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Field Theory

Classical Electrodynamics
Quantum Electrodynamics
SU(N) Gauge Theory

Quantum Chromodynamics

The Standard Model
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QUANTUM MEGHANICS WAVE EQUATIONS

Non Relativistic: Schrodinger equation
p=-iV ; Ezig E=% ) i%\lf = —%qj
Relativistic: Klein-Gordon equation
p =it = igh 2 E2=pl4m’ wesp | (O4+m2) g = O

2
=049, =2 -V
ot

Spin —: (iy*0,-m)y =0 Dirac equation

~(iy'0, +m) [(i7"0,-m)yl=0 = (@+m2)y  wemp {* y"}=20"
spin matrices (D =4)
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The Standard Model

Particle
Antiparticle

{O‘i,O'j} = 25" ;

Spinors
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LAGRANGIAN FORMALISH

4 - oL .. oL
S—J‘dx L(4,0,0) 5S=0 =) o ~0 (a(aﬂm]_o
Eg. Motion
Klein-Gordon: (spin 0)

L= 0"¢0,p-m’¢ ¢ —> (O0+m?)¢=0

Dirac: (spin %) 7=y y°
L=y (iy*o,-my m—) (iy“0,-my =0
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CLASSICAL ELECTRODYNAMICS

| V-E=p , V-B=0
Maxwell's Equations: ) )
TxB-25_37 . vxE+8_5
t t
- . - OA = o =
Potentials: E = —VV o : B =VxA
Covariant Notation: A = (V, A) ; I = (p,J)

FAY = 0HAY — 0V A* = — aﬂF”V — 7

Gauge Invariance: AY =y A'H = AF 4 OHA
Same Physics described by many different A*
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| % | % | %
d,F* = DA - 8"(8, A*)

CONSERVED ELECTROMAGNETIC CURRENT:
uv H
0,0, F#“=0 8,3%=0

Lorentz Gauge (9,A"=0) and J“=0 OAY =0

equation with MASSLESS PHOTON

Residual Invariance: A¥ A+ oA ; OA=0

TWO PHOTON POLARIZATIONS
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FREE Dirac fermion: L=y (iy"0,-m)y

Phase Invariance: w — w' =%y : 7 > =%y

Absolute phases are not observable in Quantum Mechanics

0 = 6(x)
Phase Invariance should hold LOCALLY

BUT o,v — €99 (8,+1Q0,0) y
SOLUTION: Covariant Derivative
D,y =(8,+ieQA)y — €% D,y
One needs a spin-1field A, satisfying A, — A, - % 0,0
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MUANTU ELECTRODYNAMICS

£ = 7(i"D,~m)y éy
=y (iy“o,-my -eQA, (vriy) AN
Kinetic term:

Ly = —% Fu F* 0,F*"" =¢c0 (wy'w) Maxwell
Mass term: [exp: m, <1.107 eV]
Ly = % m> A“A, Not Gauge Invariant

Gauge Symmetry QOED Dynamics
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Successful Theory

T 7<:‘

a, = (1159 652180.85+0.76) x 10™* o' = 137.035999 710 + 0.000 000 096

a = (11659188+10)x10™  [Exp: (11659208.0+6.3)x10™]
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UARKS HAVE COLgy

&
J:—’ J — —

Fermi Statistics A" = gV ug u

B ~é&”q,q,a ; M =6870,T) Gik=uds.:apfyr=1..N)

Ne. = 3 q q

We don’t see Colour Multiple
(999, 509 and qQ@; BUT NOT ¢q and cqqq)

; . o o
We don’t see Quarks Don't exist °
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Exvt=58906

n=15763
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e+> y <;

€

n _ o(e’e - hadrons) _ 2 ,08e »>qq) 5 Q2
ole'e > u u) oe’e” > uu) =
2
- , u,d,s
2 ( )
10
= - , u,d,s,c
15 ( )
%  (u,d,s,c,b)
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QUANTUM CHROMODYNAMICS

FREE QUARKS: N, =3 £\
d=|q
£=qliy"a,- mlq a,

SU(S) Colour Symmetry:
qg—>Ug ; @§g-gu

UU =U'U=1 ; detU =1
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ABELIAN ROTATIONS
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SU(N) ALGEBRA
NxN matricess UU =U'U=1 : detU-=1

U:exp{i Ha} ; = , Ir(T)=0 ; a=1,--,N

Commutation Relation:

Structure Constants real , antisymmetric
TI? = % ﬂa N x N
(T2)y, = —1 F2° (N?-1) x (N2 -1)
a-Tby _ . a Th) _ . a Ta _
WUE R = Ty 5 VE(UR TR = Cudy o (VTR )aﬁ =G B
1. _ N*-1
TF = E ; CA = N - CF = 2 N
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SU(2)

2x2 matricess UU'=U'U=1 : detU=1

U=exp{i Ha} ; = , ITr(T°)=0 ,; a=1,--,3

Commutation Relation:
a —_— .
Te =50 Pauli

SRR R P
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1
L =E/1a Gell-Mann

0 1 0 O -1 0 1 0 O 0O 0 1
A=11 0 0| : A*=]i 0 0| : A*= -1 0| : A*=]0 0 O
O 0 O O 0 O O 0 O 1 0 O
0O 0 —i 0 0O 0 0 O . 1 0 O
A=10 0 0| : A°*=/0 0 1| : A'=|0 0O —i| : /18=ﬁ 01 O
1 0 O 01 0 O 1 O 0O 0 -2
1 ¢123 147 156 246 257 345 367 1 458 1 ¢68 1
= f — f ——f — f — f — f ——f —— f —— f - =
NE NE 2
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QUANTUM CRROMODYNAMICS

FREE QUARKS: Ne =3

q=|9
L=qliy0,-m]q \a)

. A8
SU(3) Colour Symmetry: g —> UQ = exp{l76’a} q

Gauge Principle: Local Symmetry 0, = 0,(X)
Dfqg = (1, 0" + i )g — U D%

D - U D* U’ ; uo u’ (6*U) U

=~ (1), 8 Gluon Fields
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a
59% = i 60, (%j 0 ;  8GE=-— 3"(56,) - 1250 G
ap

S

fac + 0

e 060G} depends on Gf
e Universal g,

e No Colour Charges
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G* = - [D*,D'] = "G¥ —3"G* + i g, [G*,G'] — UG* U’
Os

a
G = %Ggw . GY = 04G! - 0"GE — G/ G

1 v 1 ~uv
£K Z—ETI‘(G” Guv) :_ZGgl GZV

Not Gauge Invariant

Massless Gluons
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->(o*6,-0"GY ) (0,62-0,G5) + > 4, [iy“o,-m]a,
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