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disclaim
er: 

pQ
CD

 is about 40 years old – im
possible to review in 3 hrs



topics &
 questions to be addressed

!  W
hat are the general features of Q

CD
?

    keywords: asym
ptotic freedom

; infrared safety; origin of ‘‘singularities‘‘

!  H
ow to relate Q

CD
 to experim

ent?
    keywords: partons; factorization; renorm

alization group eqs. / evolution

!  H
ow reliable is a theoretical Q

CD
 calculation?

    keywords: scale dependence; N
LO

; sm
all-x; all-order resum

m
ations

we will m
ainly concentrate on a few basics

and their consequences for phenom
enology

!  W
hat are the foundations of Q

CD
?

    keywords: color; SU
(3) gauge group; local gauge invariance; Feynm

an rules

!  W
hat is the status of som

e non-perturbative inputs
    keywords: global Q

CD
 analysis
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Part 1:   the foundations
            SU

(3); color algebra; gauge invariance; 
                    Q

CD
 Lagrangian; Feynm

an rules
              

Part 2:     the Q
CD

 toolbox
                    asym

ptotic freedom
; infrared safety; 

                    the Q
CD

 final-state; jets; factorization

Part 3:     inward bound: “fem
to spectroscopy”

                 Q
CD

 initial-state; D
IS process; partons;  

                    factorization; renorm
alization group; scales;

                    hadron-hadron collisions

tentative outline of the lectures



Part I
               the Q

CD
 fundam

entals
                           all about color 
             the concept of gauge invariance



Q
C

D
 – w

hy do w
e still care (or perhaps m

ore than ever)

hadron colliders inevitably 
have to deal with Q

CD

discovering the H
iggs or

som
e N

ew Physics requires
a sophisticated quantitative
understanding of Q

CD

available energy [TeV]

New Physics Standard Model



achieving that can be quite a challenge …
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D
IS

H
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S

jets

CM
S

RGE evolution of gluon correlators
arX

iv:1108.4764
exploring all these phenom

ena in Q
CD

is interesting in its own right
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existence of light quarks validated in deep-inelastic scattering (D
IS)

experim
ents carried out at SLA

C in 1968

strange quarks necessary com
ponent in quark m

odel to classify the  
observed slew of m

esons/baryons     Gell-M
ann, Zweig (1964)

based on “Eightfold W
ay” (= SU

(3)flavor )  Gell-M
ann; N

e’em
an (1961)



quark m
odel: m

esons and baryons

categorizes m
esons (baryons) in term

s of two (three) constituent quarks
in SU
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baryon decuplet
spectrum

 fully classified by assum
ing:
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• quarks have fractional charges
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 fully classified by assum
ing:

• quarks have spin !
• quarks have fractional charges
  (but com

bine into hadrons with integer charges)

big success: prediction of Ω
- (sss)

found at BN
L in 1964

N
. Sam

ios et al.

also, first evidence of color
• Δ

++ wave function |uuu> not anti-sym
  (violates Pauli principle)

• rem
edy: color quantum

 num
ber

  but hadrons rem
ain colorless/color singlets



Q
C

D
 m

atter sector: 3 generations

! m
asses of six quarks range from

 O
(M

eV) to about 175 GeV
  why the m

asses are split by alm
ost six orders of m

agnitude rem
ains a big m

ystery 



Q
C

D
 m

atter sector: 3 generations

! m
asses of six quarks range from

 O
(M

eV) to about 175 GeV
  why the m

asses are split by alm
ost six orders of m

agnitude rem
ains a big m

ystery 

! m
asses of u, d, s quarks are lighter than 1 GeV (proton m

ass)
  in the lim

it of vanishing u,d,s m
asses there is an exact SU

(3)flavor  sym
m

etry 
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! color can be probed directly in e
+e

- collisions

idea: 
production of ferm

ion pairs (leptons or quarks)
through a virtual photon sensitive to electric
charge and num

ber of degrees of freedom

! hence, investigate quarks through “R ratio”

assum
ed num

ber
of colors of quark

sum
 over 

active quarks

•  each active quark is produced in one out of N
C  colors above kinem

atic threshold

electric charge 
of quark

[in units of e]

• in LO
 described by process                         
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experim
ental results for R

 ratio

caveats:

• higher order corrections
• m

ass effects near threshold

broad support
for N

c  = 3
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! gluons are changing quarks from
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  as such they m
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ED
)

exam
ple:

       “color flow”
im

portant calculational tool

! color charge of each gluon represented by a 3x3 m
atrix in color space

conventional choice: express t
a (a=1…8) in term

s of Gell-M
ann m

atrices 

typical color interaction
between quarks and gluons

m
ore form

al expression
as Feynm

an rule
[only color structure here]
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Q
C
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: an unbroken SU

(3) Q
uantum

 Field T
heory

guiding principle for all field theories: local gauge invariance of
                                                               the underlying Lagrangian

here: local SU
(3) rotations in color space 

spin-! quark fields
com

e as colors triplets
(fundam

ental representation)

local SU
(3) invariance dictates:

• 8 m
assless spin-1 gluons

   (adjoint representation)
• all interactions between
  quarks and gluons (covariant derivative)

non-A
belian group structure:

•  Lie algebra: [T
a ,T

b ] = i f
abc T

C

• invariants (“color factors”) :

T
F = 1/2

C
F = 4/3

C
A

 = 3

i.e., redefining the quark and gluon fields independently at each space-tim
e point has no im

pact on the physics
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! color factors are not just m
ath
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experim
ental support for SU

(3)

! color factors are not just m
ath

   assum
ed group structure has

   im
pact on theoretical predictions

! angular correlations 
   between four jets depend 
   on C

A /C
F  and T

F /C
F

! sensitivity to non-A
belian

   three-gluon-vertex
LO

: Ellis, Ross, Terrano

LEP
e
+e

- annihilation
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an rules

L
Q

CD  encodes all physics related to strong interactions 

like in
 Q

ED

  non
abelian

for perturbative calculations we sim
ply read off the Feynm

an rules

technical com
plications due to the gauge-fixing & ghost term

s:
gauge-fixing: needed to define gluon propagator; 
breaks gauge-invariance but all physical results are
independent of the gauge
ghosts: cancel unphysical degrees of freedom

 !
 unitarity

pol

ghost loop



recall: gauge invariance in Q
E

D
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electrom
agnetic vector potential

field strength tensor

covariant derivative

recall: gauge invariance in Q
E

D
 

invariant under local gauge (phase) transform
ation• dictates interaction term

• photon m
ass term

 would
  violate gauge invariance

photon field carries
no electric charge

field strength itself
gauge invariant

“covariant” =
D
μ ψ

 transform
s as ψ

m
ore cum

bersom
e to 

dem
onstrate for Q

CD
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non A
belian part gives rise

to gluon self interactions

one m
ore look at the Q

C
D

 L
agrangian

! Yang and M
ills proposed in 1954 that the local 

   “phase rotation” in Q
ED

 could be generalized 
   to non A

belian groups such as SU
(3)

color index
   i = 1,2,3

gluon field strength
        a = 1,…,8

Q
ED

 like but field
carries color charge

• color plays a crucial role (unlike Q
CD

, field strength not gauge invariant)

also in the interaction
“covariant derivative”

8 generators
• Q

CD
 interaction is flavor blind

•  coupling g
s  is the only param

eter (m
asses have e-w origin)



take hom
e m

essage for part I

Q
CD

 is based on a sim
ple Lagrangian 

but has a rich phenom
enology

Q
CD

 is based on the non A
belian gauge group SU

(3) 

! perturbation theory can be based on a short list of Feynm
an rules

! color leads to self-interactions between “force carrying” gluons

! num
ber of colors and group structure can be tested experim

entally

! concept of local gauge invariance dictates interactions

! sim
ilarities to Q

ED
, yet profound differences (and m

ore to com
e)

color algebra decouples and can be perform
ed separately 

!  color factors can be expressed in term
s of two Casim

irs: C
A  and C

F

the foundations


