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  Outline
1.  Introduction: low-Energy QCD symmetries and properties of light pseudoscalar 

mesons                 

2.  Primakoff  measurements  of π0, η, ηʹ:

Ø  Two-photon decay widths Γ(P→γγ)
Ø  Transition form factors  F(γ*γ→P)

3.  Summary 
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 Low-Energy QCD Symmetries and Light Mesons

)1()1()3()3( BARL UUSUSU ×××

q  QCD Lagrangian in Chiral limit (mq→0) is invariant under:

q  UA(1) is explicitly broken:
     (Chiral anomalies) 

Ø  Γ(π0→γγ), Γ(η→γγ), Γ(ηʹ→γγ)
Ø  Mass of η0

q  Chiral symmetry SUL(3)xSUR(3) 
spontaneously breaks to SU(3)
Ø  8 Goldstone Bosons (GB)

q  SUL(3)xSUR(3) and SU(3) are 
explicitly broken: 
Ø  GB are massive
Ø  Mixing of π0, η, ηʹ
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     (Chiral anomalies) 

Ø  Γ(π0→γγ), Γ(η→γγ), Γ(ηʹ→γγ)
Ø  Mass of η0

q  Chiral symmetry SUL(3)xSUR(3) 
spontaneously breaks to SU(3)
Ø  8 Goldstone Bosons (GB)

q  SUL(3)xSUR(3) and SU(3) are 
explicitly broken: 
Ø  GB are massive
Ø  Mixing of π0, η, ηʹ

The π0, η, ηʹ system provides a rich laboratory to study the  symmetry 
structure of QCD at low energies.



 Primakoff Program at JLab 6 & 12 GeV
     Precision measurements of 

electromagnetic properties of 
π0, η, ηʹ via Primakoff effect

 
a)  Two-Photon Decay Widths: 

1)  Γ(π0→γγ) @ 6 GeV
2)  Γ(η→γγ) 
3)  Γ(ηʹ→γγ)
 

 
b)   Transition Form Factors 

  at Q2 of 0.001-0.5 GeV2/c2:  
        F(γγ*→ π0), F(γγ* →η), F(γγ* →ηʹ)

Input to Physics:
Ø  precision tests of Chiral
    symmetry and anomalies
Ø  determination of light quark 
    mass ratio
Ø  η-ηʹ mixing angle

Input to Physics:
Ø  π0,η and ηʹ electromagnetic
     interaction radii
Ø  is the ηʹ an approximate 
    Goldstone boson?
Ø input to calculate HLbL in (g-2)μ 4 



Axial Anomaly Determines π0 Lifetime

Γ π 0 → γγ( ) = α
2Nc

2mπ
3

576π 3Fπ
2 = 7.750± 0.016 eV

u   π0→γγ decay proceeds primarily via the chiral anomaly in  QCD.
u   The chiral anomaly prediction is exact for massless quarks:
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u   Γ(π0→γγ) is one of the few quantities in confinement region that QCD can 
calculate precisely at ~1% level to higher orders! 
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Axial Anomaly Determines π0 Lifetime

Γ π 0 → γγ( ) = α
2Nc

2mπ
3

576π 3Fπ
2 = 7.750± 0.016 eV

u   π0→γγ decay proceeds primarily via the chiral anomaly in  QCD.
u   The chiral anomaly prediction is exact for massless quarks:

Ø  Corrections to the chiral anomaly prediction:
Calculations in NLO ChPT:
q Γ(π0→γγ) = 8.10eV ± 1.0%
    GBH (Phys. Rev. D66, 076014, 2002)
q Γ(π0→γγ) = 8.06eV ± 1.0%
    AM (JHEP 05, 052, 2002)
Calculations in NNLO SU(2) ChPT:
q Γ(π0→γγ) = 8.09eV ± 1.3%
    KM (Phys. Rev. D79,076005, 2009)

u   Γ(π0→γγ) is one of the few quantities in confinement region that QCD can 
calculate precisely at ~1% level to higher orders! 
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q  Γ(π0→γγ) = 7.93eV ± 1.5%
      IO (Phys. Lett. B647,389, 2007)

u   Γ(π0→γγ) is one of the few quantities in confinement region that QCD can 
calculate precisely at ~1% level to higher orders! 

π0 

k1 

k2 

π0 →
γγ

  D
ec

ay
 W

id
th

 (e
V)

LO

χPT NLO/GBH
χPT NLO/AM

NNLO/KM
Sum Rule/IO

7

8

9

8 



Axial Anomaly Determines π0 Lifetime

Γ π 0 → γγ( ) = α
2Nc

2mπ
3

576π 3Fπ
2 = 7.750± 0.016 eV

u   π0→γγ decay proceeds primarily via the chiral anomaly in  QCD.
u   The chiral anomaly prediction is exact for massless quarks:

Ø  Corrections to the chiral anomaly prediction:
Calculations in NLO ChPT:
q Γ(π0→γγ) = 8.10eV ± 1.0%
    GBH (Phys. Rev. D66, 076014, 2002)
q Γ(π0→γγ) = 8.06eV ± 1.0%
    AM (JHEP 05, 052, 2002)
Calculations in NNLO SU(2) ChPT:
q Γ(π0→γγ) = 8.09eV ± 1.3%
    KM (Phys. Rev. D79,076005, 2009)

u   Precision measurement of Γ(π0→γγ) at the percent level will provide
     a stringent test of low energy QCD.
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Primakoff Method
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Requirement:
Ø  Photon flux
Ø  Beam energy

Ø  π0 production angle resolution
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 Previous Primakoff Experiments
u  DESY (1970) (N.C.,66A,243)

 Untagged bremsstrahlung beam, 
           Eγ: about 1.5 and 2.5 GeV

Targets: C, Zn, Al, Pb
Result: Γ(π0→γγ)=(11.7±1.2) eV   (10%)

   

u  Cornell (1974) (PRL,33,1400)
Untagged  bremsstrahlung γ beam

           Eγ: about 4 and 6 GeV
       Targets: Be, Al, Cu, Ag, U

Result: Γ(π0→γγ)=(7.92±0.42) eV (5.3%)

                                      

     All these experiments used
1.  Untagged bremsstrahlung 

photon beam
2.  Conventional Pb-glass 

calorimeter
3.  Earlier theoretical calculations 
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u  Tomsk (1970) (Sov.Phys.JETP,30, 1037)
 Untagged bremsstrahlung beam 
    Eγ~1.1 GeV
Target: Pb
Result: Γ(π0→γγ)=(7.23±0.51) eV (7.1%)                          



PrimEx Experimental Setup in Hall B

q Hall B high resolution, 
high intensity photon 
tagging facility

q A pair spectrometer for 
photon flux control at 
high beam intensities  

q New high resolution 
hybrid multi-channel  
calorimeter (HyCal)

18 

(NSF MRI PHY-0079840) 



Two Experiments on Γ(π0→γγ): PrimEx I & II

19 

•  PrimEx I was performed 
on 12C and 208Pb targets 
Published in 2011. 

•  PrimEx II was performed 
on 12C and 28Si targets. 

    Published in 2020  
      Science 368, 506 (2020)

   PRL 106, 162303 (2011)



   We measure:
Ø  incident photon: Eγ and time
Ø  Two decay photons:

•  Eγ1, Eγ2  and time
•  X,Y positions of decay photons

20 

π0 

 π0 Event selection
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•  X,Y positions of decay photons
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π0 

 π0 Event selection



Two Methods for π0 yield extraction 

22 

“H
yb

rid
” 

m
as

s 
C

on
st

ra
in

ed
 m

as
s 

C-analysis  

H-analysis  



23 

PrimEx I:

PrimEx II:

Fitting data with new theoretical calculations to extract Γ(π0→γγ)  

Differential Cross Sections 

Phys.Rev. C80, 055201 (2009); Phys.Part.Nucl.Lett.,9,3 (2012)
 

 
 
 
 



Verification of Overall Experimental Systematics 
with Compton Scattering

Systematic uncertainties of measured cross section are controlled at 1.5%
24 

Phys.Lett. B797 (2019) 4884 



 Uncertainties of Γ(π0→γγ)  

25 

Item PrimEx-II

Beam parameters 0.2%
Photon flux 0.8%
Target 0.3%
DAQ 0.1%
Event selection 0.2%
Monte-Carlo simulation 0.6%

Yield extraction 1.0%
Photoproduction theory 
parameters

0.4%

Systematics 1.5%
Statistical 0.7%
Total 1.6%
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PrimEx Final Result 

Γ(π0→γγ) = 7.802±0.052(stat)±0.105(syst) eV
1.50% total uncertainty

Science 368, 506-509 (2020)
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Final PrimEx Result 

Γ(π0→γγ) = 7.802±0.052(stat)±0.105(syst) eV
1.50% total uncertainty

2σ discrepancy

Science 368, 506-509 (2020)



Physics for Γ(η→γγ) Measurement 
2. Extract η-ηʹmixing angle:1.  Resolve long standing discrepancy 

between collider and Primakoff 
measurements:
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3. Improve all partial decay widths
    in the η-sector 



      Precision Determination Light Quark Mass Ratio 
 A clean probe for quark mass ratio:

Ø  𝜂→3π decays through isospin violation:
Ø          is small 
Ø  Amplitude:
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 Experimental Challenges  
η 

θPr peak
∝
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Ø  larger momentum transfer 
(coherency, form factors, FSI,
…)

    
Ø  η mass is a factor of 4 larger

Ø  smaller cross section

Ø  larger overlap between 
    Primakoff and hadronic
    processes;

Compared to π0: 
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 Experimental Challenges  
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1.  Higher beam 

energy

2.  Light targets 
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Advantage of Light Targets
Low A targets to control: 

•  Coherency: compact nucleus

•  Separate background

•  Well known form factors 
             
 Hydrogen:

•  No inelastic hadronic contribution
•   No nuclear final state interactions

  4He:
•  Higher Primakoff cross section: 2

Pr Zσ ∝

θPr peak
∝
m2

2E 2          θNC peak
∝

2
E •A1/3
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Measurement of Γ(η→γγ)  in Hall D at 12 GeV 

Ø  Tagged photon beam (~9.0-11.7 GeV)
Ø  Pair spectrometer  and a TAC detector for the photon flux control
Ø  Liquid Hydrogen (3.5% R.L.) and 4He targets (~4% R.L.)
Ø  Forward Calorimeter (FCAL) detects the η→γγ decay photons
Ø  CompCal and FCAL to measure electron Compton scattering for control  of overall 
    systematics.

CompCal 

FCAL 
barrel

calorimeter
time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers



Status of PrimEx-eta 
• A engineering run with a new CompCal in
 fall 2018
• The first production run: 
     Feb 22 - April 15, 2019.
     (~70k exclusive η→γγ events on 4He)
• Second run is scheduled for 2021

35 

Approved PAC Days
Setup calibration, checkout 2

Tagger efficiency, TAC runs 1
Liquid 4He target run 30
LH2 target run 40
Empty target run 6
Total 79

~50% data on 4He  was 
collected in 2019 



Preliminary Result

36 

4He target 

(By D.  Smith)



Compton Cross Section

37 

(By S. Somov)

Very preliminary 

(By D. Smith)

4He target 9Be target 

Statistical errors only



Space-Like Transition Form Factors F(γγ*→p)  
(at low Q2 : 0.001-0.5 GeV2/c2)

•  Direct measurement of slopes
–  Interaction radii: 

Fγγ*P(Q2)≈1-1/6▪<r2>PQ2 
–  ChPT for large Nc predicts relation 

between the three slopes. Extraction of 
Ο(p6) low-energy constant in the chiral 
Lagrangian

•  Input for hadronic light-by-light 
calculations in (g-2)μ 

38 
 Phys.Rev.D65,073034

F(γγ*→ π0)  
 



Charged and neutral pion polarizability measurements in Hall D 

39 

•  A approved experiment 
(E12-13-008) to measure the 
charged pion polarizability (απ-βπ) at 
~10% precision.

•  New proposal to PAC48 for the first 
measurement of  the neutral pion 
polarizability at a level of 41%. 

 



Summary 
q  A comprehensive Primakoff program has been developed at JLab to 

measure Γ(p →γγ) and F(γγ*→p) (p represents π0, η and ηʹ) to test the  
confinement QCD symmetries.
Ø   precision tests of chiral symmetry and anomalies
Ø   light quark mass ratio and  η-ηʹ mixing angle
Ø   π0,η and ηʹ electromagnetic interaction radii
Ø   Inputs to calculate HLbL for (g-2)μ             

q  Two experiments on Γ(π0 →γγ) were performed in Hall B. 
Final result:    

                        Science 368, 506 (2020)
q  PrimEx-eta experiment for Γ(η→γγ): the first run was performed in 

spring 2019 in Hall D;  the second run is scheduled for 2021.
q  A LOI for the π0 transition form factor to PAC48.
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Γ(π0→γγ) = 7.802±0.052(stat)±0.105(syst) eV 
1.50% total uncertainty 



 Projected Error Budget of Γ(η→γγ) 

 Contributions     Estimated Error
Luminosity 1.2%
Background subtraction 2.0%

Event selection 1.7%
Acceptance and misalignment 0.5%

Beam energy 0.2%
Detection efficiency 0.5%
Branching ratio (PDG)    0.51%
Total Systematic 3.0%

Statistical 1.0%
Systematic 3.0%
Total 3.2%

 Systematical uncertainties: 

   Total uncertainty: 
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Theoretical Calculations 
Coherent Production  γ+A→π0+A   

 q 1964, G. Morpurgo, Neuovo Cimento, 31, 569

ü  Strong absorption for outgoing pion in  
     uniform nuclear density

42 

q 1972, G. Faldt, Nucl. Phys. B43, 591
ü  Strong absorption in a nucleus for both incident and 

produced particles 
ü  final state pion re-scattering in nucleus
ü  corrections for light nuclei 

q 2009, S. Gevorkyan et. al., Phys.Rev. C80, 055201, PrimEx note #85
ü  Strong absorption  in a nucleus for initial and final states 
ü  the final state pion re-scattering in nucleus
ü  corrections for light nuclei 
ü  photon shadowing effect
ü  Pion form factor Used for PrmEx

Used for Tomsk and DESY Primakoff Exp.

Used for Cornell exp. 
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Variations in absorption 
parameter σ  →ΔΓγγ <0.06% 

Variations in shadowing 
parameter ξ  →ΔΓγγ <0.06% 

Variations in energy dependence 
Parameter n   →ΔΓγγ <0.04% 

* W. Phys. Rev. Lett. 28, 1344 (1972) 

Γ(π0→γγ) dependence on model parameters
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Theoretical Calculation (cont.)
 Incoherent Production  γ+A→π0+A´

Two independent approaches: 
§  Glauber theory, Phys.Part.Nucl.Lett.,9,3 (2012)
§  Cascade Model, Phys.Rev.Lett.,101, 012301 (2008)

Deviation in Γ(π0→γγ) 
is less than 0.2% 



PrimEx-II Result

45 
Analysis Results
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Γ(π0→γγ) = 7.798±0.056(stat)±0.109(syst) eV 
1.57% total uncertainty 


