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From experimental data to the N∗ and ∆∗ spectrum

source: ELSA; data: ELSA, JLab, MAMI

⇐⇒

↑

26 U. Löring et al.: The light baryon spectrum in a relativistic quark model with instanton-induced quark forces

parameters a, b, mn and gnn, λ fixed from the ∆-spectrum and the ∆−N splitting, all the excited resonances of the
N∗-spectrum are now true predictions. In the subsequent subsection 7.3 we will then illustrate in some more detail,
how instanton-induced effects due to ’t Hooft’s quark-quark interaction are in fact responsible for the phenomenology
of the N∗-spectrum.

7.2 Discussion of the complete N-spectrum

Figures 9 and 10 show the resulting positions of the positive- and negative-parity nucleon resonances with total spins
up to J = 13

2 obtained in model A and B, respectively. These are compared with the experimentally observed positions
of all presently known resonances of each status taken from the Particle Data Group [37]. Again, the resonances in
each column are classified by the total spin J and the parity π, where left in each column the results for at most ten
excitations in model A or B are shown. In comparison the experimental positions [37] are displayed on the right in
each column with the uncertainties of the resonance positions indicated by the shaded boxes and the rating of each
resonance denoted by the corresponding number of stars and a different shading of the error box. In addition we also
display the determined resonance positions of the three new states that have been recently discovered by the SAPHIR
collaboration [54,56,52,53]. These states are indicated by the symbol ’S’.
In the following, we turn to a shell-by-shell discussion of the complete nucleon spectrum. According to their assignment
to a particular shell, we additionally summarized the explicit positions of the excited model states in tables 11, 12,
14, 15, 16 and 17.
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Fig. 9. The calculated positive and negative parity N-resonance spectrum (isospin T = 1
2
and strangeness S∗ = 0) in model

A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group [37] (right part of
each column). The resonances are classified by the total spin J and parity π. The experimental resonance position is indicated
by a bar, the corresponding uncertainty by the shaded box, which is darker the better a resonance is established; the status of
each resonance is additionally indicated by stars. The states labeled by ’S’ belong to new SAPHIR results [54,56,52,53], see
text.

Löring et al. EPJ A 10, 395 (2001), experimental spectrum: PDG 2000

Jülich-Bonn (JüBo) DCC model
Lippmann-Schwinger eq. formulated in TOPT
hadronic poten�al from effec�ve Lagrangians,fieldtheore�cal approach
photoproduc�on parameterized byenergy-dependent polynomials
2-body unitarity and analy�city respected,3-body unitarity approximately

resonances as s-channel states (“by hand”),dynamical genera�on possible
combined fits to pion- and photon-induceddata
NEW: Extension to electroproduc�on:
Jülich-Bonn-Washington parametriza�on

EPJ A 49, 44 (2013); EPJ A 50, 101 (2014); EPJ A 54, 110 (2018)
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Recent developments of Jülich-Bonn



Extension to γp→ K +Σ0, K 0Σ+ JüBo2021 (publica�on in prepara�on)

DCC analysis of all pion- and photon-inducedchannels: πN, γp → πN, ηN, KΛ, KΣ

> 67,000 data points,> 1000 fit parameters
χ2 minimiza�on on JURECA supercomputer
[JSC, Journal of large-scale research facili�es, 2, A62 (2016)]

all 4-star N and ∆ states up to J = 9/2 areseen (excep�on: N(1895)1/2−)+ some states rated with less than 4 stars
no addi�onal s-channel diagram included, butindica�ons for new dyn. gen. states
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γp→ K +Σ0 cross sec�on at forward angles

Cusp-like structure observed by BGOOD collabora�on (Jude et al. PLB 820, 136559 (2021))

Cos(θ)>0.9
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Red: JüBo2021
cusp-like structure related to N(1900)3/2+

(pole posi�on: 1905− i42 MeV, rela�vely large KΣ residue)
analysis s�ll ongoing
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New pion and eta photoproduc�on data included
from MAMI and CBELSA

Selected results: P, G, H for γp→ ηp from CBELSA/TAPS (Müller et al. PLB 803, 135323 (2020))
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Challenges

different data quality, especially between pion- and photon-induced data, stat./sys.errors
field theore�cal approach numerically very demanding + coupled channels

⇒ sta�s�cal tools for uncertainty analysis hard to apply
assess significance of new (dynamically generated) states:
JüBo2021 some new dyn. gen states: e.g. in D35 wave at 2097− i38 MeV
Example N(2060)5/2−: - dyn. gen. in JüBo2017 (EPJ A 54,110 (2018)), very clean pole signal- not seen in JüBo2021
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Electroproduc�on



Jülich-Bonn-Washington parametriza�on
M. Mai et al. Phys. Rev. C 103, 065204 (2021)

Mµγ∗ (k,W ,Q2
) = R`′ (λ, q/qγ)

Vµγ∗ (k,W ,Q2
) +

∑
κ

∞∫
0

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


↑

https://maxim-mai.github.io/talks/HADRON21-MM.pdf/19

Siegerts's theorem


...at pseudo-threshold

For Q2=0 (real photons) identical to 

Jülich-Bonn photoproduction amplitude


11

ELECTROPRODUCTION

Siegert(1973) 
Amaldi et al.(1979) 

Tiator(2016)

Jülich-Bonn-Washington parametrization

Underlying quantities:  Multipoles E,L,M

(Pseudo)-threshold behavior 
with meson/photon momenta


limk→0 Eℓ+ = kℓ

limq→0 Lℓ+ = qℓ

. . .

Vμγ*(k, W, Q2) = VJUBO
μγ (k, W ) ⋅ F̃D(Q2) ⋅

e−β0
μQ2/m2

p (1 + Q2 /m2
p β1

μ+(Q2 /m2
p)2β2

μ)

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)

VLℓ± = (const.) ⋅ VEℓ±

Parametrization dependence due to incomplete data 

... even for a truncated complete electroproduction experiment 

... in future: Bias-variance tradeoff with statistical criteria (Akaike, Bayesian, model selection) 

Tiator et al.(2017) 

Landay et al.(2017) (2019) 

↖ ↗

https://maxim-mai.github.io/talks/HADRON21-MM.pdf/19
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Free parameters: β, λ + normaliza�on factors not fixed by Siegert’scondi�on→ 209 fit parameters
Input from JüBo: Vµγ(k ,W ,Q2 = 0), Tµκ(k , p,W ), Gκ(p,W )

→ photoproduc�on as a boundary condi�on at Q2 = 0
→ universal pole posi�ons and residues (fixed in this study)
Up to D-waves included (photoproduc�on part includes up to J=9/2)
Energy range up to W ∼ 1.6 GeV, Q2 < 6 GeV2

different fit strategies F1, ..,F6
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Selected fit results M. Mai et al. Phys. Rev. C 103, 065204 (2021)

Recoil-polariza�on response func�ons, differen�al cross sec�on:
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π0p final state, Q2 = 1 GeV2, W = 1.23 GeV, φ = 15°
Data: Kelly et al. Phys. Rev. Le�. 95 (2005)Member of the Helmholtz Associa�on September 8, 2021 Slide 7 11
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Selected results: mul�poles
M. Mai et al. Phys. Rev. C 103, 065204 (2021)

M3/2
1+ with ∆(1232): prominent mul�poles well determined

W = 1230 MeV
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(Dots: MAID2007, Drechsler et al. EPJ A 34, 69 (2007))
S-wave mul�poles at Q2 = 0.2 GeV2:

https://maxim-mai.github.io/talks/HADRON21-MM.pdf/1916

ELECTROPRODUCTION
Results (3) Multipoles

Large multipoles well determined - small systematic uncertainties

Smaller ones have larger systematic uncertainties

W [GeV]

W = 1230 MeV

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

W [GeV]

(Only fit strategy 1 shown)

less prominentmul�poles are some�mesless well determined
longitudinal mul�pole Lo�en more difficult todetermine than E or M
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Selected results: Roper mul�pole
M. Mai et al. Phys. Rev. C 103, 065204 (2021)

Non-trivial structure
Zero transi�on
Helicity couplings s�ll to be extracted

Re M1/2
1− Im M1/2

1−

https://maxim-mai.github.io/talks/HADRON21-MM.pdf/1917

ELECTROPRODUCTION
Results (4) Roper Multipole

Non-trivial Q2 behavior

Zero transition 


Helicity coupling to be extracted... 

[m
fm

]

W = 1380 MeV

Full results: interac�ve web interface (under development) at
h�ps://jbw.phys.gwu.edu

(Only fit strategy 1 shown)
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Challenges

data base, inconsistencies: many found by hand, systema�c ways? Data pruning? c.f. Phys.Rev.D
99 (2019) 1
fit in 209 dim parameter space, different local minima
E.g., distribu�on of the values for the 62 β0 fit parameters in the different fit strategies:

https://maxim-mai.github.io/talks/HADRON21-MM.pdf/1913

ELECTROPRODUCTION
Fits and results

Six different fit strategies (assessing systematics) 
- 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 Q2max=4 GeV2 → Q2max=8 GeV2  ... stability check

 ... different local minima 

Best fit results:
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→ sta�s�cal challenge: is the smallest χ2 always the best solu�on?
systema�c uncertain�es of the model? Over-parameteriza�on? Gaps in data base?

to be very challenging in the future: combined fit of pion-, photon- and electron-inducedreac�ons
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Summary

Photoproduc�on:
Extension of JüBo DCC to include KΣ photoproduc�on, inclusion of new data for pionand eta final states
→ Extrac�on of the N∗ and ∆∗ spectrum in a simultaneous analysis of pion- and
photon-induced reac�ons (publica�on in prepara�on )

Electroproduc�on:
Jülich-Bonn-Washington (JBW) parametriza�on
→ analysis of pion electroproduc�on data Phys. Rev. C 103, 065204 (2021)

JüBo photoproduc�on amplitude as boundary condi�on at Q2 = 0
universal pole parameters in pion-, photon- and electron-induced reac�ons
towards a combined fit of pion-, photon- and electron data

Thank you for your a�en�on!
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