Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii Curriculum Vitae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi Chapter 1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.1 History of the Charm Quark . . . . . . . . . . . . . . . . . . . . . . . 3 1.1.1 The Expectation of a Fourth Quark . . . . . . . . . . . . . . . 3 1.1.2 Discovery of the J/ψ . . . . . . . . . . . . . . . . . . . . . . . 6 1.1.3 The Charmonium Spectrum . . . . . . . . . . . . . . . . . . . 10 1.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.2.1 Potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.2.2 Spin Dependence . . . . . . . . . . . . . . . . . . . . . . . . . 16 1.3 Expectations of the^1P_1 . . . . . . . . . . . . . . . . . . . . . . . . . . 19 1.3.1 Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 1.3.2 Decay Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 1.4 Spectroscopy by e^+e^− Annihilations . . . . . . . . . . . . . . . . . . . 24 1.5 Spectroscopy by p̄p Annihilations . . . . . . . . . . . . . . . . . . . . 27

Chapter 2 Experimental Apparatus . . . . . . . . . . . . . . . . . . . 31 2.1 Antiproton Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 2.2 Proton Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 2.3 Luminosity Monitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 2.4 Hodoscopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 2.5 Čerenkov Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 2.6 Charged Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 2.7 Forward End Cap Calorimeter . . . . . . . . . . . . . . . . . . . . . . 48 2.8 Central Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 2.9 Central Calorimeter Summers . . . . . . . . . . . . . . . . . . . . . . 51

Chapter 3 The Central Calorimeter . . . . . . . . . . . . . . . . . . . 56 3.1 Requirements and Design . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.1.1 Physics criteria . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.1.2 Block Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.1.3 Photomultiplier Criteria . . . . . . . . . . . . . . . . . . . . . 62 3.1.4 Central Calorimeter Support Structure . . . . . . . . . . . . . 64 3.1.5 Gain Monitoring System . . . . . . . . . . . . . . . . . . . . . 66 3.2 Quality Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 3.2.1 Photomultiplier Tubes . . . . . . . . . . . . . . . . . . . . . . 68 3.2.2 F2 Lead Glass Blocks . . . . . . . . . . . . . . . . . . . . . . . 71 3.2.3 Wedges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 3.2.4 Fiber Optic System . . . . . . . . . . . . . . . . . . . . . . . . 76 3.3 Construction and Testing . . . . . . . . . . . . . . . . . . . . . . . . . 78 3.3.1 Individual Counters . . . . . . . . . . . . . . . . . . . . . . . . 78 3.3.2 Flashlamp System . . . . . . . . . . . . . . . . . . . . . . . . 79 3.3.3 Wedges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 3.3.4 Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 Chapter 4 Central Calorimeter Calibration . . . . . . . . . . . . . . 86 4.1 Initial Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 4.1.1 Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . . 87 4.1.2 Cosmic Ray Test . . . . . . . . . . . . . . . . . . . . . . . . . 88 4.2 Calibration with Particle Beams . . . . . . . . . . . . . . . . . . . . . 92 4.2.1 High Energy Incident Particles . . . . . . . . . . . . . . . . . 94 4.2.2 Low Energy Incident Electrons . . . . . . . . . . . . . . . . . 99 4.3 Calibration with Data . . . . . . . . . . . . . . . . . . . . . . . . . . 101 4.3.1 J/ψ → e^+e^− Data . . . . . . . . . . . . . . . . . . . . . . . . 102 4.3.2 Punch Through Data . . . . . . . . . . . . . . . . . . . . . . . 103 4.3.3 π^o Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 4.3.4 p̄p → π^oπ^o Data . . . . . . . . . . . . . . . . . . . . . . . . . . 105 4.4 Monitoring of the Calibration . . . . . . . . . . . . . . . . . . . . . . 106 4.4.1 Flashlamp Response . . . . . . . . . . . . . . . . . . . . . . . 106 4.4.2 Punch Through Particles . . . . . . . . . . . . . . . . . . . . . 108

Chapter 5 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . 114 5.1 Data Readout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 5.2 Logic Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 5.3 Hardware Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 5.4 ACP System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 5.5 Software Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 5.6 Procedure and Monitoring . . . . . . . . . . . . . . . . . . . . . . . . 133 5.7 1991 Data Taking Summary . . . . . . . . . . . . . . . . . . . . . . . 136

Chapter 6 Data Reduction and Analysis . . . . . . . . . . . . . . . . 138 6.1 Filtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 6.2 Neutral DSTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 6.3 Clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 6.4 Pile-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 6.5 Charged Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . 152 6.5.1 Inclusive J/ψ Events . . . . . . . . . . . . . . . . . . . . . . . 155 6.5.2 Exclusive Charged Events . . . . . . . . . . . . . . . . . . . . 156 6.6 Neutral Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . 158

Chapter 7 Acceptances and Efficiencies . . . . . . . . . . . . . . . . . 164 7.1 Central Calorimeter Performance . . . . . . . . . . . . . . . . . . . . 164 7.1.1 Clustering Algorithm . . . . . . . . . . . . . . . . . . . . . . . 165 7.1.2 Pile-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 7.2 Geometrical Acceptances . . . . . . . . . . . . . . . . . . . . . . . . . 177 7.2.1 Helicity Formalism . . . . . . . . . . . . . . . . . . . . . . . . 177 7.2.2 Monte Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 7.3 Trigger Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182 7.3.1 Charged Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . 182 7.3.2 Neutral Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . 191 7.4 Analysis Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197 7.4.1 Charged Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 197 7.4.2 Neutral Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 199 7.5 Final Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 7.6 Energy and Luminosity Uncertainties . . . . . . . . . . . . . . . . . . 205

Chapter 8 Results and Conclusions . . . . . . . . . . . . . . . . . . . 207 8.1 Expected Cross Sections . . . . . . . . . . . . . . . . . . . . . . . . . 207 8.2 Method of Fitting Data . . . . . . . . . . . . . . . . . . . . . . . . . . 209 8.3 Charged Channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 8.3.1 J/ψπ^o Events . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 8.3.2 J/ψγ Events . . . . . . . . . . . . . . . . . . . . . . . . . . . 215 8.3.3 J/ψππ Results . . . . . . . . . . . . . . . . . . . . . . . . . . 217 8.4 Neutral Channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 8.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233 8.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238 Appendix A Spectrophotometer Modifications . . . . . . . . . . . . 244 A.1 Physical Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . 245 A.2 Software Modification . . . . . . . . . . . . . . . . . . . . . . . . . . . 250 A.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

Appendix B Radiation Damage and Curing . . . . . . . . . . . . . . 253 B.1 Placement of Lead-glass Samples . . . . . . . . . . . . . . . . . . . . 254 B.2 Radiation Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255 B.3 Radiation Damage Analysis . . . . . . . . . . . . . . . . . . . . . . . 256 B.4 Curing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262 B.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267 Appendix C Single Counter Monte Carlo . . . . . . . . . . . . . . . . 268 C.1 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270 C.1.1 Electromagnetic Showers . . . . . . . . . . . . . . . . . . . . . 270 C.1.2 Non-showering Particles . . . . . . . . . . . . . . . . . . . . . 271 C.1.3 Čerenkov Photons . . . . . . . . . . . . . . . . . . . . . . . . . 272 C.2 Characteristics and Effects . . . . . . . . . . . . . . . . . . . . . . . . 274 C.2.1 Electromagnetic Showers . . . . . . . . . . . . . . . . . . . . . 274 C.2.2 Non-showering Particles . . . . . . . . . . . . . . . . . . . . . 280 C.2.3 Čerenkov Photons . . . . . . . . . . . . . . . . . . . . . . . . . 282 C.3 Monte Carlo Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 289 C.3.1 Electromagnetic Shower Inducing Particles . . . . . . . . . . . 290 C.3.2 Non-showering Particles . . . . . . . . . . . . . . . . . . . . . 294 C.4 Comparison to Test Beam Studies . . . . . . . . . . . . . . . . . . . . 296 C.4.1 AGS Tests Comparison . . . . . . . . . . . . . . . . . . . . . . 296 C.4.2 UINPL Tests Comparison . . . . . . . . . . . . . . . . . . . . 298 C.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

List of Figures

1.1 Quark–Lepton Doublets Before Charm . . . . . . . . . . . . . . . . . 3 1.2 Experimental Ratio R . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.3 Feynman Diagrams for K^o_L → μ^+μ^− . . . . . . . . . . . . . . . . . . . 5 1.4 The Brookhaven J Signal . . . . . . . . . . . . . . . . . . . . . . . . 7 1.5 The SPEAR ψ Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.6 Feynman Diagrams of Charmonium Decays . . . . . . . . . . . . . . . 9 1.7 The Charmonium Spectrum . . . . . . . . . . . . . . . . . . . . . . . 11 1.8 Comparison of Different Potentials . . . . . . . . . . . . . . . . . . . 15 1.9 Feynman Diagrams of c̄c States Produced in e^+e^− Annihilations . . . 25 1.10 Crystal Ball Gamma Ray Spectrum . . . . . . . . . . . . . . . . . . . 26 1.11 Feynman Diagrams of c̄c States Produce in p̄p Annihilations . . . . . 28 1.12 Total p̄p Cross Section . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.1 Fermilab Accelerator Complex . . . . . . . . . . . . . . . . . . . . . . 32 2.2 Fermilab p̄ Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 2.3 The E760 Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.4 p̄ Momentum and E_{cm} . . . . . . . . . . . . . . . . . . . . . . . . . . 36 2.5 A Typical Schottky Spectrum . . . . . . . . . . . . . . . . . . . . . . 38 2.6 The Gas Jet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 2.7 A Typical Luminosity Monitor Pulse Height Spectrum . . . . . . . . 41 2.8 Hodoscopes H1 and H2 with Inner Straw Tubes . . . . . . . . . . . . 43 2.9 An Octant of the Čerenkov Detector . . . . . . . . . . . . . . . . . . 45 2.10 The Inner Tracking Chamber: RPC and MWPC . . . . . . . . . . . . 47 2.11 Cross Sectional View of the Inner Tracking Module . . . . . . . . . . 48 2.12 Schematic of the Forward Calorimeter Array . . . . . . . . . . . . . . 49 2.13 Schematic of a Forward Calorimeter Module . . . . . . . . . . . . . . 49 2.14 The Central Calorimeter Summers in the Hardware . . . . . . . . . . 52 2.15 Central Calorimeter Summer Regions . . . . . . . . . . . . . . . . . . 54

3.1 The Central Calorimeter Design for 20 Shapes (A Wedge) . . . . . . 58 3.2 Photomulitplier Tube Quantum Efficiency . . . . . . . . . . . . . . . 63 3.3 Stainless Steel Wedge Assembly Unit . . . . . . . . . . . . . . . . . . 64 3.4 Central Calorimeter Support Rings and Raft Assembly . . . . . . . . 66 3.5 Gain Monitoring System . . . . . . . . . . . . . . . . . . . . . . . . . 67 3.6 Linearity of the Photomultiplier Tubes . . . . . . . . . . . . . . . . . 70 3.7 Lead-glass Block Transmission Spectrum . . . . . . . . . . . . . . . . 72

4.1 The Cosmic Ray Muon Test Set-up . . . . . . . . . . . . . . . . . . . 88

viii

4.2 Cosmic Ray Muon Spectrum . . . . . . . . . . . . . . . . . . . . . . . 90 4.3 Flashlamp Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 4.4 Light Pulser Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . 93 4.5 Linearity of Response > 1 GeV . . . . . . . . . . . . . . . . . . . . . 95 4.6 π/e Response Ratio of Individual Counters . . . . . . . . . . . . . . . 97 4.7 π/e Response Ratio of a Cluster of Counters . . . . . . . . . . . . . . 98 4.8 Punch Through ADC Channel Spectra . . . . . . . . . . . . . . . . . 109 4.9 Punch Through Spectra Corrected by Gain Constant . . . . . . . . . 110 4.10 Punch Through ADC Channel versus Run Number . . . . . . . . . . 112 4.11 Punch Through Energy Equivalent versus Run Number . . . . . . . . 113

5.1 Data Acquisition System . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.1 The Gate of the Counters’ Signals . . . . . . . . . . . . . . . . . . . . 146 6.2 The Overlap of the Two Level II Summer Gates . . . . . . . . . . . . 148 6.3 The Electron Quality Weight for Single Tracks . . . . . . . . . . . . . 153 6.4 The Product of Electron Quality Weights . . . . . . . . . . . . . . . . 154

7.1 Central Calorimeter Angular Resolutions . . . . . . . . . . . . . . . . 166 7.2 Central Calorimeter Energy Resolution . . . . . . . . . . . . . . . . . 167 7.3 Monte Carlo Low Energy Response . . . . . . . . . . . . . . . . . . . 169 7.4 Low Energy Response from p̄p → π^oπ^o . . . . . . . . . . . . . . . . . 170 7.5 Cluster Masses of Energy Deposits . . . . . . . . . . . . . . . . . . . 171 7.6 Angular Distribution of π^o Decays . . . . . . . . . . . . . . . . . . . . 172 7.7 Efficiency of In-time Determination . . . . . . . . . . . . . . . . . . . 174 7.8 Efficiency of Out-time Determination . . . . . . . . . . . . . . . . . . 175 7.9 Diagrams of Reactions showing Helicity Formalism . . . . . . . . . . 178 7.10 Efficiency of the Hadron Hardware Trigger Bit . . . . . . . . . . . . . 184 7.11 Efficiency of Extra H1 Element Bit – Rate Dependence . . . . . . . . 185 7.12 Efficiency of Extra H2 Element Bit – Rate Dependence . . . . . . . . 186 7.13 Probability of H1 Bit is Correct – Rate Dependence . . . . . . . . . . 188 7.14 Efficiency of the Forward Hodoscope Element Bit – Rate Dependence 192 7.15 Efficiency of the Forward Calorimeter Bit – Rate Dependence . . . . 194 7.16 Efficiency of Extra Cluster Cut – Rate Dependence . . . . . . . . . . 200 7.17 Efficiency of Forward Calorimeter Cluster Cut (3γ) – Rate Dependence 201 7.18 Efficiency of Forward Calorimeter Cluster Cut (7γ) – Rate Dependence 202

8.1 Invariant Mass of e^+e^−Clusters . . . . . . . . . . . . . . . . . . . . . 210 8.2 J/ψπ^o Results by Stacks . . . . . . . . . . . . . . . . . . . . . . . . . 212 8.3 J/ψπ^o Results by 200 keV Bins . . . . . . . . . . . . . . . . . . . . . 213 8.4 J/ψγ Results by Stacks . . . . . . . . . . . . . . . . . . . . . . . . . . 216 8.5 η_cγ → 3γ Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218 8.6 p̄p → η_cγ → π^oπ^oπ^oγ Results . . . . . . . . . . . . . . . . . . . . . . . 220 8.7 p̄p → η_cγ → π^oπ^oηγ Results . . . . . . . . . . . . . . . . . . . . . . . 221 8.8 p̄p → η_cγ → π^oπ^oη^′γ Results . . . . . . . . . . . . . . . . . . . . . . . 222 8.9 p̄p → η_cγ → π^oηηγ Results . . . . . . . . . . . . . . . . . . . . . . . . 223

8.10 p̄p → η_cγ → π^oηη^′γ Results . . . . . . . . . . . . . . . . . . . . . . . 224 8.11 p̄p → η_cγ → π^oη^′η^′γ Results . . . . . . . . . . . . . . . . . . . . . . . 225 8.12 p̄p → η_cγ → ηηηγ Results . . . . . . . . . . . . . . . . . . . . . . . . 226 8.13 p̄p → η_cγ → ηηη^′γ Results . . . . . . . . . . . . . . . . . . . . . . . . 227 8.14 p̄p → η_cγ → ηη^′η^′γ Results . . . . . . . . . . . . . . . . . . . . . . . . 228 8.15 p̄p → η_cγ → η^′η^′η^′γ Results . . . . . . . . . . . . . . . . . . . . . . . 229 8.16 p̄p → η^′γ → π^oπ^oπ^oγ Results . . . . . . . . . . . . . . . . . . . . . . . 230 8.17 p̄p → η^′γ → π^oπ^oηγ Results . . . . . . . . . . . . . . . . . . . . . . . 231 8.18 p̄p → ηγ → π^oπ^oπ^oγ Results . . . . . . . . . . . . . . . . . . . . . . . 232 A.1 Modified Spectrophotometer Source Spectrum . . . . . . . . . . . . . 246 A.2 Modified Spectrophotometer Setup . . . . . . . . . . . . . . . . . . . 248

B.1 Lead-glass Sample Transmittance . . . . . . . . . . . . . . . . . . . . 257 B.2 Radiation Damage of Lead-glass Sample (Transmittance) . . . . . . . 258 B.3 Curing Transmission Spectra . . . . . . . . . . . . . . . . . . . . . . . 263 B.4 Curing Transmission Spectra Normalized . . . . . . . . . . . . . . . . 264 B.5 Transmission Spectra: Radiation Damaged and Cured . . . . . . . . . 265 B.6 Curing Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266 C.1 Electromagentic Shower Width . . . . . . . . . . . . . . . . . . . . . 275 C.2 Shower Particles Escaping End Faces . . . . . . . . . . . . . . . . . . 276 C.3 Shower Particles Escaping Side Faces . . . . . . . . . . . . . . . . . . 277 C.4 Escaping Gamma Rays in Shower . . . . . . . . . . . . . . . . . . . . 278 C.5 Shower Energy Escaping Side Faces . . . . . . . . . . . . . . . . . . . 279 C.6 Monte Carlo Response to Through Going Pions . . . . . . . . . . . . 281 C.7 Čerenkov Photon Generation Angle . . . . . . . . . . . . . . . . . . . 285 C.8 Čerenkov Photon Fates . . . . . . . . . . . . . . . . . . . . . . . . . . 287 C.9 Čerenkov Photon Distributions . . . . . . . . . . . . . . . . . . . . . 288

List of Tables

1.1 Theoretical Hyperfine P Wave Mass Splitting . . . . . . . . . . . . . 20 1.2 Theoretical Decay Rate Γ_{hc→γηc} . . . . . . . . . . . . . . . . . . . . . 21 1.3 Theoretical Decay Rate Γ_{hc→J/ψππ} . . . . . . . . . . . . . . . . . . . . 22 1.4 Theoretical Decay Rate Γ_{hc→J/ψ+π}o . . . . . . . . . . . . . . . . . . . 22 1.5 Theoretical Decay Rate Γ_{hc→hadrons} . . . . . . . . . . . . . . . . . . . 23 1.6 Theoretical Decay Rate Γ_{hc→γ+hadrons} . . . . . . . . . . . . . . . . . . 23 1.7 Theoretical Total Width Γ_{hc} . . . . . . . . . . . . . . . . . . . . . . . 24

2.1 Level I Summing Pattern . . . . . . . . . . . . . . . . . . . . . . . . . 51 2.2 Level II Summing Pattern . . . . . . . . . . . . . . . . . . . . . . . . 53

3.1 Central Calorimeter Counters’ Dimensions and Positions . . . . . . . 59 3.2 F2 Lead-glass Composition . . . . . . . . . . . . . . . . . . . . . . . . 61 3.3 Photomultiplier Tubes Physical Characterisitics . . . . . . . . . . . . 62 3.4 Photomultiplier Tubes Average Variabilities . . . . . . . . . . . . . . 69 3.5 Lead-glass Blocks’ Transmission Characterisitics . . . . . . . . . . . . 73

4.1 Low Energy Counter Response . . . . . . . . . . . . . . . . . . . . . . 100 4.2 Light Pulsers Equivalent Energies . . . . . . . . . . . . . . . . . . . . 101 5.1 Charged MLU Bits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 5.2 Master MLU Bits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 5.3 Master MLU Requirements for MMLU1 . . . . . . . . . . . . . . . . 121 5.4 Charged MLU Requirements for CMLU1 . . . . . . . . . . . . . . . . 122 5.5 Charged MLU Requirements for CMLU2 . . . . . . . . . . . . . . . . 123 5.6 The Software Trigger bits . . . . . . . . . . . . . . . . . . . . . . . . 129 5.7 ACP Invariant Mass Windows . . . . . . . . . . . . . . . . . . . . . . 130 5.8 Software Triggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 5.9 Summary of Data Taken in 1991 . . . . . . . . . . . . . . . . . . . . . 137

6.1 Central Calorimeter’s Parameter Values for Position Correction . . . 143 6.2 Central Calorimeter’s Parameter Values for Energy Correction . . . . 144

7.1 The Number of Extra Clusters . . . . . . . . . . . . . . . . . . . . . . 176 7.2 The Largest Energy of the Extra Clusters . . . . . . . . . . . . . . . 176 7.3 Geometrical Acceptance of J/ψ + X and 3γ . . . . . . . . . . . . . . 182 7.4 The H1 and H2 Rates for Each Stack . . . . . . . . . . . . . . . . . . 187 7.5 Coplanarity Bit Efficiency . . . . . . . . . . . . . . . . . . . . . . . . 189 7.6 The Forward Hodoscope and Calorimeter Rates for Each Stack . . . . 193 xi

7.7 The Efficiency of the Hardware and Software ETOT Bits . . . . . . . 195 7.8 Charged Analysis Efficiencies . . . . . . . . . . . . . . . . . . . . . . 198 7.9 The Central Calorimeter Rates for Each Stack . . . . . . . . . . . . . 199 7.10 Monte Carlo Acceptances and Analysis Efficiencies for 7γ Final States 203 7.11 Final Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 8.1 J/ψπ^o and J/ψγ Events by Stacks . . . . . . . . . . . . . . . . . . . 211 8.2 Resonance Parameters of Fit to J/ψπ^o Events . . . . . . . . . . . . . 214 8.3 Statistical Significance of the J/ψπ^o Resonance . . . . . . . . . . . . 214 8.4 The Upper Limits (90% CL) for Product of Branching Ratios . . . . 233

B.1 Lead-glass Samples Placement . . . . . . . . . . . . . . . . . . . . . . 254 B.2 Central Calorimeter Radiation Exposure . . . . . . . . . . . . . . . . 256 B.3 Calculated Radiation Dose . . . . . . . . . . . . . . . . . . . . . . . . 260 B.4 Calculated Radiation Parameter, μ(λ) . . . . . . . . . . . . . . . . . 261 B.5 Exposure Time to Sunlight . . . . . . . . . . . . . . . . . . . . . . . . 262

C.1 Transmittances and Quantum Efficiences . . . . . . . . . . . . . . . . 269 C.2 Shower Particles Escaping Counter . . . . . . . . . . . . . . . . . . . 280 C.3 Monte Carlo δ Ray Production . . . . . . . . . . . . . . . . . . . . . 280 C.4 Čerenkov Photon Fates . . . . . . . . . . . . . . . . . . . . . . . . . . 283 C.5 Generation Depth for Photons which Hit the PMT . . . . . . . . . . 283 C.6 Travel Distance of Photons which Hit the PMT . . . . . . . . . . . . 284 C.7 Paper Reflections for Photons which Hit the PMT . . . . . . . . . . . 286 C.8 1 GeV Incident Electrons Monte Carlo Results . . . . . . . . . . . . . 290 C.9 3 GeV Incident Electrons Monte Carlo Results . . . . . . . . . . . . . 292 C.10 Monte Carlo Response as a Function of Energy . . . . . . . . . . . . 293 C.11 Monte Carlo Punch Through Response . . . . . . . . . . . . . . . . . 294 C.12 Comparision Paper and Dark Cloth Wrap . . . . . . . . . . . . . . . 297 C.13 Low Energy Response Compared to 1 GeV Response . . . . . . . . . 298

Acknowledgements

I would like to thank all members of the E760 collaboration for the work they have done. The search for and first observation of the charmonium^1P_1 state has been a part of the very successful experimental program of E760. Everyone has made contributions to the different aspects of the experiment.

I am grateful to Professors Jonas Schultz and Mark Mandelkern, my advisors, for their time and efforts in discussions of analyses and preparation of this thesis. I would like to acknowledge Professor Rosanna Cester for the outstanding job guiding the collaboration to such successful results.

There are numerous other thanks to people involved with E760. Instead of listing the entire collaboration, I want to thank the people who have helped me pursue some aspect of the experiment: Dr. Alan Hahn, Dr. Schultz and Dr. Mandelkern for the many suggestions involving the development of the single central calorimeter counter Monte Carlo; Dr. Petros Rapidis, Dr. Stephen Pordes and Larry Bartoszek for their work during the construction of the central calorimeter; Steve Trokenheim, Dr. Rapidis and Dr. Pordes for their contributions in modifying the spectrophotometer for the transmittance and radiation damage studies; Dr. Hahn for the online processing code involving the calorimeters, which I learned much from when he made me its caretaker, and for also encouraging development of code to collect punch through particles to be used for relative calibration of counters and monitoring; Dr. Michael Church for asking a seemingly innocent question about whether there were extra central calorimeter clusters present in the data, and his follow-up question of whether the extra clusters can be identified; and lastly, everyone who has provided feedback on the pile-up routines.

I am very grateful to my wife, Sarah, for the encouragement and support she has given as well as enduring numerous schedules. I am very thankful to my parents for providing motivation through out my education.

The US Department of Energy under grant DE-FG03-91ER40679 task B has funded this work.

Curriculum Vitae

1986 B.S. in Physics, Harvey Mudd College 1986–1988 Teaching Assistant, Department of Physics, University of California, Irvine 1987–1993 Research Assistant, Department of Physics, University of California, Irvine 1989 M.S. in Physics University of California, Irvine 1993 Ph.D. in Physics, University of California, Irvine Dissertation: The Charmonium^1P_1 State (h_c) Produced in Antiproton-Proton Annihilations Professor Jonas Schultz, Chair

Publications

L. Bartoszek et al., The E-760 Lead-glass Central Calorimeter: Design and Initial Test Results, Nucl. Instr. and Meth. A301 (1991) 47.

T.A. Armstrong et al., Precision Measurements of Charmonium States Formed in p̄p Annihilation, Phys. Rev. Lett. 68 (1992) 1468.

T.A. Armstrong et al., Study of the χ_1 and χ_2 Charmonium States Formed in p̄p Annihilations, Nucl. Phys. B373 (1992) 35.

T.A. Armstrong et al., Observation of the^1P_1 State of Charmonium, Phys.

Rev. Lett. 69 (1992) 2337.

T.A. Armstrong et al., Measurement of the J/ψ and ψ^′ Resonance Parameters in p̄p Annihilation, Phys. Rev. D47 (1993) 772.

T.A. Armstrong et al., Proton Electromagnetic Form Factors in the Timelike Region form 8.9 to 13.0 GeV^2, Phys. Rev. Lett. 70 (1993) 1212.

E760 Collaboration, Measurement of the γγ Partial Width of the χ_2 Charmonium Resonance, Phys. Rev. Lett., to be published.

E760 Collaboration, Study of the Angular Distribution of the Reaction p̄p → J/ψγ → e^+e^−γ, Phys. Rev. D, to be submitted.

E760 Collaboration, Evidence for ηη Resonances in Antiproton-Proton Annihilations at 2950 < √ s < 3620 MeV, Phys. Lett., to be submitted.

E760 Collaboration, Production of the f_2(1520) Resonance in Antiproton- Proton Annihilations at 2980 < √ s < 3526 MeV, Phys. Lett., to be submitted.

E760 Collaboration, Exclusive Decays of the ψ^′ Formed in p̄p Annihilations, in preparation.

E760 Collaboration, Two Photon Decays of the^1S_0 Charmonium Resonances Formed in p̄p Annihilation, in preparation.

E760 Collaboration, p̄p Annihilation into π^oπ^o and γπ^o, in preparation.

E760 Collaboration, Search for Charmonium^1P_1 in p̄p Annihilation, in preparation.

E760 Collaboration, Antiproton-Proton Elastic Scattering, in preparation.

The Large Čerenkov Detector Project Collaboration, A Proposal for a Precision Test of the Standard Model by Neutrino-Electron Scattering, LA–11300–P.