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abelian gauge symmetry, 18, 29 bag constant, 303
Ademollo—Gatto theorem, 238, 239, 343 gluons, 307
Adler-Bardeen theorem, 228, 234 static cavity, 304
anomalous dimension, 53 baryon number violation, 103
anomaly, 22, 82, 83 baryon—antibaryon asymmetry, 104, 195, 255
79 = yy, 83,233,235 baryons
and baryon spin structure, 354 effective lagrangian, 343, 534
axial anomaly, 83, 93, 102 large N limit, 283
Bardeen formula, 93, 232 matrix elements, 331, 334
baryon number, 104 quark model, 301, 383
in large N limit, 283 spin structure, 330, 339, 352

in weak decays, 222 state vectors, 293
trace anomaly, 96, 105, 349 strangeness coptent, 349
Wess—Zumino—Witten action, 228 SU(3) properties, 294, 331
anomaly cancellation, 59, 94, 105 beta decay
antisymmetric tensor e 536 hyper'on, 359
approximate symmetry, 16 neutrinoless double beta decay, 5, 192
? nucleon, 355
asymmetry parameter, 467 .
beta function
forward-backward, 467 CD. 5198246
left-right, 467 0CD, 51,98,

: QED, 39, 40
asymptotic free.dom., > beyond the Standard Model
atomic parity violation, 462

axial U (1) transformation, 79, 82, 92 effe.ctlve lagrangians, 138, 491
Majorana mass, 176

axial-vector coupling g4, 334, 342, 355 rare decays, 139, 255
b quark bottomonium, 366

B — K*y,431 box diagram

BY — — B0 mixing, 416 B meson, 416

By — 0te—, 432 D meson, 418

bottomonium, 367 kaon, 263

CP violation, 421 Breit—Fermi interaction

Heavy Quark Effective Theory, 413 0CD, 381

inclusive decay, 403 QED, 144

lifetimes and branching ratios, 405 bremsstrahlung

mass, 401 muon decay, 159
B-parameter soft photons, 154

B mesons, 416 ¢ quark

kaons, 265 DO~ DO mixing, 418
background field method, 507, 524 charmonium, 366, 375
bag model, 303 D decays, 404
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¢ quark (cont.) €,267, 268,270
mass, 401 €',267,268,270,271
spectrum of charmed hadrons, 386 B decay, 421, 433
Cabibbo angle, 69 decays to CP eigenstates, 423
Cabibbo matrix, 68 leptons, 71
Cabibbo—Kobayashi—-Maskawa matrix, 68, 69 neutrinos, 184
angle «, 425 non-CP eigenstates, 426
angle 3, 424 nonleptonic hyperon decay, 365
angle y, 429 semileptonic decay, 268, 427
measured values, 70 without mixing, 428
unitarity, 264 CPT
unitarity triangle, 420 CPT theorem, 8
Vs, 239 invariance, 268, 276
Wolfenstein parameterization, 69, 420, 425 creation operator, 292
canonical field dimension, 30, 541 cross sections, 538
Casimir invariant, 42 current
center-of-mass axial-vector, 6, 15, 165, 205, 336, 341, 365, 530
correction in wavepacket method, 335 charged weak, 63
in bag model, 306 electromagnetic, 63
charge commutation rules, 532 isospin, 13
charge conjugation C, 7, 167 neutral weak, 64, 458
charge quantization, 29, 59 vector, 6, 15, 165, 166, 336, 341, 530
charge radius current algebra, 258, 529
baryon, 331

D mesons
inclusive decays, 403
lifetimes and branching ratios, 404
Darwin potential, 146
Dashen’s theorem, 204
day-night asymmetry, 188
decay constants
B meson Fpg, 417
pion Fy, 205, 530
rho meson g, 166

pion, 218, 295
proton, 295, 332
chiral loops, 121
chiral perturbation theory, 200, 209
general O(E?) lagrangian, 201, 203
general O(EY) lagrangian, 211
large N limit, 287
low-energy constants, 211, 213, 219, 222, 289
radiative transitions, 222
renormalization, 211, 215, 524

renormalization coefficients, 526 decay ra.tes, 338
underlying physics, 225 decoupling theorem, 111, 119, 485

chiral symmetry, 78, 127, 200 d.eep—inelastic lepton scattering, 55, 353, 461
dibaryon, 391, 396
dilation current, 95
dimensional regularization, 33, 121, 130, 159, 212
Dirac algebra, 541
integrals, 542
solid angle, 543
dimensional transmutation, 54
Dirac algebra, 541
Dirac form factor, 151
Dirac matrices, 536
Dirac spinor, 537
discrete symmetries, 7, 78

chiral perturbation theory, 209
explicit breaking, 201
chirality, 6
Coleman—Glashow relation, 384
color, 28
connected Green’s functions, 505
conserved vector current hypothesis CVC, 356
constituent gluon, 390
conversion factors, 535
correlator, 319
Coulomb interaction, 145
covariant derivative

SUQ); x U(1), 60 dispersion relations, 171, 320
abelian, 18, 29 double-beta decay, 5,192
chiral, 534 dual field strength F, 83
definition, 18 FF,100
mixed case, 21 duality, 321
nonabelian, 20, 41 effective field theory, 106

CP violati_on, 73, 255, 266 bary()ns7 343
BY — BO mixing, 421 chiral perturbation theory, 200
K; — 7w, 266 effective lagrangian, 107
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energy expansion, 117, 121, 123

general features, 119, 129

Heavy Quark Effective Theory, 411

heavy quark expansion, 405

integrating out heavy fields, 111, 112, 115

limits, 124

matching, 114, 117, 242

method of regions, 134

Non-Relativistic QCD (NRQCD), 370

power counting, 121, 122

renormalization, 115, 122

separation of scales, 124, 130
effective lagrangian

baryon decays, 362

electroweak interaction, 492

external sources, 126, 127

general O(E 2) chiral lagrangian, 200

general (’)(E4) chiral lagrangian, 211

neutral current, 459

New Physics, 138, 171, 491

QED, 136

symmetry breaking, 124
electric dipole moment, 275, 276
electron, 144
electroweak interactions, see

Weinberg—Salam—Glashow model

electroweak matrix element, 339
energy-momentum tensor, 16, 95, 98, 349
equal spacing rule, 383
Euler-Heisenberg lagrangian, 137, 141
exclusive decays of heavy quarks, 409
exotics, 300
external sources, 203

path integrals, 496

effective lagrangians, 126

generating functional, 80

Fermi couplings (G g, G, Gﬁ)
definitions, 65, 158, 208
Feynman parameterization, 538
Feynman rules
electroweak interactions, 476
QCD, 45
QED, 32
field dimension, 541
field strength
abelian, 19
nonabelian, 20, 40, 60
Fierz transformation, 156, 537
fine structure constant, 36
form factor
baryon, 341
pion, 215
Ft value, 357
functional differentiation, 496, 503
Furry’s theorem, 136

G-parity, 167, 342
gamma function, 543

Index 569

gauge symmetry, 18, 74
gauge-fixing, 45, 513
axial gauge, 514
covariant gauges, 514
electroweak, 475
Feynman gauge, 31, 159
Landau gauge, 31
't Hooft-Feynman gauge, 477
unitary gauge, 477
Gell-Mann matrices, 41
Gell-Mann—Okubo relation, 204, 345, 383
general relativity, 74
generating functional, 80, 88, 497, 503
generators of group, 20
ghost fields, 45, 49, 475, 516
global vs. local symmetry, 17
gluons, 40
and bag model, 307
and spin structure of proton, 355
gluonia (glueballs), 281, 391, 394
large- N limit, 278
Goldberger-Treiman relation, 347, 358
Goldstone bosons, 24, 127
1’ and the large N limit, 283
pions and kaons, 25, 200, 202
Goldstone’s theorem, 24
Gordon decomposition, 537
grand unification, 470
Grassmann variables, 45, 90, 509

Haag’s theorem, 110, 530, 531
hadronic molecule, 396
heat kernel, 97, 230, 520
fermionic operator, 524
heat-kernel coefficients, 523
Heavy Quark Effective Theory, 411
heavy-quark expansion, 405
heavy-quark limit, 385
1/m corrections, 389
1/m g corrections, 407
exclusive decay, 409
rare B decay, 433
spectroscopy, 387
symmetry, 413, 415
weak decay, 405, 411
heavy-quark mass, 399
1S mass, 403
pole mass, 402
helicity suppression, 205, 237
Higgs boson, 61
couplings, 438, 439
custodial symmetry, 451
data vs. Standard Model, 447
discovery, 434
effective lagrangian, 439, 441
electroweak corrections, 448
mass value, 436
non-Standard Model couplings, 448
spin/parity, 434
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Higgs boson (cont.)
two Higgs doublets, 455
two-doublet potential energy, 455
vacuum energy, 438
vacuum stability, 453

Higgs boson decays
fermion—antifermion pairs, 443
four-body states, 444
massless states, 444
three-body states, 443

Higgs boson production, 446
gluon—gluon fusion, 446

Higgs mechanism, 28, 62, 434

hybrid, 391, 396

hyperfine interaction
QCD, 302, 382, 386
QED, 146, 384

Inami-Lim functions
kaon mixing, 264
inclusive decays, 403
infrared problem, 153
interpolating field, 297, 394
inverse amplitude method, 393
isospin symmetry, 13, 23, 25, 77, 200

jacobian, 89, 229
axial anomaly, 92
trace anomaly, 96
‘Wess—Zumino—Witten action, 229
jets, 374, 402

K9-to-KY matrix element, 265

Bk, 265

B k scale and scheme independent, 265
kaon mixing

short distance component, 265
kaons

K;, Kg,262

CP violation, 266, 269

leptonic decay, 237

mass, 203

mass matrix, 260

mixing, 260

nonleptonic decay, 249

rare decays, 255

semileptonic decay, 238
Kobayashi-Maskawa matrix, 68, 535

Vuds 355

Vs, 360

Lamb shift, 153

large N¢ limit, 278
1" as Goldstone boson, 283
chiral lagrangian, 287
double line notation, 279
sigma meson, 393
Skyrme model, 308, 318
spectroscopy, 280
strong CP problem, 289

Index

lattice-gauge theory, 371, 395

leading log summation
kaon decay, 247

Lee—Sugawara relation, 362

leptogenesis, 105, 195

lepton, 144

lepton number, 3, 5, 139
violation, 11, 103, 192

lepton universality, 164, 237
test of in Z0 decays, 467

Lie algebra, 19

LSZ reduction formula, 530

magnetic moment, 339, 340
baryons, 339
electron, 151

Majorana neutrinos
dimension-5 operator, 175
fields, 11, 175
leptogenesis, 195
mass, 9, 177, 192
phases, 71, 178

mass
MS mass, 401
b quark, 401
¢ quark, 401
constituent, 298, 341, 382

diagonalization, 44, 66, 176, 274

dimension-5 operator, 175
Dirac, 9, 173

gauge boson, 1, 62, 65
heavy quark, 367, 398, 399
Higgs boson, 436
Majorana, 9, 173, 192
neutrino, 177

neutrino mass differences, 4
nonstrange quark, 346

pole mass, 402

quark, 3, 201, 202, 205, 344

quark mass ratio, 203, 375, 384

running, 399

strange quark, 346
massless limit, 5, 103, 201, 205
Meissner effect, 26, 303
mesonic molecule, 391
mesons

1(549), 204

7' (960), 283, 382

p(770), 165, 219, 224, 226

a1(1260), 227

large N, limit, 282, 285

quark model, 300

state vector, 293

SU(3) assignments, 293
method of regions, 131

metric tensor (Minkowskian), 535

Michel parameter, 164

Mikheyev—Smirnov—Wolfenstein (MSW) effect, 181

mixing
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BO-BY, 416
DO—pO 418
K9—K9, 260
no—n, 375
neutrino, 70
quark, 66, 68
muon, 155
decay
QED radiative correction, 159
tree-level, 156
muon capture, 357

natural parity, 300
naturalness, 436
NDR (naive dimensional regularization), 541
neutrino oscillation
accelerator-based, 190
adiabaticity, 184, 188
atmospheric neutrinos, 190
CP violation, 184
in matter (MSW effect), 181
phenomenology, 185
reactor neutrinos, 189
solar neutrino spectrum, 186
two-flavor approximation, 180
vacuum, 179
neutrinos
Majorana phases, 71
mass, 173
mass differences, 4
mass eignestates, 174
mixing, 70, 176
number of generations, 197
oscillation, 5, 179
Noether current, 12, 83, 129, 352
Noether’s theorem, 12, 81, 352, 365
nonabelian gauge symmetry, 19, 40
nonleptonic interaction
B, D decays, 410
Al =1/2 rule, 247, 249, 250, 361
chiral lagrangian, 362
effective lagrangian, 241, 252
hamiltonian, 240, 242, 248
hyperon decay, 360
kaons, 240
lattice matrix element, 255
nonrelativistic limit, 129, 145, 370, 389, 410
nonrelativistic QCD (NRQCD), 370
nuclear weak processes, 355
nuclei
beta decay, 355
muon capture, 357
Okubo-Zweig-lizuka (OZI) rule, 285
operator-product expansion (OPE), 242, 321, 405
parity P, 7
path integrals
effective field theory, 115
external sources, 496

Index 571

fermions, 509
field theory, 502
functional differentiation, 496, 503
gauge fields, 512
generating functional, 497, 503
harmonic oscillator, 499
perturbation theory, 498
propagator, 493
quadratic forms, 506, 511
wavefunctions, 495

Pauli form factor, 151

Pauli matrices, 536

PCAC, 529
applications, 258, 347, 357
charge commutation rules, 532
soft-pion theorem, 531

penguin diagram, 247, 269, 270, 425, 432
chiral evaluation, 271

perturbative vacuum, 303

physical constants, 535

pions
T — ev, uv, 205
as Goldstone bosons, 25, 200
decay constant Fy, 205, 530
form factor, 215, 226, 236
mass, 201
pion—nucleon interactions, 347, 348
radiative transitions, 219
scattering, 392

planar diagram, 279

PMNS mixing matrix, 71, 178
measured values, 71, 190
neutrinoless double beta decay, 194

Poincaré algebra, 26

polarizability, 220

polarized Mgller scattering, 463

pole mass, 402

potential model, 298, 368

propagators, 538

pseudoscalar axial form factor, 357

QCD sum rules, 318, 328
Borel transformation, 323
correlator, 319
dispersiion relation, 319
effective continuum threshold, 326
examples, 324
moments, 323, 325
operator product expansion, 321
perturbative contributions, 325
QCD continuum approximation, 321
vacuum condensates, 322
quadratic forms, 506, 511
Quantum Chromodynamics
g, 55, 169
0-term, 44
Feynman rules, 45
lagrangian, 40
‘Ward identities, 47
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Quantum Electrodynamics, 28
Feynman rules, 32
gauge symmetry, 29
lagrangian, 28
on-shell renormalization, 35
precision tests, 151
running coupling constant, 37
Ward identity, 36
quark
constituent, 298, 336
flavor, 3
heavy-quark mass, 399
mass estimates, 3, 346
mass ratios, 203, 375, 384
quark mixing, 68
quark model, 327
bag model, 303
matrix elements, 334
potential model, 299
relativistic wavefunction, 296
spatial wavefunctions, 295, 332
spin wavefunctions, 291, 330, 353
quark potential, 398
quarkonium, 366
annihilation decays, 372
hadronic transitions, 375
radiative corrections, 373
spectroscopy, 367

radiative corrections

beta decays, 208, 356

electroweak, 474, 483

Ap, Ak, Ary, 484

heavy-quark decay, 373

muon decay, 159

pion decay, 206, 208, 235
rare decay

B mesons, 430

kaons, 255

pions, 219
reactor neutrino oscillations, 189
Regge trajectory, 379
Regge-pole, 380
renormalizability, 30
renormalization, 39

minimal subtraction, 35, 36

modified minimal subtraction, 35, 36

on-shell, 35, 36, 148, 478
renormalization constants

chiral perturbation theory, 212, 215, 219

QCD, 47, 50

QED, 32, 36
renormalization group, 52, 245, 249
renormalization point, 39
rephasing

invariants, 72, 269, 420

of fields, 68, 267

Index

representation independence, 109
rho-parameter, 139, 456, 460
running coupling constant

QCD, 53, 169

QED, 37, 39, 487

scale invariance, 15, 17, 79
scattering length, 223
second-class currents, 167
seesaw mechanism, 175
self-energy
fermion, 74, 160
photon, 32
W and Z, 479
semileptonic decay
heavy-quark, 410
heavy-quark effective theory, 413
hyperon, 359
kaon, 238, 258
tau, 163
sigma meson, 391
sigma model
explicit symmetry breaking, 124
exponential representation, 108, 110
linear, 14
anomaly, 228

effective lagrangian, 107, 114, 226, 533

explicit breaking, 17
matching, 114
renormalization, 116
spontaneous symmetry breaking, 24
linear representation, 107, 109
nonlinear, 108
square-root representation, 108, 110
symmetry breaking, 24
sigma term, 98, 344, 348
Sine-Gordon model, 309
Skyrme model, 308, 336
lagrangian, 310
nucleon mass, 328
quantization, 314
skyrmion, 312
soft-pion theorem, 26, 272, 530
solar neutrinos
pp chain, 186
soliton, 309, 310
spectator model, 403
spectral functions, 168
measured in tau decay, 168
V —A272
spectroscopic notation, 300, 367
spin matrix element, 330
spin structure of nucleon, 352
spin—orbit interaction
QED, 145
spontaneous symmetry breaking
SUQ2)r x U(1),62
sigma model, 25
static quark, 387
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strangeness content of the nucleon, 349
string tension, 368
strong CP violation, 44, 103, 273, 289
and 4, 274
SUQ2)
SU®2)r,57
chiral coefficients, 213
chiral SU(2), 213
conjugate representation, 61
isospin, 13

SUQ2);, x U(1), see Weinberg—Salam—Glashow

model

SU@3), 41,74

Jfabe» dape coefficients, 42

chiral SU(3), 127, 202, 213

flavor SU(3), 77, 292

fundamental representation, 41

regular (adjoint) representation, 43
SU(6) classification scheme, 376
supermultiplet, 376
supersymmetry

grand unified theories, 470
superweak model, 277
Sutherland—Veltman theorem, 234
symmetry

classification of, 22, 76

dynamical breaking, 22, 200, 202, 533

spontaneous breaking, 22-24, 62, 76

t quark
electroweak radiative corrections, 484
mass, 403
toponium, 408
weak decay, 408
tau lepton, 163
tensor interaction
QED, 146
tetraquark, 396
theta-term (6-term), 44, 101, 273, 275
theta-vacuum, 99, 101, 102
time reversal 7', 7
trace anomaly, 95, 105, 349
trace relations, 536
transverse gauge, 372

U-spin, 204, 384
Uehling potential, 148, 153
unitarity, 218, 236, 392, 410, 540
unitarity triangle, 420

angle o, 420, 425

angle 8, 420, 424

angle y, 420, 429
unnatural parity, 300

Index

vacuum polarization, 33, 34, 47, 137, 171
gauge boson, 480, 483
vacuum saturation, 254
van Vleck determinant, 517
vector dominance, 227
vertex correction, 148
Z — bb, 488
QCD, 49
QED, 148

W bosons
decays to fermions, 471
mass, 1, 65
self-energies, 480
Ward identities, 36, 47, 84, 87, 233
Watson’s theorem, 266, 540
Watson—-Sommerfeld transformation, 379
wavepacket method, 306, 334, 335
weak hypercharge, 28, 57, 59, 60
weak isospin, 28, 57, 61
weak mixing angle (Weinberg angle), 63
definitions, 469
effective mixing angle, 465, 468
on-shell, 479
running, 458
Weinberg power counting theorem, 122
Weinberg—Salam—-Glashow model, 57
Feynman rules, 476
lagrangian, 60
neutral current phenomenology, 458
quark mixing, 66
radiative corrections, 159, 478
symmetry breaking, 62
weak mixing angle, 63

Wess—Zumino—Witten anomaly action, 228, 232

Wilson coefficient, 130, 134, 242, 249
kaon mixing, 263
scale and scheme dependence, 264
winding number, 99
‘Wu—Yang convention, 268

Yang—Mills theory, 19
Yukawa coupling, 61

Z boson, 63
decays into fermions, 466
mass, 1, 63
neutral current interaction, 460
self-energy, 482
testing lepton universality, 467
vertex correction, 488
Ww3_B mixing, 63
zero-point energy, 97
zeta-function regularization, 521
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