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Subject of B05: Hadron physics

(Picture by NRW-FAIR Network)
Big ques�on:
How do quarks and gluons form hadrons?

Strong force:
- Ma�er fields: quarks (q)(almost free at high energies)
- Observed par�cles: hadrons(low and medium energies)

Mesons (qq̄ states)
Baryons (qqq, q̄q̄q̄ states)

�protons, neutrons, ...
(+ exo�c states ...)

- gauge theory: Quantum Chromodynamics(QCD)- no perturba�ve QCD at low & mediumenergies
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Experimental tests of strong force at medium energies

→ measurements of hadronic cross sec�ons and asymmetries

source: ELSA; data: ELSA, JLab, MAMI

What are those bumps?
energy & angularmomentum excita�ons ofbaryons (resonances)?
background processes?
something else?
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The excited baryon spectrum:
Connect experiment & QCD in the non-perturba�ve regime

How do quarks get confined in hadrons?

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.
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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 conservedquantum number:

total angular momentum and parity JP

⇒ search for resonances/excited statesin those par�al waves:
poles on the unphysical Riemann sheet
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The excited baryon spectrum:
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How do quarks get confined in hadrons?
Experimental study of hadronic reac�ons
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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 2000In the past: elas�c or charge exchange πN sca�ering
“missing resonance problem”

In recent years: photoproduc�on reac�ons
large data base, high quality polariza�on observables Prog.Part.Nucl.Phys. 125 (2022), Prog.Part.Nucl.Phys. 111 (2020)

In the future: electroproduc�on reac�ons
105 data points for πN, ηN, KY , ππN Review: e.g. Prog.Part.Nucl.Phys. 67 (2012)
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The light baryon spectrum:
Many open ques�ons

Missing resonances?
Different analyses o�en not agree on parameters or even existence of a state

E.g., the Roper resonance N(1440)1/2+: discussed since> 50 years
(Review: e.g. Burket, Roberts Rev.Mod.Phys. 91 (2019). Also: Mai, Meißner, Urbach Phys.Rept. 1001 (2023))

q3 quark models: first 1/2− state lower than first 1/2+ state
la�ce QCD: e.g. Lang 2017 Phys. Rev. D 95, 014510

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

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

7.2 Discussion of the complete N-spectrum

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

2 obtained in model A and B, respectively. These are compared with the experimentally observed positions
of all presently known resonances of each status taken from the Particle Data Group [37]. Again, the resonances in
each column are classified by the total spin J and the parity π, where left in each column the results for at most ten
excitations in model A or B are shown. In comparison the experimental positions [37] are displayed on the right in
each column with the uncertainties of the resonance positions indicated by the shaded boxes and the rating of each
resonance denoted by the corresponding number of stars and a different shading of the error box. In addition we also
display the determined resonance positions of the three new states that have been recently discovered by the SAPHIR
collaboration [54,56,52,53]. These states are indicated by the symbol ’S’.
In the following, we turn to a shell-by-shell discussion of the complete nucleon spectrum. According to their assignment
to a particular shell, we additionally summarized the explicit positions of the excited model states in tables 11, 12,
14, 15, 16 and 17.

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.

!34" but, compared to the partial wave analysis of the
Karlsruhe !1" and the VPI !2,3" groups, the decay width of
the Roper should be much smaller. In addition, none of the
decay models include any kind of meson-baryon final state
interaction or coupled-channel effects !29", although there
are indications that these could lead to large shifts of the
energy levels and mixing effects between states !28,35". A
consistent investigation of higher Fock states, such as q4q̄ , is
missing !16", although there are investigations of q4Q̄ sys-
tems, where Q!s !36" or Q!c ,b !37,38".
At this stage a closer look at the different partial wave

analyses may help us to understand the problem in more
detail. In Table I we have listed the mass, width and pole
position of the Roper resonance as extracted from several
partial wave analyses of #N scattering data. The first five
lines correspond to models that either get the mass, mR , and
width, $ , of the Roper resonance by fitting a Breit-Wigner-
like resonance to the #N data or derive the position of the
resonance pole in the complex energy plane. This pole posi-
tion can be related to the mass and width of the resonance by

mR!Re%Pole&, $!"2 Im%Pole&, %1&

which, in fact, is the origin of the denominator in a Breit-
Wigner parametrization of a resonance. By comparing the
mass and width parameters of the analyses %a&–%e& to the
position of the pole as found in %a&, %b&, %d&, and %e& one can
see large discrepancies. The mass, as extracted from the pole,
lies typically '100 MeV below mR . Something similar can
be seen by comparing the widths: here a ratio
"$/Im(Pole)'5 is found instead of the expected value of
2. For an undistorted resonance, such as the ND13

* (1520), the
mass and width from the Breit-Wigner parametrization and
the pole position are essentially the same within a few MeV
!9". This observation shows already that the Roper resonance
is substantially influenced by strong meson-baryon back-
ground interactions and/or effects from nearby thresholds.
Höhler suggested the use of the pole position as source of
information on the mass and width of a resonance, since the

pole has a well-defined meaning in S-matrix theory !41". If
we do so, the QMs use the wrong values for the mass and
width of the Roper resonance. Compared to the pole position
values of mR and $ !calculated using Eq. %1&", the relativized
QM !16" overestimates the mass of the Roper by about 200
MeV and the #N decay width of the Roper resonance is
overpredicted too.
Another remarkable difference between the N*(1520)

and the N*(1440) is seen in examination of the partial wave
amplitudes %displayed as phase shift ( and inelasticity )) in
Fig. 1. The N*(1520) causes a nice change in the phase shift
of the partial wave D13 up to 180° and crosses 90° at '1520
MeV. This is also the position of the maximum in the inelas-
ticity. After passing the resonant phase of 90°, the amplitude
goes back to being almost elastic. The situation is completely
different for the N*(1440). Here the phase shift in the P11
increases slowly, which corresponds to a very broad reso-
nance, but the inelasticity opens very rapidly %almost as fast
as in the D13) and remains inelastic over a very large energy

TABLE I. Some analyses of the #N partial wave P11 as listed in the Review of Particle Physics !9". The
resonance parameters are denoted by mR for the mass and $ for the width of the resonance. The residue is
parametrized by rei*. The numbers in brackets give the error in the last digit. For analyses %f&, %g&, and %h&
the abbreviations CMB !7", VPI !40", and KA !1" indicate for which partial wave solution the speed plot is
calculated.

mR $ Pole Residue (r ,*)
%MeV& %MeV& %MeV& r in MeV, * in deg Ref.

%a& 1467 440 1346"i88 (42,"101) !2"
%b& 1456 428 1361"i86 (36,"78) !3"
%c& 1462%10& 391%34& !8"
%d& 1471 545 1370"i114 (74,"84) !34"
%e& 1479 490 1383"i158 !6"
%f& 1375%30& 180%40& !52(5),"100(35)" !39" CMB
%g& 1360 252 (109,"93) !39" VPI
%h& 1385%9& 164%35& %40,–& !39" KA
%i& 1371 167 %41,–& This work

FIG. 1. Phase shift and inelasticity in the partial waves P11 and
D13 . Data are taken from Refs. !2" %SM95& and !42,1" %KA84&. In
addition, the single-energy analysis from !2" %SE-SM95& is shown.
The vertical lines are drawn at E!1440 MeV (P11) and E!1520
MeV (D13) and correspond to the suggested values of the resonance
masses as given in Ref. !9".

O. KREHL, C. HANHART, S. KREWALD, AND J. SPETH PHYSICAL REVIEW C 62 025207

025207-2

Fig. from PRC 62 025207 (2000)

• not a standard Breit-Wigner shape
• influence by meson-baryon background interac�on?
• effects from nearby thresholds?

→ not a simple radial excita�on of the nucleon?
→ informa�on from photo- and electroproduc�on!

(Q2 dependence of helicity amplitudes)
(Review: Ramalho & Pena Prog.Part.Nucl.Phys. 136 (2024))

Member of the Helmholtz Associa�on October 1, 2024 Slide 4 12



Baryon Transi�on Form Factors Y.-F. Wang et al. PRL 133 (2024)

from the Jülich-Bonn-Washington model Mai et al. EPJ A 59 (2023)

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 in Breit-Wignerdetermina�ons or in ANL/OSAKA [Kamano, Few Body Syst. 59, 24
(2018)]
important for quark models, DSE: meson cloud contribu�onsor radial excita�on of the nucleon?

Prerequisite:
well-defined resonanceparameters & uncertain�es!
→ Jülich-Bonn model
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Jülich-Bonn DCC approach for hadronicreac�ons
π

N B

m



The Jülich-Bonn DCC approach for N∗ and∆ resonances
pion-induced reac�ons 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〉

channels ν, µ, γ:
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 for N∗ and∆ resonances
pion-induced reac�ons 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〉

poten�als V constructed fromeffec�ve L
t- and u-channel: T NP

dynamical genera�on of poles
s-channel diagrams: T P

genuine resonance states
contact terms
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Photoproduc�on
γ

N B

m



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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Simultaneous fit of pion- & photon-induced reac�ons
calculate observables from T -matrix, Mul�pole amplitude M
fit free parameters of T / M to data

σ = 1
2

4π
p2

∑
JLS,L′S′ |τ JL′S′

LS |2

with τfi = −π√ρf ρiT fi

s-channel: resonances (T P )

N∗

N π

KΛ

mbare + fπNN∗

γp→ πN, ηN, KY : couplingsof the polynomials

t- and u-channel exchange: “background“ (T NP )
K Λ,Σ

π N

K∗

Λ,Σ K

Σ,Σ∗

π N

Λ

Σ K

π N + ...
cut offs Λ in form factors

(
Λ2−m2

ex
Λ2+~q2

)n

(couplings fixed from SU(3))
γ

N

m

B

γ

N

m

B

N ∗,∆∗

PNP
µ

PP
i

γaµ

+

couplings in contact terms: one per par�al wave, couplings to πN, ηN, (π∆,) KΛ, KΣ
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Fit parameters vs. resonance parameters

Quan��es of interest (resonance proper�es) cannot be controlled directly
Resonances: poles in the full T -matrix

on the unphysical Riemann sheet
Re(E0) = “mass”, -2Im(E0) = “width”
residues→ branching ra�os
NOT fit parameters!

Workflow:
• fit free model parameters to data→ Amplitude (T -matrix)
• search for poles in T → resonance proper�es as in PDG lis�ngs

Resonance uncertain�es
• from sta�s�cal & systema�c uncertain�es of exp. data
• from sta�s�cal & systema�c uncertain�es of the model

→ extract uncertain�es from re-fits
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Simultaneous fit of pion- & photon-induced reac�ons
Fi�ng procedure

JüBo Model:
numerically expensive but theore�cally well-founded formula�on
∼ 900 fit parameters in total,∼ 75,000 data points

�

χ2 minimiza�on with MINUIT, paralleliza�on in energy (∼ 200 - 400 processes)
[JURECA, Jülich Supercompu�ng Centre, Journal of large-scale research facili�es, 2, A62 (2016)]

Disadvantages of using MINUIT:
• inefficient sampling of the parameter space
• cannot fit all parameters simultaneously
• cannot use parameter uncertain�es as given by MINUIT
• re-fits: can obtain a few parameter sets→ not enough to determine uncertain�es of resonanceparameters!
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Goal of B05: Bayesian parameter es�ma�on with HMC

HMC numerically challenging but rewarding:
efficiently explore the high-dimensional parameter space
(fit all parameters at once)
determine resonance uncertain�es from samples of parameter space
(large enough number of samples)
has never been applied in a complex coupled-channel framework → next level ofprecision for baryon spectroscopy

Advantages in JüBo:
• No sign problem: free parameters and χ2 are real
• problem is ergodic: no singulari�es in χ2

Work plan:
• Connect JüBo fortran code with HMC libraries (hand-tuned standard HMC)
• First applica�on in a single-channel study, reduced parameter space
• coupled-channel fit, extension to η′N
• (explore more sophis�cated HMC methods)
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Summary

N∗ and ∆ resonance spectrum
large amount of new data & many open ques�ons (not only the Roper!)
Prerequisite for a reliable spectrum:

• well defined resonance parameters and extrac�on procedures• well defined uncertainty quan�fica�on!
Jülich-Bonn DCC analysis:

Extrac�on of the N∗ and ∆ spectrum in a simultaneous analysis of pion- andphoton-induced reac�ons [Eur.Phys.J.A 58 (2022) 229, PRC 109 (2024)]
Electroproduc�on: Jülich-Bonn-Washington approach [Mai et al. PRC 103 (2021), PRC 106 (2022),
EPJ A 59 (2023)]

• Baryon transi�on form factors [ Wang et al. PRL 133 (2024)]
Λ∗ and Σ∗ resonance spectrum: in progress

Goals of B05:
Bayesian parameter es�ma�on with HMC
well defined resonance uncertain�es
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Thank you for you a�en�on!



Appendix



Resonance states

(2 body) unitarity and analy�city respected (no on-shell factoriza�on, dispersive parts included)
opening of inelas�c channels⇒ branch point and new Riemann sheet

Resonances: poles in the full T -matrix
on the unphysical Riemann sheet
Pole posi�on E0 is the same in all channels
Re(E0) = “mass”, -2Im(E0) = “width”
residues→ branching ra�os

Analytic structure (P11)

from PW decomposition, e.g. Vu =
1∫

−1

dx P`(x)
u −m2

N + iε ,

2.3 GeV

3-body ππN channel:
parameterized effec�vely as π∆, σN, ρN
πN/ππ subsystems fit the respec�ve phaseshi�s�branch points move into complex plane
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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) 

↖ ↗

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

For Q2=0 (real photons) identical to 

Jülich-Bonn photoproduction amplitude


11

ELECTROPRODUCTION
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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) 

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 (TFFs)

Q2 dependence of transi�on form factors (TFFs):
→ conclusions on the nature of resonances
(e.g. 3 valence quark state, meson cloud contribu�ons, ...)Reviews: e.g. Rev.Mod.Phys. 91 (2019), Prog.Part.Nucl.Phys. 136 (2024)
TFFs from JBW:

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

N(1440)1/2+ Progress in Particle and Nuclear Physics 136 (2024) 104097

39

G. Ramalho and M.T. Peña

Fig. 6.1. Calculations of the �<N ô N(1440) helicity amplitudes that focus on the bare quark contributions: light-front quark model (LFQM 1) [86],
covariant spectator quark model (CSQM) [88], and Holographic QCD model in leading order (LO, leading twist) [374]. Comparison with the MAID
parametrization [78,137,138]. The data are from JLab/CLAS, one pion production (÷) [89] and two pion production (∑) [90,93] and PDG 2022 (˝) [1].
For S1_2 we include also the MAMI data point at Q2 = 0.1 GeV2 ( ) [163].

Fig. 6.2. Calculations of the �<N ô N(1440) helicity amplitudes with meson cloud contributions. Calculations from LFQM 2 [383], LFQM 3 [382] and Holographic
QCD calculation in next-to-next leading order [371]. Calculation of meson cloud contributions from ANL-Osaka DCC model [5,189,228,241] also shown, as well
as comparison with Rational function parametrization of Ref. [108]. Data as in Fig. 6.1. Uncertainty bands calculated from the uncertainties of the form factor
data.

system. The different models provide a fair description of the large-Q2 data, an evidence that the Roper can indeed be interpreted
as a system of three valence quarks, since the photon-quark coupling mechanisms are expected to dominate at sufficiently large Q2.

The LFQM from Ref. [86] from 2007, follows an earlier work [440], long time before the CLAS data from 2009 became available,
and provides a good prediction of the data for Q2 > 2 GeV2. The calculations from the covariant spectator quark model are based
on the model for the nucleon in Ref. [269] and uses a N(1440) radial wave function which is fixed by the orthogonality8 with the
nucleon without any further adjustable parameters [88,296]. The estimates from the covariant spectator quark model are then true
predictions. The holographic QCD calculation from Ref. [374] is based on the formalism from Ref. [373], but considers only the
first Fock state (qqq term). The three couplings are adjusted by the nucleon data, and the calculations are predictions of the large-Q2

region.
In Fig. 6.2, and for comparison to Fig. 6.1, we show calculations that include contributions from the meson cloud effects. The

first observation on the two figures is that the meson cloud screening effect of the quark core couplings lowers the curves of the
light-front quark models (Refs. [382,383]) and that the estimate of the meson cloud contribution from the ANL-Osaka DCC model
(Meson Cloud) [5,189,228,241] is also negative. We can then conclude that, in general, the inclusion of meson cloud effect improves
the description of the data, particularly below Q2 = 2 GeV2.

The LFQM from Ref. [383] (LFQM 2) includes the meson cloud effects in the normalization of the amplitudes, and reduces
the valence quark contribution at large Q2 with the meson cloud contribution to the Roper wave function being about 25%. In
addition, LFQM 2 takes into account the momentum dependence of the quark masses as in the Dyson–Schwinger formalism [383].

8 The approximation is valid when the pseudothreshold Q2 = *(MR *M)2 is not too far away from the photon point Q2 = 0. Under this approximation, the
calculations are expected to be accurate for large Q2.

Figure from Prog.Part.Nucl.Phys. 136 104097 (2024)

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
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Baryon Transi�on Form Factors Y.-F. Wang et al. PRL 133 (2024)

based on most recent JBW, pole parameters from JüBo2017

∆ states:

1 2 3 4 5 6 7
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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. PRL 133 (2024)

based on most recent JBW, pole parameters from JüBo2017

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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The Hyperon Spectrum: Λ∗ and Σ∗ resonances



Extension of JüBo to K̄N sca�ering: in progress
S. Rawat (preliminary)

use SU(3) to adapt πN → X model to K̄N → X
apply the same analysis tools (coupled-channel fits, pole search, ...) as for N∗s
almost finished: coupled-channel fit to K̄N → K̄N, πΛ, πΣ

Selected preliminary fit results K−p→ K 0n

0
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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

”W-structure” due to pole in F05

Preliminary results Λ(1405):
1430.− i11.19 MeV & 1338.− i85.20 MeV

compares well with UChPTe.g. Mai 2015 (sol 4): 1429+8
−7 − i12+2

−3 MeV &
1325+15

−15 − i90+12
−18 MeV
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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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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 high energybehavior
- 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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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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