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Index

a
Abelian orbifold, 321, 324
Abelian quivers, 321
Action, gauge invariant

and background field, 241
Adler–Bardeen theorem, 126
Annihilation cross-section

electron–positron, 252
Anomalous dimension, 231

gamma γF (diagram), 235
for nonsinglet moments, 235

Anomalous dimension functions
(beta and gamma) and scaling

violations, 229
Anomalous moment

theoretical and experimental values, 121
Anomaly

Adler–Bardeen theorem, 126
triangle, 126
triangle, square and pentagon diagrams,

126
Anomaly free condition

for quantum flavor dynamics, 136
Anticommutation relations in closed loop

Feynman rules for Yang–Mills theory, 72
Antineutrino

creation in Dirac field, 174
Arnowitt–Fickler gauge

and Faddeev–Popov determinant, 72
Aspon model, 193
Asymptotic freedom and infrared fixed

point, 200
Asymptotic freedom and strong interactions,

200
Asymptotic freedom and ultraviolet fixed

point, 200
Auxiliary operators

finiteness, 143

Axial gauge
and Faddeev–Popov determinant, 71

Axigluon, 302
Axion, invisible, 274
Axion, mass of, 274

b
Background field method, 238

and explicit gauge invariance, 238
and grand unification, 238
and gravity, 238
and supergravity, 238

Background gauge, 240
Bardeen procedure for dimensional

regularization, 154
Baryon conservation, 167
Baryons

and topological entities, 279
and weakly coupled meson theory, 280

Baryons, decuplet, 171
Baryons, octet, 171
Becchi–Rouet–Stora–Tyutin identities, 137
Becchi–Rouet–Stora–Tyutin transformation,

137
renormalized, 140

Behaviour of f (r) and 1/N expansion
(diagram), 281

Beta decay, 173
Beta function

from background field method, 245
pure Yang–Mills theory and asymptotic

freedom, 215
Bethe–Salpeter equation, 44

(diagram), 45
Big bang cosmology and neutrino mass, 166
Bilepton, 305
Bogoliubov–Parasiuk–Hepp–Zimmerman

renormalization, 142
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Boost parameter and Lorentz
transformation, 175

Boost transformation, 5
Borel analysis

in quantum field theory, 258
Born approximation

and 1/N expansion, 278
calculation, 46

Born diagrams, 161
electron exchange and with neutral

current boson, 160
Born term

and renormalization, 120
Bose symmetrization, 80
Bose symmetry, 121
Bose symmetry and triangle anomaly, 128
Bosons

charged vector, 92
Nambu–Goldstone pseudoscalar, 267
intermediate vector, masses of, 92
intermediate vector, propagator for, 178
intermediate vector, compared to

photon, 178
massless gauge vector and Nambu–

Goldstone conjecture, 17
Nambu–Goldstone, 267
neutral intermediate vector, 91
pseudo-Nambu–Goldstone massless, in

tree approximation, 26
superheavy gauge, 219

Bottom quark, 187
Bottomonium, 187
Boundary conditions for propagation

forward in time, 53
Bubble formation analogy to lifetime of

metastable vacuum, 96

c
Cabibbo charged current

non-invariant under parity, 176
Callan–Gross relation

for spin-1/2 quarks, 224
Callan–Symanzik beta function, 201
Charge renormalization

order alpha contributions, 118
Charm, 181

experimental verification, 187
and renormalizable weak interactions,

181
Charmed quark mass

value, 186
Charmonium system, 187

Chiral color, 302
Chiral fermions, 125, 322
Chiral matter superfield, 215
Chiral symmetry

breaking and lattice gauge, 279
and massless quarks, 259
and temperature, 274

Classical action S and time evolution of
quantum mechanical state, 38

Color confinement
and low energy coupling, 220

Color force, 281
Color triangle anomaly (diagram), 267
Color-anomalous symmetry, 267
Colored quarks and pion function, 134
Commutation relations and determinant for

non-Abelian Feynman rules, 72
Complex adjoint representation of scalar

fields, 72
Compton scattering, virtual, 230
Conformality, 315
Conformal fixed points, 307
Conformality constraints, 307
Conservation of charge in quantum

electrodynamics, 173
Conservation of flavor in quantum

electrodynamics, 173
Conservation of parity in quantum

electrodynamics, 173
Cooper pairs Bardeen–Cooper–Schrieffer

theory, 30
Cosmological constant, 310
Coulomb gauge and Faddeev–Popov

determinant, 70
Coulomb potential used to calculate

Rutherford cross-section, 46
Coupling constant, running and

renormalization schemes, 250
Covariant gauge, 71
CP invariance and electroweak forces, 191

and instantons, 272
CP violation, quark flavor mixing, 191
Cross-section and partial-wave unitarity, 177
Current, gauge dependent, 268

d
Dalitz plot (diagram), 263
Dalitz plot, triangular and three-jet event,

263
Deep-inelastic electroproduction and scaling

violations, 221
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Deep-inelastic scattering electron–nucleon
and scaling behavior, 182

lepton–hadron, and scaling violation,
221

Definition for generating functional,
Faddeev and Popov ansatz, 59

Degrees of divergence and symmetric
Yang–Mills theory, 76

Degrees of freedom and relativistic field
theory, 48

Dimensional regularization, 99
examples, 106
and mu scale, 252
for quantum electrodynamics vertex

correction example, 115
and renormalization group, 201
ultraviolet divergence, 99
for vacuum polarization example, 107

Dimensional renormalization for electron
self-mass example, 112

Dimensional transmutation, 84
Dirac 4-component fermions, 213
Dirac equation, 114

in vertex correction example, 115
Dirac field and 1/N expansion, 275

4-component, 174
Dirac matrices, 174
Dirac spinor, 176
Dirac trace, 107, 110, 273
Direct CP violation, 194
Divergences on addition of fermions in

regularization scheme, 147
Double W±-exchange diagrams, 186
Double-line formalism (diagram), 276
Doublets left-handed quarks and leptons,

182
Dual resonance model, 278
Dyson’s argument, 257

e
Effective action computation and

background field method, 238
Electromagnetic interactions described by

quantum electrodynamics, 172
Electron self-mass, 112
Electron–positron annihilation (diagram),

252
and scaling violation, 221

Electroweak mixing angle and grand
unification, 219

Electroweak theory and renormalizability,
179

Elementarily of Higgs boson, 194
Energy density

surface for four-dimensional
hypersphere, 96

volume for four-dimensional
hypersphere, 96

Euler B function, 103
Euler–Lagrange equations of motion, 60
Euler–Maschoroni constant and

renormalization schemes, 251
Evolution operator quantum mechanical, 40
Exact symmetry, 18
Exotic quarks, 307
Expansion, 1/N , 274
Experimental values for R (graph), 256
External derivative and finite vertices

scalar-vector coupling, 147

f
Faddeev and Popov, 69

determinant, 70
ghost and lattice, 287
ghost and non-Abelian Feynman rules,

72
Fermi interaction

invariance under CP, 176
and weak interaction, 173

Fermi’s constant, 91
Fermion doubling problem in lattice gauge

theory, 283
Fermion loop

(diagram), 212
triangle, 127

Fermion mass,
from spontaneous symmetry breaking,

182
Fermion number conservation and mass,

174
Fermions

Becchi–Rouet–Stora transformation,
and renormalization, 150

free and matter field, 17
and regularization, 147

Ferromagnet, infinite
example of symmetry breaking, 19

Feynman diagrams used to compute
anomalous dimension of operator, 232

Feynman diagrams to compute one-loop
beta-function in background gauge,
244

Feynman gauge, 74
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and ’t Hooft gauge, 158
and scaling violations, 219

Feynman graphs
vacuum persistence, 276

Feynman parameter formula, 100, 110, 114,
116

general case, 101
and scalar example of regularization,

122
Feynman propagator, 55
Feynman rules, 121

a nonrelativistic, single particle case, 38
from canonical formalism, 56
conflict with perturbative unitarity, 37
for non-Abelian theories, 72
noncovariant non-Abelian gauge field

theories, 59
for nonrelativistic particles, 45
and one-loop corrections, 80, 85
from path integrals, 55

Feynman rules (diagram)
in background field gauge, 242
for insertion of Feynman operator, 232
for Yang–Mills theory, Landau gauge, 75
for Yang–Mills theory, 75

Field renormalization constant for triple
gluon coupling diagram, 212

Flavor
charm and neutral current, 183
of leptons, 165
of quarks, 166

Flavor group, 17
Fock spaces, 20
Force and distance for color, 288
Four-fermion interaction, 173, 178
Four-momentum density, 3
Free-energy and loop corrections, 78
Free wave function

time development of, 43

g
Gauge couplings and Yukawa couplings,

Jones computation, 215
Gauge dependence of Feynman rules for

non-Abelian theories, 71
Gauge dependent current, 268
Gauge field renormalization constant

(diagrams), 212
Gauge fields, neutral and tree

approximation, 92
Gauge freedom, 32

Gauge function related to ghost field, 138
Gauge group

for Glashow–Salam–
Weinberg model, 88

global, infinitesimal generators of, 6
low-energy phenomenological, 216
as a product of subgroups, 11
SU(2) and Higgs model, 32

Gauge groups, discrete, 287
Gauge hierarchy, 307
Gauge invariance

of action regularized by lattice, 281
and dimensional regularization, 99
and gauge field renormalization

constant, 207
local, 7

Gauge theory
Abelian, and addition of mass term, 154
non-Abelian, and gauge-invariant

current, 155
SU(2) × U(1), 179
unique renormalizable models, 162

Gauge transformation, global, infinitesimal
form, 5

Gauge transformations as transport
operators, 285

Gauge, background, 240
Gauge-fixing

for ’t Hooft gauge, 159
condition, 68
term, Lagrangian, 138
terms, and non-Abelian Feynman rules,

72
Gell-Mann and Ne’eman and quark flavor

symmetry, 166
Gell-Mann and Zweig quarks as physical

entities, 167
Gell-Mann matrices, 167
Generating functional

covariant form for Feynman rules, 64
noncovariant form for Feynman rules,

63
Generating functions and local gauge

invariance, 67
Georgi, Quinn and Weinberg unified strong

and electroweak couplings, 200
Ghost equation of motion, 148
Ghost fields and anticommuting scalar, 137
Ghost loops, 72
Ghost propagator, 75
Ghost-vector vertex, 75
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Ghost–antighost Green’s function, 142
Ghost–gluon coupling renormalization

(diagram), 206
Ghost–gluon vertex and QCD asymptotic

freedom, 206
Ghosts and general relativity, 75
Gilbert proof for Nambu–Goldstone

phenomena, 26
GIM mechanism, 304
Glashow and standard electroweak theory,

179
Glashow, Iliopoulos and Maiani contribution

to Weinberg–Salam theory, 179
Glashow, Iliopoulos and Maiani mechanism

generalized to any number of flavors,
184

Glashow–Salam–Weinberg model
and ’t Hooft gauge, 159
and chiral fermions, 125
example of loop corrections, 88

Gluon
3 gluon and 4 gluon vertices and

finiteness, 146, 147
and asymptotic freedom calculation, 204
existence of, and three jet events, 259
polarization vector, 261
and proton momentum in nucleus, 222

Gluon fields and 1/N expansion, 276
Gluon propagator

finiteness of, 146
and renormalizability, 146

Grand unification, 216
Graphs

one-particle irreducible, 27
Green’s functions

Abelian Coulomb, 66
connected, 52
connected, and 1/N expansion, 277
and Feynman rules from path integral,

55
finiteness, 144
four finite (diagram), 151
global invariance and Becchi–Rouet–

Stora, 138
and Jona–Lasinio proof, 27
K , for the Schrödinger operator, 40
large external momenta and

renormalization group equations, 200
in Minkowski space, 51
proper and renormalization group, 201

Ward identities and renormalization,
125

Gross–Llewellyn Smith sum rule, 225
Ground state

loop corrections, 77
for O(N) model, 87
stability and quantum field theory, 79

Gyromagnetic ratio, 120

h
Hadron–hadron scattering and scaling

violation, 221
Hadronic contribution to anomalous

moment, 120
Han–Nambu integer charges, 225
Handbag diagram, 223
Heavy quarks, 187
Heisenberg equations of motion, 57
Helmholtz free energy analog in quantum

field theory, 78
Hidden symmetry, 18
Hierarchy, 194
Higgs boson, 190
Higgs boson mass, 190
Higgs mass

and instanton bubble, 96
in tree approximation, 90

Higgs mechanism, 30
and scalar electrodynamics, 80

Higgs model invariance, 31
Higgs scalar doublet SU(2) × U(1) gauge

theory, 180
Higgs scalar mass and Weinberg

computation, 94
Higgs scalars and Glashow–Salam–

Weinberg model, 90
Hyperon decay, 174
Hypersphere, 269
Hypersphere, four-dimensional and vacuum

stability, 96
Hyperspherically symmetric ansatz, 269

i
Impulse approximation and naive

quark–parton model, 223
Independent renormalization constants, 118
Index surface of leading vacuum persistence

graphs, 276
Infrared divergence, 77

and three-jet singular behavior, 259
Infrared fixed point and scaling violations,

220
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Instanton bubble and metastable vacua, 96
Instanton configurations

number of parameters, 271
and topological charge, 269

Instantons, 265
and CP invariance, 271
and mass of Nambu–Goldstone bosons,

268
nonperturbative effects, 167

Isosinglets right-handed quarks and leptons,
179

j
Jet data compared to theoretical QCD

prediction (diagram), 265
Jets in electron–positron annihilation, 259
Jettiness of events measurement discussed,

265
Jona–Lasinio proof for Nambu–Goldstone

phenomenon, 27
Jovian magnetosphere, 173

k
K calculated in perturbation theory, 41
Kaon decay constant and charmed quark

mass, 186
Kibble counting, 34
Kinetic term for fermions SU(2) × U(1)

gauge theory, 180
Klein–Gordon operators, 55

l
Lagrangian

effective, 137
effective chiral meson, 279
for linear sigma model, 28
for QCD with nf flavors, 266
renormalized, 99
for simple field theory, 20

Lagrangian density
and gauge transformation, 6
invariance and local gauge

transformations, 8
and Noether’s theorem, 1

Lamb shift and quantum electrodynamics
renormalization, 112

Lamb shifts, 112
Lambda scale and glueball mass, 281
Lambda scale and hadron mass, 281
Lambda scale and string tension for quarks,

281

Lambda scale, lattice and deep-inelastic
scattering, 281

Landau gauge, 71
and ’t Hooft gauge, 158
and Faddeev–Popov determinant, 71
propagator, 74

Landau–Ginzburg effective theory of
conductivity, 279

Lattice gauge theories, 281
and fermion doubling problem, 284
and infrared cut-off, 282
strong-coupling expansion, 287
and ultraviolet cut-off, 282

Lattice, hypercubic space–time, 283
Left–Right Model, 299
Legendre transform of connected Green’s

functions, 27
Lepton and quark masses, 165
Lepton–hadron scattering, 222
Lepton–quark analogy, 181
Leptons

charged current coupling and tree
approximation, 90

flavors and masses of, 165
and quarks, anomaly cancellation, 137

Light-like gauge and Faddeev–Popov
determinant, 72

Linear sigma model and pion as
Nambu–Goldstone boson, 28

Links for strong-coupling and scaling
regions, 290

Local gauge invariance
and photon mass, 8
violation of, 17

Logarithmic Q2 dependence of structure
function moments (graph), 236

Loop corrections
effects of, 77
gamma-phi plot (diagram), 77
J-Phi plot, 78

Loop diagram for K1K2 mass difference,
186

Loop expansion and gauge invariance, 100
Lorentz gauge, see Landau gauge, 71
Lorentz generator densities, 5
Lorentz group, 176
Lorentz invariance

and dimensional regularization, 100
and finite vertices, scalar-vector

coupling, 151
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Gilbert proof of Nambu–Goldstone
phenomenon, 26

and Lagrangian density, 2
and QCD asymptotic freedom, 206
and triangle anomaly, 132
under parity, 176

Lorentz transformation
infinitesimal, 4

m
Majorana mass term, 175
Mass gap of pure quantum

chromodynamics, 289
Mass singularities and three-jet behavior,

259
Massive vectors

non-Abelian, 158
non-Abelian and Higgs scalars, 160

Matter fields in representation of gauge
group, examples, 16

Meson decay, heavy bottomonium, 278
Meson decay, heavy charmonium, 278
Meson masses and quark mass ratios, 170
Meson masses and virtual photons, 169
Mesons

exotic, 274
and explicit charm, 187
pseudoscalar Nambu–Goldstone

bosons, 168
tau, 187
tensor, 171
vector, 171

Metropolis procedure and lattice iterative
link upgrade, 291

Minkowski space, 51
Momentum in nucleus carried by quarks

and antiquarks, 222
Momentum subtraction scheme example for

renormalization, 256
Monte Carlo simulation and strong-coupling

expansion, 290
Mu decay, 173
Multiplicative renormalization constant, 119
Muon, 120

n
Nambu–Goldstone bosons

massless pseudoscalar, 168
number of, 25
pseudo, 26
and spontaneous breaking of

continuous symmetry, 25

would-be and Higgs model, 32
would-be, number of, 34

Nambu–Goldstone conjecture, 17
and gauge theories, 28
general proofs, 26

Nambu–Goldstone modes
occurrence in nonrelativistic cases, 30

Nambu–Goldstone phase, 279
Nambu–Goldstone symmetry, 267
Neutral currents, 173
Neutrino

annihilation in Dirac field, 174
mass, bounds on, 166
two-component theory, 174

Neutrinoless double beta decay, 301
Neutron electric dipole moment, 194
Noether current, Becchi–Rouet–Stora

construction, 141
Noether’s theorem

and conserved currents, local gauge
invariance, 12

statement of, 2
and symmetry breaking, 19

Nonperturbative effects, dominance in
QCD, 67

Nonperturbative effects of zero modes, 67

o
Okubo–Zweig–Iizuki rule, 187

and strong interactions, 275
One-loop corrections

scalar electrodynamics example, 80
scalar model O(N), 84

One-loop graphs
for Glashow–Salam–Weinberg model

(diagram), 93
for O(N) model (diagram) 86
for scalar electrodynamics (diagram), 81

Operator product expansion, Wilson and
renormalization group equations, 200

Operators
auxiliary, and renormalization, 143
divergent, 150

Order alpha contributions
charge renormalization (diagram), 115

p
P –V isotherm, 79
Parameters of the standard model, 298
Parity conservation and triangle anomaly,

132
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Parton distribution function and scaling
violations, 226

Parton model and two-jet structures, 265
Parton splitting functions, 238
Path integrals, 37

quantization of gauge field theories, 37
Pati–Salam group, 301
Pauli matrices, 175
Pauli–Villars method, 100

and electron self-mass example, 112
fictitious heavy electrons, 108
and renormalization group, 201
and vacuum polarization angle, 107

Peccei–Quinn model, 273
Perkins plot, anomalous dimensions, 237
Perturbation expansion of quantum

chromodynamics and renormalization
schemes, 251

Perturbation theory rules and non-Abelian
Feynman rules, 72

Perturbative renormalizability and
spontaneous breaking, 76

Phase transition between strong and weak
coupling, 292

Photon
limit of mass of, 173
massless vector particle and local gauge

invariance, 17
Photon propagator, 107
Pion

as approximate Nambu–Goldstone
boson, 30

pseudoscalar, 267
Pion decay, constant for, 168
Pion decay rate

theoretical and experimental, 134
and triangle anomaly, 134

Plaquette of hypercubic lattice, 288
Poincare group generators and Noether’s

theorem, 5
Pomeron exchange, 225
Pontryagin index, nu, 269
Potential function (diagram), 20, 21
Precision data at the Z pole, 189
Primitively divergent diagrams for

Yang–Mills theory, 144
Proof of renormalizability for electroweak

dynamics, 141
Propagator

and Feynman rules for Yang–Mills
theory, 74

for general alpha, 74
ghost, 75
and matter fields, 106

Pseudoreality, 323
Pseudotensors and triangle anomaly, 133
Puzzles of the standard model, 297

q
Quantum chromodynamic asymptotic

freedom, 204
Quantum chromodynamics corrections to

parton model (diagram), 227
and grand unified theories, 200
historic context, 250
and matter field in gauge group,

non-Abelian example, 8
renormalizability, 150

Quantum electrodynamics
and Abelian U(1) gauge theory, 172
and global gauge invariance, 7
invariance of, 7
and local gauge invariance, 7
and matter field in gauge group, Abelian

example, 16
Quantum electrodynamics renormalization

discussion, 111
Quantum field theory

analogy with statistical
thermodynamics, 79

Quantum flavor dynamics anomaly free
condition for, 137

Quantum mechanical tunneling and
instantons, 268

Quark
charge of, 166
charmed, 167
colored, and pion function, 137
colors of, 167
discovery of b quark, 187
existence of, 167
existence of t quark, 187
flavor of, 166
and lepton anomaly cancellation, 137
mass from nonperturbative effects, 172
mass ratios and meson masses, 169, 170
mass ratios, values for, 170
massless and chiral symmetry, 266
and matter field, 17
and renormalized current masses, 172
scalar and Callan–Gross relation, 224

Quark confinement, 167
Quark constituent masses, 167
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Quark current masses, 167
Quark distribution functions, 224
Quark flavor mixing, 191

Cabibbo angle and two family model,
173

Quark sea
and Pomeron exchange, 225

Quark–antiquark–gluon model and jet data,
266

Quark–gluon vertex corrections (diagram),
201

Quark-line rule, 187
Quarkonium systems decay of heavy, 221
Quiver diagram, 309
Quiver gauge theories, 315

r
Radiative corrections

electron–positron annihilation, 254
Regge pole interpretation of x dependences

(diagram), 226
Regularization formula, 107
Renormalizability

and local gauge invariance, 8
and symmetric Yang–Mills theory, 76

Renormalizable theory
for strong interactions, 162
for unified weak and electromagnetic

interactions, 162
Renormalization

of sigma model, 142
of single Z0 exchange (diagram), 185

Renormalization and background field
method, 240

Renormalization constant
for ghost field (diagram), 205
independent in quantum

electrodynamics, 118
multiplicative and electron self-mass,

112
universal, 170
and Ward–Takahashi identity, 117

Renormalization constants definitions, 150
Renormalization group

equations, 199, 202
ultraviolet fixed point, 211

Renormalization scheme, 250
Bogoliubov–Parasiuk–Hepp–

Zimmerman, 142
for electron–positron annihilation,

example, 252

optimal, 257
Renormalized charge, 111
Rotation parameter and Lorentz

transformation, 175
Rutherford cross-section, 46
Rutherford cross-sectional formula, 38
Rutherford formula, 48

s
Sakata model, 182
Scalar fields and renormalizability, 152
Scalar loop diagrams, 214
Scalar mass and scalar electrodynamics

examples, 83
Scalar model O(N) and effects of loop

corrections, 84
Scalar-vector coupling and divergence, 154
Scale

dependence of value of renormalization
scheme, 256

lambda, 281
lambda, and quantum electrodynamics,

219
lambda, and renormalization, 252
mu, 252

Scaling
approximate, in deep-inelastic

scattering, 200
behavior and existence of quarks, 182
Bjorken, 222
precocious, 226
in semi-hadronic processes, 292
and transformation of Green’s

functions, 201
violation, quantum chromodynamic

confirmation of, 235
violations, 219
violations, calculation of, 226

Schroedinger equation, one-dimensional, 38
Second-order Feynman diagrams, 56
Singularity and jets in electron–positron

annihilation, 265
Singularity of operator Qab , 61

resolved, 65
Soft breaking of conformal symmetry, 310
Solitons

and weakly-coupled meson theory, 278
Some possible behaviors of Beta(g)

(diagram), 220
Space–time lattice, hypercubic, 282
Sphericity and jettiness, 265
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Spin 1/2 fermions, 147
Spinors, 120
Spontaneous breaking

of chiral symmetry and quark mass, 167
and Feynman rules, 76
Nambu–Goldstone boson associated

with, 22
of O(N) model, 85

Squared matrix element for lepton–nucleon
scattering diagram, 222

Statistical thermodynamics
analogy with quantum field theory, 79

Strangeness, 171
Strangeness-changing decay rates, 174
String model

approach to QCD in limit, 278
String tension and strong coupling, 288
Strong and weak coupling phase transitions

(diagrams), 293
Strong-coupling expansion, 287
Strong CP problem, 193
Superconductivity

Landau–Ginzburg effective theory, 279
Superfield and Yang–Mills supersymmetric

theory, 215
Superpotential, vanishing

Yukawa coupling, 215
Supersymmetric theory Yang–Mills, 215
Supersymmetry, 299, 308
Suppressed couplings (diagram), 275
Sutherland paradox, 126
Sutherland–Veltman theorem, 131
Symmetries and conservation laws, 1
Symmetry breaking

explicit, 18
explicit, and linear sigma model, 28
infinite ferromagnet example, 19
spontaneous, 18
spontaneous, and linear sigma model,

30
spontaneous, and Glashow–Salam–

Weinberg model, 88
Symmetry, O(n)

and Nambu–Goldstone conjecture, 23
and number of Nambu–Goldstone

bosons, 23

t
’t Hooft and Yang–Mills theory, 141
’t Hooft gauge and Abelian Higgs model, 156

’t Hooft gauge and non-Abelian Higgs
model, 160

’t Hooft gauges, 154
’t Hooft limit, 274
Tachyon and convexity, quantum field

theory, 78
Taylor–Slavnov identity, 140, 204
Theta-vacua and vacuum eigenstates, 271
Three-jet

diagrams, 259
event and triangular Dalitz plot, 263
events and gluon, 259
singular behavior, 259

Three neutrinos, 188
Thrust and jets in electron–positron

annihilation, 265
Tiling of Wilson loop, 288

(diagram), 288
Top quark, 187
Top quark mass, 187
Topological charge and instanton

configurations, 269
Topological entities and baryons, 278
Transformation of Green’s functions and

scaling, 203
Transport operator and lattice gauge, 285
Tree approximation of Glashow–Weinberg–

Salam model, 89
Tree unitarity

and preservation by Higgs models, 160
uniqueness of gauges and non-Abelian

Higgs models, 160
Triangle anomaly, 125

(graphs), 127
different momentum labelings

(diagram), 127
and divergent integral, 128
and Feynman graph, 127
and lattice gauge, 297
and Sutherland paradox, 126

Twist definition, 228
Two-loop corrections (diagram) and

renormalization schemes, 255

u
Uehlingterm, 112
Ultra-violet divergences and

renormalization, 76
Ultraviolet convergent behavior, 100
Ultraviolet fixed point

and renormalization group, 211
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and scaling violations, 219
Unification mass, 217
Unified strong and weak couplings and the

renormalization group, 200
Uniqueness and non-Abelian Higgs models,

160
Unitarity and Glashow–Salam–Weinberg

model, 160
Unitary gauge, 33
Unitary gauge and ’t Hooft gauge, 155
Unitary gauge transformation operator, 68
Unitary multiplets, 168
Unitarity triangle, 192
Utiyama procedure, 11

v
Vacuum persistence amplitude and

statistical thermodynamic partition
function, 282

Vacuum persistence Feynman graphs, 276
Vacuum polarization

(diagram), 254
in quantum electrodynamics, 107

Vacua, lifetime of metastable in quantum
field theory, 96

Vector mass and Higgs mechanism, 84
Vector propagator and ’t Hooft model, 159
Vertex correction, quantum electrodynamics

regularization example, 115
Vertices in Feynman rules and ’t Hooft

gauge, 158
Virtual photons and meson masses, 177

w
Ward identity

anomaly, 131
axial-vector, 128
and dimensional regularization, 100
and quantum electrodynamics vertex

correction, 117
violation of, in triangle diagrams, 128

Ward–Takahashi identity, 117
and renormalization group, 213

Weak couplings and tree approximation, 92
Weak interactions and conservation

violations, 173
Weak interactions of quarks and leptons, 172
Weinberg–Salam conjecture, 179
Weinberg–Salam model

for weak interactions, 11
Weyl fermions, 214
Weyl spinors two component, 175
Weyl–Wigner mode, and temperature, 279
Wick’s algebraic theorem, 58
Wick’s theorem, 55
Wilson coefficients and Wilson operators,

226
Wilson loop

(diagram), 287
and lattice gauge, 285

Winding number, 270
World-sheet and strong coupling expansion,

288

x
X–t plot

typical path (diagram), 39

y
Yang–Mills Lagrangian, 11
Yang–Mills non-Abelian gauge theory
Yang–Mills theory

in Coulomb gauge, 59
field theory, 8, 37
and matter fields, 16

Yukawa piece in classical Lagrangian, 181
Yukawa terms and color anomalous global

axial symmetry, 273

z
Zero mode term and nonperturbative 1/g

contribution Green’s function, 67


