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Mo�va�on: N∗ and∆∗ spectrum

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

In the past: most informa�on from elas�c or charge exchange πN sca�ering,
e.g. Karlsruhe-Helsinki (KH), Carnegie-Mellon-Berkeley (CMB), George-Washington U (GWU)

Theore�cal predic�ons, e.g., from quark models (later: la�ce calcula�ons)
→ “Missing resonance problem”: above 1.8 GeV much more states are predicted than observed

Rela�vis�c quark model:

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

20 years later the “Missing resonance
problem” is s�ll not solved ...

... but there has been progress.

Reviews on baryon spectroscopy:

Prog.Part.Nucl.Phys. 125, 103949 (2022),
Rev. Mod. Phys. 82, 1095 (2010)
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Experimental studies of photoproduc�on reac�ons:
major progress in recent years e.g. from JLab, ELSA, MAMI, GRAAL, SPring-8, . . .

source: ELSA; data: ELSA, JLab, MAMI

enlarged data base with high quality for
different final states
Reviews: Prog.Part.Nucl.Phys. 111 (2020) 103752,
Rept. Prog. Phys. 76, 076301 (2013)

(double) polariza�on observables
→ alterna�ve source of informa�on besides
πN → X

→ detect states that couple only weakly to πN
→ towards a complete experiment

Photoproduc�on of pseudoscalar mesons:

- 16 polariza�on observables: asymmetries composed of beam, target and/or recoil polariza�on measurements

- Complete Experiment: unambiguous determina�on of the amplitude Chiang, Tabakin, PRC 55, 2054 (1997), also PRC 95 (2017)

1, 015206

8 carefully selected observables e.g. {σ, Σ, T , P, E, G, Cx , Cz}
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From experimental data to the resonance 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

⇒ Par�al wave decomposi�on:
decompose data with respect to a conserved
quantum number:

total angular momentum and parity JP

⇒ search for resonances/excited states
in those par�al waves:
poles on the 2nd Riemann sheet

(Breit-Wigner problema�c in baryon spectroscopy)
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From experimental data to the resonance spectrum

source: ELSA; data: ELSA, JLab, MAMI

⇐⇒
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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,
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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:
unitary isobar models: unitary amplitudes + Breit-Wigner resonances

MAID, Yerevan/JLab, KSU

(mul�-channel) K -matrix: GWU/SAID, BnGa (phenomenological),
Gießen (microscopic Bgd)

dynamical coupled-channel (DCC): 3d sca�ering eq., off-shell intermediate states
ANL-Osaka (EBAC), Dubna-Mainz-Taipeh, Jülich-Bonn

other groups: JPAC (amplitude analysis with Regge phenomenology), Mainz-Tuzla-Zagreb PWA (MAID +
fixed-t dispersion rela�ons, L+P), Ghent (Regge-plus-resonance), truncated PWA

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

Different modern analyses frameworks:
unitary isobar models: unitary amplitudes + Breit-Wigner resonances

MAID, Yerevan/JLab, KSU

(mul�-channel) K -matrix: GWU/SAID, BnGa (phenomenological),
Gießen (microscopic Bgd)

dynamical coupled-channel (DCC): 3d sca�ering eq., off-shell intermediate states
ANL-Osaka (EBAC), Dubna-Mainz-Taipeh, Jülich-Bonn

other groups: JPAC (amplitude analysis with Regge phenomenology), Mainz-Tuzla-Zagreb PWA (MAID +
fixed-t dispersion rela�ons, L+P), Ghent (Regge-plus-resonance), truncated PWA

. . .
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The SAID, MAID, BnGa and JüBo approaches
Detailed comparison: EPJ A 52, 284 (2016)

SAID PWA (gwdac.phys.gwu.edu)
based on Chew-Mandelstam K -matrix

K -matrix elements parameterized as
energy-dependent polynomials

resonance poles are dynamically generated (except
for the ∆(1232))

masses, width and hadronic couplings from fits to
pion-induced πN and ηN produc�on

photocouplings from photoproduc�on

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-t
dispersion rela�ons, L+P
(pwatuzla.com/p/mtz-collab.html)

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 large
experimental data base:
pion-, photon-induced reac�ons, 3-body final states

PWA of K̄N sca�ering, hyperon spectrum EPJA 55,179 &

180 (2019)

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- and
photon-induced data

Jülich-Bonn-Washington model: CC electroproduc�on
analysis (jbw.phys.gwu.edu)
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Recent results from MAID, GWU/SAID, BnGa and JüBo
Selected examples

All 4 groups are constantly including new data sets, primarily from photoproduc�on

Mainz-Tuzla-Zagreb: - coupled channels analysis of η, η′
photoproduc�on: “EtaMAID2018” (EPJ A54 (2018) 210)
- SE PWA of pion photoproduc�on with fixed-t analy�city PRC 104,
034605 (2021)

GWU/SAID: - XP15 solu�on: including new π±p→ π±p data
(EPECUR, PRC 91 (2015) 025205, see also PRC 93 (2016) 062201(R))
- MA19 solu�on: γn→ π0n (PRC 100 (2019) 065205)
→ first determina�on of photon decay amplitudes N∗ → γn at

the pole for N(1520)3/2−

γp → ηp

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

← Figure from PRC 100 (2019) 065205

Data: A2 at MAMI (PRC 100 (2019)
065205)
Lines: red: MA19,
blue solid: MA27,
black dash-do�ed: MAID2007,
magenta do�ed: BnGa2014-02
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Recent results from MAID, GWU/SAID, BnGa and JüBo
Selected examples

All 4 groups are constantly including new data sets, primarily from photoproduc�on

BnGa: analyses of recent γp→ ηp data (CBELSA/TAPS):
- Σ PRL 125, 152002 (2020): further evidence for N(1895)1/2−
- T , E , P, G, H PLB 803, 135323 (2020): difference in ηN branching ra�o
of N(1535)1/2− and N(1650)1/2− reduced significantly

JüBo: extension to KΣ photoproduc�on, inclusion of other recent
photoproduc�on data 2208.00089 [nucl-th]:
N(1900)3/2+ important, more informa�on on ∆ states

γp→ ηp
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Data from Müller et al. [CBELSA/TAPS] PLB 803, 135323 (2020).

Red lines: JüBo fit 2208.00089 [nucl-th]

↪→ reduced difference of
ηN residue of S11 states
confirmed in JüBo
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Figure 1: New beam asymmetry ⌃ data (blue points) shown
as a function of cos ✓cm

⌘ for five di↵erent energy bins. The
systematic uncertainties are given by the gray area. In the
left-hand column, the new ⌃ data are compared to existing
data from the GRAAL collaboration (black triangles) [33]
and from the CLAS collaboration (green squares) [34], and
with di↵erent PWA predictions [BnGa-2014-02 (dotted red
line) [9], JüBo-2015-FitB (dash-dotted green line) [14], and
⌘MAID-2003 (dashed black line) [12]]. In the right-hand col-
umn, the data are compared to the BnGa-2014-02 (dotted red
line) [9] and their latest solution BnGa-2019 (solid red line)
[10], which includes the new ⌃ data.

depicted as well, which takes into consideration the afore-
mentioned background contribution and the estimated
uncertainty of the degree of linear polarization (5%-8%).
In the left-hand column, our new data are compared to
existing data from GRAAL [33] and the CEBAF Large
Acceptance Spectrometer (CLAS) [34] and to di↵erent
PWA predictions. The formation of a backward-angle
peak above the p⌘0 threshold is remarkable, which the
di↵erent PWAs do not predict at all. In the right-hand
column, the new BnGa fit (BnGa-2019) is shown. It in-
cludes our new beam asymmetry data, the beam asym-
metry CLAS data [34], the di↵erential cross section of
the p⌘ and the p⌘0 channel of the A2 collaboration [23],
as well as the E, G, T, P , and H CBELSA/TAPS data
[10].

To better understand the origin of the backward peak,

we use the method of moment analysis [18]. Truncating
the well-known expansion of the photoproduction am-
plitude to electric and magnetic multipoles {E`±, M`±}
at a maximal orbital angular momentum quantum num-
ber `max, allows us to express the observables with finite
polynomials in the angular variable cos ✓cm⌘ . In Ref. [18],
these finite expansions are given in terms of associated
Legendre polynomials Pm

` (cos ✓) [35]. The profile func-
tion ⌃̌ = �0⌃ belonging to the beam asymmetry ⌃ reads

⌃̌ (W, ✓) =
q

k

2`maxX

j=2

(a`max
)
⌃̌
j (W ) P 2

j (cos ✓) . (3)

This expansion can, when fitted for di↵erent ascending
quantum numbers, e.g., `max = 1, 2, 3, and so on, be
used as a test for the optimal order of partial waves `max

needed to describe the angular distribution [18].

The Legendre coe�cients (a`max
)
⌃̌
j themselves are bilin-

ear hermitian forms of the multipoles {E`±, M`±}. Using
a short notation introduced in Ref. [18], we write here

the coe�cient (a4)
⌃̌
4 as an example:

(a4)
⌃̌
4 = hD, Di

+ hP, F i + hF, F i
+ hS, Gi + hD, Gi + hG, Gi . (4)

The symbols h�,�i are shorthand for a sum of bilinear
products of multipoles, multiplying only waves of certain
orbital angular momentum quantum numbers. We use
here the spectroscopic notation, i.e., ` = 0, 1, 2, 3, and so
on corresponding to S, P, D, F, and so on waves.
Using the method of moment analysis we found that
`max = 4 is su�cient to obtain a satisfactory fit of the an-
gular distributions of our data for ⌃̌ [cf.[9] Eq. (3)], con-
sidering the �2/ndf values. The fit results remain stable
against an increase from `max = 4 to `max = 5. Further-
more, an interesting interpretation of the backward peak
arises once the extracted Legendre coe�cients are stud-

ied. The results for the coe�cient (a4)
⌃̌
4 , which is most

sensitive to the hS, Gi interference, are shown in Fig. 2.
In the lowest five energy bins, this coe�cient remains ap-
proximately constant at a value close to zero. Then, at
an energy that corresponds precisely to the production
threshold for the p⌘0 final state (see Fig. 2), the fit results

for (a4)
⌃̌
4 show a noticeable and almost linear rise toward

positive values. We applied the moment analysis also to
the GRAAL and the CLAS beam asymmetry data (see
Fig. 2). While the GRAAL data stop at around the p⌘0

threshold, the CLAS data confirm the rise in the Legen-

dre moment (a4)
⌃̌
4 . However, the lack of precise backward

and forward beam asymmetry CLAS data leads to much
larger uncertainties.

The rise in the moment (a4)
⌃̌
4 yields a consistent ex-

planation for the emergence of the backward peak. First,

Figure and data (blue points) from Afzal et al.
[CBELSA/TAPS] PRL 125 (2020). Black triangles:

GRAAL EPJA 33 (2007). Green squares: CLAS PLB
771 (2017)

Red solid lines: BnGa fit
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Electroproduc�on of pseudoscalar mesons

e(ki)
e(kf)

γ∗(k)

N(pi) N(pf)

m(q)



Experimental studies of electroproduc�on:
major progress in recent years, e.g., from JLab, MAMI, . . .

105 data points for πN, ηN, KY , ππN electroproduc�on

access the Q2 dependence of the amplitude

→ expected to provide a link between perturba�ve QCD
and the region where quark confinement sets in
→ informa�on on the internal structure of resonances

Electroproduc�on of pseudoscalar mesons:

⇒ 36 (polariza�on) observables,
complete experiment = 12 observables

V. Dmitrasinovic, T.W. Donnelly, and F. Gross, in Research Program at CEBAF (III),
RPACIII (CEBAF, Newport News, 1988). Tiator et al. Phys.Rev.C 96 (2017) 2, 025210

γ∗p→ π0p

Figure and data from Markov et al. (CLAS) PRC 101 (2020),

resonance contribu�on: JLab/YerPhI

so far, no new N∗ or ∆∗ established from electroproduc�on: data have not yet been analyzed on
the same level as photoproduc�on data

Review theory and experiment: Aznauryan and Burkert, Prog.Part.Nucl.Phys. 67 (2012); Mokeev and Carman 2202.04180
[nucl-ex]
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Phenomenological analyses of electroproduc�on
Single-channels analyses, e.g.:

MAID: π, η electroproduc�on (EPJA 34, 69 (2007), NPA 700, 429 (2002), )

JLab: π electroproduc�on covering the resonance region (PRC 80 (2009) 055203)
Study of π+π−p photo- and electroproduc�on: evidence for a new N′(1720)3/2+ (PLB 805, 135457
(2020) (needs confirma�on!)

Coupled-channels analyses:
so far, no coupled-channel analysis of photo & electroproduc�on with simultaneous study of πN,
ηN, KY final states

Jülich-Bonn-Washington approach M. Mai et al. PRC 103 (2021): γ∗p→ π0p, π+n and ηp
(photoproduc�on as boundary condi�on at Q2 = 0) PRC 106, 015201 (2022)

Selected fit results: γ∗p → ηp at W = 1.5 GeV,
Q2 = 1.2 GeV2. Data: Denizli et al. (CLAS) PRC 76 (2007)

7

collected in Table II including contributions separated
out for each of the considered final-state channels (⇡0p,
⇡+n, ⌘p). As expected, fit results relying on the weighted
version of the �2 function (4.5) led to a much better de-
scription of the ⌘p data, which are much sparser than the
⇡N data. When comparing the individual contributions
to those of the previous JBW single-channel study [45]
we note that the description of both ⇡N channels is sim-
ilar in the present coupled-channel analysis. The same
holds true for the contributions to subsets of data sep-
arated with respect to individual observable types. For
more details on the ⇡N channels, see Ref. [45] as well as
the interactive JBW homepage [171].

Taking a closer look on the fit results we find a rela-
tively weak �-dependence in the data and corresponding
fits, see Figs. 4 and 5. In the latter figure, there are two
data points from Ref. [172] for each angle ✓ at a fixed
value of �. These were obtained from measurements at
azimuthal angles � and (360��), respectively. The cross
sections were averaged in Ref. [162], but both values are
retained in our database. In Fig. 6 we compare fits and
data at nearby kinematic points for which the fit curves
are nearly identical. This gives a visual comparison of
the data consistency.

As for underlying multipoles, we found that in most
cases longitudinal multipoles are subdominant to electric
and magnetic ones. An overview of all considered mul-
tipoles is shown in Fig. 8 for the c.m. energy fixed to
1535 MeV. There, in most cases and within the system-
atic uncertainties of our approach — quantified by the
spread of predictions from fits {Freg

1 , ..., Freg
4 , Fwt

1 , ..., Fwt
4 }

— we observe an agreement with the MAID2007 (⇡N)
and etaMAID (⌘N) multipole predictions3. The isospin
I = 1/2 ⇡N multipoles are shown in the same figure with
the pertinent comparison to the MAID2007 solution for
convenience.

Fixing the virtuality Q2 to some values of interest the
multipoles are shown in Figs. 9 and 10. There, we observe
that the dominant E0+ multipole agrees well with that
of the etaMAID parametrization when correcting for the
phase convention (�1) and isospin factor (1/

p
3). To be

clear, we show our multipoles in the isospin basis, which
make them smaller by a factor of 1/

p
3 compared to the

etaMAID multipoles which are quoted in the particle ba-
sis. As the results show, longitudinal multipoles seem
indeed very small compared to the electric and magnetic
ones. Interestingly, the M2� multipole seems to have a
similar trend as that of the MAID solution, while the
corresponding uncertainties seem to change with di↵er-
ent Q2 values. This can be attributed to the gaps in ⌘p
data at some fixed Q2 kinematics, see next section.

Finally, we demonstrate in Fig. 7 the full Q2 vs
W dependence of the E0+ and M2� multipoles, corre-
sponding to quantum numbers of the N(1535)1/2� and

3 A more quantitative statement is impossible due to missing un-
certainty estimations for the etaMAID parametrizations
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FIG. 4. Selected subset of ⌘N data for W = 1.5 GeV,
Q2 = 1.2 GeV2 from Ref. [161]. The four red and blue lines,
respectively, correspond to the “reg” and “wt” solutions of
Table II.
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FIG. 5. Selected subset of ⌘N data for W = 1.5 GeV, Q2 =
1.25 GeV2 from Ref. [162, 172]. The four red and blue lines,
respectively, correspond to the “reg” and “wt” solutions of
Table II.

N(1520)3/2�. We observe that the systematic uncertain-
ties discussed above are well under control. In particular,
all fit solutions show a non-trivial Q2 dependence. This
supports our expectation that the helicity couplings will
carry new physical information, when full (W, Q2) infor-
mation is extracted, being part of our future plans.

VI. DISCUSSION AND CONCLUSION

We have generalized our recent analysis of pion elec-
troproduction [45] to include eta electroproduction data.

Selected mul�poles at W = 1535 MeV 16
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to the result of the MAID2007 [35] and etaMAID2001 [33] analyses, respectively. The latter results are extracted from the
MAID homepage and multiplied by �1/

p
3, adjusting for a phase- and isospin factor. The leftmost column shows the total

angular momentum. Fits correspond to the results of Tab. II with the same line shape coding as in Ref [45].
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FIG. 8. JBW coupled-channel results. Multipoles (in mfm) in the ⇡N and ⌘N I = 1/2 channel at W = 1535 MeV in comparison
to the result of the MAID2007 [35] and etaMAID2001 [33] analyses, respectively. The latter results are extracted from the
MAID homepage and multiplied by �1/

p
3, adjusting for a phase- and isospin factor. The leftmost column shows the total

angular momentum. Fits correspond to the results of Tab. II with the same line shape coding as in Ref [45].

ANL-Osaka: extension of DCC analysis of pion electroproduc�on (PRC 80, 025207 (2009)) in progress (Few
Body Syst. 59 (2018) 3, 24)
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N∗ produc�on from e+e− annihila�on
e+

e−

γ ψ

N ∗,

p̄,

Λ∗, Σ∗, Ξ∗

Λ̄, Σ̄, Ξ̄



N∗ produc�on from e+e− annihila�on

e+

e−

γ ψ

N ∗,

p̄,

Λ∗, Σ∗, Ξ∗

Λ̄, Σ̄, Ξ̄

PWA simpler compared to πN, γN:

isospin filter: no ∆∗’s
high spin states suppressed

observa�on of 3 new states by BESIII:

- N∗(2040)3/2+ (∗) (PRD 80, 052004 (2009))

- N∗(2300)1/2+ (∗∗) ( PRL 110, 022001 (2013))

- N∗(2570)5/2− (∗∗) ( PRL 110, 022001 (2013))

ψ(3686)→ pp̄π0

Fig. from Ablikim (BESIII) PRL 110, 022001 (2013)
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PDG N∗ ra�ngs 2009 (le�) vs 2020 (right)

New states, e.g. N(1900)3/2+, N(1895)1/2−, observed especially in kaon and eta
photoproduc�on e.g. PRL 119, 062004 (2017), PRL 125, 152002 (2020)

new values for Λ decay parameter α− from kaon photoproduc�on (Ireland PRL 123 (2019) 182301) (see also
Ablikim (BESIII), Nature (2019)) → polariza�on observables affected by α− are∼ 17% too large!

C. Amsler et al. (Par�cle Data Group), PL B667, 1 (2008)

P. A. Zyla et al. (Par�cle Data Group), Prog. Theor. Exp. Phys.2020, 083C01 (2020)Member of the Helmholtz Associa�on November 9, 2022 Slide 9 11



PDG∆∗ ra�ngs 2009 (le�) vs 2020 (right)

no new states observed

more data from I = 3/2 channels could be helpful, e.g γp→ K 0Σ+, K+Σ0

– 2–

Table 1. The status of the N and ! resonances. Only those
with an overall status of !!! or !!!! are included in the main
Baryon Summary Table.

Status as seen in —

Particle L2I·2J

Overall
status N" N# $K %K !" N& N'

N(939) P11 !!!!
N(1440) P11 !!!! !!!! ! !!! ! !!!
N(1520) D13 !!!! !!!! !!! !!!! !!!! !!!!
N(1535) S11 !!!! !!!! !!!! ! !! !!!
N(1650) S11 !!!! !!!! ! !!! !! !!! !! !!!
N(1675) D15 !!!! !!!! ! ! !!!! ! !!!!
N(1680) F15 !!!! !!!! ! !!!! !!!! !!!!
N(1700) D13 !!! !!! ! !! ! !! ! !!
N(1710) P11 !!! !!! !! !! ! !! ! !!!
N(1720) P13 !!!! !!!! ! !! ! ! !! !!
N(1900) P13 !! !! !
N(1990) F17 !! !! ! ! ! !
N(2000) F15 !! !! ! ! ! ! !!
N(2080) D13 !! !! ! ! !
N(2090) S11 ! !
N(2100) P11 ! ! !
N(2190) G17 !!!! !!!! ! ! ! ! !
N(2200) D15 !! !! ! !
N(2220) H19 !!!! !!!! !
N(2250) G19 !!!! !!!! !
N(2600) I1 11 !!! !!!
N(2700) K1 13 !! !!
!(1232) P33 !!!! !!!! F !!!!
!(1600) P33 !!! !!! o !!! ! !!
!(1620) S31 !!!! !!!! r !!!! !!!! !!!
!(1700) D33 !!!! !!!! b ! !!! !! !!!
!(1750) P31 ! ! i
!(1900) S31 !! !! d ! ! !! !
!(1905) F35 !!!! !!!! d ! !! !! !!!
!(1910) P31 !!!! !!!! e ! ! ! !
!(1920) P33 !!! !!! n ! !! !
!(1930) D35 !!! !!! ! !!
!(1940) D33 ! ! F
!(1950) F37 !!!! !!!! o ! !!!! ! !!!!
!(2000) F35 !! r !!
!(2150) S31 ! ! b
!(2200) G37 ! ! i
!(2300) H39 !! !! d
!(2350) D35 ! ! d
!(2390) F37 ! ! e
!(2400) G39 !! !! n
!(2420) H3 11 !!!! !!!! !
!(2750) I3 13 !! !!
!(2950) K3 15 !! !!

July 16, 2008 13:55

– 2–

Table 1. The status of the N and ! resonances. Only those
with an overall status of !!! or !!!! are included in the main
Baryon Summary Table.

Status as seen in —

Particle L2I·2J

Overall
status N" N# $K %K !" N& N'

N(939) P11 !!!!
N(1440) P11 !!!! !!!! ! !!! ! !!!
N(1520) D13 !!!! !!!! !!! !!!! !!!! !!!!
N(1535) S11 !!!! !!!! !!!! ! !! !!!
N(1650) S11 !!!! !!!! ! !!! !! !!! !! !!!
N(1675) D15 !!!! !!!! ! ! !!!! ! !!!!
N(1680) F15 !!!! !!!! ! !!!! !!!! !!!!
N(1700) D13 !!! !!! ! !! ! !! ! !!
N(1710) P11 !!! !!! !! !! ! !! ! !!!
N(1720) P13 !!!! !!!! ! !! ! ! !! !!
N(1900) P13 !! !! !
N(1990) F17 !! !! ! ! ! !
N(2000) F15 !! !! ! ! ! ! !!
N(2080) D13 !! !! ! ! !
N(2090) S11 ! !
N(2100) P11 ! ! !
N(2190) G17 !!!! !!!! ! ! ! ! !
N(2200) D15 !! !! ! !
N(2220) H19 !!!! !!!! !
N(2250) G19 !!!! !!!! !
N(2600) I1 11 !!! !!!
N(2700) K1 13 !! !!
!(1232) P33 !!!! !!!! F !!!!
!(1600) P33 !!! !!! o !!! ! !!
!(1620) S31 !!!! !!!! r !!!! !!!! !!!
!(1700) D33 !!!! !!!! b ! !!! !! !!!
!(1750) P31 ! ! i
!(1900) S31 !! !! d ! ! !! !
!(1905) F35 !!!! !!!! d ! !! !! !!!
!(1910) P31 !!!! !!!! e ! ! ! !
!(1920) P33 !!! !!! n ! !! !
!(1930) D35 !!! !!! ! !!
!(1940) D33 ! ! F
!(1950) F37 !!!! !!!! o ! !!!! ! !!!!
!(2000) F35 !! r !!
!(2150) S31 ! ! b
!(2200) G37 ! ! i
!(2300) H39 !! !! d
!(2350) D35 ! ! d
!(2390) F37 ! ! e
!(2400) G39 !! !! n
!(2420) H3 11 !!!! !!!! !
!(2750) I3 13 !! !!
!(2950) K3 15 !! !!

July 16, 2008 13:55

C. Amsler et al. (Par�cle Data Group), PL B667, 1 (2008)

4 80. N and ! resonances

Table 80.2. The status of the ! resonances and their decays.
Sub-threshold decay modes are omitted. Only resonances with
an overall status of !!! or !!!! are included in the main
Baryon Summary Table.

Status as seen in

Particle JP overall N! N" !" "K N# !$

!(1232) 3/2+ !!!! !!!! !!!!
!(1600) 3/2+ !!!! !!!! !!! !!!!
!(1620) 1/2! !!!! !!!! !!!! !!!!
!(1700) 3/2! !!!! !!!! !!!! !!!! ! !
!(1750) 1/2+ ! ! ! !
!(1900) 1/2! !!! !!! !!! ! !! !
!(1905) 5/2+ !!!! !!!! !!!! !! ! ! !!
!(1910) 1/2+ !!!! !!! !!!! !! !! !
!(1920) 3/2+ !!! !!! !!! !!! !! !!
!(1930) 5/2! !!! ! !!! ! !
!(1940) 3/2! !! ! !! ! !
!(1950) 7/2+ !!!! !!!! !!!! !! !!!
!(2000) 5/2+ !! ! !! ! !
!(2150) 1/2! ! !
!(2200) 7/2! !!! !!! !! !!! !!
!(2300) 9/2+ !! !!
!(2350) 5/2! ! !
!(2390) 7/2+ ! !
!(2400) 9/2! !! !! !!
!(2420) 11/2+ !!!! ! !!!!
!(2750) 13/2! !! !!
!(2950) 15/2+ !! !!

!!!! Existence is certain.
!!! Existence is very likely.
!! Evidence of existence is fair.
! Evidence of existence is poor.

Methods of the second type are based on the idea to use first or higher-order derivatives
in energy to reduce the importance of, or totally eliminate, the background contribution.
One either has to model the background contribution and introduce model dependence, or

June 1, 2020 08:27

P. A. Zyla et al. (Par�cle Data Group), Prog. Theor. Exp. Phys.2020, 083C01 (2020)
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Summary and Outlook

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
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)

3 new states from e+ e− annihila�on (∗, ∗∗ states)

Challenges, i.a.:
πN sca�ering: improved data situa�on highly desirable
γN sca�ering: data sets for a “complete experiment”
thorough determina�on of uncertain�es of resonance parameters:
- correlated χ2 fits πN → πN PW,
- 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)
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Thank you for your a�en�on!
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The Hyperon Spectrum: Λ∗ and Σ∗ resonances



The Hyperon Spectrum (Λ∗’s and Σ∗’s)

Rela�vis�c quark model: Λ∗’s6 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 !-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 ". 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 ! 1
2

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

(in the 2h̄" 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 2h̄" shell.

2.2.2 States of the positive-parity 2h̄! band

The 2h̄" band includes states with spin J! = 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 2h̄" states is even larger than in the nucleon spectrum owing

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

Tes�ng ground for theories of the strong
force: what happens 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 li�le new experimental data in the
last decades for the complete resonance
region

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

4 groups re-analyzed old K−p data over the complete resonance region:

Kent: mul�-channel PWA of K̄N sca�ering, W = 1480 to 2100 MeV PRC 88, 035204 & PRC 88, 035205 (2013)

JPAC: unitary mul�channel model for K̄N sca�ering, fit to Kent SE PWA PRD 93, 034029 (2016)

ANL/Osaka: dynamical coupled-channel model for K̄N reac�ons PRC 90, 065204 (2014) & PRC 92, 025205 (2015)

BnGa: mul�-channel PWA based on a modified K -matrix approach EPJA 55,179 & 180 (2019)

JüBo: in progress
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The Hyperon Spectrum (Λ∗’s and Σ∗’s)

Rela�vis�c 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 !-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 ". 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 ! 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
!! ! ! ! " and #! ! #. 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 "-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 2h̄$ shell in the sectors J! = 1
2

+
, 3

2

+
and 5

2

+
. In analogy to the N - and

"-sectors, the largest e!ect is found for the Roper-like state in the J! = 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 su"ciently large to explain quantitatively some of the observed structures along with the

well reproduced ! 3
2

+
(1385, ****)–! 1

2

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

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

"
(1915, ****) and ! 7

2

"
(2030, ****). But on

the other hand, the separation of the lowered states relative to the bulk of una!ected states in fact is far less clear
than in the N - and "-sectors. While in the 2h̄$ band of the N - and "-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 J! = 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 di!erent spin-flavor SU(6)-configurations to each 2h̄$ state in model A
are additionally tabulated in table 9. This information will be useful to identify hyperfine structures of ! states with
corresponding structures in the %-, N - and "-sectors.

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

Tes�ng ground for theories of the strong
force: what happens 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 li�le new experimental data in the
last decades for the complete resonance
region

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

4 groups re-analyzed old K−p data over the complete resonance region:

Kent: mul�-channel PWA of K̄N sca�ering, W = 1480 to 2100 MeV PRC 88, 035204 & PRC 88, 035205 (2013)

JPAC: unitary mul�channel model for K̄N sca�ering, fit to Kent SE PWA PRD 93, 034029 (2016)

ANL/Osaka: dynamical coupled-channel model for K̄N reac�ons PRC 90, 065204 (2014) & PRC 92, 025205 (2015)

BnGa: mul�-channel PWA based on a modified K -matrix approach EPJA 55,179 & 180 (2019)

JüBo: in progress
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PDG Λ ra�ngs 1984 (le�) vs 2022 (right)

C. G. Wohl et al. (Par�cle 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. (Par�cle Data Group), Prog. Theor. Exp. Phys.

2022, 083C01 (2022)
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PDG Σ ra�ngs 1984 (le�) vs 2022 (right)

C. G. Wohl et al. (Par�cle Data Group) Rev.Mod. Phys. 56 (1984)
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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. (Par�cle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01

(2022)
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Hyperon spectrum: Prospects for new data

Current experiments:

Photoproduc�on (CLAS): Hyperon resonances abundantly produced as intermediate states in
γp→ K+(Σπ) and K+(K−p) Phys. Rev. Le�. 112, 082004 (2014), Phys. Rev. C 88, 045201 (2013)

Exploratory coupled-channel analysis: EPJA 57, 236 (2021): difficult to extract Y∗ spectrum

LHCb: Λ0
b → J/ψΛ∗ → J/ψK−p decay Phys.Rev.Le�. 115 (2015) 072001

Future experiments:

KL facility at JLab: Strange Hadron Spectroscopy with a Secondary KL Beam at GlueX (approved)
2008.08215 [nucl-ex]

↪→ Talk by Michael Döring later today

J-PARC: extract K̄N amplitude from kaonic atom experiments JPS Conf. Proc. 26, 023013 (2019)

↪→ Talks on Friday

PANDA at FAIR: p̄p→ Ȳ Y ∗: besides Ξ∗ and Ω∗ also Λ∗ and Σ∗ spectrum accessible 0903.3905 [hep-ex]
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