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The excited baryon spectrum:
Connec�on between experiment and QCD in the non-perturba�ve regime

Experimental study of hadronic reac�ons

source: ELSA; data: ELSA, JLab, MAMI

⇐⇒

Theore�cal predic�ons of excited baryonse.g. from rela�vis�c quark models:

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 2000Major source of informa�on:
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“missing resonance problem”
In recent years: photoproduc�on reac�ons (also: πN → ππN)
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In the future: electroproduc�on reac�ons
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Connec�on between experiment and QCD in the non-perturba�ve regime

Experimental study of hadronic reac�ons

source: ELSA; data: ELSA, JLab, MAMI
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Theore�cal predic�ons of excited baryons... or la�ce calcula�ons:(with some limita�ons)
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The excited baryon spectrum:
Connec�on between experiment and QCD in the non-perturba�ve regime

Experimental study of hadronic reac�ons

source: ELSA; data: ELSA, JLab, MAMI

⇐⇒

Theore�cal predic�ons of excited baryons... or Dyson-Schwinger approaches:
Resonances in the Dyson-Schwinger approach

PDG **

q-dq
qqq

PDG ***
PDG ****1.0

1.2

1.4

1.6

1.8

2.0

1.0

1.2

1.4

1.6

1.8

2.0

N(940)

N(1440)

N(1710)

N(1880) N(1900)

N(1720)

N(1895)

N(1650)

N(1535)

N(1700)

N(1875)

N(1520)

∆(1910)

∆(1232)

∆(1600)

∆(1920)

∆(1620)

∆(1900)

∆(1700)

∆(1940)

+

2
1 �

2
1 �

2
3+

2
3 +

2
1 �

2
1 �

2
3+

2
3

M [GeV]

Figure 2: Nucleon and D spectrum for JP = 1/2± and 3/2± states. The three-body (open boxes [26,
27]) and quark-diquark results (filled boxes [28]) are compared to the PDG values with their experimental
uncertainties [29], see [28] for details.

The generation of meson and baryon resonances through BSEs is more intricate and sketched
in Fig. 3. A gluon exchange between the quarks in the three-body BSE does not provide a decay
mechanism and the resulting baryons are bound states on the real axis, where P2 is the squared
total Euclidean momentum. To produce multiparticle cuts and decay widths that push the poles
into the complex plane, one needs topologies such as those at the bottom of Fig. 3, where the
qqq and qq̄ correlation functions can generate nucleons and pions as intermediate states inside the
kernel. However, these can only enter beyond rainbow-ladder. Similar kernels with intermediate
pp exchanges were recently included in the r-meson BSE and the quark-photon vertex, where they
shift the r pole into the complex plane and generate a width of the expected size [38, 39].

The situation is different for tetraquarks obtained from a four-quark BSE, which is the gen-
eralization of the BSE in Fig. 1 to a qqq̄q̄ system. In that case the qq̄ pairs in the equation can
recombine to form meson poles, which dynamically generate decay thresholds and widths even in
rainbow-ladder. The existing four-quark calculations reproduce the mass pattern of the light scalar
mesons and the mass of the X(3872) [40, 41].
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Figure 3: Rainbow-ladder like interactions produce real bound-state poles (top); to generate resonances, a
resonance mechanism in the Bethe-Salpeter kernel is needed (bottom).
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From experimental data to the resonance spectrum

source: ELSA; data: ELSA, JLab, MAMI
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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
Different modern analyses frameworks:

(mul�-channel) K -matrix: GWU/SAID, BnGa (phenomenological),Gießen (microscopic Bgd)
dynamical coupled-channel (DCC): 3d sca�ering eq., off-shell intermediate statesANL-Osaka (EBAC), Dubna-Mainz-Taipeh, Jülich-Bonn
unitary isobar models: unitary amplitudes + Breit-Wigner resonancesMAID, Yerevan/JLab, KSU
other groups: Mainz-Tuzla-Zagreb PWA (MAID + fixed-t dispersion rela�ons, L+P), JPAC (amplitude analysiswith Regge phenomenology), Ghent (Regge-plus-resonance), truncated PWA
. . .

Detailed comparison of MAID, GWU/SAID, BnGa and JüBo: EPJ A 52, 284 (2016)Member of the Helmholtz Associa�on December 8, 2023 Slide 2 6
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unitary isobar models: unitary amplitudes + Breit-Wigner resonances

MAID, Yerevan/JLab, KSU
other groups: Mainz-Tuzla-Zagreb PWA (MAID + fixed-t dispersion rela�ons, L+P), JPAC (amplitude analysiswith Regge phenomenology), Ghent (Regge-plus-resonance), truncated PWA
. . .
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Recent results Bonn-Gatchina pwa.hiskp.uni-bonn.de

new photoproducion data are constantly included (e.g. T ,E,P,H, and G in γp→ ηp (CBELSA/TAPS
PLB 803 (2020))→ BnGa2019 solu�on, new value for ηN residue of N(1650)1/2−)
photoproduc�on off neutrons: T ,P,H for γp→ π0p, ηp and γnnn→ π0n, ηn (CBELSA/TAPS EPJ A 59
(2023))

Previously observed narrow structure in ηn at
W ∼1.68 GeV:

• previously a�ributed to a new narrow
P11(1680) (e.g. Wi�hauer et al. PRL 117 (2016) )

• here: S11(1535)–S11(1650) interference
(green solid),

• no need for P11(1680) (green dashed lines)
(Figs. from CBELSA/TAPS EPJ A 59 (2023))

→ situa�on even for lower N∗ not yet absolutely clear!
Analysis of 3 body final states (with quasi 2-par�cle unitarity): study of sequen�al decays of high massresonances via, e.g.,:

• γp→ π0π0p CBELSA/TAPS (2022) arXiv:2207.01981
• π−p→ π+π−n, π0π−p HADES PRC 102 (2020)
⇒ charged pions: ρN branching ra�os of N(1535)1/2−, N(1520)3/2− (poorly known so far)

Member of the Helmholtz Associa�on December 8, 2023 Slide 3 6



Recent results Jülich-Bonn-Washington
collaborations.fz-juelich.de/ikp/meson-baryon/main, jbw.phys.gwu.edu

extension to include KΣ photoproduc�on off the proton:
D. Rönchen et al. (“JüBo2022”) Eur.Phys.J.A 58 (2022) 229

• Simultaneous analysis of πN → πN, ηN, KΛ, KΣ
and γp→ πN, ηN, KΛ, KΣ• all 4-star N and ∆ states up to J = 9/2 seen(excep�on: N(1895)1/2−) + some states with less stars

• indica�ons for new dyn. gen. poles• new value for ηN residue of N(1650)1/2−

πN → ωN channel included: Y.-F. Wang et al. PRD 106 (2022)prerequisite for ω photoproduc�on
extension of JBW approach to KΛ electroproduc�on:
M. Mai et al. PRC 103 (2021), PRC 106 (2022), EPJ A 59 (2023)

• simultaneous fit to γ∗p→ πN, ηN, KΛ(W < 1.8 GeV, Q2 < 8 GeV2)• Input from JüBo: amplitude at Q2 = 0
→ universal pole posi�ons and residues (fixed here)

• long-term goal: fit pion-, photo- & electron-inducedreac�ons simultaneously
study on compositeness/elementariness of resonanceswithin JüBo DCC, spectral density func�on method Y.-F. Wang et al.
2307.06799 [nucl-th]
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Further analyses efforts (selected examples)

Recent results Mainz-Tuzla-Zagreb:
• coupled channels analysis of η, η′ photoproduc�on:“EtaMAID2018” (Tiator et al. EPJ A54 (2018) 210)evidence for N(1895)1/2− (among other things)
• SE PWA of γp→ π0p, π+n and γn→ π−p, π0n

Osmanovic et al. (PRC 104 (2021) )mul�poles with min. model depend., constraints fromunitarity & fixed-t analy�city

γp → ηp

figure: EPJ A 54, 210. Red: EtaMAID2018. Black: S11

Truncated par�al-wave analysis (TPWA):• Single-channel SE PWA with “AA/PWA”aim: extrac�on of mul�pole in almost model indep.way (phase fixed to BnGa mul�poles)
- γp→ ηp (Svarc, Wunderlich, Tiator PRC 102 (2020))
- γp→ KΛ (Svarc, Wunderlich, Tiator PRC 105 (2022)):
→ BnGa M1− reproduced,but N(1880)1/2+ not confirmed

γp → K+Λ

26
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FIG. 19: (Color online) Comparison of E0+, M1�, E1+ and M1+ SC-SE-BG PWA solutions presented in ref. [2] (red
circles) and the same multipoles obtained using the AA/PWA method in this publication (blue triangles). The red

line is the BG2017 ED solution used in the SC-SE-BG PWA publication, see ref. [14]. Black arrows on the
horizontal axis mark the pole masses of nucleon resonances as given by PDG [32].

figure from PRC 105 (2022)

→ situa�on even for lower N∗ not yet absolutely clear!
• TPWA of η photoproduc�on combined with Bayesian sta�s�cs (Kroenert et al. arXiv:2305.10367)quan�fy the uncertainty of mul�pole amplitudes with a high level of detail
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Challenges and Perspec�ves
Extrac�on of the N∗ and ∆ spectrum from experimental data: major progress in last decade

new informa�on from photoproduc�on data→ new and upgraded states in PDG table
γn reac�ons, mul� meson final states: valuable informa�on, data base is filling up
wealth of high-quality electroproduc�on data, more at high Q2 in the future (CLAS12)
→ to be included in modern coupled-channel analyses (in progress)

Challenges:
πN sca�ering: improved data situa�on highly desirable
γN sca�ering: “complete experiment”
thorough determina�on of uncertain�es of resonance parameters:

• error propaga�on data→ fit parameters→ derived quan��es• model selec�on: significance of resonance signals with Bayesian evidence (PRL 108, 182002; PRC 86,
015212 (2012)) or LASSO (PRC 95, 015203 (2017); J. R. Stat. Soc. B 58, 267 (1996)

→ need for refined analysis tools that match in precision the nowadays available data!(Huge numerical effort)
Λ∗ and Σ∗ spectrum:

• rather poorly known (data situa�on)
• prospects for new data: KL facility at JLab, planned experiment at ELSA,PANDA at FAIRMember of the Helmholtz Associa�on December 8, 2023 Slide 6 6



Thank you for your a�en�on!



Appendix



The Hyperon Spectrum (Λ∗’s and Σ∗’s)

Very li�le new experimental data in the last decades for thecomplete resonance region
→ spectrum much less known than N∗ or ∆

but equally important to understand QCD at low energies!
4 groups world-wide re-analyzed old K−p data over thecomplete resonance region

• BnGa: mul�-channel PWA based on a modified K -matrixapproach EPJA 55,179 & 180 (2019)• JüBo: DCC analysis of K̄N reac�ons in progress

2 82. » and À Resonances

partial waves reasonably well. However, when observables were calculated from their partial-wave
amplitudes, significant discrepancies became apparent. The results were therefore not included in
the RPP.

The ANL-Osaka group derived the energy-dependent amplitudes in fits to a large subset of
the data collected in Ref. [16] and further data sets described in Ref. [18]. Their fits were based
on a phenomenological SU(3) Lagrangian [18]. The two ANL-Osaka models agree on the leading
contributions but di�er significantly in cases with weaker candidates [12].

Table 82.1: The status of the » resonances. Only those with an overall
status of úúú or úúúú are included in the main Baryon Summary Table.
Decay channels other than NK and Àfi are only given for úúú and úúúú
resonances.

Status as seen in —Overall
Particle JP status NK Àfi Other channels
»(1116) 1/2+ úúúú Nfi (weak decay)
»(1380) 1/2≠ úú úú úú
»(1405) 1/2≠ úúúú úúúú úúúú
»(1520) 3/2≠ úúúú úúúú úúúú »fifi,»“,Àfifi
»(1600) 1/2+ úúúú úúú úúúú »fifi,À(1385)fi
»(1670) 1/2≠ úúúú úúúú úúúú »÷
»(1690) 3/2≠ úúúú úúúú úúú »fifi,À(1385)fi
»(1710) 1/2+ ú ú ú
»(1800) 1/2≠ úúú úúú úú »fifi, NK

ú

»(1810) 1/2+ úúú úú úú NK
ú

»(1820) 5/2+ úúúú úúúú úúúú À(1385)fi
»(1830) 5/2≠ úúúú úúúú úúúú À(1385)fi
»(1890) 3/2+ úúúú úúúú úú À(1385)fi, NK

ú
»(2000) 1/2≠ ú ú ú
»(2050) 3/2≠ ú ú ú
»(2070) 3/2+ ú ú ú
»(2080) 5/2≠ ú ú ú
»(2085) 7/2+ úú úú ú
»(2100) 7/2≠ úúúú úúúú úú NK

ú

»(2110) 5/2+ úúú úú úú NK
ú

»(2325) 3/2≠ ú ú
»(2350) 9/2+ úúú úúú ú
»(2585) ú ú

The Bonn-Gatchina (BnGa) group added further (old) data to those analyzed in Ref. [16]. The
data set was fitted in a modified K-matrix approach and the resulting amplitudes were compared
with those from Refs. [16, 18]. New resonances were found, other states, mostly one and two-
star states could not be confirmed; all resonances were tested for their statistical significance.
Additional states with any set of quantum numbers were tested and were found to produce only
small improvements in the fit [14]. In Ref. [19], properties of the full set of contributing hyperons

11th August, 2022

R. L. Workman et al. (Par�cle Data Group), Prog. Theor.
Exp. Phys. 2022, 083C01 (2022)

Status updated 

Quantum numbers updated 

New

Status updated 

Quantum numbers updated 

New

Status updated 

Quantum numbers updated 

NewProspects for new data:
KL facility at JLab: Strange Hadron Spectroscopy with a secondary KL Beam at GlueX (approved)
2008.08215 [nucl-ex]
planned new experiment at ELSA in Bonn: γp→ K+Λ∗ → K+Σ0π0, γp→ K+Σ∗ → K+Λπ0

PANDA at FAIR: p̄p→ Ȳ Y ∗: besides Ξ∗ and Ω∗ also Λ∗ and Σ∗ spectrum accessible 0903.3905
[hep-ex]
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Jülich-Bonn-Washington parametriza�on
M. Mai et al. PRC 103 (2021), PRC 106 (2022), arXiv:2307.10051 [nucl-th]

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) 

↖ ↗
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simultaneous fit to πN, ηN, KΛ electroproduc�on offproton (W < 1.8 GeV, Q2 < 8 GeV2)
533 fit parameters, 110.281 data points
Input from JüBo: Vµγ(k ,W ,Q2 = 0), Tµκ(k , p,W ),
Gκ(p,W )

→ universal pole posi�ons and residues (fixed in thisstudy)
long-term goal: fit pion-, photo- and electron-inducedreac�ons simultaneously

γ∗p→ KΛ at W = 1.7 GeV
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Different methods to extract the spectrum from data
Detailed comparison: EPJ A 52, 284 (2016)

Bonn-Gatchina (BnGa) PWA
(pwa.hiskp.uni-bonn.de)Mul�-channel PWA based on K -matrix (N/D)

mostly phenomenological model
resonances added by hand
resonance parameters determined from largeexperimental data base:pion-, photon-induced reac�ons, 3-body final states
PWA of K̄N sca�ering, hyperon spectrum EPJA 55,179 &
180 (2019)

MAID PWA
(maid.kph.uni-mainz.de)unitary isobar model

resonances as mul�-channel Breit-Wigner amplitudes
background: Born terms + Regge exchanges
photo- and electroproduc�on of pions, etas & kaons
Mainz-Tuzla-Zagreb collabora�on: MAID + fixed-tdispersion rela�ons, L+P
(pwatuzla.com/p/mtz-collab.html)

Jülich-Bonn (JüBo) DCC model
(collaborations.fz-juelich.de/ikp/meson-baryon/main)Lippmann-Schwinger eq. formulated in TOPT

hadronic poten�al from effec�ve Lagrangians
photoproduc�on as energy-dependent polynomials
resonances as s-channel states (“by hand”),dynamical genera�on possible

resonance parameters from pion- andphoton-induced data
Jülich-Bonn-Washington model: CC electroproduc�onanalysis (jbw.phys.gwu.edu)
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