Proposal for an Experiment to Measure Mixing, CP Violation and Rare Decays in Charm and Beauty Particle Decays at the Fermilab Collider - BTeV^†

May 1999

A. Kulyavtsev, M. Procario, J. Russ, and J. You

Carnegie Mellon University, Pittsburgh, PA 15213, USA J. Cumalat

University of Colorado, High Energy Physics, Campus Box 390, Boulder, CO 80309, USA J. A. Appel, C. N. Brown, J. Butler, H. Cheung, D. Christian, I. Gaines, P. Garbincius, L. Garren, N. M. Gelfand, E. E. Gottschalk, G. Jackson, P. Kasper, P. H. Kasper, R. Kutschke, S. W. Kwan, P. Lebrun, P. McBride, L. Stutte, and J. Yarba

Fermilab, PO Box 500, Batavia, IL 60510, USA P. Avery, and M. Lohner

University of Florida, Gainesville, FL 32611, USA R. A. Burnstein, D. M. Kaplan, L. M. Lederman, H. A. Rubin, and C. White Illinois Institute of Technology, Chicago, IL 60616, USA M. Selen, and J. Wiss

University of Illinois at Urbana-Champaign, High Energy Physics, 441 Loomis Lab. of Physics, 1110 W. Green St., Urbana, IL 61801-3080, USA R. W. Gardner and D. R. Rust

Physics Department, Indiana University Bloomington, Indiana, 47405, USA D. Menasce, L. Moroni, D. Pedrini, and S. Sala

INFN and University of Milano, Italy G. Boca, G. Liguori, and P. Torre

Dipartimento di Fisica Nucleare e Teorica, Universita’ di Pavia and INFN, Sez. di Pavia, Italy Y. Kubota, and R. Poling

University of Minnesota, High Energy Physics, Tate Lab of Physics, 116 Church St. S.E., Minneapolis, MN 55455, USA T. Y. Chen

Nanjing University, Dept. of Physics, Nanjing 210008, China V. Papavassiliou

New Mexico State University

†Spokespersons: Joel Butler and Sheldon Stone

K. Honscheid, and H. Kagan

Ohio State University, HEP Group, Dept. of Experimental or Theoretical Physics, Smith Lab, 174 W. 18th Ave., Columbus, OH 43210, USA W. Selove

University of Pennsylvania, Philadelphia, PA 19104, USA A. Lopez

University of Puerto Rico, Mayaguez, Puerto Rico M. Alam, and S. Timm

State University of New York at Albany, Dept. of Physics, Albany, NY 12222, USA X. Q. Yu

University of Science and Technology of China, Dept. of Modern Physics, Joint Institute for High Energy Physics, Hefei, Anhui 230027, China M. He

Shandong University, High Energy Physics Group, Jinan, Shandong 250100, China S. Shapiro (emeritus)

Stanford Linear Accelerator Center, PO Box 4349, Stanford, CA 94309, USA M. Artuso, M. Goldberg, T. Skwarnicki, S. Stone, and A. Wolf Syracuse University, 201 Physics Bldg., Syracuse, NY 13244-1130, USA T. Handler

University of Tennessee, Knoxville, TN 37996-1200, USA A. Napier

Tufts University, High Energy Physics, Science & Technology Center, 4 Colby St., Medford, MA 02155, USA D. D. Koetke

Valparaiso University, Neils Science Center, Valparaiso, IN 46383, USA P. Sheldon, and M. Webster

Vanderbilt University, Department of Physics and Astronomy, Nashville, TN 37235, USA M. Sheaff

University of Wisconsin, Phenomenology Inst., Dept. of Physics, 1150 University Ave., Madison, WI 53706, USA J. Slaughter

Yale University, High Energy Physics, 219 Prospect St., 554 JWG, Box 6666, New Haven, CT 06511, USA S. Menary

York University, Dept. of Physics 4700 Keele St., Toronto, ON M3J 1P3, Canada

ii

Contents

I Physics Objectives of BTeV 1

1 Bottom Physics – Important Questions and Status of the Field in the year 2005 2 1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2 The CKM Matrix and CP Violation . . . . . . . . . . . . . . . . . . . . . . . 2 1.3 CP Violation in Charged B Decays . . . . . . . . . . . . . . . . . . . . . . . . 6 1.4 CP Violation Formalism in Neutral B decays . . . . . . . . . . . . . . . . . . 7 1.5 Comment on Penguin Amplitude . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.6 Asymmetry Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.7 Techniques for Determining β . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.7.1 Removal of two of the β Ambguities . . . . . . . . . . . . . . . . . . . 14 1.8 Techniques for Determining α . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 1.9 Techniques for Determining γ . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 1.9.1 Measurement of γ Using Time-Dependent CP violation in B_s Decays . 19 1.9.2 Measurement of γ Using Charged B Decay Rates . . . . . . . . . . . . 20 1.9.3 Measurement of γ Using B → Kπ and B → ππ Decay Rates and Asymmetries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 1.9.4 Measurement of γ Using CP Asymmetries in B^o → π^+π^−and B^o_s → K^+K^− . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 1.9.5 Additional Physics Opportunities with B_s Mesons . . . . . . . . . . . 27 1.10 The Tests of the Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . 29 1.10.1 Better Measurements of the sides of the CKM triangle . . . . . . . . . 31 1.10.2 Summary of CKM tests . . . . . . . . . . . . . . . . . . . . . . . . . . 32 1.10.3 Checks combining with measurements of magnitudes of CKM elements 33 1.11 Rare Decays as Probes beyond the Standard Model . . . . . . . . . . . . . . . 34 1.11.1 Standard Model Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 35 1.11.2 b → sγ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 1.11.3 The Exclusive Decays K^∗γ and ργ . . . . . . . . . . . . . . . . . . . . 37 1.11.4 b → sℓ^+ℓ^− . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2 Charm Physics - Important Questions and Status of the Field in the year 2005 45 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.2 Important Questions in Charm Physics . . . . . . . . . . . . . . . . . . . . . . 45 2.2.1 Standard Model Charm Physics . . . . . . . . . . . . . . . . . . . . . . 45 2.2.2 Charm as a Probe of New Physics . . . . . . . . . . . . . . . . . . . . 48 2.2.3 Charm as a tool for Bottom Physics . . . . . . . . . . . . . . . . . . . 54 2.3 Status of Charm Physics in the year 2005 . . . . . . . . . . . . . . . . . . . . 56 2.4 Charm Physics in BTeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3 The Main Physics Goals of BTeV 63 3.1 Physics Goals For B’s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 3.2 The Main Physics Goals for charm . . . . . . . . . . . . . . . . . . . . . . . . 65 3.3 Other Bottom and Charm Physics Goals . . . . . . . . . . . . . . . . . . . . . 65

II The BTeV Detector 66

4 The BTeV Baseline Detector 67 4.1 Characteristics of Hadronic b Production . . . . . . . . . . . . . . . . . . . . 68 4.2 C0 Baseline Detector Description . . . . . . . . . . . . . . . . . . . . . . . . . 73 4.2.1 The C0 Experimental Area . . . . . . . . . . . . . . . . . . . . . . . . 75 4.2.2 The BTeV/C0 Spectrometer Magnet . . . . . . . . . . . . . . . . . . . 78 4.2.3 Tracking System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 4.2.4 Triggering System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 4.2.5 Particle Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 4.2.6 Electromagnetic Calorimetry . . . . . . . . . . . . . . . . . . . . . . . 114 4.2.7 Muon Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 4.3 Evolution of the C0 Program . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 4.4 Completing the Simulation of the Baseline Detector . . . . . . . . . . . . . . 147

5 Pixel R&D 150 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 5.2 Sensor development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 5.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 5.2.2 Sensor simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 5.2.3 Prototype sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174 5.2.4 Collaborative effort with BNL/JHU . . . . . . . . . . . . . . . . . . . 175 5.2.5 Diamond option . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 5.2.6 Goals of sensor development . . . . . . . . . . . . . . . . . . . . . . . . 176 5.3 Pixel readout chip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 5.3.1 Pixel readout chip development at Fermilab . . . . . . . . . . . . . . . 176 5.3.2 FPIX0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

5.3.3 FPIX1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 5.3.4 Future plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183 5.4 Bump bonding development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184 5.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184 5.4.2 Prototyping experience . . . . . . . . . . . . . . . . . . . . . . . . . . 184 5.4.3 Large scale study of bump bonding yield . . . . . . . . . . . . . . . . . 186 5.4.4 Diagnostic tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 5.5 Data output and control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 5.6 Pixel Readout and Quadrant Processors . . . . . . . . . . . . . . . . . . . . . 192 5.7 Assembly issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 5.7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 5.7.2 Interconnections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 5.7.3 Mechanical and cooling Issues . . . . . . . . . . . . . . . . . . . . . . . 197 5.7.4 RF shielding issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 5.7.5 Material budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 5.7.6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 5.8 Pixel Beam Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 5.8.1 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 5.8.2 Test Stand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 5.8.3 Silicon Telescope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 5.8.4 Pixel Readout Board . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

6 Forward Tracking System 207 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 6.2 Detector Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208 6.2.1 Layout Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 6.3 Performance Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 6.3.1 Straw Hit Occupancies . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 6.3.2 Momentum Resolution of the Forward Straw Tracker . . . . . . . . . . 211 6.4 Forward Straw Tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 6.4.1 Technology Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 6.4.2 Straw Detecting Elements . . . . . . . . . . . . . . . . . . . . . . . . . 214 6.4.3 Construction of Straw Chamber Modules . . . . . . . . . . . . . . . . 219 6.4.4 Front-end Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 6.4.5 TDC Requirements and DAQ Readout . . . . . . . . . . . . . . . . . . 220 6.5 Forward Silicon Tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221 6.5.1 Technology Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221 6.5.2 Detector Description and Layout . . . . . . . . . . . . . . . . . . . . . 222

7 Design of the Muon Detector 224 7.1 Detector Design and Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 224 7.1.1 Basic Building Block: Proportional Tube “Plank” . . . . . . . . . . . 224

7.1.2 Design of a Detector Station . . . . . . . . . . . . . . . . . . . . . . . 225 7.1.3 Proportional Tube Details . . . . . . . . . . . . . . . . . . . . . . . . . 226 7.1.4 Miscellaneous Mechanical Details . . . . . . . . . . . . . . . . . . . . . 227 7.1.5 Summary of Mechanical Design . . . . . . . . . . . . . . . . . . . . . . 227 7.2 Front End Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228 7.2.1 Amplifier choice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229 7.2.2 Post Front-end Considerations for the Muon System . . . . . . . . . . 231 7.3 Trigger Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232 7.4 Test Beam Plans and Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

8 The BTeV Trigger Performance 235 8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235 8.2 Advanced Level 1 Trigger Studies . . . . . . . . . . . . . . . . . . . . . . 235 8.2.1 Trigger Diagnostics and ‘Software Instrumentation’ . . . . . . . . . . . 236 8.2.2 Uncorrelated Noise Study . . . . . . . . . . . . . . . . . . . . . . . . . 236 8.2.3 Correlated Noise Study . . . . . . . . . . . . . . . . . . . . . . . . . . 237 8.2.4 Multiple Interactions per Crossing Study . . . . . . . . . . . . . . . . 239 8.3 Efficiency and Rejection of the BTeV Level 1 Vertex Trigger for Selected Physics States of Interest . . . . . . . . . . . . . . . . . . . . . 245 8.4 Other Level 1 triggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247 8.5 Status Report on Level 1 trigger R&D and trigger prototype . . . . . . . . . 247 8.6 Results on Baseline Level 1 Algorithm Timing on Digital Signal Processors . 249 8.7 Options to the Baseline Level 1 Vertex Trigger . . . . . . . . . . . . . . . . . 252 8.7.1 An Alternative Using Two Plane Stations . . . . . . . . . . . . . . . . 252 8.7.2 The ‘Megapixel Trigger’ . . . . . . . . . . . . . . . . . . . . . . . . . . 256 8.8 The Global Level 1 Trigger Framework . . . . . . . . . . . . . . . . . . . . . . 260 8.9 The Level 2 and 3 Triggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260 8.9.1 Preliminary studies of the Level 2 algorithm . . . . . . . . . . . . . . . 261 8.9.2 Level 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

9 Trigger and Data Acquisition Architecture and Front End Electronics 268 9.1 Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 268 9.1.1 Detector Multiplexing . . . . . . . . . . . . . . . . . . . . . . . . . . . 269 9.1.2 Detector Data Links . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270 9.1.3 L1 and Switch Input Buffers . . . . . . . . . . . . . . . . . . . . . . . 270 9.1.4 Ring Buffer Interconnects . . . . . . . . . . . . . . . . . . . . . . . . . 270 9.1.5 Staged Readout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271 9.1.6 Data Switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271 9.1.7 Data Request Router . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272 9.1.8 Switch Output Buffers . . . . . . . . . . . . . . . . . . . . . . . . . . . 272 9.1.9 Data Logging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272 9.1.10 Detector Control Links . . . . . . . . . . . . . . . . . . . . . . . . . . 272

9.1.11 Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272 9.1.12 General Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273 9.1.13 Component Placement . . . . . . . . . . . . . . . . . . . . . . . . . . . 273 9.2 Global Level 1 Trigger System . . . . . . . . . . . . . . . . . . . . . . . . . . . 273 9.3 Level 2/3 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276 9.4 Data Logging and Online Event Analysis . . . . . . . . . . . . . . . . . . . . 277 9.5 Front End Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278 9.5.1 Infrastructure and Other Support Systems . . . . . . . . . . . . . . . . 278 9.5.2 Forward Tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283 9.5.3 Ring Imaging Cherenkov Counter . . . . . . . . . . . . . . . . . . . . . 284 9.5.4 Electromagnetic Calorimeter . . . . . . . . . . . . . . . . . . . . . . . 285 9.5.5 Muon Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286 9.5.6 Software for Module and Subsystem Development and the Online Data Acquisition and Readout System . . . . . . . . . . . . . . . . . . . . . 287

III Simulations Results: BTeV Physics Reach 288

10 Status of the BTeV Simulation Effort 289 10.1 Update on MCFast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289 10.2 Kalman Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290 10.3 Towards Realistic Pixel Resolution Functions . . . . . . . . . . . . . . . . . . 291 10.4 Multiple interactions per crossing . . . . . . . . . . . . . . . . . . . . . . . . . 293 10.5 Simulation of Secondary Hadronic Interactions . . . . . . . . . . . . . . . . . 294 10.5.1 Inelastic Secondary Interactions . . . . . . . . . . . . . . . . . . . . . . 294 10.6 Elastic Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294 10.7 Calorimeter Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295 10.7.1 Simulation Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 295 10.7.2 The MCFast showering/calorimetry subpackage . . . . . . . . . . . . . 295 10.8 Simulation of the BTeV Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . 298 10.9 BTeV Geometry Description for MCFast . . . . . . . . . . . . . . . . . . . . . 298

11 The Physics reach of BTeV 306 11.1 Measurement of the CKM angle γ . . . . . . . . . . . . . . . . . . . . . 307 11.1.1 B_s → D_sK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307 11.1.2 B^− → K^−D^0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311 11.1.3 B → Kπ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315 11.2 B^0_d → J/ψK_s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318 11.3 Flavor Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322 11.4 B_d → π^+π^− . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 11.5 B^o → K^{∗o}γ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329 11.5.1 An Initial Shower Reconstruction Program . . . . . . . . . . . . . . . 330 11.5.2 Suppression of Combinatoric Backgrounds . . . . . . . . . . . . . . . . 330

11.5.3 K^{∗o}γ Analysis Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 11.5.4 Signal Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 11.5.5 Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335 11.5.6 Projections of Signal Size and Background . . . . . . . . . . . . . . . . 336 11.6 B^o → ρπ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 338 11.7 Flavor-changing B meson decays . . . . . . . . . . . . . . . . . . . . . . . . . 340 11.7.1 The Physics Significance of Rare B Meson Decays . . . . . . . . . . . 340 11.7.2 Rare Decays in BTeV . . . . . . . . . . . . . . . . . . . . . . . . . . . 340 11.8 B_s Mixing with B_s → D^−_s π^+ and B_s → ψK̄^{∗0} . . . . . . . . . . . . . . . . 345 11.8.1 Yields, Resolutions and Signal-to-Background Ratios . . . . . . . . . . 345 11.8.2 Computation of the x_s Reach . . . . . . . . . . . . . . . . . . . . . . . 348 11.9 Charm Physics with the BTeV Detector . . . . . . . . . . . . . . . . . . . . . 356 11.9.1 Direct CP Violation in the Charm Sector . . . . . . . . . . . . . . . . 357 11.10Charm physics with a wire target . . . . . . . . . . . . . . . . . . . . . . . . . 361 11.10.1 Vertex detector and trigger . . . . . . . . . . . . . . . . . . . . . . . . 361 11.10.2 Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362 11.10.3 Physics reach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

12 Comparison of BTeV to Other Experiments 366 12.1 Comparison with CDF, D0, CMS, and ATLAS . . . . . . . . . . . . . . . . . 366 12.2 Comparison with e^+e^− B Factories . . . . . . . . . . . . . . . . . . . . . . . 367 12.3 Comparison with LHC-B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 367

IV Costs 371

13 Cost 372 13.1 Preliminary Cost Estimate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 372 13.2 Support Required . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373