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Quantumchromodynamics

Elementary fields: Quarks Gluons

(qα)a
f















color a = r, b, g

spin α =↑, ↓

flavor f = u, d, s, c, b, t

Aa
µ







color a = 1, . . . , 8

spin ǫ±µ

Dynamics: Dirac + generalized Maxwell theory (Yang-Mills theory)

L = q̄f (iD/ −mf )qf −
1

4
Ga

µνG
a
µν

Ga
µν = ∂µA

a
ν − ∂νA

a
µ + gfabcAb

µA
c
ν

iD/ q = γµ
(

i∂µ + gAa
µt

a
)

q
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“Seeing” Quarks and Gluons
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Asymptotic Freedom

Classical field Acl
0 ∼ g/r. Modification due to quantum fluctuations:

Aµ = Acl
µ + δAµ g → g(µ) β(g) =

∂g

∂ log(µ)Al� Al�(2p+ k)� k�F�� (2p+ k)�ÆA� ÆA� Æ�

dielectric ǫ > 1 paramagnetic µ > 1 dielectric ǫ > 1

µǫ = 1 ⇒ ǫ < 1

β(g) =
g3

(4π)2

{[1

3
− 4

]

Nc +
2

3
Nf

}
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Running Coupling Constant
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What is a proton?

u

u

d

Why does this picture “work”?

Where does it fail? Why?

Large Nc limit (?)

OZI violation, flavor mixing
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The Structure of the Proton

The mass of the Proton (from DIS, trace anomaly)

Eq = 〈p|

∫

d3x (−i~α · ~D)|p〉 ≃ 310 MeV

Eg = 〈p|

∫

d3x 1
2

(

E2 +B2
)

|p〉 + . . . ≃ 545 MeV

Em = 〈p|

∫

d3x (muūu+mdd̄d)|p〉 ≃ 45 MeV

Gluon field strength is large

〈p|E2|p〉 ≃ 1700 MeV 〈p|B2|p〉 ≃ −1050 MeV

and approximately self-dual
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number of quark-anti-quark pairs is large

〈p|ūu+ d̄d|p〉 =
ΣπN

m
≃ 6

. . . and not flavor symmetric

�

u u

q

q

d̄(x)

ū(x)
≃ 2 (NuSea, . . .)

quark contribution to proton spin is small

∆Σ = ∆u+ ∆d+ ∆s = (0.25 ± 0.1) (SMC,SLAC,Hermes)

〈p|q̄γµγ5q|p〉 = ∆qsµ

. . . and strange quarks are polarized ∆s = −0.12
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Hadronic Correlation Functions

hadronic current jM (x) = q̄(x)Γq(x)

Π(x) = 〈j(x)j(0)〉

short distance behavior: OPE

Π(Q) = c0 log(Q2) + c4
〈O4〉

Q4
+ c6

〈O6〉

Q6
+ . . .

experimental information

Π(Q) =

∫

ds
ρ(s)

s+Q2
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Vector Channels: ρ and a1
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Scalar Channels: π and δ
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OZI violation: η′ − π, σ − δ, ω − ρ, a1 − f1
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Summary

Only small effects in (L̄L± R̄R)2.

Sign changes for L̄R↔ R̄L.

Sign changes for (ūd)(ūd) ↔ (ūu)(d̄d).

L = Gdet
f

(ψ̄LψR) + (L↔ R)
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Topology in QCD

classical potential is periodic in variable X

X
∆X = +1

X = −1

V

∆

X =

∫

d3xK0(x, t)

∂µKµ =
1

32π2
Ga

µνG̃
a
µν
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classical minima correspond to pure gauge configurations

Ai(x) = iU†(x)∂iU(x)

E2 = B2 = 0

semi-classical tunneling paths: Instantons

r

X=0 τ
X=1

E + B
2 2

Aa
µ(x) = 2

ηaµνxν

x2 + ρ2
,

Ga
µνG̃

a
µν =

192ρ4

(x2 + ρ2)4
.
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(Anti)Instantons: Dirac operator has a L/R zero mode.

γ · (∂ +AI,A)ψ0
L,R = 0

spectrum of Hamiltonian

t

ε

R

R

L

L R

L

axial charge

violation:

∆QA = 2
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instanton induced quark interaction (Nf = 2)

u L

d L d R

u R

L = Gdet
f

(ψ̄L,fψR,g)

G =

∫

dρn(ρ)

violates U(1)A but

preserves SU(2)L,R

. . . and contributes to

the η′ mass

tunneling rate (barrier penetration factor)

?

ρ

ρ

fluctuations large 

n(   )

fluctuations small

n(ρ) ∼ exp

[

−
8π2

g2(ρ)

]

∼ ρb−5
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Instanton Ensemble

instanton liquid described by partition function

Z =
1

NI !NA!

NI+NA
∏

I

∫

[dΩI n(ρI)]

×det(D/ ) exp(−Sint)

quark propagator

S(x, y) =
∑

IJ

ψI(x)

(

1

T + im

)

IJ

ψ†
J(y) + SNZM (x, y)
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Meson Correlation Functions
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V−A Correlation Functions

τ– → (V,A, I=1) ντ

parton model/perturbative QCD
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Large Nc: From extraordinary to ordinary hadrons
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Quark Contribution to Nucleon Spin

polarized DIS implies large OZI violation

g A g A

g A
d u

u,d,s g0
A =∆u+ ∆d+ ∆s

≃ 0.25

g8
A =∆u+ ∆d− 2∆s

≃ 0.65

related to axial anomaly and instantons?

∂µA0
µ =

Nfg
2

16π2
Ga

µνG̃
a
µν

g0
A =

Nf

32π2mN

〈p|g2Ga
µνG̃

a
µν |p〉
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OZI violation

Suppression of g0
A property of the nucleon or of the QCD vacuum?

1+ 0+

q

Q
1+ 0+

q

Q

(gQ
A)0 − (gQ

A)3

1
+

1
+ (f2

am
2
a)0 − (f2

am
2
a)3

Study singlet correlators in q̄q and Q̄q (or QQq) channel
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Vacuum Properties

Axial charge screening related to topological charge screening?
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I A

χtop = 1
V
〈Q2

top〉 = 0 L→ R(L̄R)

e.g. Veneziano and Shore g0
A = g8

A

√

6χ′

top(0)

f2
π

(target independent)

also: Shuryak and Forte, Dorokhov and Kochelev
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Numerical Study
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(q̄q) and (Q̄q) states
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Summary and Outlook

instantons account for OZI violation in meson sector

Not all hadrons are alike

instanton liquid reproduces axial vector coupling gA

But: g8
A ≃ g0

A ≃ 0.75

no evidence that suppression of g0
A is a vacuum effect

[(gQ
A)0 ∼ 1] > [(gQ

A)3 ∼ 0.9]

OZI violation? Go back and look at g8
A

Large SU(3)F violation?
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