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The excited baryon spectrum:
Connect experiment & QCD in the non-perturbative regime

Experimental study of hadronic reactions

source: ELSA; data: ELSA, JLab, MAMI
Reviews: e.g Prog.Part.Nucl.Phys. 125 (2022), Prog.Part.Nucl.Phys. 111 (2020), Prog.Part.Nucl.Phys. 67
(2012)

JüBo
model


Theoretical predictions of excited baryons

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
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The Jülich-Bonn DCC approach: hadronic reactions EPJ A 49, 44 (2013)

Dynamical coupled-channels (DCC): simultaneous analysis of different reactions
The scattering equation for pion-induced reactions

⟨L′S′p′|Tµν |LSp⟩ = ⟨L′S′p′|Vµν |LSp⟩+∑
κ,L′′S′′

∞∫
0

dq q2 ⟨L′S′p′|Vµκ|L′′S′′q⟩ 1
E − Eκ(q) + iϵ

⟨L′′S′′q|Tκν |LSp⟩

channels ν, µ, κ:
πN ππN

1077 1215
π∆

ηN

1486

σN

KΛ

1611

KΣ

1688

Nρ

Nω

1722

ECM[MeV]
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The Jülich-Bonn DCC approach: hadronic reactions EPJ A 49, 44 (2013)

Dynamical coupled-channels (DCC): simultaneous analysis of different reactions
The scattering equation for pion-induced reactions

⟨L′S′p′|Tµν |LSp⟩ = ⟨L′S′p′|Vµν |LSp⟩+∑
κ,L′′S′′

∞∫
0

dq q2 ⟨L′S′p′|Vµκ|L′′S′′q⟩ 1
E − Eκ(q) + iϵ

⟨L′′S′′q|Tκν |LSp⟩

potentials V constructed from effective L
constraints from unitarity, analyticity, chiral symmetry
dynamical generation of poles possible
free parameters fitted to data

resonances = poles on the
unphysical Riemann sheet of T
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Photoproduction reactions in a semi-phenomenological approach EPJ A 50, 101 (2014)
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Photoproduction off neutron targets (preliminary)
Simultaneous fit of γn → π−p, π+n and γp → X and πN → X (X = πN, ηN,KΛ,KΣ)→ 89k data points

Challenge from existing data:
very few data at low energy → difficult to constrain the amplitude → nM1/2 less well determined
→ large effects e.g. on predictions of GHD sum rule IGDH = 2π2α

M2 κ2 =
∫∞

E thr
γ

∆σ
Eγ

dEγ ( IGDH(Eγ) =
∫ Eγ

Ethr
γ

∆σ(E′
γ )

E′
γ

dE′
γ )

• running GDH integral at Eγ = 2.5 GeV
proton target JüBo 2025 EPJ A 61 (2025) SAID PRC 105 (2022)
Ip
GDH(π

0p) 147 ± 7 155
Ip
GDH(π

+n) 29 ± 15 30

neutron target JüBo 2026 prelim. Schneider et al. SAID PRC 105 (2022)
In
GDH(π

0n) 118 150
In
GDH(π

−p) 77 −20
(all numbers in µb)
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The Hyperon Spectrum (Λ∗’s and Σ∗’s)

Relativistic quark model: Λ∗’s
6 U. Löring et al.: The light baryon spectrum in a relativistic quark model with instanton-induced quark forces
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Fig. 2. The calculated positive and negative parity Λ-resonance spectrum with isospin T = 0 and strangeness S∗ = −1 in
model A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group [18] (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 for better established resonances; the
status of each resonance is additionally indicated by stars.

remains unsolved also in our fully relativistic approach which uses instanton-induced, flavor-dependent forces. In view
of the otherwise excellent results, this shortcoming strongly indicates that something in the present dynamics is missing
which must be very specific to that single state. We will come back to this question during the following more detailed
discussion.

As one would already anticipate from our discussion of the nucleon spectrum [2], the most distinct deviations
between model A and B again show up in the sectors with total spin J = 1

2 . In particular, model B once again strongly

fails in describing the striking low position of the first scalar/isoscalar excitation in the 1
2

+
–sector, which in this flavor

sector is the counterpart Λ 1
2

+
(1600, ***) of the Roper resonance. Furthermore, several positions of higher mass states

(in the 2h̄ω shell and beyond) are generally predicted too high in model B. This result once more confirms that model
A is more realistic and thus the favored model for describing light baryons. For this reason, the following detailed
comparison of our predictions with experiment will henceforth mainly focus to the results of the more successful model
A. Now let us discuss and investigate in detail the hyperfine structures in each shell. We start with the predictions in
the positive parity 2h̄ω shell.

2.2.2 States of the positive-parity 2h̄ω band

The 2h̄ω band includes states with spin Jπ = 1
2

+
, 3

2

+
, 5

2

+
and 7

2

+
. The positions predicted for these states (in both

models) are summarized in table 1 together with the assignment to the observed states according to a comparison of the
predicted and measured masses. The number of predicted 2h̄ω states is even larger than in the nucleon spectrum owing

Löring et al. EPJ A 10, 447 (2001), Model A, exp. spectrum: PDG 2000

Testing ground for theories of the strong force: whathappens if we replace a light quark with an s quark?
even more missing resonances than for N∗‘s and ∆∗‘s
high interest in low-energy region and Λ(1405) Review:
Mai, Eur.Phys.J.ST 230 (2021)
very little new experimental data in the last decadesfor the complete resonance region

Review on Hyperon spectroscopy:
E. Klempt et al. Eur.Phys.J.A 56 (2020)
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The Hyperon Spectrum (Λ∗’s and Σ∗’s)

Relativistic quark model: Σ∗’s
24 U. Löring et al.: The light baryon spectrum in a relativistic quark model with instanton-induced quark forces
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Fig. 9. The predicted positive- and negative-parity Σ-resonance spectrum with isospin T = 1 and strangeness S∗ = −1 in
model A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group [18] (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 for better established resonances; the
status of each resonance is additionally indicated by stars.

The figure shows for each total spin J the behavior of Σ energy levels as a function of the ’t Hooft coupling gns.
The leftmost spectrum in each column is that obtained with the confinement force of model A alone. Then the ’t Hooft
coupling gns is gradually increased up to its value gns = 94 MeV fm3 adjusted to reproduce the hyperon splittings
Σ∗ − Σ − Λ and Ξ∗ − Ξ. The right part of each column then depicts the resulting spectrum obtained with the full
dynamics in comparison to the experimental data. Indeed, we again observe the same systematics as found already
in the nucleon- and Λ-sectors (here compare to ref. [2] and fig. 4), namely the downward mass shift of exactly four

dominantly 28[56] or 28[70] states of the 2h̄ω shell in the sectors Jπ = 1
2

+
, 3

2

+
and 5

2

+
. In analogy to the N - and

Λ-sectors, the largest effect is found for the Roper-like state in the Jπ = 1
2

+
sector, whereas the almost equally large

downward mass shift of the three other states is comparatively weak. On the one hand, the weaker instanton induced
hyperfine splittings are sufficiently large to explain quantitatively some of the observed structures along with the

well reproduced Σ 3
2

+
(1385, ****)–Σ 1

2

+
(1193, ****) ground-state splitting. This is nicely confirmed by the correctly

described mass splitting between the two well-established resonances Σ 5
2

−
(1915, ****) and Σ 7

2

−
(2030, ****). But on

the other hand, the separation of the lowered states relative to the bulk of unaffected states in fact is far less clear
than in the N - and Λ-sectors. While in the 2h̄ω band of the N - and Λ-spectrum the mass gap between the two split
shell structures amounts to roughly 200 MeV, it is here mostly not even 100 MeV. Indeed, this might explain the

experimentally badly resolved structures especially in the 3
2

+
sector. In the following discussion we shall investigate

the situation for each spin sector Jπ = 1
2

+
, 3

2

+
, 5

2

+
and 7

2

+
separately. We restrict this detailed discussion to the more

realistic model A. The contributions of the different spin-flavor SU(6)-configurations to each 2h̄ω state in model A
are additionally tabulated in table 9. This information will be useful to identify hyperfine structures of Σ states with
corresponding structures in the ∆-, N - and Λ-sectors.

Löring et al. EPJ A 10, 447 (2001), Model A, exp. spectrum: PDG 2000

Testing ground for theories of the strong force: whathappens if we replace a light quark with an s quark?
even more missing resonances than for N∗‘s and ∆∗‘s
high interest in low-energy region and Λ(1405) Review:
Mai, Eur.Phys.J.ST 230 (2021)
very little new experimental data in the last decadesfor the complete resonance region

Review on Hyperon spectroscopy:
E. Klempt et al. Eur.Phys.J.A 56 (2020)
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The Hyperon Spectrum

4 groups re-analyzed old K−p data over the complete resonance region:
Kent: multi-channel PWA of K̄N scattering, W = 1480 to 2100 MeV PRC 88, 035204 & PRC 88, 035205 (2013)
JPAC: unitary multichannel model for K̄N scattering, fit to Kent SE PWA PRD 93, 034029 (2016)
ANL/Osaka: dynamical coupled-channel model for K̄N reactions PRC 90, 065204 (2014) & PRC 92, 025205 (2015)
BnGa: multi-channel PWA based on a modified K -matrix approach EPJA 55,179 & 180 (2019)

JüBo: publication in preparation!
Same DCC eq. as for πN reactions:
⟨L′S′p′|Tµν |LSp⟩ = ⟨L′S′p′|Vµν |LSp⟩+∑

κ,L′′S′′

∞∫
0

dq q2 ⟨L′S′p′|Vµκ|L′′S′′q⟩ 1
E − Eκ(q) + iϵ

⟨L′′S′′q|Tκν |LSp⟩

• From πN to K̄N using SU(3)flavor symmetry in V NP

• So far: µ, ν, κ=K̄N, πΛ, πΣ
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JüBo K̄N model: free parameter
s-channel: resonances (T P )

K̄ , π N, Λ, Σ

Λ∗, Σ∗

K̄ , π N, Λ, Σ

10 I = 0 s-channel poles: mb, f K̄N
b , f πΣ

b each
12 I = 1 s-channel poles: mb, f K̄N

b , f πΛ
b , f πΣ

b each
→ 80 fit parameters
phenomenological ct terms in some PWs
→ 31 fit parameters

t- and u-channel exchange: “background“ (T NP )

m B

K̄ΣΛ, π
N

ΣΛ, π K̄ K̄

K̄

π

πΛ,Σ

ΣΛ,N

N

N

cut offs Λ in form factors (Λ2−m2
ex

Λ2+q⃗2

)n (couplings fixed from SU(3))
πΛ πΣ K̄N

πΛ f0 , Σ, Σ∗ ρ, Σ, Σ∗ N, K∗ , K∗
0

πΣ ρ, Σ, Σ∗ Λ, Σ, Σ∗ , f0 , ρ N, ∆, K∗
0 , K∗

K̄N N, K∗ , K∗
0 N, ∆, K∗

0 , K∗ ρ, ω, f0 , a0

→ 31 fit parameters
→ 142 fit parameters in total
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JüBo K̄N model: Data base (W ≤ 2 GeV)

K−p → Observable (# of data p.) K−p → Observable (# of data p.)
K−p dσ/dΩ (4545) π−Σ+ dσ/dΩ (1882)

P (898) P (578)
σtot (178) σtot (196)

total # data p. K−p: 5621 total # data p. π−Σ+: 2816
K 0n dσ/dΩ (3210) π0Σ0 dσ/dΩ (581)

P (124)
P × dσ/dΩ (190)

σtot (238) σtot (126)
total # data p. K 0n: 3448 total # data p. π0Σ0: 1021

π0Λ dσ/dΩ (2132) π+Σ− dσ/dΩ (1881)
P (660)
P × dσ/dΩ (190)
σtot (196) σtot (171)

total # data p. π0Λ: 3178 total # data p. π+Σ−: 2052
SIDDHARTA scattering length (2) 2

total number of data p.: 18138
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JüBo K̄N model: resonance spectrum (preliminary)
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JüBo K̄N model: resonance spectrum (preliminary)
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Summary and Outlook

JüBo DCC analysis extended to include photoproduction off neutron targets
analysis of γn → π−p, π+n simultaneous with γp → X and πN → X (X = πN, ηN,KΛ,KΣ)
determination of neutron photo couplings and GHD sum rule (preliminary)
updated N∗ and ∆∗ spectrum (preliminary)

JüBo DCC for Hyperon spectrum
adaptation of πN JüBo model using SU(3) symmetry
simultaneous analysis of K−p → K−p, πΛ, πΣ
fit to ∼ 18,000 data points (dσ/dΩ, P, σtot , K−p scattering length)
determination of Λ∗ and Σ∗ spectrum (publication in preparation)
prospects for new data from different facilities (INSIGHT@ELSA, KLF, ...)
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Thank you for your attention!



Photoproduction off neutron targets (preliminary)
Simultaneous fit of γn → π−p, π+n and γp → X and πN → X (X = πN, ηN,KΛ,KΣ)→ 89k data points

proton vs. neutron target: same photon couplings for ∆∗’s, different photon coupling for N∗’s!
Challenge from existing data:

very few data at low energy → difficult to constrain the amplitude → nM1/2 less well determined
→ large effects e.g. on predictions of GHD sum rule IGDH = 2π2α

M2 κ2 =
∫∞

E thr
γ

∆σ
Eγ

dEγ ( IGDH(Eγ) =
∫ Eγ

Ethr
γ

∆σ(E′
γ )

E′
γ

dE′
γ )

• running GDH integral at Eγ = 2.5 GeV

Proton target:

0 500 1000 1500 2000 2500

Eγ [MeV]

0

100

200
I
p G
D
H

[µ
b

]

Running GDH-Integral of individual channels

π0p

π+n

ηp

K+Λ

K0Σ+

K+Σ0

Sum

JüBo 2025 Schneider et al. EPJ A 61 (2025)
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Photoproduction off neutron targets (preliminary)
Simultaneous fit of γn → π−p, π+n and γp → X and πN → X (X = πN, ηN,KΛ,KΣ)→ 89k data points

proton vs. neutron target: same photon couplings for ∆∗’s, different photon coupling for N∗’s!
Challenge from existing data:

very few data at low energy → difficult to constrain the amplitude → nM1/2 less well determined
→ large effects e.g. on predictions of GHD sum rule IGDH = 2π2α

M2 κ2 =
∫∞

E thr
γ

∆σ
Eγ

dEγ ( IGDH(Eγ) =
∫ Eγ

Ethr
γ

∆σ(E′
γ )

E′
γ

dE′
γ )

• running GDH integral at Eγ = 2.5 GeV

Neutron target:
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Figure 20: Running GDH integrals InGDH for the different channels from the analysis with
neutron targets. The black horizontal lines show the value of InGDH = 232.25µb
and IpGDH = 204.78µb calculated from PDG values. The black dashed lines
show the sums of all respective channels.
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Photoproduction off neutron targets
JüBo extension in progress (C. Schneider)

Isospin formalism for photoproduction: pT 1/2, nT 1/2 , T 3/2 (same for proton/neutron target)
→ same photon coupling for ∆’s
→ different photon coupling for N∗’s! (but pole positions are universal!)
nT 1/2 much less well determined
potential for discovery of new N∗’s

Challenge from existing data:
much less in general than for proton photoproduction
very few at low energy
→ difficult to constrain the amplitude
→ large effects e.g. on predictions of GHD sum rule

New data from INSIGHT@ELSA
JüBo will be ready to analyze the data
prerequisite to claim existence of new states: good statistics and polarization data

→ refine the N∗ and ∆ spectrum
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PDG Λ∗ ratings 1984 (left) vs 2026 (right)

C. G. Wohl et al. (Particle Data Group) Rev.Mod. Phys. 56 (1984)

Status updated 

Quantum numbers updated 

New

Status updated 

Quantum numbers updated 

New

Status updated 

Quantum numbers updated 

New

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. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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PDG Σ∗ ratings 1984 (left) vs 2026 (right)

C. G. Wohl et al. (Particle Data Group) Rev.Mod. Phys. 56 (1984)
Status updated 

Quantum numbers updated 

New

Status updated 

Quantum numbers updated 

New

Status updated 

Quantum numbers updated 

New

Status updated 

Quantum numbers updated 

New

Removed 

3 82. » and À Resonances

Table 82.2: The status of the À resonances. Only those with an overall
status of úúú or úúúú are included in the main Baryon Summary Table.
Decay channels other than NK, »fi and Àfi are only given for úúú and
úúúú resonances.

Status as seen in —Overall
Particle JP status NK »fi Àfi Other channels
À(1193) 1/2+ úúúú Nfi (weak decay)
À(1385) 3/2+ úúúú úúúú úúúú »“
À(1580) 3/2≠ ú ú ú ú
À(1620) 1/2≠ ú ú ú ú
À(1660) 1/2+ úúú úúú úúú úúú
À(1670) 3/2≠ úúúú úúúú úúúú úúúú
À(1750) 1/2≠ úúú úúú úú úúú À÷
À(1775) 5/2≠ úúúú úúúú úúúú úú
À(1780) 3/2+ ú ú ú ú
À(1880) 1/2+ úú úú ú
À(1900) 1/2≠ úú úú ú úú
À(1910) 3/2≠ úúú ú ú úú
À(1915) 5/2+ úúúú úúú úúú úúú
À(1940) 3/2+ ú ú ú
À(2010) 3/2≠ ú ú ú
À(2030) 7/2+ úúúú úúúú úúúú úú ∆(1232)K,NK

ú
, À(1385)fi

À(2070) 5/2+ ú ú ú
À(2080) 3/2+ ú ú
À(2100) 7/2≠ ú ú ú ú
À(2110) 1/2≠ ú ú ú ú
À(2230) 3/2+ ú ú ú ú
À(2250) úú úú ú ú
À(2455) ú ú
À(2620) ú ú
À(3000) ú ú ú
À(3170) ú

were reported.

The star ratings of » and À resonances given in our earlier editions, and the new results from the
Kent, ANL-Osaka and BnGa groups were used to update the star rating of the hyperon resonances.
In [19], the overall star rating is directly estimated, for [11] we estimate the star rating from the
branching-ratio uncertainties. In [12], two solutions are given but no uncertainties for branching
ratios. The overall star ratings are based on the evidence for the resonances in the new analyses
as well as their consistency including also the results of earlier analyses given in [20]. For further
details see also [15].

We decided to remove the three so-called bumps À(1480), À(1560), À(1670), and À(1690) as
well as À(1620) from production experiments. The entries from À(1770)1/2+ are now listed under
À(1660)1/2+ and À(1880)1/2+, the entries from À(1730)3/2+ and À(1840)3/2+ are now combined
to one À(1780)3/2+. The one-star À(2000)1/2≠ is combined with a new one-star À(2160)1/2≠ to a

11th August, 2022

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