MUON MUON COLLIDER: A FEASIBILITY STUDY

The μ^+μ^− Collider Collaboration^1

June 20, 1997

1This research was supported by the U.S. Department of Energy under contracts DE-AC02-76- CH00016, DE-AC02-76-CH03000 and DE-AC03-76-SF000098.

ii iii iv

Contents

Executive Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii Foreword . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii Interlaboratory and University Collaboration . . . . . . . . . . . . . . . . . . . . . xxxi Institutional Affiliation of Scientists in the Collaboration . . . . . . . . . . . . . . xxxiii

1 INTRODUCTION AND OVERVIEW 1 1.1 General Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Technical Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.3 Physics Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.4 Overview of Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 PHYSICS (4 TeV AND 500 GeV) 13 2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.2 Particle Physics Opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.2.2 s-Channel Higgs Physics . . . . . . . . . . . . . . . . . . . . . . . . . 16 2.2.3 Precision Threshold Studies . . . . . . . . . . . . . . . . . . . . . . . 29 2.2.4 CP Violation and FCNC in the Higgs Sector . . . . . . . . . . . . . . 32 2.2.5 Exotic Higgs Bosons/Scalars . . . . . . . . . . . . . . . . . . . . . . . 32 2.2.6 Physics at a 2⊗2 TeV μ^+μ^− Collider . . . . . . . . . . . . . . . . . . 33 2.2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 2.3 Higgs Boson Physics in the s-channel . . . . . . . . . . . . . . . . . . . . . . 45 2.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.3.2 A SM-like Higgs Boson . . . . . . . . . . . . . . . . . . . . . . . . . . 58 2.3.3 Non-SM-like Higgs Bosons in the MSSM . . . . . . . . . . . . . . . . 80 2.3.4 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 102

3 PROTON SOURCE 115 3.1 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 3.2 Production of Short Bunches . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 3.3 Stability During Acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . 123 3.4 Stability of Short Bunches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 3.5 Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 3.6 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 3.6.1 30 GeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 3.6.2 10 GeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 3.6.3 2.5 Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 3.6.4 Polarized μ Production . . . . . . . . . . . . . . . . . . . . . . . . . . 133 3.7 R & D Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

4 TARGETRY AND PION PRODUCTION 139 4.1 Target and Collection Optimization for Muon Colliders . . . . . . . . . . . . 140 4.1.1 Basic Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 4.1.2 Target Region Studies . . . . . . . . . . . . . . . . . . . . . . . . . . 144 4.1.3 Pion and Muon Collection . . . . . . . . . . . . . . . . . . . . . . . . 163 4.1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 4.2 Design Studies of Capture Magnet Systems . . . . . . . . . . . . . . . . . . . 177 4.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177 4.2.2 The Capture Solenoid System . . . . . . . . . . . . . . . . . . . . . . 177 4.2.3 Water-Cooled Bitter Solenoid Insert . . . . . . . . . . . . . . . . . . . 178 4.2.4 Superconducting Outsert Solenoid . . . . . . . . . . . . . . . . . . . . 180 4.2.5 The Transfer Solenoid System . . . . . . . . . . . . . . . . . . . . . . 181

5 MUON PHASE ROTATION CHANNEL 195 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 5.2 rf Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196 5.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196 5.2.2 rf Cavities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197 5.2.3 Decay Channel Solenoids . . . . . . . . . . . . . . . . . . . . . . . . . 200 5.2.4 Beam Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 5.3 Induction Linac Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 5.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 5.3.2 Input Muon Pulse Energy and Intensity . . . . . . . . . . . . . . . . 208

5.3.3 Acceleration Wave Shape, Voltage Gradient and Mean Muon Energy 209 5.3.4 Accelerator Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 210

6 IONIZATION COOLING 223 6.1 Theory of Ionization Cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 6.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 6.1.2 Transverse Emittance Cooling . . . . . . . . . . . . . . . . . . . . . . 227 6.1.3 Longitudinal Emittance Cooling . . . . . . . . . . . . . . . . . . . . . 231 6.1.4 Transport Equation Approach . . . . . . . . . . . . . . . . . . . . . . 232 6.1.5 Comparison of Focusing Methods . . . . . . . . . . . . . . . . . . . . 233 6.1.6 Emittance Exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . 236 6.2 Monte Carlo Modelling of Ionization Cooling . . . . . . . . . . . . . . . . . . 237 6.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237 6.2.2 Energy Loss and Multiple Scattering . . . . . . . . . . . . . . . . . . 238 6.2.3 Other Relevant Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 243 6.2.4 Tracking Simulations of Cooling . . . . . . . . . . . . . . . . . . . . . 243 6.3 Scheme for Ionization Cooling . . . . . . . . . . . . . . . . . . . . . . . . . . 245 6.3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245 6.3.2 Example Cooling Scenario . . . . . . . . . . . . . . . . . . . . . . . . 247 6.4 Magnets for the Muon Cooling System . . . . . . . . . . . . . . . . . . . . . 248 6.4.1 Muon Cooling Solenoids . . . . . . . . . . . . . . . . . . . . . . . . . 250 6.4.2 Muon Emittance Exchange Solenoids . . . . . . . . . . . . . . . . . . 251 6.4.3 Muon Emittance Exchange Dipoles . . . . . . . . . . . . . . . . . . . 254 6.5 A Possible Experimental Demonstration . . . . . . . . . . . . . . . . . . . . 255 6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

7 THE ACCELERATION SYSTEMS 265 7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266 7.2 Constraints and Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 266 7.3 Lifetime Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267 7.4 Phase Space and Intensity Constraints . . . . . . . . . . . . . . . . . . . . . 268 7.5 Acceleration Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269 7.5.1 Single Pass Linac . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269 7.5.2 Recirculating Linacs . . . . . . . . . . . . . . . . . . . . . . . . . . . 269 7.5.3 Rapid-Cycling Synchrotrons . . . . . . . . . . . . . . . . . . . . . . . 272 7.6 Acceleration Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

7.6.1 Baseline Scenario Description . . . . . . . . . . . . . . . . . . . . . . 273 7.6.2 Bunching/Acceleration Considerations . . . . . . . . . . . . . . . . . 275 7.6.3 Injector and Matching from Cooling . . . . . . . . . . . . . . . . . . . 277 7.6.4 Scenario Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278 7.7 Acceleration System Components . . . . . . . . . . . . . . . . . . . . . . . . 279 7.7.1 rf Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279 7.7.2 Transport Considerations . . . . . . . . . . . . . . . . . . . . . . . . . 288 7.8 Other Acceleration Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . 294 7.8.1 Pulsed Dipoles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295 7.8.2 Rotating Dipoles/Magnets . . . . . . . . . . . . . . . . . . . . . . . . 300 7.9 Comments and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 302

8 MUON COLLIDER RING 307 8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308 8.2 Lattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310 8.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310 8.2.2 Components of the Lattice . . . . . . . . . . . . . . . . . . . . . . . . 311 8.2.3 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 8.2.4 Control of the Momentum Compaction . . . . . . . . . . . . . . . . . 321 8.2.5 Collider lattice comparisons . . . . . . . . . . . . . . . . . . . . . . . 322 8.2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323 8.3 Superconducting Magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324 8.3.1 Energy Deposition Due to Muon Decay . . . . . . . . . . . . . . . . . 325 8.3.2 Collider Ring Dipoles . . . . . . . . . . . . . . . . . . . . . . . . . . . 326 8.3.3 Collider Ring Quadrupoles and Sextupoles . . . . . . . . . . . . . . . 328 8.3.4 Reduction of Heat Load in SC magnets . . . . . . . . . . . . . . . . . 329 8.4 Radio-Frequency System for the Collider Ring . . . . . . . . . . . . . . . . . 331 8.5 Ring Vacuum Chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 8.5.1 Particle Fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334 8.5.2 Beam Gas Scattering and Beam Tube Gas Density Requirement . . . 336 8.5.3 Sources of Beam Tube Gas and Estimate of Beam Tube Gas Density 337 8.5.4 Beam Tube Resistivity and Image Current Losses . . . . . . . . . . . 338 8.6 Classical Beam-Beam Interaction . . . . . . . . . . . . . . . . . . . . . . . . 339 8.6.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340 8.6.2 Physics of the Incoherent Simulation. . . . . . . . . . . . . . . . . . . 341 8.6.3 Beam-beam Simulation. . . . . . . . . . . . . . . . . . . . . . . . . . 342

8.6.4 Other Classical Beam-Beam Issues. . . . . . . . . . . . . . . . . . . . 344 8.6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347 8.7 QED Effects at the Interaction Region . . . . . . . . . . . . . . . . . . . . . 348 8.8 Single Bunch Collective Effects . . . . . . . . . . . . . . . . . . . . . . . . . 351

9 DETECTOR BACKGROUND AND DETECTOR DESIGN 371 9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 372 9.2 Physics Aspects of a 4 TeV μ^+μ^− Collider . . . . . . . . . . . . . . . . . . . 373 9.3 Machine Induced Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . 376 9.3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 376 9.3.2 The Muon Halo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379 9.3.3 Design of the Intersection Region . . . . . . . . . . . . . . . . . . . . 382 9.3.4 Muon Decay Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . 389 9.4 Detector Specifications and Design . . . . . . . . . . . . . . . . . . . . . . . 401 9.4.1 Detector Performance Requirements . . . . . . . . . . . . . . . . . . . 404 9.4.2 Strawman Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405 9.5 Backgrounds for a 250 GeV x 250 GeV Collider. . . . . . . . . . . . . . . . . 421 9.6 Summary and Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 424

10 RADIATION ISSUES 431 10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431 10.2 Proton Source and Muon Production . . . . . . . . . . . . . . . . . . . . . . 432 10.3 Accelerator Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433 10.4 Collider Arc and IR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433 10.4.1 Source Term . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433 10.4.2 Prompt Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 435 10.4.3 Radioactivation Around Tunnel . . . . . . . . . . . . . . . . . . . . . 437 10.4.4 Radioactivation of Lattice and Detector Components . . . . . . . . . 437 10.5 Spent Beam Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440 10.5.1 Prompt Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440 10.5.2 Radioactivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442 10.6 Accidental Beam Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446 10.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446

11 OPTIONS 449 11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449 11.2 Polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 450

11.2.1 Polarized Muon Production . . . . . . . . . . . . . . . . . . . . . . . 450 11.2.2 Polarization Preservation . . . . . . . . . . . . . . . . . . . . . . . . . 457 11.2.3 Benefits of Polarization of Both Beams . . . . . . . . . . . . . . . . . 460 11.2.4 Luminosity Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460 11.2.5 The Case for Polarized μ^+μ^− Colliders . . . . . . . . . . . . . . . . . 463 11.3 Scaling of Luminosity vs Energy and Momentum Spread . . . . . . . . . . . 468 11.3.1 Luminosity vs Energy, for a Given Ring . . . . . . . . . . . . . . . . 469 11.3.2 Scaling for Collider Rings for Different Energies . . . . . . . . . . . . 469 11.3.3 Six Dimensional Emittance Dependence on N_μ and ϵ_n . . . . . . . . . 470 11.3.4 Energy Scaling, Allowing the Emittances to Vary . . . . . . . . . . . 471

12 APPENDIX 481 12.1 Final Stage Electron Cooling for Muons . . . . . . . . . . . . . . . . . . . . . 482 12.1.1 High Intensity Electron Beams . . . . . . . . . . . . . . . . . . . . . . 482 12.1.2 Electron Cooling Effects . . . . . . . . . . . . . . . . . . . . . . . . . 483 12.1.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485 12.2 Ionization Energy Loss in a Crystal Channel . . . . . . . . . . . . . . . . . . 485 12.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486 12.2.2 Crystal Channeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 487 12.2.3 Ionization Energy Loss . . . . . . . . . . . . . . . . . . . . . . . . . . 488 12.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493 12.3 Frictional Cooling – Recent Experimental Results . . . . . . . . . . . . . . . 493 12.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 494 12.3.2 Experimental Arrangement . . . . . . . . . . . . . . . . . . . . . . . 494 12.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 497 12.3.4 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 498

13 SUMMARY OF PARAMETERS 505 13.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505

List of Figures

1.1 Schematic of a muon collider. . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 The uncertainty ±Δm_h in the determination of m_h for a SM-like Higgs boson 19 2.2 Feynman diagram for s-channel production of a Higgs boson. . . . . . . . . . 20 2.3 Total width vs mass of the SM and MSSM Higgs bosons for m_t = 175 GeV . 21 2.4 The effective cross section, σ_h, obtained after convoluting σ_h with the Gaussian distributions for R = 0.01%, R = 0.06%, and R = 0.1% . . . . . . . . . 22 2.5 dL/d √ ŝ relative to its peak value at √ ŝ = √ s is plotted before and after soft-photon radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.6^{dL}_d^√_ŝ /^{dL0}_d^√_ŝ | |√_{ŝ=}√_s as a function of R for √ s = 100 and 500 GeV. . . . . . . . . 28 2.7^{dL}_d^√_ŝ as a function of √ ŝ for R = 0.1% and √ s = 500 GeV . . . . . . . . . . . 28 2.8 The threshold curves are shown for μ^+μ^− and e^+e^− machines including ISR and with and without beam smearing . . . . . . . . . . . . . . . . . . . . . . 30 2.9 Comparison of kinematic suppression for fermion pairs and squark pair production at e^+e^− or μ^+μ^− colliders. . . . . . . . . . . . . . . . . . . . . . . . . 34 2.10 Pair production of heavy Higgs bosons at a high energy lepton collider. . . . 37 2.11 The production cross sections for SUSY particles in a supergravity model with heavy scalars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 2.12 Symbolic diagram for strong WW scattering. . . . . . . . . . . . . . . . . . . 39 2.13 Histograms for the signals and backgrounds in strong vector boson scattering in the (a) W^+W^− and (b) ZZ final states . . . . . . . . . . . . . . . . . . . 42 2.14 Two examples (R = 0.06%)of high event rates with the muon collider energy set equal to the vector resonance (Z^′ or ρ_{TC}) mass . . . . . . . . . . . . . . . 44 2.15 A heavy vector resonance can be visible in the bremsstrahlung tail of a μ^+μ^− collider operating at 4 TeV (M_V = 1.5 TeV and 2 TeV) . . . . . . . . . . . . 45 2.16 m_h0 vs tan β for m_A0 = 100, 200 and 1000 GeV. . . . . . . . . . . . . . . . . 48 2.17 Contours for the h^0 and H^0 masses in (m_A0 , tan β) parameter space . . . . . 49 2.18 Γ^{tot}_h0 vs tan β for m_h0 = 80, 100, 110 and 113 GeV, assuming m_t = 175 GeV . 50

2.19 Branching fractions for the Standard Model h_{SM} . . . . . . . . . . . . . . . . 51 2.20 Cross sections vs m_{hSM} for inclusive SM Higgs production . . . . . . . . . . 62 2.21 The h_{SM} signal and background cross sections, ϵσBF (X), . . . . . . . . . . 64 2.22 Number of events and statistical errors in the bb final state as a function of √ s 68 2.23 We plot r_2 and r_3 as a function of Higgs width, Γ^{tot}_h . . . . . . . . . . . . . . 70 2.24 Luminosity required for a ΔΓ^{tot}_{hSM} /Γ^{tot}_{hSM} = 1/3 measurement in the bb final state 71 2.25 We plot the 1σ error, Δm_{hSM} , in the determination of m_{hSM} . . . . . . . . . 72 2.26 Fractional error in determining Γ(h_{SM} → μμ) × BF (h_{SM} → X) . . . . . . . 73 2.27 Contours of constant MSSM/SM ratios for Γ^{tot}_h , Γ(h → μμ) × BF (h → bb), Γ(h → μμ) and BF (h → bb, ττ) in (m_A0 , tan β) parameter space . . . . . . . 75 2.28 Contours of constant MSSM/SM ratios for Γ^{tot}_h , Γ(h → μμ) × BF (h → bb), Γ(h → μμ) and BF (h → bb, ττ) in (m_A0 , tan β) parameter space . . . . . . . 76 2.29 MSSM Higgs discovery contours (5σ) in the parameter space of the minimal supersymmetric model for ATLAS+CMS at the LHC . . . . . . . . . . . . . 82 2.30 Dependence of the bb and tt branching fractions of the heavy supersymmetric Higgs bosons on tan β . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 2.31 Contours of H^0 and A^0 total widths (in GeV) in the (m_A0 , tan β) parameter space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 2.32 Contours of m_H0 − m_A0 (in GeV) in the (m_A0 , tan β) parameter space . . . . 85 2.33 Plot of bb final state event rate as a function of √ s for m_A0 = 350 GeV, in the cases tan β = 5 and 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 2.34 Plot of ϵσ_h0 BF (h^0 → bb) vs m_A0 for tan β = 2, 5 and 20 . . . . . . . . . . . 87 2.35 Plot of ϵσ_H0 BF (H^0 → bb, tt) vs m_A0 for tan β = 2, 5 and 20 . . . . . . . . . 88 2.36 Plot of ϵσ_A0 BF (A^0 → bb, tt) vs m_A0 for tan β = 2, 5 and 20 . . . . . . . . . . 89 2.37 Contours in (m_A0 , tan β) parameter space of the luminosity required for 5σ Higgs signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 2.38 Event rate contours for H^0 → h^0h^0, H^0 → A^0A^0, H^0 → ZA^0 and A^0 → Zh^0 in (m_A0 , tan β) parameter space for integrated luminosity L = 10 fb^{−1} . . . . 94 2.39 Taking √ s = 500 GeV, integrated luminosity L = 50 fb^{−1}, and R = 0.1%, we consider the bb final state and plot the number of events . . . . . . . . . . . 97 2.40 Taking √ s = 500 GeV and R = 0.1%, we consider the bb final state and compute the Higgs signal (S) and background (B) rates . . . . . . . . . . . . 98

3.1 Options considered were primarily the simple alternatives of: a) a synchrotron/booster operating at a maximum energy of 30 GeV and, b) a single ring operating at 10 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

3.2 Bunch rotation using a 1/4 turn in synchrotron space. . . . . . . . . . . . . . 122 3.3 Bunch rotation with an energy sheer followed by a rotation in synchrotron space. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 3.4 One cell of a FMC lattice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 3.5 A candidate 3 - 4 MHz RF cavity. This cavity has a beam aperture of 28 cm, a length of 100 cm and would generate 15 kV/m when powered by 12 kW. . 130

4.1 Capture solenoid field and inner radius as a function of distance. . . . . . . . 141 4.2 Proton, pion and kaon spectra for 8 GeV protons incident on a copper target (1.5λ_I length, 1 cm radius) in the 28-T solenoid. Total particle yields are shown in parentheses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 4.3 Positive pion production cross section for 14.6 GeV/c protons incident on a gold thin target as calculated with mars, dpmjet and arc and measured in E-802 experiment at BNL [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . 146 4.4 Negative pion production cross section for 14.6 GeV/c protons incident on a gold thin target as calculated with mars, dpmjet and arc and measured in E-802 experiment at BNL [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . 147 4.5 Forward π^+ yield from various nuclei vs incident proton momentum as calculated with mars (filled symbols) and arc (opaque symbols). . . . . . . . . . 148 4.6 Total π^− yield from various nuclei vs incident proton momentum as calculated with mars (filled symbols) and dpmjet (opaque symbols). . . . . . . . . . . 148 4.7 Energy spectra of π^+ for 24 GeV/c protons on Hg nuclei as calculated with mars, dpmjet and arc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 4.8 Energy spectra of π^− for 24 GeV/c protons on Hg nuclei as calculated with mars, dpmjet and arc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 4.9 (a) π and K momentum vs time distribution immediately after the target for 8 GeV proton beam with σ_t = 3 nsec. (b) π and K distributions 25 meters downstream of target. (c) μ distribution 25 meters downstream of target. . . 151 4.10 Pion yield from 1.5 λ_I targets of various materials irradiated with 8 and 30 GeV protons vs target atomic weight for π momenta of 0.2 ≤ p ≤ 2.5 GeV/c. Target radius r=1 cm, beam rms spot size σ_x=σ_y=4 mm. . . . . . . . . . . . 152 4.11 Pion yield per 30 GeV proton for 1 cm radius targets of various materials vs target length for π momenta of 0.2 ≤ p ≤ 2.5 GeV/c. . . . . . . . . . . . . . 153 4.12 Average power dissipation in different 1 cm radius targets due to 8 GeV incident beam of 5 × 10^{13} protons at 30 Hz. Beam rms spot size σ_x=σ_y=4 mm. . 154

4.13 Average power dissipation in different 1 cm radius targets due to 30 GeV incident beam of 5 × 10^{13} protons at 30 Hz. Beam rms spot size σ_x=σ_y=4 mm. 155 4.14 Maximum temperature rise Δ T relative to room temperature T_0=27^∘C in a 1 cm radius 2λ_I long copper target when irradiated by 30 GeV beam of 5 × 10^{13} protons at 30 Hz, as calculated with mars-ansys. . . . . . . . . . . . . . . . 156 4.15 Maximum temperature rise Δ T relative to room temperature T_0=27^∘C in a 1 cm radius 2λ_I long graphite target when irradiated by 30 GeV beam of 5 × 10^{13} protons at 30 Hz, as calculated with mars-ansys. . . . . . . . . . . 157 4.16 Stress isocontours (Pa) in 1 cm radius 30 cm long copper target after a single pulse of 5 × 10^{13} protons at 30 GeV, as calculated with mars-ansys. Maximum value is 163 MPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 4.17 Time dependence of maximum longitudinal (upper curve) and transverse (lower curve) expansions in 1 cm radius 30 cm long copper target irradiated with 30 GeV protons of 5 × 10^{13} per pulse at 30 Hz, as calculated with marsansys. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 4.18 Power density in 28 T hybrid solenoid coils as a function of radius due to particle debris from 1.5 λ_I copper target irradiated by 8 GeV beam of 5 × 10^{13} protons at 30 Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 4.19 Energy deposition density at various radii of a 28 T hybrid solenoid as a function of a longitudinal position in case of 2 λ_I copper target irradiated by a single pulse of 5 × 10^{13} protons at 30 GeV. . . . . . . . . . . . . . . . . . . 164 4.20 Particle densities as a function of time at end of matching region (1.15 m after end of target). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164 4.21 Muon yield vs distance from target for 22.5 cm copper target and standard straight decay solenoid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167 4.22 Position of (a) π^+ and π^−, and (b) μ^+ and μ^− 20 m downstream along curved solenoid (inner radius a=25 cm, R=25 m, B=7 T). . . . . . . . . . . . . . . . 169 4.23 Scatter plot of x,y coordinates of protons above 5 GeV while traversing curved solenoid. Distance along center of curved solenoid is in upper right hand corner.170 4.24 (a) Yield of positive pions and muons vs s/R for 22.5 cm copper target in straight solenoid with B_0 = 28 T followed by curved solenoid with B = B_0(1 − αs). Labels indicate final B reached at s/R. (b) Same for B = B_0/(1 + αs) in curved solenoid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 4.25 (a) Yield vs s/R for 22.5 cm copper target in solenoid of 7 T throughout; (b) same for 57 cm carbon target; (c) same for 30 cm copper target. . . . . . . . 174

4.26 (a) Distance of centroid to magnet center vs s/R for 22.5 cm copper target, 7 T, r=50 cm solenoid throughout. Note beampipe extends beyond graph; (b) rms size of each beam vs s/R. . . . . . . . . . . . . . . . . . . . . . . . . . . 175 4.27 Option one: Capture and transfer solenoid system . . . . . . . . . . . . . . . 183 4.28 The on axis magnetic induction as a function of distance from the target in the option one . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184 4.29 Option two: Capture and transfer solenoid system . . . . . . . . . . . . . . . 185 4.30 The on axis magnetic induction as a function of distance from the target in the option two . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

5.1 Collected particles after 2 m drift from the proton target . . . . . . . . . . . 197 5.2 Collected particles after 24 m drift from the proton target . . . . . . . . . . . 198 5.3 Kilpatrick Factor Limits for Pulsed rf Systems . . . . . . . . . . . . . . . . . 199 5.4 The high-energy collection rf cavities . . . . . . . . . . . . . . . . . . . . . . 200 5.5 Schematic of the high-energy collection linac . . . . . . . . . . . . . . . . . . 201 5.6 The low-energy collection rf cavities . . . . . . . . . . . . . . . . . . . . . . . 202 5.7 Schematic of the low-energy collection linac . . . . . . . . . . . . . . . . . . 203 5.8 A schematic representation of superconducting solenoid scenarios for the phase rotation cavities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212 5.9 Magnetic induction along the rf cavity axis for three solenoid magnet and rf cavity configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 5.10 The results of particle dynamics modeling of pion capture immediately following the proton target for low- and high-kinetic energy cases . . . . . . . . 214 5.11 (a) Mean muon energy and (b) muon current z = 24 m from the production target with an induction linac . . . . . . . . . . . . . . . . . . . . . . . . . . 215 5.12 Instantaneous rms energy width of muons z = 24 m from the target. . . . . . 216 5.13 (a) Accelerator gap voltage wave shape at z = 0, 56.7 and 170 m and (b) mean muon energy at z = 0, 56.7, 113 and 170 m . . . . . . . . . . . . . . . 217 5.14 A schematic of an induction acceleration cell. . . . . . . . . . . . . . . . . . 218

6.1 dE/dx as a function of muon momentum for Li and Be. . . . . . . . . . . . . 225 6.2 Basic principle of ionization cooling of transverse emittance. . . . . . . . . . 226 6.3 Basic principle of longitudinal cooling using a wedge absorber. . . . . . . . . 227 6.4 Emittance exchange diagram. Horizontal axis is transverse position; vertical axis is momentum spread . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237 6.5 Landau distribution of energy loss in Li . . . . . . . . . . . . . . . . . . . . . 240 6.6 Vavilov distribution of energy loss in Li . . . . . . . . . . . . . . . . . . . . . 240

6.7 Moliere scattering angle distribution in Li . . . . . . . . . . . . . . . . . . . 242 6.8 SIMUCOOL simulation of transverse emittance cooling in a storage ring . . 244 6.9 PARMELA simulation of transverse emittance cooling with a passive Li rod inside a solenoid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245 6.10 Normalized transverse and longitudinal emittances as a function of section number in the model cooling system . . . . . . . . . . . . . . . . . . . . . . . 249 6.11 Cross-section of the superconducting solenoids of the muon cooling channel . 252 6.12 Cross-section of muon emittance exchange dipole of the muon cooling system 256 6.13 Layout of possible AGS experiment to test ionization cooling of transverse emittance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257 6.14 PARMELA simulation of transverse emittance in the AGS cooling experiment 258

7.1 Schematic view of a recirculating linac (RLA) . . . . . . . . . . . . . . . . . 270 7.2 Schematic view of a rapid-cycling synchrotron (RCS) . . . . . . . . . . . . . 271 7.3 Conceptual view of a multi-stage RLA-based accelerator, showing a linac feeding beams into a sequence of 3 recirculating linacs (RLA1, RLA2, RLA3) followed by a collider ring . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275 7.4 Some simulation results from the code μRLA. . . . . . . . . . . . . . . . . . 276 7.5 100 MHz rf cavity systems with field lines. Figure shows half of a single cell cavity and half of a 3-cell cavity. . . . . . . . . . . . . . . . . . . . . . . . . . 282 7.6 350 MHz rf cavity system. Cross section of the SC CERN cavity . . . . . . . 283 7.7 A TESLA 9 cell 1300 MHz cavity. . . . . . . . . . . . . . . . . . . . . . . . 284 7.8 μRLA simulation results with wake fields, with beam accelerated from 200 to 2000 GeV in a 10-turn RLA. . . . . . . . . . . . . . . . . . . . . . . . . . . . 287 7.9 Overview of a μ recirculating linac . . . . . . . . . . . . . . . . . . . . . . . 289 7.10 A 16-aperture dipole, composed of four stacks of four apertures . . . . . . . 290 7.11 Field lines in a quadrant of the highest field dipole and quadrupole stack of the 16 aperture dipole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292 7.12 A 9 aperture dipole, composed of three stacks of three apertures. . . . . . . . 293 7.13 Configurations for hybrid rapid-cycling dipoles. . . . . . . . . . . . . . . . . 294 7.14 Cross sections of pulsed current dipoles for a μ rapid-cycling accelerator dipole (4 T). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296 7.15 Cross sections of pulsed current dipoles for a collider dipole (6 T). . . . . . . 297 7.16 Ramp for rapid-cycling pulsed-dipoles for acceleration to 250 GeV. . . . . . . 298 7.17 Sequence of two rapid-cycling synchrotrons for acceleration from 100 GeV to 2 TeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300

8.1 The complete collider ring layout. . . . . . . . . . . . . . . . . . . . . . . . . 311 8.2 Betatron (β_x solid-line; β_y dash-line) and dispersion (dot-line) functions of an arc-module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313 8.3 Betatron (β_x solid-line; β_y dash-line) and dispersion (dot-line) functions of a dispersion suppressor module. . . . . . . . . . . . . . . . . . . . . . . . . . . 314 8.4 Experimental insert (half) with extremely small beta function at the IP. . . . 314 8.5 Utility insertion (half) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 8.6 Fractional tunes Q_{x,y} vs^{Δp}_p . . . . . . . . . . . . . . . . . . . . . . . . . . . 317 8.7 Beta function β^∗ vs^{Δp}_p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317 8.8 Chromaticity vs^{Δp}_p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318 8.9 Momentum compaction α vs^{Δp}_p . . . . . . . . . . . . . . . . . . . . . . . . 318 8.10 Amplitude dependent tune shift^{dQ}_{dϵ} vs^{Δp}_p . . . . . . . . . . . . . . . . . . . 319 8.11 A cold iron 8.5 T cosine theta dipole with a 65 mm thick tungsten liner at 300 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327 8.12 Two versions of an 8.5 T cold iron split dipole that would have less than 0.1% of the muon decay power deposited within the superconducting coils . . . . . 328 8.13 A quadrupole design that avoids superconductor on the midplane . . . . . . 329 8.14 Azimuthal distribution of power density in the first SC cable shell in the collider arc for different tungsten liners inside the aperture for 2 TeV muon beam decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330 8.15 Maximum and azimuthal averaged power density in the first SC cable shell in the collider arc vs tungsten liner thickness for 2 TeV muon beam decays. . . 356 8.16 Power dissipation in the arc magnet components vs tungsten liner thickness for 2 TeV muon beam decays. . . . . . . . . . . . . . . . . . . . . . . . . . . 357 8.17 Luminosity as a function of turn number assuming that the muons are stable particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358 8.18 Luminosity as a function of turn number, taking into account the finite muon lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359 8.19 Luminosity as a function of turn number for three different values of the number of particles per bunch N . . . . . . . . . . . . . . . . . . . . . . . . 360 8.20 The hourglass luminosity reduction factor as a function of β^∗/σ_z . . . . . . . 361 8.21 The hourglass luminosity reduction factor when the collisions are longitudinally displaced from the IP by a distance s_c, plotted as a function of s_c/σ_z . 362 8.22 Scaled rms bunch size and rms energy-spread vs. turn . . . . . . . . . . . . . 363 8.23 Center of energy-spread vs. center of bunch size . . . . . . . . . . . . . . . . 363 8.24 Blow up of the rms beam size, due to the BBU-like effect, where 1/ν_s = 1784 364

9.1 Signals and physics backgrounds for a 1 TeV Higgs boson. . . . . . . . . . . . 374 9.2 Signals and physics backgrounds for a 1 TeV Higgs boson vs. θ_{min}. . . . . . . 374 9.3 Signals and physics backgrounds for a 1 TeV Higgs boson with a p_T cut. . . . 375 9.4 Angle of the outgoing muon. . . . . . . . . . . . . . . . . . . . . . . . . . . . 375 9.5 Particle tracking orbits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 380 9.6 Final focus tracking details. . . . . . . . . . . . . . . . . . . . . . . . . . . . 380 9.7 Final focus orbits for background muons. . . . . . . . . . . . . . . . . . . . . 381 9.8 Region around the Intersection Region. . . . . . . . . . . . . . . . . . . . . . 383 9.9 GEANT Description of Intersection Region. . . . . . . . . . . . . . . . . . . 384 9.10 The xy envelope of the muon bunch at the exit of Q55. . . . . . . . . . . . . 385 9.11 The xy envelope of the decay electrons at the exit of Q55. . . . . . . . . . . 385 9.12 The y projection of the muon bunch at the exit of Q55. . . . . . . . . . . . . 385 9.13 The y projection of the decay electrons at the exit of Q55. . . . . . . . . . . 385 9.14 Detail view near Intersection Region. . . . . . . . . . . . . . . . . . . . . . . 386 9.15 Expanded view near Intersection Region. . . . . . . . . . . . . . . . . . . . . 387 9.16 Detailed view of Intersection Region. . . . . . . . . . . . . . . . . . . . . . . 387 9.17 Muon Trajectories in Final Focus Region. . . . . . . . . . . . . . . . . . . . . 388 9.18 Muon Decay Trajectories in the Final Focus Region. . . . . . . . . . . . . . . 388 9.19 Energy spectrum of synchrotron radiated photons. . . . . . . . . . . . . . . . 389 9.20 Critical Energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389 9.21 Probability for an electron to generate a muon. . . . . . . . . . . . . . . . . 391 9.22 Bethe-Heitler momentum spectrum from a 500 GeV electron. . . . . . . . . . 391 9.23 Bethe-Heitler spectrum of muons in the final focus region. . . . . . . . . . . 392 9.24 Tracing of Bethe-Heitler muons by GEANT. . . . . . . . . . . . . . . . . . . 393 9.25 Energy distribution of Bethe–Heitler muons in the calorimeter. . . . . . . . . 394 9.26 Cross section for photoproduction of hadrons. . . . . . . . . . . . . . . . . . 394 9.27 Spectrum of generated neutrons . . . . . . . . . . . . . . . . . . . . . . . . . 396 9.28 Spectrum of neutrons in the detector region. . . . . . . . . . . . . . . . . . . 396 9.29 Neutron distribution in xz plane. . . . . . . . . . . . . . . . . . . . . . . . . 396 9.30 Neutron distribution normal to beams at z=0. . . . . . . . . . . . . . . . . . 396 9.31 Charged hadron distribution in xz plane. . . . . . . . . . . . . . . . . . . . . 397 9.32 Charged hadron distribution normal to beams at z=0. . . . . . . . . . . . . . 397 9.33 Time spectrum of the neutron background. . . . . . . . . . . . . . . . . . . . 398 9.34 Time spectrum of neutrons in the tracker. . . . . . . . . . . . . . . . . . . . 398 9.35 Particle fluences as a function of radius. . . . . . . . . . . . . . . . . . . . . 398 9.36 Muon flux contours at entrance to IR calculated with the MARS code. . . . 401

9.37 Muon and neutron flux contours calculated with the MARS code. . . . . . . 402 9.38 Particle flux distributions calculated with the MARS code. . . . . . . . . . . 403 9.39 Strawman Detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406 9.40 Perspective view of a semiconductor drift detector. . . . . . . . . . . . . . . 408 9.41 Vertex detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408 9.42 TPC sketch. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 411 9.43 TPC signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413 9.44 TPC signals with threshold cuts . . . . . . . . . . . . . . . . . . . . . . . . . 416 9.45 TPC resolution functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417 9.46 Liquid argon accordion calorimeter from the GEM detector. . . . . . . . . . 417 9.47 Scintillator tile calorimeter from the ATLAS experiment. . . . . . . . . . . 418 9.48 A two-layer module of the Cathode Strip Chamber. . . . . . . . . . . . . . . 419 9.49 Typical spatial resolution of the Cathode Strip Chamber. . . . . . . . . . . . 421 9.50 Typical timing resolution of the Cathode Strip Chamber. . . . . . . . . . . . 421 9.51 Intersection region for 250 GeV x 250 GeV Machine. . . . . . . . . . . . . . 422 9.52 GEANT description of Intersection region. . . . . . . . . . . . . . . . . . . . 422 9.53 Bethe–Heitler muon spectrum from a 100 GeV electron. . . . . . . . . . . . . 422 9.54 Energy deposited by muons in the calorimeter. . . . . . . . . . . . . . . . . . 422 9.55 Neutron time of flight. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423 9.56 Fluences for the 250 GeV x 250 GeV machine. . . . . . . . . . . . . . . . . . 423

10.1 Energy spectra of muons, h^± and e^±, neutrons and photons in the aperture of the arc magnets induced by 2 TeV muon beam decays. . . . . . . . . . . . 435 10.2 Energy spectra of muons, h^± and e^±, neutrons and photons averaged over the arc magnets, tunnel air and a few meters of the surrounding soil/rock due to 2 TeV muon beam decays. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 436 10.3 Isodose contours in the vertical plane across the collider tunnel and surrounding soil/rock for 2 TeV muon beam decays . . . . . . . . . . . . . . . . . . . 438 10.4 Azimuthal distribution of power density in the innermost layer of the tungsten liner inside the arc dipole aperture for 2 TeV muon beam decays. . . . . . . . 439 10.5 Transversely integrated flux of muons, e^+e^− and hadrons in the soil/rock (ρ=2.24 g/cm^3) per one 2 TeV muon beam. . . . . . . . . . . . . . . . . . . . 441 10.6 Isodose contours in the soil/rock (ρ=2.24 g/cm^3) for 3 × 10^{13} extracted 2 TeV muons per second . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442 10.7 Isodose contours in the soil/rock (ρ=2.24 g/cm^3) for 3 × 10^{13} extracted 250 GeV muons per second . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443

10.8 Star density contours in the soil/rock (ρ=2.24 g/cm^3) for 3 × 10^{13} extracted 2 TeV muons per second . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 444 10.9 Star density contours in the soil/rock (ρ=2.24 g/cm^3) for 3 × 10^{13} extracted 250 GeV muons per second. Right scale is star density in cm^{−3}s^{−1}. . . . . . . 445

11.1 Muon polarization in the lab system vs the cosine of the center-of-mass decay angle, for a number of pion energies. . . . . . . . . . . . . . . . . . . . . . . 451 11.2 Energy vs ct of muons at end of decay channel without phase rotation . . . . 452 11.3 Energy vs ct of muons at end of decay channel with phase rotation . . . . . 453 11.4 Dispersion snake: trajectories in the bending plane as seen from the perpendicular direction z (upper plot); trajectories in the vertical plane, z plotted against length along the snake s (lower plot). . . . . . . . . . . . . . . . . . . 455 11.5 Polarization vs F_{loss} of muons accepted; the dashed line shows polarization as selected before cooling; the solid line gives polarization after cooling. . . . . . 457 11.6 The fractional energy spread ΔE/E is plotted against the loss factor F_{loss} for different magnetic fields. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 458 11.7 Polarization vs σ_t, the proton bunch length (upper plot). Muon rms energy spread vs σ_t (lower plot) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459 11.8 Polarization of each beam P , and the resulting polarization of a vector state P_{vec} vs. the loss factor F_{loss}. . . . . . . . . . . . . . . . . . . . . . . . . . . . 461 11.9 The ratio of vector to scalar states, R_{v/s} vs the loss factor F_{loss} . . . . . . . . 462 11.10Higgs search at a μ^+μ^− collider (required machine resolution and the expected Higgs width). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 465 11.11(A) A possible scenario for arranging the spin rotators; (B) Possible spin rotator for muons in the main ring . . . . . . . . . . . . . . . . . . . . . . . 467 11.12tt̄ production at μ^+μ^− colliders. . . . . . . . . . . . . . . . . . . . . . . . . . 468 11.13Six-dimensional emittance ϵ_6 vs a) muon intensity N_μ entering the cooling section; b) the transverse emittance ϵ_n at the end of the cooling section. . . 472 11.14Luminosity vs energy assuming rings spaced by factors of two in energy . . . 474

12.1 Layout of a ‘cooler ring’ consisting of fifty bending-focussing-acceleration multi-functional cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492 12.2 Average stopping power S(T) of carbon for both positive muons and negative muons as a function of energy T . . . . . . . . . . . . . . . . . . . . . . . . . 495 12.3 Schematic view of the experimental setup as it is housed by the superconducting solenoid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 496

12.4 Energy spectra of the outgoing muons as a function of the energy T_1 of the incident muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 498 xxii LIST OF FIGURES

List of Tables

1.1 Parameters of collider rings . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Measurements of the standard model parameters . . . . . . . . . . . . . . . . 31 2.2 Strong electroweak scattering signals . . . . . . . . . . . . . . . . . . . . . . 40 2.3 Total numbers of W_LW_L → 4-lepton . . . . . . . . . . . . . . . . . . . . . . 41 2.4 Total numbers of W^+W^−, ZZ → 4-jet signal S and background B events . . 41

3.1 Proton Driver Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 3.2 Linac parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 3.3 Booster parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 3.4 Driver Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 3.5 Longitudinal Phase Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 3.6 10 GeV Option Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.1 Target and particle production parameters appropriate to 8 GeV and 30 GeV proton beams for different target materials. . . . . . . . . . . . . . . . . . . . 188 4.2 Insert Bitter solenoid design parameters . . . . . . . . . . . . . . . . . . . . 189 4.3 Outsert solenoid design parameters . . . . . . . . . . . . . . . . . . . . . . . 189 4.4 Parameters for the capture and transfer solenoid system . . . . . . . . . . . 189

5.1 High-energy collection linac parameters . . . . . . . . . . . . . . . . . . . . . 199 5.2 Low-energy collection linac parameters . . . . . . . . . . . . . . . . . . . . . 204 5.3 High-energy collection linac parameters . . . . . . . . . . . . . . . . . . . . . 204 5.4 Low-energy collection linac parameters . . . . . . . . . . . . . . . . . . . . . 205 5.5 Parameters for three solenoid magnet configurations in or around a 150 cm outside diameter rf cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206 5.6 Induction accelerator parameters for two cases; (a) input muon spectrum 0.145 to 0.316 GeV and (b) 0.244 to 0.720 GeV. . . . . . . . . . . . . . . . . . . . 219

6.1 Materials for ionization cooling . . . . . . . . . . . . . . . . . . . . . . . . . 230 xxiv LIST OF TABLES

6.2 Cooling section summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250 6.3 Muon cooling solenoid magnet parameters . . . . . . . . . . . . . . . . . . . 251 6.4 Muon emittance exchange section solenoid magnet parameters . . . . . . . . 253 6.5 Muon emittance exchange section dipole magnet parameters . . . . . . . . . 254 6.6 Transverse emittance cooling experiment . . . . . . . . . . . . . . . . . . . . 259

7.1 Parameters of a 4-RLA scenario . . . . . . . . . . . . . . . . . . . . . . . . . 274 7.2 Injection Linac parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 278 7.3 rf parameters for 100, 350, 800 and 1300 MHz systems . . . . . . . . . . . . 280 7.4 μRLA simulation results with wakefields for a 2 TeV recirculating linac . . . 286 7.5 Parameters for pulsed conductor-dominated accelerator and SR dipoles . . . 295 7.6 Parameters for a 2 TeV rapid-cycling hybrid accelerator . . . . . . . . . . . . 301

8.1 High energy-high luminosity μ^+ μ^− collider . . . . . . . . . . . . . . . . . . . 320 8.2 Muon decay parameters for various parts of a muon collider . . . . . . . . . 326 8.3 Collider parameters used for the rf system . . . . . . . . . . . . . . . . . . . 332 8.4 Time average μ^± particle fluxes, characteristic energies and power incident on the beam tube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335 8.5 Characteristic apertures and rms beam dimensions in the collider ring. Note that ϵ = σ^2/β = 2.65 × 10^{−9}m − rad . . . . . . . . . . . . . . . . . . . . . . 337 8.6 Estimated sources of gas and average partial pressures in the collider beam tube. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339 8.7 Resistive wall dissipation for Cu, Al and SS beam tubes. . . . . . . . . . . . 339 8.8 Muon collider parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342

9.1 Longitudinal Particle Fluences from the GEANT Calculation. . . . . . . . . 399 9.2 Radial Particle Fluences from the GEANT Calculation. . . . . . . . . . . . . 399 9.3 Mean kinetic energies and momenta of particles as calculated by GEANT. . 400 9.4 Mean energies of particles in inner tracker calculated with MARS. . . . . . . 400 9.5 Detector Performance Requirements. . . . . . . . . . . . . . . . . . . . . . . 404

10.1 Mean energies of particles and their multiplicities in showers induced by 2 TeV μ^+ decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437

11.1 Production polarization vs collimator position. . . . . . . . . . . . . . . . . . 456 11.2 The scalar sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464 11.3 Depolarization processes in the μ^+μ^− complex (Norum Rossmanith scheme) 466 11.4 Scaling of parameters with energy and momentum spread . . . . . . . . . . . 475

13.1 Proton driver requirements; target and particle production parameters; capture and transfer solenoid system . . . . . . . . . . . . . . . . . . . . . . . . 506 13.2 Low-energy pion collection linac parameters . . . . . . . . . . . . . . . . . . 507 13.3 Cooling section summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507 13.4 Parameters of a 4-RLA scenario . . . . . . . . . . . . . . . . . . . . . . . . . 508 13.5 High energy-high luminosity μ^+ μ^− collider . . . . . . . . . . . . . . . . . . . 509 xxvi LIST OF TABLES

INTERLABORATORY AND UNIVERSITY COLLABORATION

Argonne National Laboratory, Argonne, IL 60439-4815, USA Brookhaven National Laboratory, Upton, NY 11973-5000, USA Fermi National Accelerator Laboratory, Batavia, IL 60510, USA F. Bitter National Magnet Laboratory, MIT, Cambridge, MA 02139, USA Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA Stanford Linear Accelerator Center, Stanford, CA 94309, USA Center for Advanced Accelerators, UCLA, Los Angeles, CA 90024,USA Columbia University, New York, NY 10027, USA Fairfield University, Fairfield, CT 06430-5195, USA Indiana University, Bloomington, IN 47405, USA SUNY, Stony Brook, NY 11974, USA University of California, Berkeley, Berkeley, CA 94720-7300, USA University of California, Davis, CA 95616, USA University of Mississippi, Oxford, MS 38677, USA University of Virginia, Charlottesville, VA 22901, USA University of Wisconsin, Madison, WI 53706, USA BINP, RU-630090 Novosibirsk, Russia KEK, Tsukuba-shi, Ibaraki-Ken 305, Japan DESY, Hamburg, Germany xxviii Institutions in the Collaboration

INSTITUTIONAL AFFILIATION OF SCIENTISTS IN THE COLLABORATION

R. Palmer Brookhaven National Laboratory, Upton, NY 11973-5000 A. Tollestrup Fermi National Accelerator Laboratory, Batavia, IL 60510 A. Sessler Lawrence Berkeley National Laboratory, Berkeley, CA 94720 A. Skrinsky BINP, RU-630090 Novosibirsk, Russia C. Ankenbrandt Fermi National Accelerator Laboratory, Batavia, IL 60510 A. Baltz Brookhaven National Laboratory, Upton, NY 11973-5000 V. Barger University of Wisconsin, Madison, WI 53706 O. Benary Tel-Aviv University, Ramat-Aviv, Israel M. Berger Indiana University, Bloomington, IN 47405 A. Bogacz Center for Adv. Accelerators, UCLA, Los Angeles, CA 90024-1547 S. Caspi Lawrence Berkeley National Laboratory, Berkeley, CA 94720 P. Chen Stanford Linear Accelerator Center, Stanford, CA 94309 W-H. Cheng Lawrence Berkeley National Laboratory, Berkeley, CA 94720 Y. Cho Argonne National Laboratory, Argonne, IL 60439-4815 D. Cline Center for Adv. Accelerators, UCLA, Los Angeles, CA 90024-1547 E. Courant Brookhaven National Laboratory, Upton, NY 11973-5000 D. Ehst ¿Argonne National Laboratory, Argonne, IL 60439-4815 R. Fernow Brookhaven National Laboratory, Upton, NY 11973-5000 M. Furman Lawrence Berkeley National Laboratory, Berkeley, CA 94720 J. Gallardo Brookhaven National Laboratory, Upton, NY 11973-5000 A. Garren Lawrence Berkeley National Laboratory, Berkeley, CA 94720 S. Geer Fermi National Accelerator Laboratory, Batavia, IL 60510 I. Ginzburg Institute of Mathematics, Novosibirsk, Russia H. Gordon Brookhaven National Laboratory, Upton, NY 11973-5000 M. Green Lawrence Berkeley National Laboratory, Berkeley, CA 94720 J. Griffin Fermi National Accelerator Laboratory, Batavia, IL 60510 J. Gunion University of California, Davis, CA 95616

R. Gupta Brookhaven National Laboratory, Upton, NY 11973-5000 A. Hershcovitch Brookhaven National Laboratory, Upton, NY 11973-5000 T. Han University of California, Davis, CA 95616 C. Johnstone Fermi National Accelerator Laboratory, Batavia, IL 60510 S. Kahn Brookhaven National Laboratory, Upton, NY 11973-5000 D. Kahana Brookhaven National Laboratory, Upton, NY 11973-5000 H. Kirk Brookhaven National Laboratory, Upton, NY 11973-5000 T. Kycia Brookhaven National Laboratory, Upton, NY 11973-5000 P. Lebrun Fermi National Accelerator Laboratory, Batavia, IL 60510 Y. Lee Brookhaven National Laboratory, Upton, NY 11973-5000 D. Lissauer Brookhaven National Laboratory, Upton, NY 11973-5000 L. Littenberg Brookhaven National Laboratory, Upton, NY 11973-5000 A. Luccio Brookhaven National Laboratory, Upton, NY 11973-5000 H. Ma Brookhaven National Laboratory, Upton, NY 11973-5000 A. McInturff Fermi National Accelerator Laboratory, Batavia, IL 60510 F. Mills Fermi National Accelerator Laboratory, Batavia, IL 60510 N. Mokhov Fermi National Accelerator Laboratory, Batavia, IL 60510 A. Moretti Fermi National Accelerator Laboratory, Batavia, IL 60510 G. Morgan Brookhaven National Laboratory, Upton, NY 11973-5000 M. Muhlbauer Technische Universitat Munchen, Germany M. Murtagh Brookhaven National Laboratory, Upton, NY 11973-5000 D. Neuffer Fermi National Accelerator Laboratory, Batavia, IL 60510 K-Y. Ng Fermi National Accelerator Laboratory, Batavia, IL 60510 R. Noble Fermi National Accelerator Laboratory, Batavia, IL 60510 J. Norem Argonne National Laboratory, Argonne, IL 60439-4815 B. Norum University of Virginia, Charlottesville, VA 22901 I. Novitski Fermi National Accelerator Laboratory, Batavia, IL 60510 K. Oide KEK, Tsukuba-shi, Ibaraki-Ken 305, Japan F. Paige Brookhaven National Laboratory, Upton, NY 11973-5000 Z. Parsa Brookhaven National Laboratory, Upton, NY 11973-5000 J. Peterson Lawrence Berkeley National Laboratory, Berkeley, CA 94720 V. Polychronakos Brookhaven National Laboratory, Upton, NY 11973-5000 M. Popovic Fermi National Accelerator Laboratory, Batavia, IL 60510 S. Protopopescu Brookhaven National Laboratory, Upton, NY 11973-5000 Z. Qian Fermi National Accelerator Laboratory, Batavia, IL 60510 P. Rehak Brookhaven National Laboratory, Upton, NY 11973-5000

T. Roser Brookhaven National Laboratory, Upton, NY 11973-5000 R. Rossmanith DESY, Hamburg, Germany R. Scanlan Lawrence Berkeley National Laboratory, Berkeley, CA 94720 L. Schachinger Lawrence Berkeley National Laboratory, Berkeley, CA 94720 Q-S Shu DESY, Germany G. Silvestrov BINP, RU-630090 Novosibirsk, Russia S. Simrock CEBAF, Newport News, VA 23606 I. Stumer Brookhaven National Laboratory, Upton, NY 11973-5000 D. Summers University of Mississippi, Oxford, MS 38677 M. Syphers Brookhaven National Laboratory, Upton, NY 11973-5000 H. Takahashi Brookhaven National Laboratory, Upton, NY 11973-5000 H. Takai Brookhaven National Laboratory, Upton, NY 11973-5000 V. Tchernatine Brookhaven National Laboratory, Upton, NY 11973-5000 Y. Torun SUNY, Stony Brook, NY 11974 D. Trbojevic Brookhaven National Laboratory, Upton, NY 11973-5000 W. Turner Lawrence Berkeley National Laboratory, Berkeley, CA 94720 A. Van Ginneken Fermi National Accelerator Laboratory, Batavia, IL 60510 T. Vsevolozhskaya BINP, RU-630090 Novosibirsk, Russia R. Weggel F. Bitter National Magnet Laboratory, MIT, Cambridge, MA 02139 E. Willen Brookhaven National Laboratory, Upton, NY 11973-5000 W. Willis Columbia University, New York, NY 10027 D. Winn Fairfield University, Fairfield, CT 06430-5195 J. Wurtele University of California, Berkeley, Berkeley, CA 94720-7300 Y. Zhao Brookhaven National Laboratory, Upton, NY 11973-5000