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A Short Review of π0→γγ : “Discovery” 
 

ü  1938: Yukawa postulates a neutral meson 
based on observations of charge 
independence of the NN force 

ü  1948:  Oppenheimer suggests π0 decays are   
responsible for gamma backgrounds in high 
altitude cosmic rays 

ü  1950:  π0 discovered at Berkeley Cyclotron  

ü  1940: Sakata estimates t ≈ 10-16 s for the π0 
lifetime from   PP loop diagram   
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The Original Idea 

§  Phys. Rev. 81, 899, 1951 
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Real Primakoff Production 
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     π0→γγ Primakoff Experiments Before PrimEx 

q   DESY (1970) 
Ø  bremsstrahlung γ beam,  

           Eγ=1.5 and 2.5 GeV 
Ø Targets C, Zn, Al, Pb 
Ø  Result: Γ(π0→γγ)=(11.7±1.2) eV  

                     ±10.% 

q   Cornell (1974) 
Ø  bremsstrahlung γ beam 

           Eγ=4 and 6 GeV 
Ø  targets: Be, Al, Cu, Ag, U 
Ø  Result: Γ(π0→γγ)=(7.92±0.42) eV 

                                      ±5.3% 

q  All previous experiments used: 
Ø  Untagged bremsstrahlung γ beam 
Ø  Conventional Pb-glass calorimetry 
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The PrimEx Project at JLab 
(second generation Primakoff experiments)

     Experimental program 
       Precision measurements of: 
 

Ø  Two-Photon Decay Widths:  
Γ(π0→γγ), Γ(η→γγ), Γ(η’→γγ) 

 
Ø  Transition Form Factors at low Q2 

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

Test of Chiral Symmetry and Anomalies via the Primakoff Effect 
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The PrimEx-I Experiment in Hall B 

ü  JLab Hall B high resolution high 
      intensity photon tagging facility 

ü  New pair spectrometer for 
    photon flux control at high 
    intensities 

ü  New high resolution hybrid 
   multi-channel calorimeter 

(HYCAL) 

q  Requirements of Setup: 
Ø  high angular resolution (~0.5 mrad) 

§  high resolutions in calorimeter 
§  small beam spot size (‹1mm) 

Ø  Background: 
§  tagging system needed 

Ø  Particle ID for (γ-charged part.) 
§  veto detectors needed 



Experimental Distributions  

12C 208Pb 
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PrimEx-I Result and the PDG status Before 2014 

ü   PrimEx-I achieved 2.8% precision (total): 

      Γ(π0→γγ) = 7.82 eV ±1.8% (stat) ±2.1% (syst.) 
 
       (I. Larin, et al. PRL 106, 162303, 2011) 

Ø   Task for PrimEx-II:  
      to achieve 1.4% precision: 
 
      Projected errors: 
         ±0.5% (stat.) ±1.3% (syst.) 
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Γ(π0→γγ) = 7.82±0.14(stat)±0.17(syst) eV 
2.8% total uncertainty 



Γ(π0→γγ),  PDG Status Before and After the PrimEx-I Experiment 
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Γ(π0→γγ) = 7.82±0.14(stat)±0.17(syst) eV 
2.8% total uncertainty 

ü   PDG average on Γ(π0→γγ) improved by  
      factor of 2 



Second Primakoff Experiment (PrimEx-II in Hall B, 2010) 

§  Statistics:  
ü  double the target thickness (10% R.L.) 
ü  Increase DAQ speed to 5 kHz (factor of 5 gain) 
ü  accept twice more tagged photon energy interval  

§  Systematics:  
ü  Add more timing information in HyCal  
Ø        (~500 TDC channels) 
ü  Improve PID (add horizontal veto counters) 
ü  Improve photon beam line 
ü  Take more “empty target” data 
ü  Measure HyCal detection efficiency 
ü  get data for new 28Si target. 
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 Preliminary Result from the PrimEx-II Experiment 
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§  Results from the first group  
Ø      (ITEP Moscow/China) 
Ø      are presented (Preliminary). 

Ø  Γ(π0→γγ) = 7.74 ± 0.06(stat.) ± 0.12(syst.) eV    
Ø  1.7% total uncertainty 

§  Results from the second group  
Ø      (Duke University)  
Ø       are expected soon. 
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Verification of Overall Systematics: Compton Cross Section 
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ü   Cross sections in agreement with theory at the percent level 
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 Γ(η→X) =Γ(η→γγ)*BR(X) / BR(γγ) 

Ø  Change whole decay widths of  η-sector  
     in PDG 

Ø  Potentially solve collider/Primakoff 
   discrepancy 
 
Ø  Improve (η - η’) mixing angle 
 
Ø  most model independent determination  
    of the light quark mass ratio  

q  To perform a new Primakoff type experiment with a precision of 3.2%  
      using standard GlueX setup including the photon tagger and FCAL.  

η→γγ Decay Width Experiment with GlueX 
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η→γγ Decay Width Experiment with GlueX 

π
π

γγ θ
βασ 22

..4

43

3

2
Pr

3

sin)(8 QF
Q
E

m
Z

d
d

meΓ=
Ω

ρ,ω 

Challenge:  Separate Primakoff amplitude 

                    from hadronic processes. 

η 

3/12

2

Pr
2         

2 AEE
m

NCpeak •
∝∝ θθ

Ø  larger momentum transfer: (coherency, form 
factors, FSI,…) 

q  Difficulties of η→γγ experiment: 
Ø  η mass factor of 4 larger than π0;  
Ø  cross section is smaller; 
Ø  larger overlap between Primakoff  
    and hadronic processes; 

We propose to use LH2 and LHe4 targets to address 
all those issues. 



16 16 

The Experimental Setup in Hall D 
q  We proposed to use GlueX standard setup for this measurement: 
 

75 m 

Counting  
House 

Ø  Photon beam line -Incoherent tagged photons 
Ø  Pair spectrometer 
Ø  Solenoid detectors (for background rejection) 
Ø  30 cm LH2 and LHe4 targets (~3.6% r.l.) 
Ø  Forward tracking detectors (for background rejection) 
Ø   Forward Calorimeter (FCAL) for η→γγ decay photons 
Ø  Add CompCal detector for overall control of systematics 

CompCal  
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Advantages of the Proposed Targets 
q  Precision measurements require low A targets to control:  

Ø  coherency 
Ø  contributions from  nuclear processes 

Ø  Hydrogen: 

ü  no inelastic hadronic contribution 
ü  no nuclear final state interactions 
ü  proton form factor is well known 
ü  better separation between Primakoff  

           and nuclear processes 
ü  new theoretical developments of Regge  

            description of hadronic processes 
                       J.M. Laget, Phys. Rev. C72, (2005) 
                                   A. Sibirtsev, et al. hep-ph/0902.1819 (2009) 

Ø   4He: 
ü  higher Primakoff cross section 
ü  the most compact nucleus 
ü  form factor well known 
ü  new theoretical developments for FSI 
                                  S. Gevorkyan et al., Phys. Rev. C 80, 2009 
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Control of Overall Systematics:  
Compton Cross Section Measurement 

e eγ γ ʹ′ ʹ′+ → +

Ø  CompCal calorimeter: 
   10x10 (20x20 cm2)   PbWO4 crystal detector 

Ø  Forward Compton cross 
   section will be measured by 
   new CompCal detector in 
   combination with FCAL 
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Virtual Primakoff Production:  
(second generation Primakoff experiments)

     Experimental program 
       Precision measurements of: 

 
Ø  Transition Form Factors at low Q2 

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

Test of Chiral Symmetry and Anomalies via the Primakoff Effect 
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F(γγ*→ π0) Transition Form Factor 

 
  Work in progress for a new proposal 
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 F(γγ* →η) Transition Form Factor 

 
  Work in progress for a new proposal 
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 Third Generation Primakoff Experiments 
(future Primakoff experiments) 

 
q    Primakoff production on atomic 

electrons: 
            e-  + e-  è  e- + π0 + e- 

Or:  
             γ  + e-  è   π0 + e- 

Requires:    Eγ > E threshold  (~ 20 GeV) 
 
ü  No hadronic contributions ! 
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Summary 

§   Active work is in progress for the next experimental proposals at JLab.. 

§  Primakoff production is an effective mechanism to measure electromagnetic properties of 
   the pseudoscalar  mesons with high precisions. 

§  Two PrimEx experiments are already performed in Hall B to extract the Γ(π0→γγ) decay width 
    with a percent level precision.  
 
 
§  The η→γγ decay width experiment is approved for Hall D with the GlueX experimental setup. 

§  A rich and comprehensive experimental program has been developed at JLab to 
    measure radiative decay widths and transition form factors at very low Q2 for the light 
    pseudoscalar mesons: π0 ,η, η’ 
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The End 
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Physics Outcome from New η→γγ Experiment 
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Γ(η→3π)=Γ(η→γγ)×BR(3π)/BR(γγ) 

q  (η - η’) mixing angle: q  Light quark mass ratio:  
η→3π forbidden by isospin symmetry, therefore: 
 
           Γ(η→3π) α  |A|2 α   Q-4   with: 

H. Leutwyler PLB, 378,1996 

meson mass  
ratio 
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Modifications from Nominal GlueX Running 
q  The Hall D/GlueX apparatus will be used in the following settings: 
 

Ø   Incoherent tagged bremsstrahlung photon beam:  
     (~10-4 r.l. amorphous Au radiator, Ie ~ 0.2 µA) 

ü  better stability at endpoint energy spectrum 
ü  less sensitive to radiation 

 
Ø 5.0 mm diameter beam collimator: 
     vs. 3.4 mm at 75 m from tagger 

ü  better photon flux stability (within 1%) 
ü  double the tagging efficiency (from ~15% to ~30%) 
 

Ø   Solenoid field off:  
ü  precision measurement of forward Compton cross section  
   for overall control of systematics 

q  This configuration requires dedicated run. 
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Experimental Methods: Decay Length Measurement (Direct Method) 

Ø  τπ∼1x10-16 sec  ⇒  too small to measure 

solution:   Create energetic π0 ‘s, 
    L = vτπEπ/mπ 

But, for E= 1000 GeV, Lmean ∼ 100 µm 
 very challenging experiments 

Ø  Measure π0 decay length distribution  

1984 CERN experiment:  
P=450 GeV proton beam 
Two variable separation (5-250µm) foils 
Result: 
Γ(π0→γγ) = 7.34eV±3.1% (total)  

§  Major limitations of method 
Ø  unknown Pπ0 spectrum  
Ø   needs higher energies for improvement 

π0
→
γγ
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π0→γγ decay width (Theory) 
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§  π0→γγ decay proceeds primarily via the Chiral anomaly in  QCD. 
§  The chiral anomaly prediction is exact for massless quarks: 

§  Corrections to the chiral anomaly prediction: 
     (u-d quark masses and mass differences) 

Calculations in NLO ChPT: 
(J. Goity, at al. Phys. Rev. D66:076014, 2002) 
Γ(π0→γγ) = 8.10eV ± 1.0% 

~4% higher than LO, uncertainty: less than 1% 

§  Precision measurements of Γ(π0→γγ) at the percent level will provide 
     a stringent test of a fundamental prediction of QCD. 

π0
→
γγ

 

§  Recent calculations in QCD sum rule: 
      (B.L. Ioffe, et al. Phys. Lett. B647, p. 389, 2007) 

Ø  Γ(η→γγ) is only input parameter 
Ø  π0-η mixing included 
Γ(π0→γγ) = 7.93eV ± 1.5% 



Results from PrimEx-I Experiment 

Ø  Nuclear targets: 12C and 208Pb; 
Ø   6 GeV Hall B tagged beam; 
Ø   experiment performed in 2004 

12C 208Pb 
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Physics Background 
q  Monte Carlo simulation with Hall D/GlueX GEANT and Pythia generator 

Ø  event selection criteria are applied for both signal and background. 
Ø  other GlueX detectors (BCAL, …) are critical for background suppression. 
Ø  remaining background level: ~3%, will be subtracted off-line.   
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π0  Forward Photoproduction off Complex Nuclei: 
(theoretical models) 

q   Coherent Production  γ+A→π0+A 

+

+

Primakoff Nuclear coherent 

π0 rescattering  Photon shadowing 

Leading order processes: 

(with absorption) 

Next-to-leading 
order: 

(with absorption) 
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e+e- Collider Experiment 

Ø  e+e-→e+e-γ*γ*→e+e-π0→e+e-γγ  

Ø  e+, e- scattered at small angles  
    (not detected) 
Ø  only γγ detected  

q  Experiment at DORIS II @ DESY 

Ø  Results:  
   Γ(π0→γγ) = 7.7 ± 0.5 ± 0.5 eV ( ± 10.0%) 

q  Not included in PDG average  

q  Major limitations of method: 
Ø   unknown q2 for γ*γ* 
Ø  knowledge of luminosity 

π0
→
γγ

 


