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Free  Lagrangian for Massless Fermions: 0 j j
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Gauge   Principle: ( ) , ( )x xα α β β= =
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CHARGED   CURRENTS

Quark   /   Lepton   Universality
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NEUTRAL  
CURRENTS
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Sterile Neutrinos( ) 0R vy v Q= = RvNo Interactions
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GAUGE

SELF-INTERACTIONS

+W

W−

, Zγ

+W +W

W− W−

+W

W−

, Zγ

, Zγ



EW SSB                                                                                                                       A. Pich, HCPSS 2011

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

Also  Forbidden  by  Gauge  Symmetry 0fm f= ∀
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,W Z±Massless

3  x  2   polarizations =   6
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Massive

3  x  3 polarizations =   9

,W Z±

3  d.o.f.
Missing
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Spontaneous
Symmetry
Breaking
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Spontaneous
Symmetry
Breaking



T  >  TC
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T  <  TC
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† †2 2V( ) ( )hφ φ φ φµ φ= +

†( ) ( )Vµ
µφ φ φ φ= ∂ ∂ −

Phase Symmetry: ( ) e ( )ix xθφ φ→

Trivial  Minimum (Ground State /  Vacuum): 0 0φ φ= =

SCALAR
POTENCIAL

20 ; 0h µ> >

Mφ µ=

( )V φ
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Spontaneous Symmetry Breaking: [ ] 2
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Spontaneous
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Breaking
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New   Scalar Doublet
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LSU(2) ( )xθ


Invariance can  be  gauged  away
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,W Z±Massless

3  x  2   polarizations =   6
+

3   Goldstones θ
 SAME

PHYSICS

Massive

3  x  3 polarizations =   9

SSB

,W Z±
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Fermion  Masses  are
New Free Parameters
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Just Another Story

Phil Collins

Dance Into The Light, track 4

genre

385.07465
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1  Scalar  Particle H0 to be  Discovered

22 2 vHM hµ= − = Free  Parameter

114.4 GeV 158 GeVHM< <LEP: (95%  CL)
(Direct) (Indirect)
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Backup  Slides
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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= ∂ − −

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

Kinetic term:

1
4K F F µν

µν= −

F A Aµν µ ν ν µ= ∂ − ∂



EW SSB                                                                                                                       A. Pich, HCPSS 2011

Successful  Theory

Anomalous  Magnetic  Moment

2l l
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g e
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µ ≡

12(1159 652180.73 0.28) 10ea −= ± × 1 137.035 999 084 0.000 000 051α− = ±

10th (11659184 5) 10aµ
−= ± × 10[ Exp: (11659 208.9 6.3) 10 ]−± ×

1 ( 2)
2l la g≡ −

γ

e+

µ−
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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 

• Same colour charge for all quarks

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


	Número de diapositiva 1
	Número de diapositiva 2
	Número de diapositiva 3
	Número de diapositiva 4
	Número de diapositiva 5
	Número de diapositiva 6
	Número de diapositiva 7
	Número de diapositiva 8
	Número de diapositiva 9
	Número de diapositiva 10
	Número de diapositiva 11
	Número de diapositiva 12
	Número de diapositiva 13
	Número de diapositiva 14
	Número de diapositiva 15
	Número de diapositiva 16
	Número de diapositiva 17
	Número de diapositiva 18
	Número de diapositiva 19
	Número de diapositiva 20
	Número de diapositiva 21
	Número de diapositiva 22
	Número de diapositiva 23
	Número de diapositiva 24
	Número de diapositiva 25
	Número de diapositiva 26
	Número de diapositiva 27
	Número de diapositiva 28
	Número de diapositiva 29
	Número de diapositiva 30
	Número de diapositiva 31
	Número de diapositiva 32
	Número de diapositiva 33
	Número de diapositiva 34
	Número de diapositiva 35
	Número de diapositiva 36
	Número de diapositiva 37
	Número de diapositiva 38
	Número de diapositiva 39
	Número de diapositiva 40
	Número de diapositiva 41
	Número de diapositiva 42
	Número de diapositiva 43

