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

Phase Invariance: v — w' =%y : ¥ > =%y

Absolute phases are not observable in Quantum Mechanics

0 = 6(x)
Phase Invariance should hold LOCALLY

BUT o,v — €97 (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

L= 7(i7"D,-m)y S’
=y (iy“o,-my -eQA, (vriy) AN
Kinetic term: F* =% A" — 0" A*

Ly = —% Fu F* 0,F*"" =c0 (wyw) Maxwell
Mass term: [exp: m, <1.10™ eV]
Ly = % m> A“A, Not Gauge Invariant

Gauge Symmetry QOED Dynamics
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Successful Theory

e 7<:‘

2m,
1
a = — —2
I 2 (g| )
8 = (1159 652180.73+0.28) x10™ o = 137.035999 084 + 0.000 000 051
a, = (11659184 £5)x107" [Exp: (11659 208.9+6.3)x10™]
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QUANTUM  CRROMODYNAMIGS a-(

FREE QUARKS: L=0q[iy0,— m]q
SU(3) Colour Symmetry: q—->Ug :;: g->qu’
Uu' =U'uU=1 ; detU=1 ; U= exp{iL;ea}
Gauge Principle: Local Symmetry 0, = 6,(x)
Dfq = (1, 0" + | )g — U D'
D - U D# U' ; UG“ U (6*U) U'
=~ (4,5 8 Gluon Fields
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a
5q% = i 60, (%) ¥ ;  6GY= ' 0" (66,) — 12 56, G
ap

)

e 0G) depends on Gf
e Universal (@,

e Same colour charge for all guarks
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G* = - [D¥,D'] = "G¥ —3G* + i g, [G*,G'] — UG* U’
Os

a
G = %Ggw . GM = 9“G! - 0GY - G/ G

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

Ly, =%m(23 G4 G2

Not Gauge Invariant

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

(04

-|>||—\
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(No Colour Charges)
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Three Families

Family v, q,
Structure 1" qq

Charged Currents

Neutral currents

Universality

The Standard Model

EXPERIMEDR

{ m (e IR} ; { [SJ @)e (qd)R}

W { Left-handed Fermions only

Flavour Changing: v, & | , q, & qq4

7, L

Flavour Conserving

(Family — Independent Couplings)

(V)R
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Fields

W, (X)

O/Z\XJO;'! Quarks

(Au)r

JJMPO Leptons

Free Lagrangian for Massless Fermions:

SU(2), ® U(1), Flavour Symmetry:

iy, B iy,
m—>€ Uy s o> €

_ -1y, p _ _
Vfl_)WlUEe S v, > ¥, €

4 Massless Gauge Bosons

The Standard Model
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a=a(x) ., B=pFK

. . iy, B(X)
Dﬂgylz[aﬂﬂgwﬂ(x)ﬂg Bﬂ(x)] vy, — € P

., Ly, B(x)
D, w = [@ +1( Bﬂ(x)] vy, — € D, v (k=2,3)

U (x) D,w

@m—»@m—éqmm

Wﬂ)%LU@WMHM@+é%%®UW)

U(x)zexp{i%o?(x)} - W,(0= W, ; &N;:—éaﬂ(aai)—g”kaaiwj

T 3 0
wE , w?, B
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CHARGED CURRENTS

Zj:i‘?j ?/ﬂDﬂWj —0 ‘)717/ﬂwﬂ v, — 0 B, Zj:yj Vi 7”%”]
G o 1 WP ovawp) _
Wﬂs?wﬂzg(ﬁ\;‘vﬂ —Wjﬂ] W, = (W +iW2) /N2
Lec = ‘F W | @7 A-r)dq + 7" A-y)1 | + hc

Quark / Lepton Universality

Left — Handed Interaction
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NEUTRAL
CURRENTS

W3
Neutral Fields ==» Arbitrary Combination ( J =

(broken symmetry, since M, # 0)

Aﬂ has the QED Interaction IF

—sin 6,, Cos 6,

|
7~ N\

cos 6, sin@wj [Z

gsing, = g cosb, = e

1 1
yleu_E:Qd—i_E : Y, = Qy , Y, = Qy
e Lyc = - ZWJ' 7" Qi v + Lic
\‘QG j

\(o ‘o(\ Qu 0

() \ _ : _ . _
e\e ‘\(\00\' Ql _ (0 Qd] ! QZ - Qu J Q3 - Qd
W)\
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IF

€

_ o ) B
- {W17ﬂ73§”1_5'n2‘9wzj:Wj?nyjo}

sin @, coso,,

e _
_ . _ £
2sin g, cos6,, Z 7 1ve —a; 7]

. -8 142 1 144
3 3

—1

do exist:  Y(Vg)=Q, =0
Sterile Neutrinos
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e
Vf:Tsf 1_4|Qf| Y
( ) 2s,C, °
W W
|_ VI qd dy
(l—yS) (1_7/5)
y(vg)=Q, =0 No Vi Interactions Sterile Neutrinos
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W, = U, U/ : —

N | Qi

W), = 0,W, —a,W, —g el wlw}

1 v 1 A% 1 1% 1.5 A/
L, = —ZBW B#" — ETr(Wﬂv W) = _ZBW B ——W W L. +

ie cotd, {(0“WY— W)W, Z, — (@“W " = "W T)W,, Z, + W, W, (842" - 8Z*)}
vie {(6WY —aWH) WS A, — (oW —a"WHT) W, A, + W, W] (84A" - 0" A)]
2
_ T\wH Y IRV Y224 v 2 IRY V¥ v T =2u 1%
SEE] {(WﬂW ) = WiW AW, W } cot’ 0, {WyWHZ, 2" — W) ZH#W, Z¥}
—e'cotf, {2WIWHZ, A" =W,J ZHW, A=W AW, 2V} — " {WIWHA, A —W1 A“W, A"
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GAUGE
SELF-INTERACTIONS

W~ W~

The Standard Model

Z O
W-
A v, Z
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)

PROBLENM WITH MASS SCALES
Good
Bad!

—4

Gauge Symmetry

M, = 80.40 GeV
M, = 91.19 GeV

Moreover Lo =-mg £ f=-m (f fg+ Tz f)

Also Forbidden by Gauge Symmetry vV f
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