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• What is QFT? Gauge Theory? QCD?

• Classical and Quantum Symmetries

• No Quantum Scale Symmetry!

• Chiral Symmetries are Broken

• Symmetry Summary

• Applications and Connections:

• Morals for the LHC Era

The Symmetries of QCD
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Quantum Field Theory: QED

“They act so cute when they 
try to understand Quantum 

Field Theory”

g = 2 +
α

π
+ . . .
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QED: Gauge Theory

ψ(x)→ exp (ieθ(x))ψ(x)

Aµ(x)→ Aµ(x) + ∂µθ(x)

LQED = −1
4
FµνFµν + iψ̄γµ(∂µ − ieAµ)ψ

!E2 − !B2 !J · !A

Gauge “Symmetry”*

*Not a symmetry in the usual sense: rather it is 
a redundancy in the description of the theory!

∂µ

Aµ

Space-Time

U(1) fibers

Weak Coupling
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Quantum Chromodynamics:
Hadrons Contain Quarks

Light quarks have “masses” of 300 MeV?

Why is the pion so light?
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QCD Binds Quarks into 
Hadrons

Wednesday, March 11, 2009



Gluons Couple to Gluons
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QCD Lagrangian

Parameters: Quark masses and QCD coupling

!E
2

a
−

!B
2

a J
a

µ · A
aµ

SU(3) gauge “symmetry”:
ψq(x)→ U(x)ψq(x)

Aµ(x)→ U(x)Aµ(x)U †(x) − 1
gs

U(x)∂µU †(x)
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Lattice Simulation

Derek Leinweber: www.physics.adelaide.edu.au/theory/staff/leinweber/
Wednesday, March 11, 2009
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Quarks are Confined!

Derek Leinweber: www.physics.adelaide.edu.au/theory/staff/leinweber/
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Lagrangian Quark Masses

RPP2004

Explaining these 
masses is the 

“flavor problem”

Light?

Heavy!
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Symmetries
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Symmetries

Bilateral Symmetry
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Symmetries

Bilateral Symmetry

Approximate 
Symmetry
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Symmetries

Bilateral Symmetry

Approximate 
Symmetry
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Symmetries

Bilateral Symmetry

Approximate 
Symmetry

Spontaneously
Broken Symmetry -

By dynamics!
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QFT differs from QM!

QM: Tunneling
No Symmetry Breaking

QFT: Overlap vanishes
Spontaneous Symmetry Breaking

N, V→∞

+/-
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Anomalous Symmetry
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Anomalous Symmetry

Sometimes,
quantum
dynamics
eliminates

the symmetries!
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• Poincare Invariance

• C, P, and T (as written...)

• (Approximate) Scale Invariance*

Space-time Symmetries of Classical 
Chromodynamics (“QCD”)

*( & Proper conformal trans.)

x
µ
→ λ · x

µ

ψq(x) → λ3/2ψq(λx) A
a

µ(x) → λ A
a

µ(λx)

NB: Broken by all mass terms...

A scale transformation:

NB: Local scale invariance the reason for the name “gauge transformation” (Weyl)
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• Quantum vacuum is a polarizable medium

No Quantum Scale Invariance!

Fermions and Gluons make opposite contributions!

QED QCD
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QCD Beta Function

Asymptotic Freedom

Infrared Slavery

RPP2004

vs.

2004 Nobel Prize:
Gross, Politzer, Wilczek
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• Value of strong-coupling fixed at one scale, 
predicted at others.

• Alternatively, given by energy scale: 

Dimensional Transmutation

ΛQCD

Strong-interaction scale set by ΛQCD

RPP2004
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Strong Coupling

Λ
(5)

= 217
+25
−23 MeV

ΛQCD defines “light” 
and “heavy”

Λ
(3)

! 350 MeV

Why are nuclear binding 
energies so much smaller?

QCD

QCD
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• Any continuous transformation defines an 
associated current

• A continuous symmetry has a conserved 
current

Scale Current

∂µsµ
= Tλ

λ = −

β

2g
F (a)

µν F (a)µν
+

∑

q

mqψ̄qψq + . . .

Quantum Effect!

Scale Symmetry is Anomalous!
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• Baryon Number: 

• (Approximate*) Gell-Mann SU(3)V:

Global Quark Flavor 
Symmetries of “CD” (1)

ψq → eiαψq





u

d

s



 → U





u

d

s





*Requires mu ≈ md ≈ ms

Together: U(3)V 

Realized “As Is” in Quantum Theory!
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• (Approximate*) Chiral SU(3)L x SU(3)R:

Global Quark Flavor 
Symmetries of “CD” (2)

ψ̄q i!Dψq ≡ ψ̄L
q i!DψL

q + ψ̄R
q i!DψR

q

mqψ̄qψq ≡ mqψ̄L
q ψR

q + mqψ̄R
q ψL

q

*For “light” quarks: u, d, and s(?)





uL,R

dL,R

sL,R



 → UL,R





uL,R

dL,R

sL,R





Quantum Theory different...
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• Chiral symmetries are good quantum 
symmetries, but ...

• ... strong low-energy QCD dynamics 
rearranges the vacuum

Chiral Symmetries are 
Spontaneously Broken

g

2008 Nobel Prize: Nambu
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• SU(3)L  x SU(3)R  breaks to                
Gell-Mann SU(3)V

• Implies existence of eight (massless) 
Goldstone Bosons

Goldstone Bosons

ji
Aµ = −fπ∂µπi

+ . . .

∂µji
Aµ = −fπ ∂µ∂µπi

+ . . . = 0 ⇔ m2

π = 0
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• Relevant for light quarks only:

• u, d, and s are not massless,

• Therefore, pions are light*: 

Pseudo Goldstone Bosons
mq ≤ ΛQCD

m
2

π ∝ (mu + md)ΛQCD

m
2

K ∝ (ms + mu,d)ΛQCD

m
2

η ∝

1

3
(mu + md + 4ms)ΛQCD

*NB: QCD Lagrangian Quark masses appear here!
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Constituent Quarks

~300 MeV quark-model 
mass is of a “dressed” or 

“constituent” quark

~99% of proton and neutron 
“mass” due to QCD field energy!
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• U(1)A:

• Broken by chiral condensate

• Where is the ninth Goldstone Boson?

• Another Quantum “Anomaly”:

What about U(1)A?
ψL

q → eiθψL
q & ψR

q → e−iθψR
q

∂µjµ
A ∝

g2

16π2
εµναβF (a)

µν F
(a)
αβ

Adler, Bell, Jackiw ‘t Hooft

!Ea · !Ba
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• But the same term could be in the QCD 
Lagrangian...

• ... and violates CP!

• Yields a neutron electric dipole moment

• Motivates the Axion...

Strong-CP Problem?

‘t Hooft Peccei and Quinn
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QCD is the culmination almost a 
century of effort in QFT...

• Heisenberg, Pauli, Dirac, Jordan, Oppenheimer,...

• Schwinger, Feynman, Tomonaga, Bethe,...

• Nambu, Goldstone, ...

• Yang & Mills

• ‘t Hooft, Veltman, Lee, Ward,...

• Gross, Politzer, Wilczek

Shelter Island, 1947

Wednesday, March 11, 2009



Symmetries in QCD
Symmetry Anomaly?  Fate

Color (gauged) no
unbroken
(confined)

Scale Invariance yes not a symmetry

SU(3)V x U(1)B no unbroken

SU(3)A no
spontaneously 

broken

U(1)A yes not a symmetry

CP no?! not a symmetry!?
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New Theoretical 
Developments...

Wednesday, March 11, 2009



QCD and String Theory:
Relativistic Classical String

E ∝

J2

2I
I ∝ ML

2

M, L ∝ E ⇒ J ∝ E
2

Regge Trajectories
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AdS/CFT Duality
Conjecture: Equivalence of 5D theory in AdS and 4D CFT

Strong evidence for N=4 SUSY YM string theory on AdS

Strongly-coupled CFT ⇔ Weakly-coupled 5D Theory!

NB: Rescaling Invariance!

ds2
=

(

R

z

)2
[

ηµνdxµdxν
− dz2

]

UV IR

R < z < R
′

Is there an 5D/QCD duality?
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Morals for the
LHC Era
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What is the origin of the 
Higgs Mechanism?

Tevatron at FNAL
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The Higgs Mechanism

Haber (FNAL 2008)

“Eaten” Goldstone Boson
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• Use scaled-up QCD to break electroweak 
symmetry

Technicolor

No hierarchy 
problem!

S?
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(“Low-Energy” Analog)

“Abelian Higgs Model”

Weinberg: “Superconductivity for Particular Theorists”

B C S

〈φ−−〉 #= 0
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WZ Scattering at SLHC

+ forward jets

F. Gianotti, et. al., hep-ph/0204087
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• Strong QCD dynamics breaks quark chiral 
symmetries ...

• ... yielding ~99% of the mass of ordinary 
matter ...

• and provides an example for models of 
dynamical electroweak symmetry breaking.

• QCD is the very model of a modern 
quantum field theory.

QCD
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Extra Slides
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Mass-Gap in Pure 
Yang-Mills Theory 

Glueball 
Spectrum

Morningstar and Peardon, 
nucl-th/0309068
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QCD: Modern Perspective

ΛQCD ≈

∝

1

log Q2

Λ2

QCD

Rajan Gupta, LANL

mu & md

ms

mc

mb
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Top-Quark Matters

Quigg, hep-ph/9707508
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Anomalous Symmetry
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QCD is Still Important
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Especially at 
Tevatron/LHC...

(anti)-

Everything but 
this, and possibly even 

this, is QCD!
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