
Contents

Preface to the second edition page xvii

I Inputs to the Standard Model 1
I–1 Quarks and leptons 1

Quarks 2
Leptons 3
Quark and lepton numbers 5

I–2 Chiral fermions 5
The massless limit 5
Parity, time reversal, and charge conjugation 7

I–3 Fermion mass 9
Dirac mass 9
Majorana mass 9

I–4 Symmetries and near symmetries 11
Noether currents 12
Examples of Noether currents 13
Approximate symmetry 16

I–5 Gauge symmetry 17
Abelian case 18
Nonabelian case 19
Mixed case 21

I–6 On the fate of symmetries 22
Hidden symmetry 23
Spontaneous symmetry breaking in the sigma model 24

II Interactions of the Standard Model 28
II–1 Quantum Electrodynamics 28

U(1) gauge symmetry 28
QED to one loop 31

vii

Published online by Cambridge University Press



viii Contents

On-shell renormalization of the electric charge 35
Electric charge as a running coupling constant 37

II–2 Quantum Chromodynamics 40
SU(3) gauge symmetry 40
QCD to one loop 45
Asymptotic freedom and renormalization group 51

II–3 Electroweak interactions 57
Weak isospin and weak hypercharge assignments 57
SU(2)L × U(1)Y gauge-invariant lagrangian 60
Spontaneous symmetry breaking 62
Electroweak currents 63

II–4 Fermion mixing 66
Diagonalization of mass matrices 66
Quark mixing 68
Neutrino mixing 70
Quark CP violation and rephasing invariants 72

III Symmetries and anomalies 76
III–1 Symmetries of the Standard Model 76
III–2 Path integrals and symmetries 79

The generating functional 80
Noether’s theorem and path integrals 81

III–3 The U(1) axial anomaly 82
Diagrammatic analysis 84
Path-integral analysis 88

III–4 Classical scale invariance and the trace anomaly 95
III–5 Chiral anomalies and vacuum structure 98

The θ vacuum 99
The θ term 101
Connection with chiral rotations 102

III–6 Baryon- and lepton-number violation in the Standard Model 103

IV Introduction to effective field theory 106
IV–1 Effective lagrangians and the sigma model 106

Representations of the sigma model 107
Representation independence 109

IV–2 Integrating out heavy fields 111
The decoupling theorem 111
Integrating out heavy fields at tree level 112
Matching the sigma model at tree level 114

IV–3 Loops and renormalization 115

Published online by Cambridge University Press



Contents ix

IV–4 General features of effective field theory 119
Effective lagrangians and symmetries 120
Power counting and loops 121
Weinberg’s power-counting theorem 122
The limits of an effective field theory 123

IV–5 Symmetry breaking 124
IV–6 Matrix elements of currents 126

Matrix elements and the effective action 127
IV–7 Effective field theory of regions of a single field 129
IV–8 Effective lagrangians in QED 136
IV–9 Effective lagrangians as probes of New Physics 138

V Charged leptons 144
V–1 The electron 144

Breit–Fermi interaction 144
QED corrections 148
Precision tests of QED 151
The infrared problem 153

V–2 The muon 155
Muon decay at tree level 155
Precise determination of Gμ 157
Leading-order photonic correction 159

V–3 The τ lepton 163
Exclusive leptonic decays 164
Exclusive semileptonic decays 164
Inclusive semileptonic decays 167
Some applications of τ decays 168

VI Neutrinos 173
VI–1 Neutrino mass 173

Equivalence of heavy Majorana mass to a dimension-five
operator 175

VI–2 Lepton mixing 176
VI–3 Theory of neutrino oscillations 179

Oscillations in vacuum 179
Oscillations in matter: MSW effect 181
CP violation 184

VI–4 Neutrino phenomenology 185
Solar and reactor neutrinos: θ12 and �m2

21 185
Atmospheric and accelerator neutrinos: θ23 and |�m2

32| 190
Short-baseline studies: θ13 191

Published online by Cambridge University Press



x Contents

VI–5 Testing for the Majorana nature of neutrinos 192
VI–6 Leptogenesis 195
VI–7 Number of light neutrino species 197

Studies at the Z0 peak 197
Astrophysical data 197

VII Effective field theory for low-energy QCD 200
VII–1 QCD at low energies 200

Vacuum expectation values and masses 201
Quark mass ratios 202
Pion leptonic decay, radiative corrections, and Fπ 205

VII–2 Chiral perturbation theory to one loop 209
The order E4 lagrangian 210
The renormalization program 211

VII–3 The nature of chiral predictions 215
The pion form factor 215
Rare processes 219
Pion–pion scattering 223

VII–4 The physics behind the QCD chiral lagrangian 225
VII–5 The Wess–Zumino–Witten anomaly action 228
VII–6 The axial anomaly and π0 → γ γ 233

VIII Weak interactions of kaons 237
VIII–1 Leptonic and semileptonic processes 237

Leptonic decay 237
Kaon beta decay and Vus 238

VIII–2 The nonleptonic weak interaction 240
VIII–3 Matching to QCD at short distance 242

Short-distance operator basis 242
Perturbative analysis 243
Renormalization-group analysis 245

VIII–4 The �I = 1/2 rule 249
Phenomenology 249
Chiral lagrangian analysis 252
Vacuum saturation 253
Nonleptonic lattice matrix elements 254

VIII–5 Rare kaon decays 255

IX Mass mixing and CP violation 260
IX–1 K0–K̄0 mixing 260

CP-conserving mixing 263
IX–2 The phenomenology of kaon CP violation 266

Published online by Cambridge University Press



Contents xi

IX–3 Kaon CP violation in the Standard Model 269
Analysis of |ε| 270
Analysis of |ε′| 270
Chiral analysis of (ε′/ε)EWP 271

IX–4 The strong CP problem 273
The parameter θ̄ 273
Connections with the neutron electric dipole moment 275

X The N−1
c expansion 278

X–1 The nature of the large Nc limit 278
X–2 Spectroscopy in the large Nc limit 280
X–3 Goldstone bosons and the axial anomaly 283
X–4 The OZI rule 285
X–5 Chiral lagrangians 287

XI Phenomenological models 291
XI–1 Quantum numbers of QQ and Q3 states 291

Hadronic flavor–spin state vectors 291
Quark spatial wavefunctions 295
Interpolating fields 297

XI–2 Potential model 298
Basic ingredients 298
Mesons 300
Baryons 301
Color dependence of the interquark potential 302

XI–3 Bag model 303
Static cavity 304
Spherical-cavity approximation 304
Gluons in a bag 307
The quark–gluon interaction 308

XI–4 Skyrme model 308
Sine–Gordon soliton 309
Chiral SU (2) soliton 310
The Skyrme soliton 312
Quantization and wavefunctions 314

XI–5 QCD sum rules 318
Correlators 319
Operator-product expansion 321
Master equation 323
Examples 324

Published online by Cambridge University Press



xii Contents

XII Baryon properties 330
XII–1 Matrix-element computations 330

Flavor and spin matrix elements 330
Overlaps of spatial wavefunctions 332
Connection to momentum eigenstates 333
Calculations in the Skyrme model 336

XII–2 Electroweak matrix elements 339
Magnetic moments 339
Semileptonic matrix elements 341

XII–3 Symmetry properties and masses 343
Effective lagrangians for baryons 343
Baryon mass splittings and quark masses 344
Goldberger–Treiman relation 347
The nucleon sigma term 348
Strangeness in the nucleon 349
Quarks and nucleon spin structure 351

XII–4 Nuclear weak processes 355
Measurement of Vud 355
The pseudoscalar axial form factor 357

XII–5 Hyperon semileptonic decay 359
XII–6 Nonleptonic decay 360

Phenomenology 360
Lowest-order chiral analysis 362

XIII Hadron spectroscopy 366
XIII–1 The charmonium and bottomonium systems 366

Transitions in quarkonium 372
XIII–2 Light mesons and baryons 376

SU(6) classification of the light hadrons 376
Regge trajectories 379
SU(6) breaking effects 381

XIII–3 The heavy-quark limit 385
Heavy-flavored hadrons in the quark model 385
Spectroscopy in the mQ →∞ limit 387

XIII–4 Nonconventional hadron states 390
The first resonance – σ (440) 391
Gluonia 394
Additional nonconventional states 396

XIV Weak interactions of heavy quarks 399
XIV–1 Heavy-quark mass 399

Published online by Cambridge University Press



Contents xiii

Running quark mass 399
The pole mass of a quark 401

XIV–2 Inclusive decays 403
The spectator model 403
The heavy-quark expansion 405
The top quark 408

XIV–3 Exclusive decays in the heavy-quark limit 409
Inclusive vs. exclusive models for b → ceν̄e 410
Heavy Quark Effective Theory and exclusive decays 411

XIV–4 B0−B̄0 and D0−D̄0 mixing 416
B0–B̄

0
mixing 416

D0−D̄
0

mixing 418
XIV–5 The unitarity triangle 420
XIV–6 CP violation in B-meson decays 421

CP-odd signals induced by mixing 421
Decays to CP eigenstates 423
Decays to non-CP eigenstates 426
Semileptonic asymmetries 427
CP-odd signals not induced by mixing 428

XIV–7 Rare decays of B mesons 430
The quark transition b → sγ 430
The decay Bs → 
+
− 432

XV The Higgs boson 434
XV–1 Introduction 434
XV–2 Mass and couplings of the Higgs boson 435

Higgs mass term 436
The naturalness problem 436
Higgs coupling constants 437

XV–3 Production and decay of the Higgs boson 442
Decay 442
Production 445
Comparison of Standard Model expectations with LHC data 447

XV–4 Higgs contributions to electroweak corrections 448
The corrections �ρ and �r 449
Custodial symmetry 450

XV–5 The quantum Higgs potential and vacuum stability 452
XV–6 Two Higgs doublets 454

XVI The electroweak sector 458
XVI–1 Neutral weak phenomena at low energy 458

Published online by Cambridge University Press



xiv Contents

Neutral-current effective lagrangians 459
Deep-inelastic neutrino scattering from isoscalar targets 461
Atomic parity violation in cesium 462
Polarized Møller scattering 463

XVI–2 Measurements at the Z0 mass scale 464
Decays of Z0 into fermion–antifermion pairs 466
Asymmetries at the Z0 peak 467
Definitions of the weak mixing angle 469

XVI–3 Some W± properties 471
Decays of W± into fermions 471
Triple-gauge couplings 472

XVI–4 The quantum electroweak lagrangian 474
Gauge fixing and ghost fields in the electroweak sector 475
A subset of electroweak Feynman rules 476
On-shell determination of electroweak parameters 478

XVI–5 Self-energies of the massive gauge bosons 479
The charged gauge bosons W± 480
The neutral gauge bosons Z0, γ 482

XVI–6 Examples of electroweak radiative corrections 483
The O(Gμm2

t ) contribution to �ρ 484
The O(Gμm2

t ) contribution to �r 486
The Z→bb̄ vertex correction 488
Precision tests and New Physics 489

Appendix A Functional integration 493
A–1 Quantum-mechanical formalism 493

Path-integral propagator 493
External sources 496
The generating functional 497

A–2 The harmonic oscillator 499
A–3 Field-theoretic formalism 502

Path integrals with fields 502
Generating functional with fields 503

A–4 Quadratic forms 506
Background field method to one loop 507

A–5 Fermion field theory 509
A–6 Gauge theories 512

Gauge fixing 513
Ghost fields 516

Published online by Cambridge University Press



Contents xv

Appendix B Advanced field-theoretic methods 520
B–1 The heat kernel 520
B–2 Chiral renormalization and background fields 524
B–3 PCAC and the soft-pion theorem 529
B–4 Matching fields with different symmetry-transformation

properties 532

Appendix C Useful formulae 535
C–1 Numerics 535
C–2 Notations and identities 535
C–3 Decay lifetimes and cross sections 538
C–4 Field dimension 541
C–5 Mathematics in d dimensions 541

References 545
Index 567

Published online by Cambridge University Press



Published online by Cambridge University Press


