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Field Theory &

The Standard  Model



 Gauge  Invariance:  QED, QCD

 Electroweak  Unification:

 Symmetry  Breaking:  Higgs  Mechanism

 Electroweak  Phenomenology

 Flavour  Dynamics
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The Standard  Model
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charm strange muon neutrino  µ
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 Field  Theory

 Classical  Electrodynamics

 Quantum  Electrodynamics      (QED)

 SU(N) Gauge  Theory

 Quantum  Chromodynamics     (QCD)
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ν γ ψγ ψ− ∂ + ≡ +∂ − = 

spin matrices ( 4)D =

Spin   :1
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( ) 0i mµ
µγ ψ∂ − = Dirac  equation

Non  Relativistic:
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Schrödinger  equation

Relativistic:

p i i g
x

µ µ µν
ν

∂
= ∂ =

∂
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∂
≡ ∂ ∂ = − ∇

∂


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Klein-Gordon  equation

2( ) 0m φ+ =

2 2 2E p m= +


{ }, 2gµ ν µνγ γ =
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DIRAC  ALGEBRA 2 gµ ν ν µ µνγ γ γ γ+ =

20

2

0 0
;
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σ

γ γ
σ

   
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−     
= = =     −     

}{ , 2 ; , 2j i j j i jki i kiσ σ δ σ σ ε σ= = 

ϕ
ψ

χ
 

=  
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Particle
Antiparticle Spinors

20 1 2 3
5
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0
0
I

i
I

γ γ γ γ γ
 

≡ =  
 

( )2
5 4; Iγ =Chirality  Projectors:

5 51 1;
2 2R LP Pγ γ+ −

≡ ≡ 2 2P P ; P P ; P P P P 0R R L L R L L R= = = =
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0 0
( )

S µ
µδ

φ φ
 ∂ ∂

= − ∂ = ∂ ∂ ∂ 

 

Eq. Motion

4 ( , )S d x µφ φ= ∂∫ 

Dirac: 1(spin )
2

† 0ψ ψ γ≡

( )i mµ
µψ γ ψ= ∂ − ( ) 0i mµ

µγ ψ∂ − =

Klein-Gordon: (spin 0)
2* *mµ

µφ φ φ φ= ∂ ∂ − 2( ) 0m φ+ =
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Same  Physics described  by  many  different Aµ

Gauge  Invariance: A A Aµ µ µ µ′ ≡ + ∂ Λ

Covariant  Notation: ( , ) ; ( , )A V A J Jµ µ ρ≡ ≡
 

1 2 3

1 3 2

2 3 1

3 2 1

0

0

0

0

E E E

E B B

E B B

E B B

F A Aµν µ µν ν

− − −

−

−

−

 
 
 
 
 
 

≡ ∂ − ∂ =

Potentials: ;AE V B A
t

∂
= −∇ − = ∇×

∂



   

Maxwell´s  Equations:
; 0

; 0

E B

E BB J E
t t

ρ∇⋅ = ∇ ⋅ =

∂ ∂
∇ × − = ∇ × + =

∂ ∂

   

 

    

F Jµν ν
µ∂ =
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F A Aµν µ µν ν≡ ∂ − ∂ ( )A AF Jµν
µ

µ ννν
µ − ∂ ∂∂ = =

CONSERVED  ELECTROMAGNETIC  CURRENT:

0F µν
µ ν∂ ∂ = 0J µ

µ∂ =

Lorentz Gauge ( 0) 0A Jµ µ
µ∂ = =and 0Aµ =

Klein-Gordon equation  with 0m = MASSLESS  PHOTON

TWO   PHOTON   POLARIZATIONS

0, 1, 2, 3, ; 2µ = arbitrary constraints

Residual Invariance: ; 0A Aµ µ µ+ ∂ Λ Λ =
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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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u u u++ ↑ ↑ ↑∆ = 3
3 3( , )
2 2

J J= =

Fermi  Statistics

3CN =

( , , , , ,... ; , , 1,..., )i j k u d s Ncα β γ= =;i j k i jB q q q M q qαβγ αβ
α β γ α βε δ≈ ≈

ii iq q q

u u uαβγ
α β γε++ ↑ ↑ ↑∆ ≈

( , and ; BUT  NOT and )q q qq qq q q q q q q qq
We  don´t  see  Colour Multiplets Hadrons  are  Colour  Singlets

We  don´t  see  Quarks  Don´t  exist  ?

 CONFINEMENT
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q

q

Z
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γ

e+ q

e− q

2( hadrons)
( )

, ( , , )

, ( , , , )

, ( , ,

( )

( )

2
3
10
9

11
9

, , )

C

C

C

C

q
q

q
N

N

N

N

e eR Q
e e

u d s

u d s c

u d s c

q q

e
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e e
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C 3N =

q
q

q 
 ≡  
 
 

q
FREE  QUARKS:

[ ]i mµ
µγ= ∂ −q q

SU(3)   Colour  Symmetry:

†;→ →q q q qU U

† † ; det 1= = =U U U U 1 U
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α α

β

β
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A

B

AB  - BA  =  C

A

A

B

B
C
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† †matrices: ; det 1N N× = = =U U U U 1 U

{ }exp a
ai θ= TU 2† a = 1 , , 1; ; Tr ( ) 0 ;aa a N −= =T T T 

Commutation Relation: ,a b abc ci f  = T T T

Structure Constants real ,  antisymmetricabcf

Fundamental  Representation: 1
2

a
F

aλ=T N N×

Adjoint  Representation: ( )a abc
A bc i f= −T 2 2( 1) ( 1)N N− × −

( ) ( )Tr ( ) ; Tr ;a b a b a a
F F F FA A Ab FaF abT C C α βα β

δ δ δ= = =T T T T T T
2 11 ; ;

2 2F FA
NT C N C

N
−= = =



The Standard Model                                         A. Pich  - ESHEP 2010 

Fundamental  Representation: Pauli
1
2

a a
F σ=T

1 2 30 1 0 1 0
; ;

1 0 0 0 1
i

i
σ σ σ

−     
= = =     −     

† †2 2 matrices: ; det 1× = = =U U U U 1 U

{ }exp a
ai θ= TU † a = 1 , ,; ; Tr ( ) 0 ; 3aa a= =T T T 

Commutation Relation: ,a b abc ci ε  = T T T
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123 147 156 246 257 345 367 458 6781 1 1 1
2 23 3

f f f f f f f f f= = − = = = = − = = =

1 2 3 4

0 1 0 0 0 1 0 0 0 0 1
1 0 0 ; 0 0 ; 0 1 0 ; 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0

i
iλ λ λ λ

−       
       = = = − =       
       
       

5 6 7 8

0 0 0 0 0 0 0 0 1 0 0
10 0 0 ; 0 0 1 ; 0 0 ; 0 1 0
30 0 0 1 0 0 0 0 0 2

i
i

i i
λ λ λ λ

−       
       = = = − =       
       −       

Fundamental  Representation: Gell-Mann
1
2

a a
F λ=T

[ , ]a b abc ci f=T T T
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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

C 3N =
q
q

q 
 ≡  
 
 

q
FREE  QUARKS:

[ ]i mµ
µγ= ∂ −q q

SU(3)   Colour  Symmetry: →q U q
2

exp
a

ai λ θ
 
 
 

q=
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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: 0abcf ≠

• depends on

• Universal 

• No  Colour Charges

aGµδ aGµ

sg
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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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q

q
G

Z
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q

q

Z
q

qG

Z

q

q

G
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