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Introduction/ Why  QCD ?
1954 Yan-Mills  theory 　　　                                         C.N. Yan/R. Mills

1961 Eightfold way/SU(3)
f                       

M. Gell-Mann/Y. Ne'eman 

1964 Quark 　　                                                         M. Gell-Mann, G.  Zweig

1965 Color SU(3)
c

　　                                                        Y. Nambu/M.Y. Han

1969    Parton   model                                                                           R. Feynman

1973 Asymptotic free                                    D. Gross/F. Wilczek,

(2004 年 Nobel  Prize) 　　　　　　　　　　　　　　　　　　　　　　　　　   D. Polizer   

1977 Evolution  Equation 　　　　　　　　　　           G. Altarelli/G. Parisi, 

V.N.Gribov/L.N. Lipatov(1972),  

Yu.L. Dokshitzer
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Introduction/ Lagrangian

● QCD : Color  SU
c

(3)  gauge  theory    (Yan-Mills  theory)

covariant  derivative

Field  strength

gluon  field

SU(3)   generator

structure  constant

quark  wave  functions



  

Introduction/ Lagrangian

● QCD : Color  SU
c

(3)  gauge  theory    (Yan-Mills  theory)

gauge  fixing  term ghost  term



  

Introduction/ Lagrangian

Exercise:
(1) Show  covariant  derivative D

μ
  is  covariant  under 

infinitesimal  gauge transformation.

(2) Show  kinetic term  include  gluon self-couplings 



  

Introduction/p-QCD

Hard  part  =  high  Q2  part  ← p-QCD  can  be  used 



  

Introduction/p-QCD

Soft  part  =  low  Q2  part  ← non  perturbative  effect  



  

Introduction/p-QCD

connection  between   low   and  high   Q2  parts   ←  parton  shower   



  

Introduction/p-QCD

Drell-Yan  Process

μ+

μ-



  

Introduction/p-QCD

X

Fragmentation  function
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X

p-QCD
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Outline
● Lesson 2

– Renormalization
● Toy  example
● quark  self-energy
● gluon   vacuum - polarization
● gluon  vertex  (3-point)
● MS/MS Scheme

Divergent  terms

GOAL :  derivation  of  β-function 
                     Running α

s

                     Asymptotic free



  

Renormalization/β-function

Scale  independent  observables : R(Q2/μ2,α
s

(μ2))

Renormalization  Group  Equation

Renormalization  Scale
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β-function



  

Renormalization/β-function

● What  is  β-function?

d
dlogμ2



  

Renormalization/β-function

● What  is  β-function?

ε→0

β includes   a  μ2  dependence  of  α
s 

!



  

Renormalization/β-function

 4-loop beta function 
Ritbergen, Vermaseren, Larin (’97)

‘73 ‘74 ‘80 ‘97

Loops & Leggs ‘04



  

Introduction/Feynman  Rule

quark  self-energy

gluon 
 vacuum- polarization  

quark  gluon  vertex 
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gluon 
 vacuum- polarization  

= 0

Exercise: Show  this  results.

= 0
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quark  self-energy

gluon 
 vacuum- polarization  

quark  gluon  vertex 
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