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HADRON SPECTRUM
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Particle Data Group1:  

≈100(50) excited meson(baryon) states (****) 

1) Particle Data Goup (Workman et al.) 
2) MM/Meißner/Urbach 2206.01477 (under review in Phys. Rept.)
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Data: Estabrooks et al. NPB 79 (1974);  Protopopescu et al. PRD 7 (1973);
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Particle Data Group1:  

≈100(50) excited meson(baryon) states (****) 

Reaction-independent (universal) parameters: 

• poles on the Riemann Surface 

• physical information @ real energies:

1) Particle Data Goup (Workman et al.) 
2) MM/Meißner/Urbach 2206.01477 (under review in Phys. Rept.)
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1) Particle Data Goup (Workman et al.) 
2) MM/Meißner/Urbach 2206.01477 under review in Phys. Rept. Data: Estabrooks et al. NPB 79 (1974);  Protopopescu et al. PRD 7 (1973);

Particle Data Group1:  

≈100(50) excited meson(baryon) states (****) 

Reaction-independent (universal) parameters: 

• poles on the Riemann Surface 

• physical information @ real energies: 
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MM Eur.Phys.J.ST 230 (2021)

Λ(1405)

HADRON SPECTRUM

1) Particle Data Goup (Workman et al.) 
2) MM/Meißner/Urbach 2206.01477 (under review in Phys. Rept.)

Particle Data Group1:  

≈100(50) excited meson(baryon) states (****) 

Reaction-independent (universal) parameters: 

• poles on the Riemann Surface 

• physical information @ real energies: 
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HADRON SPECTRUM

Particle Data Group1:  

≈100(50) excited meson(baryon) states (****) 

Reaction-independent (universal) parameters: 

• poles on the Riemann Surface 

• physical information @ real energies: 

1. theory: Lattice QCD   ➟ new progress2 

2. experiment                 ➟ this talk

1) Particle Data Goup (Workman et al.) 
2) Recent review: MM/Meißner/Urbach 2206.01477 (under review in Phys. Rept.)

     TALK: M.Hansen (Wednesday)



Maxim Mai  (  Univers i ty  Bonn |  The George Washington Univers i ty  )       NSTAR 2022: p. 7

Data: Jefferson Laboratory, ELSA, MAMI 

γp → pπ+π−

γp → pπ0π0

γp → pπ0

γp → K+Λ
γp → pη

γp → pXMeson photo-/electroproduction1 

• large amount of data (105 for 𝛾p→𝜋N) 

• more data to emerge at, e.g., JeffersonLab2 
(Q2=5-12 GeV2)  

1) TALKS: Carman; Thoma; Crede; Ganoti; Gothe; Beck; ... 
2) Carman, Joo, Mokeev, Few Body Syst. 61, 29 (2020) ... ; [CLAS] Phys.Rev.C 105 (2022) 

065201; ...

HADRON SPECTRUM

W / GeV
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Data: Jefferson Laboratory, ELSA, MAMI 

γp → pπ+π−

γp → pπ0π0

γp → pπ0

γp → K+Λ
γp → pη

γp → pXKey questions: 

"can we describe the scattering and 
electroproduction data consistently?" 

"can we extract new universal information about 
the hadron spectrum?"

1) TALKS: Carman; Thoma; Crede; Ganoti; Gothe; Beck; ... 
2) Carman, Joo, Mokeev, Few Body Syst. 61, 29 (2020) ... ; [CLAS] Phys.Rev.C 105 (2022) 

065201; ...

HADRON SPECTRUM

W / GeV



THEORY
[JBW] MM, M.Döring, C.Granados, H.Haberzettl, J.Hergenrather, 

U.Meißner, D.Rönchen, I.Strakovsky, R.Workman 

Phys.Rev.C 103 (2021) 6, 065204
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■ ANL-Osaka1 

■ (eta)(kaon)MAID2 

■ SAID3 

■ ...4

1) ANL-Osaka PRC 80(2009), Few-Body Syst. 59(2018),...  
2) MAID2007, EPJA 34(2007) EtaMAID2018, EPJA 54(2018) 
3) SAID, PiN Newsletter 16(2002)  
4) Gent group PRC 89(2014),... Aznauryan et al., PRC 80(2009), ĲMP(2013),... 

THEORY STATUS
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■ ANL-Osaka1 

■ (eta)(kaon)MAID2 

■ SAID3 

■ ...4

Some highlights 

➥ Simultaneous description of pion photo- and 
electroproduction (MAID) 

➥ Low-energy constraints from CHPT (chiral 
MAID) 

➥ Roper form factor from single and double pion 
electroproduction5

1) ANL-Osaka PRC 80(2009), Few-Body Syst. 59(2018),...  
2) MAID2007, EPJA 34(2007) EtaMAID2018, EPJA 54(2018) 
3) SAID, PiN Newsletter 16(2002)  
4) Gent group PRC 89(2014),... Aznauryan et al., PRC 80(2009), ĲMP(2013),... 5) Review: Burkert, Roberts, Rev.Mod.Phys. 91 (2019) 

THEORY STATUS
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Jülich-Bonn-Washington approach 

• coupled-channel approach (universality) 

simultaneous description of 𝜋N, 𝜂N, K𝜦, K𝜮, ... 
channels 

• threshold constraints, gauge invariance, ... 

• constraints from scattering data

THEORY STATUS
https://jbw.phys.gwu.edu/

https://jbw.phys.gwu.edu/
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SYMMETRIES OF NATURE

Five kinematical variables (3*(2+3)-10=5) 

1. total energy: W 

2. photon virtuality: Q2 

3. transverse photon polarization: ∊ 

4. production angles: 𝜃,𝜑 
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SYMMETRIES OF NATURE

Five kinematical variables (3*(2+3)-10=5) 

1. total energy: W 

2. photon virtuality: Q2 

3. transverse photon polarization: ∊ 

4. production angles: 𝜃,𝜑 

Underlying objects: 

➥ Helicity amplitudes: 

➥ Multipoles:

{Hi (W, Q2, θ) | i = 1..8}

{Eℓ±(W, Q2), Lℓ±(W, Q2), Mℓ±(W, Q2)}
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THEORETICAL CONSTRAINTS

I. Gauge invariance


1) Afnan et al.(1995); Kvinikhidze et al.(1999); Haberzettl(19xx-2021); Borasoy et al.(2007); 
Ruic et al.(2011); MM et al. (2012); 

2) Bruns, Cieplý, MM 2206.08767 [nucl-th]
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THEORETICAL CONSTRAINTS

I. Gauge invariance


➡ manifest implementation1 exist even for 2-
meson photoproduction2 

... but usually too costly 

1) Afnan et al.(1995); Kvinikhidze et al.(1999); Haberzettl(19xx-2021); Borasoy et al.(2007); 
Ruic et al.(2011); MM et al. (2012); 

2) Bruns, Cieplý, MM 2206.08767 [nucl-th]

MM et al. Phys.Rev.D 86 (2012) 094033
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THEORETICAL CONSTRAINTS

I. Gauge invariance


➡ manifest implementation1 exist even for 2-
meson photoproduction2 

... but usually too costly 

➡ Ward-Takahashi identity by construction 

1) Afnan et al.(1995); Kvinikhidze et al.(1999); Haberzettl(19xx-2021); Borasoy et al.(2007); 
Ruic et al.(2011); MM et al. (2012); 

2) Bruns, Cieplý, MM 2206.08767 [nucl-th]

H7 =
6

∑
i=1

aiHi H8 =
6

∑
i=1

biHi

kμTμ = 0
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THEORETICAL CONSTRAINTS

II. Final-state unitarity


1) Rönchen et al., EPJA 49, 44 (2013)  TALK ON TUESDAY
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THEORETICAL CONSTRAINTS

II. Final-state unitarity


➡ Jülich-Bonn dynamical coupled-channel 
model1 

1) Rönchen et al., EPJA 49, 44 (2013)  TALK ON TUESDAY Fig: MM; D. Rönchen
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THEORETICAL CONSTRAINTS

II. Final-state unitarity


➡ Jülich-Bonn dynamical coupled-channel 
model1 

1) Rönchen et al., EPJA 49, 44 (2013)  TALK ON TUESDAY Fig: MM; D. Rönchen
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THEORETICAL CONSTRAINTS

II. Final-state unitarity


➡ Jülich-Bonn dynamical coupled-channel 
model1 

1) Rönchen et al., EPJA 49, 44 (2013)  TALK ON TUESDAY Fig: MM; D. Rönchen
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THEORETICAL CONSTRAINTS

II. Final-state unitarity


➡ Jülich-Bonn dynamical coupled-channel 
model1 

➡ Amplitudes fixed from scattering and 
photoproduction data  

𝜋N→xX and 𝛾N→xX (~60k data)

1) Rönchen et al., EPJA 49, 44 (2013)  TALK ON TUESDAY Fig: MM; D. Rönchen



Maxim Mai  (  Univers i ty  Bonn |  The George Washington Univers i ty  )       NSTAR 2022: p. 23

THEORETICAL CONSTRAINTS

III. Pseudo/threshold constraints: 

➥ Momentum dependence

1) Siegert(1973) Amaldi et al.(1979) Tiator(2016)

limk→0 Eℓ+ = kℓ

limq→0 Lℓ+ = qℓ

. . .

e− q k
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THEORETICAL CONSTRAINTS

III. Pseudo/threshold constraints: 

➥ Momentum dependence


IV. Siegert's theorem1 

➥ in the long-wavelength limit electric and 
magnetic multipoles are related


good news: fewer parameters needed Lℓ± ∼ Eℓ±   for   q = 0

limk→0 Eℓ+ = kℓ

limq→0 Lℓ+ = qℓ

. . .

1) Siegert(1973) Amaldi et al.(1979) Tiator(2016)

e− q k
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ℳμγ*(k, W, Q2) = Rℓ′ 
(λ, q/qγ) Vμγ*(k, W, Q2) + ∑

κ

∞

∫
0

dp p2 TJUBO
μκ (k, p, W)Gκ(p, W)Vκγ*(p, W, Q2)

Vμγ*(k, W, Q2) = VJUBO
μγ (k, W) × e−β0

μQ2/m2
p (1 + Q2/m2

p β1
μ+(Q2/m2

p)2β2
μ)
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Vμγ*(k, W, Q2) = VJUBO
μγ (k, W) × e−β0

μQ2/m2
p (1 + Q2/m2

p β1
μ+(Q2/m2

p)2β2
μ)

TALK Deborah Rönchen

Fulfils:  

• Final state unitarity / Gauge invariance / Siegert's theorem / Threshold behaviour 

Describes 

• scattering and photoproduction data 

• parameters (𝜆, 𝛽) from electroproduction data 

ℳμγ*(k, W, Q2) = Rℓ′ 
(λ, q/qγ) Vμγ*(k, W, Q2) + ∑

κ

∞

∫
0

dp p2 TJUBO
μκ (k, p, W)Gκ(p, W)Vκγ*(p, W, Q2)
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Fulfils:  

• Final state unitarity / Gauge invariance / Siegert's theorem / Threshold behaviour 

Describes 

• scattering and photoproduction data 

• parameters (𝜆, 𝛽) from electroproduction data 

Parametrization dependence due to incomplete data  

• even for a truncated complete electroproduction experiment 

• in future: Bias-variance tradeoff with statistical criteria

Vμγ*(k, W, Q2) = VJUBO
μγ (k, W) × e−β0

μQ2/m2
p (1 + Q2/m2

p β1
μ+(Q2/m2

p)2β2
μ)

Landay et al.(2017) (2019) 

Tiator et al.(2017)          TALKS: Wunderlich, Svarč

TALK Deborah Rönchen

ℳμγ*(k, W, Q2) = Rℓ′ 
(λ, q/qγ) Vμγ*(k, W, Q2) + ∑

κ

∞

∫
0

dp p2 TJUBO
μκ (k, p, W)Gκ(p, W)Vκγ*(p, W, Q2)



RESULTS
[JBW] MM, M.Döring, C.Granados, H.Haberzettl, J.Hergenrather, Ulf-G. 

Meißner, D.Rönchen, I.Strakovsky, R.Workman 

Phys.Rev.C 103 (2021) 6, 065204 
Phys.Rev.C 106 (2022) 015201
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DEGREES OF FREEDOM
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Experimental data  

• 1.13 < W/GeV< 1.6, Q2<4 GeV2)


• 45k(𝝅0p) + 37k(𝝅+n) + 2k(𝜂p) = 84k data


• 11 observable types
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DEGREES OF FREEDOM
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Experimental data  

• 1.13 < W/GeV< 1.6, Q2<4 GeV2)


• 45k(𝝅0p) + 37k(𝝅+n) + 2k(𝜂p) = 84k data


• 11 observable types


Parameters (S/P/D waves) 

• 26 multipoles * (10..13 pars) = 257 pars
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RESULTS

1) [JBW] MM et al. Phys.Rev.C 103 (2021) 6; Phys.Rev.C 106 (2022) 015201
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𝜋N data fits1: 

• all strategies converge


• different minima (systematic uncertainties)
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𝜋N data fits1: 

• all strategies converge


• different minima (systematic uncertainties)


• Kelly data2

1) [JBW] MM et al. Phys.Rev.C 103 (2021) 6; Phys.Rev.C 106 (2022) 015201 
2) Jefferson Lab Hall A Collaboration Phys.Rev.Lett. 95 (2005) 102001

RESULTS

https://inspirehep.net/literature?q=collaboration:Jefferson%20Lab%20Hall%20A
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𝜋N data fits1: 

• all strategies converge


• different minima (systematic uncertainties)


• Joo data2

PREDICTION

1) [JBW] MM et al. Phys.Rev.C 103 (2021) 6; Phys.Rev.C 106 (2022) 015201 
2) Joo et al. [CLAS] PRC (2003), PRL (2002) 

RESULTS
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𝜋N/𝜂N data fits1: 

• all strategies converge


• different minima (systematic uncertainties)


• many ambiguities in data2

1) [JBW] MM et al. Phys.Rev.C 103 (2021) 6; Phys.Rev.C 106 (2022) 015201 
2) H. Denizli et al. (CLAS) PRC 76, 015204 (2007); Thompson et al. (CLAS), PRL86, 1702–
1706 (2001); ...

RESULTS
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MULTIPOLES

Delta: 

• Large multipoles well determined

W = 1230 MeV

[JBW] MM et al. Phys.Rev.C 103 (2021) 6; Phys.Rev.C 106 (2022) 015201
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Roper:  

• Non-trivial Q2 behavior


• Zero transition 
W = 1380 MeV

[JBW] MM et al. Phys.Rev.C 103 (2021) 6; Phys.Rev.C 106 (2022) 015201

MULTIPOLES



SUMMARY



1) Landay et al., Phys.Rev.D (2019), 1810.00075 [nucl-th]

Jülich-Bonn-Washington 
□ new model developed  (constraints from symmetries and scattering/photoproduction data)


□ fits to 𝜋N/𝜂N data finished


□ WEB INTERFACE:  https://jbw.phys.gwu.edu


□ 𝜋N/𝜂N/K𝚲 fits (nearly world data)


□ Helicity couplings


□ simultaneous fit to scattering and photoproduction data


□ statistical studies of parameter importance1 (LASSO, Machine Learning, ...)


□ energy dependent analysis(?)


...

BUCKET LIST

https://jbw.phys.gwu.edu


Jülich-Bonn-Washington 
☑   new model developed  (constraints from symmetries and scattering/photoproduction data)


☑   fits to 𝜋N/𝜂N data finished


☑   WEB INTERFACE:  https://jbw.phys.gwu.edu


□ 𝜋N/𝜂N/K𝚲 fits (nearly world data)  ➟ SOON!!! 


□ Helicity couplings  ➟ SOON!!!


□ simultaneous fit to scattering and photoproduction data


□ statistical studies of parameter importance1 (LASSO, Machine Learning, ...)


□ energy dependent analysis (?)


...
1) Landay et al., Phys.Rev.D (2019), 1810.00075 [nucl-th]

BUCKET LIST

https://jbw.phys.gwu.edu
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Siegerts's theorem

Final-state unitarity & Jülich-Bonn photoproduction amplitude
(Pseudo)-threshold behavior 
with meson/photon momenta


limk→0 Eℓ+ = kℓ

limq→0 Lℓ+ = qℓ

. . .

Vμγ*(k, W, Q2) = VJUBO
μγ (k, W) ×

e−β0
μQ2/m2

p (1 + Q2/m2
p β1

μ+(Q2/m2
p)2β2

μ) VLℓ± = (const.) ⋅ VEℓ±

Parametrization dependence due to incomplete data 


• even for a truncated complete electroproduction experiment


• in future: Bias-variance tradeoff with statistical criteria

ℳμγ*(k, W, Q2) = Rℓ′ 
(λ, q/qγ) Vμγ*(k, W, Q2) + ∑

κ

∞

∫
0

dp p2 Tμκ(k, p, W)Gκ(p, W)Vκγ*(p, W, Q2)

Landay et al.(2017) (2019) 

Tiator et al.(2017)
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piN data is dominant: 

> weighted or unweighted fits

χ2
reg =

Nall

∑
i=1 (

𝒪exp
i − 𝒪i

Δstat
i + Δsyst

i )
2

χ2
wt = ∑

j∈{π0p,π+n,ηp}

Nall

3Nj

Nj

∑
i=1 (

𝒪exp
ji − 𝒪ji

Δstat
ji + Δsyst

ji )
2

DEGREES OF FREEDOM



J B W
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 Observable (e.g. cross section)

 Structure functions

 Helicity amplitudes

 CGLN amplitudes

 Multipoles

MULTIPOLES
dσv

dΩ (W, Q2, ϵ, θ, ϕ) = σT + ϵσL + 2ϵ(1 + ϵ)σLT cos ϕ + . . .

σT (W, Q2, θ) = k/qγ ( |H1 |2 + |H2 |2 + |H3 |2 + |H4 |2 )/2 , . . .

H1 (W, Q2, θ) = sin θ cos θ/2(−ℱ3 − ℱ4)/ 2 , . . .

ℱ1 (W, Q2, θ) = ∑
ℓ≥0

ℓMℓ+(W, Q2)P′ ℓ+1(cos θ) + . . .

{Eℓ±(W, Q2), Lℓ±(W, Q2), Mℓ±(W, Q2)}

Chew et al. Phys.Rev. 106 (1957); Dennery Phys.Rev. 124 (1961); Berends et al. Nucl.Phys.B 4 (1967); ... (for explicit formulas) MM et al. Phys.Rev.C 103 (2021)




