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Degrees of freedom: Quarks or hadrons

• Resonance review [Mai 2022]

https://inspirehep.net/literature/2091246
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Non-perturbative dynamics → rich spectrum of excited states

How many states are there? → missing resonance problem (does it exist?)

What are they? → 2-quark/3-quark, hadron molecules, …

Faddeev Eq. / DSE (Binosi, Cloet, Chang, Eichman, Roberts,…); 

Hadronic molecule 

QCD at low energies

Review [Mai 2021]

https://inspirehep.net/literature/1820593


[parts of slide courtesy of G. Eichmann, Few Body 2018]

Poincaré-covariant analysis of heavy-quark baryons, [Qin 2018]
Spectrum of light- and heavy-baryons, [Qin 2019]

Light baryons from diquark dynamics
[Eichmann (2016]

Not much 
of a missing 
resonance 
problem 
left…

https://inspirehep.net/literature/1651220
https://inspirehep.net/literature/1718100
https://inspirehep.net/literature/1473056


Lattice QCD for excited baryons

- Pioneering spectroscopic 
calculations

- Information on existence, width & 
properties of resonances requires 

- Meson-baryon interpolating 
operators

- Detailed finite-volume analysis

[G. Silvi et. al., arXiv: 2101.00689]

How about 𝜋𝜋𝜋𝜋𝜋𝜋?
3B Dynamics?
 Talk on Thursday

See also: Bulava et al.,
[2208.03867] Morningstar 
talk on Monday

https://arxiv.org/abs/2101.00689
https://inspirehep.net/literature/2133217


Phenomenology of the baryon spectrum
Review by [Thiel, Afzal, Wunderlich 2022]

https://inspirehep.net/literature/2030676


Dynamical coupled-channel approaches

• ANL-Osaka (former: EBAC) [Kamano et al.]

• Dubna-Mainz-Taipei model [Tiator]

• Jülich-Bonn(-Washington) [Rönchen]

• … 

• Characteristics:
• Direct fit to data (pion & photon-induced)

• Simultaneous fit to data of different final states

• Integral scattering equation as needed for proper treatment of three-body 
channels (         )
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Note: Only a sub-
class of analysis 
efforts; see, e.g., 
Bonn-Gatchina
group K-matrix 
approach

https://inspirehep.net/literature/1756287
https://inspirehep.net/literature/861112
https://inspirehep.net/literature/1204813


JBW DCC approach (Jülich-Bonn-Washington)
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JBW DCC approach (Jülich-Bonn-Washington)
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Three-body channels

• Resonant sub-channels

• Fit 22 amplitude to 2 2 
scattering data

• Include as sub-channel in 
3-body amplitude: 

• 3-body unitarity: Requires, 
e.g.
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JBW: Data base

New interface [https://jbw.phys.gwu.edu/]

New: 𝜋𝜋𝜋𝜋 → 𝜔𝜔𝜋𝜋 [2208.03061]
Upcoming data from JParc

𝐍𝐍𝐍𝐍𝐍𝐍: 𝜋𝜋 ≈ 85,000 data in 𝛾𝛾∗𝜋𝜋 → 𝜋𝜋𝜋𝜋, 𝜂𝜂𝜋𝜋, K ∧

https://jbw.phys.gwu.edu/
https://inspirehep.net/literature/2132740


Resonances in 𝐾𝐾𝐾𝐾 photoproduction 
• [D. Roenchen et al. (EPJA 2022)]
• [Webpage all results]

N(1535) ½-

Similarly: 𝐾𝐾0𝐾𝐾+

New, wide 
dynamically  
generated 
states in JP=3/2-

Real data 
feature?

https://arxiv.org/abs/2208.00089
http://collaborations.fz-juelich.de/ikp/meson-baryon/juelich_amplitudes.html


2022 Update in other reactions

• Beam asymmetry in 𝜂𝜂 photoproduction (different W)
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N(1720)3/2+ off 
N(1900)3/2+ off

• N(1710)1/2+ returns with large 𝜂𝜂N and K∧ branching ratios

SAID WI08
(fitted)

SES SAID WI08
(not fitted)



Pion and eta Electroproduction
First coupled-channel electroproduction analysis with different final states

[M. Mai et al., 2104.07312, 2111.04774 ]

Theory:
• Siegert’s theorem manifestly

fulfilled (consequence of gauge 
invariance)

• Watson theorem fulfilled
• Coupled-channel unitarity fulfilled
• General expansion of 

electroproduction kernel in Laurent 
series

https://arxiv.org/abs/2111.04774


Electroproduction reveals resonance structure

Proton-Roper Transition [Burkert] [Segovia]

[Mai]
Photoproduction 
included as 
boundary

https://inspirehep.net/literature/1629169
https://inspirehep.net/literature/1361913
https://inspirehep.net/literature/1858400


Electroproduction data base

• Data base grown over decades with recent input mostly by CLAS, MAMI.
• Far from complete: Kinematic gaps & consistency issues. Need to combine 

information from different (W, Q2)  regions
• Need to combine information from simultaneous analysis of different final 

states (𝜋𝜋 ⁄𝜋𝜋 𝜂𝜂 ⁄𝜋𝜋 𝐾𝐾 ⁄𝑌𝑌 𝜋𝜋 𝜋𝜋𝜋𝜋,….) to extract resonance helicity couplings

For 𝜋𝜋𝜋𝜋: Extended Q2 up to 8 GeV2 to check dependence 
of results 



Fit details: Weighted vs. unweighted 𝜒𝜒2

• Meson production data bases are heterogeneous: 
• A few polarization measurements with large error bars (small weight in 𝜒𝜒2)

• Many cross section data with smaller error bars (large weight in 𝜒𝜒2)

• … but those few polarization possess great power to discriminate 
solutions

• Introduce weighted vs. unweighted 𝜒𝜒2:
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Fit Strategies (πN)
• Different fit strategies for 𝜋𝜋 ≈ 85,000 data in 𝛾𝛾∗𝜋𝜋 → 𝜋𝜋𝜋𝜋, 𝜂𝜂𝜋𝜋:

• Sequential S  S+P  S+P+D waves; 

• Subsets of data until full data set reached

• Simultaneous fit all parameters (209) set to zero without any (!) 
guidance

• Extend data range from 0 < 𝑄𝑄2 < 4 Gev2 to 0 < 𝑄𝑄2 < 6 Gev2 to 
check for stability

𝜒𝜒2



Structure functions π0p (not fitted)

𝑄𝑄2 = 0.9 Gev2

Data: CLAS, Phys. Rev. C (2003) 0301012 [nucl-ex], Phys. Rev. Lett.  (2002) 0110007 
[hep-ex]

[𝜇𝜇
⁄ 𝑏𝑏
𝑠𝑠𝑟𝑟

]

https://arxiv.org/abs/nucl-ex/0301012
https://arxiv.org/abs/hep-ex/0110007
https://arxiv.org/abs/hep-ex/0110007


Description of Polarization Observables (πN)

J. J. Kelly, Phys. Rev. Lett. 95 (2005).π0p, Q2=1 GeV2, W=1.23 GeV, ϕ=150

[𝜇𝜇
⁄ 𝑏𝑏
𝑠𝑠𝑟𝑟

]

https://arxiv.org/abs/nucl-ex/0505024


Large Multipoles

Prominent multipoles are well determined

Fit strategies 1-6 together with MAID (open 
dots) for the magnetic  multipole of the 
Δ 1232 Drechsel et al., EPJA (2007) 0710.0306 
[nucl-th]

(Strategy 1 only)

https://arxiv.org/abs/0710.0306
https://arxiv.org/abs/0710.0306


Roper Multipole

• Zero-transition (agrees with MAID)
• Extensive exploration of parameter 

space reveals ambiguities in PWA and 
reflects systematic uncertainties

• Resonance parameters to be extracted

(Strategy 1 only)

[m
fm

]

(W=1.38 GeV fixed)



𝜂𝜂 Production at photon point 𝑄𝑄2 = 0
[M. Mai et al., PRC (2022)]

Re

Im

JBW (this study)
BnGa [EPJA (2012)]
𝜂𝜂MAID [EPJA (2018)]

https://arxiv.org/abs/2111.04774


𝜂𝜂 Electroproduction
[M. Mai et al., PRC (2022)]

Dots: eta-MAID, arXiv:0110034

https://arxiv.org/abs/2111.04774
https://arxiv.org/abs/nucl-th/0110034


𝜂𝜂 Multipoles: Resonances disappear at high 𝑄𝑄2
[M. Mai et al., PRC (2022)]

Extraction of resonance helicity couplings 
at the pole is under way

https://arxiv.org/abs/2111.04774


Outlook for electroproduction analysis

• Many of these (and similar) data await analysis.
• Many more data to emerge at Jlab (𝑄𝑄2 = 5 − 12 Ge𝑣𝑣2) 

e.g.: Carman, Joo, Mokeev, Few Body Syst. 61, 29 (2020)
• Approved Jlab experiments to study

• Higher-lying nucleon resonances
• Hybrid baryons
• High-Q2 transition between nonperturbative and perturbative QCD regimes



Summary
• Juelich-Bonn-Washington/JBW model: Phenomenology of excited baryons through 

coupled-channels, two- and three-body dynamics; data from Jlab, ELSA, MAMI, …

• Renewed effort to explore additional reaction channels in the last year:
• 𝛾𝛾𝑝𝑝 → 𝐾𝐾𝐾𝐾
• 𝜋𝜋𝜋𝜋 → 𝜔𝜔𝜋𝜋
• 𝛾𝛾∗𝑝𝑝 → 𝜋𝜋𝜋𝜋, 𝜂𝜂𝜋𝜋 (Electroproduction)

• Extensive exploration of parameter space leads to significant variance of some 
multipoles. Consequence of ambiguities, incomplete kinematic coverage.

• Many “faint” resonance signals confirmed, others not

• Many hyperon polarization data changed (𝛼𝛼− decay parameter of ∧ changed) 

[D.G. Ireland et al., PRL, 1904.07616]

• How to find a minimal resonance spectrum? Model selection.

[J. Landay et al., PRD, 1810.00075]

• Data aspects: How to get solid statistical statements out of a heterogeneous data 
base dominated by systematic errors? [New experiments: Klong, Epecur,..]

https://inspirehep.net/literature/1730019
https://arxiv.org/abs/1810.00075


(spare slides)



S-, t- and u-channel exchanges
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Is there a system 
behind this?



2 3 and 33 body unitarity

• Unitarity requires certain transition amplitudes 
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