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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 hadronse.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.

π
2T 2JL P11 D13 1 11 1 13 1 11 1 13S DF F G I IH H191715 K 11 13 15 17 19GP

1720

1535

1675

1440

939

1900

19902000

2700

2090

1650

1520

1700

2600

1710

2100

1680

2190

2250
2200

2080

2220

1986

1897 1895

1/2+ 3/2+ 5/2+ 7/2+ 9/2+ 11/2+ 13/2+ 1/2- 3/2- 5/2- 7/2- 9/2- 11/2- 13/2-J

M
as

s 
[M

eV
]

1000

1500

2000

2500

3000

****

  *

 **

****

 **

  *  **

****

 **

***

  S  **

***

****

****

 **

****

****

****

****

***

****

****

  S   S

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
Goals:

Extrac�on of N∗, ∆∗ and Y∗ resonances in pion-, kaon-, photon- and electron induced reac�onsusing a dynamical coupled-channel (DCC) approach
Analysis of states in the hidden-charm (-beauty) sector, Pc statesMethods:
Jülich-Bonn dynamical coupled-channels model (“JüBo DCC”)
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The Jülich-Bonn DCC approach for N∗ and ∆∗ EPJ A 49, 44 (2013)

Dynamical coupled-channels (DCC): simultaneous analysis of different reac�ons
The sca�ering equa�on in par�al-wave basis

〈L′S′p′|T IJ
µν |LSp〉 = 〈L′S′p′|V IJ

µν |LSp〉+

∑
γ,L′′S′′

∞∫
0

dq q2 〈L′S′p′|V IJ
µγ |L′′S′′q〉

1
E − Eγ(q) + iε

〈L′′S′′q|T IJ
γν |LSp〉

theore�cal constraints on the Smatrix: unitarity and analy�city
resonances = poles on the 2nd
Riemann sheet of T
hadronic reac�ons: poten�als Vconstructed from effec�ve L
s-channel diagrams: T P

genuine resonance states
t- and u-channel: T NP

(dynamical genera�on of poles)
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π∆

ηN

1486

σN

KΛ

1611

KΣ

1688

Nρ

Nω

1722

ECM[MeV]
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The Jülich-Bonn DCC approach for N∗ and ∆∗ EPJ A 49, 44 (2013)

Dynamical coupled-channels (DCC): simultaneous analysis of different reac�ons
The sca�ering equa�on in par�al-wave basis

〈L′S′p′|T IJ
µν |LSp〉 = 〈L′S′p′|V IJ

µν |LSp〉+

∑
γ,L′′S′′

∞∫
0

dq q2 〈L′S′p′|V IJ
µγ |L′′S′′q〉

1
E − Eγ(q) + iε

〈L′′S′′q|T IJ
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γ

N

π, η

N

Vµγ
Λ, Σ

K

γ

N

π, η

N

m

B

Vκγ
G

Tµκ
Λ, Σ

K

theore�cal constraints on the Smatrix: unitarity and analy�city
resonances = poles on the 2nd
Riemann sheet of T
photon/electron reac�ons: poten�als
V energy-dependent polynomials
Tµκ: full hadronic T -matrix
→ simultaneous fit of pion- andphoton (electron) induced reac�ons
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Progress during the CRC 110 FPs 2 and 3
Inclusion of the πN → ωN channel (Yu-Fei Wang et al. PRD 106 (2022) )(ωN channel not yet included in photoproduc�on fits)

Extension of the JüBo model to KΛ photoproduc�on on the proton (EPJA 54 (2018) 110):
Simultaneous analysis of πN → πN, ηN, KΛ, KΣ and

γp→ πN, ηN, KΛ

determina�on of the N∗ and ∆∗ states, e.g. confirma�on of the N(1900)3/2+

Λ decay parameter α−:
BESIII measurement (e+e− → J/ψ → ΛΛ̄):
α− = 0.750± 0.009± 0.004 (Ablikim, Nature (2019))
independent es�ma�on from γp→ K+Λ CLAS data using Fierziden��es
⇒ α− = 0.721± 0.006± 0.005 (Ireland et al. PRL 123 (2019)) (PDGaverage un�l 2019: α− = 0.642± 0.013)
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Analysis of new CLAS eta photoproduc�on data, P. Collins et al. PLB 771, 213 (2017)
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Extension to KΣ photoproduc�on on the proton
JüBo2022 Eur.Phys.J.A 58 (2022) 229

Simultaneous analysis of πN → πN, ηN, KΛ, KΣ and
γp→ πN, ηN, KΛ, KΣ

almost 72,000 data points in total, Wmax = 2.4 GeV
γp→ K+Σ0: dσ/dΩ, P, Σ, T , Cx′,z′ , Ox,z = 5,652
γp→ K 0Σ+: dσ/dΩ, P = 448

polariza�ons scaled by new Λ decay constant α− (Ireland
PRL 123 (2019), 182301), if applicable
χ2 minimiza�on with MINUIT on JURECA [Jülich
Supercompu�ng Centre, JURECA: JLSRF 2, A62 (2016)]

Resonance analysis:
all PDG 4-star N and ∆ states up to J = 9/2 are seen(excep�on: N(1895)1/2−) + some states rated less than 4 stars
no addi�onal s-channel diagram, but indica�ons for newdyn. gen. poles

New data on γp→ K 0Σ+ by CLAS L. Clark et al. 2404.19404more (double) polariza�on observables→ JüBo2023-1 fit

Selected fit results
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On the nature of N∗ and ∆ states Y.-F. Wang et al. PRC 109 (2024)
Elementary or composite state?

Weinberg’s criterion (deuteron) for elementariness Z
from sca�ering length a and effec�ve range r :

a = −2(1− Z )

2− Z R +O(L) r = − Z
1− Z R +O(L) ;

R = (2µB)−1/2 ' 4.3 fm deuteron radius, L = 1/Mπ ' 1.4 fm interac�on range,
experiment: a = −5.41 fm , r = 1.75 fm→ small Z → deuteron composed of twonucleons
condi�ons: S-wave, near-threshold, stable

Modern generaliza�ons:
Higher par�al waves, broad resonances, not close to thresholds
among other approaches: spectral density func�ons [Baru et al., PLB 586, 53 (2004)]
apply to comprehensive data driven models→meaningful results
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On the nature of N∗ and ∆ states Y.-F. Wang et al. PRC 109 (2024)
Coupled-channel formalisim

coupled channels: elementariness Z disperses into a finite probability distribu�on
w(z) ∼ “spectral density func�on”
mathema�cally: w(z) projec�on of physical sca�ering state (with energy z) on bareelementary state

wi(z) = − 1
π

ImDii(z) Dii dressed propagator of bare s-channel state i, includes full coupled-channel T matrix

Zi '
∫ MR +ΓR

MR−ΓR
wi(z)dz

∫ MR +ΓR
MR−ΓR

BW (z)dz
, BW (z) ≡ 1

π

ΓR/2
(z − ER )2 + (ΓR/2)2

more than one bare state in a PW: Total elementariness:
Z = 1−

∏

i

(1−Zi)
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On the nature of N∗ and ∆ states Y.-F. Wang et al. PRC 109 (2024)
Applica�on to the JüBo2022 resonances
Selected results for N∗ states: spectral density func�ons
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On the nature of N∗ and ∆ states Y.-F. Wang et al. PRC 109 (2024)
Applica�on to the JüBo2022 resonances

Selected results for N∗ states: elementariness
State Pole posi�on (MeV) Z1 Z2 Ztot Z lc

N(1535) 1
2
− 1504 − 37i 24.8% 5.6% 29.0% 50.8%

N(1650) 1
2
− 1678 − 64i 13.4% 91.7% 92.8% 70.5%

N(1440) 1
2
+ 1353 − 102i 48.7% 1.7% 49.5% 31.5%

N(1710) 1
2
+ 1605 − 58i 11.5% 10.3% 20.6% 10.2%

N(1720) 3
2
+ 1726 − 93i 34.1% 68.5% 79.3% 62.5%

N(1900) 3
2
+ 1905 − 47i 19.9% 100% 100% 99.9%

N(1520) 3
2
− 1482 − 63i 29.4% · · · 29.4% 7.2%

N(1680) 5
2
+ 1657 − 60i 67.9% · · · 67.9% 69.9%

Green: high compositeness, blue: high elementariness
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Electroproduc�on
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 andthe region where quark confinement sets in
so far, no new N∗ or ∆∗ established from electroproduc�on:
data not yet analyzed on the same level as photoproduc�onReviews: Prog.Part.Nucl.Phys. 67 (2012); Few. Body Syst. 63 (2022) 3, 59

Single-channels analyses, e.g.:
MAID: π, η, kaon electroproduc�on (EPJA 34, 69 (2007), NPA 700, 429
(2002), )
JLab: π electroproduc�on covering the resonance region (PRC
80 (2009) 055203)

γ∗p→ π0p

Figure and data from Markov et al. (CLAS) PRC 101 (2020),
resonance contribu�on: JLab/YerPhICoupled-channels analyses:

ANL-Osaka: extension of DCC analysis of pion electroproduc�on (PRC 80, 025207 (2009)) in progress (Few
Body Syst. 59 (2018) 3, 24)
Jülich-Bonn-Washington approach M. Mai et al. PRC 103 (2021): γ∗p→ π0p, π+n, ηp, KΛ
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Jülich-Bonn-Washington (JBW) parametriza�on
M. Mai et al. PRC 103 (2021), PRC 106 (2022), EPJ A 59 (2023)
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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Baryon Transi�on Form Factors Y.-F. Wang et al. 2404.17444 [nucl-th]
based on most recent JBW, JüBo2022

Q2 dependence of transi�on form factors (TFFs) allows conclusions on the nature ofresonances.
Here:

for the first �me determined from a coupled-channel study of πN, ηN, and KΛelectroproduc�on (+ constraints from photon and pion-induced reac�ons)
first es�ma�on of TFFs for higher excited states
from poles, not Breit-Wigner states

TFFs defined independently of the hadronic final state as Workman et al. PRC 87 (2013) :
H l±,I

h (Q2) = CI

√
pπN

ω0

2π(2J + 1)zp

mN R̃ l±,I
H̃l±,I

h (Q2) ,

h = 1/2, 3/2 helicity,H ( =A or S) helicity amplitudes, H̃, R̃ residues, zp pole posi�on
Member of the Helmholtz Associa�on Slide 10 19



Baryon Transi�on Form Factors Y.-F. Wang et al. 2404.17444 [nucl-th]
based on most recent JBW, JüBo2022
∆ states:
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[ANL/OSAKA: Kamano Few Body Syst. 59, 24 (2018), MAID: Tiator et al. PRC94 (2016)]
Member of the Helmholtz Associa�on Slide 11 19



Baryon Transi�on Form Factors Y.-F. Wang et al. 2404.17444 [nucl-th]
based on most recent JBW, JüBo2022
N∗ states:
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[ANL/OSAKA: Kamano Few Body Syst. 59, 24 (2018), MAID: Tiator et al. PRC94 (2016)]
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Baryon Transi�on Form Factors Y.-F. Wang et al. 2404.17444 [nucl-th]
based on most recent JBW, JüBo2022
The Roper resonance N(1440)1/2+:

0.0 0.2 0.4 0.6 0.8 1.0

-100

-50

0

50

100

Zero crossing in ReA1/2 at smaller Q2 than inBreit-Wigner determina�ons or in ANL/OSAKA
[Kamano, Few Body Syst. 59, 24 (2018)]
important for quark models, DSE: meson cloudcontribu�ons or radial excita�on of thenucleon?

Transverse charge density ρ of p→ N(1440)transi�on:
following Tiator et al. Chin. Phys. C 33 (2009)

study flavor decomposi�on, u and d quarkdistribu�on

Orange band: JBW, red line: MAID 2007.Insets: light/dark shades represent nega�ve/posi�ve values
b: transverse posi�on in xy-plane
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Hidden charm reac�ons



Hidden charm reac�ons in JüBo Wang, Shen, Rönchen, Meißner, Zou
D̄(∗)Λc − D̄(∗)Σ(∗)

c interac�ons EPJ C 82, 497 (2022)
2017: exploratory study of only two channels, D̄Λc and D̄Σc Shen et al. CPC 42, 023106 (2018)
2022: extension to a more complete coupled-channel calcula�on: D̄Λc , D̄Σc , D̄∗Λc , D̄∗Σc , D̄Σ∗c
→more comprehensive picture of the hidden-charm resonance spectrum
→ postdict LHCb pentaquarks by tuning free parameters, predict addi�onal dyn. gen. statesSelected results:

Figure: Absolute value |T | of D̄Λc → D̄Λc inthe S11 and D13 par�al waves.

JP = 1/2−, I = 1/2:
z0 = 4312.4− i2.9 MeV (D̄Σc bound state)→LHCb Pc(4312) Aaij et al. PRL 122, 222001 (2019)
z0 = 4439.4− i2.8 MeV (D̄∗Σc bound state)→LHCb Pc(4440) Aaij et al. PRL 122, 222001 (2019)

JP = 3/2−, I = 1/2:
z0 = 4375.9− i7.6 MeV (D̄Σ∗c bound state)
z0 = 4460.0− i3.9 MeV (D̄∗Σc bound state)→LHCb Pc(4457) Aaij et al. PRL 122, 222001 (2019)

JP = 1/2+, I = 1/2:
z0 = 4339.3− i106.3 MeV→ LHCb Pc(4337) ? Aaij
et al. PRL 128, 062001 (2022)

+ several resonances in higher PWs
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Pc states from fit to LHCb data C.-W Shen et al. 2405.02626 [hep-ph]
J/ψp invariant mass distribu�ons in the Λ0

b → J/ψpK− decay

→ extend framework to J/ψN channel
J/ψp invariant mass distribu�on:

dΓ

dmJ/ψp
=

q̃J/ψqK

4(2π)3mΛb

 5/2∑
J=1/2

|T J |2 + |Tbg |2


with
T 1/2 =

∑
κ

g1/2
κ Gκ T 1/2

κ J/ψp

T 3/2 =
∑
κ

g3/2
κ Gκ T 3/2

κ J/ψp qK

T 5/2 =
∑
κ

g5/2
κ Gκ T 5/2

κ J/ψp q2
K

gJ
κ: free fit parameters

T J
κ J/ψp , Gκ: coupled-channel T -matrix and propagator

Polynomial background term:
Tbg = a + bs + cs2

s: Mandelstam variable; a, b, c: free fitparameters
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Pc states from fit to LHCb data C.-W Shen et al. 2405.02626 [hep-ph]
Three fit results with different star�ng values

Fit parameters:
gJ
κ in T J

cut-offs in form factors ofcoupled-channel T -matrix
a, b, c: free fit parameters in Tbg

→ 33 fit parameters, 175 data points

total
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Data: R. Aaij et al. [LHCb], Phys. Rev. Le�. 122, 222001 (2019).
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Pc states from fit to LHCb data C.-W Shen et al. 2405.02626 [hep-ph]
Resonance analysis: 4 prominent narrow states

Fit zR , JP

A 4312.3− i2.4, 1
2
−

B 4314.0− i0.74, 1
2
−

C 4312.9− i2.6, 1
2
−

A 4366.5− i4.7, 3
2
−

B 4378.7− i4.1, 3
2
−

C 4365.9− i4.7, 3
2
−

A 4433.0− i9.3, 1
2
−

B 4433.4− i3.2, 1
2
−

C 4438.6− i10, 1
2
−

A 4461.4− i9.7, 3
2
−

B 4461.5− i14, 3
2
−

C 4464.9− i6.8, 3
2
−

just below D̄Σc , strong coupling to D̄Σc
→ D̄Σc boundstate
Pc(4312)

D̄Σ∗c bound state

strong coupling to D̄∗Σc , below D̄∗Σc threshold
→ likely a D̄∗Σc bound state
Pc(4440)

strong coupling to D̄∗Σc

below D̄∗Σc threshold in Fit A, B, above in Fit C
Pc(4457)
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Pc states from fit to LHCb data C.-W Shen et al. 2405.02626 [hep-ph]
Resonance analysis: poles in higher par�al waves

zR [MeV]
JP Fit A Fit B Fit C
1
2
− 4408.1− i181.5 4413.8− i182.4 4407.1− i178.1

1
2
− 4475.7− i143.6 4502.5− i140.7 4476.4− i143.9

1
2

+ 4337.2− i76.3 4325.4− i85.4 4335.1− i75.3
3
2

+ 4413.0− i197.0 4410.9− i193.0 4413.3− i196.0
3
2

+ 4387.9− i156.3 - 4387.4− i156.1
3
2
− 4408.0− i168.9 4408.3− i175.9 4407.0− i167.6

3
2
− 4506.6− i136.2 4501.5− i132.3 4506.5− i133.9

5
2
− 4411.6− i180.1 - 4411.6− i179.9

5
2

+ 4400.4− i100.6 4393.3− i101.6 4400.9− i100.5
5
2

+ 4467.1− i100.3 4457.8− i140.4 4466.7− i103.2
5
2

+ 4439.1− i122.6 - 4437.9− i121.9

Pc(4337) ?

Pc(4380) ?
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Extension of JüBo to K̄N sca�ering: in progress
PhD topic of S. Rawat (FZJ)

use SU(3) to adapt πN → X model to K̄N → X
goal: determine hyperon spectrum, i.e. Λ∗ and Σ∗ states

Almost finished:coupled-channel fit to
K̄N → K̄N, πΛ, πΣ

next step: resonance analysis(pole search)

Selected preliminary fit results K−p→ K 0n

0

0.4

0.8

1.2

1.6

2

0

0.4

0.8

1.2

1.6

2

d
σ

/d
Ω

0

0.4

0.8

1.2

1.6

2

0 50 100 150
0

0.4

0.8

1.2

1.6

2

0 50 100 150 0 50 100 150 0 50 100 150

Θ

0 50 100 150 0 50 100 150

Jones75 1779.9 Cameron81 1788.9 Armenteros68 1789.3Jones75 1794.0 Conforto76 1795.9 Armenteros68 1803.9

Armenteros68 1814.2Conforto76 1814.6 Armenteros68 1822.1Armenteros68 1831.0 Conforto76 1833.3 Armenteros68 1841.2

Armenteros68 1848.2Conforto76 1851.9 Armenteros68 1856.1Griselin75 1857.9 Armenteros68 1864.9 Griselin75 1868.6

Conforto76 1870.4 Armenteros68 1874.6 Griselin75 1876.9 Armenteros68 1879.2Griselin75 1887.0 Conforto76 1888.8

K-n_5

Jones75 1779.9 Cameron81 1788.9 Armenteros68 1789.3Jones75 1794.0 Conforto76 1795.9 Armenteros68 1803.9

Armenteros68 1814.2Conforto76 1814.6 Armenteros68 1822.1Armenteros68 1831.0 Conforto76 1833.3 Armenteros68 1841.2

Armenteros68 1848.2Conforto76 1851.9 Armenteros68 1856.1Griselin75 1857.9 Armenteros68 1864.9 Griselin75 1868.6

Conforto76 1870.4 Armenteros68 1874.6 Griselin75 1876.9 Armenteros68 1879.2Griselin75 1887.0 Conforto76 1888.8
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Summary project B.11 ”Coupled-channel dynamics”
Extension of JüBo to

KΛ, KΣ photoproduc�on (EPJA 54 (2018) 110, EPJ A 58 (2022) 229, 2404.19404)
πN → ωN (Yu-Fei Wang et al. PRD 106 (2022))
hidden-charm channels (Shen CPC 42 (2018), Wang EPJ C 82 (2022), Shen 2405.02626)
→ Pc states
Electroproduc�on of pions, etas, KΛ: Jülich-Bonn-Washington collabora�on
(Mai PRC 103 (2021) 065204, PRC 106 (2022), EPJ A 59 (2023))

Further ac�vi�es:
Compositeness or elementariness of baryon resonances (Wang PRC 109 (2024) )
Baryon transi�on form factors beyond Roper and ∆(1232), many for the first �me (Wang
2404.17444 )
JüBo model for K̄N sca�ering (hyperon resonance spectrum): PhD project S. Rawat, almost
finished
Coupled channel study of a0 resonances (Z.-L. Wang, B.-S. Zou EJP C 82 (2022) 509)
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Slide by Yu-Fei Wang
Numerical results
Numerical details

Selec�on of the resonances
JüBo���� solu�on (K⌃ photoproduc�on, no !N) [Rönchen et. al., EPJA ��, ��� (����)]For N⇤ J  �/�, for � J  �/�Width �R < ��� MeV

Uncertain�es! comparison of three results
spectral density func�ons directly from the modellocally constructed spectral density func�ons only by the pole posi�on and residues (L: loop func�ons)

wlc(z) = � �
⇡

Im
"

z � M� �
X



g�
L(z)

#��

complex compositeness of the Gamow state, with naive measure [Sekihara, PRC ���, ������ (����)]

X̃ ⌘ |X|P
↵ |X↵| + |Z| , Z̃ ⌘ |Z|P

↵ |X↵| + |Z|
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Slide by Yu-Fei Wang

Numerical results
Spectral density func�ons – � states
Blue solid line: the Breit-Wigner denominator. Orange dashed (green dash-do�ed) line: the �st (�nd) spectral density func�on (model).
Red do�ed line: the locally constructed func�on. Ver�cal lines: the integral region.
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Slide by Yu-Fei Wang
Local construc�on of the spectral density func�ons

Local simula�on of the amplitude
Tlc
↵�(z) =

cg↵g�fa
↵(q↵z)fc

�(q�z)z � M� �P g�
L(z) + · · ·

Loop func�ons (f: vertex func�on in this model)
L(z) ⌘

Z 1

�
p�dp G(p, z)fa

↵(qz)fc
↵(qz)

Parameters
h ⌘ g�

g��
=
��� rfa�r�fa



���
�
,

g�� = � �R�P hIm(LII
)

,

M� = MR � g��
X



hRe(LII
) ,

c =
r��g�� fa� fc�

 
� � g��

X



h d
dz LII



���z=MR�i�R/�

!
.

g� < � ! construc�on fails. Es�ma�on:
g�
 !

�����

r�⇡⇢
�R r

�����

�
, M� ! M� � i���



Details hidden charm

3

LBBP =
gBBP

mP
B̄�µ�5@µPB,

LBBV =� gBBV B̄(�µ � 

2mB
�µ⌫@⌫)VµB,

LBDP =� gBDP

mP
(B̄@µPDµ + D̄µ@

µPB),

LBDV =i
gBDV

mV

⇥
B̄�µ�

5D⌫(@
µV ⌫ � @⌫V µ)

+ D̄µ�⌫�
5B(@µV ⌫ � @⌫V µ)

⇤
,

LDDV =gDDV D̄⌧

✓
�µ � 

2mD
�µ⌫@⌫

◆
VµD⌧ , (5)

where P , V , B and D denote the pseudoscalar, vector
meson, and baryon octet, respectively, and the decuplet
baryons. There are in total 15 di↵erent kinds of exchange
pseudo-potentials V . The specific expressions for all the
amplitudes, the detailed relations between coupling con-
stants, and other relevant theoretical formulae can be
found in Ref. [58]. It should be noted that neither t-
channel meson nor u-channel baryon exchange processes
for J/ N ! J/ N exist.

TABLE I: The new isospin factors used in this work.

Process
Exchanged

Particle
IF

�
1
2

�
IF

�
3
2

�

D̄(⇤)⇤c ! J/ N D/D⇤ 1 0

⇤c 1 0

D̄(⇤)⌃(⇤)
c ! J/ N D/D⇤ �

p
3 0

⌃c �
p

3 0

As pointed out in Ref. [58], there may be multiple pos-
sibilities for a given channel to couple to a certain quan-
tum number JP . The angular momentum structure of
all channels included in the present study is given in Ta-
ble II, where the notation for quantum numbers is the
common spectroscopic notation, L2I,2J , with L, I and
J denoting the orbital angular momentum, isospin and
total angular momentum, respectively.

In order to fit the J/ p invariant mass distribution
of the ⇤0

b ! J/ pK� decay, we consider the two-point
loop diagram as shown in Fig. 1, where the Pc states can
contribute to the final state interactions. Then for the
J/ p invariant mass distribution, we have [27, 64]:

d�

dmJ/ p
=

1

4(2⇡)3m⇤b

q̃J/ qK

0
@

5/2X

J=1/2

|T J |2 + |Tbg|2
1
A ,

(6)
where J is the total angular momentum of the two-body
system and the momenta in the center-of-mass frame are:

q̃J/ =
�1/2(m2

J/ p, m
2
J/ , m2

p)

2mJ/ p
,

qK =
�1/2(m2

⇤b
, m2

K , m2
J/ p)

2m⇤b

, (7)

with �(↵,�, �) = ↵2 + �2 + �2 � 2↵� � 2↵� � 2�� the
Källén function. Further, the transition amplitudes of
Fig. 1 are given by:

T 1/2 =
X



g1/2
 G T

1/2
 J/ p,

T 3/2 =
X



g3/2
 G T

3/2
 J/ p qK ,

T 5/2 =
X



g5/2
 G T

5/2
 J/ p q2

K , (8)

where  = D̄⌃c, D̄⇤⌃c, D̄⌃⇤
c is the channel index of

the intermediate loop, gJ
 are free parameters to be de-

termined from the fit, T J
 J/ p and G are the coupled-

channel T -matrix and the propagator of Eq.(1). Note
that there is an integration over the momentum of the
intermediate state in Eq.(8), which is not written explic-
itly for simplicity, and we only consider the total angular
momentum of the J/ p system up to J = 5/2. According
to our test results, 5/2 is su�cient in this analysis, and
the contribution of higher angular momenta is completely
negligible. Moreover, taking higher angular momenta
into account will bring more free parameters, which is not
supported by the current amount of experimental data.
As in Refs. [27, 64, 65] we include the spectator kaon in
Eq.(8) by an additional momentum factor qK with the
correct dependence on the orbital angular momentum in
di↵erent partial waves (centrifugal barrier).

FIG. 1: The two-point loop diagram of the ⇤0
b ! J/ pK�

decay.

In addition, the contribution of an incoherent smooth
background term is considered in Eq.(6), which compen-
sates for the tree level diagram of the ⇤0

b ! J/ pK�

decay and various other contributions which are not ex-
plicitly included in the amplitude. Referring to Ref. [2],
we adopt the polynomial form for this background term
as:

Tbg = a + bs + cs2, (9)

which contains the Mandelstam variable s and free pa-
rameters a, b and c, and it does not depend on J . In
Refs. [26–28], the authors have confirmed that the qual-
ity of the fit and the extracted pole results are quite simi-
lar regardless of whether such a background contribution
contains a resonant term or not.

The fitting of the free parameters of Eqs.(8) and (9) to
the experimental data in the present work is performed
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Photoproduc�on in a semi-phenomenological approach EPJ A 50, 101 (2015)

Mul�pole amplitude
M IJ
µγ = V IJ

µγ +
∑
κ

T IJ
µκGκV IJ

κγ

(par�al wave basis)

γ

N

π, η

N

Vµγ
Λ, Σ

K
γ

N

π, η

N

m

B

Vκγ
G

Tµκ
Λ, Σ

K

m = π, η, K , B = N, ∆, Λ

Tµκ: full hadronic T -matrix as in pion-induced reac�ons
Photoproduc�on poten�al: approximated by energy-dependent polynomials (field-theore�cal descrip�onnumerically too expensive )

γ

N

m

B

γ

N

m

B

N ∗,∆∗

PNP
µ

PP
i

γaµ

+Vµγ =(E, q)
=
γ̃a
µ(q)

mN
PNP
µ (E) +

∑
i

γa
µ;i(q)PP

i (E)

E − mb
i
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Combined analysis of pion- and photon-induced reac�ons
Data base
Reac�on Observables (# data points) p./channel
πN → πN PWA GW-SAID WI08 [?] (ED solu�on) 3,760
π−p → ηn dσ/dΩ (676), P (79) 755
π−p → K 0Λ dσ/dΩ (814), P (472), β (72) 1,358
π−p → K 0Σ0 dσ/dΩ (470), P (120) 590
π−p → K+Σ− dσ/dΩ (150) 150
π+p → K+Σ+ dσ/dΩ (1124), P (551) , β (7) 1,682
γp → π0p dσ/dΩ (18721), Σ (3287), P (768), T (1404), ∆σ31 (140),

G (393), H (225), E (1227), F (397), Cx′L (74), Cz′L (26) 26,662
γp → π+n dσ/dΩ (5670), Σ (1456), P (265), T (718), ∆σ31 (231),

G (86), H (128), E (903) 9,457
γp → ηp dσ/dΩ (9112), Σ (535), P (63), T (291), F (144), E (306), G (47), H (56) 10,554
γp → K+Λ dσ/dΩ (2563), P (1663), Σ (459), T (383),

Cx′ (121), Cz′ (123), Ox′ (66), Oz′ (66), Ox (314), Oz (314), 6,072
γp → K+Σ0 dσ/dΩ (4381), P (422), Σ (280), T (127), Cx′ (94), Cz′ (94,) Ox (127), Oz (127) 5,652
γp → K 0Σ+ dσ/dΩ (281), P (167) 448

in total 67,008
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Selected results γp→ K 0Σ+ JüBo2022 Eur.Phys.J.A 58 (2022) 229
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(448 vs 5,652 data points)
in parts inconsistent datavery few polariza�on, no double polariza�ondata
→ difficult to achieve a good fit result

(χ2 = 3.16 (K 0Σ+) vs 1.66 (K+Σ0))
cusp in σtot at∼ 2 GeV not reproduced(data not included in fit)

Data: open squares: SPAHIR 1999, cyan: SAPHIR 2005, orange:
CBELSA/TAPS 2007, black squares: CBELSA/TAPS 2011, open circles:
A2 2018, open triangles: A2 2013, black triangles: Hall B 2003, black
circles: CLAS 2013
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New data for γp→ K 0Σ+ L. Clark et al. 2404.19404 [nucl-ex]
Fit JüBo2023-1, together with CLAS Collabora�on
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105 new data points, firstever for T , Ox , Oz

simultaneous fit to fullJüBo data base includingnew data
χ2 = 2.01 (K 0Σ+)
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New data for γp→ K 0Σ+ L. Clark et al. 2404.19404 [nucl-ex]
Fit JüBo2023-1, together with CLAS Collabora�on
Resonance analysis:

∆(1910) 1/2+ Re E0 −2Im E02032-1 1745 433
2022 1802 (11) 550 (22)
N(2190) 7/2−
2032-1 1946 162
2022 1965 (12) 288 (66)
N(1900) 3/2+
2032-1 1893 105
2022 1905 (3) 93 (4)

(all numbers in [MeV])

Par�al wave content:
JüBo2022: dominant PW in K 0Σ+: P13,followed by P33

JüBo2023-1: order reversed
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⇒ (Double) polariza�on data very important to determine the resonance spectrum!
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New data for γp→ K 0Σ+ L. Clark et al. 2404.19404 [nucl-ex]
Fit JüBo2023-1, together with CLAS Collabora�on
Resonance analysis:

∆(1910) 1/2+ Re E0 −2Im E02032-1 1745 433
2022 1802 (11) 550 (22)
N(2190) 7/2−
2032-1 1946 162
2022 1965 (12) 288 (66)
N(1900) 3/2+
2032-1 1893 105
2022 1905 (3) 93 (4)

(all numbers in [MeV])

Par�al wave content:
JüBo2022: dominant PW in K 0Σ+: P13,followed by P33

JüBo2023-1: order reversed
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⇒ (Double) polariza�on data very important to determine the resonance spectrum!
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s-, t- and u-channel exchanges
21 s-channel states (resonances) coupling to πN, ηN, KΛ, KΣ, π∆, ρN.
t- and u-channel exchanges (”background”, coupling constants fixed from SU(3)):

πN ρN ηN πΔ σN KΛ KΣ

πN N,Δ,(ππ)σ , 
(ππ)ρ

N, Δ, Ct.,  
π, ω, a1

N, a0 N, Δ, ρ N, π Σ, Σ*, K* Λ, Σ, Σ*, 
K*

ρN N, Δ, Ct., ρ - N, π - - -

ηN N, f0 - - K*, Λ Σ, Σ*, K*

πΔ N, Δ, ρ π - -

σN N, σ - -

KΛ Ξ, Ξ*, f0, 

ω, φ
Ξ, Ξ*, ρ

KΣ Ξ, Ξ*, f0, 

ω, φ, ρ
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Excited states / Resonances
JP = 3/2+, I = 3/2
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Points: SAID 2006 and CM12

Breit-Wigner parameteriza�on:
MRes

ba = − gbga
E2−M2

BW +iEΓBW

- MBW , ΓBW channel dependent- background? overlapping resonances? thresholds?

Resonances: poles in the T -matrix on the 2nd

Riemann sheet
Pole posi�on E0 is the same in all channels
thresholds: branch points

Re(E0) = “mass”
-2Im(E0) = “width”
residues→ branchingra�os
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Excited states / Resonances
JP = 1/2−, I = 3/2
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- MBW , ΓBW channel dependent- background? overlapping resonances? thresholds?

Resonances: poles in the T -matrix on the 2nd

Riemann sheet
Pole posi�on E0 is the same in all channels
thresholds: branch points

Re(E0) = “mass”
-2Im(E0) = “width”
residues→ branchingra�os
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Excited states / Resonances
JP = 1/2−, I = 3/2
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- MBW , ΓBW channel dependent- background? overlapping resonances? thresholds?

Resonances: poles in the T -matrix on the 2nd

Riemann sheet
Pole posi�on E0 is the same in all channels
thresholds: branch points

Re(E0) = “mass”
-2Im(E0) = “width”
residues→ branchingra�os
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Details of the formalism

Polynomials:

PP
i (E) =

n∑
j=1

gP
i,j

(
E − E0

mN

)j
e−gP

i,n+1(E−E0)

PNP
µ (E) =

n∑
j=0

gNP
µ,j

(
E − E0

mN

)j
e−gNP

µ,n+1(E−E0)

- E0 = 1077 MeV
- gP

i,j , gNP
µ,j : fit parameter

- e−g(E−E0): appropriate highenergy behavior
- n = 3

back
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The sca�ering poten�al: s-channel resonances
V P =

n∑
i=0

γa
µ;i γ

c
ν;i

z − mb
i

- i: resonance number per PW
- γc
ν;i (γa

µ;i ): crea�on (annihila�on) vertex func�onwith bare coupling f (free parameter)- z : center-of-mass energy- mb
i : bare mass (free parameter)

J ≤ 3/2:
γc
ν;i (γa

µ;i ) from effec�veL

Vertex Lint

N∗(S11)Nπ f
mπ Ψ̄N∗γ

µ~τ ∂µ~πΨ + h.c.
N∗(S11)Nη f

mπ Ψ̄N∗γ
µ∂µηΨ + h.c.

N∗(S11)Nρ f Ψ̄N∗γ
5γµ~τ ~ρµ Ψ + h.c.

N∗(S11)∆π
f

mπ Ψ̄N∗γ
5~S∂µ~π∆µ + h.c.

5/2 ≤ J ≤ 9/2:correct dependence on L (centrifugal barrier)
(γ

a,c
) 5

2
− = k

M (γa,c) 3
2
+ (γa,c) 5

2
+ =

k
M

(γ
a,c

) 3
2
−

(γ
a,c

) 7
2
− = k2

M2 (γa,c) 3
2
− (γa,c) 7

2
+ =

k2

M2 (γ
a,c

) 3
2
+

(γ
a,c

) 9
2
− = k3

M3 (γa,c) 3
2
+ (γa,c) 9

2
+ =

k3

M3 (γ
a,c

) 3
2
−
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Interac�on poten�al from effec�ve Lagrangian
J. Wess and B. Zumino, Phys. Rev. 163, 1727 (1967); U.-G. Meißner, Phys. Rept. 161, 213 (1988); B. Borasoy and U.-G. Meißner, Int. J. Mod. Phys. A 11, 5183 (1996).

consistent with the approximate (broken) chiral SU(2)× SU(2) symmetry of QCD
Vertex Lint Vertex Lint

NNπ − gNNπ
mπ Ψγ5γµ~τ · ∂µ~πΨ NNω −gNNωΨ̄[γµ − κω

2mN
σµν∂ν ]ωµΨ

N∆π
gN∆π

mπ ∆̄µ~S† · ∂µ~πΨ + h.c. ωπρ
gωπρ

mω εαβµν∂
α~ρβ · ∂µ~πων

ρππ −gρππ(~π × ∂µ~π) · ~ρµ N∆ρ −i
gN∆ρ

mρ ∆̄µγ5γµ~S† · ~ρµνΨ + h.c.
NNρ −gNNρΨ[γµ − κρ

2mN
σµν∂ν ]~τ · ~ρµΨ ρρρ gNNρ(~ρµ × ~ρν) · ~ρµν

NNσ −gNNσΨ̄Ψσ NNρρ
κρg2

NNρ
2mN

Ψ̄σµν~τΨ(~ρµ × ~ρν)

σππ gσππ
2mπ ∂µ~π · ∂µ~πσ ∆∆π

g∆∆π
mπ ∆̄µγ

5γν~T∆µ∂ν~π

σσσ −gσσσmσσσσ ∆∆ρ −g∆∆ρ∆̄τ (γµ − i
κ∆∆ρ

2m∆
σµν∂ν)

·~ρµ · ~T∆τ

NNρπ gNNπ
mπ 2gNNρΨ̄γ5γµ~τΨ(~ρµ × ~π) NNη − gNNη

mπ Ψ̄γ5γµ∂µηΨ

NNa1 − gNNπ
mπ ma1 Ψ̄γ5γµ~τΨ~aµ NNa0 gNNa0 mπΨ̄~τΨ~a0

a1πρ − 2gπa1ρ
ma1

[∂µ~π ×~aν − ∂ν~π ×~aµ] · [∂µ~ρν − ∂ν~ρµ] πηa0 gπηa0 mπη~π ·~a0

+
2gπa1ρ

2ma1
[~π × (∂µ~ρν − ∂ν~ρµ)] · [∂µ~aν − ∂ν~aµ]
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Generaliza�on to SU(3)
to include KY final states

t- and u-channel exchange: T NP

coupling constants fixed from SU(3) symmetry
e.g. gΛNK = −

√
3

3 gNNπ(1 + 2αBBP)

J. J. de Swart, Rev. Mod. Phys. 35, 916 (1963) [Erratum-ibid. 37, 326 (1965)].

K Λ,Σ

π N

K∗

Λ,Σ K

Σ,Σ∗

π N

Λ

Σ K

π N

σ, ω, φ

Λ

ΛK

K

ρ

K Λ

K Σ

σ, ω

φ, ρ

K

K Σ

Σ

New free parameters: cutoffs Λ

s-channel: resonances

N∗

N π

KΛ

πN

Σ K

N∗,∆∗

New free parameters:bare couplings gN∗KY and
g∆∗KΣMember of the Helmholtz Associa�on Slide 11 13



Theore�cal constraints of the S-matrix
Unitarity: probability conserva�on

2-body unitarity
3-body unitarity:
discon�nui�es from t-channel exchanges
→ Meson exchange from requirements ofthe S-matrix [Aaron, Almado, Young, Phys. Rev. 174, 2022 (1968)]

Analy�city: from unitarity and causality
correct structure of branch point, right-hand cut (real, dispersive parts)
to approximate le�-hand cut→ Baryon u-channel exchange
p3, λ3 p4, λ4

q, λ

p2, λ2p1, λ1

~q = ~p1 − ~p3

p4, λ4 p3, λ3

q, λ

p1, λ1 p2, λ2

~q = ~q1 − ~p4

p3, λ3 p4, λ4

p2, λ2p1, λ1

q, λ

~q = ~p1 + ~p2 = 0

→ Resonances
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Λ decay parameter α−
Advantage in KY photoproduc�on: self-analysing decay of the hyperons

→measurement of recoil polariza�on easier

Λ decays weakly to π−p with decay parameter α− (PDGaverage: α− = 0.642± 0.013)
recent BESIII measurement (e+e− → J/ψ → ΛΛ̄):
α− = 0.750± 0.009± 0.004 (Ablikim, Nature (2019))
→ polariza�ons affected by α− are∼ 17% too large!
independent es�ma�on of α− from γp→ K+Λ CLAS datausing Fierz iden��es
⇒ α− = 0.721± 0.006± 0.005 (Ireland et al. PRL 123 (2019))
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data: Paterson (CLAS) PRC 93, 065201 (2016)Has impact on
- observables P, T , Cx , Cz , Ox , Oz

- reac�ons γp→ K+Λ, K+Σ0 (→ K+γΛ), π−p→ K 0Λ, K 0Σ0

- resonance spectrum?⇒ JüBo re-fit to data scaled by new α−Member of the Helmholtz Associa�on Slide 13 13
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