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Hadronic Scattering: πN → πN 

Photoproduction: γN → πN 
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current conservation:    kµMµ = 0         (all external legs on-shell)     

Theory requires off-shell condition (Ward-Takahashi identity): 
€ 

                                                     (τ = vertex isospin operator ; Q =charge operator) 

kµMµ = - [Fsτ]Sp+k Qi S-1
p + S-1

p’ Qf Sp’-k [Fuτ] + Δ -1p-p’-k Qπ Δp-p’ [Ftτ] 

kµMµ
int = - [Fs]  ei   +   ef [Fu]   +   eπ  [Ft]                ei = τ Qi 

                                                                                                                                    ef  = Qf τ	


                                                                                      eπ = Qπτ                                                                                                                                  





    full amplitude 
(non-linear effects) 
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kµMa
µ = (1−UG) −[Fs]ei + [Fu]e f + [Ft ]eπ( ) − kµUG MuL

µ + MtL
µ( )

gauge condition on Ma
µ : 

Mµ
uL = longitudinal part of Mµ

u 
Mµ

tL = longitudinal part of Mµ
t 

Ansatz : 
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Ma
µ = (1−UG)Mc

µ −UG MuL
µ + MtL

µ( ) +T µ
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kµMc
µ = −[Fs]ei + [Fu]e f + [Ft ]eπ

unconstrained transverse 
contact current (kµTµ=0) 



€ 

M int
µ = Ma

µ + XG[Mt
µ + Mu

µ + Ma
µ ]

€ 

= Mc
µ +T µ + XG MuT

µ + MtT
µ +T µ[ ]

dressed NNγ vertex: 
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Γµ = Γbare
µ +mKRG[Fτ]+ [Fbareτ]G Mc

µ + MuL
µ + MtL

µ( )
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+[Fτ]G MuT
µ + MtT

µ +T µ[ ]

interaction current: 

Mµ
uT = transverse part of Mµ

u 
Mµ

tT = transverse part of Mµ
t 



 choosing the contact current Mc
µ : 

€ 

Mc
µ = ΓNNπ (q)C

µ + ΓKR
µ f t

, h = free parameter 

Davidson-Workman (PRC63, 025210) 

Genuine contact current 
Crossing symmetry 

 transverse contact current Tµ : 

aj=constant (set to zero 
                    in actual 
                    calculation) 

simplest choice: 



 Another choice for the transverse contact current Tµ : 
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T µ = −UG[MuT
µ + MtT

µ ]
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M µ = Ms
µ + Mu

µ + Mt
µ + Mc

µ

€ 

M int
µ = Mc

µ

accounts effectively for the FSI 

(suited for study of photoproduction 
processes where no FSI’s are readily  
available: [η’, φ, …])  



Juelich Hadronic Model  (TOPT): 
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T( r p ', r p ; s) = V ( r p ', r p ; s) + dr p ' 'V ( r p ', r p ' '; s)∫ 1
s − E p'' −ω p '' + iη

T( r p ' ', r p ; s)

Converting to a covariant 3-D reduction like equation: 
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˜ T ( r p ', r p ; s) = ˜ V ( r p ', r p ; s) +
dr p ' '

(2π)32ω p ''
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˜ V ( r p ', r p ' '; s)∫ 1
s − E p '' −ω p'' + iη

˜ T ( r p ' ', r p ; s)
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m
2ω p'V ( r p ', r p ; s)

ε p

m
2ω p

Similarly, make the 3-D reduction of the covariant photoproduction equation.  

(minimal relativity) 
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Data: CLAS (2009), MAMI (2004), GRAAL (2000), SAID 



Data: CBELSA/TAPS (2009), GRAAL (2005), SAID 



Data: MAMI (2004), GRAAL (2009), SAID 



full 

contact off 
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M µ = (1+ TfGf )J
µ (1+GiTi)

€ 

T =V +VGTNN → NN scattering: 

NN → γNN scattering: four- and five-point 
    contact current 

previously existing calculations 
       (no contact currents)  

   present calculation 
(with contact currents)  

EN = 190 MeV 

µ	





In each partial-wave state: 
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M ≡ εµM
µ = εµ[Ms

µ + Mu
µ + Mt

µ + Mc
µ ]+ XG[MuT

µ + MtT
µ ]εµ

Analytic continuation : 

1st sheet: 

2nd sheet: 
   discontinuity of G  
along the right hand cut 
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M µ ( s)→M µ (z) ,  z = complex energy 

Laurent expansion : 
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M(z) =
a−1
z − zo

+ ao + (z − zo)a1 + ...
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MP = εµMs
µ + = Γa (z) 1
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M NP = X(z)G(z)[MuT
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µ (z)]εµ

terms contributing to a-1: 
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MP = Γa(2)(z) 1
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In the second Riemann sheet: 
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a−1
P = Γa(2)(zo)

1
1− [d /dzΣ(2)]z=zo

εµΓ
µ (zo)
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M NP = X (2)∫ (z)G(2)(z)[MuT
µ (z) + MtT

µ (z)]εµ
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NP = a−1(h )

NP∫ G(2)(zo)[MuT
µ (zo) + MtT

µ (zo)]εµ

half-off-shell hadronic residue 

For two resonances case: 
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a−1 = a−1
P + a−1

NP



Overall phase of gr
(h) is fixed by choosing the  

real part of the πN coupling to be positive 

Hadronic Scattering:  Photoproduction: 

The usual decompositon,  
T=TP + TNP, is arbitrary 
and TP&TNP maybe highly 
model dependent! 

Suggestion:  compare TBG & TR 
and not TNP & TP 





EBAC Jülich-UGA 

dσ/dΩ(γ + p → π0 + p):  comparison with EBAC (PRC77,’08) 

fit to newer data fit to older data 



Σ(γ + p → π0 + p):  comparison with EBAC (PRC77,’08) 

Jülich-UGA EBAC 



dσ/dΩ(γ + p → π+ + n):  comparison with EBAC (PRC77,’08) 

Jülich-UGA EBAC 



Σ(γ + p → π+ + n):  comparison with EBAC (PRC77,’08) 

Jülich-UGA EBAC 



The End 


