FERMILAB-Pub-01/197 hep-ph/0201071 December, 2001

B Physics at the Tevatron:

Run II and Beyond

Authors

K. Anikeev^{23}, D. Atwood^{18}, F. Azfar^{31}, S. Bailey^{11}, C.W. Bauer^5, W. Bell^{10}, G. Bodwin^1, E. Braaten^{30}, G. Burdman^{21}, J.N. Butler^9, K. Byrum^1, N. Cason^{29}, A. Cerri^{33}, H.W.K. Cheung^9, A. Dighe^{34}, S. Donati^{33}, R.K. Ellis^9, A. Falk^{19}, G. Feild^{45}, S. Fleming^6, I. Furic^{23}, S. Gardner^{20}, Y. Grossman^{38}, G. Gutierrez^9, W. Hao^{39}, B.W. Harris^{1,26}, J. Hewett^{35}, G. Hiller^{35}, R. Jesik^{14,13}, M. Jones^{32}, P.A. Kasper^9, A. El-Khadra^{12}, M. Kirk^2, V.V. Kiselev^{17}, J. Kroll^{32}, A.S. Kronfeld^9, R. Kutschke^9, V.E. Kuznetsov^4, E. Laenen^{27}, J. Lee^{8,1}, A.K. Leibovich^{6,9}, J.D. Lewis^9, Z. Ligeti^{9,21}, A.K. Likhoded^{17}, H.E. Logan^9, M. Luke^{40}, A. Maciel^{28}, G. Majumder^{37}, P. Maksimović^{11,21}, M. Martin^{31}, S. Menary^{46}, P. Nason^{24}, U. Nierste^{9,7}, Y. Nir^{43}, L. Nogach^{17}, E. Norrbin^{22}, C. Oleari^{44}, V. Papadimitriou^{39}, M. Paulini^6, C. Paus^{23}, M. Petteni^{13}, R. Poling^{25}, M. Procario^6, G. Punzi^{33}, H. Quinn^{35}, A. Rakitine^{23}, G. Ridolfi^{15}, K. Shestermanov^{17}, G. Signorelli^{33}, J.P. Silva^{35}, T. Skwarnicki^{37}, A. Smith^{25}, B. Speakman^{25}, K. Stenson^{42}, F. Stichelbaut^{36}, S. Stone^{37}, K. Sumorok^{23}, M. Tanaka^{41,1}, W. Taylor^{36}, W. Trischuk^{40}, J. Tseng^{23}, R. Van Kooten^{14}, A. Vasiliev^{17}, M. Voloshin^{25,16}, J.C. Wang^{37}, A.B. Wicklund^1, F. Würthwein^{23}, N. Xuan^{29}, J. Yarba^9, K. Yip^{9,3}, A. Zieminski^{14}

1Argonne National Laboratory, Argonne, Illinois 2Brandeis Universtiy, Waltham, Massachusetts 3Brookhaven National Laboratory, Upton, New York 4University of California, Riverside, California 5University of California, San Diego, California 6Carnegie Mellon University, Pittsburgh, Pennsylvania 7CERN, Geneva, Switzerland 8Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany 9Fermi National Accelerator Laboratory, Batavia, Illinois 10Glasgow University, Glasgow, United Kingdom 11Harvard University, Cambridge, Massachusetts 12University of Illinois, Urbana-Champaign, Illinois 13Imperial College, London, United Kingdom 14Indiana University, Bloomington, Indiana 15INFN, Genoa, Italy 16Institute for Theoretical and Experimental Physics, Moscow, Russia 17Institute for High Energy Physics, Protvino, Russia 18Iowa State University, Ames, Iowa 19The Johns Hopkins University, Baltimore, Maryland 20University of Kentucky, Lexington, Kentucky 21Lawrence Berkeley National Laboratory, Berkeley, California 22Lund University, Lund, Sweden 23Massachusetts Institute of Technology, Cambridge, Massachusetts 24INFN & Università degli Studi di Milano, Milan, Italy 25University of Minnesota, Minneapolis, Minnesota 26Robert Morris College, Moon Township, Pennsylvania 27NIKHEF, Amsterdam, The Netherlands 28Northern Illinois University, DeKalb, Illinois 29University of Notre Dame, Notre Dame, Indiana 30The Ohio State University, Columbus, Ohio 31Oxford University, Oxford, United Kingdom 32University of Pennsylvania, Philadelphia, Pennsylvania 33INFN & Università e Scuola Normale Superiore di Pisa, Pisa, Italy 34Max-Planck-Institut für Physik, Munich, Germany 35Stanford Linear Accelerator Center, Stanford, California 36State University of New York, Stony Brook, New York 37Syracuse University, Syracuse, New York 38Technion–Israel Institute of Technology, Haifa, Israel 39Texas Tech University, Lubbock, Texas 40University of Toronto, Toronto, Canada 41University of Tsukuba, Tsukuba, Japan 42Vanderbilt University, Nashville, Tennessee 43Weizmann Institute of Science, Rehovot, Israel 44University of Wisconsin, Madison, Wisconsin 45Yale University, New Haven, Connecticut 46York University, Toronto, Canada

Preface

This report presents the results of the workshop devoted to study B Physics at the Tevatron: Run II and Beyond. Like other workshops on the physics potential of Run II of the Tevatron, held at Fermilab from 1998–2000, this workshop brought together theorists from around the world and experimenters from the CDF, DØ, and BTeV collaborations, and elsewhere.

There were two general meetings held at Fermilab: during September 23–25, 1999, and February 24–26, 2000. The working groups also held additional interim meetings to report on their progress and plan further work. The resulting physics studies can be found in Chapters 6–9. The other chapters in this report provide theoretical background on B decays (Chapter 1), common experimental issues (Chapter 2), and brief descriptions of the CDF, DØ, and BTeV detectors (Chapters 3–5).

Flavor physics and CP violation will be a major focus of experimental high-energy physics in the coming decade. The preceding decade verified at a high precision the gauge sector of the Standard Model through a wide range of experimental tests. While many extensions of the Standard Model contain new sources of flavor and CP violation, these sectors of the theory are poorly tested at present. Precise tests of the flavor sector of the Standard Model and the origin of CP violation will come from sometimes competitive and sometimes complementary measurements at the Tevatron and at the e^+e^− B factories. Chapter 10 summarizes the results of the workshops for the most interesting processes.

This report represents the status of the field around the Summer of 2001. Both the state of the theory and the experimental possibilities continue to advance. The results presented here are thus not a final view of what the experiments can achieve. This report concentrates on aspects of B physics accessible mainly to hadron colliders, and it is hoped that it will prove a ready and complete reference and aid new collaboration members and maybe others interested in the field as well.

These workshops could not have been organized without the help of many people. The organizers would like to especially thank the support of Mike Witherell and the Fermilab Directorate; the help of Cynthia Sazama and Patti Poole of the Fermilab Conference Office with the general meetings’ organization; and Lois Deringer and Laura Sedlacek in the Fermilab Theory Group for taking care of so many things.

Workshop Structure

The workshop formed four semi-autonomous working groups. Each was led by two theory conveners and a convener from each experiment.

• CP Violation

Yossi Nir, Helen Quinn, Manfred Paulini (CDF), Rick Jesik (DØ), Tomasz Skwarnicki (BTeV)

• Rare and Semileptonic Decays

Aida El-Khadra, Mike Luke, Jonathan Lewis (CDF), Andrzej Zieminski (DØ), Ron Poling (BTeV)

• Mixing and Lifetimes

Ulrich Nierste, Mikhail Voloshin, Christoph Paus (CDF), Neal Cason (DØ), Harry Cheung (BTeV)

• Production, Fragmentation, Spectroscopy

Eric Braaten, Keith Ellis, Eric Laenen, William Trischuk (CDF), Rick Van Kooten (DØ), Scott Menary (BTeV)

Chapters 6 – 9 of this report present the work done in these groups.

The programs of the general meetings, including transparencies of all talks, working group information, and other documentation for this workshop can be found on the World- WideWeb at http://www-theory.lbl.gov/Brun2/.

The workshop was organized by Rick Jesik, Andreas Kronfeld, Rob Kutschke, Zoltan Ligeti, Manfred Paulini, and Barry Wicklund.

Contents

List of Figures xxiv

List of Tables xxix

1 Common Theoretical Issues 1 1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 CP Violation in the Standard Model . . . . . . . . . . . . . . . . . . . . . . 3 1.2.1 Yukawa interactions and the CKM matrix . . . . . . . . . . . . . . . 3 1.2.2 General models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.2.3 CP violation from a unitary CKM matrix . . . . . . . . . . . . . . . 9 1.2.4 Hadronic uncertainties and clean measurements . . . . . . . . . . . . 12 1.3 General Formalism for Mixing and CP Violation . . . . . . . . . . . . . . . 14 1.3.1 Discrete transformations . . . . . . . . . . . . . . . . . . . . . . . . . 14 1.3.2 Time evolution and mixing . . . . . . . . . . . . . . . . . . . . . . . 17 1.3.3 Time evolution of untagged B^0 mesons . . . . . . . . . . . . . . . . . 23 1.3.4 Time-dependent and time-integrated CP asymmetries . . . . . . . . 23 1.3.5 Phase conventions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 1.4 Aspects of CP Violation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 1.4.1 The three types of CP violation . . . . . . . . . . . . . . . . . . . . 26 1.4.2 Decays to non-CP eigenstates . . . . . . . . . . . . . . . . . . . . . . 29 1.4.3 ΔF = 2 vs. ΔF = 1 CP violation . . . . . . . . . . . . . . . . . . . 29 1.5 Theoretical Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 1.5.1 Effective Hamiltonians . . . . . . . . . . . . . . . . . . . . . . . . . . 31 1.5.2 Heavy quark effective theory . . . . . . . . . . . . . . . . . . . . . . 37 1.5.3 Heavy quark expansion . . . . . . . . . . . . . . . . . . . . . . . . . 40 1.5.3.1 Inclusive semileptonic B decays . . . . . . . . . . . . . . . 41

1.5.3.2 Inclusive nonleptonic B decays . . . . . . . . . . . . . . . . 44 1.5.3.3 B_s width difference, ΔΓ . . . . . . . . . . . . . . . . . . . . 45 1.5.4 Lattice QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 1.5.4.1 Monte Carlo integration . . . . . . . . . . . . . . . . . . . . 46 1.5.4.2 Quenched approximation . . . . . . . . . . . . . . . . . . . 49 1.5.4.3 Controllable systematic uncertainties . . . . . . . . . . . . 49 1.5.4.4 Strong phases of nonleptonic decays . . . . . . . . . . . . . 52 1.6 Constraints from Kaon Physics . . . . . . . . . . . . . . . . . . . . . . . . . 52 1.6.1 The neutral kaon system . . . . . . . . . . . . . . . . . . . . . . . . . 53 1.6.2 Phenomenology of ϵ_K and ϵ^′_K . . . . . . . . . . . . . . . . . . . . . . 56 1.6.3 K → πνν̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 1.7 Standard Model Expectations . . . . . . . . . . . . . . . . . . . . . . . . . 59 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2 Common Experimental Issues 69 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 2.2 Separating b and c Hadrons from the Backgrounds . . . . . . . . . . . . . . 70 2.3 Sources of Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 2.4 Basics of b Production Physics . . . . . . . . . . . . . . . . . . . . . . . . . 75 2.5 Production Rates and Interactions Per Crossing . . . . . . . . . . . . . . . . 80 2.5.1 The Distribution of Interactions Per Crossing . . . . . . . . . . . . . 81 2.6 Flavor Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 2.6.1 Away Side Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 2.6.2 Same Side Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 2.6.3 Overall Tagging Strategy . . . . . . . . . . . . . . . . . . . . . . . . 86 2.7 The Measurement Error on Proper Decay Times . . . . . . . . . . . . . . . 86 2.8 Properties of a Good B Physics Detector . . . . . . . . . . . . . . . . . . . 87 2.8.1 Forward vs Central . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 2.8.2 A Precision Vertex Detector . . . . . . . . . . . . . . . . . . . . . . 89 2.8.3 Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 2.8.4 Particle ID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 2.8.5 Trigger and DAQ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

2.8.6 EM Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 2.8.7 Muon Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 2.9 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 2.10 Comparison with e^+e^− Machines . . . . . . . . . . . . . . . . . . . . . . . . 94 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3 The CDF Detector 99 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 3.2 CDF Run II Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 3.3 Issues for Central Solenoidal Detectors . . . . . . . . . . . . . . . . . . . . . 105 3.4 Trigger Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 3.5 Offline Analysis and Simulation . . . . . . . . . . . . . . . . . . . . . . . . . 108 3.5.1 Flavor Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 3.5.2 Monte Carlo Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4 The DØ detector 111 4.1 The silicon vertex detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 4.2 The central fiber tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 4.3 Electromagnetic pre-shower detectors . . . . . . . . . . . . . . . . . . . . . . 113 4.4 Muon Spectrometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 4.5 Trigger system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 4.5.1 Trigger levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 4.5.2 Level 1 muon triggers . . . . . . . . . . . . . . . . . . . . . . . . . . 114 4.5.3 Level 1 muon trigger rates and efficiencies . . . . . . . . . . . . . . . 115 4.5.4 Level 2 and Level 3 muon triggers . . . . . . . . . . . . . . . . . . . 116 4.5.5 Low p_T dielectron trigger . . . . . . . . . . . . . . . . . . . . . . . . 118 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5 The BTeV Detector 121 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 5.2 Rationale for a Forward Detector at the Tevatron . . . . . . . . . . . . . . . 121 5.3 Detector Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.3.1 Dipole Centered on the Interaction Region . . . . . . . . . . . . . . 123 5.3.2 The Pixel Vertex Detector . . . . . . . . . . . . . . . . . . . . . . . . 123 5.3.3 The Detached Vertex Trigger . . . . . . . . . . . . . . . . . . . . . . 125 5.3.4 Charged Particle Identification . . . . . . . . . . . . . . . . . . . . . 126 5.3.5 Electromagnetic Calorimeter . . . . . . . . . . . . . . . . . . . . . . 126 5.3.6 Forward Tracking System . . . . . . . . . . . . . . . . . . . . . . . . 127 5.3.7 Muon Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 5.3.8 Data Acquisition System . . . . . . . . . . . . . . . . . . . . . . . . 128 5.4 Simulation and Analysis Tools . . . . . . . . . . . . . . . . . . . . . . . . . 128 5.4.1 Tracking and Track Fitting Software . . . . . . . . . . . . . . . . . . 129 5.4.2 Electromagnetic Calorimeter Software . . . . . . . . . . . . . . . . . 130 5.4.3 Trigger Simulation Software . . . . . . . . . . . . . . . . . . . . . . . 130 5.4.4 RICH Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 5.5 Flavor Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 5.5.1 Away Side Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 5.5.1.1 Lepton Tagging . . . . . . . . . . . . . . . . . . . . . . . . 131 5.5.1.2 Kaon Tagging . . . . . . . . . . . . . . . . . . . . . . . . . 132 5.5.1.3 Vertex Charge Tagging . . . . . . . . . . . . . . . . . . . . 132 5.5.1.4 Combining Away Side Tagging Methods . . . . . . . . . . . 132 5.5.2 Same Side Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 5.5.3 Summary of Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 5.6 Schedule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6 CP Violation 137 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 6.1.1 B^0_s –B̄^0_s Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 6.1.2 B^0_s Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 6.1.3 CP Violation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 6.1.4 Tagged Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 6.1.5 Untagged Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.1.6 Some Interesting Decay Modes . . . . . . . . . . . . . . . . . . . . . 144 6.1.6.1 B^0_s → J/ψϕ . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 6.1.6.2 B^0_s → J/ψK^0_S . . . . . . . . . . . . . . . . . . . . . . . . . . 145 6.1.6.3 B^0_s → D^±_s K^∓ . . . . . . . . . . . . . . . . . . . . . . . . . . 147 6.1.7 Penguins in B Decays: General Considerations . . . . . . . . . . . . 148 6.1.8 Penguins in B^0 → J/ψK^0_S . . . . . . . . . . . . . . . . . . . . . . . . 150 6.1.9 Penguins in B^0 → ππ . . . . . . . . . . . . . . . . . . . . . . . . . . 150 6.1.10 Penguins in B → Kπ . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 6.1.11 New Physics in B^0_s Mixing . . . . . . . . . . . . . . . . . . . . . . . . 154 6.1.11.1 Time Dependent CP Asymmetries . . . . . . . . . . . . . . 155 6.1.11.2 Time Integrated CP Asymmetries . . . . . . . . . . . . . . 155 6.1.11.3 The Width Difference . . . . . . . . . . . . . . . . . . . . . 155 6.1.11.4 The Semileptonic CP Asymmetry . . . . . . . . . . . . . . 156 6.2 Study of B^0 → J/ψK^0_S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157 6.2.1 B^0 → J/ψK^0_S : Introduction . . . . . . . . . . . . . . . . . . . . . . . 157 6.2.2 B^0 → J/ψK^0_S : CDF Report . . . . . . . . . . . . . . . . . . . . . . . 158 6.2.3 B^0 → J/ψK^0_S : DØ Report . . . . . . . . . . . . . . . . . . . . . . . . 160 6.2.4 B^0 → J/ψK^0_S : BTeV Report . . . . . . . . . . . . . . . . . . . . . . 164 6.2.5 B^0 → J/ψK^0_S : Summary . . . . . . . . . . . . . . . . . . . . . . . . 168 6.3 Study of B → ππ/KK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 6.3.1 B → ππ/KK: Introduction . . . . . . . . . . . . . . . . . . . . . . . 168 6.3.2 B → ππ/KK: CDF Report . . . . . . . . . . . . . . . . . . . . . . . 170 6.3.2.1 Trigger Issues . . . . . . . . . . . . . . . . . . . . . . . . . 170 6.3.2.2 Expected Rates . . . . . . . . . . . . . . . . . . . . . . . . 171 6.3.2.3 Disentangling ππ, Kπ, KK and πK Final States . . . . . . 172 6.3.2.4 CP Violating Observables . . . . . . . . . . . . . . . . . . 173 6.3.2.5 Measurements on the Tagged Sample . . . . . . . . . . . . 175 6.3.2.6 Extracting CP Violating Phases from A^{dir}_{CP} and A^{mix}_{CP} . . . 177 6.3.2.7 Theoretical Error due to SU(3) Breaking . . . . . . . . . . 178 6.3.3 B → ππ/KK: DØ Report . . . . . . . . . . . . . . . . . . . . . . . . 179 6.3.4 B → ππ/KK: BTeV Report . . . . . . . . . . . . . . . . . . . . . . 181 6.3.5 B → ππ/KK: Summary . . . . . . . . . . . . . . . . . . . . . . . . . 187

6.4 Study of B → DK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 6.4.1 B → DK: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 189 6.4.1.1 B^0_s → D^−_s K^+: Introduction . . . . . . . . . . . . . . . . . . 190 6.4.1.2 B^− → D^0K^−: Introduction . . . . . . . . . . . . . . . . . . 191 6.4.2 B → DK: CDF Report . . . . . . . . . . . . . . . . . . . . . . . . . 193 6.4.2.1 B^0_s → D^−_s K^+: CDF Report . . . . . . . . . . . . . . . . . . 193 6.4.2.2 B^− → D^0K^−: CDF Report . . . . . . . . . . . . . . . . . . 196 6.4.2.3 Fully Hadronic B Decays Accessible at CDF in Run II . . . 202 6.4.3 B → DK: BTeV Report . . . . . . . . . . . . . . . . . . . . . . . . . 203 6.4.3.1 B^0_s → D^−_s K^+: BTeV Report . . . . . . . . . . . . . . . . . 203 6.4.3.2 B^− → D^0K^−: BTeV Report . . . . . . . . . . . . . . . . . 210 6.4.4 B → DK: Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 214 6.5 Study of B → ρπ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215 6.5.1 B → ρπ: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 215 6.5.2 B → ρπ: BTeV Report . . . . . . . . . . . . . . . . . . . . . . . . . 217 6.6 Study of B^0_s → J/ψ η^{(′)} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221 6.6.1 B^0_s → J/ψ η^{(′)}: Introduction . . . . . . . . . . . . . . . . . . . . . . . 221 6.6.2 B^0_s → J/ψη^{(′)}: CDF Report . . . . . . . . . . . . . . . . . . . . . . . 221 6.6.2.1 Expected Signal . . . . . . . . . . . . . . . . . . . . . . . . 222 6.6.2.2 Reconstruction of Neutrals at CDF . . . . . . . . . . . . . 224 6.6.2.3 Expected Background . . . . . . . . . . . . . . . . . . . . . 224 6.6.3 B^0_s → J/ψη^{(′)}: BTeV Report . . . . . . . . . . . . . . . . . . . . . . 225 6.6.3.1 Signal Selection . . . . . . . . . . . . . . . . . . . . . . . . 226 6.6.3.2 Background Estimation . . . . . . . . . . . . . . . . . . . . 229 6.6.3.3 Sensitivity to sin 2β_s . . . . . . . . . . . . . . . . . . . . . . 230 6.6.4 B^0_s → J/ψη^{(′)}: Summary . . . . . . . . . . . . . . . . . . . . . . . . 230 6.7 CP Violation: Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

7 Rare and Semileptonic Decays 241 7.1 Rare Decays: Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241 7.1.1 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

7.1.1.1 The effective Hamiltonian . . . . . . . . . . . . . . . . . . . 242 7.1.1.2 Inclusive vs. Exclusive Decays . . . . . . . . . . . . . . . . 243 7.1.2 Inclusive Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244 7.1.2.1 B → X_sγ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244 7.1.2.2 B → X_sℓ^+ℓ^− . . . . . . . . . . . . . . . . . . . . . . . . . . 246 7.1.3 Exclusive Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251 7.1.3.1 Hadronic Matrix Elements and Form Factors . . . . . . . 251 7.1.3.2 Lattice QCD . . . . . . . . . . . . . . . . . . . . . . . . . . 253 7.1.3.3 B → K^∗ℓ^+ℓ^− and B → Kℓ^+ℓ^− . . . . . . . . . . . . . . . . 254 7.1.3.4 B → K^∗γ and Related Decays . . . . . . . . . . . . . . . . 266 7.1.3.5 B_{s,d} → ℓ^+ℓ^− . . . . . . . . . . . . . . . . . . . . . . . . . . 268 7.1.4 Expectations for Physics Beyond the Standard Model . . . . . . . . 270 7.2 Rare Decays: Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276 7.2.1 Rare Decays at D0 . . . . . . . . . . . . . . . . . . . . . . . . . . . 276 7.2.1.1 Monte-Carlo Samples . . . . . . . . . . . . . . . . . . . . . 277 7.2.1.2 The Exclusive Channel B^0_d → K^{∗0}μ^+μ^− . . . . . . . . . . . 279 7.2.1.3 The Inclusive Decay B → X_sℓ^+ℓ^− . . . . . . . . . . . . . . 282 7.2.1.4 The Exclusive Channel B^0_s → μ^+μ^− . . . . . . . . . . . . . 285 7.2.2 Rare Decays at CDF . . . . . . . . . . . . . . . . . . . . . . . . . . . 285 7.2.2.1 Radiative B Meson Decays . . . . . . . . . . . . . . . . . . 285 7.2.2.2 Radiative b Baryon Decays . . . . . . . . . . . . . . . . . . 287 7.2.2.3 B_d → K^{∗0}μμ Decays . . . . . . . . . . . . . . . . . . . . . . 288 7.2.2.4 B → μ^+μ^− . . . . . . . . . . . . . . . . . . . . . . . . . . . 294 7.2.2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294 7.2.3 Rare Decays at BTeV . . . . . . . . . . . . . . . . . . . . . . . . . . 295 7.2.3.1 The Exclusive Channel B^0 → K^{∗0}μ^+μ^− . . . . . . . . . . . 295 7.2.3.2 The Exclusive Channel B^+ → K^+μ^+μ^− . . . . . . . . . . . 299 7.2.3.3 The Inclusive Decay b → sℓ^+ℓ^− . . . . . . . . . . . . . . . . 300 7.3 Summary of Rare Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301 7.4 Semileptonic Decays: Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 302 7.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302 7.4.2 Decays to Charm Flavored Final States . . . . . . . . . . . . . . . . 303

7.4.2.1 B → D^{(∗)}ℓν̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 303 7.4.2.2 Λ_b → Λ_cℓν̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 304 7.4.3 B → π(ρ)ℓν̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306 7.5 Semileptonic Decays: Experiment . . . . . . . . . . . . . . . . . . . . . . . . 306 7.5.1 Semileptonic Decays at CDF . . . . . . . . . . . . . . . . . . . . . . 306 7.5.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 306 7.5.1.2 Physics Goals . . . . . . . . . . . . . . . . . . . . . . . . . 307 7.5.1.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 308 7.5.1.4 Selection Criteria . . . . . . . . . . . . . . . . . . . . . . . 308 7.5.1.5 Signal Rate Expectations . . . . . . . . . . . . . . . . . . . 310 7.5.1.6 Q^2 Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . 312 7.5.1.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 7.5.2 Estimating the BTeV Potential for Semileptonic Decays . . . . . . . 316 7.5.2.1 Signal and Background . . . . . . . . . . . . . . . . . . . . 317 7.5.2.2 Semileptonic Reach . . . . . . . . . . . . . . . . . . . . . . 318 7.5.2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 7.6 Summary of Semileptonic Decays . . . . . . . . . . . . . . . . . . . . . . . . 321 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

8 Mixing and Lifetimes 331 8.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331 8.2 Theory of heavy hadron lifetimes . . . . . . . . . . . . . . . . . . . . . . . . 332 8.2.1 OPE for inclusive weak decay rates . . . . . . . . . . . . . . . . . . . 333 8.2.2 The parton decay rate . . . . . . . . . . . . . . . . . . . . . . . . . . 335 8.2.3 Chromomagnetic and time dilation effects in decay rates . . . . . . . 336 8.2.4 L^{(3)}_{eff} Coefficients and operators . . . . . . . . . . . . . . . . . . . . . 338 8.2.5 Effects of L^{(3)}_{eff} in mesons . . . . . . . . . . . . . . . . . . . . . . . . 341 8.2.6 Effects of L^{(3)}_{eff} in baryons . . . . . . . . . . . . . . . . . . . . . . . . 343 8.2.7 Relation between spectator effects in baryons and

the decays Ξ_Q → Λ_Q π . . . . . . . . . . . . . . . . . . . . . . . . . . 348 8.2.8 Summary on predictions for lifetimes . . . . . . . . . . . . . . . . . . 351 8.3 Theory of B^0 − B^0 mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

8.3.1 Mass difference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352 8.3.2 Width difference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354 8.3.2.1 Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . 354 8.3.2.2 Phenomenology of ΔΓ_s . . . . . . . . . . . . . . . . . . . . 358 8.3.2.3 Phenomenology of ΔΓ_d . . . . . . . . . . . . . . . . . . . . 370 8.3.3 CP Asymmetry in Flavor-specific Decays . . . . . . . . . . . . . . . 371 8.3.4 Angular analysis to separate the CP components . . . . . . . . . . . 373 8.3.5 CP -odd and CP -even components in B_s → J/ψϕ . . . . . . . . . . . 373 8.3.6 The transversity angle distribution . . . . . . . . . . . . . . . . . . . 374 8.3.7 Three-angle distribution in B_s → J/ψ(→ l^+l^−) ϕ(→ K^+K^−) . . . . 375 8.3.8 Angular moments method . . . . . . . . . . . . . . . . . . . . . . . . 376 8.3.9 D^0 −D^0 mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377 8.3.10 New Physics Effects in Meson Mixing . . . . . . . . . . . . . . . . . 378 8.3.10.1 B_d Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . 379 8.3.10.2 B_s Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . 382 8.3.10.3 Mixing in the Charm Sector . . . . . . . . . . . . . . . . . 382 8.4 Interesting decay modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 384 8.5 Introduction and Physics Input for CDF . . . . . . . . . . . . . . . . . . . . 386 8.5.1 Physics Input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386 8.5.2 Detector Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 389 8.6 Projections for Δm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393 8.6.1 B_s mixing measurement at CDF . . . . . . . . . . . . . . . . . . . . 393 8.6.1.1 Projections for Sensitivity to x_s . . . . . . . . . . . . . . . 394 8.6.1.2 Flavor Tagging Efficiency . . . . . . . . . . . . . . . . . . . 394 8.6.1.3 B_s Mixing with Semileptonic Decays . . . . . . . . . . . . . 396 8.6.1.4 B_s Mixing with Hadronic Decays . . . . . . . . . . . . . . . 399 8.6.2 B_s mixing measurement at DØ . . . . . . . . . . . . . . . . . . . . . 402 8.6.3 Measurement of B_s Mixing in BTeV . . . . . . . . . . . . . . . . . . 406 8.6.3.1 Yields, Resolutions and Signal-to-Background Ratios . . . 406 8.6.3.2 Computation of the x_s Reach . . . . . . . . . . . . . . . . . 410 8.6.4 Summary of Projections for Mixing . . . . . . . . . . . . . . . . . . . 413 8.7 Projections for ΔΓ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414

8.7.1 B_s Lifetime Difference in CDF . . . . . . . . . . . . . . . . . . . . . 414 8.7.1.1 Lifetime Difference Measurements . . . . . . . . . . . . . . 415 8.7.1.2 Related Branching Fractions . . . . . . . . . . . . . . . . . 416 8.7.1.3 Combined CDF Projection . . . . . . . . . . . . . . . . . . 418 8.7.2 Estimate of Sensitivity on ΔΓ in BTeV . . . . . . . . . . . . . . . . 418 8.7.2.1 Signal yields and backgrounds . . . . . . . . . . . . . . . . 418 8.7.2.2 Results for ΔΓ/Γ_{Bs} Sensitivity . . . . . . . . . . . . . . . . 422 8.7.3 Summary of Projections for ΔΓ . . . . . . . . . . . . . . . . . . . . . 425 8.8 Projections for Lifetimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426 8.8.1 b Hadron Lifetimes at CDF . . . . . . . . . . . . . . . . . . . . . . . 426 8.8.1.1 Run I Results at CDF . . . . . . . . . . . . . . . . . . . . . 426 8.8.1.2 Run II Projections for CDF . . . . . . . . . . . . . . . . . . 428 8.8.2 Lifetime measurements at DØ . . . . . . . . . . . . . . . . . . . . . 430 8.8.3 Summary of Projections for Lifetimes . . . . . . . . . . . . . . . . . 432 8.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 434

9 Production, Fragmentation and Spectroscopy 441 9.1 Open beauty production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441 9.1.1 The theory of b-quark production . . . . . . . . . . . . . . . . . . . . 441 9.1.2 Run II reach for b-quark production . . . . . . . . . . . . . . . . . . 445 9.1.3 DØ Study of b Jet Production . . . . . . . . . . . . . . . . . . . . . 445 9.1.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 446 9.1.3.2 The p_t Spectrum of b Jets . . . . . . . . . . . . . . . . . . . 447 9.1.3.3 b Tagging for Run II . . . . . . . . . . . . . . . . . . . . . . 448 9.1.3.4 A Measurement Proposal . . . . . . . . . . . . . . . . . . . 449 9.1.3.5 Di-b-jets with DØ in Run II. . . . . . . . . . . . . . . . . . 449 9.1.3.6 b Quark Production . . . . . . . . . . . . . . . . . . . . . . 450 9.1.3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 451 9.1.4 CDF P_T Reach in the B Cross Section . . . . . . . . . . . . . . . . . 451 9.1.4.1 Run II P_T Reach . . . . . . . . . . . . . . . . . . . . . . . . 452 9.1.4.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 453

9.2 Quarkonium production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454 9.2.1 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454 9.2.2 Theory of quarkonium production . . . . . . . . . . . . . . . . . . . 457 9.2.2.1 Bottomonium . . . . . . . . . . . . . . . . . . . . . . . . . 460 9.2.2.2 Charmonium . . . . . . . . . . . . . . . . . . . . . . . . . . 465 9.2.2.3 Quarkonium polarization . . . . . . . . . . . . . . . . . . . 468 9.2.3 Polarization in quarkonium production . . . . . . . . . . . . . . . . . 470 9.2.3.1 NRQCD predictions for ψ meson polarization . . . . . . . . 471 9.2.3.2 CDF polarisation measurements from Run I . . . . . . . . 472 9.2.3.3 Polarization predictions for Run II . . . . . . . . . . . . . . 472 9.2.3.4 Upsilon production and polarization in CDF Run II . . . . 473 9.3 The B_c Meson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 476 9.3.1 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477 9.3.2 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 478 9.3.3 Theory of B_c Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . 481 9.3.3.1 Lifetime and inclusive decay rates . . . . . . . . . . . . . . 483 9.3.3.2 Semileptonic and leptonic modes . . . . . . . . . . . . . . . 485 9.3.3.3 Nonleptonic modes . . . . . . . . . . . . . . . . . . . . . . . 486 9.3.3.4 Discussion and conclusions . . . . . . . . . . . . . . . . . . 487 9.3.4 DØ Study of B_c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 488 9.3.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 488 9.3.4.2 DØ simulations . . . . . . . . . . . . . . . . . . . . . . . . 488 9.3.4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489 9.3.5 CDF Projections for B^+_c yield . . . . . . . . . . . . . . . . . . . . . . 491 9.3.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 491 9.3.5.2 Monte Carlo generation and simulation . . . . . . . . . . . 492 9.3.5.3 Selection Criteria for the B^+_c → J/ψπ^+ decay channel . . 492 9.3.5.4 Acceptance Calculation using QFL^′ . . . . . . . . . . . . . 493 9.3.5.5 Yield estimate for the B^+_c → J/ψπ^+ decay channel . . . . 495 9.3.5.6 Yield estimate for the B^+_c → B^0_s π^+ decay channel . . . . . 497 9.3.5.7 Yield estimate for the B^+_c → J/ψl^+ν decay channel . . . . 498 9.3.5.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 498

9.4 Doubly-heavy Baryons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 499 9.4.1 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 499 9.4.2 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500 9.4.3 Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503 9.4.4 Experimental observability . . . . . . . . . . . . . . . . . . . . . . . 505 9.5 Fragmentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508 9.5.1 Perturbative fragmentation . . . . . . . . . . . . . . . . . . . . . . . 511 9.5.1.1 Heavy-quark fragmentation in e^+e^− collisions . . . . . . . . 511 9.5.1.2 Impact of SLD data . . . . . . . . . . . . . . . . . . . . . . 512 9.5.1.3 Heavy-quark fragmentation in pp̄ collisions . . . . . . . . . 514 9.5.2 Fragmentation in the nonperturbative regime . . . . . . . . . . . . . 517 9.5.3 Beam drag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520 9.5.4 Heavy-quark fragmentation ambiguities . . . . . . . . . . . . . . . . 525 9.5.5 Experimental Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . 528 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 530

10 Summary and Highlights 539

Index 545

List of Figures

1.1 The unitarity triangle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.2 Standard Model box diagrams inducing B^0_d − B^0_d mixing. . . . . . . . . . . . 18 1.3 Standard Model weak decay diagrams . . . . . . . . . . . . . . . . . . . . . 32 1.4 Effective Hamiltonian weak decay diagrams . . . . . . . . . . . . . . . . . . 33 1.5 OPE diagram for semileptonic and radiative B decays. . . . . . . . . . . . . 42 1.6 Analytic structure of T^{μν} in the q · v plane. . . . . . . . . . . . . . . . . . . 42 1.7 OPE diagrams for nonleptonic B decays. . . . . . . . . . . . . . . . . . . . . 44 1.8 OPE diagram for the B_s width difference. . . . . . . . . . . . . . . . . . . . 45 1.9 The allowed region in the ρ̄ − η̄ plane. . . . . . . . . . . . . . . . . . . . . . 60 1.10 The allowed region in the sin 2α − sin 2β plane. . . . . . . . . . . . . . . . . 61 1.11 The allowed region in the sin 2β − γ plane. . . . . . . . . . . . . . . . . . . 61

2.1 A cartoon of a bb̄ event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 2.2 Production cross-section vs η for B mesons (from PYTHIA) . . . . . . . . . . 76 2.3 σ(μ from B decay) vs y_μ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 2.4 σ_{bb} as a function of βγ vs η . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 2.5 Production angle correlations for BB pairs . . . . . . . . . . . . . . . . . . 79 2.6 Azimuthal angle correlation between BB pairs . . . . . . . . . . . . . . . . 79 2.7 Quark diagrams for same side tagging . . . . . . . . . . . . . . . . . . . . . 85

3.1 CDF detector elevation view . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 3.2 CDF particle identification . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.1 The DØ detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 4.2 The DØ silicon vertex detector . . . . . . . . . . . . . . . . . . . . . . . . . 112 4.3 Expected impact parameter uncertainty dependence on track momentum and polar angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.4 Significance distribution for STT tracks reconstructed in B^0_d → K^{∗∘}μ^+μ^− events with all four charge particles produced with p_T ≥ 0.5 GeV/c. . . . . 117 4.5 bb̄ event tagging efficiency as a function of S_{min} with either one or two tracks in the event satisfying the condition S > S_{min}. . . . . . . . . . . . . . . . . 118

5.1 A Sketch of the BTeV Detector . . . . . . . . . . . . . . . . . . . . . . . . . 122 5.2 The Resolution of the Pixel Devices . . . . . . . . . . . . . . . . . . . . . . 124 5.3 The B Momentum Distribution . . . . . . . . . . . . . . . . . . . . . . . . . 124 5.4 Separation of B_s → D^+_s K^− and B_s → D^+_s π^− with the RICH . . . . . . . . 126 5.5 Radial Distributions of Generated and Detected Photons . . . . . . . . . . . 127

6.1 Dependence of CMU-CMU J/ψK^0_S yields on the lower p_T muon threshold at CDF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 6.2 Reconstructed B^0_s → J/ψϕ events from CDF Run I data. . . . . . . . . . . . 161 6.3 Reconstructed J/ψ → μμ and K^0_S → π^+π^− invariant mass in B^0 → J/ψK^0_S events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 6.4 Reconstructed B mass in B → J/ψK^0_S events. . . . . . . . . . . . . . . . . . 163 6.5 Distributions of L/σ_L for J/ψ candidates from the decays of b hadrons and prompt J/ψ candidates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 6.6 The J/ψK^0_S invariant mass distribution at BTeV. . . . . . . . . . . . . . . . 166 6.7 Feynman diagrams in charmless hadronic B meson decays contributing to B^0 → π^+π^− and B^0_s → K^+K^−. . . . . . . . . . . . . . . . . . . . . . . . . . 169 6.8 Two-track invariant mass for B → ππ, Kπ, KK and πK at CDF. . . . . . 173 6.9 Expected time-dependent CP violation in B^0_s → K^+K^− for different values of A^{dir}_{CP} , A^{mix}_{CP} and ΔΓ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 6.10 Effect of two-track trigger on B^0_s → K^+K^− lifetime distribution. . . . . . . 176 6.11 Impact of SU(3) breaking. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 6.12 Reconstructed invariant mass for B^0 → π^+π^− at DØ. . . . . . . . . . . . . 182 6.13 Distribution of signal and background for the most important vertex and kinematic variables at BTeV. . . . . . . . . . . . . . . . . . . . . . . . . . . 183 6.14 Two body π^+π^− mass without and with particle identification at BTeV. . . 184 6.15 RICH event selection at BTeV. . . . . . . . . . . . . . . . . . . . . . . . . . 185 6.16 Two body K^+K^− mass without and with particle identification at BTeV. . 187 6.17 Mass plot for the B^0_s → D^−_s K^+ signal and various physics backgrounds at CDF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

6.18 Example signal to background ratio as a function of the dE/dx separation power at CDF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 6.19 The error on sin(γ ± δ) as a function of the number of B^0_s → D^−_s K^+ events. 197 6.20 The error on sin(γ ± δ) as a function of different parameters at CDF. . . . . 197 6.21 Deviation of the value of γ obtained from the fit versus the value used as input in the Monte Carlo study. . . . . . . . . . . . . . . . . . . . . . . . . . 199 6.22 Invariant mass distribution of pairs of D daughter particles at CDF. . . . . 201 6.23 L/σ_L and mass peaks for B^0_s and D^−_s at BTeV. . . . . . . . . . . . . . . . . 206 6.24 Proper time resolution for B^0_s : t_{gen} − t_{rec} (ns). . . . . . . . . . . . . . . . . 207 6.25 Comparison of B^0_s → D^−_s K^+ signal and background at BTeV. . . . . . . . . 209 6.26 Fitted values of γ, δ, and ΔΓ. . . . . . . . . . . . . . . . . . . . . . . . . . . 210 6.27 B^− → D^0K^− signal mass and background at BTeV. . . . . . . . . . . . . . 212 6.28 Fitted values of γ and b at BTeV. . . . . . . . . . . . . . . . . . . . . . . . . 214 6.29 Invariant π^+π^−π^0 mass distributions for background and signal events for B → ρ^0π^0 at BTeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 6.30 Distribution of B^0_s invariant mass minus the nominal PDG mass. . . . . . . 223 6.31 Invariant diphoton mass distribution showing a π^0 → γγ and η → γγ signal in CDF Run I data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 6.32 B^0_s → J/ψη background study using CDF Run I J/ψ data. . . . . . . . . . . 225 6.33 The invariant mass distributions for η → γγ, (b) η^′ → π^+π^−γ, and η^′ → π^+π^−η with η → γγ at BTeV. . . . . . . . . . . . . . . . . . . . . . . . . . . 228 6.34 The dimuon invariant mass and reconstructed B^0_s mass for all three final states of η and η^′ summed together. . . . . . . . . . . . . . . . . . . . . . . 228 6.35 Distributions of backgrounds in several variables compared with the signal for η^′ → ργ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229 6.36 Compilation of measurements of sin 2β as of August 2001. . . . . . . . . . . 232

7.1 The differential decay spectrum for the decay B → X_sℓ^+ℓ^−. . . . . . . . . 248 7.2 The normalized forward backward asymmetry. . . . . . . . . . . . . . . . . 249 7.3 Constraints on the semileptonic form-factors V (0) and A_1(0) from B → K^∗γ data plus HQSS together with the relation from the LEL. . . . . . . . . . . 259 7.4 The dilepton invariant mass distribution in B → Kμ^+μ^− decays, using the form factors from LCSR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261 7.5 The dilepton invariant mass distribution in B → K^∗μ^+μ^− decays. . . . . . 261 7.6 The non-resonant forward-backward asymmetry of leptons A_{F B} for B → K^∗e^+e^− as a function of the dilepton mass s. . . . . . . . . . . . . . . . . . 264

7.7 Dominant SM diagrams for B_{s,d} → ℓ^+ℓ^−. . . . . . . . . . . . . . . . . . . . 268 7.8 The forward-backward asymmetry in B_d → K^{∗0}μμ decay as a function of s = M^2_{μμ} predicted with the Standard Model, SUGRA and MIA-SUSY. . . 271 7.9 Expected number of dimuon events in 2 fb^{−1} data, due to QQ̄ production . 278 7.10 Comparison of the expected dimuon mass distributions for B^0_d → K^{∗0}μ^+μ^− from phase space and predicted by theory. . . . . . . . . . . . . . . . . . . . 279 7.11 Trigger rate dependence on the dimuon mass for events preselected with kinematic cuts | η^μ |< 1.6, p^μ_T > 1.5 GeV/c and p^{μμ}_T > 5 GeV/c. . . . . . . . 280 7.12 Dimuon mass distribution in the decay B^0_d → K^{∗0}μ^+μ^− . . . . . . . . . . . 282 7.13 Expected dimuon mass distributions due to non-resonant QQ̄ production. . 283 7.14 The calculated differential branching fraction for the decay B → X_sμ^+μ^−, as a function of m_{μμ}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284 7.15 A_{F B} with 50 and 400 events of the B_d → K^∗μμ signal and S/B = 1. . . . . 289 7.16 The forward-backward asymmetry for the background events obtained from the Run 1 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291 7.17 The forward-backward asymmetry in Ref [141], and a likelihood function for extracting the asymmetry zero-point M_0. . . . . . . . . . . . . . . . . . . . 292 7.18 A_{F B} and M_0 with 1000 B_d → K^∗μμ events and S/B = 1. . . . . . . . . . . 293 7.19 Distributions of cut variables for signal (points) and bb background (hatched) MCFAST events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296 7.20 Distributions of tagged B^0 → K^{∗0}μ^+μ^− signal (left) and 4.4 pb^{−1} of bb background (right) MCFAST events. . . . . . . . . . . . . . . . . . . . . . . 298 7.21 Expected forward-backward asymmetry and number of events as a function of m(μ^+μ^−) for signal events after one year of running. . . . . . . . . . . . 299 7.22 Distributions of B^+ → K^+μ^+μ^− signal (left) and 10 pb^{−1} of bb background (right) events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301 7.23 Dependence of the trigger rate on the impact parameter cut for the muontrigger test data and the bb̄ → Λ_bX → Λ_cμν Monte Carlo. . . . . . . . . . . 309 7.24 The distributions of Δϕ(μ, SV T ), and M_T (μ, SV T ) for the test-run data and the bb̄ → Λ_b → Λ_cμν signal after impact parameter cut. . . . . . . . . . . . 310 7.25 Distributions of Δϕ(μ, SV T ), and M_T (μ, SV T ) for the test-run data (bottom plot) and the bb̄ → B_sX → D_sπ signal (top plot). . . . . . . . . . . . . . . . 311 7.26 Monte Carlo simulation of the Q^2 distribution in Λ_b → Λ_cℓν̄ decay. . . . . . 313 7.27 The resolution of the reconstructed Q^2 distribution is shown in the top plot.

The reconstruction efficiency is shown in the bottom plot. . . . . . . . . . . 313 7.28 Q^2 distribution for generator level and reconstructed after correcting for efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314

7.29 Distribution of the maximum P_T of π’s from higher order decays. . . . . . . 315 7.30 Comparison of impact parameter significance of all 3 categories of tracks (protons, kaons and pions). . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 7.31 D^∗ −D^0 mass difference distribution for B^0 → D^∗μν signal and backgrounds;

pKπ invariant mass distribution for Λ_b → Λ_cμν signal and backgrounds. . . 319 7.32 q^2/q^2_{max} resolution for (a) B^0 → D^∗μν and (b) Λ_b → Λ_cμν. . . . . . . . . . 320 7.33 q^2/q^2_{max} resolution for Λ_b → Λ_cμν where the Λ_c comes from Σ_c, and Λ_b → Λ_cμν where half of the Λ_c’s come from Σ_c’s and half come from Λ_b’s. . . . . 320

8.1 Graphs for three first terms in OPE for inclusive decay rates: the parton term, the chromomagnetic interaction, and the four-quark term. . . . . . . 334 8.2 The values of the extracted matrix elements x and y in GeV^3 vs. the normalization point parameter κ = α_s(μ)/α_s(m_c). . . . . . . . . . . . . . . . . 346 8.3 Leading order diagrams determining Γ^s_{12}. Only the CKM-favored contribution ξ^{s∗2}_c Γ^{cc}_{12} is shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355 8.4 The definitions of angles θ, φ, ψ. Here θ is the “transversity” angle. . . . . . 374 8.5 The model independent analysis in the ρ − η plane . . . . . . . . . . . . . . 380 8.6 Δm_D in the (a) four generation Standard Model; (b) two-Higgs-doublet model II; and (c) flavor-changing Higgs model with tree-level contributions. 383 8.7 K factor as a function of the M_{ℓDs} (top), and K factor distribution after the M_{ℓDs} correction (bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 396 8.8 K factor distributions after 3D vertexing correction with vertex detector resolutions of σ_{t0} = 60 fs and σ_{Lz} = 50 μm. . . . . . . . . . . . . . . . . . . 397 8.9 K factor and time resolution for B_s → ℓνD_s decays. . . . . . . . . . . . . . 398 8.10 Sensitivity for measuring x_s of the B_s semileptonic decays for the lepton plus displaced track trigger (left) and the two track trigger (right). . . . . . . . . 399 8.11 Example of a single toy Monte Carlo experiment: the mixed asymmetry distribution, and negative log-likelihood from the fit as a function of x_s . . 401 8.12 Average significance of mixing measurements expected as a function of x_s for various event yields and signal-to-background ratios. . . . . . . . . . . . . . 402 8.13 Luminosity required to achieve a 5 standard deviation observation of mixing (left) and the statistical uncertainty as a function of x_s (right). . . . . . . . 403 8.14 Effective mass distributions for the reconstructed (a) μ^+μ^− system; (b) π^+K^− system; and (c) μ^+μ^−π^+K^− system. . . . . . . . . . . . . . . . . . . . . . . 404 8.15 Reconstructed B_s decay length and proper time distributions. . . . . . . . . 405 8.16 Mini Monte Carlo proper lifetime plots of a) unmixed and b) mixed decays for a generated value of x_s = 40. . . . . . . . . . . . . . . . . . . . . . . . . 411

8.17 The same likelihood function as in part c) of the previous figure but obtained using the integral method described in the text. . . . . . . . . . . . . . . . . 412 8.18 The x_s reach of the BTeV detector. The curves indicate the number of years of running required for a measurement with a statistical significance of 5 σ . 414 8.19 D^+_s , D^−_s invariant mass spectra for the three decay modes B_s → D_sD_s (solid), B_s → D^{(∗)}_s D_s (large dashes) and B_s → D^{(∗)}_s D^{(∗)}_s (small dashes). . . . . . . . 417 8.20 The μ^+μ^− invariant mass (a) and the K^+K^− invariant mass (b) for a b b̄ → J/ψ ϕX background samples. . . . . . . . . . . . . . . . . . . . . . . . . . . 419 8.21 The μ^+μ^−K^+K^− invariant mass for b b̄ → J/ψ ϕX background and B^0_s → J/ψ ϕ signal samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 420 8.22 (a) Proper time distribution for reconstructed B^0_s → J/ψ ϕ; (b) Reduced proper time distribution for the same decays, the line is an exponential fit. . 421 8.23 (a) Reduced proper time distribution for reconstructed B^0_s → J/ψ ϕ decays that pass the Level 1 vertex trigger; (b) Lifetime correction function. . . . . 422 8.24 Summary of lifetime measurements from CDF during Run I. . . . . . . . . 427 8.25 J/ψ mass distribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432 8.26 Λ^0 mass distribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432 8.27 Λ^0_b mass distribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433 8.28 τ(Λ^0_b )_{meas} − τ(Λ^0_b )_{gen}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433

9.1 Diagrams for heavy quark production at lowest order. . . . . . . . . . . . . 442 9.2 The parton level cross section for the gg process. . . . . . . . . . . . . . . . 443 9.3 The parton level cross section for the qq̄ process. . . . . . . . . . . . . . . . 444 9.4 The parton level cross section for the gq process. . . . . . . . . . . . . . . . 445 9.5 Contributions to the total cross section in LO and NLO. . . . . . . . . . . . 446 9.6 The differential b jet cross section . . . . . . . . . . . . . . . . . . . . . . . . 447 9.7 A summary of all systematic uncertainties expressed as a relative percentage. 448 9.8 A summary of b production (integrated) cross section measurements. . . . . 450 9.9 The cross section reach vs. B P_T for electron E_T > 8 GeV . . . . . . . . . 453 9.10 The cross section reach vs. B P_T for electron E_T > 12 GeV . . . . . . . . . 454 9.11 Spectrum of cc̄ mesons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 455 9.12 Spectrum of bb̄ mesons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456 9.13 Inclusive cross section for Υ(1S) at Run I. . . . . . . . . . . . . . . . . . . . 461 9.14 Inclusive cross section for Υ(2S) at Run I. . . . . . . . . . . . . . . . . . . . 462

9.15 Inclusive cross section for Υ(3S) at Run I. . . . . . . . . . . . . . . . . . . . 462 9.16 Percentage increase in the inclusive Υ(1S) cross section. . . . . . . . . . . . 464 9.17 Prompt cross section for J/ψ at Run I. . . . . . . . . . . . . . . . . . . . . . 466 9.18 Prompt cross section for ψ(2S) at Run I. . . . . . . . . . . . . . . . . . . . 466 9.19 Percentage increase in prompt J/ψ cross section. . . . . . . . . . . . . . . . 468 9.20 Polarization variable α for prompt J/ψ at Run I. . . . . . . . . . . . . . . . 469 9.21 Polarization variable α for prompt ψ(2S) at Run I. . . . . . . . . . . . . . . 470 9.22 Polarization variable α for inclusive Υ at Run I. . . . . . . . . . . . . . . . . 471 9.23 The fitted polarization of J/ψ mesons from prompt production and B-hadron decay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473 9.24 The fitted polarization of ψ(2S) mesons from prompt production and Bhadron decay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 474 9.25 The expected precision for a polarization measurement in Run II of promptly produced J/ψ and ψ(2S) mesons. . . . . . . . . . . . . . . . . . . . . . . . . 475 9.26 The differential cross-section for Υ(1S) production measured by CDF in Run I.476 9.27 The polarisation measured in Υ(1S) decays by CDF in Run I. . . . . . . . . 477 9.28 Predicted spectrum for the B_c mesons. . . . . . . . . . . . . . . . . . . . . . 478 9.29 Differential cross sections for the B_c meson and doubly-heavy baryons. . . . 480 9.30 Integrated cross sections for the B_c meson and doubly-heavy baryons. . . . 481 9.31 The B_c lifetime calculated in QCD sum rules. . . . . . . . . . . . . . . . . . 484 9.32 The differential cross section for the B_c meson used in the following studies. 489 9.33 Kinematic distributions of (a) p_T and (b) η for all particles (open histograms) and for B_c semileptonic decay products (dark histograms) . . . . . . . . . . 490 9.34 (a) Impact parameter divided by its error for track from B_c → J/ψℓν; (b) efficiency of future silicon track trigger as a function of cut on b/σ_b. . . . . 492 9.35 (a) μ^+μ^− invariant mass distribution in B_c → J/ψℓν events; (b) tri-lepton invariant mass distribution that can be used to extract the B_c mass. . . . . 493 9.36 P_t distribution of B^+_c mesons . . . . . . . . . . . . . . . . . . . . . . . . . . 494 9.37 P_t distribution of B^+ mesons . . . . . . . . . . . . . . . . . . . . . . . . . . 494 9.38 The ratio σ × BR(B^+_c → J/ψπ^+)/ σ × BR(B^+ → J/ψK^+ . . . . . . . . . . 496 9.39 Mass distribution of B^+_c mesons in GeV/c^2 . . . . . . . . . . . . . . . . . . 498 9.40 Impact distribution of all charged decay products in the cascade decays of Ξ^{++}_{cc} via Λ_c, D^0, and D^+ compared to the same distribution of the decay products from B_c and B^0_d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507

9.41 Fit to SLD data of Peterson and Euler nonperturbative fragmentation functions513 9.42 Functional forms of the nonperturbative fragmentation functions . . . . . . 514 9.43 The effect of a Peterson fragmentation function on the inclusive b cross section.515 9.44 Effects of beam drag at HERA vs NLO theory and data . . . . . . . . . . . 520 9.45 Example of a string configuration in a pp̄ collision. . . . . . . . . . . . . . . 522 9.46 (a) Average rapidity shift Δy as a function of y for some different p_T cuts for a pp̄ collider at 2 TeV. (b) Average rapidity shift Δy_{sign} as a function of p_T for some different rapidity cuts. . . . . . . . . . . . . . . . . . . . . . . 524 9.47 Bottom production at the Tevatron . . . . . . . . . . . . . . . . . . . . . . . 525 9.48 Bottom production at the Tevatron . . . . . . . . . . . . . . . . . . . . . . . 526 9.49 Effect of the different four-vector smearing methods on the P_T distribution of the B-meson. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 527 9.50 Commutativity of boosting and fragmenting for pseudo-rapidity distribution of the B-meson. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 527 9.51 Commutativity of boosting and fragmenting for P_T distribution of the B-meson.528

List of Tables

1.1 C, P and T transformation properties of quark bilinears . . . . . . . . . . . 15 1.2 C, P and T transformation properties of bosons . . . . . . . . . . . . . . . 16 1.3 Wilson coefficients in the leading and next-to-leading order . . . . . . . . . 36

2.1 Tevatron parameters for Run II . . . . . . . . . . . . . . . . . . . . . . . . . 70 2.2 Approximate values of cross-sections . . . . . . . . . . . . . . . . . . . . . . 70 2.3 Summary of the important properties of bb̄ production. . . . . . . . . . . . 80 2.4 Interactions per beam crossing . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.1 CDF tracking systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 3.2 CDF calorimeter segmentation . . . . . . . . . . . . . . . . . . . . . . . . . 102 3.3 CDF central/plug calorimeters . . . . . . . . . . . . . . . . . . . . . . . . . 103 3.4 CDF muon detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 3.5 CDF B-physics trigger rates . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 3.6 CDF B-physics event yields . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.1 Trigger efficiencies for dimuon events preselected with the kinematic cuts listed 116

5.1 Level 1 Trigger Efficiencies in BTeV . . . . . . . . . . . . . . . . . . . . . . 125 5.2 Summary of Tagging Power in BTeV . . . . . . . . . . . . . . . . . . . . . . 134

6.1 Summary of flavour tagging methods used in the measurement of sin 2β at CDF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 6.2 The expected number of B^0 → J/ψK^0_S events at DØ. . . . . . . . . . . . . . 163 6.3 Summary of flavour tagging methods at DØ. . . . . . . . . . . . . . . . . . 164 6.4 Summary of the sensitivity to sin 2 β using B → J/ψK^0_s at BTeV. . . . . . 167 6.5 Level 1 trigger criteria and event rates for three operating scenarios of the Tevatron. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.6 Parameters used in the Toy Monte Carlo study to determine the errors on the B → ππ, Kπ, KK and πK yields. . . . . . . . . . . . . . . . . . . . . . 174 6.7 Inverse of covariance matrix based on analytical calculations. . . . . . . . . 176 6.8 Expected number of B^0 → π^+π^− events at DØ. . . . . . . . . . . . . . . . . 181 6.9 Projected yield of B^0 → π^+π^− and the uncertainty on A_{CP} at BTeV. . . . 186 6.10 Projected yield of B^0_s → K^+ K^− and fake rates at BTeV. . . . . . . . . . . 188 6.11 Central values of parameter used in the study of B^0_s → D^−_s K^+ at CDF. . . 196 6.12 Estimated branching ratios of decays involved in the analysis of B^− → D^0K^− at CDF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198 6.13 L2 trigger cuts proposed for multibody B decay selection. . . . . . . . . . . 199 6.14 Expected event yields for B^− → D^0K^− for different Tevatron operation scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 6.15 Branching ratios of potential physics backgrounds at CDF. . . . . . . . . . 200 6.16 Estimated total branching ratio and expected number of events per 1 fb^{−1} for several hadronic B^0 decay modes. . . . . . . . . . . . . . . . . . . . . . . 204 6.17 Estimated total branching ratio and expected number of events per 1 fb^{−1} for several hadronic B^+ decay modes. . . . . . . . . . . . . . . . . . . . . . 205 6.18 Estimated total branching ratio and expected number of events per 1 fb^{−1} for several hadronic B^0_s decay modes. . . . . . . . . . . . . . . . . . . . . . . 205 6.19 Projected number of reconstructed B^0_s → D^−_s K^+ decays at BTeV. . . . . . 207 6.20 Comparison of RICH efficiency at BTeV. . . . . . . . . . . . . . . . . . . . . 209 6.21 Results of fits with variation of input parameters at BTeV. . . . . . . . . . 211 6.22 Selection requirements for D^0 → K^−π^+ and D^0 → K^+K^−. . . . . . . . . . 211 6.23 Projected number of reconstructed B^− → K^−D^0 events at BTeV. . . . . . . 212 6.24 Input Values of parameters and results of fit for γ at BTeV. . . . . . . . . . 213 6.25 Selection Criteria for B → ρπ at BTeV. . . . . . . . . . . . . . . . . . . . . 219 6.26 Summary of BTeV B → ρπ event yields. . . . . . . . . . . . . . . . . . . . . 220 6.27 Constraints used for the generation of Monte Carlo data for J/ψη at CDF. 222 6.28 Input branching fractions for B^0_s → J/ψη^{(′)} used for BTeV study. . . . . . . 226 6.29 Projected yield of B^0_s → J/ψη^{(′)} and uncertainty on sin 2β_s at BTeV. . . . . 230

7.1 SM values of the Wilson coefficients at NLO (C^{eff}_7 ≡ C_7 − C_5/3 − C_6). . . . 242 7.2 Current status of rare semileptonic B decays. . . . . . . . . . . . . . . . . . 262 7.3 Form-factor predictions from Ref. [72]. . . . . . . . . . . . . . . . . . . . . . 267

7.4 SM branching ratios for B_d and B_s into τ^+τ^−, μ^+μ^− and e^+e^−. . . . . . . . 270 7.5 Expected numbers of events for the B^0_d → K^{∗0}μ^+μ^− process with different analysis cuts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281 7.6 Expected number of recorded B → X_sμ^+μ^− events in the mass window 3.9< m_{μμ} < 4.4 GeV with different analysis cuts. . . . . . . . . . . . . . . . . . . 284 7.7 Expected number of B^0_s → μ^+μ^− events. . . . . . . . . . . . . . . . . . . . . 285 7.8 Estimate of sensitivity to B^0 → K^{∗0}μ^+μ^− for an integrated luminosity of 2 fb^{−1}. Only backgrounds from bb semileptonic decays were included. . . . . 298 7.9 Estimate of sensitivity to B^+ → K^+μ^+μ^− for an integrated luminosity of 2 fb^{−1}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302 7.10 Production cross sections and expected generation rates for signal and background for semileptonic B and Λ_b decay. . . . . . . . . . . . . . . . . . . . . 318 7.11 Efficiency, expected yields, signal-to-background, and significance for an integrated luminosity of 2 fb^{−1}. . . . . . . . . . . . . . . . . . . . . . . . . . . 318

8.1 Observables related to |M_{12}|, |Γ_{12}| and ϕ discussed in Sect. 8.3. . . . . . . . 353 8.2 Time evolution of the decay B_s → J/ψ(→ l^+l^−)ϕ(→ K^+K^−) of an initially (i.e. at t = 0) pure B_s meson. Here Γ̄ ≡ (Γ_H + Γ_L)/2. . . . . . . . . . . . . 376 8.3 Time evolution of the decay B_s → J/ψ(→ l^+l^−)ϕ(→ K^+K^−) of an initially (i.e. at t = 0) pure B_s meson. Here Γ̄ ≡ (Γ_H + Γ_L)/2. . . . . . . . . . . . . 376 8.4 Interesting flavor-specific decays. . . . . . . . . . . . . . . . . . . . . . . . . 384 8.5 Interesting CKM-favored decays into CP -eigenstates. . . . . . . . . . . . . . 385 8.6 Interesting CKM-favored decays into CP non-eigenstates accessible to B and B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385 8.7 Physics input used for event yield estimates. . . . . . . . . . . . . . . . . . . 387 8.8 Branching fraction estimates for B_s decays. . . . . . . . . . . . . . . . . . . 387 8.9 Branching ratio estimates for Λ_b decays using scale factors described in the text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389 8.10 Event yields for hadronic B_s decays relevant for CP violation and ΔΓ_s measurements. Only the feasible D_s decays to ϕπ, K^∗K and πππ are considered. 390 8.11 Event yields for most sizeable hadronic Λ_b decays. . . . . . . . . . . . . . . 390 8.12 Event yields corresponding to 2 fb^{−1} for semileptonic B_s decays (B_s → νℓD_sX) for different lepton p_T trigger thresholds. . . . . . . . . . . . . . . . 392 8.13 Level-1 XFT trigger cuts and cross sections for the three Tevatron operating scenarios considered. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392 8.14 Comparison of the various flavor taggers in terms of the ϵD^2 parameter between Run I and expectations for Run II. . . . . . . . . . . . . . . . . . . . 395

8.15 Mass Resolutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405 8.16 Resolutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405 8.17 Projected yield for B_s → D^−_s π^+ in one year of BTeV running. . . . . . . . . 408 8.18 Projected yield for B_s → J/ψK^{∗0} in one year of BTeV running. . . . . . . . 410 8.19 The B^0_s decay modes studied for ΔΓ_{Bs} sensitivity studies at BTeV. . . . . . 418 8.20 Projections for yields of B^0_s decays for 2 fb^{−1} assuming a total b b̄ production cross-section of 100 μb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 420 8.21 Projections for yields of B^0_s decays for 2 fb^{−1} assuming a total b b̄ production cross-section of 100 μb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423 8.22 Projections for statistical errors on lifetimes measured in different modes for 2, 10 and 20 fb^{−1}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423 8.23 Projections for statistical errors on ΔΓ_{CP} /Γ for combining lifetimes from different modes and for using all modes for 2, 10 and 20 fb^{−1}. . . . . . . . . 424 8.24 Run II projections for the Run I exclusive lifetime measurements at CDF corresponding to 2 fb^{−1}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429 8.25 Event yield determination after 1 year or 2 fb^{−1}. . . . . . . . . . . . . . . . 431

9.1 Uncertainties in the published b → eX measurement . . . . . . . . . . . . . 452 9.2 Inclusive cross sections for spin-triplet bottomonium states . . . . . . . . . 463 9.3 Direct cross sections for spin-singlet bottomonium states . . . . . . . . . . . 464 9.4 Prompt cross sections for spin-triplet charmonium states . . . . . . . . . . . 467 9.5 Direct cross sections for spin-singlet charmonium states . . . . . . . . . . . 467 9.6 Branching ratios of B_c decay modes . . . . . . . . . . . . . . . . . . . . . . 483 9.7 Widths and branching fractions for the semileptonic decay modes of the B_c 486 9.8 Widths and branching fractions of nonleptonic decay modes of the B_c meson. 487 9.9 Widths and branching fractions of charmonium decay modes of the B_c meson.487 9.10 DØ Level 1 muon trigger efficiencies for trilepton final states from semileptonic decay of B_c mesons with p_T (B_c) > 3 GeV and |η(B_c)| < 3. . . . . . . 491 9.11 Theoretical estimations of the branching ratios of two B^+_c decay modes and of their ratio R. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 497 9.12 Theoretical estimates of the width of B^+_c decay modes involving B^0_s or B^{0∗}_s in the final states. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 499 9.13 Mass estimates for baryons with two or more heavy quarks. . . . . . . . . . 501 9.14 Fractional contributions of different modes to the total decay width of doublycharmed baryons, Ξ_{cc}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504

9.15 Fractional contributions of different modes to the total decay width of Ξ_{bc} baryons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504 9.16 Exclusive (spectator) decay modes of doubly-heavy baryon calculated in the framework of QCD sum rules. . . . . . . . . . . . . . . . . . . . . . . . . . . 505 9.17 Decay rates of cascading semileptonic decays from doubly-heavy baryons. . 506 9.18 Properties and interesting exclusive hadronic decay modes of multiple-charm baryons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508 9.19 Baryons containing a b and a c quark . . . . . . . . . . . . . . . . . . . . . . 509 9.20 Baryons containing two b quarks . . . . . . . . . . . . . . . . . . . . . . . . 509 9.21 Moments of the fragmentation functions at fixed ⟨z⟩ for ϵ_b = 0.002 . . . . . 517 9.22 Moments of the fragmentation functions at fixed ⟨z⟩ for ϵ_b = 0.006 . . . . . 517 9.23 Interplay of boosting ambiguity with acceptance cuts. . . . . . . . . . . . . 528