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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

CommutationCommutation RelationRelation:: ,a b abc ci f⎡ ⎤ =⎣ ⎦T T T

StructureStructure ConstantsConstants real ,  antisymmetricabcf

Fundamental  Fundamental  RepresentationRepresentation:: 1
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a
F

aλ=T N N×

AdjointAdjoint RepresentationRepresentation:: ( )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
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† †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

,a b abc ci ε⎡ ⎤ =⎣ ⎦T T TCommutationCommutation RelationRelation::

Fundamental  Fundamental  RepresentationRepresentation:: PauliPauli
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Fundamental  Fundamental  RepresentationRepresentation:: GellGell--MannMann
1
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a a
F λ=T

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

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
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i
i

i i
λ λ λ λ

−⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞
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Infinitesimal   SU(3)   Infinitesimal   SU(3)   TransformationTransformation::

2
( )1q q ;

a
abc

aa a c
s

bi G f Gg
µ µ µβα

αβ

λδθ δθ δδ θδ ∂⎛ ⎞= = −⎜ ⎟
⎝ ⎠

Non  Non  AbelianAbelian GroupGroup:: 0abcf ≠

• depends on

• Universal 

• No  No  ColourColour ChargesCharges

aGµδ aGµ

sg
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KineticKinetic TermTerm::
†[ , ] [ , ]s

s

i i g
g

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

;
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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

MassMass TermTerm:: 21
2

a
aM Gm G Gµ

µ=�L

NotNot GaugeGauge InvariantInvariant 0Gm =

Massless Gluons
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QCD
1
2

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

µ
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( ) 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− ∂ − ∂ −

GluonGluon SelfSelf –– interactionsinteractions

Universal  Universal  CouplingCoupling (No  (No  ColourColour ChargesCharges))

3 4G , G
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TheThe PhotonPhoton CouplesCouples toto Virtual              Virtual              PairsPairsf f

VacuumVacuum PolarizedPolarized DielectricDielectric MediumMedium

1 2 1 2 1(46)( ) 137.03599911 ; ( ) 128.95 0.05Zem Mα α α− − −= = = ±

(           and contributions included )l l− + qq
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ASYMPTOTIC   ASYMPTOTIC   
FREEDOMFREEDOM
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=
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O(1) at  1 GeVsα NonNon––PerturbativePerturbative RegionRegion
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ConfinementConfinement ProbabilityProbability HadronizationHadronization = 1= 1

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

+

( )e e q q G+ − → =T
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ConfinementConfinement ProbabilityProbability HadronizationHadronization = 1= 1

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

W

τν
τ −

, ,e dθµ− −

, ,e uµν ν C Ccos sind d sθ θ θ= +

1 1Br ( ) 20%
2 5C

l lB l
Nττ ν ν− −≡ → ≈ = =

+

(17.84 0.06)%eB = ±

(17.36 0.06)%Bµ = ±

( )
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e

s m
e

NR ττ

τ
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τ ν π

ν
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−

− −

Γ → +
≡

⎧ ⎫⎪ ⎪+ +⎨ ⎬
⎪ ⎪⎩

=
Γ → ⎭

QCD:QCD:

3.484 0.024Rτ = ± 2( ) 0. 345 0.020s mτα = ± 2 0.119 0.002( )Zs Mα ±> =
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S. S. BethkeBethke

2( ) 0.1182 0.0027Zs Mα = ±
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