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!   Reaction theory in a dynamical coupled-channels approach:  

              hadron-induced reactions: πN → πN, ηN, KΛ, KΣ, ππN[σN, ρN, πΔ]	


                                                         some selected results 	


              photon-induced reactions: γN → πN, ηN, KΛ, KΣ 
                                                         relevance of gauge invariance 
                                                         some selected results for pion photoproduction 

!   Some basic issues: 
                                   experimental  
                                          theoretical  

!   Outlook. 



Not every bump is a resonance and not every resonance is a bump ! 

Moorhouse  1960’ 



Not every bump is a resonance:    σp  & σn in η photoproduction 

Excess of η in quasi-free γn → ηn  

  Non-strange pentaquark (i.e., narrow resonance)  
    χQSM prediction   
    [Diakonov et al., ZPA359,’97, Polyakov et al., EPJA18, ‘03,…] 

   Excess of η on n found by GRAAL   
      [Kuznetsov et al., PLB647,’07] 
 confirmed by CBELSA & TAPS       
      [Jaegle et al., PRL100,’09] "
    and LNS  
     [Miyahara et al., PTPS168,’07]  

Possible explanations  

 simulated narrow  
          state with  
           Γ~25 MeV 

[Kuznetsov & Polyakov, JETP88,’08] 

  Many more explanations in terms of 
   conventional resonance(s). 

 Coupled-channels effect (KΛ channel openning) 



solid : full result (with Fermi motion) 
dashed: no Fermi motion 
dotted: no K+Λ intermediate state 
inset (dash-dotted): only πN intermediate state  

 Peak in σn/σp :  
  direct consequence of the Weinberg-Tomozawa  
  interaction with strong couplings to KΛ and  KΣ  
  channels given by the SU(3) structure. 
                                                       (fK ≅ 113 MeV) 
 Simple and quantitative explanation.   

KΛ	

 KΣ	



intermediate state in the photon loops: 
neutron:  π-p,  π0n,  ηn,  K0Λ,  K+Σ-,  K0Σ0 

proton  : π0p,  π+n,  ηp,  K+Λ,  K+Σ0,  K0Σ+ 

UχPT calculation: 



 Peak in σn/σp :  
  direct consequence of the Weinberg-Tomozawa  
  interaction with strong couplings to KΛ and  KΣ  
  channels given by the SU(3) structure. 
                                                       (fK ≅ 113 MeV) 
 Simple and quantitative explanation.   

intermediate state in the photon loops: 
neutron:  π-p,  π0n,  ηn,  K0Λ,  K+Σ-,  K0Σ0 

proton  : π0p,  π+n,  ηp,  K+Λ,  K+Σ0,  K0Σ+ 

UχPT calculation: 
data: I. Jaegle et al.,  
submitted to EPJA 



π+ p → K+Σ+ Δ(1920) P33:  
most important resonance  
invisible in πN → πN but  
needed in π+p → K+Σ+  

π N → π N 



€ 

T =V +VGT
Jülich hadronic model (TOPT): 

Basic features: 
   Coupled channels:  πN, ηN, KΛ, KΣ, ππN [σN, ρN, πΔ] 
   Analyticity 
   2-body unitarity & some requirements for 3-body unitarity 
   Chiral Lagrangian of Wess and Zumino        [PR163, ’67; PR161, ’88] 
      Hadron exchange provides the relevant dynamics 
      All partial waves are linked by u- and t-channel processes 
      Reaction channels are linked by SU(3) in the Lagrangian framework 
      Minimum # of explicit resonances needed due to the structured  
        backgroung       

C. Schütz et al., PRC49 ’94;  PRC57 ’98  
O. Krehl et al., PRC62 ’00  
A. M. Gasparyan et al., PRC68 ’03  
M. Döring et al., NPA829 ’09;  NPA851 ’11  
D. Rönchen et al., ’12, in preparation  



Data base : 

πN → πN:   GWU/SAID           [Arndt et al., PRC74 ‘06] 
                     ~ 2500 data points                    
                    20 partial-wave amplitudes from S11 to H39 
                    from threshold to W ~ 2.2 GeV 

πN → ηN, K0Λ, K0Σ0, K+Σ-, K+Σ+ : 
                    3815 data points 
                    Observables from threshold to W ~ 2.2 GeV 
                              cross section,  dσ/dΩ	


                              polarization, P 
                              spin rotation parameter, β                     









newest model results:  on the way 



πN → πN 



πN → πN 



Hadronic Scattering: πN → πN 

Photoproduction: γN → πN 

€ 

M µ
= 

€ 

Ms
µ

€ 

Mu
µ

€ 

Mt
µ

€ 

M int
µ

+ + + 

KR-contact term 



€ 

M µ
= 

€ 

Ms
µ

€ 

Mu
µ

€ 

Mt
µ

€ 

M int
µ

+ + + 

Fsτ                           Fuτ                     Ftτ 

current conservation:    kµMµ = 0         (all external legs on-shell)     

Theory requires off-shell condition (generalized 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                                                                                                                                  
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kµMc
µ = −[Fs]ei + [Fu]e f + [Ft ]eπ

full amplitude: 
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approximated current: generalized contact current 
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Mc
µ = [F(q)]Cµ +mKR

µ f t

, h = free parameter 

[Davidson-Workman, PRC63 ’02] 
Genuine contact current 
Crossing symmetry 
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kµMc
µ = −[Fs]ei + [Fu]e f + [Ft ]eπ

δx = 
1 ,  if x-channel present 
0 ,  otherwise 



Juelich Hadronic Model  (TOPT): 

  

€ 

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: 

  

€ 

˜ T ( r p ', r p ; s) = ˜ V ( r p ', r p ; s) +
dr p ' '

(2π)32ω p ''

m
ε p ''

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

˜ T ( r p ' ', r p ; s)
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˜ V ( r p ', r p ; s) ≡ (2π )3 ε p '

m
2ω p'V ( r p ', r p ; s)
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m
2ω p

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

  

€ 

˜ T ( r p ', r p ; s) ≡ (2π )3 ε p '
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Dashed green curves:  w/o Mc
µ apart from the Kroll-Ruderman term 
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M µ = (1+ TfGf )J
µ (1+GiTi)
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T =V +VGTNN → NN scattering: 

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

previously existing calculations 
(no contact currents)  
[current conservation, kµMµ=0]      

 full gauge-invariant calculation  
 (with contact currents) 
 [interaction current accounted for  
  properly)]  

EN = 190 MeV 

µ	





    Scarcity of (2-body) hadronic reactions data   
                 →  ~3800 data points (~24600 in photoproduction) 
                 →  existing data suffers from large uncertainties 
                 →  many of them are incompatible with each other  

One of the major limitations for developing more accurate coupled-channels models. 

               Accurate data from CELSIUS,COSY on NN → NNM (M=π, η, η’,ω, φ) 
               help constrain model parameters. (talk by F. Huang this afternoon, B3) 

HADES at GSI:    πN → ωN, ρN reactions (W< 2.4 GeV);  no spin observables.    
            J-PARC:    πN → KY, ππN       

                   EIC  at Jlab or BNL ??                                                                                



     Low energy behavior → matching with ChPT ? 
     Theoretical uncertainties   
 Three-body singularities & unitarity  
    Connection to QCD and/or QCD-based models 



Hadron-induced reactions:        
             done:       πN → πN    (will fit the data) 
             done:       πN → ηN, KΛ, KΣ	


              next:       πN → ωN 
      next next:       πN → ππN 

Photon-induced reactions:        
             done:       γN → πN     (extension will be carried to ~2 GeV) 
   in progress:       γN → ηN, KΛ, KΣ	


              next:       γN → ωN 
              next:      γ*N → πN  
      next next:       γN → ππN 

                             2π production: talk by H. Haberzettl this afternoon, C4.   

  Different direction: HDCC on the lattice  [M. Döring, U. Meiβner, et al., EPJA47’11] 



The End 



Some basic open issues: connection to QCD & QCD-based models                                                                                                

To learn about the underlying structure of the extracted resonances, they need to be  
connected to QCD and/or QCD-based models because data do not tell us in general  
about the underlying structure of these resonances.   

Connection through the extracted bare-resonance parameters.      

Problem:  bare-resonance parameters are highly model-dependent.       

self-consistency: Collaborations: 
 Constituent quark models:  F. Huang (Beijing group) 
 Dyson-Schwinger approach:  C. Roberts (ANL)   

(so far:  baryon masses; efforts to calculate the transition  
 couplings in progress ) 

 Also, should be confronted with the LQCD results  
   (e.g., N-P11 form factor [Jlab Lattice group])  



Some basic open issues: connection to QCD & QCD-based models                                                                                                

H. Haberzettl,  The 5th International Pion-Nucleon  
             PWA Workshop and Interpretation of Baryon  
             Resonances, ECT*, Trento, 2009.  













1.85 < W < 2.26 GeV 

π+ p → K+Σ+ 

π+ p → K0Λ 



Some basic open issues: low energy behavior 
                                                                                              (F. Huang et al., PRC85 ’12) 

Chiral constraints? 
 The model uses the phenomenological chiral Lagrangian of  Wess-Zumino [PR163, ’67]  
   supplemented by additional Lagrangian couplings of Δ, ω, η, σ, and a0. 
 But, phenomenological form factors usually destroy chiral symmetry 

    red:   isospin basis 
green:   particle basis 

MDT [PLB522, ’01] describes quite well the near-threshold pion photo- & electro-production data  



So far in our model:  missing the  ωN channel, in addition to the KΛ and KΣ 
channels and higher-spin resonances in photo-induced channels. 

Statistical uncertanties:   arising from the uncertainties in the data used to fix the 
model parameters are relatively straightforward to quantify in principle.  

In our model at present, not possible due to the absence of a quantitative statistical  
error analysis of the  πN scattering. Needs to fit the data. [Döring et al., NPA851, ’11].      

Systematic uncertanties:  are difficulty to quantify due to the absence of a precise 
ordering scheme for refining the approximation inherent in all phenomenological 
effective Lagrangian based approaches. They arise, e.g., from the: 
                                                     violation of unitarity,  analyticity,  gauge invariance  
                                                     truncation of meson-nucleon channel space 
                                                     number of baryon resonances considered     

Comparison with other models (EBAC, DMT, …):  better understanding the 
systematic uncertainties. 



Some basic open issues: three-body singularities & unitarity                                                                                              

Three-body singularities:  arise from V in the kinematics (off-shell p) → (on-shell, i.e., real p). 
E.g., t-channel πN(off-shell) → σN, ρN(on-shell). It can be dealt by an integration over the 
rotated axis (off-shell complex momenta) & extrapolation to on-shell real momenta.  (Döring et al.)                                                                     
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Im[p] 

Re[p] 

rotated integration axis 

πN(S11) → MB(L2T2J) 
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1
W − Eb − Ec − Ex + iη→ 



Some basic open issues: three-body singularities & unitarity                                                                                              

Three-body singularities:  arise from V in the kinematics (off-shell p) → (on-shell, i.e., real p). 
E.g., t-channel πN(off-shell) → σN, ρN(on-shell). It can be overcome by an integration over the 
rotated axis (off-shell complex momenta) & extrapolation to on-shell real momenta.  (Döring et al.)                                                                     

Three-body unitarity:  arise whenever W> ππN threshold                                                                                                 
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i(Tii −Tii
+) < 2π( )δ(Ei − E j )TijTji

+

j
∑ (if  Im[V] < 0) 

no problem if no 3-particle production 

      A x B* + B x A* 
(sign not well defined) 

  (A+B) x (A+B)* 
(sign well defined) 

unitarity cuts for t-channel diagrams  

→ 

unitarity restoring additional diagrams 

more rigorous three-body unitarity constraints  
(if possible at all):   still missing 

A. Gasparyan,  
PhD thesis (’02) 

See also 2- & 3-body unitarity in  
the isobar approx., [Aaron, Amado,  
                         Young, PR174, ’68] 



Overview of the data for pion-induced reactions < 3 GeV  

πN → πN (SAID PWA): 
S11,S31,P11,P31, …, H19,H39 (SES)      [ND ~2500] 

total:  789 

total:  4342 

total:  957 



Crossing symmetry (at the potential level): 



ππN states:  σN, ρN, πΔ 
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dressed NNγ vertex: 
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interaction current: 

Mµ
uT = transverse part of Mµ

u 
Mµ

tT = transverse part of Mµ
t 

pure transverse 





Resonances:  poles of the reaction amplitude in the complex E-plane (second Riemann sheet).  

                        They are reached by an analytic continuation of the reaction amplitude 
                        into the complex E-plane.  Analyticity is essential. 

Insights into the development/formation of the resonances and 
how they affect the physical amplitude:  
                                             Jülich, M.Döring et al., NPA829,’09 
                                                   EBAC, N. Suzuki et al., PRL104,’10 

Döring & Nakayama, EPJA43, ‘10 

η phtoproduction amplitude 

Evolution of the P11 resonance 



Dressed NRγ vertex: 

unique to the present approach 
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Γµ = Γ0
µ +mKRG[Fτ]+ [F0τ]G Mc
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