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amplitude, 553–557

diagram, 556

4π detector, 513

21 centimeter radiation, 273

ABJ anomaly, 716

additive quantum number, 230

adjoint, see Hermitian conjugate

adjoint irrep, 353, 357

Aharonov-Bohm effect, 110

algebra, Clifford, 266, 274

α decay, 329

Ampere’s law, 100

analytical mechanics, 78

angular momentum

intrinsic, 179–181

tensor, 176–179, 181

annihilation operator, 369

anomalies, 715–719

anomalous dimension, 661

mass, 661, 685, 703, 704

anomalous magnetic moment, 271, 681

anomaly, 327, 386, 661, 742

Adler-Bell-Jackiw, 742

axial, 742

chiral, 716, 742

gauge, 716

scale, 715

antilinear operator, 212

antineutrino, 54

antiparticle, 236–239

antiquark, 315–319, 322–329, 336

antisymmetric tensor, see Levi-Civita tensor

antiunitary operator, 213

Appelquist-Carrazone theorem, 705

asymptotic condition, 547, 564

asymptotic freedom, 323, 686, 704

asymptotic states, 523–527

axial current, partial conservation (PCAC), 331

axions, 329

β-function, 661

background field method, 631

bare mass, 506

barn, 516

baryogenesis, 316

baryon, 315, 326

number, 315

Belinfante-Rosenfeld tensor, 182–183

β decay, 318

inverse, 329

β-function, 685

QCD, 703, 704

QED, 683, 684

Bethe-Heitler cross-section, 583

Bhabha scattering, 582

Bianchi identity, 101

black hole, 319

blueshift, 31

bootstrap theory, 586

Born approximation, 679

Bose-Einstein condensate, 227

Bose-Einstein statistics, 233, 369

boson, 233

gauge, 332

Goldstone, 325, 688

Higgs, 315, 334, 720

massive vector, 333, 484–498

Nambu-Goldstone, see Goldstone boson

pseudo-Goldstone, 326

boundary conditions

Dirichlet, 112

Neumann, 112

periodic, 158

spatial, 158

vanishing, 158

BPHZ theorem, 648, 671

bra-ket notation, 212

branching ratio, 239, 517

Breit-Wigner distribution, 594–596

Bremsstrahlung, 583

BRST invariance, 706–708

C-parity, 238, 360, 608

Cabibbo angle, 331, 335

Cabibbo matrix, 335

Callan-Symanzik equation, 661

canonical commutation relations, 39, 89

canonical coordinates, 79

canonical momentum, 70

canonical quantization, 151, 210

fields, 201

electromagnetic field, 201

scalar, 371

canonical transformations, 86

Cartesian product, 58

Casimir effect, 690
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Casimir invariants, 748

Lorentz group, 34

Poincaré group, 43

quadratic, 750

Casimir trick, 588

Cauchy sequence, 206

Cauchy’s integral theorem, 396, 730

center of mass, 178

center-of-momentum frame (CM), 178, 529

central charges, 217

charge conjugation, 236–239, 291–295

operator, 608–613

charge parity, see also C-parity

of the photon, 239

of the π0, 239

charge universality, 650, 701

chiral fermions, 301

chiral projector, 722

chiral symmetry, 325

chiral symmetry breaking

dynamical, 325

explicit, 326

spontaneous, 325

chirality, 325

projectors, 301

CKM matrix, 229, 315, 332,

335–338, 725

class conjugacy, 745

class number, 745

Clebsch-Gordan coefficients, 45, 357

Clebsch-Gordan series, 355

cluster decomposition principle, 504

CM, see center-of-momentum frame

coherent state, fermion, 434

Coleman-Mandula theorem, 54

collinear inertial frame, 523

color, 323

evidence for, 706

singlet, 323

color confinement, see confinement

complex conjugation operator, 214

Compton effect, 312

Compton scattering, 312, 583, 591

Compton wavelength, 312

configuration space, 58

confinement, 324, 505

conformal group, 56

conjugate momentum, 70, 79

conjugate representation, 349

connected Feynman diagram, 538, 625

connected Green’s function, 625

conservation law, 69

conservative forces, 62

conserved quantity, 69

constant of the motion, 69

constraint, 58

first-class, 134

holonomic, 59

primary, 129

regularity conditions, 139

rheonomic, 59

scleronomic, 59

second-class, 134

secondary, 131, 133

semi-holonomic, 69

constructive quantum field theory, 415

contraction, 404

fermion, 456

contravariant, 6

convexification, 628

Correspondence Principle, 92, 371, 442, 445

cosmic rays, 54

primary, 54

secondary, 54

Coulomb force, 103

Coulomb potential, 584–585

counterterms, 649

covariant, 8

covariant derivative, 203, 262

cover, universal, 747

CP

conservation, 329

transformation, 236, 329, 339

violation, 316, 317, 329

CPT, 600–623

theorem, 618–623

transformation, 618

creation operator, 369

cross-section, 511–527

differential, 513

exclusive, 517

fiducial, 517

inclusive, 517

production, 517

total, 512

crossed reactions, 586

crossing symmetry, 586–587

current density, conserved, 102

current operator, symmetrized, 449

cyclic coordinate, 69

d’Alembertian, 397

d’Alembert’s principle, 60

dark energy, 315

dark matter, 315

De Donder-Weyl formalism, 160, 163–164

decay rate, 54, 345, 527–528

decoupling theorem, 705

deep inelastic scattering, 323

delta function, 729

longitudinal, 199

transverse, 199, 201

detailed balance, 709

dilatations, 56

dimensional regularization, 739–742

dimensional transmutation, 684

Dirac algebra, 741

Dirac bra-ket notation, 211
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Dirac bracket, 150, 201

fundamental, 150

Dirac conjecture, 142

Dirac equation, 267

Dirac representation, 267

Dirac spinor, 267–300

Dirac-Bergmann algorithm, 144–149, 190–201, 496

disconnected Feynman diagram, 538

disconnected subdiagram, 538

dispersion relation, 250

dispersive medium, 251

distinguishable particles, 232

divergence

logarithmic, 741

quadratic, 741

divergence theorem, 112, 158

divergence-curl uniqueness theorem, 115

divergent subdiagrams, 647

Doppler effect, 31

double beta decay, 344–346

down-type quark, 335

dynamical variable, 81

first-class, 134

second-class, 134

Dynkin coefficients, 353

Dyson formula, 241

Dyson-Schwinger equation, see Schwinger-Dyson equations

effective action, 625–631

effective potential, 631

effective theory, 318

Ehrenfest theorem, 90, 209

eightfold way, 322

electric dipole moment, 229

electromagnetic field, 100, 185–201

Hamiltonian formulation, 188–201

Lagrangian formulation, 185–188

electromagnetic waves, 105

electromagnetism, 99–117

electron, 54

electroweak symmetry breaking, 719–725

electroweak theory, 329–346

energy

kinetic, 60

potential, 62

energy density, electromagnetic, 102

energy function, 70

energy-momentum tensor, see stress-energy tensor

ensemble, 709

equality, 131

strong, 131

weak, 130

equilibrium, 73

stable static, 75

static, 73

ergodicity, 709

ether, 3

Euclidean action, 415

Euclidean generating functional, 415

Euclidean space, 244, 328, 736–738

Euler angles, 22, 58

Euler homogeneous function theorem, 70

Euler-Lagrange equations, 62

Euler-Mascheroni constant, 741

evolution operator, 207

explicit symmetry breaking, 627

exterior algebra, see under vector space

exterior product, 732–733

factors over hooks rule, 352

Faddeev-Popov determinant, 472

Faddeev-Popov ghosts, 699

Faddeev-Popov matrix, 472, 698

Faraday’s law, 100

Fermi coupling constant, 329, 331

Fermi four-point interaction, 329

Fermi-Dirac statistics, 233

fermion, 233

annihilation and creation operators, 418

antiperiodic in time, 428, 433

bilinear, 287, 451

canonical anticommutation relations, 431

canonical quantization, 436

chiral, 734

coherent state, 434

Dirac, 428

doublers, 709

Fock space, 419

functional integral, 432

fundamental, 326

Majorana, 734

path integral, 427

fermion loop, 570

Feynman boundary conditions, 395

Feynman diagram, 320, 537–546

amputated, 554

Feynman parameterization, 738–739

Feynman path integral, see path integral

Feynman prescription, 395

Feynman propagator

fermion, 451–453

massive vector, 492

photon, 466, 470, 473, 474, 476

scalar, 394

transverse, 466

Feynman rules, 539, 544, 569–572, 699

Feynman-Stueckelberg interpretation, 257, 279, 299, 397

field

abelian, 323

classical, 156–201

electromagnetic, see electromagnetic field

nonabelian, 323

Yang-Mills, 323

field-strength renormalization, 509

fine structure, 273

fine-structure constant, 103, 583

fine-tuning, 317

first quantization, 210
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fixed point

infrared, 686

ultraviolet, 686

flavor

eigenstate, 335

physics, 338

flux tube/string, 324

breaking, 324

Fock space, 232–236

Foldy-Wouthuysen transformation,

311

forest, 648

forest diagram, 320, 555

form factors, 678

forward scattering, 513, 549

four-divergence, 33

four-force, 97

four-momentum, 97

four-vector potential, 100

functional derivative, 65–66

functional integral, 407–412

fundamental modular region, 714

Furry’s theorem, 583, 612, 646, 716

G-parity, 360

Galilean invariant, 3

Galilean relativity, 2–4

Galilean transformation, 2

gauge

axial, 475

boson, 317

Coulomb, 111, 196

covariant, 473–475

Feynman, 473, 477

field, 110

field theory, 320

fixing, see gauge fixing

ghost-free, 700

invariant, 109, 142, 575

Landau, 473

light-cone, 476

Lorenz, 110, 473

orbit, 471

parameter, 472

Rξ , see gauge, covariant

radiation, 117

symmetry, 231

temporal, 475

theory, see gauge theory

transformation, 109, 142, 146, 575

transverse, 117

unitary, 720

Yennie, 473

gauge fixing, 110, 149–476

ideal, 110, 196, 471

partial, 110, 471

gauge theory, 317, 575

chiral, 722

nonabelian, 693–697

Gauss’ law, 100

Gauss’ magnetism law, 100

Gell-Mann–Nishijima formula, 359

generalized coordinate, 58

generalized force, 61

generalized momentum, 69

generating functional, 245–248

boson, 413–417

fermion, 453–455

Georgi-Glashow model, 358

ghost particle, 663

GIM mechanism, 324

global symmetry, 174, 693

gluon, 315, 317, 322–329, 359

Goldstone boson, 325, 688

Goldstone’s theorem, 325, 688–689

Gordon identity, 736

grand unified theory (GUT), 318

Grassmann algebra, 235, 419–422, 428–733

Grassmann complex conjugation, 423

Grassmann generator, 419

Grassmann number, 311, 420, 439

Grassmann variable, 419–422

Green’s function, 241, 397

Green’s theorem, 115

Gribov copies, 471

Gribov region, 714

group, 743

abelian, 743

automorphism, 744

Casimir invariant, see Casimir invariants

center, 744

compact, 744

continuous, 744

covering, 745

cyclic, 223

direct product, 745

double cover, see map, double cover

homomorphism, 744

isomorphism, 744

Lie, see Lie group

Little, 48–53

Lorentz, see Lorentz group

nonabelian, 743

orthogonal, 10, 58

Poincaré, 11, 36–40, 47–53

pseudo-orthogonal, 10

representation, see representation

rotation, 16

semidirect product, 11, 745

semisimple, 744

simple, 744

subgroup, see subgroup

symplectic, see symplectic group

topological, 744

group velocity, 251

Gupta-Bleuler formalism, 476–575

�-expansion, 632

Haag’s theorem, 536

Haar measure, 710
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hadron, 322

hadronize, 325

half-life, 54

Hamiltonian, 78, 160–163

constrained, 126

time-dependent, 210

total, 129

Hamilton’s equations, 79

Hamilton’s principle, 64–66, 157

covariant form, 159

Heisenberg picture, 90

helicity, 50–53, 325

Helmholtz’s theorem, 116

hermetic detector, see 4π detector

Hermitian, 14

Hermitian conjugate, 213

Hessian matrix, 78, 190

hierarchy problem, 317, 672

Higgs boson, 315, 334, 720

Higgs doublet, 334, 719

Higgs mass, 672

Higgs mechanism, 643

Higgs multiplet, 719

Higgs potential, 334

Higgs vacuum expectation value (VEV), 334, 720

higher spin, 505

Hilbert space, 92, 201, 205–239

completion of, 234

homomorphism, 744

hook length, 348

formula, 348

hypercharge, 359

hyperfine splitting, 273

hypersurface, 158

identical particles, 232–236

final state, 555

impact parameter, 513

importance sampling, 709

improved action, 715

in state, 548

indistinguishable particles, 232

inertial frame, comoving, 6

inertial observer, 1

inertial reference frame, 1

infrared cut-off, 374

infrared divergences, 583, 591

integrating factor, 731

interaction

charged-current, 332

neutral-current, 333

picture, 239–241, 533–537

intrinsic parity, 236, 290, 294

intrinsic spin, 181

invariant amplitude, 511, 546–557

invariant matrix element, see invariant amplitude

inverse β decay, 329

ionic lattice, 366

irrelevant interaction, 645

isolated system, 504

isomorphism, 744

isospin

strong, 322

violation, 327

Jacobi identity, 81, 747

Jacobian, 729

Jacobian matrix, 71, 86, 729

Jarlskog invariant, 337

jets, QCD, 325

Jordan canonical form, 422

Källén-Lehmann representation, 507–510

Klein paradox, 272, 311

Klein-Gordon equation, 164

Klein-Nishina formula, 593

Kramers’ theorem, 227

ladder operator, 369

Lagrange multiplier, 67–69, 131

Lagrangian, 61–69

density, 156

equivalent, 64, 159

natural, 70

Lamb shift, 273, 675

ΛCDM, 317

Landé g-factor, 681

Landau pole, 322, 684

Laplace transform, 663

Laplace’s equation, 111

Large Hadron Collider (LHC), 335, 518, 597

high-lumnosity (HL-LHC), 520

lattice field theory, 328

lattice gauge theory, 324

lattice QCD, 324, 708–715

Legendre transform, 78, 160, 163

length contraction, 24

leptogenesis, 316

lepton, 315, 323, 722–725

number, 316

Levi-Civita tensor, 33, 729

LHC, see Large Hadron Collider

Lie algebra, 217, 746, 752

ideal, 747

simple, 748

subalgebra, 747

Lie bracket, 747

Lie correspondence, 748

Lie group, 745–752

complex, 748

generators, 746

real, 748

SU(3), 752

SU(N), 751–752

semisimple, 748

simple, 748

topology, 746

unitary representation, 748–751
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lifetime mean, 54, 527

light cone, 4, 96

light-by-light scattering, 583

lightlike displacement, 4

linear operator, 212

linear potential, 324

linear sigma model, 687

linked cluster theorem, 625

Liouville equation, 85

Liouville’s theorem, 84

LIPS, see Lorentz invariant phase space

Little Group, 48–53

loop expansion, 632–633

Lorentz boost, 23

Lorentz covariant, 118

Lorentz force, 63, 80, 93, 264, 681

Lorentz group, 10, 14–36

representations, 45–47

restricted, 11

Lorentz invariant, 9

Lorentz invariant phase space (LIPS), 522

Lorentz Lie algebra, 34

Lorentz transformation, 6

orthochronous, 11

proper, 11

special or proper, 11

LSZ for fermions, 557–564

LSZ for photons, 564–569

LSZ reduction formula, 546–553

luminosity, 516

integrated, 516

Lund string model, 325

macroscopic limit, 88

magnetic moment, 229

Majorana equation, 306

Majorana fermions, 306–307

Majorana representation, 306

Mandelstam plane, 586

Mandelstam variables, 528–532, 578

manifold, 745

map

covering (cover), 745

double cover, 45, 745

marginal interaction, 645

Markov chain, 709

mass eigenstate, 335

massive vector boson, 333, 484–498

renormalizability, 643

matrix, 752

adjoint, 752

BCH formula, 753

determinant, 753

Hermitian, 752

Hermitian conjugate, 752

Hessian, 127

normal, 752

Pfaffian, 132

rank, 753

real antisymmetric, 132

self-adjoint matrix, 752

similar, 734

transpose, 752

unitarily equivalent, 734

Maxwell-Boltzmann statistics, 232

Maxwell’s equations, 99, 102

mechanics, classical, 57–152

meson, 327

exotic, 360

method of steepest descent, 244

metric tensor, 4

Milky Way galaxy, 54

minimal coupling, 574

Minkowski space, 1, 244

Møller flux factor, 522

Møller scattering, 582, 584, 585

scalar QED, 587

monogenic system, 63

Monte Carlo integration, 709

MSW effect, 344

multiplet, 349, 352, 359

multiplets of SU(N), 346–358

multiplicative quantum number, 223

muon, 54

naturalness, 317

neutrino, 53, 54, 300, 329

active, 339

Majorana, 315, 344–346

mass, 315

mixing, 315, 338–344

mixing matrix, see PMNS matrix

oscillations, 315, 340–344

sterile, 339

Newton’s laws, 57

no interaction theorem, 152

Noether current, 168, 386

generalized, 169

improved, 170

Noether’s theorem, 71, 88, 166–174

nondispersive medium, 251

normal coordinates, 76

normal-dependent term, 497

normal matrix, 422

normal modes, 76, 366–369

normal-order, 374, 606–607

fermion, 430, 448

nucleon, 322

number operator, 368, 373

occupancy number basis, 369

off-shell, 97, 169

on-shell, 97, 169

renormalization, 656

one-loop diagram, 320

one-particle irreducible, see 1PI

operator product expansion, 328

Optical theorem, 532–533
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Osterwalder-Schrader theorem, 415

out state, 548

overlapping divergences, 647–648

parity

conservation, 330

intrinsic, 236, 290

inversion, 300

maximally violating, 331

operator, 600–608

transformation, 289–291

τ–θ puzzle, 330

partition function, 244–245, 413

partition of unity, 140

parton, 323

path connected, 746

path integral, 241–245, 320

fermion, 427–428

Pauli equation, 270

Pauli exclusion principle, 233, 323, 418

Pauli-Lubanski pseudovector, 43–44

PCAC, 716

perturbation theory, 321

phase space, 79

phase transformation

global, 174

local, 575

phase velocity, 248

phonon, 366

photon polarization tensor, 567

physical spectrum, 503–506

pileup, 520

Planck energy scale, 319

Planck mass, 319

plaquette, 711

PMNS matrix, 315, 338–344

Poincaré group, 11, 36–40, 47–53

Poincaré lemma, 84, 100, 116, 731

Poincaré Lie algebra, 40–42

Poincaré transformation, 7, 388

Poisson bracket, 81, 86, 161

fundamental, 82, 162

theorem, 83

Poisson’s equation, 111

polar decomposition, 35

polarization, 572, 587

circular, 108

elliptical, 109

linear, 106, 107

longitudinal, 479

scalar, 479

transverse, 479

pole mass, 650, 656, 668

pomeron, 516

positronium, 239

Poynting vector, 102, 187

primitively divergent, 647

Proca equation, 485

process, exclusive/inclusive, 517

projective representation, 216–221

propagator, see Feynman propagator

proper diagram, see 1PI diagram

proper length, 6

proper rotation, 58

proper time, 6, 23

proper time regularization, 663–664

pseudorapidity, 28

pseudoscalar nonet, 328

QCD, 322–329, 698–708

Feynman rules, 699–700

functional integral, 698–701

jets, 325

lattice, 328

QED, 319–322, 574, 581–584

Lamb shift, 319

quantum mechanics, 16

quark model, 358–363

quark(s), 315–319, 322–329, 335, 722–725

condensate, 325

constituent, 326, 359

sea, 323, 326, 359

valence, 323, 326, 359

quasiparticles, 366

quenched approximation, 713

rapidity, 24

modified, 28

Rearrangment Lemma, 501

redshift, 31

reduced Compton wavelength, 312

reference frame, 1

reflection positivity, 415

Regge trajectories, 586

regularization, 661–666

relativistic kinematics, 98

relativistic mechanics, 118–126, 152

relevant interaction, 645

renormalizable theory, 320

renormalization, 317, 642–686

point, 660

scale, 660

renormalization group, 328, 660

fixed points, 685–686

flow, 685–686

equations, 661

renormalization scheme, 659

mass-independent, 682

minimal subtraction, 681–685

MOM, 659

M̃OM, 659

MS, 669, 681–685

MS, 669, 681–685

on-shell, 650, 668–681

representation, 743

adjoint, 750

completely reducible, 743

conjugate, 750

defining, 744

fundamental, 744
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irreducible, 743

projective, 216–221

real, 750

reducible, 743

trivial, 744

unitary, 744

representation (quantum mechanics), 213

resonance, 594–596

resonance region, 595

rigid body, 58

running

coupling, 684, 705–706

mass, 685, 704

Rutherford scattering, 591

s-channel, 528

S-matrix, 506, 510, 520

unitarity, 532

saddle-point method, 244

Sakharov conditions, 316

scalar field, 156, 370

charged, 174, 399–403, 406

complex, 173, 202, 399

free, 164–165, 371

self-interacting, 165

scalar particle, 371

scalar QED, 576–578, 584–585

scattering

channel, 516

diffractive, 516

elastic, 516

inelastic, 516

kernel, 655

matrix, see S-matrix

quasielastic, 516

two-body, 528–532

Schrödinger functional, 411

Schur’s Lemma, 501, 750

Schwarzschild radius, 319

Schwinger-Dyson equations, 633

Schwinger functions, 415

Schwinger model, 692

Schwinger parameterization, 663–664

seagull diagram, 578

second quantization, 210

selection rule, 220, 612

self-adjoint, 14

self-conjugate, 306

self-energy

fermion, 563

scalar, 556

series, asymptotic, 321

signal velocity, 251

simply connected, 746

singular system, 127

Singular Value Decomposition, 135, 724

Slater determinant, 236

Slavov-Taylor identities, 707

spacelike, 5

spacetime

displacement, 4

event, 1

interval, 5

translation, 7

special conformal transformations (SCT), 56

spectral density function, 508

spectral function, 244–245, 411, 413, 453, 469

spectral representation, see Källén-Lehmann representation,

508

spectroscopic notation, 236

sphaleron, 316

spin-statistics connection, 233, 619, 620, 623–625

spin vector, 286

spinor

chiral, 46

Dirac, 267–300

map, 47

Weyl, see Weyl, spinor

spontaneous symmetry breaking (SSB), 627,

686–689

SSB, see spontaneous symmetry breaking

Standard Model, 315–346, 681

minimal, 315

minimally extended, 315

standard spin basis, 224

stationary phase approximation, 244

statistical mechanics, 244–245

stress-energy tensor, 174–176

canonical, 175

electromagnetic, 187

strong CP problem, 329, 695, 725

structure constants, 747

subdiagram, 647

subgroup, 744

diagonal, 327

normal, 12, 744

proper, 744

subset, 744

proper, 744

substitution rules, 586

summation convention, Einstein, 4

super Hilbert space, 434

super-renormalizable, 645

superficial degree of divergence, 642–648

supernumber, see Grassmann number

superselection rule, 220

superspace, 439

symmetric group (Sn), 347

symmetrization postulate, 233

symmetry

of the action, 71

factor, 540–541

global, 174, 693

of the Hamiltonian, 88

internal, 168, 181

in quantum mechanics, 93

quantum system, 215

spacetime, 168

symmetry breaking

explicit, 326

spontaneous, 325

symmetry factor, 539
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symplectic group, 86

symplectic notation, 82

t-channel, 528

T -matrix, 511, 679

T parity, 226

tadpole diagram, 628

τ–θ puzzle, 330

tensor, 8

dual field strength, 101

field strength, 100

tensor product, 732

theory of everything, 318

theta term, 695

Thomson cross-section, 593

time dilation, 23

time-ordering bosons, 394

time-ordering fermion, 452

time reversal, 11, 223–229, 295–298

operator, 613–617

topology

Cauchy sequence, 206

universal cover, 219

trace class, 425

trace identities, 587

trajectory, 1

transformation, active and passive, 13

transition (or transfer) matrix, see T -matrix

tree diagram, 320, 555

tree-level calculations, 578–585

trivial orbit, 472

trivial theory, 321

U(1)
compact, 231

global symmetry, 231

non-compact, 231

u-channel, 528

Uehling potential, 675

ultraviolet cut-off, 374

uncertainty relation

Schrödinger, 89

Heisenberg, 89

Robertson, 89

unitarity

loss of, 332

triangles, 337

unitary operator, 213

units

cgs-Gaussian, 102

Lorentz-Heaviside, 102

SI, 102

unstable particles, 594–596

up-type quark, 335

V −A interaction, 331

vacuum, 374

nonperturbative or full, 534

perturbative, 414, 534

polarization, 675

state, 414

subdiagram, 538

vacuum expectation value (VEV), 334, 375, 508, 627, 687,

720

van der Waals force, 324

vector operator, 225

vector space

exterior algebra, 235, 733

tensor product, 224, 732

VEV, see vacuum expectation value

virtual displacement, 59

virtual particle, 97

virtual work, 59

Ward identities, 567, 591, 636–642

original, 657

Ward-Takahashi identities, 636–642, 653

wave-function renormalization, see field-strength

renormalization

weak hypercharge, 333, 719

weak interactions, 329–346

weak isospin, 333, 719

weak unitarity conditions, 337

wedge product, see exterior product

Weinberg angle, 721

Weyl equations, 303

Weyl fermions, 301

Weyl spinor, 46, 303

notation, 307–311

Weyl’s unitarian trick, 748

Wick contraction, see contraction

Wick rotation, 243, 397, 737

Wick’s theorem, 482, 536

boson, 404–406, 416

fermion, 455–456

Wick-ordering, see normal-order

Wightman axioms, 415

Wightman function, 415, 510

Wigner’s theorem, 216

Wilson action, 712

Wilson line, 696–697

Wirtinger calculus, 202, 436, 731

Wolfenstein parameterization, 336

worldline, 5

Yand-Feldman equations, 548

Yang-Mills theories, 664, 694

Young conjugate diagram, 352

Young diagram, 346

Young semistandard tableau, 346

standard tableau, 346

Young symmetrizer, 348

Young tableau, 346

Yukawa coupling, 334

Yukawa interaction, 573

Yukawa potential, 324, 579, 730

Yukawa theory, 573, 665, 671–672

Z2 symmetry, 223, 226, 231

zero-point energy, 368, 690
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