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The Standard  Model

 Gauge  Invariance:  QED, QCD
 Electroweak  Unification:
 Symmetry  Breaking:  Higgs  Mechanism
 Electroweak  Phenomenology
 Flavour  Dynamics
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Quarks Leptons Bosons

photon

gluon

Higgs

up down electron neutrino  e

charm strange muon neutrino  µ

top beauty tau neutrino τ

e

µ

τ

Z0 W ±

The Standard Model                                         A. Pich - TAE 2010 



The Standard Model                                         A. Pich  - TAE 2010 

FREE  Dirac fermion: ( )i mµ
µψ γ ψ= ∂ −

Phase Invariance: ;e eiQ iQθ θψ ψ ψ ψ ψ ψ−′ ′→ = → =

Absolute  phases  are  not  observable  in  Quantum  Mechanics

GAUGE  PRINCIPLE:
Phase  Invariance  should  hold LOCALLY

( )xθ θ=

SOLUTION: Covariant  Derivative

( ) eiQAD i De Q µµ µ µ
θψ ψ ψ≡ ∂ + →

One needs a spin-1 field satisfyingAµ
1A A
eµ µ µθ→ − ∂

( )eiQ i Qθ
µµ µ θψ ψ∂ → ∂ ∂+BUT
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( )i D mµ
µψ γ ψ= −

( ) ( )ei m Q Aµ
µ µ

µψ γ ψ ψ γ ψ= ∂ − −

Kinetic  term:

1
4K F F µν

µν= −

Gauge Symmetry QED Dynamics  

( )eQFµν ν
µ ψ γ ψ∂ = Maxwell

21
2M m A Aµ

γ µ=

Mass  term:

Not  Gauge  Invariant 0mγ =

18[ exp: m 1 10 eV ]γ
−< ⋅

γ

ψ
e Q

ψ
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Successful  Theory

Anomalous  Magnetic  Moment

2l l
l

g e
m

µ ≡

12(1 159 652 180.85 0.76) 10ea −= ± × 1 137.035 999 710 0.000 000 096α− = ±

10th (11659188 10) 10aµ
−= ± × 10[ Exp: (11 659 208.0 6.3) 10 ]−± ×

1 ( 2)
2l la g≡ −

γ

e+

µ−

µ+

e−
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Gauge   Principle:                 Local  Symmetry ( )a a xθ θ=

3( )sgiµ µ≡ ∂ + → μμ Gq I q UD D q

† † †; ( )
s

i
g

µ µµ µ µ→ ∂→ +D D GU U G U U U U

1
2

([ ))] (a
aG xαα ββ

µ µλ≡G 8  Gluon Fields

CN = 3

q
q

q 
≡   
 

q

FREE  QUARKS: [ ]i mµ
µγ= ∂ −q q

SU(3)   Colour Symmetry:

† † ; det 1 ; exp
2

a

ai λ θ= = =





=





U U U U 1 U U

†;→ →q q q qU U
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Infinitesimal   SU(3)   Transformation:

2
( )1q q ;

a
abc

a c
s

a a bi G f Gg
µ µµβα

α β

λδθ δθ δθδ δ ∂ = = − − 
 

Non  Abelian Group:

• depends on

• Universal 

• No  Colour Charges

aGµδ aGµ

sg

,
2 2 2

a b c
abci fλ λ λ 

= 
 
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Mass   Term: 21
2

a
aM Gm G Gµ

µ=

Not  Gauge  Invariant 0Gm =

Massless  Gluons

Kinetic   Term:
†[ , ] [ , ]s

s

i i g
g

µν µ ν µ ν ν µ µ ν µν≡ − = ∂ − ∂ + → UG D D G G G G G U

;
2

a

a a a
abc

a cbsG G G G Gg f Gµν µν µν µ ν ν µ µ νλ
≡ = ∂ − ∂ −G

1 1
2 4

Tr ( ) a
K aG Gµν µν

µν µν= − = −G G
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QCD
1
2

Tr ( ) [ ]qi mµν µ
µν µγ= − + −G G q D q

( ) ( )1
4

[ ]q
a a

a a
q

G G G G q i m qµ ν ν µ µ
µ ν ν µ α µ αγ− ∂ − ∂ ∂ − ∂ ∂ −= + ∑

1
2

[ ]( )a

q

a
sg q q Gαβ

µ
α µβγλ− ∑

21 1
2 4

( ) s
a a d e

c cb bs abc abc ad eG G G Gg f g f G G G Gfµ ν µ ν
µ ν ν µ µ ν+ ∂ − ∂ −

 Gluon  Self – interactions

 Universal  Coupling                 (No  Colour Charges)

3 4G , G

sg
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( ) ?Rlν

, ,e cu t
e d bs

µ τνν ν
τµ− −−

    
    ′ ′′    

Three Families

, ZγNeutral currents Flavour  Conserving

Universality (Family – Independent  Couplings)

W ±Charged Currents
Left–handed  Fermions  only

Flavour  Changing: , ul dl q qν ⇔ ⇔

Family
Structure

, , , ( ) , ( )) ;( Rl
ul

R u R Rd
dLd L

ul qq
l q

l q q
ql

ν
ν

ν
−

− −

       ≡     


  
  

           
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Free  Lagrangian for Massless Fermions: 0 j j
j

i µ
µψ γ ψ= ∂∑

Leptons

1 2 3( ) ( ) ( )x x xψ ψ ψ

( ) ( )R R
L

u
u d

d

q
q q

q
 
 
 

( () )l
R

L
l R l

l
ν

ν −
−

 
 
 

L YSU(2) U(1)⊗

Quarks

Fields

†
L1

L1 1 2 2 3 3

1 2 2 3 3

1 2 3

1 2 3

; ;

; ;

e e e

e e e

i i i

i

y

yi

y y

y yi

β β β

β β β

ψ ψ ψ ψ ψ ψ

ψ ψ ψ ψ ψ ψ
− − −

→ → →

→ → →

U

U

Flavour Symmetry:L YSU (2) U (1)⊗ { }L exp
2

i σ α≡U




4   Massless Gauge   Bosons 3 0, ,W W Bµ µ µ
±
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Gauge   Principle: ( ) , ( )x xα α β β= =
 

4   Massless   Gauge   Bosons 3 0, ,W W Bµ µ µ
±

{ } 1( ) ( ) ;
2

( ) exp ( ) ; ( )
2

i j ji ki kx W x W W
g

x i x µ µ µ µµ
σ α δα ε δσ δ α≡ ∂ −≡ = −WU









1 1L1 1
1 ( )

( ) ( ) ( )e i xy
i g x i g B x xyµ µµ µµ

β
ψ ψ ψ ′∂ + + →≡ UD DW

1( ) ( ) ( )B x B x x
g µµ µ β−
′
∂→

† †
L LL L( ) ( ) (x)( ( ) ( )) ix x

g
x x xµ µµ → + ∂U U UW WU

2 , 3
( )

( )( ) ek kk k
kyi x

ki g By xµ µµ µ
β

ψ ψ ψ = ′∂ + →≡D D
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†
CC 5 5(1 ) (1 ) h.c.

2 2 u d lqg q lWµ
µµγ γ ν γ γ − − + − + =

CHARGED   CURRENTS

Quark   /   Lepton   Universality

Left – Handed   Interaction

( )
†

1
3

2
3

21 ;
2

W
2

2
2

W W
W W i W

W W
µ µ

µ µ µ µ µ
µ µ

σ  
 ≡ ⋅ =
 


≡ +
− 

W




Dj j
j

i µ
µψ γ ψ∑ 1 1 j j j

j
Bg g yµ
µ

µ
µψ γ ψ ψ γ ψ− − ′ ∑W
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NEUTRAL  
CURRENTS

Massless Fields Arbitrary Combination
3 cos sin

sin cos
W W

W W

ZW
AB
µµ

µµ

θ θ
θ θ

   
≡    

 
 −   

3
NC

3
1 12 j j j

j
g g yW Bµ µ

µ µ
σψ γ ψ ψ γ ψ−= ′− ∑

Aµ has  the  QED Interaction  IF

1 2 3
1 1 ; ;
2 2u ud dy Q Q y Q y Q= − = + = =

NC NC
j

Z
j jjQe Aµ

µψ γ ψ− += ∑ 

1 32

0
; ;0

u
u d

d
Q

Q
Q QQ Q Q

 
= = = 
 

sin cosW Wg g eθ θ′= =



[ ]

3
NC

f f 5
f

2
1 1sin cos

2 sin cos

2

f

sin

v a f

Z

W W

W W

W
j

jj j

e

Qe Z

Z

µ µ

µ

µ

µ

θ θ

θ θ

θσψ γ ψ ψ γ ψ

γ γ

  − 
  

−

= −

= −

∑

∑


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2
Wsi1

3
n8 θ− 2

Ws41
3

in θ− + 1

11

2
Wsi1 4 n θ− +

1− 1−

Sterile    Neutrinos

uq dq lν l−

f2 a

f2 v

IF do  exist: ( ) 0R vy v Q= = RvNo InteractionsRν
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Sterile Neutrinos( ) 0R vy v Q= = RvNo Interactions

fe Q

γ

f f

NEUTRAL

CURRENTS

( )5f fve
2 s

a
cθ θ

γ−

Z

f f

( )
3

3
2

W

1a
2
sinv 1 4 | |

f
f

f
f f

T

T Q θ

= = ±

= −

CHARGED

CURRENTS

W

( )3/2 5
g

2
1 γ−

l− lν

W

( )3/2 5
g

2
1 γ−

dq uq
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{ }† †††( )cot ( ) ( )Wi W W W Z W W W Z W W Ze Zµ µ µ µ µ µν ν ν ν ν ν
µ ν µ ν µ νθ ∂ − ∂ − ∂ − ∂ + ∂ − ∂=

( ) ( ) ( ){ }†† † †i W W W A W W W A We W A Aµ µ µ µ µ µν ν ν ν ν ν
µ ν µ ν µ ν+ ∂ − ∂ − ∂ − ∂ + ∂ − ∂

( ){ } { }†† † † †
2

2 222
cot

2 sin W
W

W W W W W W W W Z Z W Ze Ze Wµ µ µ µν ν ν
µ µ ν µ ν µ νθ

θ
− − −= −

{ } { }† † † † †2 2c 2ot W W W Z A W Z W A W A W Z We e W A A W A W Aµ µ µ µ µν ν ν ν ν
µ ν µ ν µ ν µ ν µ νθ− − − − −

†
LL, ;

2
W B B

g
i B Bµνµν µ ν µν µν µ ν ν µ µν

σ ≡ −  ⋅ ≡ ∂ − ∂ ≡ → →U UW D D W




i jk ji i i kW W W W Wgµν µ ν ν µ µ νε= ∂ − ∂ −

K
1 1
4

1 1 Tr (
2 4

)
4

BB W WB Bµν
µ

µν µν
µν µµν ν ν µν= − = += −− +− W W

 

  kin
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GAUGE

SELF-INTERACTIONS

+W

W−

, Zγ

+W +W

W− W−

+W

W−

, Zγ

, Zγ
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Gauge  Symmetry 0mγ =
0W ZM M= =

Good

Bad!

Moreover ( )
f f L R R Lm fm f f m f f f f≡ − = − +

Also  Forbidden  by  Gauge  Symmetry 0fm f= ∀

All  Particles  Massless

80.40 GeV
91.19 GeV

W

Z

M
M

=
=
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