
Index

accelerators
list of, 26

action at a distance, 5
adjoint spinor, 91
ALEPH experiment, 434
αS , value of, 258
angular momentum

algebra in quantum mechanics, 46
ladder operators, 47

anomalous magnetic moment, 172
antineutrino–quark scattering, 313
antiparticles, 96

Dirac sea interpretation, 96
Feynman–Stückelberg interpretation, 97
in Feynman diagrams, 126
operators acting on spinors, 101
spinors, 98

antiquarks
isospin representation, 221

asymmetry
A+− for neutral kaons, 390
AKS

CP for neutral B-mesons, 401
ALR, 457
forward-backward, 136, 439

asymptotic freedom, 253, 259
ATLAS experiment, 6, 279, 490, 505
axial vector, 289

B-meson
b-tagging, 24
CP violation, 400
mass eigenstates, 396
mixing, 395

b-tagging, 24
BaBar experiment, 370, 398
barn (unit of area), 30
baryogenesis, 365
baryon, 11

decuplet, 233
Δ, 182, 220
list of low mass states, 523

magnetic moments, 236
mass formula, 234
octet, 233
wavefunctions, 215, 219, 232

baryonic matter density, 502
Belle experiment, 370, 398
Belle-II experiment, 508
Beta (β)-decay

GF from, 366
parity violation in, 290

Bethe–Bloch equation, 13
Big Bang baryogenesis, 365
bilinear covariants, 290, 520
Bjorken x, 179
Bjorken scaling, 185, 193
Born approximation, 60, 167
bottomonium, 262, 271
box diagrams, 372, 379, 392
branching ratio, definition, 66
Breit–Wigner resonance, 430
Δ-baryons, 182

Bremsstrahlung, 18

Cabibbo mixing, 366
Cabibbo–Kobayashi–Maskawa matrix, 368
Callan–Gross relation, 185, 193
calorimeters, 20, 21
CDF experiment, 278, 370, 400, 448, 455
CDHS experiment, 319
CELLO experiment, 261
centre-of-mass energy, 26
Čerenkov radiation, 17, 332
CERN, 279, 319, 360, 378, 386, 428, 434, 490
charge conjugation

neutral kaons, 372
neutrinos, 347
operator for, 102

charge radius of proton, 175
charmonium, 262, 271, 400
chiral eigenstates, 141

and the fermion mass term, 485
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chiral projection operators, 141
chirality, 140

in electron–quark scattering, 187
in weak interaction, 293
relation to helicity, 143

chromomagnetic interaction, 231
CKM matrix, 368
classical electromagnetism, 525
CMS experiment, 6, 281, 490, 505
CNGS experiment, 360
COBE satellite, 502
cold dark matter, 502
colliders

future linear collider, 508
HERA, 199, 324
KEKB b-factory, 398
LEP, 257, 263, 428, 434
LHC, 6, 202, 264, 279, 490, 505
PEP2 b-factory, 398
PETRA, 136, 261
SLC, 441
Tevatron, 202, 279, 447, 450

colour
charge, 245
colour averaged sum, 268
colour factors, 265
colour trace, 271
confinement of, 248, 250
for antiquarks, 269
singlet states, 250
singlet wavefunction, 250

commutation relations, 45
Compact Linear Collider (CLIC), 508
compatible observables, 45
completeness relations

for fermions, 144
massive gauge bosons, 530
photons, 533

confinement of colour, 248
constituent masses, 235
contact interaction, 296
continuity equation, 42

covariant form, 91
contravariant four-vector, see four-vectors
cosmic microwave background, 502
cosmological constant, 502
coulomb gauge, 528
coulomb potential, 121
coupling constant, 8

running of α, 254
running of αS , 257

weak charged-current, 297
covariance of the Dirac equation, 517
covariant derivative, 467, 539
covariant four-vector, see four-vectors
CP conjugate fields, 494
CP eigenstates

neutral kaons, 372
CP operation, 347
CP violation, 508

B-meson, 400
connection to PMNS matrix, 351
in leptonic decays of neutral kaons,

391
in neutrino oscillations, 347
in the early Universe, 364
unitarity triangle, 403

CPLEAR experiment, 386
CPT symmetry, 348, 381
critical energy, 18
cross section

calculations, 70
definition, 69
differential, 72
master formulae, 77
neutrino scattering, 315

crossing symmetry, 155
current

of QED, 123
current masses, 235

d’Alembertian, 38
D0 experiment, 370, 448, 455
dark energy, 502
dark matter, 501
Daya Bay experiment, 353
decay rates, 66

branching ratios, 66
master formula, 77
partial decay rates, 66
two-body decays, 66

decuplet of baryon states, 233
deep inelastic scattering, 178, 183

kinematic variables, 179
of neutrinos, 317
parton model, 189
structure functions, 184

DELPHI experiment, 434
Δ baryon, 182, 220
density of states, 53, 58
DESY, 136, 199
DGLAP equations, 202
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differential cross section
definition, 72

dipole function, 175
Dirac, 82
Dirac delta-function, 512
Dirac equation, 82

adjoint spinor, 91
covariance, 517
covariant form, 89
four-vector current, 91, 520
free particle solutions, 93
in momentum, 99
Lagrangian density, 465
magnetic moment, 89
probability, 85
spin, 86, 88
total angular momentum, 88

Dirac mass term, 494
Dirac sea, 96
Dirac spinors, 84

for antiparticles, 98
for particles at rest, 93
helicity states, 104, 108
Lorentz transformation of, 519
normalisation, 101
parity, 108
spin states, 104

Dirac–Pauli representation, 84
double β-decay, 509
Drell–Yan, 276

elastic scattering
electron–proton, 160
form factors, 166
kinematics, 171
of neutrinos, 333

electromagnetic calorimeters, 20
electromagnetic showers, 19
electron–deuterium scattering, 205
e+e− pair production process, 19
electron–positron annihilation, 128

close to threshold, 152
cross section, 135
differential cross section, 136
Lorentz-invariant matrix element,

137
matrix element, 130
quantum chromodynamics in, 259
Rμ, 261
resonances in, 262
trace method, 150

electron–proton scattering, 160
form factor, 166
Mott limit, 165
relativistic, 168
Rosenbluth formula, 171
Rutherford limit, 161
weak charged current, 324

electron–quark scattering, 153
differential cross section, 186

electroweak unification, 408, 418
Euler–Lagrange equation, 462
exchange symmetry, 218
experiments

ALEPH, 434
ATLAS, 6, 279, 490, 505
BaBar, 370, 398
Belle, 370, 398
Belle-II, 508
CDF, 278, 370, 400, 448, 455
CDHS, 319
CELLO, 261
CMS, 6, 281, 490, 505
CNGS, 360
CPLEAR, 386
D0, 370, 448, 455
Daya Bay, 353
DELPHI, 434
e−p scattering at SLAC, 185, 195, 197
GALLEX, 332
H1, 199, 325
Homestake, 331
JADE, 136
KamLAND, 356
KTeV, 378, 388
L3, 446
LHCb, 400, 404, 508
MINOS, 358
NA48, 378
NuTeV, 323
OPAL, 257, 263, 434, 441
OPERA, 360
RENO, 355
SAGE, 332
SLD, 441
SNO, 333
Super-Kamiokande, 330, 332, 363
T2K, 360, 363
TWIST, 303
ZEUS, 199
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FCNC, see flavour changing neutral current
Fermi constant, GF, 297
Fermi theory, 296

of β-decay, 296
Fermi’s golden rule, 58, 63, 114

derivation, 50
Fermilab, 323, 358, 378
fermion masses, 501
Feynman, 189
Feynman diagrams, 9, 118

antiparticles, 126
interference, 129

Feynman gauge, 534
Feynman rules, 124

for QCD, 247
for QED, 124
massive propagator, 295
weak charged-current, 293
weak neutral-current, 423

Feynman–Stückelberg interpretation, 97
field strength tensor, 465
fine structure constant, 8
flavour changing neutral current, 367
flavour symmetry, 211
form factor, 166

examples of, 168
forward–backward asymmetry, 439
four-vectors, 34

contravariant, 35
covariant, 35
current, 91, 123
four-derivative, 37
four-momentum, 36

fundamental fermions, 4
fundamental forces, 5

galactic rotation curves, 502
GALLEX, 332
gamma-matrices, 89

anticommutation relations, 90
Dirac–Pauli representation, 90
γ5, 140
properties, 90

gauge boson
self-interactions, 542

gauge field, 243
gauge invariance, 242

Higgs mechanism, 475
non-Abelian, 538
SU(2)L, 415
SU(3) of QCD, 243

U(1)Y of weak hypercharge, 418
U(1) of QED, 243

gauge theory
non-Abelian, 468

Gell-Mann matrices, 225
generations of fermions, 2
generators, 208

SU(2), 212
SU(3), 225

GF, 297
GIM mechanism, 367
Glashow, Salam and Weinberg, 408, 418
gluons, 247

in e+e− annihilation, 263
self-interactions, 248, 543
three-jet events, 263

Goldstone boson, 474
Grand Unification, 506
Gross–Llewellyn-Smith sum rule, 324
GSW, see Glashow, Salam and Weinberg
gyromagnetic ratio, 517

H1 experiment, 199
hadron calorimeters, 21
hadron–hadron collisions, 264, 274

Higgs production, 490
hadronisation, 252
hadrons, 4, 11

list of low mass states, 523
Hamiltonian

of QED, 122
Heaviside–Lorentz units, 32
helicity, 105

amplitudes, 132
conservation, 144
in electron–quark scattering, 188
in pion decay, 298
relation to chirality, 143

HERA ep collider, 199, 324
hierarchy

of neutrino masses, 346
hierarchy problem, 505
Higgs boson, 6

branching ratios, 489
decays, 487
discovery, 490
mass, 493
mass from electroweak measurements,

455
production at the LHC, 490
two Higgs doublet model, 507
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Higgs field, 478
Higgs mechanism, 470

fermion masses, 486
Higgs production

in e+e− collisions, 498
in hadron–hadron collisions, 490

higher-order diagrams, 128
homestake experiment, 331
hypercharge

in SU(3) flavour symmetry, 225
weak, 418

hyperfine splitting, 231

inelastic scattering, 178
inelasticity, 180
infinite momentum frame, 189
initial state radiation, 435
interaction length, 21
interference
γ-Z in e+e− annihilation, 430
in e+e− →W+W−, 414
in neutrino interactions, 427

International Linear Collider (ILC), 508
intrinsic parity, 110
invariant mass, 37

reconstruction, 445
inverse β-decay, 353
ionisation energy loss, 13
isoscalar target, 318
isospin, 213

in nuclear physics, 211
isospin symmetry in deep inelastic

scattering, 195
ladder operators, 214
representation of antiquarks, 221

J/ψ meson, 262
JADE experiment, 136
jets

hadronisation, 252
in e+e− annihilation, 263
particle content, 24
three- and four-jet events, 263

KamLAND experiment, 356
kaons, see neutral kaons
KEK, 398
KEKB collider, 398
kinematic variables

in inelastic scattering, 181

Klein–Gordon equation, 80
Lagrangian density, 464
probability density, 82

KTeV experiment, 378, 388

L3 experiment, 434, 446
ladder operators, 214

angular momentum, 47
Lagrangian

density, 462
density in QFT, 461
for spin-0 fields, 464
for spin-1 fields, 466
for spin-half fields, 465
for the electromagnetic field, 466
ΛCDM, 502
lattice QCD, 249, 253
LEP e+e− collider, 257, 263, 428, 434
lepton number, 509
lepton universality

of the weak charged-current, 309
leptonic current

in QED, 133
leptons, 4
LHC pp collider, 6, 202, 264, 490, 505

jet production at, 279
LHCb experiment, 400, 404, 508
Lie algebra, 213
light meson states, 222
lightest supersymmetric particle, 505
LIPS, see Lorentz-invariant phase space
local gauge principle, 242
long-baseline neutrino experiments, 357
Lorentz invariance, 35
Lorentz-invariant

flux, 71
matrix element, 63, 116
phase space, 62, 65

Lorentz transformation, 33
of Dirac spinors, 519

Lorenz gauge, 526
LSP, 505
luminosity

instantaneous, 26
integrated, 26

magnetic moment, 89
of a Dirac fermion, 517
of baryons, 236

Majorana mass, 495
Majorana neutrinos, 508
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551 Index

Mandelstam variables, 39, 189
mass eigenstates

B-mesons, 396
neutral gauge bosons, 482
neutral kaons, 383
neutrinos, 336

mass hierarchy of neutrinos, 346
mass matrix

for Dirac and Majorana neutrinos, 496
Higgs mechanism, 481
neutral kaons, 380

mass-shell, 117
meson mass formula, 230
mesons, 11

B0/B0, 395
bottomonium, 271
charmonium, 271
η, 230
η′, 230, 232
J/ψ, 262
KS /KL, 375, 383
list of low mass states, 523
neutral kaons, 371
ω, 230, 262
φ, 230, 262
π±, 230

weak decay, 298
π0, 230
ρ decay, 12
ρ0, 230, 262
Υ(4S ), 398
Υ, 262

metric tensor, 36
Michel parameters, 303
minimum ionising particle, 15
MINOS experiment, 358
missing momentum, 23
momentum conservation

from translational invariance, 210
Mott scattering, 165
multiplets

baryon, 234, 241
baryon decuplet/octet, 234
meson singlet/octet, 232

muon
decay, 307

NA48 experiment, 378
natural units, 31
negative energy states, 81
neutral-current, see weak neutral-current

neutral kaons, 371
branching ratios, 377
CP eigenstates, 372
decays to pions, 373
effective Hamiltonian, 379
quantum mechanical mixing, 378
strangeness oscillations, 384

neutralino, 503, 504
neutrino

beams, 309
deep inelastic scattering, 317
differential cross section, 315
flavours, 329
interaction thresholds, 351
Majorana mass, 495
mass and weak eigenstates, 336
masses and mass hierarchy, 346
neutrino–nucleon cross section, 321
number of generations, 438
right-handed, 494
scattering, 309

structure functions, 322
solar neutrinos, 330

neutrino oscillations, 329
C, P, CP and CPT, 347
three-flavours, 342
two-flavour, 338

neutrino–quark scattering, 311
neutrinoless double β-decay, 509
neutron

magnetic moment, 237
Noether’s theorem, 209, 467, 536
non-Abelian, 468
non-Abelian gauge invariance, 538
non-Abelian gauge theory, 244
non-relativistic QCD, 272
non-relativistic quantum mechanics, 40
normalisation

of Dirac spinors, 101
of wavefunctions, 60

ν in inelastic scattering, 180
nuclear interaction length, 21
nuclear magneton, 236
nucleon, 211
NuTeV experiment, 323

octet of baryon states, 233
OPAL experiment, 257, 263, 434, 441
OPERA experiment, 360
operators in quantum mechanics, 40
organic scintillators, 16
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parity, 108, 285
conservation in QED and QCD, 287
intrinsic, 110
operator, 109
violation in β-decay, 290
violation in the weak interaction, 293

partial widths, 66
particle accelerators

list of, 26
particle exchange, 114
particle identification, 23
particle lifetimes

examples of, 13
parton distribution functions, 192

determination of, 202
measurement of, 193

parton model, 189
Pauli spin matrices, 84, 212
PDF, see parton distribution functions
PEP2 collider, 398
periodic boundary conditions, 60
perturbation expansion, 129
perturbation theory, 114, 128

time-ordered, 115
PETRA e+e− collider, 136, 260
phase space

Lorentz-invariant, 65
non-relativistic, 60

photon
polarisation states, 122, 527
propagator, 533
self-energy, 255

pion decay, 298
Planck scale, 505
PMNS matrix, 342, 349
polarisation

massive gauge bosons, 528
photons, 527
W bosons, 408

polarisation sums, 530
pp cycle in Sun, 331
principle of least action, 463
probability density/current

Dirac equation, 85
Klein–Gordon equation, 81
Schrödinger equation, 43

Proca equation, 529
Proca Lagrangian, 466
projection operators

chiral, 141
particle/antiparticle, 158

propagator, 118

in ep scattering, 325
photon, 533
W-boson, 295, 445

proper lifetime, 66
proton

anomalous magnetic moment, 172
charge radius, 175
form factors, 175
magnetic moment, 237
PDFs from a global fit, 202
PDFs from neutrino scattering, 323
structure of, 160
wavefunction, 220

pseudorapidity, 275
pseudoscalar mesons, 229

Q2, 179
QCD, 242

as a gauge interaction, 243
asymptotic freedom, 253, 259
colour factors, 265
colour potential, 271
gluon self-interactions, 542
in hadron–hadron collisions, 264
non-relativistic potential, 272
parity conservation, 288
running of αS , 253

QED, 121
as a gauge interaction, 243
calculations, 128
Drell–Yan process, 276
Feynman rules, 124
Hamiltonian, 122
interaction potential, 122
Lagrangian, 468
parity conservation, 288
running of α, 257

Quantum Field Theory, 118, 461
quantum loop corrections, 449
quantum mechanics

angular momentum, 46
compatible observables, 45
continuity equation, 42
de Broglie hypothesis, 40
ladder operators, 47
non-relativistic, 40
operators, 40
Planck–Einstein postulate, 40
probability density/current, 42
stationary states, 44
time dependence, 43
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quantum numbers, 45
quark

constituent masses, 232
current masses, 3
flavours, 4
model, 215
sea quarks, 197
upper limit on size of, 200
valence quarks, 197

quark–parton model, 189

radiation length, 19
rapidity, 275
reactor neutrino experiments, 353
relativistic quantum mechanics, 80
relativistic rise, 14
relativity, see special relativity
RENO experiment, 355
renormalisation

in QCD, 257
in QED, 254

resonances
baryon, 523
in e+e− annihilation, 262
in electron–proton scattering, 182
Z-boson, 430

right-handed neutrinos, 494
rosenbluth formula, 171
rotation curves of galaxies, 502
running coupling constant, 253

grand unification, 506
Rutherford scattering, 161

SAGE, 332
Sakharov, 365
Salam–Weinberg model, 480
scalar

interaction, 116
scaling variables

x, 179
scaling violations, 201
Schrödinger equation, 41, 80
scintillation detectors, 16
sea quarks, 197
seesaw mechanism, 346, 495
shower

electromagnetic, 19
hadronic, 21

silicon detector, 16
silicon microvertex detectors, 25
singlet

colour, 250

isospin, 216
weak isospin, 415

SLAC, 185, 195, 197, 398
SLC e+e− collider, 441
SLD experiment, 441
SNO experiment, 333
solar neutrinos, 330
space-like, 120
sparticles, 504
special relativity, 33

four-vectors, 34
Lorentz invariance, 35
Lorentz transformation, 33
notation, 38

spin
from the Dirac equation, 86
in e+e− annihilation, 139
wavefunction of three quarks, 218

spin sums
in e+e− annihilation, 130
trace formalism, 146
virtual photon, 533

spontaneous symmetry breaking, 471
Standard Model, 1, 499

fermions, 2
forces, 5
parameters, 500
vertices, 7

static potential, 120
stationary states, 44
strangeness oscillations, 384
structure constants, 244, 538
structure functions, 184, 322
Super-Kamiokande experiment, 330, 332, 363
supersymmetry, 493, 504
symmetry, 207

generators of, 208
in quantum mechanics, 207
SU(2) flavour, 211
SU(2)L of the weak interaction, 415
SU(3) flavour, 223
SU(3) of colour, 244
U(1), 212
U(1) of QED, 242
U(1) of weak hypercharge, 418

T2K experiment, 360, 363
tau-lepton

decay and lifetime, 307
decays, 23

tau polarisation, 458
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Tevatron pp collider, 202, 279, 447, 450
‘t Hooft, 460
time dependence in quantum mechanics,

43
time-like, 119
time-ordered perturbation theory, 115
time-reversal symmetry, 348
top quark, 450

decay of, 450
mass, 455
Yukawa coupling, 486

total angular momentum, 88
trace

colour factor, 271
techniques, 144
theorems, 149

tracking detectors, 15
transition matrix element, 51, 58
TWIST experiment, 303

uncertainty principle, 46
unitarity

in neutrino mixing, 343
unitarity triangle, 403
unitarity violation

in e+e− →W+W−, 414
in WLWL →WLWL, 460

unitary gauge, 478
unitary transformation, 207
units, 30

Heaviside–Lorentz, 32
natural units, 31

Υ meson, 262

V–A, 290
experimental evidence, 303

vacuum expectation value, 471
valence quarks, 196
vector mesons, 229
Vertex

Standard Model, 7
vertex

Higgs-W, 483
Higgs-fermion, 487
QCD, 246
QED, 124
weak charged current, 293
weak neutral-current, 423

vertex detectors, 24
virtual particles, 118

W boson
branching ratios, 413, 443
decays, 408
mass, 448
pair production, 442
propagator, 295, 445
width, 448

Ward identity, 255
Water Čerenkov detectors, 332
wave packet, 340
wavefunction normalisation

non-relativistic, 60
relativistic, 63

weak charged-current, 285
coupling constant, 297
leptons, 307, 337
quarks, 365
weak eigenstates

neutrinos, 336
quarks, 368

weak hypercharge, 418
formula, 420

weak interaction, see weak charged-current
weak isospin, 415
weak mixing angle, 426

from Higgs mechanism, 483
weak neutral-current, 417

in electron-proton scattering, 327
Weyl spinor, 84
WIMP, 503
WMAP, 502
Wolfenstein parameterisation, 371

measurements, 404

x, see Bjorken x

y in inelastic scattering, 180
Yang–Mills fields, 542
Yukawa coupling, 485
Yukawa potential, 121

Z boson
branching ratios, 426
couplings, 421
decays, 424
mass, 436
production in e+e− annihilation, 431
resonance, 430
width, 437

ZEUS experiment, 199
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