Index

1PI diagrams, see irreducible
diagrams

1PR diagrams, see reducible diagrams

2-point function, 254, 259, 267-269,
271, 272, 274

Abelian group, 291
accidental symmetries, see
symmetries, accidental
action, 1527, 72, 151, 152, 155, 167,
168, 285
adjoint representation, see under
group representation
amplitude, see Feynman amplitude
anapole moment, 229, 230
angular momentum, 26
eigenstates, 65
of a spinor field, 49, 53, 54
orbital, 54
annihilation and creation operators,
3-5, 34-39, 44, 45, 65, 66,
72, 76, 82, 83, 86, 88, 94,
97, 102, 158, 160, 162, 167,
170, 194, 202, 297, 300, 302,
307, 309, 332
dimension of, 95
anomalous magnetic moment, see
magnetic moment,
anomalous
anticommutation relation, 5, 48, 86,
124, 220
of Dirac matrices, 48-50, 54, 59,
120, 209, 215, 239
of fermionic fields, 66—68, 84, 97,
102, 103, 212, 220, see also
antisymmetry of fermions
and exclusion principle, 68

anticommutator, see anticommutation
relation

antilinear operator, 212-214, 219

anti-neutrino, 2, 74

antiparticle, 39-41, 45, 67, 71, 108,
123, 182, 207, 327, 361

antisymmetric symbol, 291, 360

antisymmetric tensor, 49, 65, 354,
364-365

antisymmetry of fermions, 105, 110,
176

anti-unitary operator, 213, 215

approximate symmetries, see
symmetries, approximate

asymptotic series, 80

axial gauge, 151

axial vector, 206, 207, 218

Baker-Campbell-Hausdorff formula,
291
bare
fields, 273, 274
Lagrangian, 273, 274, 277
parameters, 274, 277
baryon number, 167, 289, 356-357
[-decay, 2, 74, 326-328
constant, 74
bi-unitary transformation, 341
Bianchi identity, 318
bilinear covariants of fermion fields,
206, 211, 216, 217, 219, 220,
226, 354
Bremsstrahlung, 197-199, 279-282
broken symmetries, see spontaneous
symmetry breaking

Cabibbo-Kobayashi-Maskawa matrix,
342
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canonical
commutation relations, 30, 32,
33, 38
momentum, 19-21, 29, 30, 32,
38, 150, 153, 161, 295
quantization, 29, 80, 153
center-of-mass frame, see frame, CM
charge conjugation, 201, 207-212,
214, 217-219, 250, 283, 294
charge quantization, 169
chiral representation, see
representation of gamma

matrices
chirality, 335, 336, 338, 340, 341, 352,
357, 360
projection operators, 61-62, 337,
353, 360

color, see quark color
Compton scattering, 173, 185-193
Coulomb gauge, 151
Coulomb interaction, 10, 163, 194,
200, 204
modification at higher order,
275276
counterterm, 252, 267-277, 280, 282
CP symmetry, 217-218, 338
CPT symmetry, 218-221
CPT theorem, 220
creation operators, see annihilation
and creation operators
cross section, 41, 115
for 2-to-2 scattering, 133-140
for individual processes, see
under the process name
general formula, 130-133
Lorentz invariance of, 144
crossing symmetry, 186, 190

decay rate, 41

general formula, 115-117, 140

of a scalar, 87-94, 97-101, 106,

112, 117-122

of Higgs boson, 346

of muon, see muon decay

of pion, see pion decay

of W-boson, 345

of Z-boson, 342-345
degenerate vacua, 297, 299

Index

derivative interactions, 88, 130, 246,
307
differential
cross section, 137, 139, 142-144,
179, 182, 192, 193, 197-199,
243, 244, 348, 350
decay rate, 129, 130, 140
dilatation, 27
dipole moment, see electric dipole
moment & magnetic
moment
Dirac equation, 1, 2, 49, 51-58, 361
covariance of, 52-54
plane wave solutions of, 54-58
Dirac Hamiltonian, 48, 65
Dirac matrices
contraction formulas, 54, 178
in N-dimensions, 265
general properties, 48-50, 359
hermiticity properties, 50
non-uniqueness of, 50-51, 359
representations, see
representation of gamma
matrices
trace formulas, 49, 119-120,
361-364
Dirac-Pauli representation, see
representation of gamma
matrices
discrete symmetries, see under
symmetries

electric dipole moment, 228-230
electron mass, 144, 339
electron-electron scattering, 199
in QED, 173-179
with scalar exchange, 101-105
electron-photon scattering, see
Compton scattering
electron-positron annihilation
to muon pairs, 173, 182—-184,
346-348
to W-pairs, 351-354
electron-positron scattering, 173,
180-182
electron-proton scattering, see under
proton
electroweak theory, 326-357



Index

energy-momentum tensor, see
stress-energy tensor
equivalence theorem, 353
FEuler-Lagrange equations, 12-14,
17-18, 27, 63, 64, 148
Euler-Mascheroni constant, 264
evolution operator, 75-80, 82, 268
exclusion principle, see Pauli
exclusion principle

Fadeev-Popov ghosts, 322
Fermi constant, 123, 350
Feynman amplitude, 105-110, 113,
117, 120, 121, 123-125,
135-137, 141, 142, 144, 175,
176, 180, 183, 184, 186, 195,
198, 199, 241, 242, 244, 246,
247, 254, 280, 305, 308, 310,
343, 349
Feynman diagram, 87-112, 155, 172,
175, 197, 230, 309
Feynman parameters, 231-233, 235,
238, 241, 256, 261, 266, 367
Feynman propagator
as Wick contraction, 85
for Dirac fields, 69-71
for ghost fields, 323
for massive vector bosons, 150,
309
for non-Abelian gauge bosons,
322, 334
for scalar fields, 41-46
for the photon field, 154
for unphysical scalars, 309, 334
for unstable particles, 355-356
Feynman rule, 106-110, 114, 170, 254
for charged current interactions,
336, 342
for derivative coupling, 130
for effective vertex, 223
for electroweak theory, 339, 353
for external field, 195, 196
for external lines, 107, 164
for ghosts, 323
for Goldstone bosons, 307
for internal lines, 107, 164
for loop integration, 108
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for neutral current interactions,
337, 338, 347, 349
for QED, 170, 173, 175, 180, 230,
254, 261
for vertices, 110
for YM theories, 318-320, 322,
352
Feynman-'t Hooft gauge, 155, 161,
162, 164, 323, 349, 352, 356
fine-structure constant, 10, 179, 233
Fock space, 36, 37, 68, 77, 94
form factor, 224-244, 246, 251, 259
Lorentz invariance of, 224
4-fermion interaction, 74-75
as low-energy electroweak limit,
350
inelastic scattering with, 140-144
muon decay with, 122—-130
frame
CM, 127, 134-137, 142-144,
178-179, 181, 183
Lab, 134, 137-140, 143, 188, 189,
195, 243
full Lagrangian, 273-275
functional, 17, 19, 20, 64
derivative, 19, 20
Poisson bracket of, see Poisson
bracket
fundamental representation, see under
group representation

y-matrices, see Dirac matrices
gauge boson, 168, 284, 308-311, 315,
318, 319, 322-324, 327-330,
332-334, 336, 337, 342, 344,
353
self-interactions, 319-320
gauge covariant derivative, 169, 274,
308, 314-319, 330, 336, 338
gauge fixing, 20, 151-154, 176, 267,
274, 275, 309, 310, 322, 334
gauge principle, 167, 168, see also
gauge bosons & gauge
covariant derivative
gauge theory
Abelian, see QED
non-Abelian, see non-Abelian
gauge theory
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Gauss theorem, 17, 18, 22

generation, 335, 340

generators, 289-293, 302, 304, 305,
313, 315, 317-319, 327-331,
336

ghost fields, see Fadeev-Popov ghosts

global transformations, see under
symmetries

gluons, 325

Goldstone bosons, see
Nambu-Goldstone bosons

Goldstone theorem, 300-304

Gordon identity, 56, 223, 225, 234

gravity, 324, 326

Green’s function, 41, 43, 44, 149, 151,
154, 163, see also Feynman

propagator
group
algebra, 291, see also structure
constants

general properties, 284
representation, 292-293
adjoint, 293, 315, 322
fundamental, 292, 313, 314,
316, 317
singlet, 292, 319
Gupta-Bleuler formalism, 160-162

hadron, 326, 327
Heaviside-Lorentz units, 10, 146
helicity

eigenstates, 61, 62, 351

of neutrinos, see neutrino helicity

projection operators, 60-62
Higgs boson, 75, 335, 339, 340, 346

field, 339

interactions, 338

multiplet, 330, 338

neutral, 349
Higgs mechanism, 308-311
hypercharge, 329, 330, 336, 357

‘in’ and ‘out’ states, 82

inelastic processes, 115, 140-144, 173,
184, 243

infra-red divergence, 198-199, 245,
271, 279-282

interaction picture, 78

Index

internal symmetries, see symmetries,
internal
intrinsic
charge conjugation, 207, 208
CP, 217
CPT, 220
parity, 202, 203, 205, 206
time reversal, 214
irreducible diagrams, 112
isospin, 289, 293, 294, 327

Jacobi identity, 293

Klein-Gordon equation, 28, 29, 41, 42,
47, 54
with a source, 41
Klein-Nishina formula, 192
Kronecker delta, 6

Lab frame, see frame, Lab
Lamb shift, 276
Landau gauge, 155
Landé g-factor, 227, 228
for the electron, 238
for the proton, 242
lepton number, 167, 356-357
leptons, 130, 324, 335, 336, 340, 341,
346, 356
Levi-Civita tensor, see antisymmetric
tensor
Lie groups, 290
lifetime, 10, 11, 117, 122, 130, 355
loop diagrams, 93, 94, 100, 108, 230,
245, 249, 250, 252, 254, 257,
259, 260, 267, 274, 280, 323
evaluation of, 231-241
Feynman rule, 109, 110
loop expansion, 268
Lorentz force formula, 8
Lorentz invariance, 126, 144, 149, 160,
172, 208, 220, 224, 253, 257,
259, 277, 317, 326
and VEV, 300
of action, 24, 73
of cross section, see under cross
section
of Feynman amplitude, 144, 244



Index

Lorentz transformation, 7, 16, 25-26,
28, 30, 47, 52, 53, 156,
201-203, 283, 285
indices, 54, 123, 125, 220, 343,
344
of co-ordinates, 7
of fermion bilinears, 54
of spinors, 52-54, 73, 208, 209,
211, 257, 287
of vector fields, 156
Lorenz gauge, 151, 185

magnetic moment
anomalous, 228-238, 242, 259,
272, 294
Dirac, 227
Majorana representation, see
representation of gamma
matrices
Mandelstam variables, 144-145, 179,
183, 346
mass matrix, 341
Maxwell equations, 8, 18, 40, 146,
147, 150, 152, 153, 155, 160,
165, 318
discrete symmetries, 204, 208
minimal substitution, 169, 253
momentum
conjugate, 14, 150
muon, 279, 324, 340
coupling with the Z-boson, 346
decay, 10, 122-130, 141, 350, 354
magnetic moment, 238
mass, 10, 144
pair production, see e e
annihilation

+

Nambu-Goldstone boson, 303-305
interactions, 305-308
natural units, 9-11, 28, 29, 117
neutrino, 123, 126, 127, 129, 130, 324,
327, 335-337, 340, 351, 356,
357
coupling with the Higgs boson,
340
helicity, 141, 335
mass, 124, 336
masslessness of, 335, 336, 339
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neutral current interactions, 337
scattering off electron
elastic, 349-350
inelastic, 140-144
neutron, 2, 74, 75, 288, 289, 293, 294,
324, 326-328, see also
[-decay
mass, 289, 293
Noether
charge, 24, 67
current, 24, 39, 64, 321
theorem, 21-27, 40, 167, 200,
223, 283, 301
non-Abelian
gauge theory, 312-326, 329
group, 291
symmetry, 300-301
non-perturbative effects, 357
normal ordered
charge, 67
Hamiltonian, 36, 41, 67, 161, 170
momentum, 36
product, 89, 91, 92, 102, 174
and time ordered product, see
Wick theorem
of bosonic fields, 35
of fermionic fields, 66, 67
normalization
of fields, 30, 288
of flux, 132
of hypercharge, 330
of polarization vectors, 185, 344
of spinors, 56, 58, 66, 67, 225,
226
of states, 5, 35, 37, 44, 76, 94-97,
159, 222
nucleons, 75, 288
number operator, 5, 37, 39, 40

off-shell particle, 111, see also virtual
particles
on-shell
condition, 111, 188, 235, 280
particle, 111, 112, 172, 222, 230,
255, 271, 276, 344, 356
renormalization, 269, 271, 276

pair annihilation, 173
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pair creation, 173
parity, 201-208, 214, 217-219, 231,
242, 244, 257, 283, 294
intrinsic, see intrinsic parity
violation, 230, 231, 338, 354
Pauli exclusion principle, 68
Pauli matrices, 57, 288, 289, 328, 359
Pauli-Lubansky vector, 65
perturbation theory, 76, 80, 82, 106,
130, 250, 253, 268, 282, 357
phase space, 116
for 2-body decay, 120-122
for identical particles, 117, 179
photon
charge conjugation, 208
in electroweak theory, 328, 332,
333
masslessness of, 150, 333
parity transformation, 204, 206
polarization, see under
polarization
propagator, 149-150, 153-155,
162-164
scattering off electrons, see
Compton scattering
under time reversal, 214-217
pion, 75, 288, 289
decay, 130
decay constant, 130
masses, 289
scattering off electrons, 244
Poincaré invariance, 16, 72, 285, 301
Poisson bracket, 15, 20, 29
polarization states
circular, 158
elliptical, 158
number of, 159, 161, 162
physical, 192, 193
transverse, 162
polarization sum
for massive vector bosons, 344
for photons, 164-165, 192, 193,
199
polarization vectors, see also
polarization states
for massive vector bosons, 344
longitudinal, 344, 352, see also

Index

equivalence theorem
transverse, 344
for photons, 156-159, 161,
184-189, 192, 193
and gauge invariance, 184-185,
187
longitudinal, 157
scalar, 156, 157, 161
transverse, 157
pole of a propagator, 309, 310, 333
principle of least action, 12, 13, 17
Proca Lagrangian, 150, 308
projection operators, 59-62
for chirality, see under chirality
for energy, 59—60
for helicity, see under helicity
for spin, 62-63, 354
propagator, see Feynman propagator
proton, 2, 74, 75, 167, 288, 293, 294,
324, 326-328
electric charge as unit, 10, 166,
288
magnetic moment, 242
mass, 289, 293
scattering with electrons,
241-244
pseudoscalars, 205, 206, 212

QCD, 323-325
QED, 166-199, 245, 248, 283, 284,
286, 312, 313, 315, 318, 323,
326, 329, 333, 338, 346, 348
divergent amplitudes, 250-252
invariance under discrete
symmetries, 206, 212, 216,
218, 294
renormalization, 253-282
vertex function, 230-241
quantization
canonical, see canonical
quantization
first, 37
second, 37
Quantum chromodynamics, see QCD
Quantum electrodynamics, see QED
quark
color, 324
masses, 279
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mixing matrix, 342
quarks, 241, 324, 335, 340-342, 356,
357

reducible diagrams, 112, 271
regularization, 252, 260-267
and gauge invariance, 263
cut-off, 252, 253
dimensional, 252, 260-265, 267,
272, 323
Pauli-Villars, 252, 265-267, 272
relativity
general theory, 326
special theory, 5-8, 301
renormalizability
non-renormalizable theories, 248,
275, 326
of electroweak theory, 334
renormalizable theories, 248, 253
representation of gamma matrices
chiral, 360
Dirac-Pauli, 60, 203, 210, 226,
228, 229, 359-360
spinor solutions in, 56-58, 226
Majorana, 210, 361
running coupling constant, 276-279
Rutherford scattering formula, 197,
275
Re gauge, 334

S-matrix, 80-86, 115, 116, 130, 131,
155, 172, 174, 175, 180, 184,
185, 194, 230, 275
scalar electrodynamics, 169
scattering angle, 135, 142, 143, 181,
354
self-energy
for fermions, 174, 251, 254-257,
265-267, 270-272
for non-Abelian gauge fields, 323,
324
for photon, see vacuum
polarization
simple harmonic oscillator, 3-5, 32—-36
singlet representation, see under
group representation
spin of a Dirac particle, 65
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spin sum, 56, 118-120, 176, 177, 181,
343, 353, 354
spontaneous symmetry breaking,
294-311, 330, 331, 333, 338,
339
standard electroweak theory, see
electroweak theory
step function, 31
stress-energy tensor, 23, 25, 27
structure constants, 291, 292, 314,
317, 320, 323, 329
SU(2)
definition, 287
doublet, 327, 328
generators, 290-292
isospin, 289
n-plet, 330
transformation, 289, 290
SU(3), 324-325
superficial degree of divergence,
245-251
symmetries
accidental, 357
and conservation laws, see
Noether theorem
approximate, 289, 293-294
continuous, 200, 283, 284,
286—291
breaking of, 299-301, see also
Goldstone theorem,
Nambu-Goldstone bosons
discrete, 200-221, 283, 294, 295,
298, 304
global, 148, 166-169, 284,
286—289, 299, 308, 310,
312-315, 324, 331, 356-357,
see also Noether theorem
internal, 16, 26-27, 283, 285—287,
301
space-time, 2426, 283

tau, 279, 340

temporal gauge, 151

Thomson cross-section, 193

threshold energy, 144

time dilation, 122, 355

time reversal, 201, 212-217, 219, 283,
294



380

time-ordered product, 79, 80, 174
and normal-ordered product, see
Wick theorem
for fermion fields, 71
for scalar fields, 45
total divergence, 18, 23, 24, 64, 73,
148, 151, 309, 334
tree level, 100, 253-255, 267, 269, 271,
274, 277, 305, 306, 323, 327,
337, 351
interaction, 225, 241

ultra-violet divergences, 241, 245282

uncertainty relations, 9, 111, 355

unitary gauge, 310, 311, 333, 334

unitary groups, 327

unitary matrices, 50, 51, 210, 215,
286288, 290, 313, 341, 359

as a group, 285, 290

unitary operator, 76, 81, 213, 215

units, see natural units,
Heaviside-Lorentz units

unphysical mode, 303, 310, 322, 333,
334, 339

vacuum expectation value, 35, 84, 85,
98, 297, 299, 301, 304, 332,
339
of normal ordered products, 82
of time-ordered product, 84
vacuum polarization, 174, 251,
257265, 267, 270
vacuum state, 34, 36, 37, 40, 41, 45,
68, 82, 83, 89, 94, 95, 97,
102, 103, 107, 159, 297, 299,
301, 302, 331, 332
vacuum to vacuum transition, 94, 174
vertex function, 223224, 230, 242,
244, 253, 255, 258, 259, 272,
280
virtual particles, 110-113, 172, 282,
322, 323

W-boson, 279, 327-354
decay of, see decay of W-boson
mass, 332, 345
Ward-Takahashi identity, 253-256,
258, 272, 274, 276

Index

Weinberg angle, 333, 337, 345
Wick
contractions, 84
expansion, 86, 87, 90, 91, 94, 98,
104, 174
theorem, 82-86, 88, 101, 106, 174
Wick rotation, 235-237, 367

Yang-Mills theories, see non-Abelian
gauge theory
Yukawa
coupling, 339-341
interaction, 75, 87, 101, 117, 256,
338
theory, 75, 104, 288

Z-boson, 207, 217, 332-353, 355
decay of, see decay of Z-boson
decay width, 356
mass, 345



