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effective action, logic, 75, 76

effective action, nonlocal, 402
effective action, total derivative terms, 44, 46, 115
effective action, toy model, 9

effective action, Wilson, 32

effective hamiltonian, 11

effective potential, 22

effective theories, gravity, 243
effective theories, symmetries, 81
effective theories, time-dependent, 247
effective theory, boundaries, 118
effective theory, lumps, 335

Efimov effect, 367

EFT of the centre-of-mass coordinate, 335
Einstein frame, 262

Einstein frame metric, 262

Einstein summation convention, 515
electromagnetic fields, 282

electroweak boson masses, 166
electroweak hierarchy, 170
electroweak hierarchy problem, 230
engineering dimension, 39
equilibrium distribution functions, 461
equivalence theorem, gauge/goldstone bosons, 166
Euler’s gamma function, 65

exact renormalization group, 58
exponential decay law, 495

extinction coefficient, 491

extra dimensions, 264

extrinsic curvature, 179

fall to the centre, 364

Fermi constant, 153, 233

Fermi energy, 420

Fermi lagrangian, 153, 173

Fermi level, 421

Fermi liquids, 423

Fermi surface, 420

Fermi theory, 150

Fermi’s golden rule, 398, 456, 489, 495, 536, 541

fermion charges, Standard Model, 214

fermion families, 213

ferromagnets, 388

Feynman rules, 53

field redefinitions, 45

Fierz identities, 186

Fierz identity, 318

first quantization, 335

first-quantized methods, 334

fluctuations about time-dependent backgrounds, 139,
247

fluid mechanics, 460

Flux quantization, 404

Fock space, 539

form factors, 298, 314

fundamental units, 512

Furry’s theorem, 156

Galileon interaction, 134

galileons, 134

gauge group, of the standard model, 211
gauge invariance, 283, 345

gauge symmetries, 82

gauge symmetry, linearized, 169
gauge theories, 557

gauge theory, 154

gaugino, 239

general covariance, 219, 223

General Relativity, 241, 561
generating functionals, 17

generating functionals, low-energy, 27
generations of fermions, 213

GKSL equation, 500

global symmetries, 82

gluons, 187, 211

God, given by, 116



637 Index

Goldberger-Trieman relation, 203 Josephson effect, 406
Goldstone boson, 5, 14, 94, 141, 194, 335, 388 Kalb-Ramond field. 261
Goldstone’s theorem, 81, 87, 93, 193 Kaluza-Klein states, 265
grand unified theories, 225 Kaluza-Klein theories, 264
gravity, UV completion, 257, 264 kaonic atoms, 374
Green-Schwarz anomaly cancellation, 108 Killing metric, 552

GREFT, 241 _ Killing vector, 411, 418, 564
group representation, 550 Killing vector, conformal, 418
group theory, 550 kinetic theory, 461

group, compact, 552 kink solution, 336

group, Lie, 550 KMS condition, 502, 510
hadror}s, 187. . Landau levels, 444

Hawking radlathn, 247 Landau-Ginzburg field, 406
heat kernel techniques, 272 Landau-Zener methods, 507
Heaviside step function, 308, 573

large logarithms, 60
heavy-quark effective theory, 313 large-N limit, 492

Hierarchy problem, 224 Legendre transform, 21
hierarchy problem, 170 leptons, 151

Higgs boson, composite, 230 Levi-Civita tensor, 395, 445

Higgs decay, 167 Lichnerowicz operator, 267

Higgs mass, 167 Lie algebra, 94, 554

Higgs mechanism, 100, 400, 559 Lie algebra, structure constants, 551
Higgs self-coupling, 167 Lie derivative, 395, 410, 561
higgsino, 239 Lie group, 94, 550
high-energy/low-energy split, 25 light by light scattering, 160

higher-derivative theories, 132 light propagation, 480

HQET, 313 Lindblad equation, 500
Hubble expansion, 225 Liouville equation, 467
Hubble scale, 247 local equilibrium, 463
hypercharge, weak, 211 London equations, 418
hyperfine splitting, 320 loop expansion, 23

in vacuum, 17 loop expansion, validity of, 55

index of refraction, 481, 484 Lorentz anomalies, 219

induced metric, 179, 340 low-energy theorems, 75

inflationary models, 248 LSZ reduction, 321, 518, 573

infrared divergences, 301 lump, Nambu action, 341

initial-data requirements, 132 lump, Polyakov action, 341
integrating in, 459 lumps, 335

integrating out (definition), 32 lumps, electromagnetic couplings, 345

interaction picture, 469 magnetic moment, anomalous, 298

interaction, irrelevant, 43 magnetic monopole, 395, 446
interaction, marginal, 43 magnons, 388, 392

interaction, relevant, 43
interactions, irrelevant, 41
interactions, marginal, 41
interactions, non-renormalizable, 41
interactions, relevant, 41
interactions, renormalizable, 41
interactions, strong, 187

intrinsic curvature, 179
inverse-square potential, 364
irrelevant interaction, 43

Majorana spinor, 521

Mandelstam invariants, 263

marginal interaction, 43

marginal interactions, 41

mass dimension of fields, 39

mass generation, see-saw mechanism, 222
master equations, 498

matching, 67

matching conditions, 181

Maxwell equation, 481

irrelevant interactions, 41, 220 mean-field theory, 471

isometry, 410, 564 mean-field theory, domain of validity, 492
isospin symmetry, 192 Meissner effect, 404

Jeans instability, 247 mesonic atoms, 374



638

Index

mesons, pseudoscalar, 194
method of regions, 62, 66, 80, 291
metric conventions, 516

metric, Einstein frame, 262
metric, induced, 179, 340
metric, string frame, 262

metric, target space, 570
Migdal’s theorem, 431

minimal flavour violation, 216
minimal subtraction, 66

minimal subtraction scheme, 526
Minkowski metric, 516

mixed anomalies, 219

mixed state, 466

modified minimal subtraction, 66, 526
moduli, 266, 337

modulus stabilization, 266
molecular scattering, 325

MSW oscillations, 479
Mukhanov variable, 256
multipole moments, 329, 347
Mgller wave operators, 532

Néel ordering, 389

Nakajima-Zwanzig equation, 498

Nambu action, 341

Nambu-Goldstone boson, 87

naturalness, 225

naturalness, 't Hooft, 229

Navier-Stokes equations, 415, 463

Neumann boundary conditions, 120

neutrino interactions, 475

neutrino mass, 222

neutrino masses, 220

neutrino oscillations, resonant, 506, 507

neutrino propagation in matter, 475

neutrinos, 168

Newton’s gravitational constant, 170, 233

Noether current, 83, 105, 193, 203, 315, 393,
396-398, 410, 411

Noether’s theorem, 83, 463, 542

non-renormalizable interactions, 41

non-renormalization theorems, 263

nonrenormalizable interactions, 220

NRQCD, 324

NRQED, 317

NRQED, matching, 318

nuclear shifts of atomic levels, 369

occupation-number representation, 539
Ohm’s law, 445

one light-particle irreducible, 29
one-particle irreducible, 24
one-particle reducible, 24

open systems, 459, 466

open systems, subsectors, 466

optical theorem, 206

optical theorem, open systems, 473

order parameter, 87, 193, 345, 389, 560
ortho-positronium, 324

Ostrogradsky ghost, 134

out vacuum, 17

para-positronium, 324

parameter drift, 144

parity, 555

parity invariance, 156

parity violation, 151

Parke formula, 507

particle flavour, 152
particle-antiparticle systems, 316
Pauli blocking, 420

perfect absorber, 369

perfect emitter, 369

phonons, 410, 433

photon, 211

photons, 168

pion-nucleon coupling, 203
pionic atoms, 374

Planck length (reduced) value, 246
Planck mass, 170

Planck mass (reduced) value, 246
PMNS matrix, 152, 173, 475
pNRQED, 310

Poincaré symmetry, 339, 411
point lumps, 341

point particles, 341

polarizability, 325, 480

Polyakov action, 341

portal, scalar, 226

portals, 227, 239

positronium, 317, 320
positronium annihilation rate, 324
potential NRQED, 310

power counting, 50, 157, 243, 321
power counting, using cutoffs, 54

power counting, using dimensional regularization, 70

power counting, with loops, 55
power divergences, 60

PPEFT, 353

PPEFT, relativistic bosons, 377
primordial fluctuations, 211, 225, 247
proper Lorentz transformation, 555
proper time, 342

pseudo-Goldstone boson, 92, 193
pseudo-real representations, 106
pure state, 466

QCD scale, 190

quantum action, 21

Quantum Chromodynamics, 187

quantum corrections in the solar system, 246
Quantum Electrodynamics, 154, 317
quantum field theory review, 538

quantum fields, free, 541

quantum fields, nonrelativistic, 541
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quantum fields, relativistic, 544
quantum fields, spin half, 545
quantum fields, spin one, 546
quantum fields, spin two, 548
quantum fields, spin zero, 544
quantum Hall effect, 442
quark charges, 189

quark mass ratios, 210
quarkonium, 324

quarks, 151

qubit, 502

Ramond-Ramond scalar, 383

Rayleigh scattering, 326

reduced density matrix, 468

reduced mass, 307

redundant interaction, 44, 296, 370

reflection, 482

refraction, 482

relevant interaction, 43

relevant interactions, 41

renormalizable interactions, 41

renormalizable interactions, why they are important,
77

renormalization, 353

renormalization group, 60, 162, 357, 496

renormalization group, exact, 58

renormalization group, limit cycle, 367

renormalization scheme, 161, 525

renormalization scheme, mass independent, 162

renormalization scheme, on-shell, 526

renormalization, on-shell scheme, 301

renormalization, physical rationale, 63

renormalization-group improvement, 162

representations, reducible, 553

resonant neutrino oscillations, 506, 507

resummation of large logarithms, 162

Ricci tensor, 563

Riemann tensor, 179, 241, 516, 548, 562

Riemann zeta function, 264

rotating wave approximation, 500

Rutherford scattering, 383

S-matrix, 532

scalar field, 279

scalar portal, 226

scattering amplitude, 52, 376
scattering length, 327, 376

scattering states, 531

scattering theory, 531

scattering, delta-function potential, 383
scattering, inverse-square potential, 383
scattering, light by light, 160
scattering, Rutherford, 383

scattering, toy model, 6

Schrodinger field theory, 276
Schrieffer, 433

Schur’s lemma, 571

Schwarzschild geometry, 246
Schwarzschild radius, 246

screening, 179

see-saw mechanism, 222
semiclassical approximation, 5
semiclassical expansion, domain of validity, 55
semiclassical expansion, justification, 23
semiclassical limit, toy model, 5
Slavnov-Taylor identities, 49

slepton, 238

slow-roll inflation, 252

SMEFT, 220

SMEFT, dimension-five interactions, 221
SMEFT, dimension-six interactions, 222
Snell’s law, 482

soft-pion theorems, 198

solar mass, value, 246

solar radius, value, 246

solitons, 336

Sommerfeld enhancement, 291

sound speed, 140

spectrum, toy model, 5

spinning particle, 343

spurion, 196

squark, 238

Standard Model, 150, 211

Standard Model fermions, 151, 523
Standard Model gauge group, 211
Standard Model scalar potential, 212
Standard Model, anomaly cancellation, 217
Standard Model, beyond, 220, 224
Standard Model, fermion content, 214
statistical degeneracy, 421

step function, 308, 573

sterile particle, 214, 226

Stokes theorem, 44, 115

stress-energy tensor, 142

string coupling, 259

string frame, 262

string frame metric, 262

string scale, 258

string scattering amplitude, 263

string tension, 258

string theory, 257, 258

string theory, heterotic, 260

string theory, spectrum, 259

string theory, Type I, 260

string theory, Type IIA, 260

string theory, Type IIB, 260

strings, 258, 335

strings, closed, 259

strings, open, 259

strong CP problem, 226

strong interactions, 187, 211
Stuckelberg field, 401

Stueckelberg ‘trick’, 100
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Sudakov logarithms, 293

superconductivity, 400, 433

superficial degree of divergence, 79

supergravity, 260

supersymmetry, 231, 232, 259

surface currents, 447

surface polarization energy, 178

symmetric space, 554

symmetries broken by 7-dependent backgrounds, 138

symmetries, abelian, 93, 98

symmetries, anomalous, 105

symmetries, approximate, 91, 105

symmetries, discrete, 555

symmetries, explicit breaking, 98, 100

symmetries, formulation in field theory, 81

symmetries, gauge, 98, 100, 169

symmetries, global, 548

symmetries, implications in quantum mechanics, 81

symmetries, internal, 554

symmetries, internal vs external, 83

symmetries, linear realization, 13, 90, 138

symmetries, local, 557

symmetries, low energy, 12, 68

symmetries, low-energy realizations, 89

symmetries, nonabelian, 94

symmetries, nonlinear realization, 14, 68, 93, 94, 98,
194, 388, 566, 567

symmetries, particle representation, 84

symmetries, spacetime, 335, 410, 554

symmetries, unbroken, 83

symmetry breaking, explicit, 91, 196, 393

symmetry breaking, spontaneous, 13, 86, 93, 98, 100,
166, 192, 339, 388, 549

tadpole graphs, 21

target-space metric, 195, 253, 340
technical naturalness, 224, 229
technicolour, 231

tetrad, 517

thermal scattering, 487

Thomson scattering, 305, 351, 489

Time dependent perturbation theory, 533
time dependent systems, 126

time reversal, 555

time-dependent background, 127, 247
time-dependent background, fluctuations, 139
time-dependent background, sound speed, 140
time-ordered correlation functions, 17
topological order, 450

topology, 44

total derivatives, 44

toy model, 5, 126, 131

toy model, 1LPI action, 29

toy model, boundaries, 116

toy model, classical approximation, 29
toy model, dimensional analysis, 42

toy model, effective action, 9

toy model, high-energy/low-energy split, 26
toy model, loop calculation, 34

toy model, loops, 57, 72

toy model, low-energy limit, 8

toy model, matching, 68

toy model, nonabelian, 566

toy model, redundant interactions, 45
toy model, scattering, 6

toy model, semiclassical limit, 5

toy model, spectrum, 5

toy model, Wilson action, 34
two-dimensional conductivity, 443, 445
two-level atom, 502

Uehling interaction, 332
Uehling term, 318
uncertainty principle, 11
unitarity bound, 103

unitary gauge, 100, 212, 561
unitary gauge, gravity, 256
unstable particles, 317

vacuum polarization, 180, 181, 525
validity of the loop expansion, 55
Veneziano amplitude, 263

vertex correction, 300

vierbein, 517

vortices, 335

‘W boson, 150, 171, 211

W boson mass, 170, 171

warp factor, 264

wave equation, 481

Wave packets, 533

weak decays, 152

weak hypercharge, 211

weak interactions, 150, 211, 475
weak interactions, charged currents, 151
weak mixing angle, 475
weak-mixing angle, 151

Weinberg angle, 151, 475

well-posed initial-value problem, 136
Wess-Zumino action, 111

‘Weyl spinor, 521

Weyl tensor, 548

Wick rotation, 27, 48, 65, 523
Wigner-Eckart theorem, 485

‘Wilson action, 32

Wilson coefficient, 302, 315

wino, 239

world-volume extrinsic curvature, 343

world-volume reparameterization invariance, 340

Yang’s theorem, 174
Yukawa interactions, 215
Z boson, 171, 211

Z boson mass, 171

zero mode, 338



