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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
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Fundamental  Representation: Pauli
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a a
F σ=T

1 2 30 1 0 1 0
; ;

1 0 0 0 1
i
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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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Fundamental  Representation: Gell-Mann
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Gauge   Principle:                 Local  Symmetry ( )a a xθ θ=

3( )sgiμ μ≡ ∂ + → μμ Gq I q UD D q

† † †; ( )
s

i
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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
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Infinitesimal   SU(3)   Transformation:

2
( )1q q ;

a
abc

a c
s

a a bi G f Gg
μ μμβα

αβ

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=L

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 GL
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QCD
1
2

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

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

ag G q qμμ α αβ βλ γ− ∑
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
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SCREENING

Decreases  at  Large  Distances( ) 22 2Increases with   QQ qα ≡ −

Effective  (Running) Coupling:
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The Photon Couples to Virtual              Pairsf f

1 2 1 2 1( ) 137.035999710 ; ( ) 128.93 0( 09 ) . 56 Zem Mα α α− − −= = = ±

(           and            contributions included )l l− + qq

Vacuum Polarized  Dielectric  Medium



The Standard Model A. Pich - CERN   Summer Lectures 2008

2( )s Qα Decreases   at  Short  Distances ANTI-SCREENING

1
1 11
3 6F CN Nβ = −

quarks      gluons
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ASYMPTOTIC   
FREEDOM

2( )s Qα increases  at  low  energies

O(1) at  1 GeVsα Non–Perturbative  Region

CONFINEMENT ?
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( hadrons) = ( )e e q q q q G q q GG q q qe e qσσ + −+ − → → + + + +

Confinement Probability  Hadronization = 1
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( )e e q q G+ − → =T

( )e e q q+ − → =T

+
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( hadrons) = ( )e e q q q q G q q GG q q qe e qσσ + −+ − → → + + + +

Confinement Probability  Hadronization = 1
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Hadronsττ ν− → +

C Ccos sind d sθ θ θ= +
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S. Bethke

2
Zsα (M ) = 0.1189 ± 0.0010

2006

2004

2
Zsα (M ) = 0.1182 ± 0.0027
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