen-states BHs and BLs are nearly CP -eigenstates, with the heavy eigenstate BHs beingCP odd and the light eigenstate BLs CP even. Combining an angular analysis witha lifetime measurement 
an 
onsiderably improve the a

ess to the width di�eren
e�� = �h � �l in the B0s system [25℄.In the Standard Model the fra
tional width di�eren
e is related to the B0s mixingparameter xs = �MB� by [26℄xs = ���� 2m2t3�m2b (1� 8m2
3m2b )�1h( m2tM2W ) (2.44)where h(y) = 1� 3y(1 + y)4(1� y)2 f1 + 2y1� y2 ln(y)g (2.45)with y � m2tM2W .A pre
ise measurement of xs and ��=� will be very sensitive to physi
s beyond theStandard Model [27℄. New physi
s would result in xs being too large to measurewhile ��=� is a

essible or vi
e versa.
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Figure 2.6: Tree level diagram for the de
ay B0d ! J= K�0.2.8 The de
ayB0d ! J= (! �+��)K�0(! K+��)This de
ay has similar de
ay kinemati
s to B0s ! J= � and both de
ays are oftenre
onstru
ted together. A Feynman diagram of the de
ay is given in �g. 2.6.As in the B0s de
ay there is a four tra
k vertex whi
h 
an be used to measure theB0d lifetime. But due to the larger width of the K�0 with respe
t to the � and theambiguity introdu
ed by the fa
t that the K�0 de
ays into two di�erent types ofparti
les5, while the � is re
onstru
ted in the 
hannel K+K�, the signal will not beas 
lean as in the B0s 
hannel.The K�0 is a ve
tor parti
le, so the theory of angular distributions as outlined beforealso applies here, with theK�0 taking on the role of the �. The di�erent polarisationsin this de
ay have been measured [24℄ to bejA0j2 = 0:59� 0:06(stat)� 0:01(syst)jA?j2 = 0:13+0:12�0:09(stat)� 0:06(syst) (2.46)The K�0(K�0) 
an also de
ay to K0�0. Together with an angular analysis this de
ay
an be used to extra
t the CKM parameter sin 2�, similar to the de
ay B0d ! J= K0S.5This ambiguity of 
ourse only exists in a dete
tor without parti
le identi�
ation, like D�.



2.9 B-meson produ
tion at the Tevatron 342.9 B-meson produ
tion at the TevatronThe dominant pro
ess for b-quark produ
tion at Tevatron energies [28℄ is gluon-gluon fusion6. To leading order the average transverse momentum of a b-quark isapproximately equal to its mass < pt >� mb � 4-5 GeV. The leading order QCDdiagrams for b-quark produ
tion are given in �g. 2.7.The next-to-leading order terms were originally 
onsidered 
orre
tions, but theyturned out to be large. Yet even they 
ould not explain the di�eren
e between thetheoreti
ally predi
ted 
ross-se
tion and the 
ross-se
tion measured by CDF andD� whi
h is at least a fa
tor of two larger [11℄.A re
ent paper by R. Field [29℄ suggests that three di�erent pro
esses 
ontribute tothe b-quark produ
tion at the Tevatron: The �rst is 
avour 
reation as des
ribedabove. The se
ond sour
e of b-quarks is 
avour ex
itation, whi
h refers to thes
attering of a b(�b)-quark out of the initial state (i.e. the proton) into the �nalstate by a gluon or a light quark. Thirdly, parton showers, where the b-quarks areprodu
ed during fragmentation rather than during the initial hard s
attering, arealso a signi�
ant sour
e of b-quarks at the Tevatron. When taking into a

ount the
ontributions of all three pro
esses the theoreti
al predi
tions are in good agreementwith the experimental results.After a b�b pair is produ
ed it hadronizes to form pairs of B-mesons. The fra
tionsof B�; B0d ; B0s and b-baryons produ
ed have been measured to be [30℄fu : fd : fs : fbaryon = 0:375� 0:023 : 0:375� 0:023 : 0:160� 0:044 : 0:090� 0:029(2.47)with the assumption that fu = fd. The ratio fu=fd has been measured to be 0.84�0.16.
6For top-quark produ
tion quark-antiquark annihilation prevails.
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Figure 2.7: Leading order diagrams for b-quark produ
tion at the Tevatron: (a) quark-antiquarkannihilation, (b)-(d) gluon-gluon fusion.
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Chapter 3

The D� Dete
tor at the Tevatron
This 
hapter gives a brief overview of the Tevatron and the various 
omponents ofthe D� dete
tor.3.1 The Tevatron at FermilabThe Tevatron proton anti-proton 
ollider, with a 
ir
umferen
e of 6.4 km, is thehighest-energy parti
le 
ollider 
urrently operational. A s
hemati
 of the Fermilaba

elerators is shown in �g. 3.1 and the main run parameters are listed in table 3.1.The upgraded a

elerator started operating on Mar
h 1st 2001. The �rst 
ollisionsat D� o

urred on April 3rd. The integrated luminosity is expe
ted to be at least2 fb�1 over the �rst three years.3.2 The D� Dete
torThe D� experiment is a multi-purpose dete
tor lo
ated at the Tevatron. DuringRun I between 1992 and 1996 a wide range of measurements were made at a 
entreof mass energy of 1.8 TeV, with the observation of the top quark in Mar
h 1995 asone of the highlights [31℄. After the end of Run I, the Tevatron was upgraded torun at ps = 1.96 TeV with an expe
ted luminosity of 2� 1032
m�2s�1. While the



3.2 The D� Dete
tor 37RUN Run IIa (36�36) Run IIa (140�103) Run IIb (140�103)Energy (p; �p) 980 GeV 980 GeV 980 GeVProtons/bun
h 2:7� 1011 2:7� 1011 2:7� 1011Antiprotons/bun
h 3:0� 1010 4:0� 1010 1:0� 1011Proton bun
hes 36 140 140Antiproton bun
hes 36 103 103Bun
h Spa
ing 396 ns 132 ns 132 nsTypi
al Luminosity 0:86� 1032
m�2s�1 2:1� 1032
m�2s�1 5:3� 1032
m�2s�1Integrated Luminosity 17.3 pb�1=week 42 pb�1=week 105 pb�1=weekTable 3.1: Planned Tevatron parameters for Run II [32℄.strengths of the original dete
tor [33℄ were its �nely segmented hermeti
 liquid argon
alorimeter and large angle muon dete
tion 
apability, the tra
king su�ered from theabsen
e of a magneti
 �eld in the 
entral dete
tor region. Therefore, in parallel tothe a

elerator, the D� dete
tor was upgraded [34℄. The main improvement was theintrodu
tion of a solenoid magnet providing a 2 Tesla �eld around a newly designed
entral tra
king system (see �g. 3.2).
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Figure 3.1: Fermilab a

elerators s
hemati
.



3.2 The D� Dete
tor 38

Figure 3.2: Side view of the D� Run II dete
tor [34℄.



3.2 The D� Dete
tor 393.2.1 Coordinate SystemThe following 
oordinate system is used throughout this thesis:The positive z-axis is aligned along the beam in the dire
tion of the protons. They-axis points upwards and the x-axis away from the 
entre of the ring. When usingspheri
al 
oordinates (r, �, �), the angle � is often repla
ed by pseudo-rapidity �de�ned as � = �ln tan �2 (3.1)whi
h approa
hes the true rapidity,y = 12 lnE + pzE � pz (3.2)in the limit m � E, where m is the mass of a parti
le and E its energy.Transverse energy is de�ned analogously to the transverse momentum:pt = p sin � ET = E sin � (3.3)3.2.2 Central Tra
king SystemThe introdu
tion of a magneti
 �eld into the D� dete
tor was a

ompanied by therepla
ement of the inner tra
king system. The new tra
king system as shown in �g.3.3 
onsists of an inner, high-resolution sili
on mi
rostrip tra
ker surrounded by as
intillating �bre tra
ker. It is designed to 
over a large range of pseudo-rapidity(j�j � 3) and will measure the momenta of 
harged parti
les. Other goals areele
tron identi�
ation, e/� reje
tion and b-tagging by the identi�
ation of displa
edse
ondary verti
es. The expe
ted transverse momentum resolution [35℄ is �pt=pt =(2 + 0.2 pt) %.
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Figure 3.3: The D� tra
king system [34℄.Sili
on Mi
rostrip Tra
ker (SMT)Lo
ated 
losest to the intera
tion point is the sili
on mi
rostrip tra
ker. Its over-all design is determined by the extended intera
tion point (�z = 25 
m) requiringa minimum length for the barrel se
tion of 72 
m. To provide optimal resolutionall tra
ks should interse
t the dete
tor planes approximately perpendi
ularly. Thisleads to a hybrid system with barrel dete
tors measuring primarily the r-� 
oordi-nates, and disk dete
tors whi
h measure r-� as well as r-z. The SMT 
onsists of six12.4 
m long barrel dete
tors 
ontaining eight layers of re
tangular sili
on mi
rostripdete
tors, here referred to as ladders. Layers 3,4,7 and 8 of the barrel dete
tors aredouble-sided dete
tors at a stereo angle of 2Æ relative to the beam-axis. In layers1,2,5 and 6 the stereo angle is 90Æ. Layers 1-4 
onsist of 6 ladders, layers 5 to 8 of12. In the outermost barrels the ladders on layers 1,2,5 and 6 are single sided andno stereo information is available.
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storage medium at a sustained rate of 50 Hz. The Level-3 system has 25 ms to reconstruct an event.This may not be long enough to unpack the hits from the SMT and use them to �nd the numberand z-positions of the primary interaction vertices. The L2STT solves this problem by �nding thehit clusters in the SMT and the interaction vertices in Level-2 and transmitting them to Level-3.The high degree of parallel processing and the dedicated hardware processors of the L2STT canperform this task in much less time than the high level serial processors of Level-3. Knowledgeof the z-position of the primary vertex at Level-3 is required for the precise calculation of jet andelectron pT from their energies measured in the calorimeter. This is provided by the L2STT.1.4 The D� Silicon Microstrip TrackerFigure 3 shows a view of the SMT which consists of six cylindrical barrel sections and disks betweenthe barrel sections and at the two ends of the detector. The barrel sections provide precise mea-surement of tracks in the central region. The luminous region of the Tevatron has an rms lengthof 25 cm in beam direction which requires the barrel section to be long (72 cm). The disks extendthe acceptance of the detector to forward tracks.
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-p Figure 3: View of silicon microstrip tracker.The barrel sections consist of rectangular silicon detectors arranged in four layers. Figure 4shows the arrangement of the detectors in the plane transverse to the beam direction. Each layerconsists of two overlapping sublayers, referred to as a and b. All detectors are segmented into axialstrips (parallel to the beam axis). The detectors in layers 1 and 3 of the central four barrel sectionsalso have strips that form an angle of 90� with the axial strips, so that they directly measure thez-coordinate of the hits. The z-axis points along the direction of the proton beam. The detectorsin layers 2 and 4 of all six barrel sections have stereo strips that form an angle of 2� with the axialstrips. Only the axial strips are used in the track �ts performed by the L2STT. The hits in the 90�strips are used in the determination of the z-position of the interaction vertex.As shown by the shaded regions in Figure 4 each barrel section can be divided into 12 sectors30� in azimuth. Due to the azimuthal overlap of adjacent detectors, almost all tracks hit detectorsthat belong to the same sector in all four layers. The acceptance loss if we miss tracks that cross10
Figure 3.4: The Sili
on Mi
rostrip Tra
ker (pi
ture taken from [36℄).There are 12 so-
alled `F-disks' made from double sided dete
tors with �15Æ stereostrips. Four of them are sandwi
hed between the barrel se
tions, the other eightbeing lo
ated at both ends of the barrel. Outside the F-disks, towards the end ofthe intera
tion region, there are two `H-disks' on ea
h side. They are made of twosets of single-sided wedge dete
tors with an e�e
tive stereo angle of � 7.5Æ. F-diskshave an outer radius of 12.5 
m, H-disks of 26 
m. An overview of the mi
rostripdete
tors is given in table 3.2.The SMT is read out by 128 
hannel sili
on readout 
hips, so-
alled SVXIIe 
hips[37℄. They are designed to work with double sided dete
tors and are able to a

eptpositive and negative 
urrents as input signals. The SVXIIe 
hips are mounted ona high density inter
onne
t (HDI). From the HDI the data pass via adaptor 
ardsand interfa
e boards to the sequen
er board. An opti
al link 
onne
ts the sequen
erto the readout bu�er. The whole SMT 
omprises � 793000 readout 
hannels.Test beam results show that a spatial resolution (tra
k residuals) of better than 10�m 
an be obtained [38℄. The expe
ted vertex resolution is 15-40 �m in r-� and80-100 �m in z.



3.2 The D� Dete
tor 42To minimize the e�e
ts of radiation damage [34℄ the operation temperature for theSMT is kept at 5-10Æ C.Dete
tor View Number of strips Angle Pit
hBarrel (single sided) 1 (p-side) 384 0Æ 50 �mBarrel 90Æ 1 (p-side) 384 0Æ 50 �m2 (n-side) 768 90 Æ 153.5 �mBarrel 2Æ 1 (p-side) 640 0Æ 50 �m2 (n-side) 512 2.004Æ 62.5 �mF-Disk 1 (p-side) 1024 -15Æ 50 �m2 (n-side) 768 15Æ 62.5 �mH-Disk 1 (p-side) 768 7.5Æ 79.3 �m2 (p-side) 768 -7.5Æ 79.3 �mTable 3.2: SMT parameters. Note that the n-side of the ladders on the 90Æ barrels are `mul-tiplexed': In these ladders two strips are 
onne
ted to one readout 
hannel and are read outsimultaneously.Central Fibre Tra
ker (CFT)The 
entral �bre tra
ker 
onsists of 32 
on
entri
 barrel-shaped layers of s
intillating�bres. These 32 layers are arranged in 16 doublet layers whi
h are then groupedtogether in eight `superlayers' at radii of approximately 19.5, 23.4, 28.1, 32.8, 37.5,42.1, 48.8 and 51.4 
m. The inner doublet in ea
h superlayer is parallel to thebeam axis, the outer one is oriented at alternating plus or minus 2.0Æ-3.0Æ stereoangles. The CFT 
omprises 76800 �bres. These s
intillating �bres with a diameterof 835 �m are made of a polystyrene 
ore doped with 1% p-terphenyl (PTP) and1500 ppm 3-hydroxy
avone. The PTP is used to in
rease the light yield, while thehydroxy
avone a
ts as a wavelength shifter to mat
h the transmission propertiesof the polystyrene [39℄. The 
ore is surrounded by 15 �m a
ryli
 
ladding, whi
hin turn is 
overed by 15 �m of 
uoro-a
ryli
 
ladding in order to in
rease the lighttrapping [34℄. The peak emission wavelength of these �bres is around 530 nm.Every �bre is mated to a 7-11 m long waveguide whi
h pipes the s
intillation light toa visible light photon 
ounter (VLPC). VLPCs [40℄ are solid state photon dete
tors
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tor 43based on sili
on diodes with an operating temperature of �10 K. They have highgains (50 000 ele
trons per 
onverted photon) and their quantum eÆ
ien
y for visiblelight is � 80 %.The CFT is designed to provide tra
k re
onstru
tion within the range of j�j < 2:0.3.2.3 Solenoid MagnetThe 
entral tra
king system is surrounded by a super
ondu
ting solenoid [34℄. Thisis a 2.8 m long two layer 
oil with a mean radius of 60 
m, a �eld strength of 2Tesla and a stored energy of 5 MJ. There is no spe
i�
 
ux return1. A uniformityof sin � � R Bzdl within 0.5% is a
hieved by applying an in
reased 
urrent densitynear the ends of the 
oil. The 
oil and its 
ryostat 
orrespond to approximately 1.1radiation lengths of material.3.2.4 Preshower Dete
torsCentral PreshowerLo
ated in the 51 mm gap between the solenoid and the 
entral 
alorimeter 
ryostat,the 
entral preshower dete
tor 
overs a region of j�j < 1:2. Its main purpose is toenhan
e the ele
tron identi�
ation and to 
orre
t for the e�e
ts of the tra
kingsystem, solenoid and lead absorber in the re
onstru
tion of ele
tromagneti
 energyin the 
alorimeter. The solenoid and the tapered lead absorber pla
ed in front of thedete
tor 
orrespond to about two radiation lengths of material. Studies [42℄ suggestthat the energy in the 
entral preshower must be known within 10% to rea
h theoverall ele
tromagneti
 energy resolution of Run I.The 
entral preshower 
onsists of triangular s
intillating strips arranged in one inneraxial layer and two outer stereo layers at an angle of�� 23Æ. Ea
h strip has a base of7.1 mm with a 1 mm hole in the 
entre. The readout o

urs via wavelength-shifting�bres passing through this hole. Near the end of the strips the wavelength-shifting1Most of the 
ux generated by the solenoid returns in the spa
e between the 
ryostat and themuon system. The magneti
 intera
tion between the solenoid and the muon system was found tobe negligible [41℄.
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tor 44�bres are 
onne
ted to 
lear waveguide �bres. These lead to visible light photon
ounters (VLPCs) under the dete
tor platform.Forward PreshowerTwo forward preshower dete
tors are mounted on the inner surfa
e of ea
h end
alorimeter. Their design is very similar to the 
entral preshower dete
tors andthey 
over the pseudo-rapidity range 1:4 < j�j < 2:5. A layer of lead absorber issandwi
hed between two s
intillator planes. The inner s
intillators a
t as dete
torsfor minimum ionising parti
les, ex
ept between 1:4 < j�j < 1:6, where parti
lestraverse the magnet solenoid. In this region the inner layer is not ne
essary asparti
les are likely to shower upstream of the forward preshower.3.2.5 CalorimeterThe liquid-argon 
alorimeter [33℄ provides energy measurements for ele
trons, pho-tons and jets. It remains un
hanged from Run I, but the mu
h lower bun
h 
rossingtime of 396(132) ns in Run II requires an upgrade of its front-end ele
troni
s. Theformer peak sampling time of 2.2 �s will be redu
ed to 400 ns, mainly by de
reasingthe e�e
tive integration time and redu
ing the intrinsi
 noise of the pre-ampli�er[34℄.The 
alorimeter as shown in �g. 3.5 is divided into a 
entral 
alorimeter (j�j � 1)and two end 
alorimeters to 
over the region 1 � j�j � 4. Both 
alorimeters 
on-tain three basi
 types of modules: An ele
tromagneti
 se
tion with thin (3 or 4mm) nearly pure depleted uranium plates, �ne hadroni
 modules with 6 mm thi
kuranium-niobium(2%) alloy plates and 
oarse hadroni
 se
tions. These se
tions
onsist of 46.5 mm thi
k plates, made from 
opper for the 
entral 
alorimeter andstainless steel in the end 
alorimeters. There are four separate layers for the ele
-tromagneti
 modules, three for the �ne hadroni
 and one or three for the 
oarsehadroni
 modules. These layers are used to measure the longitudinal shower shapein order to distinguish between ele
trons and hadrons. The energy resolution is14%=pE for ele
tromagneti
 showers and 80%=pE for hadroni
 jets.
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tor 45The smallest unit of the 
alorimeter is a readout 
ell, typi
ally 
overing 0.1 � 0.1 in� and �, ex
ept for the third layer in the ele
tromagneti
 modules, where the 
ells
over 0.05 � 0.05.
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Figure 3.5: The liquid-argon 
alorimeter [33℄.3.2.6 Inter
ryostat Dete
torThe transition region between the 
entral and the end 
alorimeters (0.8 � j�j �1.4) 
ontains a large amount of uninstrumented material, mainly support stru
turesfor the 
alorimeter and the 
ryostat walls. To 
orre
t for energy deposited in thisarea, a so-
alled inter
ryostat dete
tor has been installed [33℄, [34℄. It 
onsistsof a single layer of 384 s
intillating tiles of size �� = �� = 0.1 to mat
h theliquid-argon 
alorimeter 
ells. The tiles are mounted on the front surfa
e of theend 
alorimeters. The light signals are pi
ked up by wavelength-shifting �bres inthe tiles and then transported via 
lear �bre ribbon 
ables towards the phototubesoutside the magneti
 �eld.
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tor 463.2.7 Muon SystemIn order to study low 
ross-se
tion pro
esses in a wide range of pt the muon systemmust 
over the region j�j < 2 and provide an eÆ
ient unpres
aled trigger. Goodmuon 
overage is essential for a range of b-physi
s topi
s, whi
h require the re
on-stru
tion of a J= meson.The muon dete
tors [34℄ are divided into two main parts: The Wide Angle Muon Sys-tem 
overing the region j�j < 1 and the Forward Muon System 
overing 1 < j�j < 2.Wide Angle Muon System (WAMUS)From the intera
tion region outwards the WAMUS 
onsists of a layer of s
intillation
ounters lo
ated between the 
alorimeter and the �rst layer of proportional drift
hambers (PDT). The s
intillators are needed for triggering, as the maximum drifttime in the PDT of 750 ns ex
eeds the bun
h spa
ing in Run II (396 or 132 ns).Lo
ated after the �rst layer of PDTs is a toroidal magnet providing a 1.6 Tesla�eld. Immediately after the magnet follows a se
ond layer of PDTs and after a gapa third PDT layer. The hit eÆ
ien
y [43℄ for the PDTs is 99%. Mounted on theoutside of the third PDT layer is another layer of s
intillation 
ounters. S
intillation
ounters 
an also be found on the se
ond layer, at the bottom of the dete
tor. There
tangular drift 
hambers are 
onstru
ted from extruded aluminium. Their anodewires are made from gold-plated tungsten. The drift distan
e resolution is � 500�m. The s
intillation 
ounters are made from plasti
 s
intillator and wavelengthshifting �bres.Forward Muon System (FAMUS)Analogous to the WAMUS, the Forward Muon System 
onsist of three layers ofdrift 
hambers for tra
k re
onstru
tion and three layers of s
intillation 
ounters fortriggering. During Run I, the PDTs in the forward region su�ered from radiationindu
ed build-up of material. To avoid time-
onsuming 
leaning pro
edures, thePDTs in the Forward Muon System will be repla
ed by so-
alled Mini Drift Tubes(MDT) whi
h studies have shown to be radiation-hard [44℄. Their hit eÆ
ien
y [43℄



3.3 Trigger 47is > 97%. These tubes are made from 
ommer
ially available aluminium extruded
ombs. An individual tube 
ontains 8 
ells, ea
h with a 9.4�9.4 mm2 internal
ross-se
tion with 50 �m W-Au anode wires in the 
entre. The internal walls are
oated with stainless steel foil to form the 
athode. When �lled with a fast gasmixture (CF4(90%)+CH4(10%)) the maximum ele
tron drift time is 60 ns and so is
onsiderably shorter than a bun
h spa
ing time of 132 ns. The 
oordinate resolutionis less than 1 mm.3.3 TriggerThe planned bun
h-
rossing time of 396 or 132 ns ne
essitates an upgrade of thetrigger systems [45℄. The trigger system is needed to redu
e the number of ba
k-ground events and sele
t physi
ally interesting events to be written to tape. Thedata rate is redu
ed in three steps: Level 1 and 2 are hardware triggers, while theLevel 3 trigger is software based.Trigger a

ept rate time availableEvents 7.6 MHzLevel 1 10 kHz 4.2 �sLevel 2 1 kHz 100 �sLevel 3 20-50 Hz 100-150 msTable 3.3: Trigger rates for Run II. The a

ept rate is the number of events per se
ond that arepassed on to the next stage. In the 
ase of the Level 3 trigger it is the number of events writtento tape.
3.3.1 Level 1 and Level 2 TriggerThe Level 1 trigger uses data from the 
alorimeter, the preshower dete
tors, the 
en-tral �bre tra
ker and the muon MDTs and s
intillators. It uses Field ProgrammableGate Arrays (FPGAs) to test if any of the 128 Level 1 trigger bits have been set.
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ase the Level 1 framework issues an a

ept and the data are digitized andmoved to a series of 16 event bu�ers.The Level 2 trigger is the �rst stage to mat
h information from di�erent dete
torsubsystems. The data are pro
essed via FPGAs and mi
ropro
essor 
ards. At alater stage it is planned to introdu
e a sili
on tra
k trigger [36℄ into Level 2 toenhan
e the trigger 
apabilities for long-lived parti
les e.g. b-quarks.
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Figure 3.6: Level 1 and 2 trigger overview. The information 
ows from left to right.3.3.2 Level 3 TriggerThe Level 3 trigger re�nes the physi
s obje
ts (tra
ks, 
lusters, et
:) 
reated in theLevel 2 trigger and performs a limited re
onstru
tion of the event. The Level 3trigger software runs on a farm of standard PCs using the Linux operating system.Ea
h pro
essor of the farm, a so-
alled `Level 3 node' runs an independent instan
eof the Level 3 �ltering software and pro
esses a 
omplete event.The Level 3 software 
onsists of four major 
omponents [46℄: Tools, �lters, �lters
ripts and S
riptRunner.



3.4 Software 49There are four di�erent types of tools:{ Unpa
king tools are the only tools that have a

ess to the raw data. Theyare responsible for unpa
king regions of interest as indi
ated by the Level 2trigger.{ Data tools perform a partial re
onstru
tion of the event (e.g. 
lustering, ver-texing).{ Physi
s tools identify physi
s obje
ts like ele
trons, jets, muons and others.{ Trigger tools supply general fun
tionality like pres
ales or error handling.A �lter uses physi
s obje
ts produ
ed by the tools and 
he
ks against a given setof 
onstraints, de�ned in the trigger list. A �lter s
ript 
orresponds to a Level 3�ltering trigger bit and 
ombines the results of several �lters. The top level softwareof the Level 3 trigger is S
riptRunner. For ea
h �red Level 1/2 bit, S
riptRunnerexe
utes all asso
iated �lter s
ripts. On
e the �lter s
ript is run the event is 
lassedas passed, failed, unbiased or in error.
3.4 SoftwareThe D� software for Run II is being developed using the Con
urrent Versions System(CVS) [47℄. The software is divided into pa
kages most of whi
h are part of theD� framework [48℄. All D�software, ex
ept for most of the Monte Carlo generators,is written in C++.Ea
h pa
kage is a 
olle
tion of 
lasses whi
h perform a limited task. For examplethe pa
kage l3fsmtunptool 
ontains the 
ode used to unpa
k the SMT data for theLevel 3 trigger.Parameters whi
h 
annot or should not be hard 
oded are stored in r
p (run 
ontrolparameter) �les. They are read in when required at exe
ution time.The format to store data is 
alled a `
hunk'. All 
hunks inherit from a 
ommon base
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lass and 
an be a

essed via prede�ned methods. Ea
h 
hunk stores a 
ertain typeof data. Examples are the SimSMTHitChunk whi
h stores all the simulated GEANT[49℄ hits in the SMT or the GTra
kChunk whi
h 
ontains all re
onstru
ted globaltra
ks.
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Chapter 4

Clustering for the Sili
onMi
rostrip Tra
ker
4.1 SMT 
lustering for the Level 3 triggerFast and eÆ
ient 
luster �nding is essential for the Level 3 trigger. The 
luster�nding is divided into two distin
t steps:First, 
lusters are found for ea
h side of a wafer. This is done in parallel to theunpa
king [50℄ in the l3fsmtunptool pa
kage. While this is a one-dimensional mea-surement, the 
lusters are (somewhat misleadingly) referred to as two-dimensional
lusters, due to the fa
t that the axial 
lusters whi
h are a

essed by other partsof the trigger software are des
ribed by their x and y 
oordinates at this stage.Three-dimensional 
lusters refer to 
lusters where all three 
oordinates have beendetermined from measurements, rather than one or more of them being set to anaverage value. In the se
ond step, these two-dimensional 
lusters are 
ombined toform three-dimensional 
lusters in the l3fsmt
luster [51℄ pa
kage.The 
hapter starts with a short des
ription of the 
oordinate systems used. Thenthe algorithms for both steps of the 
lustering are presented separately, followed bythe evaluation of the tools based on Monte Carlo data.In order to redu
e the amount of fake 
lusters in real data, I investigated using a
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lustering for the Level 3 trigger 52parametrized pedestal subtra
tion instead of the initially used 
at pedestals. Thiswork is des
ribed in se
tion 4.3.At the end of the 
hapter the results for testing the tools on 
osmi
s are presented.4.1.1 Coordinate systemsLo
al 
oordinatesEa
h ladder or wedge has its own lo
al 
oordinate system [52℄, [53℄. Its origin islo
ated at the 
entre of the ladder or wedge. The lo
al z-axis points towards theSVX 
hips and the lo
al y-axis is dire
ted from the �rst side (view1 = 1) of the ladderto the se
ond. The x-axis is oriented to form a right handed 
oordinate system.

Wedge

z_local

y_local

x_local

x_local

y_local

z _local

LadderFigure 4.1: The lo
al 
oordinate system for ladders and wedges.When grouping adja
ent strips into 
lusters on one side of a ladder, the 
luster 
anbe des
ribed by a single position measurement, the 
luster 
entroid. It is measuredalong a line perpendi
ular to the orientation of the strips. On a double sided dete
torthere is a di�erent angle on ea
h side. Given a 
entroid position on ea
h side the1See table 3.2.
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Figure 4.2: Illustration for equation 4.1.point where they 
ross (�g. 4.2) is given byxL = u1 sin �2 � u2 sin �1
os �1 sin �2 � sin �1 
os �2zL = u1 
os �2 � u2 
os �1
os �1 sin �2 � sin �1 
os �2 (4.1)
where u1; u2 are the 
entroid positions and �1; �2 are the angles on sides 1 and 2respe
tively. On barrel ladders �1 = 0 and this formula redu
es to:xL = u1zL = u1 
os �2 � u2sin �2 (4.2)and on 90Æ stereo ladders it be
omeszL = �u2 (4.3)Global 
oordinatesFig. 4.3 shows the relative orientation of the SMT dete
tor to the global 
oordinatesystem.



4.1 SMT 
lustering for the Level 3 trigger 54Due to time 
onstraints the Level 3 software does not use the full geometry system.Instead it assumes that the ladders and wedges are 
at and uses a simple lineartransformation between lo
al (xL; yL; zL) and global (xG; yG; zG) 
oordinates:0BBB�xGyGzG1CCCA = ~r0 + xL~r1 + zL~r2 (4.4)The ve
tor ~r0 points from the global origin to the 
entre of the ladder/wedge, ~r1 is theglobal 
oordinate ve
tor 
orresponding to the ve
tor (1,0,0) in the lo
al ladder/wedge
oordinates, while ~r2 
orresponds to (0,0,1).
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Figure 4.3: The global 
oordinate system. The proton beam is along the positive z-axis. Thex-axis points away from the 
entre of the ring.4.1.2 Two-dimensional 
lusteringThe unpa
king [50℄ of the data and the �rst step of the 
lustering are performedsimultaneously to avoid 
opying large amounts of data to and from memory. Thealgorithm for forming the 
lusters is outlined below:Only strips with an energy above a set threshold are used. For ea
h new strip, itsposition address is 
he
ked. If it is on the same side on the same dete
tor element asthe 
urrent 
luster and if there is a gap of no more than one strip between it and this
luster then the strip is added to the 
urrent 
luster. If not or if it is the �rst strip
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lustering for the Level 3 trigger 55unpa
ked then it marks the start of a new 
luster and the geometry 
al
ulations forthe existing 
luster (if any) are done and it is stored in the list of 
lusters.The geometry 
al
ulations and storing of the �nal 
luster must be expli
itly for
edwhen all the strips have been read out.As the readout of the stereo side of the 90Æ dete
tors is multiplexed2, ea
h of thestereo 
lusters on these ladders is dupli
ated, with an o�set of �6 
m. The positionof the 
luster is given by the pulse-height weighted average of the strips:�n = PniwiPwi (4.5)where ni is the strip number of the ith strip and wi is the deposited energy in thatstrip. The weighted average is 
onverted into a 
entroid position by usingu = u1 + (�n� 1)p (4.6)where u1 is the position of the 
entre of the �rst strip and p is the pit
h of thestrips. The �1 is needed be
ause the strip numbering starts at 1. The next step istransforming the 
entroid position u into lo
al 
oordinates. For axial barrel 
lustersthis is xL = uzL = 0 (4.7)and for 90Æ barrel 
lusters xL = 0zL = �u (4.8)For the 2Æ barrel and disk dete
tors the two-dimensional 
lusters provide no usefulinformation, ex
ept their 
entroid position whi
h is used to form three-dimensional
lusters. The last step is to 
onvert the lo
al 
oordinates into global 
oordinates by2Ea
h SVX 
hannel is 
onne
ted to two strips whi
h are separated by approximately 6 
m alongthe z-axis. It is impossible to distinguish from whi
h of the two strips a signal originated.
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lustering for the Level 3 trigger 56using equation 4.4.4.1.3 Three-dimensional 
lusteringThe three-dimensional 
lustering takes pla
e in the l3fsmt
luster pa
kage. It usesthe two-dimensional disk and barrel 
lusters from l3fsmtunptool as input. Theyare required to have been sorted by ladder or wedge. The algorithm for the barrelsand disks follows the same prin
iple. For every ladder/wedge all 
ombinations of 2d
lusters whi
h result in a 3d 
luster 
onsistent with the hardware3 are taken intoa

ount. If there are only 
lusters on one side of a ladder these are kept as well(pseudo-3d 
lusters). Their missing 
oordinates are set to the values at the 
entreof the ladder.For barrel 
lusters the global 
oordinates for ea
h hit are taken dire
tly from theunpa
k tool, ex
ept for the z-
oordinate of 
lusters on layers with a 2Æ stereo angle,where equation 4.2 is used. For disk 
lusters the lo
al x and z 
oordinates are 
al-
ulated using equation 4.1.The transformation from lo
al into global 
oordinates is the same as in l3fsmtunptool.Ghost killingGhosts are 
ombinations of 2d hits whi
h originate from two di�erent tra
ks. The 3d
lusters are grouped in 
olle
tions: All 
lusters whi
h derive from the same 
lusteron the axial (�rst) side of a ladder belong to one 
olle
tion. This enables the elimi-nation of ghosts on
e one 
luster of a 
olle
tion is identi�ed as valid. The 
olle
tionnumber for pseudo-3d 
lusters is set to zero.For real hits the energy deposited should be approximately the same for both sidesof the dete
tor. Therefore the ratio je1 � e2je1 + e2 (4.9)3For the disks and for ladders with a 2Æ stereo angle, it is possible that zlo
al 
al
ulated a

ordingto equation 4.2 results in a value that is greater than the limits of the ladder.
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(b)Figure 4.4: Example distributions of the energy ratio e1�e2e1+e2 for real hits (a) and ghosts (b). Notethat ghost-killing will not redu
e the number of fake 
lusters due to multiplexing in the 90Æ stereolayers. The spike in (b) is due to rounding errors.where e1, e2 are the energies on both sides, should be 
lose to zero. It is possible toreje
t 
lusters where this ratio is above a 
ertain threshold. This 
ut is 
ontrolled byan r
p parameter. The default setting is 1, i.e. no ghost-killing by dE/dx. Whileghost-killing works on MC data (see �g. 4.4) it has yet to be seen whether the
alibration will be suÆ
ient to allow ghost-killing in real data.



4.2 Evaluation of the software 584.2 Evaluation of the software4.2.1 Monte Carlo mat
hingThe Monte Carlo (MC) data are stored as SimTkHits [54℄ whi
h are an interfa
eto the underlying GEANT [49℄ hits. GEANT propagates a parti
le in dis
retesteps through the dete
tor. As the stepsize ex
eeds the thi
kness of the strips it isne
essary to 
al
ulate the position of a MC hit at the middle of a strip (i.e. at ylo
al= 0). This is done using the following equation:xm
global = xinglobal + yinlo
al � xoutglobal � xinglobalyinlo
al � youtlo
alym
global = yinglobal + yinlo
al � youtglobal � yinglobalyinlo
al � youtlo
alzm
global = zinglobal + yinlo
al � zoutglobal � zinglobalyinlo
al � youtlo
al (4.10)
The index in refers to the beginning of a GEANT step, out to the end. The 
oordi-nates xm
global; ym
global; zm
global are the global 
oordinates at the middle of the strip.For (almost) every parti
le GEANT 
reates a shower inside the material. Someof these shower parti
les 
reate MC hits. These hits are usually not visible in thedete
tor be
ause they deposit only a small amount of 
harge. As they are very 
loseto the primary parti
le position, the 
harge is superimposed. This means they �reexa
tly the same set of strips as the original parti
le (at least in the simulation).The task is to �nd hits suitable for tra
king and not the position for every singleparti
le from a shower within one sili
on layer. Chara
teristi
ally a shower hit isindi
ated by a step size less than the thi
kness of the sili
on dete
tor (0.0275 
m).These hits are not used in the MC mat
hing.Unless indi
ated otherwise the Monte Carlo studies are based on t�t events with atypi
al tra
k multipli
ity of 50-60 tra
ks per event.



4.2 Evaluation of the software 594.2.2 Results: Resolutions, EÆ
ien
ies and TimingTra
k and vertex �nding in the Level 3 trigger depend on properly re
onstru
tedSMT 
lusters. Therefore 
onsiderable e�ort has gone into determining the propertiesof these 
lusters. The results are summarised in this se
tion.Figs. 4.5 and 4.6 show the resolution for barrel 
lusters and �gs. 4.7 and 4.8 theireÆ
ien
ies. The resolutions are determined by �tting a Gaussian to the 
entralpeak of the distributions. The tails of these distributions have been ignored asonly a partial re
onstru
tion of the event is performed at Level 3 and the triggereÆ
ien
ies will not be signi�
antly e�e
ted by the non-Gaussian tails.It is un
lear if the disks will be used in the trigger, but extending the 
ode to in
ludethe disks is straightforward and the a
hieved resolutions are shown in �gs 4.9 and4.10.De�nitions of terms used are given below. A summary of all resolutions is given intable 4.1.De�nitionsMat
hed: In order to be 
onsidered mat
hed the distan
e between the MC hit andthe 
orresponding re
onstru
ted hit has to be less than approximately 3 �, where �is the resolution of the distan
e between the MC and the re
onstru
ted hits. Theexa
t values for ea
h 
ase are given with the histograms.EÆ
ien
y is de�ned as the ratio of all MC hits whi
h 
ould be mat
hed divided byall MC hits with the ex
eption of shower hits as des
ribed in se
tion 4.2.1.Misidenti�
ation is de�ned as the number of unmat
hed re
onstru
ted 
lustersdivided by the total number of re
onstru
ted 
lusters.
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(b)Figure 4.5: Spatial resolution for the barrels: (a) di�eren
e in the angle � between re
onstru
tedand MC 
lusters, (b) resolution in xlo
al (�(xre
olo
al � xMClo
al)). The �tted fun
tion is a Gaussian.
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(b)Figure 4.6: Spatial resolution for the barrels: (a) resolution in z (plotted is the di�eren
e betweenthe re
onstru
ted z-position and the MC z-position) for layers with a 90Æ stereo angle, (b) resolutionin z in 2Æ stereo layers.
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(b)Figure 4.7: EÆ
ien
y (a) and misidenti�
ation (b) for 2d 
lusters on axial layers. A 
luster wasde�ned as mat
hed if the distan
e between the re
onstru
ted and the MC 
lusters was less than25 �m.

layer
1 2 3 4 5 6 7 8

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

(a) layer
1 2 3 4 5 6 7 8

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

(b)Figure 4.8: EÆ
ien
y (a) and misidenti�
ation (b) for 3d 
lusters. A 
luster was de�ned asmat
hed if the distan
e between the re
onstru
ted and the MC 
luster was less than 150 �m for
lusters on 90Æ layers and 1000 �m for 
lusters on 2Æ layers. The extremely high misidenti�
ationin the 90Æ layers is due to multiplexes (and their ghosts) on top of ghosts and genuinely wrong
lusters.
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(a) resolution in xlo
al cm
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(b) resolution in zlo
alFigure 4.9: Spatial resolution for F-Disks. Plotted is the di�eren
e between the Monte Carlo andthe re
onstru
ted 
luster position for ea
h re
onstru
ted 
luster. For the de�niton of xlo
al andzlo
al see �g. 4.1.
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(a) resolution in xlo
al cm
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(b) resolution in zlo
alFigure 4.10: Spatial resolution for H-Disks. Plotted is the di�eren
e between the Monte Carloand the re
onstru
ted 
luster position for ea
h re
onstru
ted 
luster.



4.3 Calibration 63Coordinate ResolutionBarrels: xlo
al 6.8 �mBarrels (2Æ): zglobal 257 �mBarrels (90Æ): zglobal 23 �mF-Disks: xlo
al 7.5 �mF-Disks: zlo
al 26 �mH-Disks: xlo
al 30 �mH-Disks: zlo
al 192 �mTable 4.1: Summary of SMT 
luster resolutions for Level 3.
TimingAs 
an be seen in table 3.3, there are severe time 
onstraints on all the trigger
omponents. Figs. 4.11(a,b) show the time required for the 
lustering of Z ! ��events with di�erent numbers of minimum bias events added. These plots show thatwith a few ex
eptions and even under diÆ
ult 
ir
umstan
es (events 
ontaining sixminimum bias events are rare) the amount of time needed for the 
lustering isreasonable.4.3 CalibrationThe signal measured in ea
h 
hannel in the SMT 
onsists of a pedestal and a gain.The pedestal is the ADC 
ount measured even if there is no signal. The gain is theamount by whi
h the signal in
reases when a 
hannel registers a hit. Ideally the gainis proportional to the deposited energy. In real data, unlike simulation, the pedestalsand gain vary for ea
h 
hannel. Due to time and memory 
onstraints at Level 3 itis not possible to 
alibrate ea
h 
hannel individually. Instead the pedestals for ea
h
hip (
f. se
tion 3.2.2) 
an be parametrized as a fun
tion of the strip number.
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(a) Timing results for Z ! �� eventswithout any minimum bias events added. running time in ms
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(b) Timing results for Z ! �� eventswith six minimum bias events added.Figure 4.11: The histograms show the number of 
lusters versus the time (in millise
onds) neededfor their re
onstrution. The timing studies were done on a ma
hine 
omparable to the ma
hinesused in the trigger system. The total time allo
ated for the pro
essing of one event is around 100millise
onds.Prin
ipally there are two ways of re
overing the pedestals:� From primary data a
quisition (PDAQ): The pedestal is the average value ina 
hannel from data taken during ordinary runs.� From se
ondary data a
quisition (SDAQ): A 
harge is put on every 
hannel tomeasure the pedestals without signal. The 
alibration will use pedestals fromSDAQ.Parametrizing PedestalsIn the majority of 
hips the pedestal distribution is 
at. It is not fully understoodwhere the non-
at distributions (e.g. �g. 4.12) 
ome from. A probable 
ause is thatthe power for the 
hip ele
troni
s (preampli�er et
.) 
omes from one side of the 
hipand therefore the voltage applied to the 
hannels is not 
onstant over the range ofa 
hip [55℄.
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Figure 4.12: Chara
teristi
 
urve for a 
hip at the end of a ladder. The errors are from SDAQmeasurements and are highly 
orrelated. Dead 
hannels are 
hara
terised by an o�set and ex-tremely small errors.The biggest sour
e of error when �tting are dead 
hannels. These 
hannels have analmost 
onstant value and a very low error and therefore a strong in
uen
e on the�t (see �g. 4.13(a)). Removing those 
hannels from the �t improves it 
onsiderablyas shown in �g. 4.13(b). In order to remove the dead 
hannels, initially the 
hannelswith the 10 smallest errors were removed from the �t. The in
uen
e of removinga low number of working 
hannels during this pro
edure is negligible. More re
entversions of the SDAQ 
ag individual 
hannels as dead, when ne
essary, whi
h makestheir removal straightforward. The fun
tion used to parametrize the pedestals is afourth order polynomial. This parametrizes the existing data suÆ
iently well, i.e.the �tted 
urve almost always lies within the error for ea
h 
hannel (�g. 4.14), butalso leaves enough 
exibility should the shape of the pedestal 
urve 
hange overtime.The parametrized pedestals have been tested on real data, but the results have beenin
on
lusive.
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(b)Figure 4.13: Fig. (a) shows a �t to an otherwise 
at pedestal 
urve in
luding the dead 
hannelson the 
hip. Fig. (b) shows a 
onsiderably improved �t on the same 
hip after the removal of thedead 
hannels.
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Figure 4.14: Di�eren
e between �tted and measure pedestal divided by the error (from 
alibra-tion) on the measured pedestal. The 
alibration �le 
ontained 62 
hips. For the vast majority of
hannels the di�eren
e between the �tted value and the measured value is less than the error onthe measurement (i.e the absolute of this quantity is less than 1).
4.4 Cosmi
sOne of the SMT barrels was used to 
olle
t 
osmi
 data before integrating it into thedete
tor. A s
hemati
 [56℄ of the test stand is given in �g. 4.15. The s
intillatorswere used for triggering and the iron plate for momentum 
uts. An event wasa

epted by the following trigger de
isions:(A and B) and C or C and D (4.11)Not all ladders of this barrel were read out. These ladders appear as light grey inthe �gures. For readout, the a
tual 
ollider data readout system was used.As a proof of prin
iple, 500 events4 of this test run were used to re
onstru
t tra
ks4The number of events was limited by the diÆ
ulties in 
alibrating the dete
tor. The 
alibration�le for these events was provided by R. Illingworth.
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Figure 4.15: Setup for the 
osmi
 ray test (to s
ale).originating from 
osmi
s using the Level 3 
lustering and a spe
ialized 
osmi
 tra
k�nder.A Cosmi
 Tra
k FinderUnlike tra
ks re
onstru
ted during 
ollisions, the tra
ks 
aused by 
osmi
s in thetest-setup were straight as no magneti
 �eld was present and they did not originate
lose to x=y=0. The tra
king algorithm used for 
osmi
 tra
ks is as follows:� Only 
lusters where information in x, y and z is available are used.� Ea
h hit is 
ombined with every other hit, ex
ept when both are on the sameladder. These 
ombinations 
an be represented by a point in (tan(�); y0)-spa
ewhere tan(�) is the angle relative to the y-axis and y0 the point at whi
h thetra
k 
andidate would 
ross y = 0 (see �g. 4.16).� Cuts on tan(�) and y0 ensure that tra
k 
andidates lie within the dete
torrange and are 
onsistent with 
osmi
s (i.e. not parallel to the x-axis).
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Figure 4.16: Variables used by the 
osmi
 tra
k �nder.� A tra
k 
andidate is found by �nding the biggest `
luster' of points in (tan(�); y0)-spa
e.� Minimum requirement is 4 hits on at least 4 di�erent layers.� A straight line is �tted (
f. Appendix A.4) to all points belonging to this`
luster'.� On
e an (x; y) tra
k is �tted an attempt is made to �nd a straight line in (z; y)using all 3d-
lusters asso
iated with the axial 
lusters used in the previous �t.Using this algorithm 187 tra
ks in 500 events are found. The o�ine re
onstru
tion�nds 210 tra
ks in the same sample [57℄. This is due to better 
alibration, whi
hresults in slightly more 
lusters and less noise. In events where both online5 ando�ine re
onstru
tion �nd a tra
k, they �nd the same tra
k. Figs. 4.17 and 4.18show the same (typi
al) event, with a re
onstru
ted tra
k, from online and o�inere
onstru
tion respe
tively.Fig. 4.19 shows the tra
k residuals in x and �g. 4.20 the tra
k residuals in z foronline re
onstru
tion. For 
omparison the tra
k residuals in z for o�ine re
onstru
-tion6 are given in �g. 4.21. They are in reasonable agreement with the online results.
5Any re
onstru
tion using trigger software is referred to as `online'.6Tra
k residuals in x were not available for o�ine re
onstru
tion.
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(b)Figure 4.17: Event display for a 
osmi
 tra
k. Ladders whi
h are not read out appear light grey.In �g. (b) the lighter 
lusters are all possible z values belonging to the 
lusters used for the tra
k�tin x-y.
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(b)Figure 4.18: The same event as in �g. 4.17 from o�ine re
onstru
tion [58℄.
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Figure 4.19: Tra
k residuals in x (�(xtra
k � x
luster)).
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(b) 90Æ ladders.Figure 4.20: Tra
k residuals in z (�(ztra
k � z
luster)) for tra
ks made ex
lusively of 2Æor90Æ
lusters.
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Figure 4.21: Resolution in z (top: 90Æ, bottom: 2Æ) from o�ine re
onstru
tion [57℄.
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Chapter 5
Analysis

5.1 Introdu
tionIn this 
hapter Monte Carlo studies for lifetimemeasurements in the de
ays B0s ! J= �and B0d ! J= K�0 are presented. A greater emphasis is given to B0s ! J= � asB0s mesons are 
urrently ex
lusive to the Tevatron. While both de
ays1 have beenmeasured at the Tevatron before, Run II presents the �rst opportunity to attemptthese measurements at D�. The initial measurements will provide a valuable 
he
kfor the re
onstru
tion software by 
omparing the results to previous measurements(
f. table 2.1, p. 28). Later in the run, on
e the dete
tor is fully understood, morepre
ise measurements will help to validate predi
tions made by HQET as mentionedin se
tion 2.6.As outlined in 
hapter 2, lifetime measurements form the basis for other measure-ments, e.g. ��� . Investigating those require more sophisti
ated Monte Carlo genera-tors than the one available at the time of writing. Se
tion 5.7 outlines the problemsen
ountered and des
ribes the implementation of a new generator whi
h will makethese simulations possible in the future.At the end of the 
hapter the results of my sear
h for J= mesons in the �rst
onsistent set of real data that be
ame available in November 2001 are presented.1Referen
es to a de
ay in this 
hapter always refer to the 
harge-
onjugated state as well.



5.2 The Monte Carlo data sample 745.2 The Monte Carlo Data Sample5.2.1 SoftwareWithin the D�-framework there are four stages in the produ
tion of a Monte Carlodata sample. PYTHIA [59℄ is used to simulate the 
reation of the B-mesons and theunderlying event. It also handles the de
ays of all parti
les ex
ept the B-mesons.These are de
ayed by QQ [60℄, the CLEO event generator. The results are writtenout as so-
alled M
KineChunks, whi
h store the four-ve
tor and vertex informa-tion for ea
h parti
le along with links to its parent and/or daughters. The 
uts inPYTHIA are kept to a minimum to avoid distorting the momentum distributionsof the B-mesons. But to prevent ex
essive CPU 
onsumption, only events whi
h
ontain the signal 
hannel (e.g. B0s ! J= �) and pass 
ertain 
uts, e.g. a minimumtransverse momentum for the de
ay produ
ts, are sele
ted from the PYTHIA/QQoutput for further pro
essing.For these events the dete
tor response is simulated using the d0gstar (D� GEANTSimulation of the Total Apparatus Response) pa
kage. The data are then digitizedand minimum bias events are added to the signal by the d0sim pa
kage. Output isin the raw data format. These �les 
an then be pro
essed by the re
onstru
tion soft-ware, d0re
o. Most software 
omponents in
lude an analysis pa
kage. The resultsof these analyses are written into an ntuple. While using the 
ontent of this ntuple
annot repla
e a full analysis, it is a good starting point to 
he
k the quality ofthe data and perform basi
 parti
le re
onstru
tion2. The J= re
onstru
tion in realdata in this 
hapter is based on an ntuple-analysis using the ROOT [61℄ softwarepa
kage.All software 
omponents at D� are still under heavy development. On
e everyweek all updates to the software are 
ombined and released to the 
ollaboration.These software releases are huge and only a limited number of them is available at atime. To fa
ilitate the produ
tion and analysis of data (as opposed to software de-velopment) 
ertain releases are designated `produ
tion releases'. These releases are2ROOT tuple analyses are an `approved' D� pra
ti
e.



5.2 The Monte Carlo data sample 75supposed to be stable and only bug-�xes to the 
ode should have been allowed. Inpra
ti
e this did not always work and parts of the software would regularly displayunexpe
ted3 behaviour.5.2.2 Produ
ing a Monte Carlo signal sampleD� uses 
omputer farms around the world to produ
e large amounts of Monte Carlodata. Most of these samples are of a general nature (e.g. QCD) and not really usefulfor a more spe
ialized analysis like B0s ! J= �. Produ
ing Monte Carlo data forex
lusive de
ay 
hannels is slightly more 
ompli
ated and so data in the b-physi
sgroup was initially produ
ed by individuals using lo
al ma
hines on request. Thisproved to be very ineÆ
ient. I was involved in the e�orts of the b-physi
s group touse the 
omputer farms instead. The fa
t that most of the B-meson de
ays needa sele
tion step as des
ribed earlier after the initial generation of data prevented afull automation of the pro
ess. Nevertheless the �rst �les were re
onstru
ted on thefarms in November 2001. A 
lose investigation of these �les revealed a number ofproblems, so the data sets used in this analysis have been re-made several times.My work in this area lead to the de
ision to 
hange generators after I showed thatthe EvtGen generator [62℄ was better at modelling b-de
ays than the 
urrent defaultgenerator QQ. (
f. se
tion 5.7.1). A de
ision was made not to use the farms forlarge s
ale produ
tion until the group was 
on�dent that the problems with thegenerators were fully understood [63℄.The 7000 signal events for ea
h of the de
ay 
hannels represent a 
ompromise be-tween the diÆ
ulty of produ
ing Monte Carlo data and the need to produ
e results.It should be emphasized that the aforementioned problems in produ
ing MonteCarlo data are purely software related and will be resolved in the future.3Like the magneti
 �eld 
hanging dire
tion.



5.2 The Monte Carlo data sample 765.2.3 Ba
kground sampleThe exa
t ba
kgrounds depend heavily on the triggers used. A trigger simulation isbeing developed to estimate these ba
kgrounds, but was not available for this study.The main ba
kground for B-meson re
onstru
tion in both signal 
hannels is ex-pe
ted to 
ome from events 
ontaining real J= whi
h are 
ombined with randomtra
ks to form fake B-mesons [11℄. The ratio [71℄ of dire
t (i.e. produ
ed during thehard-s
atter pro
ess) J= and J= mesons 
oming from b-de
ays is expe
ted to beapproximately 80 : 20. During Run I CDF found that zero-lifetime ba
kground wasthe main ba
kground 
omponent in the B0s ! J= � lifetime measurement, withan overall signal to ba
kground ratio [64℄,[71℄ of � 0.9. This ba
kground 
an be
onsiderably redu
ed when measuring the angular distributions in these de
ays byrequiring a minimum lifetime for the re
onstru
ted B-mesons. Due to their generallylow transverse momentum muons from � and K de
ays are not expe
ted to pollute
onsiderably the J= signal. Most fake J= are a 
ombination of a muon produ
edin the hard-s
atter pro
ess and a muon from a � orK de
ay. Preliminary results [65℄from Run II indi
ate that this ba
kground will be small. The ba
kground resultingfrom re
onstru
ting a B0d de
aying to J= K�0 as B0s ! J= � or vi
e-versa is oftenreferred to as 
ross-talk and is dis
ussed further in se
tion 5.5. The bran
hing ratiosof `non-resonant' de
ays (e.g. B0d ! K�0�+��) whi
h result in the same �nal stateas the signal 
hannels are extremely small (� 10�7 for the full de
ay 
hain) and arenot expe
ted to pose a problem.Even though a proper simulation of the ba
kgrounds was not possible at this time,as a preliminary measure all available events4 
ontaining J= ! �� were usedas ba
kground. These samples 
onsisted of 24750 qq ! J= (! ��) X and 24750bb! J= (! ��) X events. The se
ond sample 
ontained a number of signal events,879 for B0s ! J= � and 4056 for B0d ! J= K�0. As a pre
autionary measure theseevents were not used, sin
e there is 
urrently no me
hanism to retrieve the exa
tparameters (e.g. momentum 
uts, de
ay tables, et
.) used to generate a parti
ular4Courtesy of the New Phenomena group.



5.2 The Monte Carlo data sample 77�le5. However in order to determine the expe
ted event yields (see se
tion 5.6) aknowledge of all generator level 
uts is ne
essary. Both signal samples were alsoused as ba
kground for ea
h other.
Monte Carlo parti
le massesAll parti
les were simulated with masses very 
lose or identi
al to their values aslisted in the PDG [3℄. These masses are throughout the text referred to as mPDGparti
le.They are listed in table 5.1.J= 3096.87 � 0.04 MeV� 1019.417 � 0.014 MeVK�0 896.10 � 0.27 MeVB0d 5279.4 � 0.5 MeVB0s 5369.6 � 2.4 MeVTable 5.1: Parti
le masses a

ording to the Parti
le Data Group(PDG) [3℄.

5This is a known problem at D�.
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onstru
tion of B0s ! J= � 785.3 B0s ! J= (! �+��) �(! K+K�) (! �+��) �(! K+K�) (! �+��) �(! K+K�)5.3.1 Muon re
onstru
tionIn order to rea
h the muon 
hambers a parti
le needs a minimum pt of 1.5 GeV.To redu
e the amount of prin
ipally unre
onstru
table data in the MC sample a
ut at generator level ensured that muons 
oming from the J= had a minimum ptof 1.5 GeV. They were also required to have j�j < 2, equivalent to the 
overage ofthe muon system. All other muons were unrestri
ted. Fig. 5.1 shows the generatedmuon pt spe
trum for the 7000 B0s ! J= � signal events.The muon re
onstru
tion is based on a mat
h between a tra
k re
onstru
ted by the
entral tra
king system (SMT and CFT), here referred to as a `global tra
k', and asignal in the muon system. Overlaid on the generated pt spe
trum in �g. 5.1 arethe pt spe
tra of all muons found in the global tra
ks and of all those identi�ed bythe muon system. It shows 
learly that while most muons at low pt (1.5-2.5 GeV)will leave a tra
k in the 
entral tra
king system, they often 
annot be identi�ed asmuons by the muon system.While the muon system has its own magneti
 �eld and a 
oarse momentum re
on-stru
tion6, the momentum of the muon 
andidates is that of the global tra
ks theyare based on. Fig. 5.2 shows the overall momentum resolution for muons. The mo-mentum resolution depends on the absolute momentum, and will generally worsenat higher momenta. Fig. 5.3 shows the muon pt resolution as a fun
tion of pt.The main ba
kgrounds for muons are expe
ted to be 
osmi
 rays, parti
les otherthan muons rea
hing the muon 
hambers (pun
h-through) and 
ombinatori
s, where
ombinatori
s refer to hits in the muon 
hambers originating from one tra
k beingre
onstru
ted as two or more di�erent tra
ks. While this ba
kground is expe
ted topose a major problem for the triggers [66℄, 
ombining information from the 
entraltra
king system and the muon 
hambers will redu
e this ba
kground 
onsiderablyin the o�ine re
onstru
tion. Fig. 5.4 shows the purity as a fun
tion of pt for the6The expe
ted momentum resolution �p=p in the muon system is � 20 % at threshold, wors-ening with in
reasing momentum [67℄.
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onstru
tion of B0s ! J= � 79B0s ! J= � sample. Ex
ept for low pt (pt < 2 GeV) muons, around 90% of allmuon 
andidates 
an be mat
hed to an MC muon.
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Figure 5.1: Transverse momentum distribution for simulated muons, global tra
ks mat
hed toMC muons and muon 
andidates mat
hed to MC muons. There was a generator level 
ut requiringthe muons in the signal 
hannel to have pt > 1:5 GeV. All other muons were unrestri
ted, resultingin the peak at low pt.
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(b) pzFigure 5.2: Muon momentum resolution (MC momentum - re
onstru
ted momentum). The �ttedfun
tion is a double Gaussian.
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Figure 5.3: Muon pt resolution as a fun
tion of pt. With in
reasing pt the tra
ks be
ome straighterand the resolution worsens. The resolutions for the �rst four points (1.75, 2.25, 2.75, 3.25 GeV)were derived from all muon 
andidates with a pt of � 0.25 GeV around the 
entral value. As therewere fewer muons available at higher pt, the bin size was in
reased to � 0.5 GeV around the 
entralvalues of 4.0, 5.0 and 6.0 GeV. A Gaussian was �tted to the di�eren
e between the re
onstru
tedand the MC pt in all 
ases. Plotted is the � of ea
h Gaussian and its error vs. pt.
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Figure 5.4: Purity: Number of mat
hed muon 
andidates per pt bin divided by the number of allmuon 
andidates per bin. The Monte Carlo mat
hing was based on the 
omparison of the generatedand re
onstru
ted momenta with a �xed 
ut-o� value (� 3� of the momentum resolution). The�xed 
ut-o� is justi�ed by the fa
t that a badly re
onstru
ted muon (like a fake muon) is notuseful for this analysis. As the momentum resolution worsens for higher momenta (�g. 5.3), thereare a greater number of high pt tra
ks generated by real muons that remain unmat
hed, therefore
ausing a slight drop in purity.



5.3 The re
onstru
tion of B0s ! J= � 815.3.2 J= re
onstru
tionJ= mesons are re
onstru
ted by 
ombining two oppositely 
harged tra
ks, where atleast one of them has been identi�ed as a muon by the muon system. Requiring muonidenti�
ation for both tra
ks signi�
antly redu
es the ba
kground, at the expense oflosing approximately half the signal (see �g. 5.5). This is due to the fa
t that of allthe signal events whi
h 
ontained at least one muon 
andidate, only half 
ontainedtwo or more (see �g. 5.6). The invariant mass of the J= has a resolution of 0.047GeV.Fig. 5.7 shows the pt spe
trum of the simulated J= and the pt spe
trum of all J= 
andidates (with a one muon requirement) whi
h 
ould be mat
hed to an MC J= .The J= momentum resolution is shown in �g. 5.8.A 
ommon vertex for the two tra
ks is found using a Kalman �tter [68℄. The �2distribution of the J= 
andidates is shown in �g. 5.9. The goal of the measurementis to measure the B-meson lifetime whi
h requires the re
onstru
tion of the B de
ayvertex. To redu
e 
ombinatori
s J= 
andidates with a �2 > 10 are dis
arded evenif they pass the J= mass 
ut of mPDGJ= � 0:09GeV(� 2�).It is possible to enhan
e the J= signal by using the J= ! e+e� 
hannel. While aJ= ! e+e� signal has been established in real data [69℄, there is no trigger for this
hannel available and while studies are underway it is unlikely that it will 
ontributeto physi
s measurements in the near future.
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(b) two identi�ed � requiredFigure 5.5: Invariant mass distribution for all J= 
andidates in the signal sample. The �ttedfun
tion in (a) is a Gaussian and a third order polynomial, the fun
tion in (b) a Gaussian and astraight line. The peak in (a) 
ontains approximately twi
e as many J= 
andidates as the peakin (b).
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Figure 5.6: Number of muon 
andidates per event. Of the 7000 signal events 1091 did not
ontain any muon 
andidates, 2847 
ontained one 
andidate and 3062 
ontained two or moremuon 
andidates.
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Figure 5.7: Transverse momentum for simulated (open histogram) and mat
hed (shaded his-togram) J= . The J= 
andidates were required to have at least one identi�ed muon.

GeV/c

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

N
/0

.0
1 

G
eV

/c

0

50

100

150

200

250

300

  12.1 ±c1       = 209.6 

 0.001369 ±mean     = -0.001401 

 0.002476 ±sigma    = 0.03618 

 12.67 ±c2       =    95 

 0.002258 ±mean2    = 0.00189 

 0.003528 ±sigma2   = 0.0878 

  12.1 ±c1       = 209.6 

 0.001369 ±mean     = -0.001401 

 0.002476 ±sigma    = 0.03618 

 12.67 ±c2       =    95 

 0.002258 ±mean2    = 0.00189 

 0.003528 ±sigma2   = 0.0878 

(a) px GeV/c

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

N
/0

.0
1 

G
eV

/c

0

50

100

150

200

250

 7.615 ±c1       = 192.5 

 0.001275 ±mean     = -0.001959 

 0.001855 ±sigma    = 0.03675 

  4.22 ±c2       = 55.92 

 0.004012 ±mean2    = -0.009227 

 0.006609 ±sigma2   = 0.1511 

 7.615 ±c1       = 192.5 

 0.001275 ±mean     = -0.001959 

 0.001855 ±sigma    = 0.03675 

  4.22 ±c2       = 55.92 

 0.004012 ±mean2    = -0.009227 

 0.006609 ±sigma2   = 0.1511 

(b) pzFigure 5.8: J= momentum resolution in px and pz. The �tted fun
tion is a double Gaussian.
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(b) two identi�ed �Figure 5.9: J= �2 distribution for 
andidates with an invariant mass ofmre
o = mPDGJ= � 0:09 GeV. The two tra
k �t has one degree of freedom.
5.3.3 ��� re
onstru
tionAs D� has no parti
le identi�
ation apart from its muon 
hambers, � 
andidatesare formed by 
ombining opposite 
harged tra
ks whi
h are not identi�ed as muons.The fa
t that the � has a very small natural width (� = 4:458 � 0:032MeV) al-lows for a signi�
ant ba
kground redu
tion when 
ombining a � 
andidate with J= 
andidate to form a B0s . Fig. 5.10 shows the re
onstru
ted � mass in the signalsample. The signal resolution is dominated by the natural width of the �. The �mass resolution itself is approximately 7 MeV.Most re
onstru
ted � 
andidates have a pt > 1:5 GeV, while the pt of the ba
k-ground in the � mass range peaks around 1 GeV (see �g. 5.11). In order to redu
eba
kground therefore a minimum pt of 1.5 GeV is required for all � 
andidates.
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Figure 5.10: � mass from opposite 
harged tra
ks (signal sample only). The shaded histogramis the invariant mass of all � 
andidates whi
h 
ould be mat
hed to an MC �. The �tted fun
tionis a Breit-Wigner distribution.
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(b) ba
kgroundFigure 5.11: (a) MC transverse momentum for all simulated �! K+K�. The shaded histogramis the MC momentum for all mat
hed � 
andidates. (b) pt distribution for unmat
hed � 
andidatespassing the � mass 
ut (jmPDG� �mre
o� j < 0:01GeV).
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onstru
tion of B0s ! J= � 865.3.4 B0s re
onstru
tionA B0s 
andidate is formed by 
ombining a J= and a � 
andidate that passed theirrespe
tive 
uts. The invariant mass is 
al
ulated and the four tra
ks are �tted toa 
ommon vertex using a Kalman �tter. A loose �2 
ut of 50 is applied to removetra
k 
ombinations where the tra
ks obviously originate at di�erent points in thedete
tor. An overview of all 
uts is given in table 5.2.The B0s mass resolution is 0.028 GeV. Figs. 5.12 and 5.13 show the invariant massof the B0 
andidates for two di�erent sets of 
uts. In �g. 5.12 only a minimumnumber of 
uts is applied (J= and � mass 
uts and J= vertex 
ut), while �g. 5.13shows the result after applying all 
uts.The B0s mesons were produ
ed with a minimum pt 
ut at generator level of 3.0 GeV.The same 
ut is applied in the re
onstru
tion. As �g. 5.14 shows the pt of there
onstru
ted B0s 
andidates peaks around 5-6 GeV and falls o� towards lower pt.If there is more than one B0s 
andidate in the event7, 
andidates where the J= ismade of two identi�ed muons are given preferen
e. If there is no su
h 
andidate orif there is more more than one, then the 
andidate with the lowest �2 is kept. The�2 distribution of the remaining 
andidates is shown in �g. 5.15.

7The 
han
e that an event 
ontains a B0s and a B0s whi
h both de
ay to J= � is tiny (� 10�10).
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Figure 5.12: Invariant mass of all B0s 
andidates after applying the J= and � mass and the J= �2 
uts. The open histogram shows all 
andidates found in the 
omplete sample (63500 events).The shaded histogram 
ontains all 
andidates found in the ba
kground sample. A Gaussian and a
onstant were �tted. The peak 
ontains approximately 1000 B0s 
andidates.
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Figure 5.13: Invariant mass of all B0s 
andidates passing all 
uts (
f. table 5.2). The openhistogram shows all 
andidates found in the 
omplete sample. The shaded histogram are all
andidates found in the ba
kground sample. A Gaussian and a 
onstant were �tted. The peak
ontains approximately 780 B0s 
andidates.
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(b) generatedFigure 5.14: Transverse momentum for generated and re
onstru
ted B0s .
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Figure 5.15: �2 distribution for sele
ted B0s 
andidates within 0.06 GeV (� 2�) of the nominalB0s mass. The four tra
k �t has �ve degrees of freedom. Candidates had to pass all 
uts listed intable 5.2, ex
ept for the B0s �2 
ut. If more than one 
andidate per event passed all 
uts, only the
andidate with the smallest �2 was kept.
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ut referen
ejmJ= �mPDGJ= j < 0.09 GeV 2 � of J= mass resolution (�g. 5.5)J= �t �2 < 10:0 see �g. 5.9jm� �mPDG� j < 0.01 GeV see �g. 5.10pt of � 
andidate > 1.5 GeV see �g. 5.11prefer B0s 
andidates with twoidenti�ed muons less fake J= (�g. 5.5)pt of B0s 
andidate > 3.0 GeV see �g. 5.14�2 four tra
k �t < 50.0 see �g. 5.15
hoose 
andidate with smallest �2 infour tra
k �t all tra
ks should be originating at thesame point (
f. se
tion 2.7)distan
e between primary vertex andse
ondary vertex < 2 
m unphysi
aljmB0s �mPDGB0s j < 0.06 GeV 2 � of B0s mass resolution (�g. 5.13)Table 5.2: Summary of 
uts used for B0s re
onstru
tion. The last two 
uts are only used in thelifetime �t.5.3.5 Vertex re
onstru
tionApart from the main intera
tion, ea
h bun
h 
rossing in the dete
tor 
an produ
e anumber of minimum bias events whi
h are re
orded together with the main event.The number of minimum bias events depends on the luminosity (�g. 5.16). In theMC sample the average number of minimum bias events was set to 0.5.Primary verti
es are initially found in a tear down approa
h [70℄ using all tra
kswith a transverse impa
t parameter signi�
an
e8 smaller than 3 to ex
lude tra
ksfrom se
ondary verti
es. All tra
ks that pass the 
ut are �tted together and the �2
ontribution of ea
h tra
k is 
al
ulated. The tra
k with the highest �2 is ex
ludedand the �t repeated until all the remaining tra
ks have a �2 
ontribution of less than10. This pro
edure is then repeated with the unused tra
ks to �nd further primary8The transverse impa
t parameter signi�
an
e is de�ned as the distan
e of 
losest approa
h of atra
k to the origin (0,0) in the x-y plane (nominal beam position) divided by its resolution. Largeimpa
t parameters are asso
iated with se
ondary verti
es.
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Figure 5.16: Number of minimum bias events as a fun
tion of the luminosity and the number ofbun
hes.verti
es. If more than one primary vertex is found all the verti
es are kept, but thevertex with highest P log pt is sele
ted as the primary vertex 
orresponding to thehard-s
atter rather than the minimum bias event.As the main intera
tion and the minimum bias verti
es are usually several 
en-timeters apart, multiple primary verti
es do not pose a problem for the lifetimemeasurement. If the vertex re
onstru
tion �nds several primary verti
es, the one
losest to the re
onstru
ted B-meson de
ay vertex (se
ondary vertex) is 
hosen.Events where there is no primary vertex within 2 
m of the se
ondary vertex aredis
arded.Another, albeit small, problem results from the fa
t that the impa
t parameter
ut is often not suÆ
ient to ex
lude tra
ks originating from B-meson de
ays. Thisintrodu
es a slight bias towards the se
ondary vertex. This bias 
an be shown by
al
ulating the proje
tion of the vertex residual onto the Monte Carlo B-momentum(see �g. 5.17).Fig. 5.18 shows the proje
ted residual �~r � ~pB for the original primary vertex andfor a re�tted vertex after removing all tra
ks used to form the se
ondary vertex.The original primary vertex shows a (positive) bias towards the se
ondary vertex.Re�tting redu
es this bias from about 14 �m to about 2 �m. For all lifetime mea-
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Reconstructed
vertex position

Monte Carlo
vertex position

∆r

B momentum vector
pB

Vertex residual

Figure 5.17: The re
onstru
ted and MC primary vertex and the MC B-momentum.surements the re�tted vertex is used.Figs. 5.19 and 5.20 show the resolutions in x and z for all the primary verti
es inthe signal sample and �g. 5.21 for the se
ondary verti
es. In the 
ase of the primaryvertex two Gaussians were �tted to the distribution. The � of the inner Gaussiansare 32 �m in x and 38 �m in z. The resolutions for the se
ondary verti
es, whi
hwere �tted with a single Gaussian, are 40 �m in x and 50 �m in z.
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(b) re�tted vertexFigure 5.18: Proje
ted residual for the primary vertex.



5.3 The re
onstru
tion of B0s ! J= � 92

cm
-0.02 -0.01 0 0.01 0.02

 mµ
V

er
ti

ce
s/

10
 

0

100

200

300

400

500

600

700

Nent = 6995   
Under =    148

Over  =    154

 17.35 ±c1       = 563.1 

 6.701e-05 ±mean     = -8.379e-05 

 9.905e-05 ±sigma    = 0.003185 

 16.36 ±c2       = 115.3 

 0.0001995 ±mean2    = 0.0004297 
 0.0003403 ±sigma2   = 0.007554 

Nent = 6995   
Under =    148

Over  =    154

 17.35 ±c1       = 563.1 

 6.701e-05 ±mean     = -8.379e-05 

 9.905e-05 ±sigma    = 0.003185 

 16.36 ±c2       = 115.3 

 0.0001995 ±mean2    = 0.0004297 
 0.0003403 ±sigma2   = 0.007554 

Figure 5.19: Primary vertex resolution (MC-vertex - re
onstru
ted vertex) in x. The sample
ontained 7000 events. In �ve events no primary vertex was found. Two Gaussians were �tted tothe distribution.
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Figure 5.20: Primary vertex resolution (MC-vertex - re
onstru
ted vertex) in z. Two Gaussianswere �tted to the distribution.
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(b) resolution in zFigure 5.21: B0s se
ondary vertex resolution with a �tted Gaussian.



5.3 The re
onstru
tion of B0s ! J= � 945.3.6 LifetimeThe de
ay length d in the laboratory frame is the distan
e between the se
ondaryand primary vertex position: ~d = ~xprimary � ~xse
ondary (5.1)It is related to the proper de
ay length L by~d = ~�
L (5.2)where ~� is the velo
ity of the B-meson and 
 = 1=p1� �2. Using ~p = ~�
mB gives~d = ~pmBL (5.3)The proper lifetime and proper de
ay length only di�er by a fa
tor of 
 and are usedinter
hangeably.Equation 5.3 does not take into a

ount that the re
onstru
ted de
ay length ~d andthe B-momentum ~p will not always be proportional (or parallel) to ea
h other. Whenmeasuring a lifetime, therefore the proje
tion of the de
ay length ve
tor ~d onto theB-momentum is used: L = ~d � ~pp2 �mB (5.4)L is a signed variable. A negative value indi
ates that ~p and ~d point in `opposite'dire
tions and the B-meson seems to de
ay before it was produ
ed. This is espe
ially
ommon for short de
ay times: For a parti
le with zero lifetime, L should result ina Gaussian distribution peaked at zero.
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onstru
tion of B0s ! J= � 95The error on the lifetime is�2(L) = mBp4 24~pTVd~p+ ~d� 2(~d � ~p)p2 ~p!T Vp ~d� 2(~d � ~p)p2 ~p!35 + (~d � ~p)2�2(mB)(5.5)where Vd and Vp are the 
ovarian
e matri
es of ~d and ~p and �(mB) is the error onthe B-meson mass. A derivation of eq. 5.5 
an be found in Appendix A.3. Boththe B0s and the B0d masses are known to an a

ura
y of 0.05% (see table 5.1), andtherefore their 
ontribution is negligible. The main 
ontribution to the error in thelifetime measurement is the error in the vertex measurement.As well as the full three-dimensional de
ay length the so-
alled transverse de
aylength Lxy has been used in lifetime measurements [71℄. Here, instead of using thefull de
ay length and B momentum, only the transverse 
omponents are used, whi
hleads to Lxy = ~dt � ~ptp2t mB (5.6)Using Lxy instead of L 
an be an advantage if the vertex resolution in x and y is
onsiderably better than in z. A

ording to �gs. 5.19, 5.20, and 5.21 this is not the
ase here and, as �gs. 5.22(a) and 5.23(a) show, the lifetime resolution for the twoand three-dimensional 
ase are 
omparable. Figs. 5.22(b) and 5.22 (b) show thedi�eren
e between the MC and the re
onstru
ted proper de
ay length divided byits error. A � of � 1.4 indi
ates that the 
al
ulated error values are too small, butnot 
ompletely unreasonable. When performing a �t on the data this will be takeninto a

ount by allowing a s
ale fa
tor for the error to 
oat with the �t.
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(b)Figure 5.22: (a) Proper de
ay length resolution (re
onstru
ted proper de
ay length-MC properde
ay length) for B0s ! J= �. If the event was a ba
kground event the MC proper de
ay lengthwas set to 1000.0 whi
h 
auses the ex
ess of events in the under
ow bin. (b) Di�eren
e betweenthe MC proper de
ay length and the re
onstru
ted proper de
ay length divided by the error onthe proper de
ay length a

ording to eq. 5.5. In both histograms a Gaussian was �tted.
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(b)Figure 5.23: (a) Transverse de
ay length resolution. (b) Di�eren
e between the MC transverseproper de
ay length and the re
onstru
ted transverse proper de
ay length divided by its error.



5.3 The re
onstru
tion of B0s ! J= � 975.3.7 FittingIn order to extra
t the B-meson lifetime, an unbinned maximum likelihood �t isperformed on the data. A brief des
ription of this te
hnique is given in AppendixA.5. It also lists all probability density fun
tions used in full.The probability density fun
tion for the lifetime of a parti
le is an exponential de
ay.The error on ea
h measurement is taken into a

ount by folding this exponentialwith a Gaussian. The resulting fun
tion F is given in eq. A.30.The ba
kground is assumed to be a Gaussian peak G around zero with a non-Gaussian tail on the positive side. This tail is mainly 
aused by other long-livedparti
les (D, �b) that are mis-re
onstru
ted as B-mesons. The fra
tions of ba
k-ground events in the tail and the peak are denoted by f+ and (1-f+).The likelihood fun
tion L for ea
h event is thenLi = NsigF(Li; �ij�) +NbgLbg (5.7)where Nsig is number of signal and Nbg the number of ba
kground events. The Liare the re
onstru
ted lifetimes with their errors �i and � is the B-meson lifetime.The likelihood fun
tion Lbg for the ba
kground is given byLbg = (1� f+)G(Li; �i) + f+ e�Li=�+�+ (5.8)The extended likelihood �t then maximisesXi logLi �Nsig �Nbg (5.9)The sample itself is divided in a ba
kground (`sidebands') and signal part. AnyB0s -
andidate with jmre
oB0s � mPDGB0s j < 0:06 GeV is de�ned to be in the signal re-gion. The sidebands 
omprise masses between jmre
oB0s � mPDGB0s j > 0:06 GeV andjmre
oB0s �mPDGB0s j < 0:4 GeV. The signal region still 
ontains ba
kground events, whilethe sidebands are supposed to be ba
kground only. The shape of the ba
kgrounddistribution 
an be found by �tting the ba
kground part Lbg of the likelihood fun
-
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onstru
tion of B0s ! J= � 98tion to the sidebands. It is assumed that it will have the same shape in the signalregion. For pra
ti
al purposes this �t was implemented as an extended likelihood�t as well, even though it only 
ontains one 
omponent. The �tting routine thensimultaneously �ts the ba
kground likelihood fun
tion to the sidebands and the fulllikelihood fun
tion to the signal region. The proper de
ay length distributions forthe signal region and the sidebands are shown in �gs. 5.24 and 5.25.The results from the full �t are given in table 5.3. The 7000 signal events 
orrespondto �0.12 fb�1 of data. The �t �nds a B0s lifetime of 1.488 ps (
� = 446 �m) with anerror of 0.063 ps. The simulated lifetime was 1.464 ps (439 �m). The 
urrent error[3℄ on the B0s lifetime is 0.062 ps. The real measurement on 2 fb�1 will su�er frommore ba
kground events, but will also have higher statisti
s. As long as it it possibleto model the lifetime distribution of the ba
kground events 
orre
tly D� should beable to improve the 
urrent measurement in this 
hannel.�B0s Lifetime of B0S 1.488 � 0.0063 psError s
ale fa
tor 1.78 � 0.11�+ Lifetime of positive tail 1.187 � 0.127 psf+ Fra
tion of ba
kground events in positive tail 0.69 � 0.05Number of signal events 701 � 39Number of ba
kground events in signal region 59 � 30Number of events in sideband 191 � 14Table 5.3: Results from the unbinned maximum likelihood �t for the B0s lifetime. The B0s wassimulated with a lifetime of 1.464 ps.
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Figure 5.24: Proper de
ay length distribution for events in the signal region. Note that the �t wasan unbinned likelihood �t, so the �t fun
tion is plotted with a �xed value for the resolution, whileduring the �t the individual error for ea
h entry is used. The upper 
urve is the full likelihoodfun
tion (signal and ba
kground), the lower 
urve is the ba
kground 
ontribution in the signalregion.
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Figure 5.25: Proper de
ay length distribution and �tted fun
tion in the sidebands.



5.4 The re
onstru
tion of B0d ! J= K�0 1005.4 B0d ! J= (! �+��) K�0(! K+��)The re
onstru
tion of B0d ! J= K�0 is very similar to B0s ! J= � with the K�0taking the pla
e of the �. In fa
t both 
hannels will always 
ontain a small 
ontri-bution of ea
h other as ba
kground (se
tion 5.5).The la
k of parti
le identi�
ation adds a 
ompli
ation to the re
onstru
tion of theK�0(! K+��) as there are now two possibilities to assign the K and the � to ea
h
ombination of opposite 
harged tra
ks. As �g. 5.26 shows, in general if the parti
lemasses are assigned 
orre
tly the invariant mass of these tra
ks will be 
loser to thenominal K�0 mass than in 
ase of a wrong assignment. If both tra
k 
ombinationspass the K�0 mass 
ut, then the 
ombination with a mass 
loser to mPDGK�0 is used.The re
onstru
ted K�0 mass is dominated by the natural width of the K�0 of 50.7MeV � 0.6 MeV (see �g. 5.26). The natural width of the K�0 is approximately 10times bigger than the natural � width, so the ba
kground when 
ombining a K�0and a J= 
andidate to form a B0d is 
onsiderably higher. Fig. 5.27 shows that evenin the signal sample the B0d signal is almost swamped by the ba
kground if only aJ= and a K�0 mass 
ut are applied.Similar to the � re
onstru
tion a pt 
ut of 1.5 GeV is applied to the K�0 
andidatesto redu
e ba
kground (�g. 5.28).The J= and K�0 
andidates are 
ombined to form B0d and a vertex of all four tra
ksis �tted. The se
ondary vertex resolutions of 38 �m in x and 53 �m in z (�g. 5.29)are 
omparable to those found in the B0s re
onstru
tion.As before 
andidates with two identi�ed muon 
andidates are given preferen
e andfor multiple 
andidates in an event, the one with the smallest �2 is used. A summaryof all 
uts used to re
onstru
t B0d mesons is given in table 5.4. The �2 distributionof the sele
ted B0d 
andidates is shown in �g. 5.30.The invariant mass for 
andidates passing all 
uts is shown in �g. 5.31. The massresolution of the B0d is 0.037 GeV.For the measurement of the proper de
ay length a re�tted primary vertex as de-s
ribed in se
tion 5.3.5 is used. The proper de
ay length resolution for the B0d



5.4 The re
onstru
tion of B0d ! J= K�0 101
andidates is shown in �g. 5.32.
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(b) swappedFigure 5.26: (a) Invariant mass distribution for mat
hed K�0 for the 
orre
t assignment of Kand � masses to their respe
tive tra
ks and (b) the same 
andidates with the K and � massesswapped. In (a) a Breit-Wigner distribution was �tted.
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Figure 5.27: Invariant mass of all B0d 
andidates after applying the J= and K�0 mass 
uts forthe signal sample only. Unlike in the B0s ! J= � 
hannel the signal is almost swamped by theba
kground.
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(b)Figure 5.28: K�0 transverse momentum distribution. Fig. (a) shows the momentum distributionof all simulated K�0 in the signal 
hannel. The shaded histogram is the momentum distributionof all mat
hed K�0 
andidates. Fig. (b) shows the pt distribution for ba
kground in the K�0 masswindow (mPDG � 0:07 GeV).
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(b) resolution in zFigure 5.29: B0d se
ondary vertex resolution in x and z with a Gaussian �tted in both 
ases.
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Figure 5.30: B0d �2 distribution. The four tra
k �t has �ve degrees of freedom. B0d 
andidateshad to pass all 
uts listed in table 5.4 in
luding the B0d mass 
ut, but not the B0d �2 
ut. If morethan one 
andidate per event passed all 
uts, only the 
andidate with the smallest �2 was kept.
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Figure 5.31: Open histogram: Invariant mass of B0d 
andidates (in signal and ba
kground sample)after applying all 
uts listed in table 5.4. Shaded histogram: Same for ba
kground sample only.The �tted fun
tion is a Gaussian and a 
onstant.
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(b)Figure 5.32: (a) Proper de
ay length resolution (re
onstru
ted proper de
ay length-MC properde
ay length) for B0d ! J= K�0. If the event was a ba
kground event the MC proper de
ay lengthwas set to 1000.0 whi
h 
auses the ex
ess of events in the under
ow bin. (b) Di�eren
e betweenthe MC proper de
ay length and the re
onstru
ted proper de
ay length divided by the error onthe proper de
ay length a

ording to eq. 5.5.
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tion of B0d ! J= K�0 105
ut referen
ejmJ= �mPDGJ= j < 0.09 GeV 2 � of J= mass resolution (�g. 5.5)J= �t �2 < 10:0 see �g. 5.9jmK�0 �mPDGK�0 j < 0.07 GeV see �g. 5.26prefer K�0 
andidates with mass 
loserto mPDGK�0 see �g. 5.26pt of K�0 
andidate > 1.5 GeV see �g. 5.28prefer B0d 
andidates with twoidenti�ed muons see �g. 5.5pt of B0d 
andidate > 3.0 GeV analogous B0s re
onstru
tion�2 four tra
k �t < 50.0 see �g. 5.30
hoose 
andidate with best �2 in fourtra
k �t 
f. se
tion 2.8distan
e between primary vertex andse
ondary vertex < 2 
m unphysi
aljmB0d �mPDGB0d j < 0.07 GeV see �g. 5.31Table 5.4: Summary of 
uts used for B0d re
onstru
tion. The last two 
uts are only used in thelifetime �t.5.4.1 LifetimeThe higher ba
kground in the B0d signal region (jmre
oB0d �mPDGB0d j < 0:07GeV) requiresa more 
ompli
ated fun
tion to model the ba
kground 
ontribution than in the
ase of the B0s . The likelihood fun
tion for the ba
kground now 
onsists of a 
entralGaussian with two exponential tails. The tail for positive lifetimes 
ontains a numberof long-lived parti
les misidenti�ed as a B0d, while negative lifetimes are mostly dueto the de
ay of short-lived parti
les or random 
ombinations of four tra
ks. Theparametrization of the ba
kground as a negative exponential is based on previousanalyses [71℄ and does not represent any physi
al pro
ess. Therefore the fra
tion ofevents in both tails 
an be di�erent. The likelihood fun
tion for the ba
kground is



5.4 The re
onstru
tion of B0d ! J= K�0 106then given by Lbg = (1� f+ � f�)G(Li; �i)+8><>:�+ f+e �Li=�+ if Li � 0,�� f�e Li=�� if Li < 0. (5.10)
where f� and f+ are the fra
tion of events in the negative and positive tails. Thesidebands are de�ned as B0d 
andidates with masses mB ful�lling 0:4 GeV > jmre
oB0d �mPDGB0d j > 0:07 GeV. The likelihood fun
tion for the signal is the same as before.The lifetime distribution for the B0d 
andidates that pass all 
uts given in table 5.4is shown in �g. 5.33. Fig. 5.34 shows the lifetime distribution of the sidebands.The �t �nds a B0d lifetime of 1.598 ps � 0.080 ps. The simulated lifetime was 1.538ps. The full results of the �t are given in table 5.5. Current lifetime measurementsfor the B0d yield 1.548 � 0.032 ps. Again, the Monte Carlo measurement was limitedby the size of the data sample. With an expe
ted event yield of � 30000 events inRun II an improvement of the B0 lifetime measurement in this 
hannel should bepossible.�B0d Lifetime of B0d 1.598 � 0.080 psError s
ale fa
tor 1.60 � 0.52�+ Lifetime of positive tail 0.947 � 0.050 psf+ Fra
tion of ba
kground events in positive tail 0.42 � 0.02�� Lifetime of negative tail 1.424 � 0.547 psf� Fra
tion of ba
kground events in negative tail 0.24 � 0.07Number of signal events 600 � 32Number of ba
kground events in signal region 219 � 27Number of events in sideband 1122 � 30Table 5.5: Results from the unbinned maximum likelihood �t for the B0d lifetime. The simulatedlifetime was 1.5388 ps (461 �m).
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Figure 5.33: Proper de
ay length distribution for events in the signal region. The �t was anunbinned likelihood �t, so the �t fun
tion is plotted with a �xed value for the resolution, whileduring the �t the individual error for ea
h entry is used. The upper 
urve is the full likelihoodfun
tion (signal and ba
kground), the lower 
urve is the ba
kground 
ontribution in the signalregion.
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Figure 5.34: Proper de
ay length distribution in sideband region.



5.5 Cross-talk 1085.5 Cross-talkIn a dete
tor without parti
le identi�
ation interpreting a K as a � or vi
e-versa
an lead to 
onfusing � ! K+K� with K�0 ! K+�� de
ays. This 
an lead to
onfusion between the two signal 
hannels B0s ! J= � and B0d ! J= K�0.In �g. 5.35 the mass distributions for an equal number of B0s ! J= � andB0d ! J= K�0 events re
onstru
ted as B0s and B0d are shown.The probability of a B0s to be 
onfused with a B0d is 1.5% while for a B0d to bere
onstru
ted as a B0s it is only 0.16%. But while per meson it is more likely for aB0s to fake a B0d than vi
e-versa, there are 
onsiderably less B0s than B0d produ
ed atthe Tevatron (B0s : B0d � 1:3). Also the bran
hing ratio for the full de
ay 
hain ofB0s ! J= � (2.7 � 10�5) is approximately half the B0d ! J= K�0 bran
hing ratioof 5.8 � 10�5. Taking into a

ount the re
onstru
tion eÆ
ien
y for B0s ! J= � of10% and an 8.5% eÆ
ien
y for B0d ! J= K�0 the expe
ted 
ontamination through
ross-talk is 9.0% in the B0s signal and 2.8% in the B0d signal.5.6 Event yieldsThe error on the lifetime measurements will depend on the number of signal eventsD� will be able to re
onstru
t. In this se
tion I give an estimate for the expe
tedevent yields in both signal 
hannels for an integrated luminosity of 2 fb�1.As mentioned in se
tion 2.9 there is a dis
repan
y between the predi
ted and themeasured b�b 
ross-se
tion. For 
al
ulations here the number of b�b pairs used is2 �1011.The main trigger for both signal 
hannels will be a di-muon trigger. As no fulltrigger simulation was available, the trigger eÆ
ien
y quoted here is an eÆ
ien
yfor the Level 1 trigger. It was 
al
ulated from a simulation for B0d ! J= K0s , ade
ay whi
h relies on the same triggers as the signal 
hannels. The sample 
ontained1000 events, with a minimum pt of 1.5 GeV and j�j < 1:6 for both muons [11℄. Nostudies had been done for the Level 2 and 3 triggers. Generally lower luminosities(as 
urrently seen at the Tevatron) favour b-physi
s at trigger level.



5.6 Event yields 109

2GeV/c
5 5.1 5.2 5.3 5.4 5.5 5.6 5.7

2
N

/0
.0

1 
G

eV
/c

0

20

40

60

80

100

120

(a) B0s re
onstru
ted as B0s . 2GeV/c
5 5.1 5.2 5.3 5.4 5.5 5.6 5.7

2
N

/0
.0

1 
G

eV
/c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

(b) B0d re
onstru
ted as B0s .
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(d) B0s re
onstru
ted as B0d.Figure 5.35: Cross-talk: Re
onstru
ting B0s ! J= � as B0d ! J= K�0 and vi
e-versa. Fig. (b)
ontains 11 entries in the B0s mass range. Fig. (d) 
ontains 105 entries in the B0d mass range.It is also assumed that events whi
h did not pass the generator level 
uts will notbe re
onstru
ted. As these 
uts (p�t > 1:5GeV; j��j < 2) mostly represent thedete
tor a

eptan
e, it is indeed unlikely that any of these events 
ould be seen inthe dete
tor.



5.7 Angular distributions 110All input fa
tors are summarized in table 5.6. The resulting event yields are 6000fully re
onstru
ted events for B0s ! J= � and 30000 for B0d ! J= K�0.integrated luminosity Run II 2 fb�1�(b�b) 100-158 �btotal number of b�b pairs (2-3) �1011fragmentation fra
tion fs 0.160 � 0.044fragmentation fra
tion fd 0.375 � 0.023Bran
hing fra
tion B0s ! J= � (9.3 � 3.3) � 10�4Bran
hing fra
tion B0d ! J= K�0 (1.50 � 0.17) � 10�3Bran
hing fra
tion J= ! �+�� (5.88 � 0.10) %Bran
hing fra
tion �! K+K� (49.2 � 0.7)%Bran
hing fra
tion K0� ! K+�� 66 % (K�0 ! K� � 100%)Trigger eÆ
ien
y 0.3B0s Per
entage of events that pass 
uts at generator level 12 %B0s Re
onstru
tion eÆ
ien
y (of sample with 
uts) 0.1B0d Per
entage of events that pass 
uts at generator level 14 %B0d Re
onstru
tion eÆ
ien
y (of sample with 
uts) 0.085Event yield B0s ! J= � 6000Event yield B0d ! J= K0� 30000Table 5.6: Event yields for Run II a. All bran
hing fra
tions are taken from [3℄, the fragmentationfra
tions from [30℄ and the 
ross-se
tion from [11℄. Note that there is a large error (�35%) on theB0s bran
hing fra
tion. The trigger eÆ
ien
y is based on studies for B0d ! J= K0S whi
h relies onthe same di-muon trigger as the signal 
hannels [11℄. The re
onstru
tion eÆ
ien
y used is basedon the results of this thesis.
5.7 Angular distributions5.7.1 Generators for b-physi
sWhen I started looking at the angular distributions in the de
ay B0s ! J= � (withJ= ! �+�� and �! K+K�) I found that they were simulated in
orre
tly by the



5.7 Angular distributions 111QQ version available at FNAL. Taking into a

ount that CLEO stopped supportingQQ, I looked into using the BABAR event generator EvtGen [62℄ instead.EvtGen is available as a publi
 release or on request dire
tly from the BABARrepository. As a re
ent development it is, like the vast majority of the D� software,written in C++ while QQ still uses Fortran. The software stru
tures at BABARand D� are very similar, so the 
onversion of EvtGen into a D� pa
kage wasstraightforward, with only minor adjustments to a

ount for the stri
ter 
ompileroptions at D�. A major diÆ
ulty arose however from the fa
t that EvtGen usesJetSet [59℄ and PHOTOS [72℄ for fragmentation and �nal state radiation in someof its de
ays. Based on its own de
ay table EvtGen 
reates a new limited de
aytable for JetSet whi
h repla
es the default JetSet de
ay table. This is done duringrun-time to re
e
t any 
hanges made to the EvtGen de
ay table. The fa
t thatEvtGen was developed using JetSet 7.4 while D� uses PYTHIA 6.155 [73℄ (mergedwith JetSet) required major modi�
ations in the 
ode that generates the modi�edde
ay table for JetSet to 
onform with the more detailed standard set by the newPYTHIA. It also required an update of the parti
le 
odes in the EvtGen de
ay table.Other modi�
ations in
luded 
hanging real type variables to double pre
ision in allFortran 
ode and renaming a number of 
ommon blo
ks to 
onform with the newPYTHIA standards. A detailed overview of the porting of EvtGen to D� 
an befound in [74℄.EvtGen originally only de
ayed B0d mesons. A de
ay table in
luding B0s mesons wasdeveloped by CDF [75℄ and is now also used at D�.When I stopped a
tive 
ode-development in order to �nish this thesis EvtGen ranas a stand-alone exe
utable on Linux and IRIX platforms and initial tests (see �gs.5.36 and 5.37) looked promising. Fig. 5.36 shows the (wrong) transversity angledistribution as simulated by QQ, while �g. 5.37 shows that the distributions forthe two CP -eigenstates are 
orre
tly simulated by EvtGen. EvtGen has now beenfully integrated into the D� framework [76℄ and will repla
e QQ as the default eventgenerator in the near future.
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Figure 5.36: Transversity angle of one of the CP -eigenstates in B0s ! J= � as simulated by QQ.The distribution is 
at. The 
urves represent the expe
ted distributions for CP even (1 + 
os2 �)and CP odd (1� 
os2 �) de
ays.
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(b) oddFigure 5.37: Transversity angle for CP even and odd B0s ! J= � events in EvtGen �tted withthe appropriate distributions (see se
tion 2.7).



5.7 Angular distributions 1135.7.2 Shaping angular distributionsTo disentangle physi
s e�e
ts from dete
tor 
ontributions when measuring an angu-lar distribution, the in
uen
e of the re
onstru
tion on the shape of the distributionneeds to be known to a good extent. For example the kinemati
 
uts (p�t > 1:5) willintrodu
e a paraboli
 shape to an otherwise 
at distribution (see �g. 5.38).The more diÆ
ult problem is the shaping introdu
ed by more subtle dete
tor e�e
ts,like dependen
e of the re
onstru
tion eÆ
ien
ies on the momentum of the parti
le,making it often impossible to re
onstru
t low-momentum parti
les. Fig. 5.39 showsthe generated and the re
onstru
ted 
os �t spe
trum for the B0s ! J= � samplewith an additional lifetime 
ut of L > 50 �m. A lifetime 
ut will redu
e the ba
k-ground without distorting the transversity angle distribution. The re
onstru
tedspe
trum does not reprodu
e the generated spe
trum 
ompletely, but there are alsono signi�
ant di�eren
es (e.g. an asymmetri
 distribution). While this 
annot re-pla
e a full analysis, it indi
ates that D� should be able to investigate the di�erentCP -eigenstates in B0s ! J= �.
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(b)Figure 5.38: A 
at transversity angle distribution at generator level. Fig. (a) shows the generateddistribution (by QQ) without any 
uts. Fig. (b) shows the same sample when requiring that themuons from the J= have a transverse momentum of at least 1.5 GeV.
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(b) re
onstru
tedFigure 5.39: Transversity angle distribution in the B0s ! J= � signal sample. Fig. (a) showsthe generated distribution, (b) shows the re
onstru
ted distribution for B0s 
andidates passing all
uts listed in table 5.2 and an additional 
ut of L > 50 �m.5.8 J= re
onstru
tion using real dataThe �rst major set of data 
omprising 5.8 million re
onstru
ted events was takenbetween August and O
tober 2001. During this time, the �bre tra
ker was not opera-tional, so the muons used were re
onstru
ted by the muon system alone. There isno mat
h between tra
ks found in the Sili
on Mi
rostrip Tra
ker and those in themuon system, as only tra
ks with a low transverse momentum (pt < 2:5 GeV)were re
onstru
ted in the SMT, while the muon re
onstru
tion required a minimumtransverse momentum of 3 GeV.The 
omplete data set 
ontained 47389 events with two or more muon 
andidates.To ensure a minimum momentum resolution, only muon 
andidates with hits inall three layers of the muon system were used. This left 3060 events, whi
h stillin
luded a number of tra
ks without stereo information. After ex
luding these muon
andidates, �g. 5.40 shows the invariant mass distributions for muon pairs withopposite and same signs.The ba
kground 
an be redu
ed by requiring that both muon tra
ks originate within3 
m of the primary vertex. This mainly redu
es the random 
ombinations whi
h
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onstru
tion using real data 115result in the peak at low masses. The peak atm�� > 6:0 GeV is due to 
ombinationsof muons from di�erent quarks and 
osmi
s whi
h are re
onstru
ted as opposite signmuon pairs as there is no mat
hing to global tra
ks [77℄.Fig. 5.41 shows the transverse momentum vs. the invariant mass of the muon pairs.Due to the minimum pt of the muon 
andidates enfor
ed by the re
onstru
tion thereare no ��-
ombinations with low invariant masses and low momenta. A requiredminimum transverse momentum of 5 GeV for the ��-
ombinations will redu
e theba
kground further, without diminishing the signal. The � distribution in �g. 5.42shows an ex
ess of 
andidates in the range 1 < j�j < 2 for both types (same sign,opposite sign) of muon pairs. This was due to problems in the 
entral muon 
hambers(j�j < 1), while the forward muon 
hambers were working as planned. To redu
eba
kground only muon pairs with � < 2:1 were used.Fig. 5.43 shows the invariant mass distribution after all 
uts. Fitted to it was aGaussian for the signal and a straight line for the ba
kground. The signal peak
ontains 610 J= . It peaks at 3.54 GeV with a � of 0.97 GeV. The bias towards ahigher mass than the nominal J= mass of 3.09 GeV is expe
ted to disappear whenthe full re
onstru
tion is used. The width of the peak is within 20 % of the MCexpe
tation of 0.81 � 0.08 GeV [67℄.
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ksFigure 5.41: Transverse momentum vs. invariant mass of muon pairs. Only events with at leasttwo muon 
andidates with hits in all three layers of the muon system were used.
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Chapter 6

Te
hnology transfer
6.1 Introdu
tionTraditionally High Energy Physi
s (HEP) is very resear
h orientated and few at-tempts are made to exploit its potential for 
ommer
ialisation.The re
ently 
ompleted analysis of the human genome emphasizes the need for newmethodologies in high throughput ma
romole
ular separation and analysis. Possi-ble 
ontributions of HEP in this area in
lude pattern re
ognition, simulations, signalpro
essing, instrumentation (e.g. photon dete
tors), ele
troni
s and 
omputing.The HEP group at Imperial College has a number of proje
ts aimed at the transferof HEP te
hnologies into other areas, emphasizing the use of HEP te
hnologies inindustrial appli
ations.The �DiaGene proje
t whi
h is des
ribed in this 
hapter 
on
erns the developmentof a high throughput DNA sequen
ing 
hip. As part of my work for �DiaGene Ideveloped MEDUSA, a simulation pa
kage to model the movement and dete
tion ofDNA bands on a UV transparent 
hip.The 
hapter begins with a short introdu
tion to DNA sequen
ing, followed by anoverview of the �DiaGene proje
t. The last se
tion of this 
hapter des
ribes MEDUSA.
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ture (Pi
ture taken from [79℄)6.2 DNA sequen
ing6.2.1 The DNA helixDeoxyribonu
lei
 a
id (DNA) forms the geneti
 material in all 
ells. It forms a right-handed double helix 
onsisting of a sugar-phosphate ba
kbone with four di�erenttypes of bases atta
hed to it (�g. 6.1). Its stru
ture was �rst des
ribed in 1953by Watson and Cri
k [78℄. The bases are lo
ated inside the helix, held togetherby hydrogen bonds. The four bases are: Thymine(T), Adenine(A), Cytosine(C)and Guanine(G). Thymine always 
ouples to Adenine and Cytosine to Guanine (�g.6.2).6.2.2 Traditional DNA sequen
ingIn order to understand the geneti
 
ode des
ribed in DNA it is essential to determinethe sequen
e in whi
h the four bases appear. This is done by using ele
trophoresis
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Figure 6.2: The four bases (Pi
ture taken from [79℄).in sequen
ing gels. Sequen
ing gels are designed to fra
tionate negatively 
hargedsingle-stranded DNA fragments a

ording to their size. The most 
ommonly usedgels are polya
rylamide for small and agarose for large fragments up to 20000 base-pairs. Agarose is a polysa

haride obtained from seaweed. Agarose gels have theadvantage of being non-toxi
, while polya
rylamide 
an 
ontain free a
rylamide,a neurotoxin. As oxygen inhibits the polymerization pro
ess, the preparation ofpolya
rylamide gels is signi�
antly more 
ompli
ated than of agarose gels, whi
hare obtained by melting the agarose in the desired bu�er.Ele
trophoresis is based on the migration of ions in an ele
tri
 �eld. The 
harge tomass ratio of DNA fragments is 
onstant, i.e. the ele
trophoreti
 mobility of DNAin free solution is independent of its mole
ular weight. The separation of fragmentsof di�erent lengths in sequen
ing gels is a result of the movement of the fragmentsthrough the pores of the gel. Small fragments su�er less resistan
e to their movementthan larger ones and are therefore faster. On
e the size of the fragments ex
eeds
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ing (s
hemati
).the pore size the mobility be
omes size-independent and no further separation ispossible.All sequen
ing methods require the separation of the helix into two strands. This 
anbe done 
hemi
ally or by using heat. In order to retrieve a sequen
e it is ne
essaryto obtain fragments of the original DNA or its 
opies whi
h end in a predeterminedtype of base-pair. The two most 
ommon ways to a
hieve this are outlined below.The Sanger or 
hain termination methodThe Sanger [80℄ method requires a number of reagents:{ Deoxynu
leoside triphosphate (dNTP): A base N (N=A,G,T,C) and its partof the sugar-phosphate ba
kbone.{ DNA polymerase: An enzyme whi
h in the presen
e of dNTP has the abilityto synthesize a 
omplementary 
opy of a single-stranded DNA template.{ Dideoxynu
leoside triphosphate (ddNTP): One OH group of the dNTP is re-pla
ed by a hydrogen atom. If a ddNTP is added to a growing strand of DNAthe polymerase indu
ed synthesis of new DNA is stopped.{ Primer: A short DNA fragment (15-25 bases) whi
h 
omplements the targetstrand from whi
h the synthesis of the 
opy starts. It 
an 
arry a radioa
tive(or other) label.
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ing 122The rea
tion is initiated by a primer and the DNA polymerase starts adding dNTPto one prede�ned side of the primer. The rea
tion is 
arried out in the presen
e of alow 
on
entration of one type of ddNTP. When a ddNTP mole
ule is added to thegrowing strand the DNA polymerase 
annot add further bases and the strand growthwill stop here. By using ddNTP of the four di�erent types, the polymerase produ
espartial 
opies of the original strand whi
h end in a spe
i�
 type of base. Thesefragments are then sequen
ed. The results are obtained by audioradiography usinglarge sheets of X-ray �lm. Fig. 6.3 shows a s
hemati
 outline of an audioradiograph.The Maxam-Gilbert or 
hemi
al sequen
ing methodThe DNA strand to be sequen
ed must be radioa
tively labeled at one end. Chemi
alreagents whi
h alter one type of base are added. The altered base 
an then beremoved from the sugar-phosphate ba
kbone and the strand is 
leaved at the sugarresidue la
king the base. This produ
es DNA fragments of di�erent sizes ending in aspe
i�
 type of base pair a

ording to the 
hemi
al used in step one. The sequen
ingand dete
tion is analogous to the Sanger method [81℄.6.2.3 Capillary ele
trophoresisCapillary ele
trophoresis has be
ome in
reasingly popular as an analysis te
hnique.Compared to other ele
trophoresis te
hniques it allows the analysis of small samplevolumes and the usage of high voltages whi
h lead to faster separation times [82℄.Another advantage is the possibility to use the ability of DNA to absorb UV lightfor dete
tion, hen
e no markers are required. A patent for the intrinsi
 imaging ofDNA was �led by Hassard et al: (Imperial College) in 1995 and granted in 1999 [83℄.
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ing 1236.2.4 Lambert-Beer's LawThe absorption of light by a solution with a 
on
entration 
 is des
ribed by Lambert-Beer's law I = I0 � 10�
k(�)p (6.1)where I is the intensity after the light passed through the sample, I0 the initialintensity, p the path length the light travels through the solution and k(�) is thewavelength-dependent absorption 
oeÆ
ient. Fig. 6.4 shows the 
hange in intensityat a wavelength � = 260 nm as a fun
tion of the 
on
entration. Lambert-Beer's lawis only valid for low 
on
entrations (< 0:01 mol/l), before the intera
tion betweenthe mole
ules 
auses an arti�
ial in
rease in absorption [84℄. Typi
al 
on
entrationsof DNA bands to be analyzed are 10-50 ng/�l where 50 ng/�l single stranded 2000base-pair DNA 
orresponds to ' 8� 10�8 mol/l.

Figure 6.4: Conne
tion between 
on
entration and 
hange in intensity for Lambert-Beer's lawfor three di�erent path lengths (150, 250 and 350 �m).
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t 1246.3 The ���DiaGene Proje
t6.3.1 EÆ
ien
y of 
apillary ele
trophoresisSeparations are based on di�eren
es in ele
trophoreti
 mobilities.A theoreti
al plate is de�ned as the distan
e ne
essary to a
hieve 
omplete separa-tion of two fragments and the eÆ
ien
y of a separation devi
e is often measured inthe number of theoreti
al plates. An eÆ
ient separation devi
e has a high numberof theoreti
al plates. In the simplest model [85℄ the number of theoreti
al plates Nis 
onne
ted with the ele
trophoreti
 mobility �, the di�usion D, the time t and theele
tri
al �eld E by N = �2E2t2D (6.2)This means the applied voltage is a determining fa
tor for the eÆ
ien
y of a devi
e.The voltage is limited by the ability to dissipate the Joule heat that is generated asa result of the ele
tri
 
urrent passing through the ele
trophoresis bu�er. Cooling isessential as temperature gradients 
an indu
e density gradients in the ele
trophoreti
matrix. The ele
trophoreti
 mobility � of the sample will depend on the tempera-ture. If the average temperature in the sequen
ing gel ex
eeds a 
ertain limit, thenthe sample may disintegrate.The time t for a solute to migrate through a devi
e of length L with an appliedvoltage V is t = L2�V (6.3)In order to sequen
e large amounts of DNA t and therefore L should be small.
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Figure 6.5: �DiaGene s
hemati
.6.3.2 Status of the �DiaGene proje
t�DiaGene aims at 
ombining several ma
ros
opi
 te
hnologies at 
hip1 level.Instead of using 
apillaries the separation of the fragments will take pla
e in 
hannelset
hed into a 4�4
m wafer. The dete
tion of the DNA fragments in �DiaGene isbased on the intrinsi
 absorption of UV light by the DNA mole
ules. A s
hemati
view of �DiaGene is shown in �g. 6.5. The light sour
e will be a laser or a Deu-terium lamp 
ombined with a �lter. The 
hip has to be UV transparent and a goodheat 
ondu
tor to allow e�e
tive 
ooling. Several materials for the 
hip are underinvestigation:{ Sapphire with 
hannels et
hed dire
tly into the sapphire.{ Sapphire with a polymer layer on top. The 
hannels are et
hed into the poly-mer, so that the 
hannel walls 
onsist of the non-UV transparent polymer and1In this 
ontext `
hip' refers to a 4�4
m wafer (see also �g. 6.5).
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t 126the 
hannel base is sapphire.{ Polydimethylsiloxane (PDMS) and PDMS 
oated with nano
rystalline dia-mond.A sili
on pixel dete
tor is being developed at the University of Cagliari (Italy). Asa fallba
k solution a 
ommer
ial CCD [86℄ is being tested at Imperial College.6.3.3 Algorithms developed for �DiaGeneA typi
al measurement in �DiaGene 
onsists of several hundred readout periods.This 
an be used to redu
e errors on the measurement or to enhan
e the signal tonoise ratio. Two algorithms adapted from HEP were proposed in the 
ontext of�DiaGene. They are outlined below. In both 
ases the velo
ity of the fragments isassumed to be 
onstant or at least well understood. Detailed des
riptions 
an befound in [87℄ and [88℄.Vertexing Algorithm:In ea
h readout period the bands passing the dete
tor appear as a drop in photo-
urrent. If these minima are plotted in a spa
e-time diagram, ba
kground signalswill appear as randomly distributed points, while the fragments passing through thearea 
overed by the dete
tor will produ
e straight lines (see �g. 6.6). The slope ofthese lines represents the velo
ity of a fragment. As all the bands start at the samepoint in time and spa
e these lines will have a 
ommon vertex. A �t to this vertexredu
es the error on the �t of the velo
ities. This algorithm is 
urrently used toevaluate measurements made with a test setup [89℄ at Imperial College. The teststand 
onsists of an agarose �lled fused-sili
a 
apillary for the ele
trophoresis anda sili
on pixel array for dete
tion. The light sour
e is a Deuterium lamp 
ombinedwith a �lter. The Imperial College group has shown that they 
an a
hieve a onebasepair resolution in agarose between fragments 
onsisting of up to 400 basepairs.This was a signi�
ant step towards a proof of prin
iple for the �DiaGene proje
t.
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Figure 6.6: Vertexing Algorithm: Spa
e-Time diagram from a 
apillary measurement at ImperialCollege [90℄. Ea
h point represents a minimum found in one readout period of all the pixels.Velo
ity sorting algorithm:In 
ontrast to the Vertexing Algorithm, the Velo
ity Sorting Algorithm does notrequire dete
table minima in the photo-
urrent. Instead, for ea
h readout periodthe pixels are asso
iated with the velo
ity a band would have had, if it had rea
hedthe pixel at this time. This requires a well-de�ned starting point for the sample.For ea
h measurement ea
h velo
ity is asso
iated with a weight. This weight is thedi�eren
e between an unshadowed photo-
urrent and the measured photo-
urrent.The weighted velo
ities are then histogrammed. As the noise 
omponent is as likelyto be positive as it is to be negative 
ompared to the unshadowed 
urrent, only thereal velo
ities will be a

umulated, while the integrated noise in a given range ofvelo
ities grows mu
h more slowly. This leads to an ex
ellent signal to noise ratio(see �g. 6.7).

Figure 6.7: Velo
ity sorting algorithm. The left pi
ture shows a simulated spe
trum of one pixelin an array. The signal produ
ed by two bands passing the dete
tor (indi
ated by the arrows) isof almost the same size as the noise. The right pi
ture shows the re
onstru
ted velo
ities usingthe Velo
ity Sorting Algorithm. The data were simulated using MEDUSA des
ribed in se
tion 6.4.Both the signal and the unshadowed photo-
urrent were smeared with random noise for photonsand ele
trons.
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Figure 6.8: MEDUSA s
hemati
6.4 MEDUSA: A simulation tool for �DiaGene6.4.1 MEDUSA OverviewMEDUSA was developed to investigate the in
uen
e of various parameters on the per-forman
e of the �DiaGene experiment. It also provides Monte Carlo data to testthe analysis software. MEDUSA was written in ANSI Standard C++ [91℄ and shouldbe platform independent. It has been ported to Linux and WindowsNT. All 
odeis my original 
ode, ex
ept for the integration routine, whi
h I adapted from [92℄.MEDUSA's generi
 design will also allow its use for similar proje
ts whi
h involve gelele
trophoresis in a 
apillary or on a 
hip.



6.4 MEDUSA: A simulation tool for �DiaGene 129A general outline of the simulation is given in �g. 6.8. MEDUSA reads in the sampleand dete
tor data and uses these parameters to 
al
ulate the dete
tor response forea
h readout period. The various input parameters and options are given in se
tion6.4.4. The results 
an be displayed using a set of ma
ros whi
h are part of MEDUSA.
6.4.2 The main programInternally ea
h band is represented by an instan
e of its own 
lass2. The band obje
t(
lass) assembles all the properties (e.g. length, velo
ity) of a band. It also 
ontainsa number of member fun
tions to perform 
ertain a
tions of a band (move, di�use)and to obtain derived quantities (
urrent position, 
on
entration in relation to a
ertain pixel, et
).An outline of the MEDUSAmain program is given below. The steps are in 
hronologi
alorder as performed by the simulation. Loops are des
ribed from the outer loopstowards the inner ones.� Dete
tor data are read in and some basi
 
he
ks are performed.� The sample data are read in and the absolute amount of DNA (in ng) for ea
hband is determined.� Runtime loop. For ea
h integration period the a
tual position and width forea
h band is 
al
ulated. A readout or integration period is the time duringwhi
h the sili
on pixel dete
tor 
olle
ts 
harge.� Loop over all pixels. Performed for ea
h integration period.� Loop over all bands. For every pixel and integration period the 
on
entrationof ea
h band is 
al
ulated. The 
on
entrations of all bands are summed up toone 
on
entration seen by the pixel.� This 
on
entration is then used to determine the absorption seen by the pixelusing Lambert-Beer's law.2Di�erent sour
es de�ne the terms 
lass, obje
t and instan
e slightly di�erently. Here an in-stan
e is de�ned as a variable of a 
lass type. An obje
t is the 
lass itself. Unfortunately the terms`obje
t' and `instan
e' are often used inter
hangeably, therefore adding to the 
onfusion.
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an be analyzed using the provided ma
rosor the Vertexing Algorithm [87℄.6.4.3 AlgorithmAt the heart of MEDUSA is the 
on
entration fun
tion whi
h returns the 
on
entra-tion for ea
h band for a pixel in a given integration period. The 
al
ulation of these
on
entrations is very CPU intensive, so the number of 
al
ulations should be mini-mized. In order to a
hieve reasonable simulation times a number of approximationshave been made.As the 
on
entrations are small, a homogeneous 
on
entration distribution for thearea 
overed by one pixel 
an be applied. This is justi�ed by the assumption thatif 
kp is small, Lambert-Beer's law (eq. 6.1) 
an be approximated asI = I0(1� (
kp� ln10) +O((
kp)2)): (6.4)Provided the dete
tor response is linear, using an average 
on
entration for the wholearea of one pixel therefore results in the same absorption as adding up individualintensities for in�nitesimally small parts of a pixel.The 
on
entration distribution is assumed to be Gaussian. In ea
h integration periodthe position and the width for ea
h band are 
al
ulated. The width is determinedby � =ql2inj=12 + 2�D � t (6.5)where linj is the inje
tion length, D the di�usion 
oeÆ
ient and t time [93℄. The
on
entration outside of the mean �3� (' 99:73% of the area of the Gaussian) ofea
h plug is set to zero.As the 
on
entration distribution broadens with time, the absolute amount of DNAlo
ated in the area 
overed by one pixel has to be 
al
ulated individually for ea
hpixel and integration period. A diÆ
ulty in using a Gaussian 
on
entration distribu-
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al solution for the integral exists 3. To perform the integrationMEDUSA uses a routine adapted from [92℄. The advantage is that the fun
tion to beintegrated is a parameter of the routine, so other 
on
entration distributions 
an beimplemented easily.The movement of the sample plug during an integration period is only negligibleif the fragments are slow or the integration times very short. The 
on
entration is
al
ulated at the beginning and end of ea
h integration period and then the average
on
entration is used to determine the absorption.It is always possible to ensure that the 
onditions for these approximations are valid.For large pixels or high velo
ities an internal division of pixels or integration periodsmight be ne
essary.On
e the relevant 
on
entration for a pixel is determined, the 
hange in intensity is
al
ulated using Lambert-Beer's law.The initial photon intensity (photons/�m2/s) has been estimated from measure-ments [90℄ and the spe
tral distribution of the Deuterium lamp [94℄. The numberof photons rea
hing the pixel is smeared with random noise, simulated by Gaussiandistributed random numbers (� = 1) multiplied by pNphotons. The number of ele
-trons 
olle
ted by a pixel is the number of photons times the quantum eÆ
ien
y ofthe dete
tor. It is also smeared with random noise.
6.4.4 Input dataThe input data are read in from two di�erent �les. One �le 
ontains the sample data,the other 
ontains te
hni
al data like 
hip geometry and the dete
tor parameters.This allows the 
omparison of the eÆ
ien
y of di�erent 
on�gurations for a givensample. The sample data are taken from publi
ations (e.g. [95℄) or from �ts to
apillary measurements at Imperial College (�g.6.9(b)). The migration rate of DNAmole
ules should be to a �rst approximation inversely proportional to the logarithm3The inde�nite integral R e�ax2 
annot be evaluated in terms of elementary fun
tions. Onlysolutions for spe
ial 
ases (e.g. R10 e�ax2) exist.
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(a) Velo
ities: Capillary measurement12.07.99. (b) Fit using equation 6.6Figure 6.9: Fits to measured velo
ities.of their mole
ular weights [81℄. MEDUSA uses the fun
tionv = p1 + p2 � � 1log(l)�+ p3 � � 1log(l)�2 (6.6)where v is the velo
ity of the fragments, l their length in basepairs and pi are �tparameters as this reprodu
es the original measurements best. The following se
tiongives an overview of the parameters whi
h 
an be modi�ed. A User Guide for MEDUSA
an be found in [96℄.Sample data (for ea
h band):� velo
ity in �m/s� band-length in base-pairs� di�usion 
oeÆ
ient in �m2/s� initial 
on
entration in ng/�m3Te
hni
al data:� Initial sample plug length in �m.� Number of pixels in z.



6.4 MEDUSA: A simulation tool for �DiaGene 133� Pixel size in �m in x and in z.� Dete
tor: Average quantum eÆ
ien
y at a wavelength 240 nm � � � 260nm.� Integration time in se
onds.� Channel width in x and depth in y in �m. For a 
apillary measurement x isset to zero and y is the diameter of the 
apillary.� Beginning and end of the instrumented area. De�nes the distan
e between thesample inje
tion point and the lo
ation of the dete
tor. Together with the sizeof the pixel this is used to 
al
ulate spa
ings between the pixels.� For 
ontrol purposes the simulation produ
es an overview of the signal in allpixels at a given time. This time 
an be set or, if this parameter is zero,MEDUSA will automati
ally pi
k a time approximately in the middle of themeasurement.� Pixel number to plot signal in one pixel over the 
omplete runtime. For anexample see �g. 6.10. If not set, a pixel in the 
entre of the array will be used.The data are written to a �le and 
an displayed by using a PAW [97℄ ma
ro.� Signal in one pixel without noise (on/o�).� `Raw data' format: If this parameter is set to zero, the data for ea
h simulatedintegration period are written to a �le. As these �les are large (� 125 MByte)the default setting is `one', i.e. no data are written out.� Start of runtime and end of runtime: As the amount of data generated 
anget quite large, it is often suÆ
ient to generate only data for the time betweenthe �rst band entering the area 
overed by the dete
tor and the last bandleaving it. If this parameter is set to zero, MEDUSA automati
ally determinesthe optimal runtime.
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Figure 6.10: Simulation (left) of a 
apillary measurement and data from a real measurement atImperial College [90℄.6.4.5 ResultsFig. 6.10 shows a 
omparison between a typi
al 
apillary measurement using a set-up as des
ribed in se
tion 6.3.3. The velo
ities used as input for the simulationwere determined using the vertex algorithm [87℄. The absorption 
oeÆ
ient for aDNA solution at a wavelength of 260 nm was measured to be 1740 �m2/ng [98℄.For �DiaGene the wavelength dependen
e of the absorption 
oeÆ
ient should benegligible as only light in a narrow band (254 nm � 10 nm) is used. The sample wasa 
ommer
ial produ
t [99℄ 
omposed of an equimolar mixture of six blunt-ended4DNA fragments of 2000, 1200, 800, 400, 200 and 100 base-pairs. The respe
tive
on
entrations are 50, 30, 20, 10, 5 and 2.5 ng/�l. The diameter of the 
apillarywas 500 �m. The simulation used the same 
on
entrations, but an empiri
allydetermined path length of 80 �m. The results of the simulation were normalized,by using an average voltage of the 
apillary measurement with no DNA present andthe respe
tive value in the simulation as referen
e points.4Blunt-ended DNA (as opposed to sti
ky ended DNA) is produ
ed su
h that it 
annot sti
k toother DNA mole
ules, therefore minimizing the intera
tion between the fragments.
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lusionSin
e its initial development in 1999 MEDUSA has been used extensively for di�erentproje
ts within the Imperial College HEP group. It is 
urrently being updated andused to design ultra-high throughput protein analysis systems.
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Chapter 7
Con
lusion

7.1 The D� Run II b-physi
s programmeThe de
ays presented in this thesis are part of a wider b-physi
s programme atD�. To put them into 
ontext a brief overview of the di�erent areas of b-physi
sinvestigated at D� is given. Most analyses mentioned below are work-in-progressand predi
tions might 
hange as the understanding of the dete
tor in
reases. Alldata are taken from [11℄ unless otherwise stated.At end of the 
hapter the results of this thesis are summarized and future prospe
tsfor this work are dis
ussed.The sin 2� measurementOne of the most anti
ipated measurements is that of sin 2� in the de
ay B0d ! J= K0s .Measuring CP-violation in this de
ay requires tagging the 
avour of the B-meson de-
aying into the CP-eigenstate (
f. se
tion 2.5). As b-quarks are produ
ed in b�b-pairsthis 
an be done either by determining the 
avour of the signal B-meson dire
tly(same side tagging) or by determining the 
avour of the other B-meson (oppositeside tagging). Same side tagging relies on the 
orrelation between the B-meson
avour and the 
harge of the parti
les produ
ed in the b-quark fragmentation: AB0 � (�bd) is likely to have a �+ � ( �du) nearest in the fragmentation 
hain, while
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s programme 137it would be a �� for a B0. Opposite side tagging either uses semileptoni
 de
ays ofb-quarks or jet 
harge tagging. Jet 
harge tagging exploits the fa
t that on averagethe sign of the jet 
harge is the same as the sign of the b-quark produ
ing the jet.In semileptoni
 de
ays (b ! 
 l��) the sign of the lepton indi
ates the 
avour ofthe b-quark. E�e
tive tagging algorithms are 
ru
ial for the sin 2� measurement.The quality of a tagging method is des
ribed by the e�e
tive tagging eÆ
ien
y "D2where " = NR +NWN and D = NR �NWNR +NW (7.1)with N being the number of re
onstru
ted signal events before tagging, NR thenumber of 
orre
tly tagged events and NW the number of wrong tags. Note that inan ideal 
ase the dilution D is 1.For 2 fb�1 D� expe
ts an event yield of 34000 fully re
onstru
ted B0d ! J= K0sevents in the di-muon mode and a 
ombined tagging eÆ
ien
y of 10%. This leads toan un
ertainty of 0.04 on the sin 2� measurement. The a

ura
y of this measurement
an be further improved by in
luding J= ! e+e� events to redu
e the statisti
alerror.Lifetime MeasurementsApart from the lifetime studies presented in this thesis, D� will attempt to measurethe lifetimes of all types of B-mesons, in
luding the B
 meson. A study similar tothis thesis has been done for a lifetime measurement in the 
hannel B+ ! J= K+where D� expe
ts 12000 fully re
onstru
ted events [100℄.In 1998 the CDF 
ollaboration reported the observation [101℄ of approximately 20events in the 
hannel B�
 ! J= l��. For 2 fb�1 D� expe
ts about 600 of theseevents whi
h should be suÆ
ient to improve the B
 mass and lifetime measurement.The b-physi
s programme also in
ludes the study of B-baryons, espe
ially the �b.
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s programme 138B0s mixingB0s mixing is 
urrently being investigated in the de
ays B0s ! D(�)s �, B0s ! J= K�0and B0s ! D(�)s l�. D� expe
ts to re
onstru
t 40000 events in the semileptoni
 de
ay
hannels [102℄. These de
ays 
an only be used for sear
hes up to �mBs = 20 ps�1 asthe de
ay length resolution su�ers from the undete
ted neutrino momentum [103℄.The hadroni
 
hannels have lower statisti
s (500-1000 events/
hannel) but a rea
hof up to 22 ps�1 for 2 fb�1.Current experimental results for �ms are �ms � 14:9 ps�1 at 95% 
on�den
e level.Theory predi
ts [104℄ a value of 15.6 ps�1 � �ms � 20.5 ps�1 at 95% 
on�den
elevel under the assumption that there are no 
ontributions from beyond the StandardModel.Rare De
aysD� has investigated the prospe
ts of measuring the following rare de
ays:B0d ! K�0�+��: D� expe
ts between 1300 and 4000 re
onstru
ted events in thisde
ay 
hannel, depending on the 
uts used in the analysis. Combined with theexpe
ted modest ba
kground levels this would be suÆ
ient to establish a signal.The in
lusive de
ay b ! s �+��: While D� expe
ts to re
ord between 1000 and2000 events for this measurement, the signal will be swamped by ba
kground wherethe muons 
ome from two di�erent b-quarks and D� does not expe
t to be able toestablish a signal.B0s ! �+��: D� will attempt to measure the bran
hing ratio in this 
hannel, butfeasibility studies so far have been in
on
lusive.The CKM angles � and 
The de
ay B0d ! �+�� was initially thought to be an ideal 
andidate to measurethe CKM angle �. But measurements [105℄ by the CLEO experiment indi
ated thatthe penguin 
ontribution to this de
ay is too large for the extra
tion of �. However
ombining measurements of the de
ays B0d ! �+�� and B0s ! K+K� with a CP-



7.2 Summary and Outlook 139violation measurement in B0d ! J= K0s 
ould give a

ess to the angle 
.Measuring these 
hannels is diÆ
ult as D� 
annot trigger on the hadroni
 �nalstates and must rely on the other B-meson de
aying semileptoni
ally for triggering.Monte Carlo studies have been done and the expe
ted event yields for 2 fb�1 ofdata were found to be 1400 events for B0d ! �+��, 5600 events for B0d ! K+��,2500 events for B0s ! K+K� and 600 events for B0s ! K+��. All these eventsare automati
ally 
avour tagged due to the trigger requirement. Separating thedi�erent de
ay 
hannels is diÆ
ult due to the la
k of parti
le identi�
ation. Also itis not possible to separate the two signal de
ays on the basis of their re
onstru
tedB-meson mass as the expe
ted mass resolution of 44 MeV is too large. FurthermoreB0d ! K+�� lies dire
tly over the two signal 
hannels.It might be possible to separate the 
ontribution from the di�erent 
hannels witha multivariant �t, but measuring these 
hannels will not be a priority for the timebeing.D� will also measure the b�b produ
tion 
ross-se
tion.7.2 Summary and OutlookAfter years of preparation, data taking with the D� Run II dete
tor has begun.Not only has the dete
tor hardware been upgraded, the re
onstru
tion and triggersoftware has also been 
ompletely rewritten to a

ommodate the higher luminositiesand the 
hanges made to the dete
tor. The �rst results from real data show a goodagreement between the expe
ted and the a
hieved dete
tor performan
e.This thesis was written in preparation for Run II and its results are summarizedhere.b-physi
sWhile the de
ays B0s ! J= � and B0d ! J= K�0 had been studied by CDF duringRun I, the absen
e of a magneti
 �eld prevented D� from doing a similar analysisat the time. This thesis is the �rst Run II study of these de
ays using the fulldete
tor simulation and re
onstru
tion. The results show that an improvement of
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urrent lifetime measurements in the de
ays B0s ! J= � and B0d ! J= K�0
an be a
hieved with the D� dete
tor.The lifetime measurement is a �rst step towards further measurements in these 
han-nels. An angular analysis allows us to measure the 
ontributions from the di�er-ent CP-eigenstates. The large error on the 
urrent measurement [24℄ is dominatedby statisti
s, so with the 
omparatively high event yields predi
ted in this thesisD� should be able to in
rease the a

ura
y of this measurement in Run II. D� doesnot expe
t to see any CP-violation in B0s ! J= �, unless there are 
ontributionsfrom beyond the Standard Model. Any CP-violation measured by D� would there-fore be a 
lear indi
ation of New Physi
s. A simultaneous analysis of the lifetimeand angular distributions in B0s ! J= � 
an give a

ess to the B0s width di�eren
e,provided it is suÆ
iently large. This measurement requires a large number of fullyre
onstru
ted de
ays and will be investigated at end of Run II.The analyses developed in this thesis make use of large parts of the newly developedD� software. This provided a valuable test of the underlying tools (generators,vertexing, et
.) and a number of modi�
ations to them have been made as a result.The su

essful 
ompletion of these analyses show that the software has rea
hed thestage that D� is ready to produ
e physi
s results.Experimental data taken at the beginning of Run II have been analysed and a 
learsignal for the J= meson found. The quality of the signal su�ered from the missingmat
hing between the 
entral tra
king system and the muon 
hambers, but this willimprove in the future. Re
onstru
ting the J= was a ben
hmark measurement fora wide range of b-physi
s, in
luding the 
hannels dis
ussed in this thesis.Trigger softwareIn the high-luminosity environment of a p�p 
ollider fast and reliable triggers areessential. I developed 
luster �nding software for the SMT and tested it both onMonte Carlo and on real data. The analysis of the 
luster resolutions in this the-sis helped de�ne the tra
king errors, improved the power of the impa
t parametertagging and vertex �nding whi
h are essential for b-physi
s. The software has beenused for a year of data taking without any major problems.
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ing devi
eSystemati
 transfer of HEP te
hnologies into other areas and their 
ommer
ial ex-ploitation will play an important role in the future of parti
le physi
s. The si-mulation developed as part of this thesis was the �rst proper modelling of a DNAsequen
ing 
hip at Imperial College. It has sin
e been heavily used and led to thedevelopment of a high throughput DNA sequen
ing devi
e in
orporating a rangeof HEP te
hnologies and te
hniques whi
h is 
urrently being 
ommer
ialised. Thisis an en
ouraging result and has lead to further developments in this area. Thesimulation 
urrently under development for the next generation of devi
es is basedon my original software.
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Appendix A

A.1 Lorentz transformationsUsing the standard 
onventions of~� = ~v
 
 = 1q1� v2
2 (A.1)the Lorentz transformation 
an be written asE 0 = 
(E � ~�~p
)~p 0
 = 
(�~�E + ~p
) (A.2)A parti
le a with four-ve
tor (Ea
 ; pax; pay; paz) is to be boosted into the rest-frame of aparti
le b with (Eb
 ; pbx; pby; pbz). In this rest-frame parti
le a is now des
ribed by thenew four-ve
tor (E0a
 ; p0ax ; p0ay ; p0az ). Using the relations 
 = Ebmb and ~p = m
~� the newve
tor 
an be 
al
ulated usingE 0a = (Ea � Eb)� (pax � pbx + pay � pby + paz � pbz)mb~p 0a = ~p a � E 0a + EaEb +mb � ~p b (A.3)The inverse transformation is de�ned for a parti
le r (Er
 ; prx; pry; prz) in the rest-frame of a parti
le b. If parti
le b moves in another frame with the four-ve
tor



A.2 A 
ookbook re
ipe for 
al
ulating the transversity angle 
os �t143(Eb
 ; pbx; pby; pbz) the transformation for parti
le r into this frame is a

omplished byE 0r = (Er � Eb) + (prx � pbx + pry � pby + prz � pbz)mb~p 0r = ~p r + E 0r + EaEb +mb � ~p b (A.4)A.2 A 
ookbook re
ipe for 
al
ulating 
os �t
os �t
os �tTo 
al
ulate the transversity angle in the de
ay B0s ! J= (! �+��)�(! K+K�) :1. Boost K+; K�; � and �+ from the laboratory frame into the J= rest-frameusing the Lorentz transformations as des
ribed above.2. The � dire
tion in the J= rest-frame is the x-axis.3. The 
ross produ
t K� �K+ (in this order) is the z-axis.4. 
os(�t) = ~�+�z-axisj~�+jjz-axisjAn equivalent de�nition for the axes is given by [11℄:~x = ~p�; ~y = ~pK+ � ~p�(~p� � ~pK+)j~pK+ � ~p�(~p� � ~pK+j ; ~z = ~x� ~z (A.5)where all momentum ve
tors are unit three-ve
tors in the J= rest-frame.A.3 Error on the re
onstru
ted proper de
ay lengthThe proper de
ay length L is given byL = ~d � ~pp2 �mB = dx � px + dy � py + dz � pzp2x + p2y + p2z �mB (A.6)
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t to px gives�L�px = dxp2x + p2y + p2z �mB � 2px(p2x + p2y + p2z)2 �mB � (dx � px + dy � py + dz � pz)= dxp2 �mB � 2pxp4 �mB � ~d � ~p (A.7)
and similarly for �L�py and �L�pz .Di�erentiating L with respe
t to dx, dy and dz yields�L�dx = pxp2 �mB et
. (A.8)and with respe
t to mB �L�mB = ~d � ~pp2 (A.9)Combining the above results the error on the de
ay length L is then�2(L) = m2Bp4 " (dx; dy; dz)� 2~d~pp2 (px; py; pz)! Vp 0BBB�0BBB�dxdydz1CCCA� 2~d~pp2 0BBB�pxpypz1CCCA1CCCA+ (px; py; pz) Vd 0BBB�pxpypz1CCCA# + ~d � ~pp2 �2(mB) (A.10)
where Vd is the 
ovarian
e matrix for the de
ay-ve
tor ~d and Vp the 
ovarian
e matrixfor the B-meson momentum.A.4 Straight line �t: Method of the Least SquaresFor a fun
tion f(x; a) whi
h predi
ts the values y for any x minimising the weightedsquared di�eren
e between a set of measurements and their predi
ted values 
an



A.4 Straight line �t: Method of the Least Squares 145provide an estimate for the parameter a. This is known as the method of leastsquares [106℄.When �tting a straight line y = mx + 
, the sum to be minimised is:�2 =Xi (yi �mxi � 
)2�2i (A.11)where �i is the expe
ted error on the value yi. The xi are assumed to be 
orre
t. Ifall the �i are the same they 
an be taken outside the sum:�2 = 1�2 Xi (yi �mxi � 
)2 (A.12)Di�erentiating eq. A.12 with respe
t to 
 and setting it to zero givesd�2d
 = 1�2 Xi �2(yi � m̂xi � 
̂) = 0 (A.13)whi
h 
an be redu
ed to �y � m̂�x� 
̂ = 0 (A.14)by dividing it by the number of data points N . The variables m̂; 
̂ indi
ate a �ttedvalue, as opposed to the true value. In a se
ond step, di�erentiating eq. A.12 withrespe
t to m gives Xi �2xi(yi � m̂xi � 
̂) = 0 (A.15)and again dividing by N results inxy � m̂x2 � 
̂�x = 0 (A.16)
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̂ from equations A.14 and A.16 gives the result for the slope m̂:m̂ = xy � �x�yx2 � �x2 (A.17)Weighted Straight Line FitIf the �i are not equal then the simple averages xy; y et
. in eq. A.14 and A.17 haveto be repla
ed by a weighted average a

ording toy = PNi=1 yiN ! PNi=1 yi=�2iPNi=1 1=�2i (A.18)A.5 The Method of Maximum LikelihoodProbability density fun
tionsIn an experiment whose out
ome is 
hara
terized by a single 
ontinuous variable xthe probability to observe this variable in the interval [x; x + dx℄ is f(x)dx. Thefun
tion f(x) is 
alled the probability density fun
tion (pdf). It gives the fra
tionof times that x is observed in the interval [x; x+dx℄ in the limit of an in�nitely largenumber of observations. It is normalized to one:Z xmaxxmin f(x)dx = 1 (A.19)Maximum likelihoodFor a pdf f(xj�) where the fun
tional form is known, but whi
h 
ontains at least oneunknown parameter (�) the method of maximum likelihood 
an be used to estimate� from a �nite sample of data [107℄.In an experiment with n measurements, the probability for the �rst measurement tobe in the interval [x1; x1 + dx1℄ is f(x1j�), for the se
ond one to be in [x2; x2 + dx2℄is f(x2j�), et
.



A.5 The Method of Maximum Likelihood 147For n measurements the probability that xi is in [xi; xi + dxi℄ isnYi=1 f(xij�)dxi (A.20)If the pdf and the assumed value for � are 
orre
t the probability for the measureddata should be high. As the dxi do not depend on � the same is true forL(�) = nYi=1 f(xij�) (A.21)L is 
alled the likelihood fun
tion. Provided that L is di�erentiable for �, maximisingL by imposing �L�� = 0 (A.22)will provide an estimator �̂ for the parameter �.Instead of maximising L it is more 
ommon to maximise logL. As the logarithm isa monotoni
ally in
reasing fun
tion it will be at its maximum for the same � as Lwould be, but now the produ
t of L be
omes a sum:log(L) = nXi=1 log f(xij�) (A.23)Exponential de
ayThe probability density fun
tion for an exponential de
ay with mean lifetime � isE(tj�) = 1�e� t� (A.24)Therefore log E(tj�) = nXi=1 log( 1�e� t� ) = nXi=1 �log 1� � ti�� (A.25)



A.5 The Method of Maximum Likelihood 148The 
ondition � log E(tj�)�� = 0 then gives the estimator �̂ as�̂ = 1n nXi=1 ti (A.26)whi
h is simply the sample mean of the measured time values.Unlike this example most fun
tions will not be solvable by algebra and it is ne
es-sary to use numeri
al software like MINUIT [108℄.All other probability density fun
tions used to �t the B-lifetimes in this thesis arelisted below:Gaussian distributionThe probability density fun
tion for a Gaussian distribution with mean � and stan-dard deviation � is G(xj�; �) = 1p2��2 e� (x��)22�2 (A.27)Exponential de
ay with Gaussian resolution fun
tionThe probability density fun
tion of an exponential de
ay fun
tion smeared with aGaussian resolution fun
tion at ea
h point isF(xj�; �) = 1�p2��2 Z 10 e�u=�e�(u�x)2=2�2du (A.28)



A.5 The Method of Maximum Likelihood 149The exponential in the integral 
an be re-written as�u� � (u� x)22�2 = � x22�2 � u� + ux�2 � u22�2= � x22�2 � �(�2 � �x)u��2 + u22�2� (A.29)= � x22�2 � "� up2� + �2 � �xp2�� �2 � �22�2 + x� � x22�2#= ��u+ �2� � x�22�2 + �22�2 � x�Using eq. A.29 the probability density fun
tion then be
omesF(xj�; �) = 1�p2��2 e�x=�+�2=2�2 Z 10 e�(u�(x��2=�))2=2�2duSubstituting k=u+�2� �xp2� and dkdu = 1p2� givesF(xj�; �) = 12�e�x=�+�2=2�2 h1 + erf�(x� � ��)=p2�i (A.30)where erf(x) is the error fun
tionerf(x) = 2p� Z x0 e�y2dy (A.31)Normalising this fun
tion over a restri
ted range requires the integral R ba F(xj�; �),whi
h 
an be obtained by integrating by partsZ 1a F(xj�; �)dx = �12e�x=�+�2=2�2 h1 + erf�(x� � ��)=p2�i+ 12 Z e�x=�+ 12�2=�2 2p� 1p2�2 e� 12 (x=���=�)2dx= ��F(xj�; �) + 12 2p� 1p2�2 Z e�x2=2�2dx= 12 �1 + erf( ap2�2 )�� �F(xj�; �) (A.32)



A.5 The Method of Maximum Likelihood 150Extended maximum likelihoodOften the number of observations in an experiment (e.g. the number of events found)is itself a Poisson distributed variable with mean �. The likelihood fun
tion 
an beextended to in
orporate this informationL(�; �) = e��n! �n nYi=1 f(xj�) (A.33)This is useful when the overall probability density fun
tion is the superposition ofm 
omponents f(xj�) = mXj=1 �jfj(x) and mXj=1 �j = 1 (A.34)with �i being the fra
tional 
ontribution of ea
h 
omponent. Taking the logarithmof equation A.33 giveslogL(xj�; �) = �� + nXi=1 log mXj=1 ��jfj(xj�)! (A.35)and de�ning �i = �i� as the expe
ted number of events of type i leads tologL(xj~�; �) = � mXj=1 �j + nXi=1 log mXj=1 �jfj(xj�)! (A.36)
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