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• Symmetries of QCD and their fate 
• Spontaneous Chiral symmetry breaking ⇒ pions
            ⇒ low energy theorems
• threshold electromagnetic pion production
• π0 → γ γ : Axial anomaly, chiral corrections ~md-mu
• Previous experiments
• Primex Experiment at Jefferson Lab
• Conclusions
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A large range of physical phenomena
The experiments require a wide range of techniques
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Spontaneous Breaking(Hiding) of Chiral
Symmetry in QCD

•For massless particles h= σ • p = ±1 is conserved

•For massless quarks LQC D  conserves chiral symmetry
•Therefore each state should have  an opposite parity
partner: Wigner - Weyl manisfestation of the symmetry
•Since this is not observed in nature chiral symmetry has
been spontaneously hidden
•The symmetry is exhibited by the appearance of
massless, pseudoscalar (Nambu- Goldstone) Bosons
• |p> 1/2+ ,|p> |π>  1/2-  are degenerate
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LQCD = L0 +Lm

chiral symmetry is  explicity broken by
quark mass effects

Nambu-Goldstone Boson acquire mass

Lm =A(mu+md)+B(mu-md)
md/ mu  ! 1.8

isospin broken by strong and EM interaction
strong int. effect " (md- mu)/#(QCD)" 2%
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Symmetry becomes Dynamics
• πh system has to have gradient coupling
     due to the pseudoscalar nature of the pion
• weak in the s wave, generally strong in the p wave
• At  low energies the interaction vanishes
•  this can be systematically exploited
       ⇒ effective field theory of QCD (ChPT)
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!   low energy  " -hadron scattering

pure Nambu-Goldstone Boson:     a("h) = 0

    strong interactions:           a("h) #  1/m" #  1 fm

PCAC calculation by Weinberg (1966)

lowest order ChPT calculation

 $ =chiral sym. breaking scale # 4 " F" # 1 GeV

Expect chiral corrections of order (m"/$)
2 
# 0.02

threshold  %* N  &" N

s and p wave  production amplitudes

there are ChPT formulas [Bernard, Meissner, Kaiser]

the chiral limit for s wave amplitudes

      A(%* N  &"
0
 N) &  0

     A(%* N  &"
±
 N')  ' 0  and large (Kroll-Ruderman theorem)

a
I
("h) = - I" •  Ih  m" / ($ F" ) #  1/$  # 0.1fm

  & 0   as  m" & 0

I = I" +  Ih
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Some Experimental Tests of
Spontaneious Chiral Symmetry Hiding
•  π π scattering
• atomic  π− p   energies,widths
•  π N scattering
•  γ*p → π0 p
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Mainz
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γ p →π0 p    Mainz data, ChPT
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γ p → π0 p    Mainz data

ChPT: O(p4)ChPT: O(p4)

ChPT: O(p3)

DR
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β =  E0+( γ p →  π+n) acex( π0p ↔  π+n)

     cusp sign and magnitude

Unitary Cusp   γp → π0p
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Mainz A1
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Anomaly
When  a symmetry of the classical theory is not

present in the quantized version

In QCD the anomaly is not anamalous
It is an essential part of the theory

It is responsible for the large η’ mass
so that it is not the 9th Goldstone Boson

It is primarily responsible for the π0 → γ γ decay mode
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Opportunity to perform a precision
  π0 lifetime measurement

•  π0 is the lightest hadron
  spontaneous chiral symmetry hiding:
  m(π) ≈ 140 MeV
  + EM: m(π ±)- m(π0) = 4.6 MeV

• EM decay π0 →  γ  γ (BR =98.8 ± 0.032%)

     Axial anomaly dominant
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History: π0 Lifetime Experiments
•1947 π+ discovered in cosmic rays
•1950 π0 discovered, cosmic rays, Berkeley cyclotron
       π0 → γ γ decay mode observed
      lifetime too short for electronic measurement
•   τ < 10-15 sec established by 1957
        K+ → π+ π0  emulsion experiment (d < 0.5µ)
• 1951: Primakoff effect γ γ → π0 : experiments 1970-5
• PDB data base established by 1988
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History: π0 Lifetime Theory
• PCAC predicts Aπγγ = 0 in the chiral limit

• 1968  Adler, Bell, Jackiw discover the axial anomaly

• Aπγγ = α /π Fπ
 Γ(π0 → γ γ)  = (mπ

3/64π)Aπγγ
2  = 7.725 eV ± 0.5%

   τ(π0)  = 0.807•10-16 sec

  c τ(π0) = 0.0253 µ
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Anomaly, O(p4)

Goity, AB, Holstein
O(p6), O(p4

1/Nc): π,η,η’

Ananathanarayan, Moussallam, O(p4 e2): π,η,η’

Ioffe, Oganiesian: π,η

PDB
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PDB average

Direct(1985)

Primakoff

e +e- 1988

Primex
projected error

axial
anomaly

Chiral

Cornell 1974

DESY 1970

Tomsk 1970
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π0 Elasticity
C Pb

Eπ/k Eπ/k



29Primakoff Interference
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incoherent
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Preliminary
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Primex
preliminary
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Outlook for Experimental Tests of  Spontaneous
Chiral Symmetry Breaking Nambu ⇒Goldstone Boson
√  most low energy reactions involving pions:
    there are a few problems (electroproduction,…)
    quark mass difference effects are still unverified
     extension to eta, kaon still in beginning stages

 Axial Anamoly + chiral corrections(~md-mu)
  √   for π0 → γ γ  at ~ 3%
       needs work for η → γ γ, η’ → γ γ


