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Classical Electrodynamics
Quantum Electrodynamics
SU(N) Gauge Theory

Quantum Chromodynamics

(QED)

(QCD)



OUANTUR BEGAANIGS WAV BOUATIONS

Schrdédinger equation

— 2 — 2
p=-iV ; E=i’ E=t_ i Sy - Yy
ot 2m ot 2m
Klein-Gordon equation
Mo iAl _ i MV 0 2 =2 2 2
p”=10" =19 Fa E°=p"+m (O+m°)¢g =0
0 = 8“0, =a—22—62
ot
(iy“0,-m)y =0 Dirac equation
~(iy"0,+m) [(iy"0,-m)y]=0 = @+m?)y (. v} =29"

spin matrices D=( 4
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LAGANGIA FORMALIM

_ (g _ oL _u[ 9L ) _
S _jd X L(¢,0,0) 6S=0 =) = o (a(a%)] 0
Eqg. Mot
Klein-Gordon: (spin 0)

L= 0"0,p-m¢ ¢ = (O0+m?)¢=0

Dirac: (spin %) v=y'y

L=y (iy*0,-my m—) (iy“0,-my =0
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| V.E=p , V-B=0
Maxwell's Equations: ) )
VxB-25-37 ; vxE+82 -5
ot t
Potentials: E = -VV —2—A ; B =VxA
t
Covariant Notation: A= (V, A) . M= (p.J)
0o -E, -E, -E,
E 0 -B B
FA= 04N — 0" = | N = “=Jv
E, B, 0 -B, 0,F J
E, -B, B, 0
Gauge Invariance: AY =y A'H = AF 4 OFA

Same Physics described by many different A*



ﬁﬂFﬂV = OA" - ﬁv(ﬁﬂAﬂ) = JV
CONSERVED ELECTROMAGNETIC CURRENT:
8ﬂ@VF”V:O 8ﬂJ“=O
Lorentz Gauge (0,A*=0) and J¥=0 OAY = 0
equation with MASSLESS PHOTON
Residual Invariance: A* A + ;

TWO PHOTON POLARIZATIONS



FREE Dirac fermion: L=y (iy"0,-m)y
Phase Invariance: y — y'=€e%%y ; ¥ > g ="y

Absolute phases are not observable in Quantum Mechanics

0 = 0(x)
Phase Invariance should hold LOCALLY

Q6 -
BUT o, —> €% (0,+1Q0,0) v
SOLUTION: Covariant Derivative

D,w =(0,-ieQ " )y — €% D,y

One needs a spin-1 field satisfying



QUANTUR ELEGTRODYNARIG

£ = 7(iy*D,~m)y S’
= w(iy“o,-m)y + (wriw) V AoV

Kinetic term:

Ly = —% F. F* 0, F"" = (w7 w) Maxwell

Mass term: [exp:  m, <210 eV]

Not Gauge Invariant

Gauge Symmetry QOED Dynamics



Successful Theory

e : S

a, = (115965 218.59+0.38) x 107 ot =137.03599911 + 0.000 000 46

[Exp: (116592 080+ 60) x10™]



QUANTUN  GrROMODYNANIGS

FREE QUARKS: N =3 N
q=|g
; ; \4)

SU(3) Colour Symmetry:

UU = U'U=1 ; detU =1



ADELIAN ROTATIONS
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U=expli 6} ; = C Tr(T%) =0 ; a=1,-,N°-1

Commutation Relation:

Structure Constants real , antisymmetric

1
T. = =
N,

CA: ’ CF:



U=exp{iT 6| = - Tr(T%) =0 ; a=1,-,3
Commutation Relation:

a = a )
Tr =-o0 Pauli
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QUANTUM CHROMODYNAMICS

FREE QUARKS: N. =3
q=|¢
q q \d)
SU(3) Colour Symmetry: ¢ —> UQ = exp{i } g
Gauge Principle: Local Symmetry 0, = 0,(X)
Dq = (1, 0% - i )g — U Dqg
D# - U D* U ; u u (6%U) U'

= 5 W 8 Gluon Fields
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A° p : H H abc 7
. ,Bq : oG} = g— 0" (00,) — 1 ot G
(04

5q% =i 5(9a(2

S

o depends on
e Universal

e No Colour Charges



a
6" =26 i Gy = 0"Gy- 0'GL+ o

Ly =-3Tr(G"G,,) = -4 G4 G},

Not Gauge Invariant

Massless Gluons
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(No Colour Charges)
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Increases with Q°=-q° Decreases at Large Distances



The Photon Couples to

Vacuum Polarized Dielectric Medium

(46)

(I"I" and JQ contributions included )



2 _
as(Q) i aS(Qoz) Qz
1 - ,317 log ? quarks  gluons
Q> Q

Decreases at Short Distances



as = 0(1)

Increases at low energies

at 1 GeV



Confinement

Hadrons

o(e'e—>qd +qqG +9gGG + qqqQq + ---)






Confinement




T >
W e, u,d,
< VeV, U
B, = (17.84 + 0.06) %
B, = (17.36 £ 0.06) %
2
QCD: N, {1 L asmd) | }
7T

R, =3.4841£0.024 as(m?) = 0. 345+ 0.020 = 0.119 +£0.002



as(MZ) = 0.1182 +0.0027
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Deep Inelastic Scattering
e¢*¢” Annihilation
Hadron Collisions

Heavy Quarkonia 0

ALk ag(Mp))
245 MeV ---- 0.1209
210 MeV 0.1182
180 MeV — —(0.1155
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jets & shapes 206 GeV

DIS [pol. stret. fetn. ] '
DIS [Bj-SR]

DIS [GLS-SR]
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QQ + lattice QCD
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. I
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