


Contents

Preface R L T L I xiii

Acknowledgments . . . . . ... ... xiv

Chapter 1 History and Basic Concepts. . . . . . . ... ............. 1

1.1 Introduction . . . . . . . .« v vt v v vttt ittt 1

1.2 Historical Development. . . . . . . ... ................ 2

1.3 Classification of Particles— Fermions and Bosons . . . . . ... ... 12

1.4 Particles and Antiparticles . . . . . ... ... ... L. 13

1.5 Basic Fermion Constituents: Quarks and Leptons . . . . . . ... .. 15

1.6 Hadrons—Composites of Quarks and Antiquarks . . . . . ... ... 17

1.7 Interactions and Fields in Particle Physics . . . . ... ... ... .. 18

1.8 Electromagnetic Interactions . . . . .. .. ... ... ... ... 19

1.9 Gravitational Interactions . . . . . ... ... ... ... ... .. 22

1.10 Weak Interactions. . . . . . . . . . . oo v vt i vt 23

1.11 Strong Interactions (between Quarks) . . . . .. ... ... ...... 26

1.12 Hadron-Hadron Interactions. . . . . ... ... . ... ........ 29

1.13 Conservation Rules in Fundamental Interactions. . . . . . ... ... 31

1.14 Cross-Sections and Decay Rates. . . . . ... .. ... .. ...... 31

1.15 Units in High Energy Physics . . . ... ... ... .......... 34

Problems. . « « o - o s s @ 55555 § 6 B G @ BB B e P @ o4 E @ e 8w 35

Chapter 2 Particle Detectors and Accelerators . . . . . .. ... ........ 37

2.1 Interactions of Charged Particles and Radiation with Matter. . . . . 37

2.1.1 Ionization Loss of Charged Particles . . . . . ... ... ... 37

2.1.2 Coulomb Scattering. . . . . . .. ... ... ... 39

2.1.3 Radiation Loss of Electrons . . . . . . ... ... ....... 41

2.1.4 Absorption of y-raysin Matter . . . . ... ... ... .. .. 42

2.2 Accelerators - : o 52 ¢ w4 v w E s 8 @ e g st e E s e e 43
2.2.1 Linear and Cyclic Accelerators: Phase and Transverse

Oscillations . . . . . . .. . . . it 43

2.2.2 Beam Intensity, Defocusing, and Resonances. . . . . ... .. 46

2.2.3 Electron Synchrotrons . . . . . . ... .. ... ... ..., 48

2.2.4 Colliding-Beam Machines . . . . . ... ... .. .. ..... 48

2.3 Detectors of Single Charged Particles . . . . . .. ... .. ... ... 52

vii



viii Contents

2.4

2.5

2.3.1 Proportional Counters . . . . .. ... .. ...........
232 Drift Chambers . « ¢ s o - ¢ 56 6w vwm s wm e 5w o
2.3.3 Scintillation Counters. . . . . . . ... ... ... ... ...
234 Bubble Chambers. . . ... ...................
2.3.5 Streamer and Flash Chambers. . . .. . ... ... ... ...
2.3.6 Cerenkov Counters . . . . . . . ...t
Shower Detectors and Calorimeters . . . . . . ... .. ... .....
2.4.1 Electromagnetic Shower Detectors. . . . . ... ... .. ...
2.4.2 Hadron-Shower Calorimeters . . . . ... ...........
2.4.3 Examples of Large Hybrid Detectors . . . . . . ... .. ...
Examples of the Application of Detection Techniques to Experiments
2.5.1 Discovery of the Antiproton . . . . . . ... ... .......
2.5.2 Lifetime of the Neutral Pion. . . . .. .. ... ........

Problems. . . . . . ... I T T T
Bibliography. . . . . . . . .. . .

Chapter 3 Invariance Principles and Conservation Laws . . . . . ... ... ..

31
32
3.3
34
35

3.6
37
38
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16

Invariance in Classical Mechanics . . . . . . ... ... ... .....
Invariance in Quantum Mechanics. . . . . . ... ... ... ... ..
Translations and Rotations. . . . . .. ... ... ... ........
Patity. . . o oo oo me w B F B WG W E P m T £ m E E o om s e
Spin and Parity of the Pion . . . .. ... ........ .. .....
351 PionSpin . . ... ..
352 PionParity. . . . . ...
Parity of Particles and Antiparticles. . . . . ... ... ........
Tests of Parity Conservation . . . . . . . .. ... .. ... ... ...
Charge Conservation, Gauge Invariance, and Photons . . . . . . ..
Charge-Conjugation Invariance . . .. .. ... ... .........
Eigenstates of the Charge-Conjugation Operator. . . . . . . ... ..
Positronium Decay . . . . . . ... .. ..o
Photon Polarization in Positronium Decay . . . . . .. ... ... ..
Experimental Tests of C-Invariance . . . . .. .. ...........
Time-Reversal Invariance. . . . . . . .. ... .. ... ...
CP Violation and the CPT Theorem . . . ... . ... ........
Electric Dipole Moment of the Neutron . . . . ... ... ......

Problems . . . . o . o e e e e e e e e e e e e e
Bibliography. . . . . . . . ..

Chapter 4 Hadron-Hadron Interactions . . . . . . ... .............

4.1
4.2
43
4.4
45
4.6

[SOSPIN . . . .« o i e
Isospin in the Two-Nucleon System . . . . .. .. ...........
Isospin in the Pion-Nucleon System . . . . . .. .......... ..
Strangeness and Isospin. . . . . . . .. . ...
G-Parity . . . . . . e
Dalitz Plots . . . . . o v o o e e e e e e e
4.6.1 Three-Body Phase Space . . . . . .. ... . ... .......
462 K,3-Decay. ... .. ... ...

52
54
54
57
60
62
64
64
67
70
71
72
75
78
80



Contents ix

4.6.3 Dalitz Plots Involving Three Dissimilar Particles. . . . . . . . 136

4.7 Wave-Optical Discussion of Hadron Scattering. . . . . . . ... ... 138
4.8 The Breit-Wigner Resonance Formula . . . . .. ... .. ... ... 142
49 An Example of a Baryon Resonance—The A4(1236) . . . . . ... .. 145
4.10 Chew-Low Plot . . . . . . ... .. . ... 149
4.11 Examples of Meson Resonances . . . . . ... ... .......... 150
4.11.1 A Pion-Pion Resonance—The p(770) . . .. .. ... .. .. 150
4.11.2 A Three-Pion Resonance—The «(790). . . . . .. ... ... 153

4.12 Total and Elastic Cross-Sections: The Black-Disc Model . . . . . . . 158
4.13 Particle Production at High Energies . . . . . ... ... ....... 164
4.14 One-Particle-Exchange (OPE) Model . . . . . . ... ... ... ... 165
4.15 The Regge-Pole Model . . . . . .. ... ... ... ... ....... 166
4.16 Application of Regge Poles to High-Energy Reactions. . . . . . . .. 171
4.17 The String Model of Regge Trajectories. . . . . . ... ... ..... 175
Problems.: =+ s s s mm s 55 s 608 08 5 5 8 89 83 § % 4 s w s ¢ w s 177
Bibliography. . . . . . . . . ... 178
Chapter 5 Static Quark Model of Hadrons . . . . . . . .. ... ........ 180
Sl TntrodUGHON & & s s o5 5 5 3 5 ¢ 5w @ s om os & mom s w e W e 180
5.2 Baryon States and the Quark Model: The 3* Decuplet and 3* Octet 180
5.2.1 The Baryon Decuplet and Quark Quantum Numbers . . . . . 180

5.2.2 Quark Spin and Color: The Baryon Decuplet and Octet . . . 185

5.3 Quark-Antiquark Combinations: The Pseudoscalar Mesons . . . . . 188
54 TheVector Mesons . . . . . . . . .. . o i i, 191
5.5 Leptonic Decay of Vector Mesons. . . . . ... ............ 194
5.6 Drell-Yan Production of Lepton Pairs by Pions on Isoscalar Targets 195
5.7 Pion-Nucleon Cross-Sections. . . . . . .. .. ... ... .. 196
5.8 Mass Relations and Hyperfine Interactions. . . . . . . ... ... .. 197
5.9 Electromagnetic Mass Differences and Isospin Symmetry . . . . . . . 200
5.10 Baryon Magnetic Moments. . . . . . . . ... .. ... ... 201
5.11 Heavy-Meson Spectroscopy and the Quark Model. . . . . . ... .. 203
5.11.1 Charmonium Levels. . . . . . .. ... ... ... ....... 204
5.11.2 Upsilon States (Y). . . . . . . . o it 211

5.12 The Search for Free Quarks . . . . . .. ... .. ... ........ 215
5.12.1 Accelerator Experiments . . . . . ... .. ... ........ 215
5.12.2 Search for Preexisting Quarks . . . . ... ... ... .. ... 215
Problems. . . . . . . . . ... e 216
Bibliography. . . . . . ¢ o ot i s s n i i m s s s s e s e e s 217
Chapter 6 Weak Interactions. . . . . .. ... ... ... ............ 218
6.1 Classification of Weak Interactions . . . . . ... ... .. ...... 218
6.2 Nuclear f-decay: Fermi Theory . . . . ... ... ........... 220
6.3 Interaction of Free Neutrinos: Inverse p-decay. . . . . .. ... ... 227
6.4 Parity Nonconservation in f-decay . . ... ... ... ........ 228
6.5 Lepton Polarization in f-decay. . . . . . ... ... .. ... .. ... 230
6.5.1 Measurement of Electron Polarization . . . ... .. ... .. 230

6.5.2 Helicity of thé Neutrino . . . . . .. ..« cvvvv v ... 232



X Contents

66 The V—Alnteraction. . . . .. .. ... ... ... couuunin.. 234
6.7 Parity Violation in A-decay. . . . . ... ... ... ... ... ... 237
6.8 Pionand MuonDecay . . . ... .... ... ... ... .... 239
6.8.1 The n —» uand n — e Branching Ratios . . . . .. ....... 240
6.9 Weak Decays of Strange Particles: Cabibbo Theory. . . . . ... .. 243
6.10 Weak Neutral Currents. . . . . .. .. ... ... ........... 245
6.11 Absence of 4S = 1 Neutral Currents: The GIM Model and Charm . 250
6.12 Weak Mixing Angles with Six Quarks. . . . ... ... ........ 252
6.13 KO DECAY. © . v v o i o e e e e e e e e 254
6.13.1 Strangeness Oscillations. . . . .. ... ............ 256
6.13.2 The K° Regeneration Phenomenon. . . . ... ... ... .. 258
6.13.3 CPViolationin K°Decay . ... ............... 260
6.14 Lepton Families, Neutrino Masses, and Neutrino Oscillations . . . . 265
PEOBIEMS. « ¢ woms smoms s mop sm s o @ i w @s C 5 s m e s mme 5@ 268
Bibliography. . . . . . . . ... e 271
Chapter 7 Lepton-Quark Interactions: The Parton Model of Hadrons . . . . . 272
7.1 Neutrino-Nucleon Total Cross-Sections: The Evidence for Partons . 272
7.2 Electron-Nucleus Scattering . . . . ... ... ............. 275
7.2.1 Elastic Scattering of Spinless Electrons by Nuclei . . . . . . . 275
7.2.2 Four-Momentum Transfer: Mott Scattering . . . . ... ... 278
723 Nuclear Form Factor. . . . .. ... ... ........... 280
7.2.4 Experiments on Nuclear Form Factors . . . . . ... ... .. 282
7.3 Electron-Nucleon Elastic Scattering . . . . ... ............ 282
7.4 Deep-Inelastic Electron-Nucleon Scattering. . . . ... .. ...... 287
7.5 Scale Invariance and Partons. . . . . .. ... ............. 294
7.6 Neutrino-Nucleon Inelastic Scattering. . . .. ............. 297
7.7 Lepton-Quark Scattering . . . . . ... .. ... .. ... ... 299
TF1 PartonSpin . i c 5.5 s m s s # w3 s H Rt w B3 B WS BRI E 3 299
772 PartonCharges - « « « s s e v ms s w s s 8 s g s 8@ 55 299
7.7.3 Antiquark Content of the Nucleon . . . . ... .. ... ... 303
7.74 Gluon Constituents . . . . . . . . .. .. ... ... 304
7.8 Electron-Positron Annihilation to Hadrons. . . . . .. ... ... .. 305
7.9 Lepton Pair Production in Hadron Collisions — The Drell-Yan Process 311
PEODIEMIS., & ¢ o 6 3 9 5 i 5 @ s 85 B 5 & % © 8w i § o et w g wow 316
Bibliography. . . . . . . . ... ... e 317
Chapter 8 Fundamental Interactions and Their Unification. . . . . . . ... .. 318
8.1 Renormalizability in Quantum Electrodynamics . . . . . .. .. ... 319
8.2 Quantum-Electrodynamic Predictions of Electron and Muon Magnetic
Moments. . . . . . . . o i i i e e e e e 320
8.3 Experimental Determination of the g-Factors of Electrons and Muons 323
8.4 Divergences in the Weak Interactions . . . . . .. ... ........ 328
8.4.1 Introduction of Neutral Currents . . . . . ... ........ 329
8.5 Gauge Invariance in QED . . . ... .. ... ... ..o 331
8.6 Generalized Gauge Invariance . . . . . ... ... ........... 332

8.7 The Weinberg-Salam SU2) x U(l) Model . . . . .. ... ... ... 334



Contents Xi

8.8 [Experimental Tests of the Weinberg-Salam Model . . . . . .. .. .. 338
8.8.1 Neutrino-Electron Scattering. . . . . ... ... ........ 338
8.8.2 Deep Inelastic Neutrino-Nucleon Scattering . . . . .. .. .. 340
8.8.3 Asymmetries in the Scattering of Polarized Electrons by
Deuterons . . . . .. ... ... ... ... 342
8.9 Quantum Chromodynamics and Quark-Quark Interactions. . . . . . 347
8.9.1 The Color Interaction between Quarks . . . . . ... .. ... 347
8.9.2 The Effects of Quark Interactions in Deep-Inelastic Lepton-
Nucleon Scattering . . . . . ... ... .. ... . ....... 348
8.9.3 Running Coupling Constant: Quantitative Predictions of QCD 352
8.9.4 ¢? Evolution of Structure Functions. . . . ... ... ..... 354
8.9.5 Multijet Events in e*e™ Annihilation . . . . ... .. ... .. 356
8.10 QCD and the Widths of Charmonium and Upsilon States . . . . . . 358
8.11 Theories of Grand Unification. . . . . .. ... ... ... ...... 358
8.11.1 Prediction of the Weak Mixing Angle. . . . ... .. ... .. 361
8.11.2 Prediction of Proton Decay . . .. ... ............ 362
8.11.3 Cosmological Aspects of Grand Unification . . . .. ... .. 363
Problems. . . . .. ... ... ..., 365
Bibliography. . . . . ... ... ... 366
Appendixes . . . . . .. ... 368
Appendix A Relativistic Kinematics. . . . ... .. ... ............ 368
Appendix B Pauli Matrix Representation of the Isospin of the Nucleon. . . . 371
Appendix C Clebsch-Gordan Coefficients. The Addition of Angular Momenta
orlsospins. . . . . ... .. ... 373
Appendix D Lorentz-Invariant Phase Space . . . ... ............. 378
Appendix E G-parityof the Pion . . . . .. ... ................ 381
Appendix F The Dirac Equation . . . ... ... ................ 383
F.1 Parity of Particle and Antiparticle . . . . ... ... .. ... 388
F.2 Application of Dirac Theory to f-decay. . . . ... .. ... 389
Appendix G Color Forces between Quarks and Antiquarks. . . . . ... ... 393
G.1 Gluon Coupling Coefficients. . . . .. ... ......... 393
G.2 Coupling for the Baryon Color Singlet . . . . .. ... ... 394
G.3 Coupling for the Meson Color Singlet. . . . ... ... ... 395
G.4 Couplings for Color Nonsinglets. . . . . . ... ....... 395
TableI Atomic Constants. . . . . . ... ... .. ... .c.uu.non.... 397
Table IT Spherical Harmonics . . . . . ... ... ... ............. 398
Table III Clebsch-Gordan Coefficients. . . . . ... .. ............. 399
Table IV Elementary Particles . . . . ... .................... 402
Answers to Problems . . .. . . . ... .. ... ... ... ... 414
Worked Solutions to Selected Problems . . . . . . ... .............. 417
Referemces. . . . . . . . . . . ... ... ... 424



	page1
	page2
	page3
	page4
	page5
	page6

