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Summary
In this thesis, the light baryon spectrum of nucleon and delta resonances is studied up to
center-of-mass energies of 2.5 GeV. In this energy region, the strong interaction is non-
perturbative and other methods are required. For this purpose, the Jülich-Bonn dynamical
coupled-channel framework is employed. The model uses hadrons as the relevant degrees
of freedom and the interaction is constructed from an effective Lagrangian. Furthermore,
s-channel diagrams are included as genuine resonance states. The Lippmann-Schwinger
scattering equation preserves analyticity, which is essential for a reliable extraction of
resonance properties.
The Jülich-Bonn model was originally developed for pion-induced reactions such as

πN → πN , ηN , KΛ and KΣ. It was later extended in a phenomenological way to include
the photoproduction processes γp → π0p, π+n, K0Λ+, K0Σ+ and K+Σ0.
In this thesis, we present an updated fit result with new photoproduction data for the

processes γp → π0p, π+n and ηp. So far, only photoproduction reactions with proton
targets were analysed with this framework. One of the main achievements of this thesis
is the extension of the framework to photoproduction off neutron targets, allowing for a
simultaneous description of γn → π0n and π−p, in addition to the reactions listed above.
Another important aspect of this thesis is the Gerasimov-Drell-Hearn (GDH) sum rule,

which follows from fundamental principles of quantum field theory and provides access to
the spin structure of the nucleon. Using the Jülich-Bonn framework, the contributions of
individual reaction channels to the GDH sum rule are determined. These contributions are
calculated for photoproduction processes on both proton and neutron targets, providing
new insights into the spin-dependent structure of the nucleon.
This thesis is structured as follows: Chapter 1 gives a short introduction to the Standard

Model, the strong interaction, and light baryon spectroscopy. Chapter 2 presents the
theoretical foundations relevant to this work. In Chapter 3, the Jülich-Bonn dynamical
coupled channel framework is described. In Chapter 4, the fit results of the analysis
recently published in Ref. [1] is presented. The extension of the Jülich-Bonn model to
photoproduction with neutron targets and the fit to the data base for the final-states
π0n and π−p is presented in Chapter 5. Finally, Chapter 6 presents and discusses the
contributions of the individual channels to the GDH sum rule, based on the fits performed
in Chapters 4 and 5.
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1. Introduction

This chapter serves as a brief introduction to the field of light baryon spectroscopy. It
first outlines the essential concepts of the Standard Model and the strong interaction, and
the basic properties of hadrons are introduced. Based on these foundations, the chapter
then introduces the light baryon spectrum and further lists some important experimental
efforts as well as the main analysis approaches in the field.

1.1. Standard Model

As a starting point, we briefly review the Standard Model of particle physics. The Standard
Model is the quantum field theory that unifies the electromagnetic, weak and strong forces
of nature, but so far the gravitational force could not be included.
The fermionic particle content of the Standard Model can be grouped into leptons and

quarks which each can be categorized into three generations. The leptons consist of the
electrically charged leptons: (electron e, muon µ and tau τ), and their corresponding
lepton-neutrinos: (νe, νµ, ντ ), which do not carry electric charge. The first generation
of quarks consist of the up- (u) and down-quark (d), the second of the charm- (c) and
strange-quark (s), and the third of the top- (t) and bottom-quark (b). Each fermion
also has an antiparticle. All fermionic particles can interact under the weak interaction
and the electrically charged ones (all except for the lepton-neutrinos) interact via the
electromagnetic force. However, only the quarks additionally participate in the strong
interaction because they carry the color charge. The bosonic particles in the Standard
Model are given by the massless gluons and photon, as well as the massive W± and Z and
the Higgs particle. This particle content is illustrated in Fig. 1.
The Standard Model is an SU(3)C ×SU(2)L ×U(1)Y gauge theory that is spontaneously

broken by the Higgs potential. Here, SU(3)C is the color group of the strong interaction
and implies 8 massless, color-carrying gauge bosons called gluons. The gluons are the
mediators of the strong force. The combination SU(2)L × U(1)Y corresponds to the
electroweak interaction. The mediators of the weak force are the massive W±- and the Z-
boson, while the electromagnetic force is mediated by the massless photon γ. Furthermore,
the Standard Model includes the Higgs boson as a scalar field. The Higgs potential has
a degenerate minimum with a non-zero vacuum expectation value, such that symmetry
gets spontaneously broken. This generates effective masses for the W±- and Z-boson as
well as for the quarks and leptons. Initially, the neutrinos were considered massless in
the Standard Model, but observed phenomenona like the neutrino oscillations lead to the
conclusion of a non-zero mass for the neutrinos [2].
The Standard Model includes up to 28 parameters [3]:

• six lepton masses and six quark masses,

• three gauge coupling constants,

• three quark-mixing angles and one complex phase,
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• three neutrino-mixing angles and as many as three complex phases1,

• one Higgs mass and one quartic coupling constant,

• one QCD vacuum angle.
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Figure 1: Graphical representation of the Standard Model of Particle Physics. The mass
values of the particles are taken from the PDG particle listings [5].

1.2. Strong Interaction and Hadrons

The electromagnetic interaction can be described by quantum electrodynamics (QED),
which is a quantum field theory in which scattering amplitudes can be calculated using
perturbative methods due to the small coupling constant. It provides very precise pre-
dictions of fundamental observables and the perturbative approach can be applied at all
energies probed until today2. In contrast to this, the strong interaction cannot be treated
perturbatively at all energies. This is due to the fact, that the gluon carries color itself,
which leads to the effect of the ”running coupling”. This means that the strong coupling
constant is low only in the high energy regime (”asymptotic freedom”) and becomes large

1If the neutrinos are Majorana fermions there are as many as three CP-violating complex phases. In the
case of a Dirac neutrinos there is only one complex phase [4].

2The binding of atoms and molecules is clearly a non-perturbative phenomenon, but here perturbation
theory can be employed to control the binding potential.
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for low energies. The gauge theory of the strong interaction is called quantum chromody-
namics (QCD) (see Sec. 2.2) and it can only be treated perturbatively for higher energies.
A further consequence of the nature of the strong interaction leads to the phenomenon
of ”confinement”: Quarks cannot be observed as free particles and are confined within
color-neutral objects, called hadrons. The most simple hadronic states are built of a
quark-antiquark pair (meson) and 3 quark states (baryon). Hadrons with a more com-
plex quark content are called ”exotics”. These exotic states are structures like ”glueballs”,
multiquark states, hadronic molecules or hybrid states [6–9].
In the original quark model developed by Gell-Mann, Niemann and Zweig in the 1960s,

it was found that the mesons and baryons could be grouped into multiplets. By considering
SU(3) symmetry for the light quark flavors (u, d, s), they found that mesons and baryons
form multiplets with respect to the isospin I3 and the strangeness S. The pseudoscalar
(spin 0) and vector (spin 1) mesons constitute an octet and a singlet each. These are shown
in Fig. 2. Similarly for the baryons one found a spin 1/2 octet and a spin 3/2 decuplet as
shown in Fig. 3. This was also known as the ”eight-fold way” and Gell-Mann predicted
the existence and the mass of the Ω− baryon, which was observed experimentally shortly
after very close to the predicted value [10].

I3
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K+K0

π+π0 η

η′
π−

K
0K−

I3

S

K∗+K∗0

ρ+ρ0
ω

Φ
ρ−

K
∗0K∗−

Figure 2: Left: Pseudoscalar meson multiplet. Right: Vector meson multiplet.

Since then, further hadrons were discovered at higher energies and the quark picture
was extended to three heavy quark flavors: c (charm), b (bottom) and t (top). However,
there are no hadrons with top-quarks, since its lifetime is shorter than the timescale of
non-perturbative strong interactions, which prevents a hadronization process [5]. Even
though the picture of hadrons being formed by valence quarks (qq̄ and qqq) can predict
the quantum numbers of many hadrons (except for exotics), it cannot explain their masses.
This is due to the fact that the main part of the hadron masses originates from the gluon-
field instead of the masses of the quarks.
Almost all hadrons are resonances (see Sec. 2.1) and therefore unstable states. Up

to now we only discussed ground states for hadrons, but there are many more excited
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Figure 3: Left: Baryon octet. Right: Baryon decuplet.

states which also appear as resonances in scattering processes and decay back into ground
states. These resonances may appear as structures (e.g. peaks) in the experimental data.
However, identifying resonances in a region with multiple, overlapping resonances is not
straightforward. This is the case for energies, in which nucleonN∗ and Delta ∆∗ resonances
exist.

1.3. Light baryon spectroscopy

In light baryon spectroscopy one studies the excited nucleon N∗ and Delta ∆∗ spectra.
Some recent reviews on the topic of Light Baryon Spectroscopy are given in Refs. [11–14].

Quark Models and Lattice QCD predictions for the N∗ and ∆∗ spectrum

One of the major challenges to this day in hadron physics is to fully understand the
excitation spectrum of the nucleons and Deltas. There exist different approaches to predict
these spectra. The two most prominent ones are from quark models and lattice QCD.
There are also other approaches that we will not cover further here (see Refs. [15–21]).
After the initial quark model by Gell-Mann, Niemann and Zweig, the ideas were devel-

oped further to also describe the sprectrum of excited hadrons. Constituent quark models
assume that hadrons are bound states of so called ”constituent quarks”. These kind of
models were initally proposed by Isgur and Karl [22, 23] and several groups further de-
veloped them to advanced quark models [24–26] or to include relativistic effects [27–31].
These constituent quarks are the fundamental ”current” quarks from the QCD Lagrangian
with modified properties to allow for a surrounding cloud of gluons and quarks. Inter-
actions for these phenomena cannot be derived from QCD itself and thus needs to be
modeled as effective potentials. Generally a linearly rising confinement-potential is as-
sumed for the long-range interaction and the approaches differ in the parametrization of
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the short-range potential of QCD. After the potential is fixed, one uses either a differen-
tial (Dirac-/Schrödinger-) or an integral (Lippmann-Schwinger-/Bethe-Salpeter-) equation
that needs to be solved to find the spectrum. Predictions of quark models for low-lying
resonances are in good agreement with analyses using experimental data. However, many
predicted states at higher energies could not be observed in data. This was often referred
to as the ”missing resonance problem” [32]. One special low lying state is the so called
Roper resonance, N(1440)1/2+, which is the first nucleon excitation with positive parity.
Quark models usually predicted the mass of this state to be larger than the first negative-
parity state, N(1535)1/2−. However, it was found by studies that the mass of the Roper
resonance actually lies below the N(1535)1/2−. This led to the interpretation of some
analysis groups that the Roper resonance is dynamically generated from meson-baryon
interactions, but the nature of the N(1535)1/2− is still not fully understood and remains
an active subject of ongoing research [11–13, 33–35]. Also note that there are hardly any
reliable predictions for decay widths of hadronic resonances from quark model studies. To-
day, fundamental approaches like effective field theories (see Sec. 2.3) play a more central
role than quark models.
Lattice QCD, originally formulated by Wilson [36], provides a non-perturbative, first-

principles framework to study the spectrum of hadrons directly from the underlying quark-
gluon dynamics. Reviews relevant for hadron spectroscopy can be found in Refs. [37–39].
Euclidean-time correlation functions from suitably interpolating operators are evaluated
numerically on a discretized four-dimensional spacetime with finite lattice spacing a and
volume V . The resulting finite-volume energy levels give information on the QCD spec-
trum. For the case of stable states these energy levels can be directly related to hadron
masses.
The study of resonances is essential for light baryon spectroscopy, but it is more compli-

cated in lattice QCD. Since lattice QCD is formulated in Euclidean spacetime and yields
a discrete finite-volume spectrum, it does not provide direct access to real-time scatter-
ing observables or resonance properties such as decay widths. Consequently, resonance
information has to be obtained indirectly by using finite-volume formalisms, such as the
prominent ”Lüscher’s method” [40–42], which relates the discrete energy levels to infinite-
volume scattering phase shifts. Applications of these techniques to the light baryon sector
can be found in Refs. [43–53], with more recent studies focusing in particular on the
∆(1232) resonance [54–56].
To get reliable predictions for the light baryon spectrum one requires extrapolations to

the continuum limit (a → 0) and infinite volume (V → ∞), as well as a careful treatment of
multi-hadron states and scattering effects. Additionally, simulations are often performed
at heavier than physical quark masses, leading to unphysically large pion masses, which
further complicates the extraction of resonance properties. To get the connection to the
physical spectrum, one requires chiral extrapolations [57].

Experiments

There are many experimental efforts to study the light baryons. The beginning for the
excited nucleon spectrum was given by experiments studying pion nucleon scattering. A
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large amount of data originated from the LAMPF experiment in Los Alamos, USA, the
TRIUMF experiment in Vancouver, Canada, and experiments from the Paul-Scherrer-
Institute (PSI) in Villigen, Switzerland [11]. Already in the early days of pion-nucleon
scattering, researchers found a lack of resonances compared to quark models (missing
resonance problem).
More recent experiments contributing to the pion-nucleon world data base are given by

the Crystal Ball experiment at Brookhaven National Lab [58, 59], experiments from the
PSI [60, 61] and the ITEP-PNPI [62].
Another contribution to the pion-nucleon scattering data base was produced by the

HADES experiment at GSI [63, 64].
In recent years the experiments in the field mainly focused on photoproduction data.

Among those facilities are:

• The Electron Stretcher Accelerator (ELSA) is located at the University of Bonn [65].
The different experiments at this facility were the SAPHIR [66], the CB-ELSA, the
CB-TAPS and the CBELSA/TAPS experiments. The CB-TAPS experiment was
moved and used for the new BGOOD experiment [67].

• The Mainz Microtron (MAMI) accelerator facility located at the University of Mainz
[68]. Different experiments were performed at the facility such as the TAPS exper-
iment [69], the GDH experiment in collaboration with the group at ELSA to study
the Gerasimov-Drell-Hearn sum rule [70], and Crystal Ball/TAPS.

• The CLAS experiment (CEBAF large acceptance spectrometer) is located in Hall B
at the CEBAF accelerator at the Thomas Jefferson national Accelerator Facility in
Newport News, Virginia, USA [71].

• The GRenoble Anneau Accélérateir Laser (GRAAL) experiment is located at the
European Synchrotron Radiation Facility (ESRF) at Grenoble, France [72, 73].

• The Super Photon ring 8-GeV (SPRING-8) facility is located at the Harima Science
Park City, Japan. Experiments performed here are the LEPS experiment [74], the
BGOegg experiment [75], and the LEPS2 experiment [76].

These photoproduction experiments allow the production of high precision polarization
data. The main source of data is given by the photoproduction of pseudoscalar mesons (π,
η, K). In such processes up to 16 polarization observables can be measured. The question
of how many observables one needs to measure to fully determine the photoproduction
amplitude is addressed in different studies and lead to the search of the so called ”complete
experiments” [77, 78], which received more attention again in the recent years [11, 79–82].
It was found that certain sets of eight selected observables could resolve all discrete ambi-
guities up to an overall phase. However, each set of observables requires the polarization of
the incident photon beam and the target and the measurement of the recoil particle, which
is a considerable challenge for experiments. In case of pion and eta photoproduction ex-
periments one requires the measurement of the polarization of recoil nucleon, which needs
further experimental setups. Strangeness photoproduction reactions have the advantage
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that the hyperon polarization can be determined from the parity violating weak decays
by measuring the angular distribution of the products from Σ0 → Λγ and Λ → π−p [83].
We also have to keep in mind that the assumption of eight observables being sufficient
only holds if measurements are free of uncertainties. The number of observables required
to remove all ambiguities is in fact larger as mentioned in Refs. [79, 81, 84, 85].
Another way to study the light baryon sector is through electroproduction experiments,

which allows to access virtual photons with Q2 ̸= 0. Electroproduction processes give
further insights on the internal structure of resonance states [45, 86, 87]. In contrast to
photoproduction, there are six helicity amplitudes in electroproduction of pseudo-scalar
mesons. Thus, more measurements are required for a ”complete experiment” [88]. Ad-
vances in the field of electroproduction experiments in the last decades have been made
by several groups, including JLAB [89–92] and MAMI [93–95].
The recent years brought major advancements in the field of light baryon spectroscopy.

Many experimental facilities provide high-precision measurements with polarized photon
beams and/or polarized targets which give analysis groups the ability to more reliably
extract the resonance spectrum. There are also new experiments being built or planned
for the future. Among those is the PANDA experiment at the FAIR facility at GSI in
Darmstadt, Germany, to study pp̄ collisions [96–98]. There is also the future INSIGHT
experiment, which is an important upgrade for the BGOOD and CBELSA/TAPS experi-
ments at ELSA, and it focuses on the excited hyperon spectrum [99, 100]. There are also
plans at JLab to built the KLF facility in Hall D using a KL beam to scatter on nucleon
targets [101, 102].

Analysis groups in the Light Baryon Spectroscopy

There are different analysis groups and approaches to study the N∗- and ∆∗-spectra. In
order to determine resonance parameters from the experimental data, one parameterizes
the amplitude as a function of energy and perform an energy dependent fit to the data
(or perform single energy fits). Then the amplitude needs to be analytically continued
into the complex energy plane to extract the pole parameters of resonances. These pole
parameters from an analytic function characterize the resonances. A further challenge in
light baryon spectroscopy is given by the large number of thresholds within the respective
energy region and resonances couple to these different channels. Thus, analysis groups
perform a so-called ”coupled channel” approach, where partial-wave analyses to study the
resonances in the individual partial waves are performed. In the following, we outline
some of these different approaches.
The Jülich-Bonn group uses a dynamical coupled channel (DCC) approach to

study pion- and photon-induced processes [1, 33, 103–118]. It was further developed by
the Jülich-Bonn-Washington group to study electroproduction reactions [119–122]. We
will describe the Jülich Bonn model in more detail in Chapter 3. Another DCC approach
was developed by the ANL-Osaka group [123, 124].
Dynamical coupled channel models use an amplitude parametrization with mesons and

baryons as their respective degrees of freedom. A recent review on this topic can be found
in Ref. [125]. In DCC approaches the scattering equations are solved iteratively with
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off-shell integrations such as the Lippmann-Schwinger equation. They respect S-matrix
principles such as unitarity and preserve analyticity (see Sec. 2.1). With this, one can
determine resonance parameters in the complex energy plane reliably. The scattering
potential is based on effective Lagrangians, that preserve the symmetries of QCD. The
background is provided by t- and u-channel diagrams from meson- and baryon-exchange
potentials. Genuine resonances are included as s-channel diagrams, but due to the nature
of the scattering equation a dynamical generation of resonances is also possible. In con-
trast to K-matrix approximations the real dispersive parts of the intermediate propagator
are kept in the scattering equation. However, DCC approaches require substantial com-
putational and formal efforts when keeping the field theoretical approach as well as the
coupled channel aspect.
The SAID-analysis is one of the earliest energy dependent studies in the field to study

pion- and photon-induced reactions. It is developed by the George-Washington University
(GWU) [126–132]. They use aK-matrix type approach with a Chew-Mandelstam function
and the real part of this function is retained to keep analyticity. For the photoproduction
part a so called ”P-vector” (production-vector) formalism is used [133]. Within this SAID-
approach the energy dependence is given by phenomenological polynomials and the only
genuine resonance used as input is the ∆(1232). Thus, all other poles of the T -matrix are
generated dynamically.
Note, the SAID analysis for the elastic pion-nucleon process serves as input for other

partial-wave analysis groups. Thus, the SAID analysis is an important study for the field.
Furthermore the SAID group maintains a large database collecting pion- and photon-
induced data sets [126].
Another partial-wave analysis using a coupled-channel formalism is the Bonn-Gatchina

(BnGa) model [131, 134–136]. The BnGa group uses aK-matrix approach and for photon-
induced reactions they introduce a P-vector. They recently extended the model by a N/D-
inspired technique and for reactions with weakly coupled decays (e.g. 3-body final-states)
they use a D-vector approach [131]. If both the production and decay couple weakly, they
use a PD-vector technique. Furthermore, the BnGa group is using so-called ”reggeized”
amplitudes for forward-peaks at high energies originating from t-channel exchanges. No
low-energy constraints from chiral perturbation theory or Watson theorem are included,
but the analysis satisfies the Watson theorem to some degree. Resonances are included as
input to the K-matrix and t- and u-channel diagrams parametrize the main part of the
background. The BnGa model is optimized to allow many fits within short runtimes.
The MAID analysis is used to study photo- and electroproduction reactions [137–

139]. The MAID group uses a unitary isobar model with a background and resonant
T -matrix. For the resonant parts they use multi-channel Breit-Wigner amplitudes. The
background part is defined by Born-terms together with an amplitude modeling pion-
nucleon rescattering. In recent studies the MAID group introduced Regge-amplitudes for
selected reactions. Within the model, the phases of the total amplitude are adjusted to
fulfill Watson’s theorem below the 2π-threshold.
This list is not to be taken as complete. There are further approaches, e.g. Kent State

University model [140–143] and Gießen model [144, 145], or older πN -scattering studies,
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e.g. by Cutkosky [146], Höhler [147, 148] or Arndt [149].
The different analysis groups also differ in the number of resonances found within their

studies. Some studies allow for dynamical generation of resonances and thus do not need
to include each resonance as input for the model. For example the SAID-analysis only
uses the ∆(1232) as input. The different approaches lead to a difference in importance
of some resonances (or some are not even found). From this arises the discussion of
which resonances are actually needed to build a ”minimal model” that can describe the
experimental data. This topic is further explored in the review on ”N and ∆ Resonances”
of the Particle Data Group (PDG) [5]. The PDG introduced a ”star-rating” for these
excited states (as can be seen in Tabs. 10, 11, 24 and 25). For a listing of the resonances
with their star rating and the resonances that each analysis groups finds in their studies,
we refer to Sec. 7.2 in Ref. [11].
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2. Theoretical Background
In this chapter we provide some theoretical background relevant to this work. We start
with elements of scattering theory and introduce the S-matrix. After that we explain
briefly the fundamentals of Quantum Chromodynamics (QCD) and introduce the concept
of Effective Field Theory (EFT) and Chiral Perturbation Theory (ChPT). At last we
introduce the Gerasimov-Drell-Hearn (GDH) sum rule and outline its derivation.

2.1. Properties of the S-matrix and elements of scattering theory
The S-matrix is the operator that connects asymptotic in and out states. We can separate
the interacting part of the S-matrix and define the T -matrix (sometimes called transfer
or transition matrix) in operator form by [150, 151]

S = 1 + 2iT . (2.1)

Note that the prefactor 2i is conventional. Scattering processes are characterised by the
Mandelstam variables. For 2 → 2 processes with incoming momenta (p1, p2) and outgoing
momenta (p′

1, p
′
2) the Mandelstam variables are defined by:

s = (p1 + p2)2 = (p′
1 + p′

2)2 (2.2)
t = (p1 − p′

1)2 = (p2 − p′
2)2 (2.3)

u = (p1 − p′
2)2 = (p2 − p′

1)2 . (2.4)

These three variables are not independent and are related by the sum of the squared
masses of the involved particles:

s+ t+ u = m2
1 +m2

2 +m′2
1 +m′2

2 . (2.5)

The Mandelstam variable s is related to the center-of-mass energy Ecm =
√
s. The variable

t defines the momentum transfer from the particle 1 (2) to the particle 1′ (2′). Conse-
quently, the S-matrix and the amplitudes are in general functions of Lorentz-invariants of
the process. In the case of a 2 → 2 process, one uses the Mandelstam variables s and t.
For a general 2 → n reaction with n ≥ 2 the amplitudes depend on a set of 3(2 + n) − 10
invariants.
Consider the scattering process 1+2 → 1′+2′ via a s-channel diagram as shown in Fig. 4.

One may instead view the process as scattering between the incoming particle 1 and the
antiparticle of 1′, denoted by 1̄′, with momenta p1 and −p′

1, and the outgoing antiparticle
2̄ and particle 2′, with momenta −p2 and p′

2. Under this transformation, the Mandelstam
variable t plays the role that s had in the original process. Thus, the amplitudes in the s-
and t-channels are related by the so-called ”crossing symmetry”. An analogous argument
can be made to the u-channel and this context the t- and u-channel are also referred to
as ”crossed channels”.
The S-matrix is a unitary operator S†S = 1. This property is linked to the conservation

of probabilities in Quantum Mechanics. Imposing unitarity on the S-matrix leads to the
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Figure 4: Sketch of s-, t- and u-channel diagrams for the scattering process 1+2 → 1′ +2′.
Time flows from left to right.

optical theorem, which puts constraints on the T -matrix:

1
2i
(︂
T − T †

)︂
= T † T . (2.6)

Considering asymptotic states |µ⟩ and |ν⟩ for a process µ → ν and the corresponding
matrix elements as ⟨µ|T |ν⟩ ≡ Tµν , one can write this relation as:

1
2i
(︁
Tµν − T †

µν

)︁
=
∑︂

κ

TµκT
†
κν . (2.7)

Here the sum over intermediate states 1 =
∑︁

κ |κ⟩ ⟨κ| should be understood as an integra-
tion and a summation over all discrete and continuous quantum numbers. The T -matrix as
defined in Eq. (2.1) is not Lorentz invariant. One can define a Lorentz invariant amplitude
τ by introducing phase space factors ρµ as

Tµν = √
ρµτµν

√
ρν . (2.8)

With this one would also introduce an integration over the phase space of the intermediate
state κ in Eq. (2.7).
Considering asymptotic and intermediate two-body particle states, one talks about ”two-

body unitarity”, if the optical theorem is fulfilled by the amplitudes. Unitarity for more
than two-body states is generally harder to implement. Especially the three-body unitarity
is a current research topic [152–155].
Every parametrization for amplitudes should maintain the unitarity of the S-matrix.

The Breit-Wigner parametrization is commonly used for isolated resonances, but does
not maintain unitarity in case of multiple overlapping resonances. Another widely used
parametrization for coupled-channel frameworks is the ”K-matrix” approach [133, 156,
157]. The operator relation of the T -matrix in Eq. (2.7) can be rewritten to:(︂

T−1 + i1
)︂†

= T−1 + i1 . (2.9)

This leads to the definition of K-matrix given by:

K† ≡ T−1 + i1 . (2.10)
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The T -matrix in terms of K can be written as:

T = K (1 − iK)−1 = (1 − iK)−1K . (2.11)

To obtain a unitary S-matrix, one has to parameterize K in a way that it is real and
symmetric. Apart from that, there is a lot of freedom in choosing a form of K. Some
studies use a K-matrix approximation, in which the real dispersive parts of intermediate
states are neglected, which breaks analyticity of the amplitude [158].
For the case of 2 → 2 scattering, the amplitudes are functions of the Mandelstam vari-

ables. In fact, these amplitudes are analytic (complex differentiable) functions of these
external invariants up to poles, branch points and branch cuts. Branch points occur
whenever a new channel becomes available: sthr = (m1,a +m2,a)2, where mi,a denote the
masses of the two particles in channel a. These channels introduce a square-root singular-
ity. There exist two solutions to the equation x = y2:

√
x and −

√
x, which are represented

as two ”Riemann sheets” in the complex plane. Thus, each square-root from a channel
opening doubles the number of Riemann sheets. Each branch point has an associated
branch cut. The usual convention is that those cuts run from the corresponding threshold
to infinity and are called ”right-hand cuts”. Note, that there is a freedom of choosing the
direction of the cuts. In the Jülich-Bonn framework, these right hand cuts are rotated
towards the negative imaginary axis [111, 113]. One can make an analytic continuation by
continuing the Mandelstam variable s into the complex plane. The Riemann sheet related
to the positive imaginary part is called the ”physical sheet”. The other sheets are called
”unphysical sheets”.
The physical sheet is free of singularities apart from the cut on the real axis (except

for bound states). Note, that there can also be left-hand cuts originating from thresholds
in the crossed channels. This originates from the principle of analyticity of the S-matrix
and is inherently linked to causality. Causality ensures that effects follow their causes in
chronological order.
On the unphysical sheets one can find poles and branch points. The poles of the ampli-

tude can be characterised as:
• Bound states: Poles on the real axis below threshold on the physical sheet,

• Virtual states: Poles on the real axis below threshold on the unphysical sheet,

• Resonances: Poles inside the complex plane on the unphysical sheet.
Furthermore, analyticity leads to each pole in the complex plane at sP having a second
pole at its complex conjugate s∗

P . This originates from the ”Schwarz reflection principle”:

T (s)∗ = T (s∗) . (2.12)

These singularities, poles and branch points determine the visible structures in physical
observables, of which one can only measure the values on the real axis. However, not every
bump or peak in the observables relates to a resonance. Note also, that not all resonances
lead to visible structures in observables. For example, the Roper resonance in the baryon
sector N(1440)1/2+ did not occur in the πN -observables or phase shift, however detailed
analyses still found this pole in the complex plane [159].
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2.2. Quantum Chromodynamics
Quantum Chromodynamics (QCD) is the nonabelian gauge theory of the color SU(3)C [3,
151]. In the Standard Model the quarks are the only fermions that carry color charge
and they exist in 6 flavors (u, d, s, c, b, t). Furthermore, the gauge bosons for the strong
interaction are the 8 gluons and these carry color charge themselves. The Lagrangian of
QCD is given by:

LQCD = −1
4F

a,µνF a
µν +

∑︂
α

ψ̄α
j (i /Djk −mαδjk)ψα

k + . . . , (2.13)

where ψα
k defines the quark field of the flavor α and color k. The omitted terms, indi-

cated by ”. . . ”, include the gauge-fixing and ghost-field contributions that arise in the
quantization of the non-abelian gauge theory [151]. The covariant derivative is defined by:

Dab
µ = ∂µδ

ab + igT ab
c Ac

µ , (2.14)

where T ab
c are the SU(3) generators in the adjoint representation. The gluon field strength

tensor is given by:
F a

µν = ∂µA
a
ν − ∂νA

a
µ − gfabcAb

µA
c
ν (2.15)

with the gluon fields Aa
µ (a = 1, . . . , 8) and fabc being the totally antisymmetric structure

constants of SU(3) defined by
[︂
T a, T b

]︂
= ifabcTc. The quarks and antiquarks transform

under the fundamental and anti-fundamental representation in this gauge theory. Note,
in QED one deals with the abelian gauge group U(1) for the gauge field of the photon and
the last term of the field strength tensor is absent FQED

µν = ∂µAν − ∂νAµ.
There is another additional gauge invariant term of mass dimension 4 called the QCD-θ

term given by [3]:

Lθ
QCD = g2θ

32π2 ϵ
µναβF a

µνF
a
αβ . (2.16)

This term transforms odd under parity and even under charge conjugation. Thus, it is a
CP -violating term, but has yet not been observed by experiments, i.e. strong interaction
seems to preserve CP -symmetry. An upper bound was derived from the existing upper
bound of the neutron electric dipole moment as θ ≤ 2.5 × 10−10 [160]. Up to now there is
no explanation, why this term is so small.
Compared to Quantum Electrodynamics (QED) there is a significant difference when it

comes to QCD, which is the renormalization of the coupling constants:

β(gr) = −
(︃

11 − 2nf

3

)︃
g3

16π2 + O
(︂
g5
)︂
, (2.17)

where nf is the number of flavors. At one loop order one finds the solution:

αs(Q2) = gr(Q2)2

4π = 2π(︃
11 − 2nf

3

)︃ 1
log

(︂
Q2

ΛQCD

)︂ . (2.18)
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This leads to the phenomenon of ”running coupling”, where αs decreases for larger Q2,
but increases for small Q2. This is different to QED, where the coupling is small for low
momentum transfers αem(Q2 = 0) ≈ 1/137 and rises for increasing Q2. We further have
introduced an energy scale ΛQCD ≈ 200 MeV which is a fundamental parameter of QCD.
QCD perturbation theory is usually applicable, if mass scales large compared to this scale
are probed (ΛQCD/M)2 ≪ 1. In the low energy region one has to use other methods such
as the concept of effective field theories.

2.3. Effective Field Theory and Chiral Perturbation Theory

In physics there are many different areas studying phenomena at different scales (e.g.
length, time, energy or mass). In particle physics the range of observed particle masses
is large. Neglecting neutrino masses, the masses of the fermions in the Standard Model
ranges from the electron mass me ≈ 0.5 MeV up to the top quark of mt ≈ 170 GeV.
However, one can calculate the spectrum of e.g. the hydrogen atom with high accuracy
without considering the top-quark at all. Thus, one can neglect effects of much heavier
particles in such a theory. When studying a certain energy range of particles, one needs to
identify the relevant degrees of freedom of this energy regime. Weinberg stated, that one
only needs to write out the most general Lagrangian including all terms consistent with
all relevant symmetries [161]. One further needs to establish a power counting to then get
proper amplitudes up to a given order in the expansion.
A nice example for this is light-by-light scattering at energies much lower than the

electron mass E ≪ me in QED. One can then write down an effective Lagrangian only
considering photons as the respective degrees of freedom: LQED[ψ, ψ̄, Aµ] → Leff[Aµ].
However, the electrons of the underlying full theory also contribute to the photon-photon
scattering (e.g. via box diagrams). These diagrams of the underlying theory then deter-
mine the coupling constants in the effective theory of the invariant terms of the Lagrangian
(in this case orders of (FµνF

µν)2 and (FµνF̃
µν)2). This effective theory for light-by-light

scattering is known as the Euler-Heisenberg effective Lagrangian [162].
Now let us consider the strong interaction, where the underlying theory is QCD. Many

hadron states exist above the mass scale of Λhad ≈ 1 GeV for mesons and baryons. There
are only a few hadrons lighter than this. QCD is formulated in terms of gluons and quarks,
while the relevant degrees of freedom at low energies are the hadrons. Let us investigate
the theory of the three light quark flavors (u, d, s), which are relevant in light baryon
spectroscopy. The QCD Lagrangian is given by

LQCD = −1
4F

a,µνF a
µν + q̄(i /D −M)q , (2.19)

where q are the light quark fields qT = (u, d, s) and M is the quark mass matrix M =
diag(mu,md,ms). We can decompose the quark fields into their chiral components by:

q = 1
2(1 − γ5)q + 1

2(1 + γ5)q = PLq + PRq = qL + qR , (2.20)
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where we introduced the left-handed qL and right-handed qR quark fields. Using the
properties of the Dirac-matrices γi, one can rewrite the Lagrangian to:

LQCD = q̄Li /DqL + q̄Ri /DqR − q̄LMqR − q̄RM
†qL − 1

4F
a,µνF a

µν . (2.21)

This Lagrangian obeys symmetries like Lorentz-invariance, SU(3)C gauge invariance as
well as P , C and T . Note that the masses of the three lightest quarks are much smaller
than ΛQCD. This motivates the study of an effective field theory in the case M = 0. In
such a limit, the Lagrangian has a global symmetry

U(3)L × U(3)R = SU(3)L × SU(3)R × U(1)V × U(1)A , (2.22)

where we introduced the vector V = L + R and the axial vector A = L − R trans-
formations, which transform left- and right-handed fields, accordingly. This symmetry
is called the ”chiral symmetry” and the limit of vanishing light quark masses is called
the ”chiral limit”. Each of these symmetry groups exhibit an associated Noether cur-
rent. The U(1)V symmetry is connected to the conservation of baryon number, which is
fulfilled in the Standard Model. The associated current for the U(1)A-symmetry is not
conserved, since the symmetry is broken by the U(1)A-anomaly. The currents connected
to SU(3)L × SU(3)R are explicitly broken by the quark masses. In nature the chiral
symmetry is realized in the Nambu-Goldstone mode [163, 164]. The Vafa-Witten theorem
states that the vector subgroup remains unbroken [165]. However, the axial charges do not
leave the ground state invariant. Goldstone’s theorem states that such a spontaneously
symmetry breaking leads to the appearance of massless spin-0 particles, which are called
”Goldstone bosons” [163, 164]. The spontaneous breaking of the chiral symmetry leads to
the existence of 8 Goldstone bosons, which are identified with the 8 lightest pseudoscalar
mesons (π±, π0,K±,K0, K̄0, η). These are massless in the chiral limit.
The effective field theory describing low-energy strong interactions is the so called ”chiral

perturbation theory” (ChPT). Here, we give an outline on how to construct an effective
theory for the Goldstone bosons.
One can build a unitary matrix U containing the Goldstone boson fields [166]:

U = exp
(︄
i
√

2Φ
Fπ

)︄
, Φ =

⎛⎜⎜⎝
π0
√

2 + η√
6 π+ K+

π− − π0
√

2 + η√
6 K0

K− K̄0 − 2η√
6 ,

⎞⎟⎟⎠ (2.23)

where Fπ is the pion decay constant in the chiral limit. Under the chiral group with
transformations (R,L) ∈ SU(3)L × SU(3)R the Goldstone boson fields U transform as

U → LUR† . (2.24)

In this effective theory the momenta of the Goldstone bosons pGB are small compared
to the typical hadronic scale Λhad ≈ 1 GeV. Thus, one can expand the terms of the
Lagrangian in orders of pGB/Λhad and introduce a power counting. Lorentz invariance
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demands that the Lagrangian terms only come in even powers of derivatives (and thus
momenta):

L =
∑︂

n

L(2n), L(2n) = O
(︄(︃

pGB
Λhad

)︃2n
)︄
. (2.25)

The term L(0) can only be a constant and from Goldstone’s theorem one finds that the
leading term is given by L(2):

L(2) = F 2

4 ⟨∂µU∂
µU †⟩ . (2.26)

where ⟨. . . ⟩ defines the trace in flavor space. A general formalism to build an effective
Lagrangian with a spontaneously broken symmetry and taking into account anomalies,
that we neglected here, is presented in Refs [167, 168].
Furthermore, there are electromagnetic effects that one needs to take into account in

ChPT. At higher orders, one also needs to include loop diagrams. A power counting scheme
to determine which terms are needed at each order was established by Weinberg [161]. The
coupling constants in ChPT are called low-energy constants (LEC) and they include effects
of heavy degrees of freedom. These LECs cannot be determined by the underlying theory
of QCD, but will be extracted from fits to experimental data or lattice QCD.
We are interested in the field of baryon spectroscopy. Baryon masses are much larger

than Goldstone bosons. Nevertheless, the lightest ground state baryons can be included
in the ChPT formalism as matter fields and one can build a chiral Lagrangian including
both Goldstone bosons and those matter fields. To construct a meson-baryon Lagrangian,
one needs to choose a suitable representation and tranformation law for the baryons. It is
convenient to introduce the new field u for the Goldstone boson fields, which is related to
U by u2 = U . The transformation property is given as

u →
√
LUR† = LuK†(L,R,U) = K(L,R,U)uR† , (2.27)

where we introduced the so called ”compensator field” K(L,R,U), that depends on L, R
and U in the following way [169]

K(L,R,U) =
√
LU †R†R

√
U . (2.28)

The representation for the baryons is given by

B =

⎛⎜⎜⎝
Σ0
√

2 + Λ√
6 Σ+ p

Σ− − Σ0
√

2 + Λ√
6 n

Ξ− Ξ0 − 2Λ√
6

⎞⎟⎟⎠ . (2.29)

The baryon fields transform as B → KBK†. In contrast to the case of only mesons before,
the meson-baryon Lagrangian now allows for odd powers of momenta due to the presence
of spin (Dirac structures). The leading order term is given by

L(1)
ϕB = ⟨ ¯B(i /D −mB⟩ + D

2 ⟨B̄γµγ
5 [∆µ, B]+⟩ + F

2 ⟨B̄γµγ
5 [∆µ, B]−⟩ , (2.30)
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where we introduced the covariant derivative Dµ and the chiral vielbein ∆µ, which trans-
form as DµB → KDµBK† and ∆µ → K∆µK† [169, 170]. The new parameters D and F
are the two axial vector couplings in SU(3), which can be determined from semileptonic
hyperon decays and have to fulfill the SU(2) constraint D+F = gA. The axial vector cou-
pling gA is known from neutron beta decays as gA = 1.26. For the case of only considering
chiral SU(2) to study pions and nucleons, the leading order is given by

L(1)
πN = Ψ̄

(︃
i /D −m+ gA

2 γµγ
5∆µ

)︃
Ψ , (2.31)

where Ψ is the nucleon field

Ψ =
(︄
p
n

)︄
, (2.32)

which transforms as Ψ → KΨ.
The new mass scale of the baryons breaks the power counting scheme used for the Gold-

stone bosons [171]. Further methods like heavy-baryon chiral perturbation theory [172–
174], infrared regularizations [175] or extended on-mass shell schemes [176, 177] need to
be employed to resolve this problem.
There are different approaches developed from ChPT to study the low-energy regime

of the strong interaction. One example is the unitarized perturbation theory, in which
a scattering kernel is derived from a chiral Lagrangian and iterated in a Bethe-Salpeter
equation. This allows one to study some baryon resonances in a few partial waves. There
are also coupled-channel calculations where resonances can be dynamically generated [178–
183]. Furthermore, the πN -scattering in the low energy regime is completely understood
in ChPT [184, 185]. But for the complete resonance spectrum at medium energies one
needs further model assumptions for a proper description. Further details on ChPT de-
velopments can be found Refs. [169, 186–190].
Although the present work does not employ chiral perturbation theory in the strict

perturbative sense, the interaction kernel in the Jülich-Bonn framework is based on the
Wess-Zumino Lagrangian [191], which provides an effective chiral description of the rele-
vant meson-baryon dynamics.

2.4. Gerasimov-Drell-Hearn sum rule

The Gerasimov-Drell-Hearn (GDH) sum rule [192, 193] is derived from fundamental prin-
ciples of Quantum Field Theory. It allows one to study the spin structure of the nucleon
experimentally [194–198]. Even though the value of the nucleon spin is known, one chal-
lenge that remains is to quantify individual contributions from different reaction channels.
The GDH sum rule is a relation that connects the anomalous magnetic moment κN of
the nucleon to the integrated difference of the total helicity-dependent photoproduction
cross-sections ∆σ = σ3/2 − σ1/2, which involves all possible photon-induced final-states:

IGDH =
∫︂ ∞

E0
γ

dEγ
∆σ(Eγ)
Eγ

= 4π2Sακ2

M2 , (2.33)
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where M is the mass of the target particle, S is its spin, E0
γ the pion-photoproduction

threshold and α = e2/4π is the fine-structure constant in terms of the electromagnetic
coupling constant e. For the case of a nucleon target we have:

IGDH =
∫︂ ∞

E0
γ

dEγ
∆σ(Eγ)
Eγ

= 2π2ακ2
N

M2
N

. (2.34)

There is more than one method to derive the GDH-sum rule. A dispersion theoretical
approach was used by Gerasimov, Drell and Hearn [192, 193]. There is also a derivation
using the current algebra as done by Hosoda and Yamamoto [199] and another way using
current algebra on the light cone as it was done by Dicus and Palmer [200]. We will outline
the dispersion theoretical derivation in the following, since it is illustrative to understand
the different fundamental principles entering. For a more detailed derivation we refer to
Refs. [197, 201].

Derivation of the GDH sum rule

The dispersion theoretical derivation need the following assumptions: Lorentz invariance,
gauge invariance, unitarity, causality, crossing symmetry and rotational invariance. These
are all fundamental principles that are used in modern relativistic quantum field theories
and makes the confirmation of the GDH sum rule an important check of modern physics.
The derivation starts with the Compton scattering off spin-1/2 particles. If one considers

virtual or real photons, one would have in general 16 helicity amplitudes that depend on the
Mandelstam variables s and t [202]. From parity invariance the number already decreases
to 8 amplitudes and time reversal invariance further reduces them to 6 [203]. We restrict
our derivation to real photons and adopt the Coulomb gauge ϵ0 = 0. We define the
incoming (outgoing) photon polarization by ϵ⃗1 (⃗ϵ2) and their momenta by k⃗1 (k⃗2). From
crossing symmetry we find that the Compton scattering amplitude is symmetric under
the exchange of the incoming and outgoing photons (k⃗1 ↔ −k⃗2 and ϵ⃗1 ↔ ϵ⃗∗2). Thus, the
Compton amplitude has the property:

F (k⃗1, k⃗2, ϵ⃗1, ϵ⃗2) = F (−k⃗2,−k⃗1, ϵ⃗
∗
2, ϵ⃗

∗
1) . (2.35)

We now restrict this derivation to forward scattering where k⃗ = k⃗1 = k⃗2 and switch into
the nucleon rest frame. Then the amplitude F can be written as a linear combination of
scalar functions fi:

F =
⟨︂
χ†

2

⃓⃓⃓
f1(⃗ϵ∗2 · ϵ⃗1) + f2iσ⃗(⃗ϵ∗2 × ϵ⃗1) + f3(⃗ϵ∗2 · k⃗)(⃗ϵ1 · k⃗) + f4iσ⃗

(︃
ϵ⃗∗2(⃗ϵ1 · k⃗) − ϵ⃗1(⃗ϵ∗2 · k⃗)

)︃
+ f5iσ⃗

(︃
(⃗ϵ∗2 × k⃗)(⃗ϵ1 · k⃗) − (⃗ϵ1 × k⃗)(⃗ϵ∗2 · k⃗)

)︃
|χ1⟩ , (2.36)

where σ⃗ is the vector of Pauli spin matrices and χ1,2 define the incoming and outgoing
nucleon spinors. We can further reduce the number of relevant terms by considering
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Figure 5: Sketch of the integration path C of Eq. (2.39).

the transversality condition for real photons ϵ⃗ · k⃗ = 0. This leaves us with two terms
contributing to the forward scattering amplitude:

F (θ = 0, Eγ) =
⟨︂
χ†

2

⃓⃓⃓
f1(Eγ)(⃗ϵ∗2 · ϵ⃗1) + f2(Eγ)iσ⃗(⃗ϵ∗2 × ϵ⃗1) |χ1⟩ . (2.37)

We now consider our z-axis along the photon momentum. Note, that we only need to
distinguish two orientations of nucleon and photon spins, which are parallel (3/2) and anti-
parallel (1/2). We can then write the Compton amplitude for these spin configurations
as:

f3/2(Eγ) = f1(Eγ) − f2(Eγ), f1/2(Eγ) = f1(Eγ) + f2(Eγ) . (2.38)

Causality lets us analytically continue the forward scattering amplitude to complex values
of photon energies Eγ . This lets us apply Cauchy’s integral formula:

f(Eγ) = 1
2πi

∮︂
C

dν f(ν)
ν − Eγ

. (2.39)

The integration path C (sketched in Fig. 5) is chosen as a half-circle in the upper half
plane with a smaller half circle in the lower half plane with its center at the pole position
ν = Eγ . Labeling the upper half circle at infinity K+(0,∞) and the smaller one K−(Eγ , ϵ),
we can write

f(Eγ) = 1
2πiP

∫︂ ∞

−∞
dν f(ν)

ν − Eγ
+ 1

2πi

∫︂
K+(0,∞)

dν f(ν)
ν − Eγ

+ lim
ϵ→0

1
2πi

∫︂
K−(Eγ ,ϵ)

dν f(ν)
ν − Eγ

. (2.40)
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with the Cauchy principle value

P
∫︂ ∞

−∞
= lim

ϵ→0

[︃∫︂ ν−ϵ

−∞
+
∫︂ ∞

ν+ϵ

]︃
. (2.41)

The integral over K−(Eγ , ϵ) is equal to half the residue of a full circle f(Eγ)/2. We assume
that the integral over K+(0,∞) vanishes, which is called the ”No-subtraction hypthesis”
and we refer to Refs. [197, 204] for remarks on its validity. We are then left with:

f(Eγ) = 1
πi

P
∫︂ ∞

−∞
dν f(ν)

ν − Eγ
. (2.42)

We can now use the crossimg property of the Compton scattering amplitude F (θ =
0,−Eγ) = F ∗(θ = 0, Eγ) to find:

f1(−Eγ) = f∗
1 (Eγ) (2.43)

f2(−Eγ) = −f∗
2 (Eγ) (2.44)

f2(−Eγ)
−Eγ

= f∗
2 (Eγ)
Eγ

. (2.45)

Note, because of the properties found here we can go on with the crossing relation to find
the Kramer-Kronig dispersion relations for f1 and f2/Eγ but not f2. Eq. (2.42) can then
be rewritten to:

f(Eγ) = 1
πi

P
∫︂ ∞

0
dν
(︄

f(ν)
ν − Eγ

+ f∗(ν)
−ν − Eγ

)︄
(2.46)

= 1
πi

P
∫︂ ∞

0
dν 2iν Im f(ν) + 2Eγ Re f(ν)

ν2 − E2
γ

. (2.47)

Now we can only consider the real part and simplify this to the Kramer-Kronig dispersion
relations for f1 and f2/Eγ :

Re f1(Eγ) = 2
π

P
∫︂ ∞

0
dν ν Im f1(ν)

ν2 − E2
γ

, (2.48)

Re f2(Eγ)
Eγ

= 2
π

P
∫︂ ∞

0
dν ν Im f2(ν)/ν

ν2 − E2
γ

. (2.49)

Another important relation is the ”optical theorem”. It is derived from the unitarity of the
S-matrix and it relates the elastic forward scattering amplitude to the total cross section:

ImF (Eγ) = Eγ

4π σ . (2.50)

Using the found relations for the amplitudes f1 and f2 one obtains:

Im f1(Eγ) = Eγ

4π
(︁
σ1/2(Eγ) + σ3/2(Eγ)

)︁
, (2.51)

Im f2(Eγ)
Eγ

= 1
4π
(︁
σ1/2(Eγ) − σ3/2(Eγ)

)︁
. (2.52)
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Note that the cross section here included elastic and inelastic contributions (photoabsorp-
tion and Compton scattering). However, if one considers Compton forward scattering up
to the lowest non-trivial order in the electromagnetic coupling with intermediate hadronic
states

F = i
e2

16πM ϵ∗µϵν

∫︂
d4x eikx

∑︂
Xhad

⟨︁
p′, s′⃓⃓ Jµ(x) |Xhad⟩ ⟨Xhad| Jν(0) |p, s⟩ . (2.53)

one then finds the optical theorem to instead only include the photoabsorption cross section
σabs [197]

Im F(Eγ) = Eγ

4π σabs . (2.54)

Even though only the first non-vanishing order was used here, only further radiative cor-
rections need to be included at higher orders.
Now that we have found the imaginary parts, we are left with determining the real parts

for f1 and f2/Eγ . For this we explore the low-energy theorems obtained by Low [205]
and Gell-Mann and Goldberger [206]. The proof is based on crossing symmetry, Lorentz
invariance and gauge invariance. It is based on the principle of minimal coupling including
the anomalous magnetic moment κ [207]. The Dirac equation for the nucleon is modified
to: (︃

i/∂ − e /A− κµN

2 σµνF
µν −MN

)︃
ψ = 0 , (2.55)

with µN = e/(2MN ). Considering forward scattering and expressions up to linear order
in the photon momentum k, one finds the following expression after simplifying:

f(Eγ) = − α

MN
ϵ⃗∗2 · ϵ⃗1 − α

2M2
N

κ2Eγiσ⃗ · (⃗ϵ∗2 × ϵ⃗1) . (2.56)

This expression is the lowest order result. If one would expand one order further and
identify the terms with f1 and f2 respectively, one arrives at:

f1(Eγ) = − α

MN
+ (αE + βM )E2

γ + O(E4
γ) , (2.57)

f2(Eγ)
Eγ

= − α

2M2
N

κ2 + γ0E
2
γ + O(E4

γ) . (2.58)

Note that f1 is an even and f2 is an odd function of Eγ , as we found with their properties
from crossing symmetry. The leading term f1(0) is called the Thomson term and the terms
at order E2

γ describes the Rayleigh scattering with the electric αE and magnetic βM dipole
polarizabilities, which are describe the internal nucleon structure. For the terms in f2/Eγ ,
we identify the leading term with the anomalous magnetic moment and the quadratic term
with the forward spin polarizability γ0, which is connected to the spin structure of the
nucleon.
Finally, we can connect all relations found up to now. At first we insert the optical the-

orem relations (2.51) and (2.52) into the right hand side of the Kramer-Kronig dispersion
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relations:

Re f1(Eγ) = 1
4π2 P

∫︂ ∞

0
dν ν2σ1/2(ν) + σ3/2(ν)

ν2 − E2
γ

, (2.59)

Re f2(Eγ)
Eγ

= 1
4π2 P

∫︂ ∞

0
dν ν

σ1/2(ν) − σ3/2(ν)
ν2 − E2

γ

. (2.60)

We now want to compare these to the results found in the low-energy expansion. In the
limit Eγ → 0, one finds for f2/Eγ :

lim
Eγ→0

Re f2(Eγ)
Eγ

= 1
4π2

∫︂ ∞

0
dν

σ1/2(ν) − σ3/2(ν)
ν

. (2.61)

Now we can insert the leading term of Eq. (2.58) into the left hand side of the relation to
arrive at the GDH sum rule [192, 193]:

ακ2

2M2
N

= 1
4π2

∫︂ ∞

0
dν

σ3/2(ν) − σ1/2(ν)
ν

. (2.62)

Using current values from the PDG [5] for the anomalous magnetic moment κ and the
nucleon massesMN of the target particle one can calculate the right hand side of Eq. (2.34)
for proton and neutron targets:

Ip
GDH ≡

∫︂ ∞

E0
γ

dEγ
∆σp(Eγ)

Eγ
=

2π2ακ2
p

M2
p

≈ 204.784 482(35) µb , (2.63)

In
GDH ≡

∫︂ ∞

E0
γ

dEγ
∆σn(Eγ)

Eγ
=

2π2ακ2
p

M2
n

≈ 232.251 59(13) µb . (2.64)

Note, that we replaced the lower limit of the integral byE0
γ , which is the pion-photoproduction

threshold. It is the lowest possible threshold in a photoproduction process. In Chapter 6 we
will investigate whether our model satisfies the GDH sum rule. Furthermore, our coupled-
channel approach allows us to calculate the individual channel contributions, which we
will also discuss.
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3. Jülich-Bonn dynamical coupled-channel model
In this section, we introduce the Jülich-Bonn dynamical coupled-channel (DCC) ap-
proach [1, 33, 103–118]. First we start by deriving the scattering equation of the JüBo
model for pion-induced reactions. We also give an overview on the channel space and the
effective three body channel ππN . We further explain how the potential in our framework
is constructed and how the nucleon pole is treated. At last we present the extension to
photoproduction processes and the determination of resonance parameters.

3.1. Scattering Equation
The Jülich-Bonn model is a dynamical coupled-channel approach, which was originally
used to describe elastic pion-nucleon scattering close to threshold [103]. The formalism
for πN scattering is based on a coupled-channel meson exchange model [208].
The scattering of two relativistic particles is described by the covariant Bethe-Salpeter

equation [209], which is given in operator form as

T = K +KGT , (3.1)

where T is the T -matrix, G is the relativistic two-particle propagator and K is the scat-
tering kernel. The scattering kernel K includes all irreducible diagrams. Consequently, K
includes an infinite series of diagrams. To perform proper calculations one has to truncate
K and this approximated scattering kernel is called the pseudopotential V . The scattering
equation in momentum space is then given by:

T (p, p′,W ) = V (p, p′,W ) − i

(2π)4

∫︂
d4q V (p, q,W )G(q,W )T (q, p′,W ) , (3.2)

where W denotes the center-of-mass energy and q (p′, p) are the intermediate (incoming,
outgoing) momenta.
In this framework the formalism of time-ordered (old-fashioned) perturbation theory

(TOPT) [151, 210, 211] and the Haftel-Tabakin scheme [212] are used to solve this four-
dimensional scattering equation. The advantage of the non-covariant TOPT approach
is that it gives us a specific prescription for the construction of the off-shell potentials.
Moreover, all integrals, that need to be determined, are three dimensional. However, one
needs to explicitly consider each time ordering, which increases the number of diagrams
to be calculated (see Fig. 7).
TOPT is based on the Hamiltonian formulation. Starting from the Lagrangian density,

the Hamiltonian density is obtained through the Legendre transformation

H =
∑︂

j

δL
δϕ̇j

ϕ̇j − L (3.3)

where the ϕj denotes the fields appearing in the Lagrangian. The Hamiltonian density
can be written as

H = H0 − Lint + Hct (3.4)
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where H0 is the free Hamiltonian density, Lint is the interaction Lagrangian and Hct
contains non-covariant TOPT contact terms. Such contact terms arise when interaction
terms depend on time derivatives of the fields or when non-dynamical field components
are present, for example the zeroth component of a vector field [213]. One obtains the
Hamiltonian via spatial integration of the density

H =
∫︂

d3xH(x) = H0 +HI . (3.5)

The S-matrix is defined by
S = lim

t→∞,t′→−∞
Û(t, t′) , (3.6)

where the evolution operator is given in the interaction picture as

Û(t, t′) = eiH0te−iH(t−t′)e−iH0t′
. (3.7)

For a transition from an initial state i to a final-state f , the T -matrix is introduced through

Sfi = δfi − i2πδ(Ef − Ei)Tfi . (3.8)

Here Ei and Ef denote the initial and final energies and δfi is the unit matrix. At this
point the T -matrix is defined as on-shell.
To formulate the problem as a two-body scattering equation, the transition operator is

written as

T = HI +HI
1

W −H + iϵ
HI = HI +HI

1
W −H0 −HI + iϵ

HI . (3.9)

This expression can be expanded perturbatively in HI to obtain the series

T = HI
1

1 − GHI
= HI +HIGHI +HIGHIGHI + . . . , (3.10)

where the Green’s function G is given as

G = 1
W −H0 + iϵ

=
∑︂

n

|n⟩ ⟨n|
W − En + iϵ

. (3.11)

Here the sum extends over all possible multi-particle intermediate states and is meant as
integration over the continuum and summation over discrete variables.
Since we are interested in two-body initial and final-states, the Green’s function is split

into a part containing all intermediate states except two-body ones G̃ and a part containing
only two-body states G(2)

G = G̃ + G(2) (3.12)

with

G̃ =
∑︂

ñ

|ñ⟩ ⟨ñ|
W − Eñ + iϵ

, G(2) =
∑︂
n(2)

⃓⃓⃓
n(2)

⟩︂⟨︂
n(2)

⃓⃓⃓
W − En(2) + iϵ

, (3.13)
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where
⃓⃓⃓
n(2)

⟩︂
are the two-body states and |ñ⟩ are all intermediate states except two-body

ones. This separation leads to an effective two-body equation of the following form

T = V + V G(2)T , (3.14)

where the effective potential is defined by

V = HI
1

1 − G̃HI

= HI

∞∑︂
k=0

(︄∑︂
ñ

|ñ⟩ ⟨ñ|HI

W − Eñ + iϵ

)︄k

. (3.15)

This sum corresponds to the set of all two-body irreducible diagrams with an arbitrary
number of particles in the intermediate state. These equations can be generalized for the
off-shell case (E ̸= Ei ̸= Ef ). One arrives at the T -matrix in matrix form:

Tfi = Vfi +
∑︂

j

VfjTji

W − Ej + iϵ
. (3.16)

Here the states i, f and j denote two-body ones and the sum stands for integration over
3-momenta of the particles and summation over the types of particles and spin variables.
In a next step, the system of reference is chosen to be the center of mass frame of the

two particles. One further chooses a basis where the states are characterized by their
helicities λ and isospins I. The scattering equation is then written as

T I
µν(p⃗, λ, p⃗′, λ′,W ) = V I

µν(p⃗, λ, p⃗′, λ′,W ) (3.17)

+
∑︂
κ,λκ

∫︂
d3q V I

µκ(p⃗, λ, q⃗, λκ,W )Gκ(q,W )T I
κν(q⃗, λκ, p⃗

′, λ′,W ) ,

where W denotes the center-of-mass energy, q (p′, p) are the intermediate (incoming, out-
going) momenta, Gκ the two-body propagator and the incoming (outgoing) two body
channels are given by µ (ν).
Even though the scattering equation is reduced to a three dimensional integral, solving

this integral numerically is still very costly and one needs further simplifications. To reduce
the dimension of the integral to one, one can make use of the rotational invariance of the
strong interaction, where the scattering equation decouples into partial waves with fixed
total angular momentum J . It is convenient to perform a partial wave decomposition
in Eq. (3.18) and transform from the helicity- to the JLS-basis. Here J is the total
angular momentum, L is the sum of orbital angular momenta and S denotes the total
spin. This transformation is carried out using angular momentum algebra and Clebsch-
Gordan coefficients as well as appropriate rotation matrices that connect helicity states to
partial-wave states [151, 214, 215]. Note, that we use the convention of Brink and Satchler
for the small d-functions [216]. The resulting scattering equation in the JLS-basis is then
written as:

⟨LSp|T IJ
µν

⃓⃓
L′S′p′⟩︁ = ⟨LSp|V IJ

µν

⃓⃓
L′S′p′⟩︁ (3.18)

+
∑︂

κ,Lκ,Sκ

∫︂
dq q2 ⟨LSp|V IJ

µκ |LκSκq⟩ Gκ(q) ⟨LκSκq|T IJ
κν

⃓⃓
L′S′p′⟩︁ .
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Until now, partial-waves up to J = 9/2 are considered in the JüBo framework.
The two-body propagator Gκ for the stable channels has the form

Gκ(p,W ) = 1
W − E(p) − ω(p) + iϵ

(3.19)

with the energies ω =
√︁
m2

m + p2 and E =
√︂
m2

b + p2 of the intermediate meson m and
baryon b in the meson-baryon channel κ.

Decomposition of the T -matrix

The hadronic meson-baryon scattering equation can be written in a shortened notation as

Tµν(p, p′,W ) = Vµν(p, p′,W ) +
∑︂

κ

∞∫︂
0

dq q2 Vµκ(p, q,W )Gκ(q,W )Tκν(q, p′,W ) , (3.20)

a Lippmann-Schwinger like equation, which is consistent with two-body unitarity. In
this approach the three-body unitarity is approximately fulfilled (see Ref. [152]). It is
convenient to use a two-potential formalism [113, 123, 125, 217], where the potential is
split into a pole and non pole part

Vµν = V NP
µν + V P

µν (3.21)

This also decomposes the T -matrix into a pole and non-pole part

T = TP + TNP . (3.22)

The non-pole part TNP is constructed from the potentials for the t- and u-channel ex-
changes

TNP
µν (p, p′,W ) = V NP

µν (p, p′,W ) (3.23)

+
∑︂

κ

∞∫︂
0

dq q2 V NP
µκ (p, q,W )Gκ(q,W )TNP

κν (q, p′,W ) ,

where V NP contains the t- and u-channel exchange diagrams.
This separation into a pole and non-pole part is only for technical reasons. For the non-

pole part the numerical evaluation is more time consuming than for the pole part. This
way one can employ a nested fitting procedure, where for every step in the determination
of fit parameters of TNP, all TP parameters are fully optimized.
Another advantage of our model, is that the scattering equation Eq. (3.23) for the non-

pole part can dynamically generate poles. These dynamical poles are not included as
genuine poles via s-channel terms. The pole part TP includes the genuine s-channel pole
terms and is also evaluated from the non-pole parts TNP by

TP
µν(p, p′,W ) =

∑︂
i,j

Γa
µ,i(p) (D−1)ij(W ) Γc

ν,j(p′) , (3.24)
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where Γa
µ,i is the dressed vertex function which describes the annihilation of the i-th

resonance in a given partial wave into channel µ, and Γc
ν,j is the dressed vertex function

for the creation of the j-th resonance from the channel ν. The dressed resonance vertex
functions are constructed using TNP as shown in Eq. (3.25) below,

Γa
µ,i(p) = γa

µ,i(p) +
∑︂

κ

∫︂ ∞

0
dq q2 TNP

µν (p, q,W )Gκ(q,W ) γa
κ,i(q)

Γc
ν,j(p′) = γc

ν,j(p′) +
∑︂

κ

∫︂ ∞

0
dq q2 γc

κ,j(q)Gκ(q,W )TNP
µν (q, p′,W )

Dij(W ) = δij(W −mb
i) − Σij(W )

Σij(W ) =
∑︂

κ

∫︂ ∞

0
dq q2 γc

κ,j(q)Gκ(q,W ) Γa
µ,i(q) , (3.25)

where the propagator D−1 for s-channel resonances contain the self-energies Σij as listed
in Eq. (3.25). The bare vertex functions are given by the γ’s and their explicit forms can
be found in the appendix in Sec. B and the mb

i are the bare mass parameters of the i-th
resonance. The bare masses mb

i and the bare couplings inside the γ’s are free parameters
of the model. The indices i, j = 1, 2, 3 characterize the s-channel state (i, j = 1, 2) or
phenomenological contact term (i, j = 3) in a given partial wave. We have one or two
bare s-channel states per partial wave and this is chosen as demanded by the fit. The
phenomenological contact terms cannot induce a genuine s-channel pole in the amplitude,
but they can play an important role for dynamically generated poles. Note, one cannot
unambiguously relate a pole to a given s-channel term. This is due to the highly nonlinear
nature of this approach. A classification of ”s-channel poles” as genuine three-quark
states and associating a purely molecular nature to dynamically generated poles is too
simplistic. Instead one has to employ compositeness or elementariness criteria as it was
done in Refs. [218, 219] in the JüBo framework.
From the T -matrix one can determine observables and then fit these to experimental

data. For this, one defines the normalised, dimensionless partial-wave amplitude τ by

τµν = −π√
ρµρν Tµν , (3.26)

where ρ is the kinematical phase factor

ρκ = pκ

W
Eon

κ ωon
κ ,

with
Eon

κ =
√︂
p⃗ 2

κ +m2
κ, ωon

κ =
√︂
p⃗ 2

κ +m2
κ

being the on-shell energies of the baryon and meson in channel κ respectively. This can
be related to observables as shown in Sec. B.4.
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3.2. Channel space of the Jülich-Bonn model

We present the different channels used in the JüBo framework in Fig. 6. In the JüBo
model the channels πN , ηN , KΛ and KΣ are considered as stable. Thus, the relation
given in Eq. (3.19) holds for these channels. Recently the process πN → ωN was included
in an analysis restricted to pion-induced reactions [118], but was not yet included in the
analysis of this thesis. Furthermore, the unstable channels π∆, ρN and σN are included to

Figure 6: Channel space in the JüBo model. The unstable channels π∆, σN and ρN are
sketched as grey bars to represent their decay width.

effectively represent the three body channel ππN . Each of these consist of a stable (π,N)
and an unstable (∆,ρ,σ) particle. To consider the decays of the σ and ρ into ππ and of the
∆ into πN systems the following procedure is used. Here, the two-body propagator are
modified by introducing the self-energy Σ for the effective three-body channels [33, 106,
108, 111]

Gπ∆(p,E) = 1
E −

√︁
m2

π + p2 −
√︂

(m0
∆)2 + p2 − Σ∆(E∆)

, (3.27)

GσN (p,E) = 1
E −

√︂
m2

N + p2 −
√︁

(m0
σ)2 + p2 − Σσ(Eσ)

, (3.28)

GρN (p,E) = 1
E −

√︂
m2

N + p2 −
√︂

(m0
ρ)2 + p2 − Σρ(Eρ)

. (3.29)

where the arguments of the self-energies take into account the movement of the unstable
particle and subtracts the energies of the spectators

Eσ = E − ωπ(p) − (
√︂

(m0
σ)2 + p2 −m0

σ) , (3.30)

Eρ = E − ωπ(p) − (
√︂

(m0
ρ)2 + p2 −m0

ρ) , (3.31)

E∆ = E − EN (p) − (
√︂

(m0
∆)2 + p2 −m0

∆) . (3.32)
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For the self-energies a simple model with interaction vertices for the corresponding decays
is considered [33, 106]. The effective Lagrangians are given by

Lππσ = gππσmπϕ⃗πϕ⃗πϕσ , (3.33)
Lππρ = −gππρ(π⃗ × ∂µπ⃗)ρ⃗µ , (3.34)

LπN∆ = fπN∆
mπ

∆̄µT⃗ †∂µπ⃗ΨN . (3.35)

In this kind of model the T -matrix for each channel only has the pole part of the form

T = vv†

W −m0 − Σ , (3.36)

where the self-energy Σ is calculated via the vertex functions as given in Eq. (3.25) and v
labels the vertex functions in this simplified model. These vertex functions can be equipped
with the corresponding form factors taken from Refs. [33, 106] to get the following form

vππσ(p) =
√

3gππσmπ

2πωπ(p)
√︁
ω0

σ(p)
Λ2

ππσ

Λ2
ππσ + p2 (3.37)

vππρ(p) = gππρ

2π
√

3
p

ωπ(p)
√︂
ω0

ρ(p)

Λ2
ππρ +m2

ρ

Λ2
ππρ + 4ωπ(p)2 , (3.38)

vπN∆(p) = − fπN∆√
24πmπ

p
√
EN +mN√
ωπEN

Λ4
πN∆ +m4

∆
Λ4

πN∆ + (EN (p) + ωπ(p))4 , (3.39)

with the meson energies ω0
σ(p) =

√︁
(m0

σ)2 + p2 and ω0
ρ(p) =

√︂
(m0

ρ)2 + p2 and the bare
masses m0

σ and m0
ρ. The vertex function for the πN∆ has the same form as for the ∆

pole diagram in the πN channel listed in appendix B.2. The different parameters are then
fitted to match the ππ- and the πN -phase shift data [33, 106].

3.3. Construction of the potential
For the energies we are probing, a perturbative treatment in the framework of ChPT is
not possible since the perturbation series does not converge and a QCD description in
terms of quarks and gluons fails. One has to employ effective field theory methods that
respect the symmetries of QCD, but uses the relevant hadronic degrees of freedom, namely
mesons and baryons. The potential in the Jülich-Bonn framework is constructed from the
Wess-Zumino Lagrangian [191], from which the interactions involving nucleons, pions, ρ
and the a1 meson are taken. The Lagrangian was extended to include the πρω vertex
as done in Ref. [220] and studies for a general form of effective Lagrangians with vector
mesons consistent with chiral symmetry can be found in Refs. [173, 221]. The ωNN
vertex is constructed analogously to the ρNN vertex except for the isospin structure.
Furthermore, the ∆ and the σ meson are incorporated as done in Ref. [222]. Note that the
σ is not included as a genuine meson in the πN channel but instead is a parametrization
of the correlated ππ interaction in the partial wave (I, J) = (0, 0).
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The construction of the Wess-Zumino Lagrangian [191] starts from the nonlinear σ-
model with pion fields π and nucleon fields Ψ. One then introduces auxiliary fields for the
pion ξ and nucleon N by

ξ = π⃗ · τ⃗
Fπ

, (3.40)

N =
(︃1 − iγ5ξ

1 + iγ5ξ

)︃ 1
2

Ψ = 1 − iγ5ξ

(1 + ξ2)1/2 Ψ , (3.41)

where Fπ is the pion decay constant. These fields transform under chiral symmetry as

ξ → eiβξ (3.42)
Ψ → eiαγ5Ψ (3.43)

1 − iγ5ξ

1 + iγ5ξ
→ e−iαγ5 1 − iγ5ξ

1 + iγ5ξ
e−iαγ5

,

N → eiβN , (3.44)

with the group parameters of the axial α = α⃗τ⃗ and the vector β = β⃗τ⃗ SU(2) group. One
now performs a gauge transformation and allow the parameters α and β to be coordinate
dependent. To restore the invariance of the Lagrangian, one introduces two additional
gauge fields, namely the vector gauge field ρµ = ρ⃗µτ⃗ and the axial gauge field aµ = a⃗µτ⃗ .
These are associated with the ρ- and the a1-meson, respectively. The infinitesimal vector
gauge transformation is written as

δρµ = i[β, ρµ] + 2
g
∂µβ, δaµ = i[β, aµ] , (3.45)

and the infinitesimal axial gauge transformation is given by

δρµ = i[α, aµ], δaµ = i[α, ρµ] + 2
g
∂µα , (3.46)

where g is a coupling constant. This coupling constant g ≡ gρ ≡ gππρ = 2gρNN is related
to the pion decay constant Fπ =

√
2mρ/g through the KSFR relation [223, 224].

For the fields ξ, N , ρµ and aµ the Lagrangian can be constructed with three parts.
One part L1 is invariant under gauge transformations. The next part L2 containing the
mass terms of vector mesons has only global SU(2) × SU(2) invariance and breaks gauge
invariance. The last part L3 containing the pion mass term is only invariant under isospin
transformations. The complete Wess-Zumino Lagrangian is quite lengthy and the terms
relevant for our approach are taken.
As mentioned before, TOPT is used to construct the effective potential in the Jülich-

Bonn approach. By considering the time ordering, one exchange diagram in covariant
perturbation theory corresponds to a pair of diagrams in TOPT and one contact term if
applicable. These diagrams are called first and second time ordering and correspond to an
exchange of a particle or anti-particle (see Fig. 7). The scattering potential V as defined
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= + +

Figure 7: Difference of diagrams in covariant perturbation theory (left) and TOPT (right)

in Eq. (3.15) is in general build by the set of all two-particle irreducible diagrams with
an arbitrary number of virtual particles in the intermediate states. This infinite series is
truncated and all diagrams with three or less intermediate particles are kept.
The following types of diagrams contribute to the potential

• Diagrams containing three particles in the intermediate state, which correspond to
t- and u-channel exchanges. The intermediate σ and ρ are treated in the πN → πN
potential as correlated ππ pairs [103, 109].

• There are three sources for contact terms. The first kind originates from the Wess-
Zumino Lagrangian for vector mesons and the second kind is from the TOPT pre-
scription (see Fig. 7). The last type are phenomenological contact terms that are
included in the pole part of the amplitude as shown in Eq. (3.25).

• The last type of diagrams are the genuine s-channel pole graphs, which contribute
to the pole part of the potential V P. The only exception is the nucleon pole, which
has a special treatment to determine the bare parameters and ensures the correct
values of the physical mass and coupling. This procedure is presented in Sec. 3.4.

For a full list of the exchange diagrams and explicit expressions for the non-pole potentials,
we refer to Appendix B.3. Details on the pole part of the diagram can be found in
Appendix B.2.

Correlated two-pion exchange for the σ and ρ in elastic πN scattering

For elastic πN scattering in the Jülich-Bonn model the σ and ρ mesons are treated as
correlated ππ-exchanges [103, 109]. This is done by using ”quasi-empirical” NN̄ → ππ
amplitudes, obtained by analytic continuation of ππ and πN data [225, 226]. These
amplitudes are then related to πN → πN by using dispersion relations.
In the scalar channel (σ) one finds a large attractive contribution, but low energy theo-

rems for πN scattering put constraints on the forward scattering amplitude at the Cheng-
Dashen point [227]. Consequently, a subtraction at the Cheng-Dashen point is included
to get a correct low-energy behaviour.
The construction of the corresponding off-shell potentials for πN scattering starts with

a stable meson exchange with TOPT propagators. The invariant amplitudes of the σ
and ρ mesons are weighted with spectral functions, which contain the information on
the dispersion relations for the correlated pion pair. The resulting potential is defined
in such a way, that it can be extended to the off-shell region. Furthermore, the high
momentum behaviour is regularized by introducing suitable form factors as done for other
potentials [103, 109].
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3.4. Nucleon Pole

Within the Jülich-Bonn model the nucleon is treated as a genuine s-channel state in the
pole part of the amplitude with dressed quantities as described in Eq. (3.25). The only
difference for the nucleon pole compared to other genuine s-channel states is that one
does not consider the bare parameters as free, since the πNN coupling constant fπNN =
0.989 [228] and the nucleon massmN = 939 MeV are known physical quantities. To acquire
the correct values for the nucleon pole, one introduces a renormalization procedure in the
P11 partial wave as described in Refs. [229, 230].
For this one starts from the pole part TP in the one-resonance case and in the πN

channel with only the nucleon as a s-channel state

TP = Γa
1Γc

1
W −mb

N − Σ11
, (3.47)

wheremb
N is the bare mass of the nucleon. One demands that TP has a pole at the physical

nucleon mass mN

W0 = mb
N + Σ11(W0) != mN . (3.48)

Now the self energy is expanded around this point W = W0

Σ11(W ) = Σ11(W0) + (W −W0)∂Σ11(W )
∂W

⃓⃓⃓⃓
W =W0

+ O
(︂
(W −W0)2

)︂
. (3.49)

The bare πNN coupling constant is defined as f b
N = xfπNN with x ∈ R and from this the

reduced quantities Σ̂11 and Γ̂a,c
1 are given by factorizing off the bare coupling

Σ11 = x2Σ̂11, Γa,c
1 = xΓ̂a,c

1 . (3.50)

The two introduced quantities Σ̂11 and Γ̂a,c
1 are the nucleon self-energy and the dressed

nucleon vertex function determined with the physical nucleon coupling constant fπNN

instead of the bare parameter. The pole part of the amplitude can now be written as

TP = 1
W −W0

(︄
x2Γ̂a

1Γ̂c
1

1 − x2∂W Σ̂11(W )

)︄ ⃓⃓⃓⃓
W =W0

+ O
(︂
(W −W0)0

)︂
. (3.51)

Now, one needs to find the bare coupling f b
N which is used as an input for the model. This

is done by calculating x and using the known value for fπNN . The physical residue of the
nucleon pole is given by

a−1 = γ̂a
1 γ̂

c
1 , (3.52)

with the bare nucleon vertices γ̂a,c
1 at W = W0 with the physical nucleon coupling fπNN .

Their expressions are given by

γ̂a
1 = ifπNN

√
3√

8π
k

mπ

ωπ + EN +mN√︁
ωπEN (EN +mN )

, (3.53)
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with the center of mass momentum k. Comparing the physical residue of Eq. (3.52) with
the one of TP, one finds the relation

1
x2 =

(︄
∂W Σ̂11(W ) + Γ̂a

1Γ̂c
1

γ̂a
1 γ̂

c
1

)︄ ⃓⃓⃓⃓
W =W0

. (3.54)

This can now be used to calculate the bare quantities mb
N and f b

N by

mb
N = mN − x2Σ̂11(W0) , f b

N = xfπNN . (3.55)

Note, that this is valid for a s-channel state coupling to only one channel. In our model
the nucleon only couples to the πN channel, since the nucleon pole lies at W0 = 939 MeV
and we see no need to let it couple to higher lying channels. The impact of neglecting the
coupling to other channels at the nucleon pole is absorbed into the value of x.
There is another s-channel state within the JüBo model in the P11 partial wave, which

can couple to multiple channels. Furthermore, there is an additional contact term in the
P11 partial wave. This means that this procedure has to be modified. The nucleon pole is
now given as a zero of the determinant of D−1 defined in Eq. (3.25)

detD−1⃓⃓
W =W0

= det

⎛⎜⎝W −mb
1 − Σ11 −Σ12 −Σ13

−Σ21 W −mb
2 − Σ22 −Σ23

−Σ31 −Σ32 mN − Σ33

⎞⎟⎠
−1 ⃓⃓⃓⃓
⃓
W =W0

= 0 .

(3.56)
where W0 = mN and we label the nucleon with the index 1 as before. The bare mass of
the second genuine resonance mb

2 and the bare coupling is a free parameter in the JüBo
model. The reduced quantities of the self-energies are given by

Σ11 = x2Σ̂11 ,

Σ12 = xΣ̂12 ,

Σ13 = xΣ̂13 , (3.57)
Σ21 = xΣ̂21 ,

Σ31 = xΣ̂31 .

This leads to the following relation for the bare nucleon mass mb
1 = mb

N

mb
N = mN + x2

G−1
3 Σ̂2

12 + Σ̂13
(︂
G−1

2 Σ̂13 + 2Σ̂12Σ23
)︂

Σ2
23 −G−1

2 G−1
3

⃓⃓⃓⃓
⃓
W =mN

− x2Σ̂11

⃓⃓⃓⃓
⃓
W =mN

, (3.58)

where a short-hand notation was introduced by

G−1
2 =

(︂
W −mb

2 − Σ22(W )
)︂
|W =mN

(3.59)

G−1
3 = (mN − Σ33(W ))|W =mN

(3.60)
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To find an expression for x, one compares the physical residue a−1 in the πN channel with
the residue of TP

a−1 = γ̂a
1 γ̂

c
1
⃓⃓
W =mN

= (Res TP)
⃓⃓
W =mN

= detD−1

∂W detD−1 (xΓ̂a
1,Γa

2,Γa
3) (3.61)

×

⎛⎜⎝W −mb
N − x2Σ̂11 −xΣ̂12 −xΣ̂13

−xΣ̂21 W −mb
2 − Σ22 −xΣ̂23

−xΣ̂31 −xΣ̂32 mN − Σ33

⎞⎟⎠
−1⎛⎜⎝xΓ̂c

1
Γc

2
Γc

3

⎞⎟⎠ ⃓⃓⃓⃓⃓
W =mN

.

This relation allows one to calculate x, which only depends on the fitted quantities and
from this the bare mass and coupling of the nucleon can be determined. The calculation
is performed in each step of the fitting procedure. We ensure the correct values for the
physical quantities of the nucleon pole with this procedure in the presence of a second
genuine s-channel state and a contact term. In principal one could extend this procedure
to other boundary conditions on the nucleon in higher lying channels. However, the effects
are rather small since the channels are several hundred MeV higher than the nucleon pole.

3.5. Photoproduction processes
In recent years the data base for photoproduction processes was growing much larger than
the pion-induced ones. Different experimental studies as mentioned in Sec. 1.3 contributed
high precision photoproduction data [11, 14]. Therefore, a combined analysis of photo-
production and πN data may help to clarify the nature of controversial resonance states
or even reveal new ones [86, 231].
The first study to connect the hadronic Jülich-Bonn model with pion photoproduction

was done by Huang et. al. in Ref. [232]. This approach used a field-theoretical framework
from generalized off-shell Ward-Takahashi identities [233–235] and the hadronic final-state
interaction was described by the JüBo model for πN scattering. Implementing photopro-
duction in a fully field-theoretical manner, as done in Ref. [232], is a highly (especially
numerically) demanding and technically complicated task. Consequently, the Jülich-Bonn
DCC approach was extended to photoproduction reactions in a semi-phenomenological
way in Ref. [114], which we will describe in the following.
The photoproduction amplitude J of a pseudoscalar meson can be constructed in terms

of four amplitudes Ji, as shown in Ref. [236]

J = iJ1σ⃗ · ϵ⃗+ J2σ⃗ · q̂ σ⃗ · (k⃗ × ϵ⃗) + iJ3σ⃗ · k̂ q̂ · ϵ⃗+ iJ4σ⃗ · q̂ q̂ · ϵ⃗ , (3.62)

with the meson momentum q⃗, the photon momentum k⃗ and the photon polarization vector
ϵ⃗. In this notation â denotes the unit vector of a vector a⃗. The amplitudes Ji are complex
functions depending on the scattering angle θ, defined by cos θ = q̂ · k̂, and the total energy
W . Furthermore, one rewrites Eq. (3.62) as done in Ref. [237] to get the photoproduction
amplitudes:

M̂ = −iJ = F1σ⃗ · ϵ⃗+ iF2(k̂ × q̂) · ϵ⃗+ F3σ⃗ · k̂ q̂ · ϵ⃗+ F4σ⃗ · q̂ q̂ · ϵ⃗ , (3.63)
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where the amplitudes Fi are related to Ji by:

F1 ≡ J1 − cos θ J2 ,

F2 ≡ J2 ,

F3 ≡ J2 + J3 ,

F4 ≡ J4 . (3.64)

The forms of the amplitudes J and M̂ are coordinate independent. The multipole decom-
position for the amplitudes Ji is given by [236]:⎛⎜⎜⎜⎝

J1
J2
J3
J4

⎞⎟⎟⎟⎠ = 4π
mN

∞∑︂
L=0

D̃L(cos θ)

⎛⎜⎜⎜⎝
EL+
EL−
ML+
ML−

⎞⎟⎟⎟⎠ . (3.65)

Here, L is the orbital angular momentum of the final meson-baryon state. The matrix
D̃L(cos θ) is given by:

D̃L =

⎛⎜⎜⎜⎝
P ′

L+1 P ′
L−1 LP ′

L+1 (L+ 1)P ′
L−1

0 0 (L+ 1)P ′
L LP ′

L

P ′′
L+1 P ′′

L−1 −P ′′
L+1 P ′′

L−1
−P ′′

L −P ′′
L P ′′

L −P ′′
L

⎞⎟⎟⎟⎠ , (3.66)

with
P ′

L ≡ dPL(cos θ)
d cos θ and P ′′

L ≡ d2PL(cos θ)
d cos θ2

denoting the derivatives of the Legendre polynomials of the first kind. The full expressions
for the amplitudes Fi depending on the electric and magnetic multipoles (EL±,ML±) as
well as the definitions of observables are given in Ref. [114] and presented in App. B.4.2.
The electric and magnetic multipoles are defined by the photoproduction multipole am-
plitudes M

Mµγ(p,W ) = Vµγ(p,W ) +
∑︂

κ

∞∫︂
0

dq q2 Tµκ(p, q,W )Gκ(q,W )Vκγ(q,W ) . (3.67)

The channel index γ defines the initial photo-channel of γN with a real photon (Q2 = 0),
while µ and κ are the final and intermediate meson-baryon channels. Note, the T -matrix
Tµκ used in Eq. (3.67) is the same T -matrix that was introduced in Eq. (3.20) with the off-
shell momentum q and the on-shell momentum p. The hadronic two-body propagator Gκ

is also the same as the one in Eq. (3.20). The meson-baryon channels included within the
photoproduction part are κ = (πN, ηN,KΛ,KΣ, π∆). Further extensions to this channel
space to two pion or vector meson photoproduction are planned in the future. The Jülich-
Bonn-Washington (JBW) group applied a similar parameterization for electroproduction
reactions [119–122], in which the Jülich-Bonn amplitude was included as input at the
photon point at Q2 = 0.
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The photoproduction potential Vµγ is given by

Vµγ(p,W ) = αNP
µγ (p,W ) +

∑︂
i

γa
µ,i(p)γγ,i(W )
W −mb

i

. (3.68)

The γa
µ,i is the same vertex function as introduced in Sec. 3.1 and γγ,i denotes the photon-

to-resonance vertex function. The photon-vertex function γγ,i is parameterized by a poly-
nomial function in the energy W and includes free parameters for each genuine s-channel
state as shown in Eq. (3.69) and (3.70)

γγ,i(W ) =
√
mNP

P
i (W ) , (3.69)

PP
i (W ) =

li∑︂
j=1

gP
i,j

(︃
W −Ws

mN

)︃j

e−λP
i (W −Ws) , (3.70)

where g and λ > 0 are free parameters which are fitted to data and the expansion point
Ws is chosen close to πN threshold Ws = 1077 MeV. Here we have n polynomials per
multipole, where n denotes the number of resonances. Furthermore, the sum starts with
j = 1 to fulfill the decoupling theorem. This means a parametrically suppression of the
resonance contributions at threshold.
For the non-pole part in Eq. (3.67) we also use a polynomial parametrization for αNP

µγ

as shown in Eqs. (3.71) and (3.72)

αNP
µγ (p,W ) =

γ̃a
µ(p)

√
mN

PNP
i (W ) , (3.71)

PNP
µ (W ) =

lµ∑︂
j=0

gNP
µ,j

(︃
W −Ws

mN

)︃j

e−λNP
µ (W −Ws) , (3.72)

and introduce additional fit parameters gNP
µ,j and λNP

µ depending on the partial wave and the
final hadronic state. The vertex function γ̃a

µ(p) is equal to γa
µ,i but without the dependence

on the resonance number i. The nucleon mass mN is used to ensure that the parameters
g are dimensionless. The upper limits of the sum li and lµ are chosen as demanded by
the data but we restrict to a maximum polynomial degree of 3. We list further details on
this in Sec. 4.2. This kind of polynomial parameterization is numerically advantageous to
a field-theoretical description such as used in Ref. [232].

3.6. Determination of resonance parameters
In hadron spectroscopy, the reliable characterization of resonances is given by pole posi-
tions and residues in the complex energy plane on the unphysical Riemann sheet. The de-
scription in terms of poles is largely model independent and well suited to compare results
from different analyses. One defines the resonance mass by the real part of the pole posi-
tion, M = ReW0, and the width is related to the imaginary part through Γ = −2 ImW0.
The extraction of pole positions requires an analytic continuation of the scattering

amplitude onto the relevant unphysical Riemann sheets. This requires a careful treatment
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of the singularity structure of the S-matrix, since each open channel introduces branch
points and corresponding cuts. In the Jülich-Bonn model, the stable channels πN , ηN ,KΛ
andKΣ generate branch points on the physical axis, while channels with unstable particles
(ρN , σN and π∆) lead to branch points in the complex plane. To account properly
for unstable intermediate states, the integration contour is deformed into the complex
momentum plane so that the analytic continuation avoids the branch cuts associated with
the unstable propagators [111].
To access the second sheet, we follow the analytic continuation procedure described in

Ref. [111]. The amplitude on the second sheet T (2) for stable intermediate states is given
by

T (2)
µν (p, p′,W ) − Vµν(p, p′,W ) = δG(p, p′,W ) +

∫︂
dq p2Vµκ(p, q,W )T (2)

κν (q, p′,W )
W − E(q) − ω(q) + iϵ

, (3.73)

where we introduced δG which is given by

δG(p, p′,W ) = 2πip>
onE

onωon

W
Vµκ(p, pon,W )T (2)

κν (pon, p
′,W ) , (3.74)

where Eon and ωon defines the on-shell energies of the meson and baryon respectively and
the on-shell momentum in the center of mass frame is given by:

pon = 1
W

√︂
(W 2 − (mm −mb)2)(W 2 − (mm +mb)2) , (3.75)

where the index m (b) denotes the meson (baryon). The on-shell momentum is double
valued to explicitly distinguish the two Riemann sheets:

p>
on =

{︄
−pon if Im pon < 0
pon else

. (3.76)

This kind of construction is required to properly locate resonance poles in the complex
plane. For channels including unstable particles in the intermediate state this procedure
becomes more involved, since the unstable propagator contains additional branch points.
As a consequence, more than two sheets may need to be considered. One needs to access
the correct sheets by employing an appropriate contour deformation. Since poles may
occur on any of these sheets, specific criteria must be used to decide on which sheets the
pole search is performed [111].
In addition to the pole position, one also needs the residue |r| and its phase θ to properly

characterize the resonance pole. Expanding the amplitude T (2) around the pole position
W0 gives a Laurent series of the form

T (2)
µν = a−1,µν

W −W0
+ a0,µν + O(W −W0) , (3.77)

where a−1 is the pole residue. It can be calculated with a closed contour integration along
a path Γ(W0) around the pole W0:

a−1,µν = 1
2πi

∮︂
Γ(W0)

T (2)
µν (W )dW . (3.78)
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An alternative way is a determination given by an iterative procedure [112]:

∂

∂W

⃓⃓⃓⃓
⃓
W =W0

1
T

(2)
µν (W )

= 1
a−1,µν

, (3.79)

∂2

∂W 2

⃓⃓⃓⃓
⃓
W =W0

1
T

(2)
µν (W )

= − 2a0,µν

a2
−1,µν

, (3.80)

∂3

∂W 3

⃓⃓⃓⃓
⃓
W =W0

1
T

(2)
µν (W )

=
6(a2

0,µν − a−1,µνa1,µν)
a3

−1,µν

. (3.81)

This procedure is numerically fast, since it does not require an integration. The residue
a−1,µν and the constant term a0,µν can also be expressed in terms of the dressed quantities
introduced in Eq. (3.25). For the case of one resonance i it is given by [112, 238]

a−1,µν =
Γa

µ,iΓc
ν,i

1 − ∂W Σii
, (3.82)

a0,µν = a−1,µν

Γa
µ,iΓc

ν,i

(︄
∂

∂W
Γa

µ,iΓc
ν,i + a−1,µν

2
∂2

∂W 2 Σii

)︄ ⃓⃓⃓⃓
⃓
W =W0

+ T (2),NP
µν (W0) . (3.83)

These relations show that there is a contribution to the constant term of TNP and one from
the pole term. This is one of the reasons which shows that identifying the non pole part
TNP as ”background” is to simplistic [238]. In the case of two resonances the expression
for the residue is given by

a−1,µν =

⎡⎣ det
(︂
D(2)(W )

)︂
∂W det

(︁
D(2)(W )

)︁T (2),P
µν

⎤⎦
W →W0

. (3.84)

The residue a−1,µν is directly related to the pole residue r = |r|iθ according to the PDG
convention [5] by

|r| = |a−1ρµ| , (3.85)

θ = −π + arctan
[︄

Im(a−1ρµ)
Re(a−1ρµ)

]︄
. (3.86)

where
ρµ =

pon
µ E

on
µ ωon

µ

E
. (3.87)

Here pon
µ is the on-shell three momentum and Eon

µ (ωon
µ ) is the baryon (meson) energy in

channel µ. In addition to the pole position, we also determine normalized residues. These
normalized residues (NR) are defined by

NRπN→µν =
π

√
ρπNρµ gπNgµ

Γtot/2
(3.88)
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where the parameters gµ are defined from a−1,πNµ = gπNgµ and the resonance width is
given by Γtot = −2 ImW0. The transition branching ratios are given by the modulus of
these normalized residues:

Γ1/2
πN Γ1/2

µ

Γtot
= |NRπN→µν | . (3.89)

In Ref. [239] a novel approach is presented to relate the complex residues to the more
intuitive branching fractions. The authors present a formalism to derive line shapes of
resonances from its pole parameters and from this allow for an unambiguous definition of
branching ratios by properly integrating over the line shapes. They apply this to the ρ(770)
and the f0(500) resonances, since their pole parameters are determined from dispersive
studies on ππ scattering to high precision.
For photoproduction processes the photocouplings can be determined to characterize the

coupling of a resonance to a specific photo-channel. These are defined from the residue of
the helicity multipoles Ah

L± at the pole position by:

Ãh
pole = NResAh

L± , (3.90)

with h = 1/2 or 3/2 and the factor N is given by:

N = IF

√︄
qp

kp

2π(2J + 1)M
mNrπN

. (3.91)

The isospin factor IF has the values I1/2 = −
√

3 and I3/2 =
√︁

2/3. The meson (photon)
momentum in the c.m. frame at the pole is given by qp (kp). J is the total angular
momentum, L is the πN orbital angular momentum and mN is the nucleon mass. M and
rπN are the pole position and the elastic πN residue of the resonance. Note that ResAh

L±
and rπN are here defined with a minus sign in contrast to the mathematical residues and
the elastic πN amplitude, respectively.
These helicity multipoles can be written in terms of electric and magnetic multipoles by

A
1/2
L+ = −1

2 [(L+ 2)EL+ + LML+] ,

A
3/2
L+ = 1

2

√︂
L(L+ 2) [EL+ −ML+] , (3.92)

for total angular momentum J = L+ 1/2. For J = L− 1/2 we have:

A
1/2
L− = −1

2 [(L− 1)EL− − (L+ 1)ML−] ,

A
3/2
L− = −1

2

√︂
(L− 1)(L+ 1) [EL− +ML−] . (3.93)
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4. Recent results for photoproduction processes with proton
targets

In this chapter, we present recent fit result from the Jülich-Bonn model published in
Ref. [1]. We included new data sets for γp → π0p, π+n & ηp in the analysis of Ref. [1] and
discuss their impact on the resonance spectrum. Furthermore, we describe the numerical
details of the analysis for photoproduction processes off proton targets.

4.1. Database
We begin by giving an overview of the data included within this study. The references for
the data sets newly included in the present study are listed in Tab. 4.1. The references
for the photon induced data can be found in Tabs. 7, 8 and 9. These photoproduction
data sets are mainly obtained from the GWU/SAID [126] and BnGa webpages [240]. The
references for the pion induced data sets are given by the Refs. [58, 128, 241–289]. Note
that we do not fit directly to data for the elastic πN channel and instead use the partial-
wave amplitudes of the GWU/SAID WI08 analysis [290] similar to other analysis groups
in the field. Here we use their energy-dependent solution in steps of 5 MeV from the πN
threshold up to W = 2400 MeV. This results in the number of points for the elastic πN
channel as quoted in Tab. 4.1.
We include recent data for the double polarization observable E for the process γp →

π0p. These were published by CLAS in Ref. [291]. The observable E is related to the
difference of helicity cross sections by

d∆σ
dΩ =

dσ3/2
dΩ −

dσ1/2
dΩ = −2dσ0

dΩ E . (4.1)

Therefore, the inclusion of the polarization observable E is particularly important for the
determination of the GDH sum rule which contains the quantity ∆σ (see Eq. (2.63)). The
data sets on E or ∆σ in γp → π0p, π+n, ηp from MAMI [70, 292–294], CBELSA [295–
297], and CLAS [298, 299] were also included in the fit. New data on d∆σ/dΩ were also
recently published by the A2 Collaboration at MAMI [300]. We present the data together
with the solution of this study in the Appendix in Sec. D.1 in Figs. 24 and 25. Although
we did not include this dataset in the current fit, because it was published shortly after
the major part of the simulations was completed, we achieve a good data description.
In this study we further include new data on the double polarization observable G for

the finals states π0p and π+n by the CLAS Collaboration [301]. Note, that this data
increases the data base for this observable considerably. It is especially noteworthy for
the π+n channel, in which only 86 data points existed before and this measurement added
217 new ones, more than tripling the data base in this observable and channel.
In addition to that, we included recent η-photoproduction data from Ref. [302] of the

LEPS2/BGOegg collaboration. The differential cross section dσ/dΩ and the photon beam
asymmetry Σ [302] were measured over a large polar angle region −1 < cos θc.m. < 0.6.
Note that the beam asymmetry data for center of mass energies above 2.1 GeV was covered
for the first time in that work.
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In addition, we also include the recent polarization data for γp → K0Σ+ by CLAS [303]
which were already presented by an earlier JüBo fit in Ref. [303].

Reaction Observables (# data points) # data p./channel
πN → πN PWA GW-SAID WI08 (ED solution) 8,396
π−p → ηn dσ/dΩ (676), P (79) 755
π−p → K0Λ dσ/dΩ (814), P (472), β (72) 1,358
π−p → K0Σ0 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+198) [301], H (225),
E (1227+495) [291], F (397), Cx′

L
(74), Cz′

L
(26) 27,355

γp → π+n dσ/dΩ (5670), Σ (1456), P (265), T (718),
∆σ31 (231), G (86+217) [301], H (128), E (903) 9,674

γp → ηp dσ/dΩ (9112+320) [302], Σ (535+80) [302], P (63),
T (291), F (144), E (306), G (47), H (56) 10,954

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 (402), Σ (280) T (127), Cx′ (94),
Cz′ (94), Ox (127), Oz (127) 5,632

γp → K0Σ+ dσ/dΩ (281), P (188) , Σ (21), T (21),
Ox (21), Oz (21) 553

in total 73,171

Table 1: Data included in the fit with new data sets highlighted in red.

4.2. Numerical details
To fit our free model parameters to the experimental data, we perform a χ2 minimization
by using MINUIT [304] on the JURECA-DC supercomputer at the Jülich Supercomputing
Center [305]. The set of free parameters used in the fit are the same as in our previous
analysis JüBo2022 [117] with a few exceptions. The only difference is that we neglected
3 parameters of the phenomenological contact terms, since they were assigned very small
values by the fit process leading.
In Tab. 2 we list which genuine s-channel states couple to which channel. Each state has

a bare mass parameter and each checkmark (✓) corresponds to a coupling parameter. We
have one bare mass and six couplings for each of the 12 nucleon resonance states aside from
the nucleon ground state N(938), which only contributes one bare mass and one coupling
to πN . The bare mass and coupling of the nucleon ground state are not fit parameters,
but are renormalized to the physical values as discussed in Sec. 3.4. Each of the 10 ∆
states amount for four coupling parameters (since they can not couple to the ηN and KΛ
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channels due to isospin conservation) and one bare mass. Thus, we have 86 nucleon and
50 ∆ parameters resulting in a total of 136 parameters from s-channel diagrams.
We list all the parameters from the phenomenological contact terms in Tab. 3. We

noticed that the fit procedure tuned the coupling parameters to the πN channel for the
partial waves F15, P31 and D35 to very small values, resulting in numerical instabilities.
Thus, we decided to set these parameters to 0 and remove them from the list of free param-
eters. This is the only difference compared to the list of free parameters from the previous
analysis JüBo2022 [117]. In total we have 58 free parameters from the phenomenological
contact terms.
In Tab. 4 one finds the degree of the polynomial parametrization for the pole part of

the photoproduction potential (see. Eq. 3.70). In addition to the numbers shown each
term is accompanied by another parameter λP

i from the exponential. There is no constant
term in the polynomial parametrization in the pole part. The pole part contributes 155
parameters. The degrees of the polynomials for the non-pole part of the photoproduction
potential (see. Eq. 3.72) are listed in Tab. 5. Each term also contains a constant term
in the polynomial parametrization as well as the parameter of the exponential λNP

µ . This
amounts to 608 parameters from the non-pole part of the photoproduction potential.
Consequently, we have 763 free parameters from the photoproduction parametrization in
the Jülich-Bonn model.
We further have 68 parameters from t-, u-channel and ”background” diagrams which

are from the non-pole part of the amplitude (see Appendix B.3). Fitting these non-
pole parameters increases the amount of computation time significantly compared to the
pole parameters mentioned above. After testing, we found that including these as free
parameters did not change the χ2 significantly enough. To reduce computation time,
we decided to keep these non-pole parameters fixed at the values found in past JüBo
studies [33, 110, 112, 113].
Note that even though we always use the full data base to determine the parameter

values, it is not possible to fit all parameters simultaneously due to the complexity of
the model and numerical limitations. It should further be noted, that a majority of the
parameters comes from the polynomial parameterization of the photoproduction ampli-
tude. These can not induce resonance poles in the scattering matrix Tµν . The number
of these parameters is not predetermined by the model and likely not all of them are in-
dispensable. However, this flexibility can be regarded advantageous since it prevents the
inclusion of superfluous genuine s-channel states into the model. One could use model
selection tools such as the LASSO method [306–308] as a systematic way to reduce the
number of parameters.
Experimental systematic errors are usually only available for more recent data sets.

They are included as angle-independent normalization factors, as done in the GWU/SAID
analysis [309]. We consider an additional 5% uncertainty for older data sets on top of the
statistical one to compensate for potential missing systematic errors.
The varying number of data points for different channels and observables is noteworthy

(see Tab. 4.1). Unfortunately, this leads to small data sets being mostly ignored in a χ2

minimization. To increase the impact of smaller data sets, we introduce weights in the χ2
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πN ρN ηN π∆ KΛ KΣ
N(1535) 1/2− ✓ ✓ ✓ ✓ ✓ ✓
N(1650) 1/2− ✓ ✓ ✓ ✓ ✓ ✓
N(939) 1/2+ ✓
N(1710) 1/2+ ✓ ✓ ✓ ✓ ✓ ✓
N(1720) 3/2+ ✓ ✓ ✓ ✓ ✓ ✓
N(1900) 3/2+ ✓ ✓ ✓ ✓ ✓ ✓
N(1520) 3/2− ✓ ✓ ✓ ✓ ✓ ✓
N(1675) 5/2− ✓ ✓ ✓ ✓ ✓ ✓
N(1680) 5/2+ ✓ ✓ ✓ ✓ ✓ ✓
N(1990) 7/2+ ✓ ✓ ✓ ✓ ✓ ✓
N(2190) 7/2− ✓ ✓ ✓ ✓ ✓ ✓
N(2250) 9/2− ✓ ✓ ✓ ✓ ✓ ✓
N(2220) 9/2+ ✓ ✓ ✓ ✓ ✓ ✓

∆(1620) 1/2− ✓ ✓ ✓ ✓
∆(1910) 1/2+ ✓ ✓ ✓ ✓
∆(1232) 3/2+ ✓ ✓ ✓ ✓
∆(1920) 3/2+ ✓ ✓ ✓ ✓
∆(1700) 3/2− ✓ ✓ ✓ ✓
∆(1930) 5/2− ✓ ✓ ✓ ✓
∆(1905) 5/2+ ✓ ✓ ✓ ✓
∆(1950) 7/2+ ✓ ✓ ✓ ✓
∆(2200) 7/2− ✓ ✓ ✓ ✓
∆(2400) 9/2− ✓ ✓ ✓ ✓

Table 2: List of the parameters for each genuine s-channel state in the Jülich-Bonn model

πN ηN π∆ KΛ KΣ
S11 ✓ ✓ ✓ ✓
P11 ✓ ✓ ✓ ✓
P13 ✓ ✓ ✓ ✓ ✓
D13 ✓ ✓ ✓ ✓
D15 ✓ ✓ ✓ ✓
F15 ✓ ✓ ✓
F17 ✓ ✓ ✓
G17 ✓ ✓ ✓ ✓
G19 ✓ ✓ ✓ ✓
H19 ✓ ✓ ✓ ✓

πN π∆ KΣ
S31 ✓ ✓
P31 ✓
P33 ✓ ✓
D33 ✓ ✓
D35 ✓
F35 ✓ ✓
F37 ✓ ✓
G37 ✓ ✓
G39 ✓ ✓
H39 ✓ ✓

Table 3: List of the parameters from phenomenological contact terms. Here we use the
partial wave notation L2I,2J with respect to the πN channel.
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N(1535) 1/2− N(1650) 1/2− N(939) 1/2+ N(1710) 1/2+ N(1720) 3/2+

lEi 3 3 - - 3
lMi - - 2 3 3

N(1900) 3/2+ N(1520) 3/2− N(1675) 5/2− N(1680) 5/2+ N(1990) 7/2+

lEi 3 3 3 3 3
lMi 3 3 3 3 3

N(2190) 7/2− N(2250) 9/2− N(2220) 9/2+

lEi 3 3 2
lMi 3 3 2

∆(1620) 1/2− ∆(1910) 1/2+ ∆(1232) 3/2+ ∆(1920) 3/2+ ∆(1700) 3/2−

lEi 3 3 2 3 3
lMi - - 2 3 3

∆(1930) 5/2− ∆(1905) 5/2+ ∆(1950) 7/2+ ∆(2200) 7/2− ∆(2400) 9/2−

lEi 3 3 3 3 3
lMi 3 3 3 3 3

Table 4: List of the chosen degrees li for the pole part of the polynomial parametrization
PP

i . The superscript of the li denotes the respective multipole.

S11 P11 P13 D13 D15 F15 F17 G17 G19 H19
lEπN 3 - 3 3 3 3 3 2 2 1
lEηN 3 - 3 3 3 3 3 2 2 2
lEπ∆ 3 - 1 3 3 1 1 1 1 1
lEKΛ 3 - 3 3 3 3 3 3 1 1
lEKΣ 3 - 3 3 3 3∗ 3 2 1 1
lMπN - 3 3 3 3 3∗ 3 3 1 1
lMηN - 3 3 3 3 3 3∗ 3 2 2
lMπ∆ - 3 2 2 1 0 1 1 1 1
lMKΛ - 3 3 3 2 3 3 3 1 1
lMKΣ - 3 3 3 3 2 2 2 1 1

S31 P31 P33 D33 D35 F35 F37 G37 G39 H39
lEπN 3 - 3 3 3 3 2 2 2 2
lEπ∆ 3 - 2 2 2 0 1 1 1 1
lEKΣ 3 - 3 3 3 3 2 2 2 2
lMπN - 3† 2 3∗ 3 3∗ 2 2 2 2
lMπ∆ - 1 2 3 1 1 2 1 1 1
lMKΣ - 3 3 3 3 3 2 2 2 2

Table 5: List of the chosen degrees lµ for the non pole part of the polynomial parametriza-
tion PNP

µ . The superscript of the lµ denotes the respective multipole. The super-
script ∗ denotes that the 0-th order term is 0 and the superscript † means that
the 2nd-order term is 0.
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for each data set. Such a procedure is widely used for these kind of analyses in the field [5,
134, 149, 310].

Uncertainty estimation

Another challenge is the estimation of uncertainties on the parameters resulting from the
fit procedure. Due to numerical limitations, we cannot perform the χ2 minimization with
MINUIT by varying all parameters simultaneously. Instead, we must minimize the χ2

using subsets of parameters. As a result, the uncertainties provided by MINUIT cannot
be used as reliable full-parameter uncertainties. Furthermore, performing a proper sta-
tistical error analysis requires one to study the propagation of systematic and statistical
uncertainties from the experimental data to the extracted resonance parameters. This in-
cludes incorporating the covariance matrices of the data sets or employing methods such
as bootstrap resampling and pseudo-data generation to estimate the uncertainties on the
fitted parameters. All of this leads to a considerable numerical challenge which is beyond
the scope of the current study. Note, that until now such a thorough error analysis has
not been carried out in a rigorous way by any coupled-channel analysis group in the field.
Here, we follow a different procedure for this analysis, which was already used in the

previous study [117]. We modify the parametrization of our model by including additional
s-channel states and perform re-fits. We add one genuine s-channel state in each of the
16 partial waves with zero or one s-channel resonance in the original fit and perform
extensive new fits, in which all ”pole” and ”photo” parameters, as well as the ones from
contact terms are optimized. We then use the maximal deviation of the re-fits from the
original fit value on each resonance parameter as our estimated uncertainties. We show
an example for the spread of the pole position of the Roper resonance N(1440)1/2+ in
Fig. 8.
Since the re-fits did not significantly improve the data description, we conclude that

none of the additional s-channel states should be included in the original parametrization
of our model. This procedure leads to a qualitative estimation of uncertainties on the
resonance parameter. This is considered a compromise since a rigorous error analysis is
not yet possible in the present analysis.

4.3. Fit results for new data sets

The current fit result (labeled as ”JüBo2025”) is presented in Figs. 9 to 13 for the newly
included data sets. We added the previous solution ”JüBo2022” from Ref. [117] in the plots
for comparison. A complete presentation of the fit result can be found in the supplementary
material of this thesis. We further list the χ2-values of the new data sets in Tab. 6. The
full list of χ2 as well as the references for photoproduction final-states and observables are
shown in Tabs. 7, 8 and 9.
As one can see in Fig. 9, the inclusion of the data set from Ref. [291] in the fit leads to

improvements on the double polarization observable E for the process γp → π0p.
For the double polarization observable G, we achieved a large improvement for the

process γp → π+n, c.f Fig. 11. This is due to the significant increase in number of data
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Figure 8: Shown is the spread of the pole position for the Roper resonance N(1440)1/2+

in the re-fits together with the values of the current solution ”JüBo2025” and
the 2022 solution ”JüBo2022”.

Table 6: χ2-values per number of data points (#) and weights used in the weighted fit for
the newly included datasets presented in Figs. 9 to 13.

Reaction Observable (#) χ2/# weight

γp → π0p E (495) [291] 1.62 60

G (198) [301] 1.57 100

γp → π+n G (217) [301] 3.02 130

γp → ηN dσ/dΩ (320) [302] 0.85 60

Σ (80) [302] 0.63 90
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Reaction Observable (# data points) χ2/#
γp → π0p dσ/dΩ (18,721) [70, 72, 292, 311–370] 1.6

Σ (3287) [72, 331, 348, 359, 361, 363, 367, 371–395] 1.4
P (768) [332, 376, 380, 381, 386, 396–430] 2.7
T (1404) [348, 368, 370, 376, 380, 381, 386, 423, 428, 431–436] 2.8
E (1722) [291, 295, 296] 1.9
∆σ31 (140) [70, 292] 0.8
G (591) [301, 437–440] 0.9
H (225) [370, 437, 438] 2.1
F (397) [436] 3.1
Cx′

L
(74) [366, 430, 441] 9.7

Cz′
L
(26) [366, 430] 19

γp → π+n dσ/dΩ (5670) [70, 331, 341, 351, 442–471] 2.2
Σ (1456) [331, 374, 375, 392, 395, 467, 472–484] 3.5
P (265) [476, 479, 485–489] 5.1
T (718) [476, 479, 489–500] 4.3
E (903) [70, 293, 298] 1.9
∆σ31 (231) [70, 293] 1.7
G (303) [301, 439, 501, 502] 3.0
H (128) [501–504] 7.4

Table 7: List of the χ2 per number of data points for the reactions γp → πN for each
observable.
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Reaction Observable (# data points) χ2/#
γp → ηp dσ/dΩ (9442) [302, 505–526] 0.9

Σ (615) [302, 513, 520, 527–529] 2.7
P (63) [297, 510, 530] 4.7
T (291) [297, 435, 531] 3.8
E (306) [297, 299] 2.9
G (47) [297] 2.7
H (56) [297] 1.1
F (144) [531] 2.1

γp → KΛ dσ/dΩ (2563) [83, 532–552] 2.5
Σ (459) [550, 553–556] 2.6
P (1663) [83, 534, 536, 540, 541, 546–548, 551, 552, 555, 557–559] 1.7
T (383) [556, 560, 561] 1.8
Cx′ (123) [562] 1.2
Cz′ (123) [562] 2.2
Ox′ (66) [556, 561] 1.3
Oz′ (66) [556, 561] 1.3
Ox (314) [556, 561] 1.8
Oz (314) [556, 561] 1.4

Table 8: List of the χ2 per number of data points for the reactions γp → ηp, KΛ for each
observable.

Reaction Observable (# data points) χ2/#
γp → K+Σ0 dσ/dΩ (4381) [83, 533, 535, 538, 541–550, 563–566] 1.3

Σ (280) [550, 553, 555, 556, 563] 2.6
P (402) [83, 546–548, 555, 564] 2.7
T (127) [556] 1.6
Cx′ (94) [562] 2.1
Cz′ (94) [562] 1.9
Ox (127) [556] 2.5
Oz (127) [556] 1.0

γp → K0Σ+ dσ/dΩ (281) [567–573] 2.5
Σ (21) [303] 1.1
P (188) [303, 567, 570, 572, 574] 2.3
T (21) [303] 1.7
Ox (21) [303] 3.8
Oz (21) [303] 0.7

Table 9: List of the χ2 per number of data points for the reactions γp → KΣ for each
observable.
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points here, which were more than tripled. For the final-state π0p shown in Fig. 10, we
got slight improvements, especially at higher energies.
The new η-photoproduction data improved our description of backward angles at ener-

gies above 2 GeV as shown by the comparison to the previous solution in Figs. 12 and 13.
For the observable Σ there was no data for energies above 2.1 GeV before, which explains
the large overall improvement in this observable.
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Figure 9: Current fit results (red) and 2022 fit [117] (blue) for comparison for the double
spin polarization observable E for the process γp → π0p. The data was published
by the CLAS collaboration in Ref. [291]. The numbers in each plot denote the
center of mass energy in MeV.

4.4. Resonance spectrum

We already described the analytic properties of the amplitudes in Sec. 2.1 and the pro-
cedure to calculate the resonance parameters in our approach was explained in Sec. 3.6.
We use the normalised residues to determine the coupling strengths of individual states to
hadronic channels. The definition of normalised residues used in the model is in agreement
with the Particle Data Group (PDG) [5]. For the coupling of the photo channel γp to the
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Figure 10: Current fit results (red) and 2022 fit [117] (blue) for comparison for the double
polarization observable G for the process γp → π0p. The data was published
by the CLAS collaboration in Ref. [301]. The numbers in each plot denote the
center of mass energy in MeV.

resonances we use the PDG convention to define the so-called photocouplings at the pole
Ah

p , where the subscript p labels the proton in the initial state here.

We present the resonance parameters in Tabs. 10 and 11. We list the pole positions W0
and the residues of the states found in this study. We also present the photocouplings at
the pole in Tab. 12. We further compare the values with the results from the JüBo2022
study [117] and we list PDG values [5], if an estimate is given. Within our analysis we find
all 4-star resonances for I = 1/2 and I = 3/2 up to J = 9/2, except for the N(1895)1/2+,
which was not needed in our present study to get a good data description. This resonance
was found to be important for the data near the η′N -threshold [575]. Once we extend the
JüBo model to the η′N channel, we can judge whether N(1895)1/2+ has to be included
within our approach. This kind of extension is planned for the future. A few further
resonance states with less than a 4-star rating are also observed within our analysis. The
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Figure 11: Current fit results (red) and 2022 fit [117] (blue) for comparison for the double
polarization observable G for the process γp → π+n. The data was published
by the CLAS collaboration in Ref. [301]. The numbers in each plot denote the
center of mass energy in MeV.

full list of resonances found in the present study is given by:

N(1535)1/2−, N(1650)1/2−, N(1440)1/2+, N(1710)1/2+,

N(1720)3/2+, N(1900)3/2+, N(1520)3/2−, N(1675)5/2−,

N(1680)5/2+, N(1990)7/2+, N(2190)7/2−, N(2250)9/2−,

N(2220)9/2+, ∆(1620)1/2−, ∆(1910)1/2+, ∆(1232)3/2+,

∆(1600)3/2+, ∆(1920)3/2+, ∆(1700)3/2−, ∆(1930)5/2−,

∆(1905)5/2+, ∆(1950)7/2+, ∆(2200)7/2−, ∆(2400)9/2− .

We did not include any new resonance states as genuine s-channel states and did not
find any new resonance in this study compared to the previous analysis JüBo2022 [117].
However, there were still some significant changes in the resonance parameters. We discuss
the resonance spectrum within the JüBo model in the following part. A short overview of
previous JüBo analyses, which we will refer to in the following, is given by:
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Figure 12: Current fit results (red) and 2022 fit [117] (blue) for comparison for the differ-
ential cross section for the process γp → ηp. The data was published by the
LEPS2/BGOegg collaboration in Ref. [302]. The numbers in each plot denote
the center of mass energy in MeV.

• JüBo2013: Only pion-induced reaction are included in this study. This was the
last analysis without photoproduction [113].

• JüBo2014: This is the first photoproduction fit of the Jülich-Bonn group. Here
γp → πN reactions were included and the γp-photocouplings Ah

p were determined
for the first time in this framework. Note that the pole parameters were note varied
in this study [114].

• JüBo2015: The model was extended to include the photoproduction process γp →
ηp. Different fits were performed in this analysis, but we will refer to the fit ”B”
here [115].

• JüBo2017: In this work the channel space for photoproduction was extended to
include the KΛ final-state [116].

• JüBo2022: This is the most recent study before the one presented in this chapter.
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Figure 13: Current fit results (red) and 2022 fit [117] (blue) for comparison for the photon
beam asymmetry Σ for the process γp → ηp. The data was published by the
LEPS2/BGOegg collaboration in Ref. [302]. The numbers in each plot denote
the center of mass energy in MeV.

Data on the photoproduction reactions γp → KΣ were included here [117].

• JüBo2025: This is the new analysis presented in this chapter. Here we included
the new data sets and use the result to calculate the GDH sum rule contributions,
which we will present in Chapter 6 [1].

We further show a graphical presentation for the pole positions of the different resonances
for all of the above JüBo studies and the JüBo2026 analysis (presented in Chap. 5) in
Figs. 14 and 15.

N∗ resonance spectrum

S11: The two well known S11 resonance states N(1535)1/2− and N(1650)1/2− originate
from bare s-channel states within the Jülich-Bonn model.
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For the N(1535)1/2− the real part of the pole position remained stable throughout the
different JüBo studies. It lies slightly above the ηN threshold. However, the width varied
between the different analyses. In the JüBo2015 and JüBo2017 it was found to be above
100 MeV, but in the earlier analyses of 2013 and 2014 as well as in the recent JüBo2022
and the present JüBo2025 studies it was narrower (Γ = 74-78 MeV). The πN residue |rπN |
remained around 20 MeV throughout the different analyses. The branching ratio into the
ηN channel has been large in all studies (≈ 50%) and even increased slightly in this work
to 55%. The coupling to the KΛ channel was less than 10% until the JüBo2017 analysis.
After the inclusion of γp → KΣ data in JüBo2022, the KΛ residue increased significantly
to 26%. Even though it decreased in the present study, it remains large at 22%. The
normalised residue of the KΣ increased significantly in the JüBo2022 study to 27%, while
it was around 5% in the earlier photoproduction studies. However, in the current work, it
was decreased significantly back to 6.7%. It should be noted, that the N(1535)1/2− lies
relatively far below the KΣ threshold, which makes the determination of the normalized
residues difficult. The photocoupling A1/2

p was found to be small compared to other groups
in the first photocoupling study JüBo2014 [114], but in the JüBo studies after it increased
to values similar to the ones found in studies of other groups and remained stable.
For the N(1650)1/2− the pole position remains stable throughout all JüBo analyses and

they agree with the PDG estimates. The real part only slightly decreased in the present
result compared to JüBo2022. While the πN residue doubled its value in the JüBo2022
analysis, it decreased again in the current work and is now close to the PDG estimate.
The ηN , KΛ and KΣ couplings increased significantly in the JüBo2022 study compared
to earlier works. The change in the ηp channel was argued to origin from the inclusion of
new data on the observables T , E, P , H and G [117]. In the present analysis we observe
that all these couplings decreased again. It should further be noted, that the estimated
uncertainties for the N(1650)1/2− are much smaller than in the JüBo2022 study, even
though the same procedure was used. The γp photocoupling was slightly smaller than
the values found by other groups in 2014, but increased slightly in subsequent studies and
agrees with the results found by other groups.

P11: In the P11 partial wave we find the two poles of the N(1440)1/2+ and N(1710)1/2+

resonances. The nucleon ground state is also included as a bare s-channel state, but we
use a renormalization procedure, in which the bare mass and πN coupling are normalized
so that the dressed quantities are fixed to the physical values [115]. Until the JüBo2017
study, we found another dynamically generated pole at W0 = 1750 − i 159 MeV labeled as
N(1750)1/2+ [116]. This resonance could not be identified with any listed in the PDG.
However, in the JüBo2022 and JüBo2025 analyses this resonance is not seen anymore.
The N(1440)1/2+ state is the famous Roper resonance. It is dynamically generated in

the Jülich-Bonn model, predominantly by correlated 2π exchange with ρ quantum numbers
and has strong contributions from the σN channel [33, 106]. The pole position remained
stable throughout the different JüBo studies, but both the real part and width increased
slightly in the present result. While the real part of the pole position agrees with the
value listed in the PDG, the width within our study is marginally higher than the PDG
estimate. The πN residue is stable throughout all analyses. The normalised residues into
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the channels ηN andKY were found to be small (1−2%), when only studying pion-induced
data. The ηN residue increased to values ≈ 8% over the course of the photoproduction
studies. The KΛ coupling also changed throughout the photoproduction analyses and is
now 6.2%, while the KΣ residue was found to be sub 1% for the Roper resonance. In the
JüBo2014 study its photocoupling was found at −54 × 10−3GeV−1/2 and it increased in
magnitude over the course of the different photoproduction analyses. In the present work
it was found at almost double the initial magnitude.
The N(1710)1/2+ originated from the second s-channel pole (apart from the nucleon)

in the P11 partial wave up to the JüBo2017 study. However, in the JüBo2022 analysis
it was found that the s-channel state moved far into the complex plane and thus is not
included in the resonance table. However, the N(1710)1/2+ was still present and since
then considered a dynamically generated pole. The pole position varied a lot within
the JüBo studies. This is mainly explained by the change from it being an s-channel
induced pole to a dynamically generated one and its interplay with the N(1750)1/2+

resonance, which is not observed anymore. This shows that a pole cannot be assigned
unambiguously to a specific s-channel term or to be fully dynamically generated, since
our approach is highly nonlinear. Consequently, an interpretation of the nature of a state
requires the use of other methods, e.g. compositeness or elementariness criteria as it
was done within the JüBo framework in Refs. [218, 219]. In the present work the pole
position of the N(1710)1/2+ only changed slightly compared to JüBo2022 and is located
at 1588(8)− i 56(4) MeV. This resonance couples weakly to the πN and KΣ channels and
dominantly to ηN and KΛ. The photocoupling remained stable at ≈ −20 × 10−3GeV−1/2

throughout the different studies.
P13: For the P13 partial wave we observe two s-channel induced poles, the N(1720)3/2+

and the N(1900)3/2+.
For the N(1720)3/2+ resonance the real part of the pole position varied between val-

ues below and above 1700 MeV, but it did not change significantly in the present work
compared to JüBo2022 and we found a value of 1720(2) MeV. The width also changed
throughout the different analyses. While the width was above 200 MeV until 2015, it
decreased continuously in the more recent ones and has a value of 166(4) MeV in the
present one. This agrees with the lower threshold of the PDG estimate. The πN residue
and the normalised residues into the inelastic channels were stable in all analyses except
for the JüBo2022 study. This increase of the residues in the JüBo2022 analysis could
not be observed in the present one and all of them decreased again. The photocoupling
A

1/2
p decreased throughout the JüBo studies and in the present study it decreased even

further to approximately half of the initial value of JüBo2014. For the A3/2
p photocoupling

we found an increase from 2014 to 2015 and it was stable since then at a magnitude of
approximately 25 × 10−3GeV−1/2.
The second P13 resonance is the N(1900)3/2+, which was first included as a genuine

s-channel state into the framework within the JüBo2017 study. Within the JüBo2017
work the width was found to be quite large at a value of 217(23) MeV, but it was
significantly smaller in the JüBo2022 study (< 100 MeV). In the present work it in-
creased to 141(1) MeV, which agrees with the PDG estimate. The mass of this resonance
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(1904(1) MeV) and the elastic residue |rπN | did not change significantly compared to the
previous studies. We further observe a significant increase for the N(1900)3/2+ residue
into ηN and KΛ in the present study. The KΣ residue was 10% in the JüBo2017 anal-
ysis, but decreased significantly in the most recent and the current work to 1.5%. The
photocouplings Ah

p decreased significantly from the JüBo2017 to the JüBo2022 study. In
the present work we observe a decrease in the A1/2

p but a significantly increase for the
magnitude of the A3/2

p .
Within the JüBo2022 study we have already observed a high impact of the P13 reso-

nances on the γp → ηp observables. In the present study we find the same influence. We
visualized this influence on the γp → ηp data included in this study in the Appendix in
Fig. 26.

D13: We only observe the s-channel resonance N(1520)3/2− in the D13 partial wave.
In the studies until 2017 the mass of the N(1520)3/2− was found above 1500 MeV

and decreased to values below in the JüBo2022 and the present works. The width varied
between values of 89 − 126 MeV throughout the studies. In the present analysis the width
has a value of 102(6) MeV which agrees with the PDG estimate within the uncertainties.
The elastic πN residue decreased throughout the studies from a value of ≈ 40 MeV in 2013
to 26(5) MeV in the present work. All inelastic residues had values of only a few % and
only varied slightly throughout the analyses. The photocouplings Ah

p varied a lot since
the JüBo2014 study and in the present analysis they decreased in magnitude, especially
for the A1/2

p .
As in the previous JüBo studies we see indications for a dynamically generated resonance

N(1875)3/2− in the present analysis. The pole position is found at 1914(1)−i 343(2) MeV.
However, it has a width of 686 MeV, which is still significantly larger than the estimate of
the PDG [5] of 160 ± 60 MeV. Such a broad state can only have a small influence on the
physical axis. Consequently we do not include it in the resonance table.

D15: We observe the N(1675)5/2− in the D15 partial wave which originates from an
s-channel state.
The pole position of the N(1675)5/2− only varied slightly throughout the different JüBo

analyses and is located at W0 = 1644(1) − i 58(1) MeV in the present study. The elastic
residue |rπN | was stable in the past analyses and varied only within values of 22−28 MeV,
but decreased in the current one to 14(5) MeV. The coupling to the ηN final-state has
always been the largest one for the inelastic channels at > 5%, but it decreased significantly
in the JüBo2025 analysis to 3.5%. The KΛ residue is very small throughout all analyses.
The KΣ coupling decreased slightly in the JüBo2017 study in which photoproduction to
KΛ was included and is stable at 2.2% since then.
The photocoupling A1/2

p increased in the photoproduction analyses until 2017. After
the inclusion of the KΣ final-state in the JüBo2022 there was a noticeable decrease in
this photocoupling, but in the present work we find a similar value as in JüBo2017. For
the A3/2

p we observed a significant increase after the inclusion of η photoproduction in the
JüBo2015 analysis and its value was stable in all recent JüBo studies. In the present work
the A3/2

p photocoupling decreased to a value similar to the initial one found in 2014 of
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35(5) × 10−3GeV−1/2, which is likely explained by the lower residues for the final-states
πN and ηN .
In the JüBo2017 analysis a dynamically generated pole was found in the D15 partial

wave at W0 = 1924 − i 100 MeV. This pole could correspond to the 2 star resonance
labeled N(2060)5/2− in the PDG. There were also inconclusive indications for this state
by another study on the beam asymmetry for the process γp → ηp [528]. However, this
pole was not observed in the JüBo2022 and the present study.

F15: In the F15 partial wave we only observe the s-channel resonance N(1680)5/2+.
The mass of the N(1680)5/2+ was stable throughout all JüBo studies and agrees with

the PDG estimate. In contrast to this the width varied a lot in the different photopro-
duction studies. There were significant decreases of 20 MeV in both the JüBo2015 and
JüBo2017 studies. However, after the inclusion of the KΣ channel in 2022 the width of
the N(1680)5/2+ increased back to a value, which agrees with the PDG estimate. The
πN residue was stable at ≈ 35 MeV throughout the JüBo studies. Even though we find
a larger value in the present work, it is accompanied by a large uncertainty such that it
agrees with the values of of previous analyses. The normalised residues for the inelastic
channels were below 1% before including photoproduction data. We observed that the
residues for both the ηN and the KΛ final-states increased after their respective exten-
sions in 2015 and 2017, but decreased in the following analyses again. In the present work
the ηN coupling decreased further, which is likely caused by the inclusion of new data for
γp → ηp. However, the residues for the KY channels increased in the current result.
Within the JüBo studies the photocoupling A1/2

p has been much smaller in magnitude
compared to A3/2

p . This is further emphasized in the present result in which the modulus
of A1/2

p decreased further to −8(2) × 10−3GeV−1/2 and we observe a significant increase
for A3/2

p to 133(34) × 10−3GeV−1/2.
F17: For the F17 partial wave we observe the N(1990)7/2+, which has only a 2 star

rating in the PDG.
The pole positions varied a lot throughout the different JüBo analyses. However, it did

not change significantly in the present study compared to the JüBo2022. We observe a
very small πN residue for the N(1990)7/2+ in all studies, which is much narrower than the
values found by other groups listed in the PDG [134, 143, 576]. All normalised residues
were smaller than 2% until 2017, but we noticed a significant increase for the ηN residue
in the JüBo2022 analysis. The N(1990)7/2+ has a large influence on the forward peak in
the beam asymmetry for the γp → ηp process. This large influence is also observed in the
present study and we visualize this in the appendix in Fig. 27.
The photocouplings for the N(1990)7/2+ had large uncertainties and varied in the

different photoproduction analyses. However, in the present analysis the magnitudes of
the photocouplings decreased and the uncertainties determined by the refits are much
smaller compared to recent studies.

G17: The G17 features the 4-star resonance N(2190)7/2−.
The mass of the N(2190)7/2− was found above 2050 MeV until the JüBo2017 analysis,

but it decreased by 120 MeV after the inclusion of KΣ data in 2022 and further decreased
in the present study. The width of the N(2190)7/2− resonance was ≈ 280 MeV in the more
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recent analyses (and even above 300 MeV in 2014 and 2015), but we find a much lower
width of 161(2) MeV in the present work. We already observed this change after the inclu-
sion of the new polarization data for K0Σ+ photoproduction [303]. Our width is in clear
disagreement with the PDG estimate. The N(2190)7/2− couples predominantly to the
πN channel in all analyses, even though the corresponding residue decreased throughout
the different studies.
The large change in the width is also reflected in the A3/2

p photocoupling, which reduced
by 2/3 of the value found in JüBo2022.

G19: We observe the resonance N(2250)9/2− induced by a s-channel pole in the G19
partial wave.
We find large variations in the pole position of this resonance in the different JüBo

studies. In the present work we find an increase by 99 MeV of the mass and the width
decreased by 48 MeV compared to the JüBo2022 analysis. For the residues we observed
very low values in the JüBo2017 study, in which the KΛ final-state was included. However
the residues increased again in the JüBo2022 analysis except for the KΛ channel. In the
present study we also find higher values for the residues than in 2022. We find large
uncertainties within our estimation, but this is typical for higher lying resonances.

H19: In the H19 we find one s-channel pole, the N(2220)9/2+.
The pole position of the N(2220)9/2+ did not change significantly until the JüBo2017

analysis, but after the inclusion of KΣ in 2022 we observe a much narrower width. In
the present work we also find a significant smaller real part of the pole position. The
N(2220)9/2+ has a large coupling to πN , even though it decreased in the JüBo2022 and
the present studies. The branching ratios into the inelastic channels have been small in
past studies, but the ηN and KΛ ones increased in 2022. In the present work the two
respective residues decreased again.
We see large fluctuations in the photocouplings for the H19 resonance, but in the present

work we find significant smaller values compares to past studies.

∆ resonance spectrum

S31: In the S31 partial wave we find the well-established resonance ∆(1620)1/2−.
The pole position was stable throughout all JüBo photoproduction analyses except for

an increase in the width from 66(7) MeV to 85(5) MeV after the inclusion of KΣ final-state
data in the JüBo2022 study. We further observed a significant reduction of the normalised
residues for both KΣ and π∆ in 2022. The ∆(1620)1/2− predominantly couples to the
π∆ channel, which is further emphasized in the present result where the respective residue
increased back to 51(9)%.
The photocoupling A1/2

p of the ∆(1620)1/2− was small compared to the values of all
other ∆ resonances in recent JüBo studies, which could be explained by the small width
and large inelastic residues. However, in the present analysis we observe an increase for
photocoupling of the ∆(1620)1/2− and we also find small photocouplings for other ∆
resonances (e.g. ∆(1600)3/2+).

P31: The P31 features only the ∆(1910)1/2+, which originates from a genuine s-channel
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pole.
The ∆(1910)1/2+ is a very wide resonance and couples weakly to πN channel. Fur-

thermore, it is accompanied by a large, energy-dependent background. These problems
lead to large uncertainties and variations for the extracted resonance parameters. In the
JüBo2022 study we noticed a large decrease in the width and all residues. In the present
analysis this trend can be observed again except for the KΣ residue, which increased
slightly. We also observe this for the photocoupling A1/2

p , which significantly decreased in
the present work compared to the value found in 2022.

P33: In the P33 we got the famous ∆(1232)3/2+ as well as the two resonances ∆(1600)3/2+

and the ∆(1920)3/2+. In this partial wave we observed a change in the analytic struc-
ture of the JüBo2022 analysis. The ∆(1600)3/2+ resonance was dynamically generated
in older JüBo studies but was found to be induced by a s-channel pole in the P33 partial
wave in 2022. For the ∆(1920)3/2+ this was the opposite. This shows the difficulties in
understanding the nature of resonances in coupled-channel approaches, which is further
discussed within the Jülich-Bonn framework in Refs. [218, 219].
The ∆(1232)3/2+ is stable throughout all different JüBo analyses and its resonance

parameters are close to the PDG estimates.
The ∆(1600)3/2+ changed its pole position and πN residue significantly after the in-

clusion of the first strangeness channel KΛ in 2017. Since the I = 3/2 resonances do
not couple to the KΛ channel, one may expect no major changes in the ∆ resonances.
However, we refit the whole data base in our JüBo analyses. Thus, changes in the I = 1/2
resonances due to a new channel (e.g. KΛ) will also lead to changes in I = 3/2 resonances
for coupled channel approaches.
The mass of the ∆(1600)3/2+ increased, while the width was much narrower in the

JüBo2017 analysis. These changes continued in the JüBo2022 and the present studies.
Our width is much lower than the value suggested by the PDG.
The photocouplings of the ∆(1600)3/2+ resonance are relatively small when compared

to the other I = 3/2 photocouplings. In the present study the value of the A1/2
p even

decreased further.
The ∆(1920)3/2+ is very broad (Γ > 800 MeV). The mass underwent a significant

change in the JüBo2017 analysis by increasing over 200 MeV compared 2015. Since then
the real part of the pole position decreased again to a value of 1857(15) MeV in the
present study. This resonance is very dominant in the KΣ channel over a large energy
range. This is further reflected by the large photocouplings of this resonance throughout
all JüBo analyses. Note that in the present study the width and residues increased even
further.
The large width of the ∆(1920)3/2+ may be an artifact of the parametrization of our

amplitude, but it is certain that the P33 partial wave has a major influence on the KΣ
final-state.

D33: The D33 features only the s-channel pole ∆(1700)3/2−.
The pole position had no significant changes until the JüBo2022 study, in which the real

part decreased by approximately 40 MeV. However, this change was accompanied with
a large uncertainty. In the present work the mass increased to a value close to the ones
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found in earlier studies and agrees with the estimates of the PDG, but the width increased
to 354(13) MeV. This width is in disagreement with the PDG estimate. We also observe
that all residues in the present study are notable higher than in the past analyses. This
is also reflected in the larger photocouplings.
In the JüBo2022 analysis we found indications of a dynamically generated pole located

atW0 = 2118(10)− i356(73) MeV, which couples strongly to the KΣ channel. This pole is
again observed in the present analysis but with a smaller imaginary part of approximately
250 MeV. This pole may be associated with the 2-star resonance ∆(1940)3/2− listed in
the PDG, even though our pole position differs from the PDG estimate of W0 = 2000 ±
60 − i(200 ± 50) MeV.

D35 & F35: In the D35 we find the ∆(1930)5/2− resonance and in the F35 we observe
the ∆(1905)5/2+, which both originate from genuine s-channel diagrams.
In the J = 5/2 partial waves we can observe an interplay between the two delta reso-

nances. Large changes for both resonances in the pole positions could be observed in the
JüBo2017 and the JüBo2022 studies. It is also noteworthy that both had large uncertain-
ties in the JüBo2017 analysis. In the present study we find a significant increase in the
width of the ∆(1905)5/2+, which also lead to much larger photocouplings.

F37: For the F37 partial wave we have the s-channel pole ∆(1950)7/2−.
The mass of this resonance changed significantly in the 2017 analysis, in which the

KΛ channel was included. In the following extension to KΣ this change in the mass
was reverted, but the width was significantly narrower. In the present study there is no
noteworthy change of the pole position. We also notice an increase in the πN and π∆
residue in the present work. The narrower width also lead to lower photocouplings Ah

p in
the JüBo2022 and these have no noteworthy change in the present analysis. Even though
the normalised residue for the KΣ channel is only at 1.9(0.5)%, we already observed in
the JüBo2013 study that this resonance is important for the reaction πN → KΣ.

G37: We observe the 3-star resonance ∆(2200)7/2− in the G37 partial wave.
We again see large changes in the pole position in 2017 and 2022, in which the strangeness

channels were included. In the JüBo2022 and the present work we even find real parts
below 2000 MeV. The πN coupling of this resonance is smaller than the ones of other ∆
resonances. Furthermore, the residues of the inelastic channels decreased significantly in
the JüBo2022 analysis and have no relevant changes in the present work. For the pho-
tocouplings we find a slightly lower value for A1/2

p , but the A3/2
p photocoupling increased

significantly.
G39: Our s-channel diagram in the G39 partial wave induces the ∆(2400)9/2− pole.

This resonance has a 2-star rating in the PDG.
The pole position of this resonance varies a lot throughout the different JüBo analyses.

While both the real and imaginary part had large changes in the JüBo2017 analysis, we
find a way larger mass in the JüBo2022 study, which increased further in the present
result. It is also noteworthy that the width is much narrower in the new JüBo2025
solution (Γ = 86(37) MeV). We also find significantly larger residues in the present
analysis compared to 2022.
In the JüBo2022 study we found indications of a dynamically generated pole in the G39
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partial wave located at W0 = 1941(12) − i260(24) MeV, which is also found nearby in the
present work. However, this pole is not listed in the resonance table for now, since more
evidence is required to confirm its existence.
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Table 10: For the I = 1/2 resonances we present the extracted resonance parameters of
the new solution JüBo2025, namely the pole positions W0 (Γtot defined as -
2ImW0), the elastic πN residues (|rπN |, θπN→πN ), and the normalized residues
(
√︁

ΓπN Γµ/Γtot, θπN→µ) for the inelastic reactions πN → µ with µ = ηN , KΛ,
KΣ. In addition to the present study (“2025”), we list the JüBo2022 results
(“2022”) [117] and the estimates from the Particle Data Group [5] (“PDG”), if
available, as well as the PDG star rating.

Re W0 −2Im W0 |rπN | θπN→πN

Γ1/2
πN Γ1/2

ηN

Γtot
θπN→ηN

Γ1/2
πN Γ1/2

KΛ
Γtot

θπN→KΛ
Γ1/2

πN Γ1/2
KΣ

Γtot
θπN→KΣ

[MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg]

fit
N(1535) 1/2− 2025 1504 (1) 78 (2) 20 (1) −27 (1) 55 (1) 128 (0) 22 (1) −56 (1) 6.7 (1.3) 79 (9)

2022 1504 (0) 74 (1) 18 (1) −37 (3) 50 (3) 118 (3) 26 (2) −67 (3) 28 (2) 92 (3)
**** PDG 1510 ± 10 110+20

−30 25 ± 10 −20 ± 20 — — — — — —
N(1650) 1/2− 2025 1671 (2) 127 (3) 42 (1) −54 (2) 24 (1) 39 (3) 17 (0) −73 (2) 27 (1) −61 (2)

2022 1678 (3) 127 (3) 59 (21) −18 (46) 34 (12) 71 (45) 26 (10) −40 (46) 41 (15) −21 (47)
**** PDG 1665 ± 15 135 ± 35 45+10

−20 −70+20
−10 — — — — — —

N(1440) 1/2+ 2025 1359 (1) 213 (2) 61 (1) −99 (1) 8.4 (0.4) −32 (2) 6.2 (1.8) 140 (4) 0.9 (1.4) −23 (9)
2022 1353 (1) 203 (3) 59 (2) −104 (4) 8.4 (0.4) −28 (4) 2.5 (0.9) −92 (86) 0.2 (0.5) −32 (154)

**** PDG 1370 ± 10 190+15
−10 55 ± 5 −90 ± 10 — — — — — —

N(1710) 1/2+ 2025 1588 (5) 113 (9) 3.4 (0.7) −115 (4) 21 (1) 86 (2) 14 (2) −157 (4) 4.7 (0.4) 161 (3)
2022 1605 (14) 115 (9) 5.5 (4.7) −114 (57) 28 (26) 91 (63) 20 (19) −144 (77) 5.5 (4.8) 162 (305)

**** PDG 1700 ± 50 120 ± 40 7+3
−4 190+80

−70 — — — — — —
N(1720) 3/2+ 2025 1720 (2) 166 (4) 4.8 (3.7) −16 (43) 2.5 (1.6) 99 (32) 1.2 (0.3) −71 (31) 1.2 (0.9) 107 (37)

2022 1726 (8) 185 (12) 15 (2) −60 (5) 4.9 (0.9) 64 (10) 3.4 (0.4) −101 (8) 5.9 (1) 82 (6)
**** PDG 1680+30

−20 200+200
−50 15 ± 10 −110 ± 50 — — — — — —

N(1900) 3/2+ 2025 1904 (1) 141 (1) 1.1 (0.3) −93 (4) 2.2 (0.2) −2 (4) 4.2 (0.3) −62 (3) 1.5 (0.2) −79 (8)
2022 1905 (3) 93 (4) 1.6 (0.3) 44 (21) 1.0 (0.3) 55 (29) 2.9 (0.6) 5.4 (18.6) 1.3 (0.3) −40(18)

**** PDG 1920 ± 20 130+30
−40 4 ± 2 −10 ± 30 — — — — — —

N(1520) 3/2− 2025 1496 (1) 102 (6) 26 (5.2) −17 (4) 1.8 (0.8) 68 (9) 2.9 (7.4) 140 (15) 3.1 (20) −36 (4)
2022 1482 (6) 126 (18) 27 (21) −36 (48) 2.1 (1.8) 34 (53) 2.6 (1.9) 127 (47) 1.0 (1.2) 94 (68)

**** PDG 1510 ± 5 110+10
−5 35 ± 3 −10 ± 5 — — — — — —

N(1675) 5/2− 2025 1644 (1) 117 (2) 14 (5) 13 (16) 3.5 (1.0) −9 (16) < 0.1 (0.0) −65 (49) 2.2 (0.5) −144 (16)
2022 1652 (3) 119 (1) 22 (1) −17 (2) 6.3 (0.9) −39 (2) < 0.1 (0.2) 174 (161) 2.4 (0.2) −166 (5)

**** PDG 1655 ± 5 135 ± 15 26+6
−4 −22 ± 5 — — — — — —

N(1680) 5/2+ 2025 1663 (5) 114 (3) 46 (18) −41 (12) 0.1 (0.1) −44 (110) 0.9 (0.3) −121 (15) 0.1 (0.2) −49 (196)
2022 1657 (3) 120 (2) 36 (1) −31 (1) 0.6 (0.7) 118 (2) 0.6 (0.1) −119 (3) < 0.1 (0.2) −46 (29)

**** PDG 1670 ± 10 120+15
−10 40 ± 5 −20 ± 10 — — — — — —

N(1990) 7/2+ 2025 1851 (6) 82 (10) 0.18 (0.02) −99 (4) 5.2 (0.4) −50 (3) 0.1 (0.1) −62 (190) 0.7 (0.3) −64 (4)
2022 1861 (9) 72 (5) 0.16 (0.01) −119(4) 4.8 (0.2) −43 (4) 0.4 (0.1) 133 (4) 1.0 (0.3) −54 (4)

** PDG — — — — — — — — — —
N(2190) 7/2− 2025 1943 (8) 161 (2) 15 (1) −45 (1) 2.9 (0.3) −52 (1) 3.6 (0.5) −62 (1) 1.1 (0.2) −71 (2)

2022 1965 (12) 287 (66) 18 (7) −45 (27) 2.1 (1) −65 (29) 2.6 (1.4) −78 (30) 0.5 (0.2) −92 (31)
**** PDG 2050 ± 100 400 ± 100 40 ± 20 0 ± 30 — — — — — —
N(2250) 9/2− 2025 2194 (43) 374 (65) 21 (10) −45 (12) 3.8 (1.7) −62 (14) 0.1 (0.1) −76 (204) 1.1 (0.7) −76 (13)

2022 2095 (20) 422 (26) 14 (2) −67 (17) 1.8 (0.2) −89 (9) 0.3 (0.1) 80 (9) 0.4 (0.4) −111 (9)
**** PDG 2150 ± 50 420+80

−70 25+5
−10 −40 ± 20 — — — — — —

N(2220) 9/2+ 2025 2009 (46) 367 (41) 30 (4) −52 (16) 2.3 (0.2) −89 (13) 1.4 (0.3) −106 (15) 0.2 (0.2) −122 (199)
2022 2131 (12) 388 (12) 48 (10) −13 (3) 4.2 (1.1) −48 (4) 2.0 (0.5) −60 (4) 0.3 (1.6) −70 (4)

**** PDG 2150+50
−20 400+80

−40 45+15
−10 −40+30

−20 — — — — — —
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Table 11: For the I = 3/2 resonances we present the extracted resonance parameters of the
new solution JüBo2025, namely the pole positions W0 (Γtot defined as -2ImW0),
elastic πN residues (|rπN |, θπN→πN ), and the normalized residues πN → KΣ
and πN → π∆ with the number in brackets indicating L of the π∆ state. In ad-
dition to the present study (“2025”), we list the JüBo2022 results (“2022”) [117]
and the estimates from the Particle Data Group [5] (“PDG”), if available, as
well as the PDG star rating.

Pole position πN Residue KΣ channel π∆, channel (6) π∆, channel (7)

Re W0 −2Im W0 |rπN | θπN→πN
Γ1/2

πN Γ1/2
KΣ

Γtot
θπN→KΣ

Γ1/2
πN Γ1/2

π∆
Γtot

θπN→π∆
Γ1/2

πN Γ1/2
π∆

Γtot
θπN→π∆

[MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg]

fit
∆(1620) 1/2− 2025 1601 (2) 79 (1) 17 (3) −72 (19) 18 (3) −65 (20) — — 51 (9) (D) 133 (19)

2022 1607 (4) 85 (5) 12 (2) 126 (4) 11 (2) −120 (5) — — 32 (2) (D) 81 (2)
**** PDG 1600 ± 10 110 ± 30 15 ± 5 −100 ± 20 — — — — — —
∆(1910) 1/2+ 2025 1813 (6) 653 (25) 27 (21) 129 (306) 0.5 (1.4) −100 (40) 15 (12) (P) −3 (63) — —

2022 1802 (11) 550 (22) 35 (25) 93 (14) 0.2 (0.4) 138 (19) 24 (18) (P) −42(14) — —
**** PDG 1850 ± 50 350 ± 150 25 ± 5 −90+180

−90 — — — — — —
∆(1232) 3/2+ 2025 1215 (1) 92 (0) 48 (0) −39 (0)

2022 1215 (2) 93 (1) 50 (2) −39 (1)
**** PDG 1210 ± 1 100 ± 2 50+2

−1 −46+1
−2

∆(1600) 3/2+ 2025 1598 (1) 111 (1) 6.0 (0.8) −110 (4) 9.5 (1.6) 8 (4) 22 (4) (P) 87 (5) 0.6 (0.1) (F) −31 (9)
2022 1590 (1) 136 (1) 11 (1) −106 (2) 14 (1) 14 (2) 30 (3) (P) 87 (3) 0.4 (0.04) (F) −62 (9)

**** PDG 1520+70
−50 280+40

−30 25 ± 15 210+40
−30 — — — — 1 ± 0.5 —

∆(1920) 3/2+ 2025 1857 (15) 875 (4) 60 (8) −28 (19) 25 (2.1) 82 (13) 8.0 (0.8) (P) −74 (13) 3.3 (0.5) (F) 96 (18)
2022 1883 (4) 844 (10) 41 (5) 11 (7) 20 (2) 104 (4) 5.7 (0.5) (P) −48 (5) 2.0 (0.3) (F) 147 (7)

*** PDG 1900 ± 50 300 ± 100 25 ± 10 −100 ± 50 — — — — — —
∆(1700) 3/2− 2025 1663 (4) 354 (13) 47 (13) −11 (20) 3.1 (0.7) −164 (15) 7.7 (1.7) (D) 148 (19) 59 (15) (S) 146 (19)

2022 1637 (64) 295 (58) 15 (23) −13 (147) 0.7 (1.5) −176 (320) 3.8 (7.8) (D) 127 (254) 20 (29) (S) 146 (266)
**** PDG 1665 ± 25 250 ± 50 25 ± 15 −20 ± 20 — — — — — —
∆(1930) 5/2− 2025 1835 (11) 485 (20) 20 (2) −123 (7) 0.7 (0.1) 28 (6) 11 (2.6) (D) 47 (6) 1.2 (0.1) (G) 147 (6)

2022 1821 (4) 447 (13) 15 (3) −108 (9) 1.0 (0.2) 49 (9) 12 (3) (D) 64 (7) 0.8 (0.2) (G) 148 (4)
*** PDG 1850 ± 30 320+130

−20 14 ± 6 −50+40
−50 — — — — — —

∆(1905) 5/2+ 2025 1722 (4) 264 (11) 5.1 (3.5) −65 (18) 0.3 (0.2) −179 (356) 1.8 (1.3) (F) 47 (19) 9.4 (3.2) (P) −105 (22)
2022 1707 (1) 127 (8) 3.7 (1.0) −92 (12) 0.2 (0.03) 154 (11) 1.7 (0.3) (F) 18 (15) 10 (1) (P) −109 (14)

**** PDG 1770+30
−20 300 ± 40 20 ± 5 −45+15

−75 — — — — — —
∆(1950) 7/2+ 2025 1871 (1) 170 (7) 38 (3.3) 8 (9) 1.9 (0.5) −43 (8) 45 (4) (F) 168 (8) 2.9 (0.2) (H) 47 (9)

2022 1875 (1) 166 (3) 27 (2) 1.1 (2.0) 2.0 (0.3) −40 (7) 30 (54) (F) 166 (2) 5.1 (0.7) (H) −11 (2)
**** PDG 1880 ± 10 240 ± 20 52 ± 8 −32 ± 8 — — — — — —
∆(2200) 7/2− 2025 1978 (7) 327 (12) 7.3 (0.5) −76 (3) 0.0 (0.0) 64 (3) 0.4 (0.1) (G) 100 (18) 18 (1.1) (D) 100 (4)

2022 1963 (2) 328 (3) 6.8 (0.6) −80 (2) < 0.1 (0.03) −123 (2) 0.3 (0.1) (G) 152 (5) 16 (1) (D) 100 (2)
*** PDG 2100 ± 50 340 ± 80 — — — — — — — —
∆(2400) 9/2− 2025 2517 (49) 86 (37) 25 (2) 6 (6) 4.5 (3.4) 15 (7) 65 (29) (G) 16 (7) 12 (8) (I) 154 (11)

2022 2458 (3) 280 (2) 5.4 (5) 8.4 (33) 0.4 (0.6) 17 (30) 10 (11) (G) 17 (23) 1.9 (0.5) (I) −120 (49)
** PDG — — — — — — — — — —
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Table 12: Here we present the photocouplings at the pole (Ah
pole, ϑh) of the I = 1/2 (left)

and I = 3/2 resonances (right). In addition to the present study (“2025”), we
show the JüBo2022 results (“2022”) [117] for comparison. The uncertainties
quoted in parentheses provide a rather rough estimate as explained in the text.

A1/2
pole ϑ1/2 A3/2

pole ϑ3/2 A1/2
pole ϑ1/2 A3/2

pole ϑ3/2

[10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg]

fit fit

N(1535) 1/2− 2025 90 (2) −1 (2) ∆(1620) 1/2− 2025 30 (11) 58 (12)

2022 84 (5) −12 (3) 2022 11 (4) 57 (24)

N(1650) 1/2− 2025 34 (3) −2 (5) ∆(1910) 1/2+ 2025 −164 (128) −5 (352)

2022 39 (10) −0.2 (27) 2022 −446 (72) −70 (21)

N(1440) 1/2+
(a) 2025 −99 (15) −18 (4) ∆(1232) 3/2+ 2025 −128 (5) −18 (3) −246 (3) 1 (1)

2022 −90 (13) −30 (5) 2022 −126 (4) −18 (3) −245 (7) −0.7 (1.7)

N(1710) 1/2+ 2025 −18 (2) 37 (10) ∆(1600) 3/2+ 2025 9 (4) 11 (45) −10 (6) 105 (43)

2022 −18 (19) 40 (109) 2022 25 (10) 0.5 (5.9) −6.0 (2.6) 62 (63)

N(1720) 3/2+ 2025 24 (10) 48 (13) −26 (8) −24 (13) ∆(1920) 3/2+
(a) 2025 245 (30) −28 (9) 475 (52) 10 (10)

2022 39 (7) 60 (10) −25 (7) −5.7 (13) 2022 138 (12) −8.9 (3.9) 252 (14) 14 (3)

N(1900) 3/2+ 2025 6 (1) 49 (21) −39 (2) −28 (3) ∆(1700) 3/2− 2025 244 (53) 17 (11) 337 (67) −4 (13)

2022 9.1 (2.7) 80 (23) −7.7 (3.4) −42 (23) 2022 163 (120) −4.4 (78) 221 (185) −12 (79)

N(1520) 3/2− 2025 −19 (3) −34 (8) 102 (12) 17 (4) ∆(1930) 5/2− 2025 218 (18) 162 (24) 240 (31) 173 (10)

2022 −43 (25) −47 (20) 112 (64) 1.8 (37) 2022 104 (18) 129 (16) 322 (44) 142 (7)

N(1675) 5/2− 2025 35 (5) 17 (6) 36 (4) 15 (8) ∆(1905) 5/2+ 2025 75 (61) −67 (40) −373 (308) 94 (16)

2022 25 (4) −1.2 (7.8) 51 (4) −1.0 (3.7) 2022 55 (8) −159 (3) −168 (40) 172 (1.7)

N(1680) 5/2+ 2025 −8 (2) 119 (23) 133 (34) −31 (8) ∆(1950) 7/2+ 2025 −33 (7) −67 (6) −59 (8) −70 (5)

2022 −17 (6) 70 (14) 95 (6) −57 (7) 2022 −31 (4) −81 (7) −45 (4) −89 (4)

N(1990) 7/2+ 2025 −14 (3) −74 (20) −14 (3) 107 (15) ∆(2200) 7/2− 2025 72 (17) −134 (8) 65 (13) −174 (7)

2022 −30 (16) −135 (25) −18 (11) 53 (32) 2022 104 (22) −139 (3) 21 (25) −180 (39)

N(2190) 7/2− 2025 −13 (2) 11 (15) 20 (7) 161 (15) ∆(2400) 9/2− 2025 15 (9) −102 (52) 22 (22) 156 (23)

2022 −15 (8) 111 (17) 62 (22) 179 (26) 2022 21 (14) −67 (23) 22 (14) 122 (14)

N(2250) 9/2− 2025 −33 (8) 2 (19) 58 (20) 121 (20)

2022 −108 (14) 112 (7) 50 (22) 69 (16)

N(2220) 9/2+ 2025 74 (46) −78 (17) −185 (37) −14 (16)

2022 357 (39) −91 (7) −273 (50) −102 (6)

69



1400 1600 1800 2000 2200
Re(W) [MeV]

400

350

300

250

200

150

100

50

Im
(W

) [
M

eV
]

Resonance
N(1535)1/2
N(1650)1/2
N(1440)1/2 +

N(1710)1/2 +

N(1720)3/2 +

N(1900)3/2 +

N(1520)3/2
N(1675)5/2
N(1680)5/2 +

N(1990)7/2 +

N(2190)7/2
N(2250)9/2
N(2220)9/2 +

Analysis
JüBo2013
JüBo2015
JüBo2017
JüBo2022
JüBo2025
JüBo2026

Figure 14: Pole positions of the I = 1/2 resonances in the different Jülich-Bonn analyses. The shaded regions indicate the
uncertainty ranges of the pole positions for each resonance.
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Figure 15: Pole positions of the I = 3/2 resonances in the different Jülich-Bonn analyses. The shaded regions indicate the
uncertainty ranges of the pole positions for each resonance.
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5. Extension of the Jülich-Bonn model to photoproduction off
neutron targets

Information on the N and ∆ resonances from photoproduction reactions is largely re-
stricted to charged channels (final-states involving charged particles) and especially to
photoproduction off protons. To extract all the isospin amplitudes and to disentangle the
isoscalar and isovector electromagnetic couplings of the N and ∆ resonances, one needs
to analyze data for both neutron and proton targets. However, neutron targets pose a
challenge for experiments, since the neutron is an unstable particle and one needs to use
e.g. deuteron targets. To extract photoproduction data with neutron targets, one requires
the use of a model-dependent nuclear correction, which comes from final-state interaction
(FSI) effects within the target deuteron [577]. These final-state interactions are especially
strong for nps pair, where ps is the spectator proton from the deuteron target. This is the
case for the reaction γd → π0nps. The FSI effect for a two proton final-state in the process
γd → π−pps is more suppressed [578]. These final-state interaction effects can be avoided
by measuring the inverse reaction π−p → γn (e.g. [579, 580]), which also serves as an im-
portant test for the FSI corrections. Another unwanted effect is the Fermi motion, which
can be avoided by a full reconstruction of the final-state to determine the momentum of
the bound neutron.
As a result, observables from proton target photoproduction experiments are far more

accessible and better studied than those from neutron target experiments. Increasing the
number of neutron target data will give a more constrained study of the neutral states
and allows groups to study the γn photocouplings of nucleon and Delta resonances.
In this chapter we describe the extensions made to the Jülich-Bonn model to include

photoproduction processes with neutron targets. We further list the data base for pion
photoproduction reactions off neutrons, which we all include in our fit. After that we
present fit results of the current study ”JüBo2026”, in which we analyze photoproduction
processes off neutron targets for first time within our framework and fit these simultane-
ously with the data included in past studies.

5.1. Extensions to the Photoproduction Amplitude
To include photoproduction processes off neutron targets γn → X, we need to investigate
the difference in the amplitudes compared to a proton target. Thus, we study the couplings
of isospins. For this we calculate the isospin factors for proton and neutron targets here.
As pointed out in Refs. [581, 582], the photon is composed of an isovector Iγ = 1 and an

isoscalar Iγ = 0 component with its 3rd isospin component being mγ = 0 for both cases.
The isoscalar component can only couple with the target nucleon to I = 1/2, while the
isovector component can couple to either I = 1/2 or I = 3/2. We define the isospin factor
for initial γN → X by:

C
Iγ ,I
γN→mb = ⟨IN ,mN , Iγ ,mγ |I,M⟩ · ⟨I,M |Ib,mb, Im,mm⟩ , (5.1)

where m (b) in Eq. (5.1) denotes the final-state meson (baryon), Im(b) is the isospin of the
final-state meson (baryon) and the mm(b) denotes the corresponding 3rd component of the
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isospin. Note that we use a ”baryon first convention” in our model and this can lead to a
sign switch for the Clebsch-Gordan coefficients

⟨ImIbmmmb|ImIbIM⟩ = (−1)I−Im−Ib ⟨IbImmbmm|IbImIM⟩ . (5.2)

We decompose the amplitude in the following way

T mb
γ = ⟨Ib,mb, Im,mm|Tfγ |Iγ ,mγ , IN ,mN ⟩ =

∑︂
(Iγ ,I)

C
Iγ ,I
γN→mb · T Iγ ,I

fγ

= C
1, 3

2
γN→mb · T 1, 3

2
fγ + C

1, 1
2

γN→mb · T 1, 1
2

fγ + C
0, 1

2
γN→mb · T 0, 1

2
fγ . (5.3)

where f denotes the corresponding isospin independant channel f ∈ {πN, ηN,KΛ,KΣ}
and the subscript γ on the amplitude denotes the photo-channel.
The full calculations of the isospin factors is presented in Appendix C. Here we list the

amplitudes for each reaction. The amplitudes for reactions with proton targets γp → X
are given by

T π0p
γ = 2

3T
1, 3

2
πNγ + 1

3T
1, 1

2
πNγ + 1√

3
T

0, 1
2

πNγ (5.4)

T π+n
γ =

√
2

3 T
1, 3

2
πNγ −

√
2

3 T
1, 1

2
πNγ −

√︃
2
3T

0, 1
2

πNγ (5.5)

T ηp
γ = 1√

3
T

1, 1
2

ηNγ + T
0, 1

2
ηNγ (5.6)

TK+Λ
γ = 1√

3
T

1, 1
2

KΛγ + T
0, 1

2
KΛγ (5.7)

TK0Σ+
γ =

√
2

3 T
1, 3

2
KΣγ +

√
2

3 T
1, 1

2
KΣγ +

√︃
2
3T

0, 1
2

KΣγ (5.8)

TK+Σ0
γ = 2

3T
1, 3

2
KΣγ − 1

3T
1, 1

2
KΣγ − 1√

3
T

0, 1
2

KΣγ , (5.9)

and for neutron targets γn → X one finds

T π0n
γ = 2

3T
1, 3

2
πNγ + 1

3T
1, 1

2
πNγ − 1√

3
T

0, 1
2

πNγ (5.10)

T π−p
γ =

√
2

3 T
1, 3

2
πNγ −

√
2

3 T
1, 1

2
πNγ +

√︃
2
3T

0, 1
2

πNγ (5.11)

T ηn
γ = − 1√

3
T

1, 1
2

ηNγ + T
0, 1

2
ηNγ (5.12)

TK0Λ
γ = − 1√

3
T

1, 1
2

KΛγ + T
0, 1

2
KΛγ (5.13)

TK+Σ−
γ =

√
2

3 T
1, 3

2
KΣγ +

√
2

3 T
1, 1

2
KΣγ −

√︃
2
3T

0, 1
2

KΣγ (5.14)

TK0Σ0
γ = 2

3T
1, 3

2
KΣγ − 1

3T
1, 1

2
KΣγ + 1√

3
T

0, 1
2

KΣγ . (5.15)
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It is common to introduce different amplitudes for I = 1/2 as done in Ref. [583]. For
example, the amplitudes with final-states πN are characterised by 3 amplitudes. Instead
of the two I = 1/2 amplitudes resulting from the isoscalar and isovector components of
the photon, one can define one I = 1/2 amplitude for proton target and neutron target
reactions each. We define these in the following way for the πN channels:

T
p, 1

2
πNγ = 1

3T
1, 1

2
πNγ + 1√

3
T

0, 1
2

πNγ , (5.16)

T
n, 1

2
πNγ = −1

3T
1, 1

2
πNγ + 1√

3
T

0, 1
2

πNγ . (5.17)

These relations show, that both the amplitudes for proton and neutron targets are needed
to fully determine the isoscalar and isovector components of the photon. Now the pion
photoproduction amplitudes can be rewritten as

T π0p
γ = 2

3T
1, 3

2
πNγ + T

p, 1
2

πNγ (5.18)

T π+n
γ =

√
2

3 T
1, 3

2
πNγ −

√
2T p, 1

2
πNγ (5.19)

T π0n
γ = 2

3T
1, 3

2
πNγ − T

n, 1
2

πNγ (5.20)

T π−p
γ =

√
2

3 T
1, 3

2
πNγ +

√
2Tn, 1

2
πNγ , (5.21)

where we now use the three amplitudes T 1, 3
2

πNγ , T
p, 1

2
πNγ and T

n, 1
2

πNγ to characterise the πN
amplitudes. This same procedure can be done for the other channels:

T
p, 1

2
ηNγ = 1√

3
T

1, 1
2

ηNγ + T
0, 1

2
ηNγ (5.22)

T
n, 1

2
ηNγ = − 1√

3
T

1, 1
2

ηNγ + T
0, 1

2
ηNγ (5.23)

T
p, 1

2
KΛγ = 1√

3
T

1, 1
2

KΛγ + T
0, 1

2
KΛγ (5.24)

T
n, 1

2
KΛγ = − 1√

3
T

1, 1
2

KΛγ + T
0, 1

2
KΛγ (5.25)

T
p, 1

2
KΣγ = 1

3T
1, 1

2
KΣγ + 1√

3
T

0, 1
2

KΣγ (5.26)

T
n, 1

2
KΣγ = −1

3T
1, 1

2
KΣγ + 1√

3
T

0, 1
2

KΣγ . (5.27)
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The resulting amplitudes are then given by

T ηp
γ = T

p, 1
2

ηNγ (5.28)

T ηn
γ = T

n, 1
2

ηNγ (5.29)

TK+Λ
γ = T

p, 1
2

KΛγ (5.30)

TK0Λ
γ = T

n, 1
2

KΛγ (5.31)

TK0Σ+
γ =

√
2

3 T
1, 3

2
KΣγ +

√
2T p, 1

2
KΣγ (5.32)

TK+Σ0
γ = 2

3T
1, 3

2
KΣγ − T

p, 1
2

KΣγ (5.33)

TK+Σ−
γ =

√
2

3 T
1, 3

2
KΣγ −

√
2Tn, 1

2
KΣγ (5.34)

TK0Σ0
γ = 2

3T
1, 3

2
KΣγ + T

n, 1
2

KΣγ . (5.35)

In this work, we extended the Jülich-Bonn model to include the two πN final-states for
reactions involving neutron targets. The other channels for photoproduction off neutrons
will be included in the future. The pion photoproduction amplitudes are described by the
set (T 1, 3

2
πNγ , T

p, 1
2

πNγ , T
n, 1

2
πNγ). Note, the I = 3/2 amplitude is the same for reactions involving

proton or neutron targets and we do not need to introduce new I = 3/2 parameters
into our model. For the I = 1/2 amplitude for neutron targets Tn, 1

2
πNγ , we introduce new

parameters in the polynomial parametrization of the photoproduction amplitude presented
in Eqs. (3.70) and (3.72):

PP
i (E) =

li∑︂
j=1

gP
i,j

(︃
E − Es

mN

)︃j

e−λP
i (E−Es) ,

PNP
µ (E) =

lµ∑︂
j=0

gNP
µ,j

(︃
E − Es

mN

)︃j

e−λNP
µ (E−Es) .

The degree of the polynomials is chosen as demanded by the fit. The degree of polynomials
chosen for the non pole part TNP of this analysis are listed in Tab. 13. Here we get one
polynomial for each partial wave and each final-state. The degrees for the pole part TP

are listed in Tab. 14 and in this case we get a polynomial for each N∗ resonance. Note that
the 0-th order term is not present in the pole part of the parametrization but it is used in
the non-pole part (see Sec. 3.5). Each partial wave has a different set of parameters for the
magnetic and electric multipole, except for the S11, which only has an electric multipole,
and P11, which only has a magnetic multipole. We allow the polynomials for the electric
and magnetic multipole to have different degrees. We start with a minimum degree of the
polynomial and only increased this if it leads to a significant improvement of the χ2. This
resulted in some polynomials to only contain the 0-th order term.
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For the non pole part we only consider the channels µ = (πN, π∆). We did not switch
on the channels (ηN,KΛ,KΣ), since we only use πN final-state data in our analysis.
Once the photoproduction off neutrons is extended to these channels, we will also turn
on these parameters. In addition to the polynomial parameters, each term has one pa-
rameter λ in the exponential. Thus, we introduce 57 pole parameters and 98 non pole
parameters, leading to a total of 155 new parameters. Note, that we additionally have the
free parameters from the previous fit as listed in Sec. 4.2, which we also include in the fit
procedure.

S11 P11 P13 D13 D15 F15 F17 G17 G19 H19

lEπN 1 - 1 1 2 1 0 0 1 1
lEπ∆ 1 1 1 1 1 1 0 0 0 0
lMπN - 2 1 1 1 1 0 0 1 1
lMπ∆ - 1 1 1 1 1 0 0 0 0

Table 13: List of the chosen degrees lµ for the non pole part of the polynomial parametriza-
tion PNP

µ used in the γn → πN fit. The superscript of the lµ denotes the re-
spective multipole.

N(1535) 1/2− N(1650) 1/2− N(939) 1/2+ N(1710) 1/2+ N(1720) 3/2+

lEi 2 2 - - 1
lMi - - 1 1 1

N(1900) 3/2+ N(1520) 3/2− N(1675) 5/2− N(1680) 5/2+ N(1990) 7/2+

lEi 2 2 2 2 1
lMi 2 2 2 2 1

N(2190) 7/2− N(2250) 9/2− N(2220) 9/2+

lEi 1 1 2
lMi 1 2 2

Table 14: List of the chosen degrees lµ for the pole part of the polynomial parametrization
PP

i used in the γn → πN fit. The superscript of the li denotes the respective
multipole.
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5.2. Database for γn → πN

The data sets used in the present analysis are taken from the SAID database [126] and
HEP-data [584]. In Tab. 15 we give an overview of the data points used for the πN
channels and list the total number together with the γp → X data. Note that the main
contribution for the data with neutron targets comes from the charged final-state π−p,
since the neutral channel π0n is more difficult to measure. We further list the different
data sets with their references, number of data points and the energy range in Tabs. 16-18.
In Tab. 16 we list all observables for π0n final-state. For the π−p channel we separated
cross section data, shown in Tab. 17, and the polarization observables, which are listed in
Tab. 18. The data base listed in Chapter 4 is also included in this study. We also added
the data on d∆σ/dΩ published by the A2 Collaboration at MAMI [300] with 2052 data
points in this analysis.
Data very close to threshold is not available yet for the process γn → π0n and also very

scarce for the final-state π−p. We therefore used cross section predictions for γn → π0n
for the energies (1078, 1080, 1082, 1084) MeV from the chiral perturbation theory study
of Ref. [585] to constrain the threshold behaviour of our amplitude. We further used
values for the E0+ multipole of another ChPT study of Ref. [586] for the π0n and π−p
channels to restrict the S-wave multipole at threshold. The values for π−p are based on an
experimental value of Ref. [587] and the leading order in the chiral expansion calculated
in Ref. [588]. The value for π0n is sourced from combined deuterium data with ChPT
predictions of Ref. [589].

Reaction Observables (# data points) # data points/channel
γn → π0n dσ/dΩ (1580), Σ (405), P (82), T (123)

E (541), H (82) 2813
γn → π−p dσ/dΩ (10,985), Σ (1609), P (82), T (104),

E (266) 12,860
in total γn → X 15,673
in total γp → X 73,171
in total γN → X 88,844

Table 15: List of the number of data points for each observable used for the processes
γn → π0n and γn → π−p.

5.3. Fit results for γn → πN

In the following we present and discuss the fit results of the current analysis which we label
”JüBo2026”. We present the χ2 per data points for each observable in Tabs. 19-22. We
further present the fit result for pion-induced and photoproduction processes off protons
in the supplementary material of this thesis.
We present the results close to threshold for the differential cross section for the process

γn → π0n together with the ChPT predictions of Ref. [585] in Fig. 16.
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Observable # data p. Energy range Eγ Reference Year Weight
dσ/dΩ 492 290–813 MeV Briscoe et al. [590] 2019 15
dσ/dΩ 931 450–1400 MeV Dieterle et al. [591] 2018 30
dσ/dΩ 9 208-373 MeV Kossert et al. [592] 2004 4
dσ/dΩ 43 299-889 MeV Ando [593] 1976 4
dσ/dΩ 42 455-905 MeV Hemmi et al. [594] 1973 4
dσ/dΩ 35 462-784 MeV Bacci et al. [595] 1972 4
dσ/dΩ 28 911-1390 MeV Klinesmith PhD thesis [596] 1967 4

Σ 492 390-610 MeV Mullen et al. [597] 2021 30
Σ 216 600-1500 MeV Di Salvo et al. [598] 2009 40
E 390 250-1480 MeV Cividini et al. [599] 2022 100
E 151 450-1400 MeV Dieterle et al. [600] 2017 70
T 123 680-2685 MeV Jermann et al. [601] 2023 20
P 82 680-1332 MeV Jermann et al. [601] 2023 20
H 82 680-1332 MeV Jermann et al. [601] 2023 20

Table 16: List of the data sets used in the current analysis for the process γn → π0n. If
no reference could be found for a data set, we refer to the SAID data base and
mention the author listed there.
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Figure 16: Fit results for the differential cross sections close to threshold for the π0n final-
state are shown in red and the ChPT predictions of Ref. [585] are shown in blue
for comparison. The numbers in each plot denotes the center of mass energy
in MeV.
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Observable # data p. Energy range Eγ Reference Year Weight
dσ/dΩ 8428 445–2510 MeV Mattione et al. [602] 2017 4
dσ/dΩ 577 1050–2500 MeV Chen et al. [603] 2012 2
dσ/dΩ 104 301–455 MeV Briscoe et al. [604] 2012 2
dσ/dΩ 11 1104–2484 MeV Zhu et al. [469] 2005 2
dσ/dΩ 300 285–769 MeV Shafi et al. [605] 2004 2
dσ/dΩ 12 158–168 MeV Liu, PhD thesis [580] 1994 2
dσ/dΩ 39 194–379 MeV Wang, PhD thesis [126] 1989 2
dσ/dΩ 12 458–648 MeV Kim et al. [606] 1989 2
dσ/dΩ 50 194–270 MeV Bagheri et al. [607] 1988 2
dσ/dΩ 16 175–187 MeV Salomon et al. [579] 1984 2
dσ/dΩ 119 900–1800 MeV Besch et al. [608] 1982 2
dσ/dΩ 12 900–1650 MeV Abrahamian et al. [609] 1980 2
dσ/dΩ 48 260–418 MeV Tran et al. [610] 1979 2
dσ/dΩ 16 231–446 MeV Argan et al. [611] 1978 2
dσ/dΩ 291 250–815 MeV Fuji et al. [459] 1977 2
dσ/dΩ 18 530–907 MeV Weiss et al. [612] 1975 2
dσ/dΩ 28 285–409 MeV Comiso et al. [613] 1975 2
dσ/dΩ 343 600–1250 MeV Scheffler et al. [614] 1974 2
dσ/dΩ 35 240–400 MeV Hotley et al. [615] 1974 2
dσ/dΩ 14 480–870 MeV Beneventano et al. [616] 1974 2
dσ/dΩ 19 355–519 MeV Berardo et al. [616] 1974 2
dσ/dΩ 39 250–403 MeV Boucrout et al. [617] 1973 2
dσ/dΩ 220 210–1900 MeV Benz et al. [618] 1973 2
dσ/dΩ 309 190–935 MeV Rossi et al. [619] 1973 2
dσ/dΩ 50 290–1180 MeV Fujii et al. [456] 1971 2
dσ/dΩ 24 500–1000 MeV Neugebauer et al. [620] 1960 2

Table 17: List of the data sets for the differential cross section dσ/dΩ used in the current
analysis for the process γn → π−p. If no reference could be found for a data
set, we refer to the SAID data base and mention the author listed there.
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Observable # data p. Energy range Eγ Reference Year Weight
Σ 1293 947–2498 MeV Sokhan [126] 2017 30
Σ 99 753–1438 MeV Mandaglio et al. [621] 2010 50
Σ 9 850–1790 MeV Sandorfi [126] 1995 30
Σ 60 280–322 MeV Adamyan et al. [622] 1989 30
Σ 12 900–1500 MeV Abrahamian et al. [623] 1980 30
Σ 45 250–500 MeV Ganenko et al. [126, 624] 1976 30
Σ 45 630–790 MeV Knies et al. [375] 1974 30
Σ 20 260–500 MeV Kondo et al. [625] 1974 30
Σ 13 700–2000 MeV Alspector et al. [374] 1970 30
Σ 5 357–555 MeV Kondo et al. [626] 1970 30
Σ 8 225–450 MeV Liu et al. [627] 1964 30
P 4 348-398 MeV Stasko et al. [628] 1994 50
P 45 340-648 MeV Kim et al. [629] 1991 50
P 6 458 MeV Alder et al. [630] 1983 50
P 19 717-1186 MeV Takeda et al. [631] 1980 50
P 7 515-714 MeV Benebentano et al. [632] 1970 50
P 1 715 MeV Kenemuth et al. [633] 1963 50
T 14 300-400 MeV Agranovich [126] 1989 50
T 60 563-900 MeV Fujii et al. [634] 1981 50
T 9 850 MeV Althoff et al. [496] 1977 50
T 10 700 MeV Althoff et al. [635] 1976 50
T 11 450-2000 MeV Althoff et al. [636] 1975 50
E 266 727–2345 MeV Ho et al. [637] 2017 100

Table 18: List of the data sets for the polarization observables for the process γn → π−p.
If no reference could be found for a data set, we refer to the SAID data base
and mention the author listed there.

80



Reaction Observable (# data points) χ2/#
γn → π0n dσ/dΩ (1580) 2.0

Σ (405) 2.4
P (82) 2.6
T (123) 4.1
E (541) 2.4
H (82) 3.1

γn → π−p dσ/dΩ (10,985) 1.8
Σ (1609) 2.5
P (82) 1.4
T (104) 1.9
E (266) 2.2

Table 19: List of the χ2 per number of data points for the γN → πN channels for each
observable.

Reaction Observable (# data points) χ2/#
γp → π0p dσ/dΩ (18,721) [70, 72, 292, 311–370] 2.3

Σ (3287) [72, 331, 348, 359, 361, 363, 367, 371–395] 2.2
P (768) [332, 376, 380, 381, 386, 396–430] 2.9
T (1404) [348, 368, 370, 376, 380, 381, 386, 423, 428, 431–436] 3.7
E (1722) [291, 295, 296] 3.0
∆σ31 (2192) [70, 292, 300] 1.1
G (591) [301, 437–440] 1.6
H (225) [370, 437, 438] 2.1
F (397) [436] 3.4
Cx′

L
(74) [366, 430, 441] 7.0

Cz′
L
(26) [366, 430] 15

γp → π+n dσ/dΩ (5670) [70, 331, 341, 351, 442–471] 2.4
Σ (1456) [331, 374, 375, 392, 395, 467, 472–484] 3.3
P (265) [476, 479, 485–489] 5.1
T (718) [476, 479, 489–500] 5.1
E (903) [70, 293, 298] 2.4
∆σ31 (231) [70, 293] 1.5
G (303) [301, 439, 501, 502] 5.4
H (128) [501–504] 4.5

Table 20: List of the χ2 per number of data points for the reactions γp → πN for each
observable.
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Reaction Observable (# data points) χ2/#
γp → ηp dσ/dΩ (9442) [302, 505–526] 1.0

Σ (615) [302, 513, 520, 527–529] 2.9
P (63) [297, 510, 530] 7.0
T (291) [297, 435, 531] 3.4
E (306) [297, 299] 2.7
G (47) [297] 3.3
H (56) [297] 1.5
F (144) [531] 1.6

γp → KΛ dσ/dΩ (2563) [83, 532–552] 2.5
Σ (459) [550, 553–556] 2.8
P (1663) [83, 534, 536, 540, 541, 546–548, 551, 552, 555, 557–559] 1.5
T (383) [556, 560, 561] 1.7
Cx′ (123) [562] 1.2
Cz′ (123) [562] 2.0
Ox′ (66) [556, 561] 1.4
Oz′ (66) [556, 561] 1.4
Ox (314) [556, 561] 1.7
Oz (314) [556, 561] 1.2

Table 21: List of the χ2 per number of data points for the reactions γp → ηp, KΛ for each
observable.

Reaction Observable (# data points) χ2/#
γp → K+Σ0 dσ/dΩ (4381) [83, 533, 535, 538, 541–550, 563–566] 1.2

Σ (280) [550, 553, 555, 556, 563] 3.2
P (402) [83, 546–548, 555, 564] 3.3
T (127) [556] 1.5
Cx′ (94) [562] 2.1
Cz′ (94) [562] 2.1
Ox (127) [556] 2.6
Oz (127) [556] 1.1

γp → K0Σ+ dσ/dΩ (281) [567–573] 2.6
Σ (21) [303] 0.7
P (188) [303, 567, 570, 572, 574] 2.1
T (21) [303] 1.7
Ox (21) [303] 4.3
Oz (21) [303] 0.6

Table 22: List of the χ2 per number of data points for the reactions γp → KΣ for each
observable.
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For the fitting procedure we started from the JüBo2025 fit result and fixed the parame-
ters used in that analysis. For the initial steps, we varied only the new parameters relevant
for photoproduction on neutron targets. After constraining the threshold behaviour with
the ChPT predictions, we fitted to the multipole amplitudes from the latest SAID analy-
sis [132] to obtain starting values for these new photoproduction parameters. The SAID
amplitudes were then excluded from the subsequent fitting procedure. In a next step, we
included the data for the final-states π0n and π−p in neutron photoproduction, as listed
in Tabs. 16-18. Note, we continued to constain the threshold values using the ChPT pre-
dictions throughout the entire fit. Once the new parameters had stabilized, we included
all data listed in Tab. 4.1 of the previous study presented in Sec. 4 and also allowed the
parameters of the JüBo2025 study to vary.
We present our results for the multipoles for neutron targets in Fig. 17 and also include

the SAID solution [132] for comparison. Even though we used this solution in the beginning
of the fit procedure, our multipole amplitudes differ from the SAID results in some partial
waves.
The ChPT values for the E0+ multipole at threshold of Ref. [586] together with our

result close to threshold are given by

EJüBo
0+ (π0n) = 1.7 × 10−3m−1

π , EChPT
0+ (π0n) = (2.1 ± 0.5) × 10−3m−1

π , (5.36)
EJüBo

0+ (π−p) = −31.2 × 10−3m−1
π , EChPT

0+ (π−p) = (−31.5 ± 0.8) × 10−3m−1
π . (5.37)

Our result agrees with the ChPT values within the respective uncertainties.

5.3.1. Results for γn → π0n

Fit results for the π0n final-state data listed in Tab. 16 can be found in the Appendix in
Sec. E. We discuss our results for the different data sets in the following.
In Fig. 28 and 29 we present the fit results for the data sets up to the year 2004. These

data sets consist of only few data points each, making it hard to constrain the amplitude
from just these alone. There are also no data points very close to threshold, since the
lowest energy is given at W = 1130.20 MeV with only one data point. That is why we
decided to put a lower weight on these older data points in the fit procedure.
In Fig. 30 we present the data from a MAMI study published in 2018 [591]. This cross

section data covers a large range of W = 1312 − 1888 MeV and covers a large angular
range. The fit result describes these data points well.
The data shown in Fig. 31 was published in 2019 by the MAMI collaboration [590].

Energies of W = 1195 − 1553 MeV was covered and the fit result describes the data sets
well until around 1500 MeV. However, there is a discrepancy between the data of both
MAMI publication in the energy region 1500-1553 MeV, which makes it hard to get a good
description of both data sets.
For the beam asymmetry Σ we included a data set from a 2009 study of GRAAL [598]

as well as data from a MAMI study from 2021 [597]. These are presented with our fit
results in Fig. 32 and the result describes the data well. One noteworthy remark is that
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Figure 17: Fit results for the multipole amplitudes are shown in red and the SAID 2022
solution [132] is shown in blue for comparison.
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there is a significant dip visible in our solution, which starts to emerge above 1870 MeV
and for angles of 60-90◦.
The only data on the observablesH, P and T was measured recently by CBELSA/TAPS

and published in Ref. [601] in 2023. Our fit result with the observables P and H data are
shown in Fig. 33. The uncertainties are relatively large for this data and thus the curve
describes the data well. For the observable T (shown in Fig. 34) the uncertainties in the
lower energy bins are much smaller. Here our solution gets a good description of the data.
However, for energies above 1715 MeV our solution still has much room for improvement.
For the double polarization observable E we have two data sets published by the MAMI

collaboration. The earlier one published in 2017 [600] is shown in Fig. 35. Our solution
describes this data well until 1744 MeV and afterwards differs from the data point with
the lowest angle θ. For the more recent data from 2022 [599] (presented in Fig. 36), we
see a similar behaviour. The results of the current study are in good agreement with the
data except for the lowest angle points above 1753 MeV, which have large error bars.

5.3.2. Results for γn → π−p

The fit results for the π−p final-state data sets, that are listed in Tab. 17 and 18, are
presented in the Appendix in Sec. F.
We present cross section data up until the year 1994 together with the fit results of the

current analysis in Figs. 37-41. Difficulties in the fitting process arise from inconsistencies
between some data sets and some measurements only having a few (or even one) data
points per energy bin. Still our analysis describes most of these data sets satisfactorily.
The most prominent deviations from the data can be observed in the energy range 1233-
1328 MeV, for forward angles above 1520 MeV and for the highest energies of the data set
of Besch et al. [608] with the abbreviation BX(82).
We further included a data set from the Crystal Ball Collaboration for the cross section

from 2004 [605]. This data is presented in the upper plot of Fig. 42 together with our
results. Even though the two lowest energy bins are described well by the present solution,
it underestimates the differential cross section for all other bins slightly.
Another data set with only a few data points is given by the one published by JLAB

in 2005 [469], which is shown in the lower plot in Fig. 42. Our solution is consistent with
these data points.
The data published in 2012 by the CLAS collaboration [603] is shown in Fig. 43. It

covers a center of mass energy range of 1690-2362 MeV. For these energies the fit result
from the current analysis agrees well with the data points.
Another data set for the differential cross section was published by the MAMI collabo-

ration in 2012 [604]. This set covers the energies from 1203 MeV to 1318 MeV. The result
of the current study clearly underestimates the cross section when compared to these data
points.
The last cross section data set for π−p covers about 75% of the data points. It was

published by CLAS in the year 2017 [602] and has a very fine angle binning, but does
not cover the most forward angles or the backward angles. The data points with our
result are presented in Figs. 44-47. The measured data lies within the energy range of
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1311-2366 MeV. We observe that our amplitude underestimates the cross section below
1360 MeV. For higher energies, the current solution agrees mostly with the data except
for the lowest angle bins. This means the forward peak is not as prominent in our solution
as measured in the experiment.
For the beam asymmetry Σ data we grouped all data sets up to the year 1995 together

and present them with our results in Figs. 48-50. Here, we again face the problem of some
data sets having only single data points. We observe that our result differs from the data
a lot around 1300 MeV. For higher energies the solution agrees with the data well.
Another data set for Σ was published by GRAAL [621] and covers center of mass energies

from 1515 MeV to 1893 MeV. Our result agrees well with this data set.
The major portion of Σ data available from the SAID data base [126] covers the center

of mass energies from 1631 MeV to 2361 MeV. Our result agrees well with these data
points, which is to be expected since it has a large influence on the fit procedure.
We present the data on the observable P in Fig. 55. Unfortunately, many energy bins

only have single data points, there is no large angle coverage and there is no data above
1763 MeV. Thus the data can not restrict the amplitude very much.
For the observable T we have a similar situation. Our results and the data sets are

shown in Figs. 56 and 57. Even though there are energy bins for energies up to 2154 MeV,
most of the higher energy bins only have a single data point. We notice a lot of structure
in our solution at higher energies in the observable T , but to confirm this behaviour more
data is needed.
The last data set included in the present study is for the double polarization observable

E. It was recently published by CLAS [637] and covers the energies 1500-2300 MeV. Our
results agrees well with this data set.

5.4. Influence on the resonance spectrum
In Tabs. 23-26 we list the resonance parameters from the fit results of the analysis including
photoproduction off neutrons. We further list the values from the previous JüBo2025
analysis presented in Chapter 4 for comparison. A graphical presentation for the pole
positions of the different resonances for the JüBo2026 analysis together with the past
JüBo studies (discussed in Chap. 4) is shown in Figs. 14 and 15. Note, an uncertainty
estimation for this analysis using neutron photoproduction data is currently planned in
a different project, which uses Bayesian parameter estimation within the Jülich-Bonn
framework.
Since this analysis covers photoproduction data off neutron targets for the first time, we

can also calculate the corresponding γn photocouplings Ah
n. We further list values from

other analyses for these photocouplings with neutron targets for comparison in Tab. 23.
These values for comparison are from the SAID analysis from 2023 [132], the 2017 Bonn-
Gatchina analysis [638] and from a different DCC analysis of the ANL-Osaka group [124].
For the resonance N(1535)1/2− our result agrees with the one found by the SAID

analysis, while the studies of BnGa and ANL find higher photocouplings.
The photocouplings for the N(1620)1/2− is very small in our analysis as well as for the

work of the ANL-Osaka group. In contrast to this the SAID and BnGa group find higher
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photocouplings for this resonance.
For the Roper resonance N(1440)1/2+ we find a large photocoupling compared to the

other groups. We noticed a deviation of our result from the π−p data in the energy range
around the pole position of the N(1440)1/2+. This deviation may be connected to the
high photocoupling to the γn channel of the N(1440)1/2+.
The photocoupling for the N(1710)1/2+ is smaller than the one of the Roper. In the

BnGa analysis it was only half as large as our value, but the ANL-Osaka group find a
much larger coupling.
For the N(1720)3/2+ we find only find very small photocouplings

⃓⃓⃓
Ah

n

⃓⃓⃓
, while all other

groups find larger ones. The other P13 resonance N(1900)3/2+ has a much larger value
for

⃓⃓⃓
A

1/2
n

⃓⃓⃓
(similar size as for the Roper).

All other groups find similar values for both photocouplings
⃓⃓⃓
Ah

n

⃓⃓⃓
for the N(1520)3/2−

resonance. In our case, the
⃓⃓⃓
A

1/2
n

⃓⃓⃓
is only half as large and for the

⃓⃓⃓
A

3/2
n

⃓⃓⃓
about 2/3 of the

values found by other groups.
The

⃓⃓⃓
A

1/2
n

⃓⃓⃓
photocoupling for the N(1675)5/2− found in the present work is very small.

The other groups find much larger values. For the
⃓⃓⃓
A

3/2
n

⃓⃓⃓
coupling our result agrees with

the one of ANL-Osaka, but the SAID and BnGa groups find values about twice as large.
For the resonance N(1680)5/2+ all groups find similar values for A1/2

n , while the A3/2
n

photocouplings are vary more.
For the resonances N(1990)7/2+ and N(2190)7/2− we find smaller values again for

A
1/2
n , while we have similar ones for A3/2

n .
Note that none of the other analysis groups included our highest partial wave resonances

N(2250)9/2− and N(2220)9/2+. Our current analysis found the largest photocoupling for
the resonance N(2220)9/2+ in the H19 partial wave, which indicates a large influence
of this resonance on the γn amplitude. To illustrate this, we present some plots in the
Appendix in Sec. F.2.1, in which we did not allow the H19 resonance N(2220)9/2+ to
couple to the πN channels. In these examples, one can observe this large influence on the
amplitude for higher energies. This large photocoupling of the N(2220)9/2+ may be an
artifact of the local minimum found in our fit result and has to be investigated further in
future analyses.
We do not find any new resonance state and included no new s-channel state in this

study compared to the JüBo2025 analysis. For almost all resonance states we do not
observe large changes in the pole positions. In the following we discuss the changes of the
resonance parameters compared to the JüBo2025 solution.
For the S11 partial wave we do not find any significant changes to the pole positions or

the residues. For the N(1650)1/2− the A1/2
p photocoupling decreased slightly.

The only change we observe in the P11 partial wave is that the width of the N(1710)1/2+

increased slightly. All other resonance parameters do not have significant changes.
In the P13 the only change is visible for the residues of the N(1900)3/2+.
The only resonance in the D13 partial wave is the N(1520)3/2−. It has an increased

πN residue and the other residues increased slightly but within the uncertainties of the
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JüBo2025 results.
For the D15 resonance N(1675)5/2− we find a small increase in the real part of the pole

position. We further see an increase in the residues as well as in the γp photocouplings
for this resonance.
In the F15 partial wave we observe a decrease in the elastic residue |rπN | and in the

normalised residue into the channelKΛ for theN(1680)5/2+. We also find a small increase
in the modulus of the A1/2

p photocoupling.
The only two star nucleon resonance in our analysis N(1990)7/2− lies in the F17 partial

wave. The only significant changes compared to the JüBo2025 solution is found in the
A

1/2
p parameter, of which the absolute value decreased.
For the G17 resonance N(2190)7/2+ the pole position changes slightly and the residues

changed within the uncertainties of the previous study. We also observe an increase in the
modulus of the photocoupling A3/2

p .
The N(2250)9/2− resonance is included in the G19 partial wave. Its pole position

changed and is closer to the PDG values. The residues also changed slightly but all
changes are within the uncertainties. For the γp photocouplings we observe a decrease in
the absolute values.
The H19 resonance N(2220)9/2+ does not have any significant changes in the pole

position or residues. However, the A1/2
p photocoupling is only half of the result from the

JüBo2025 result, but it had a large uncertainty.
For the only S31 resonance ∆(1620)1/2− we find a smaller residue for the π∆ channel

compared to the JüBo2025 solution as well as a smaller photocoupling A1/2.
The P31 resonance ∆(1910)1/2+ we find a smaller width, but it is still larger than the

PDG estimate. We further find that all residues increased significantly in the current
study. We also find a larger γN photocoupling.
The P33 partial wave features three resonances. The ∆(1232) has no noteworthy change

in the resonance parameters. For the ∆(1600)3/2+ we observe a decrease in all residues,
but the moduli of the γp photocouplings only changed within the uncertainties of the pre-
vious analysis. The third resonance is the ∆(1920)3/2+ and both the real and imaginary
parts of the pole position changed in the JüBo2026 result. We also observe that some
residues decreased slightly compared to the JüBo2025 solution. For the photocouplings
we find that the A1/2 increased while the A3/2 decreased.
The only D33 resonance in our model is given by the ∆(1700)3/2−. The only resonance

parameters that significantly changed are the γN photocouplings, which both decreased.
For the ∆(1930)5/2− resonance in the D35 partial wave we only find changes of the

resonance parameters within the uncertainties of the previous study.
The F35 partial wave features the ∆(1905)5/2+. For this resonance all residues as well

as the moduli of the γN photocouplings decreased. For this resonance we already found
large uncertainties on the resonance parameters in the JüBo2025 study.
In the F37 partial wave we find the ∆(1950)7/2+. Here we observe a slight increase in

the width, the πN residue and the modulus of the photocoupling A1/2.
For the resonance ∆(2200)7/2− in the G37 partial wave we find an increase in the

KΣ residue, which was very small in the previous studies. We also find a smaller A3/2
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photocoupling.
The G39 partial wave features the two star resonance ∆(2400)9/2−. In the current

study its width increased significantly and all residues decreased. We also find larger
photocouplings than in the JüBo2025 study.
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Table 23: Here we present the photocouplings at the pole for neutron targets (Ah
n, ϑh

n)
of the nucleon resonances. In addition to the present study (“2026”), we list
the values from the 2023 SAID study [132] as ”SAID”, from the 2017 BnGa
analysis [638] as ”BnGa” and from a study from 2016 of ANL-Osaka [124] as
”ANL” for comparison.

A1/2
n ϑ

1/2
n A3/2

n ϑ
3/2
n A1/2

n ϑ
1/2
n A3/2

n ϑ
3/2
n

[10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg]

fit fit

N(1535) 1/2− 2026 64 −76 N(1650) 1/2− 2026 7 −145

SAID 67 (9) −174 (22) SAID 26 (5) −72 (13)

BnGa 88 (4) −175 (4) BnGa 16 (4) −28 (10)

ANL 112 −164 ANL 1 −47

N(1440) 1/2+ 2026 166 −17 N(1710) 1/2+ 2026 64 10

SAID 80 (5) 1.25 (0.08) SAID – –

BnGa 41 (5) 23 (10) BnGa 29 (7) 80 (20)

ANL 95 −15 ANL 195 −8

N(1720) 3/2+ 2026 6 121 6 −94 N(1900) 3/2+ 2026 −162 122 32 18

SAID 56 (21) −21 (8) 65 (24) 169 (64) SAID – – – –

BnGa −(25+40
−15) −75 (35) 100 (35) −80 (35) BnGa −98 (20) −13 (20) 74 (15) 5 (15)

ANL −59 6 −28 −19 ANL – – – –

N(1520) 3/2− 2026 25 0 82 −154

SAID 44 (4) −175 (15) 121 (10) −170 (14)

BnGa 45 (5) 175 (4) 119 (5) −175 (4)

ANL 43 179 −110 5

N(1675) 5/2− 2026 7 −133 40 139 N(1680) 5/2+ 2026 30 −33 33 152

SAID 123 (27) −19 (4) 84 (18) −170 (38) SAID 37 (6) −15 (3) 40 (7) −176 (29)

BnGa 53 (4) 177 (5) 73 (5) 168 (5) BnGa 32 (3) −7 (5) 63 (4) 170 (5)

ANL 76 −177 38 176 ANL 34 −12 56 176

N(1990) 7/2+ 2026 11 55 65 38 N(2190) 7/2− 2026 18 100 −20 162

SAID 37 (6) −15 (3) 40 (7) −176 (29) SAID – – – –

BnGa 32 (3) −7 (5) 63 (4) 170 (5) BnGa 30 (7) 5 (15) −23 (8) 13 (20)

ANL – – – – ANL – – – –

N(2250) 9/2− 2026 99 175 108 16 N(2220) 9/2+ 2026 −609 26 −610 13

SAID – – – – SAID – – – –

BnGa – – – – BnGa – – – –

ANL – – – – ANL – – – –
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Table 24: For the I = 1/2 resonances we present the extracted resonance parameters,
namely the pole positions W0 (Γtot defined as -2ImW0), the elastic πN residues
(|rπN |, θπN→πN ), and the normalized residues (

√︁
ΓπN Γµ/Γtot, θπN→µ) for the

inelastic reactions πN → µ with µ = ηN , KΛ, KΣ. In addition to the present
study (“2026”), we list the JüBo2025 results (“2025”) [1] from Chapter 4 and
the estimates from the Particle Data Group [5] (“PDG”), if available, as well as
the PDG star rating.

Re W0 −2Im W0 |rπN | θπN→πN

Γ1/2
πN Γ1/2

ηN

Γtot
θπN→ηN

Γ1/2
πN Γ1/2

KΛ
Γtot

θπN→KΛ
Γ1/2

πN Γ1/2
KΣ

Γtot
θπN→KΣ

[MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg]

fit
N(1535) 1/2− 2026 1503 76 19 −28 56 127 21 −56 4.4 64

2025 1504 (1) 78 (2) 20 (1) −27 (1) 55 (1) 128 (0) 22 (1) −56 (1) 6.7 (1.3) 79 (9)
**** PDG 1510 ± 10 110+20

−30 25 ± 10 −20 ± 20 — — — — — —
N(1650) 1/2− 2026 1669 124 39 −55 25 33 16 −73 26 −63

2025 1671 (2) 127 (3) 42 (1) −54 (2) 24 (1) 39 (3) 17 (0) −73 (2) 27 (1) −61 (2)
**** PDG 1665 ± 15 135 ± 35 45+10

−20 −70+20
−10 — — — — — —

N(1440) 1/2+ 2026 1359 216 62 −99 8.2 −35 6.4 134 0.8 −18
2025 1359 (1) 213 (2) 61 (1) −99 (1) 8.4 (0.4) −32 (2) 6.2 (1.8) 140 (4) 0.9 (1.4) −23 (9)

**** PDG 1370 ± 10 190+15
−10 55 ± 5 −90 ± 10 — — — — — —

N(1710) 1/2+ 2026 1592 131 4.1 −119 20 78 13 −158 3.9 157
2025 1588 (5) 113 (9) 3.4 (0.7) −115 (4) 21 (1) 86 (2) 14 (2) −157 (4) 4.7 (0.4) 161 (3)

**** PDG 1700 ± 50 120 ± 40 7+3
−4 190+80

−70 — — — — — —
N(1720) 3/2+ 2026 1720 166 3.8 −17 2.5 95 1.5 −71 1.1 103

2025 1720 (2) 166 (4) 4.8 (3.7) −16 (43) 2.5 (1.6) 99 (32) 1.2 (0.3) −71 (31) 1.2 (0.9) 107 (37)
**** PDG 1680+30

−20 200+100
−50 15 ± 10 −110 ± 50 — — — — — —

N(1900) 3/2+ 2026 1907 140 0.4 −148 1.6 −2 3.2 −58 1.4 −72
2025 1904 (1) 141 (1) 1.1 (0.3) −93 (4) 2.2 (0.2) −2 (4) 4.2 (0.3) −62 (3) 1.5 (0.2) −79 (8)

**** PDG 1920 ± 20 130+30
−40 4 ± 2 −10 ± 30 — — — — — —

N(1520) 3/2− 2026 1494 108 40 −16 2.6 66 3.7 141 6.1 −36
2025 1496 (1) 102 (6) 26 (5.2) −17 (4) 1.8 (0.8) 68 (9) 2.9 (7.4) 140 (15) 3.1 (20) −36 (4)

**** PDG 1510 ± 5 110+10
−5 35 ± 3 −10 ± 5 — — — — — —

N(1675) 5/2− 2026 1653 117 19 −13 5.1 −34 0.1 −90 3.1 −162
2025 1644 (1) 117 (2) 14 (5) 13 (16) 3.5 (1.0) −9 (16) < 0.1 (0.0) −65 (49) 2.2 (0.5) −144 (16)

**** PDG 1655 ± 5 135 ± 15 26+6
−4 −22 ± 5 — — — — — —

N(1680) 5/2+ 2026 1667 115 30 −31 0.2 130 0.5 −109 0.2 142
2025 1663 (5) 114 (3) 46 (18) −41 (12) 0.1 (0.1) −44 (110) 0.9 (0.3) −121 (15) 0.1 (0.2) −49 (196)

**** PDG 1670 ± 10 120+15
−10 40 ± 5 −20 ± 10 — — — — — —

N(1990) 7/2+ 2026 1854 92 0.2 −102 4.8 −52 0.1 −62 0.3 −68
2025 1851 (6) 82 (10) 0.18 (0.02) −99 (4) 5.2 (0.4) −50 (3) 0.1 (0.1) −62 (190) 0.7 (0.3) −64 (4)

** PDG — — — — — — — — — —
N(2190) 7/2− 2026 1935 174 16 −47 2.6 −55 3.1 −65 0.9 −76

2025 1943 (8) 161 (2) 15 (1) −45 (1) 2.9 (0.3) −52 (1) 3.6 (0.5) −62 (1) 1.1 (0.2) −71 (2)
**** PDG 2050 ± 100 400 ± 100 40 ± 20 0 ± 30 — — — — — —
N(2250) 9/2− 2026 2167 430 17 −62 2.9 −83 0.2 −94 0.7 −101

2025 2194 (43) 374 (65) 21 (10) −45 (12) 3.8 (1.7) −62 (14) 0.1 (0.1) −76 (204) 1.1 (0.7) −76 (13)
**** PDG 2150 ± 50 420+80

−70 25+5
−10 −40 ± 20 — — — — — —

N(2220) 9/2+ 2026 2011 375 30 −49 2.1 −87 1.3 −103 0.1 64
2025 2009 (46) 367 (41) 30 (4) −52 (16) 2.3 (0.2) −89 (13) 1.4 (0.3) −106 (15) 0.2 (0.2) −122 (199)

**** PDG 2150+50
−20 400+80

−40 45+15
−10 −40+30

−20 — — — — — —
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Table 25: For the I = 3/2 resonances we present the extracted resonance parameters,
namely the pole positions W0 (Γtot defined as -2ImW0), elastic πN residues
(|rπN |, θπN→πN ), and the normalized residues πN → KΣ and πN → π∆ with
the number in brackets indicating L of the π∆ state. In addition to the present
study (“2026”), we list the JüBo2025 results (“2025”) [1] from Chapter 4 and
the estimates from the Particle Data Group [5] (“PDG”), if available, as well as
the PDG star rating.

Pole position πN Residue KΣ channel π∆, channel (6) π∆, channel (7)

Re W0 −2Im W0 |rπN | θπN→πN
Γ1/2

πN Γ1/2
KΣ

Γtot
θπN→KΣ

Γ1/2
πN Γ1/2

π∆
Γtot

θπN→π∆
Γ1/2

πN Γ1/2
π∆

Γtot
θπN→π∆

[MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg]

fit
∆(1620) 1/2− 2026 1598 79 13 −104 14 −99 — — 39 (D) 102

2025 1601 (2) 79 (1) 17 (3) −72 (19) 18 (3) −65 (20) — — 51 (9) (D) 133 (19)
**** PDG 1600 ± 10 110 ± 30 15 ± 5 −100 ± 20 — — — — — —
∆(1910) 1/2+ 2026 1807 598 101 156 7.0 −138 64 (P) 25 — —

2025 1813 (6) 653 (25) 27 (21) 129 (306) 0.5 (1.4) −100 (40) 15 (12) (P) −3 (63) — —
**** PDG 1850 ± 50 350 ± 150 25 ± 5 −90+180

−90 — — — — — —
∆(1232) 3/2+ 2026 1215 95 49 −40

2025 1215 (1) 92 (0) 48 (0) −39 (0)
**** PDG 1210 ± 1 100 ± 2 50+2

−1 −46+1
−2

∆(1600) 3/2+ 2026 1596 109 2.4 −111 3.0 13 7.6 (P) 89 0.3 (F) −48
2025 1598 (1) 111 (1) 6.0 (0.8) −110 (4) 9.5 (1.6) 8 (4) 22 (4) (P) 87 (5) 0.6 (0.1) (F) −31 (9)

**** PDG 1520+70
−50 280+40

−30 25 ± 15 210+40
−30 — — — — 1 ± 0.5 —

∆(1920) 3/2+ 2026 1807 796 48 −96 24 38 6.8 (P) −129 2.3 (F) 25
2025 1857 (15) 875 (4) 60 (8) −28 (19) 25 (2.1) 82 (13) 8.0 (0.8) (P) −74 (13) 3.3 (0.5) (F) 96 (18)

*** PDG 1900 ± 50 300 ± 100 25 ± 10 −100 ± 50 — — — — — —
∆(1700) 3/2− 2026 1662 355 42 −21 3.1 −171 7.2 (D) 139 52 (S) 138

2025 1663 (4) 354 (13) 47 (13) −11 (20) 3.1 (0.7) −164 (15) 7.7 (1.7) (D) 148 (19) 59 (15) (S) 146 (19)
**** PDG 1665 ± 25 250 ± 50 25 ± 15 −20 ± 20 — — — — — —
∆(1930) 5/2− 2026 1832 504 23 −127 0.8 25 12 (D) 44 1.2 (G) 139

2025 1835 (11) 485 (20) 20 (2) −123 (7) 0.7 (0.1) 28 (6) 11 (2.6) (D) 47 (6) 1.2 (0.1) (G) 147 (6)
*** PDG 1850 ± 30 320+130

−20 14 ± 6 −50+40
−50 — — — — — —

∆(1905) 5/2+ 2026 1725 269 1.7 −29 0.1 −137 0.7 (F) 38 3.9 (P) −62
2025 1722 (4) 264 (11) 5.1 (3.5) −65 (18) 0.3 (0.2) −179 (356) 1.8 (1.3) (F) 47 (19) 9.4 (3.2) (P) −105 (22)

**** PDG 1770+30
−20 300 ± 40 20 ± 5 −45+15

−75 — — — — — —
∆(1950) 7/2+ 2026 1872 184 44 −6 1.7 −62 51 (F) 156 2.3 (H) 24

2025 1871 (1) 170 (7) 38 (3.3) 8 (9) 1.9 (0.5) −43 (8) 45 (4) (F) 168 (8) 2.9 (0.2) (H) 47 (9)
**** PDG 1880 ± 10 240 ± 20 52 ± 8 −32 ± 8 — — — — — —
∆(2200) 7/2− 2026 1973 326 7.0 −72 0.3 −114 0.3 (G) 114 18 (D) 104

2025 1978 (7) 327 (12) 7.3 (0.5) −76 (3) 0.0 (0.0) 64 (3) 0.4 (0.1) (G) 100 (18) 18 (1.1) (D) 100 (4)
*** PDG 2100 ± 50 340 ± 80 — — — — — — — —
∆(2400) 9/2− 2026 2509 177 21 11 0.7 29 47 (G) 28 7.4 (I) −175

2025 2517 (49) 86 (37) 25 (2) 6 (6) 4.5 (3.4) 15 (7) 65 (29) (G) 16 (7) 12 (8) (I) 154 (11)
** PDG — — — — — — — — — —
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Table 26: Here we present the photocouplings at the pole for proton targets (Ah
p , ϑh

p) of
the I = 1/2 resonances (left). We also list the photocouplings at the pole for
I = 3/2 resonances (right) as (Ah, ϑh) because they are the same for proton
and neutron targets. In addition to the present study (“2026”), we show the
JüBo2025 results (“2025”) [1] from Sec. 4 for comparison.

A1/2
p ϑ

1/2
p A3/2

p ϑ
3/2
p A1/2 ϑ1/2 A3/2 ϑ3/2

[10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg] [10−3 GeV−1/2] [deg]

fit fit

N(1535) 1/2− 2026 87 −1 ∆(1620) 1/2− 2026 17 57

2025 90 (2) −1 (2) 2025 30 (11) 58 (12)

N(1650) 1/2− 2026 26 −4 ∆(1910) 1/2+ 2026 −288 24

2025 34 (3) −2 (5) 2025 −164 (128) −5 (352)

N(1440) 1/2+ 2026 −87 −12 ∆(1232) 3/2+ 2026 −128 −17 −238 1

2025 −99 (15) −18 (4) 2025 −128 (5) −18 (3) −246 (3) 1 (1)

N(1710) 1/2+ 2026 −24 44 ∆(1600) 3/2+ 2026 11 110 −12 167

2025 −18 (2) 37 (10) 2025 9 (4) 11 (45) −10 (6) 105 (43)

N(1720) 3/2+ 2026 24 47 −35 −13 ∆(1920) 3/2+
(a) 2026 295 −41 364 −15

2025 24 (10) 48 (13) −26 (8) −24 (13) 2025 245 (30) −28 (9) 475 (52) 10 (10)

N(1900) 3/2+ 2026 7 91 −42 0 ∆(1700) 3/2− 2026 163 8 276 −1

2025 6 (1) 49 (21) −39 (2) −28 (3) 2025 244 (53) 17 (11) 337 (67) −4 (13)

N(1520) 3/2− 2026 −24 −45 116 11 ∆(1930) 5/2− 2026 240 2 215 166

2025 −19 (3) −34 (8) 102 (12) 17 (4) 2025 218 (18) 162 (24) 240 (31) 173 (10)

N(1675) 5/2− 2026 48 16 51 3 ∆(1905) 5/2+ 2026 28 −178 −155 148

2025 35 (5) 17 (6) 36 (4) 15 (8) 2025 75 (61) −67 (40) −373 (308) 94 (16)

N(1680) 5/2+ 2026 −12 110 110 −31 ∆(1950) 7/2+ 2026 −48 −73 −59 −84

2025 −8 (2) 119 (23) 133 (34) −31 (8) 2025 −33 (7) −67 (6) −59 (8) −70 (5)

N(1990) 7/2+ 2026 −8 −38 −11 136 ∆(2200) 7/2− 2026 60 −141 38 −165

2025 −14 (3) −74 (20) −14 (3) 107 (15) 2025 72 (17) −134 (8) 65 (13) −174 (7)

N(2190) 7/2− 2026 −12 18 38 167 ∆(2400) 9/2− 2026 53 −104 39 159

2025 −13 (2) 11 (15) 20 (7) 161 (15) 2025 15 (9) −102 (52) 22 (22) 156 (23)

N(2250) 9/2− 2026 −12 28 38 167

2025 −33 (8) 2 (19) 58 (20) 121 (20)

N(2220) 9/2+ 2026 38 −36 −192 −12

2025 74 (46) −78 (17) −185 (37) −14 (16)
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6. GDH sum rule contributions in the Jülich-Bonn model
The experimental confirmation of the GDH sum rule (introduced in Sec. 2.4) poses a con-
siderable challenge. To measure the observable ∆σ, which is directly connected to the
GDH sum rule one requires circularly polarized photon beams and longitudinally polar-
ized nucleon targets. One further has to include data over a large energy range. Inclusive
measurements of all possible outgoing channels is not feasible in photoproduction. How-
ever, this is possible in electroproduction processes, as it was presented in Refs. [639,
640], where the proton spin structure was studied with polarized electron beams by the
CLAS Collaboration. One then extrapolates these measurements to the photon point at
zero momentum transfer by using the generalized GDH integrals. These generalized GDH
integrals are derived from chiral effective field theory [641–645]. Many experimental pro-
grams were dedicated to the GDH sum rule directly in photoproduction processes. There
was also the GDH Collaboration at MAMI and ELSA [646–648]. To this day photoproduc-
tion data for ∆σ and the observable E, which is directly linked to ∆σ, are only available
for πN , ππN and ηN final-states (see Tabs. 7, 8 and 9). To get information on the missing
channels or energies, one can only rely on predictions from theory or phenomenological
models. Coupled-channel approaches are especially useful to get information on contribu-
tions of different hadronic final-states, since they analyze multiple initial and final-states
simultaneously. Different calculations were done for the single-pion contributions to the
GDH integral, e.g. by the GWU/SAID [649, 650] or the MAID [138] frameworks. For the
KΣ channel contribution there was a study from Ref. [651] using an isobar model for KΣ
photoproduction off proton and neutron targets.
In this chapter, we calculate the individual channel contributions to the GDH sum rule

from the Jülich-Bonn DCC model. In Sec. 6.1 we discuss the results from the JüBo2025
solution presented in Sec. 4. Here we calculate the GDH sum rule contributions from
photoproduction processes off proton targets for the final-states π0p, π+n, ηp, K+Λ0,
K0Σ+, and K+Σ0. These results were already published within Ref. [1]. After that we
present the GDH sum rule contributions from the analysis presented in Sec. 6.2, in which
we extended the model to include γn → πN processes. This allows us to also calculate
the contributions to the finals states π0n and π−p.

6.1. GDH sum rule contributions for photoproduction with only proton
targets

In Ref. [1] we used the JüBo coupled-channel approach to extract the contributions to the
GDH sum rule of the πN , ηN , KΛ and KΣ channels individually for photoproduction
reactions off proton targets. Similar analyses were done in Ref. [650] for single pion pho-
toproduction channels, and there are also analyses considering ηN , ππN or KY channels
such as Refs. [195, 651, 652]. While the JüBo approach includes the ππN channels ef-
fectively in the purely hadronic amplitude, no ππN photoproduction data are taken into
account yet. Consequently, we cannot determine the contribution of this channel to the
GDH sum rule directly.
We derived the GDH sum rule in Sec. 2.4. Since a numerical evaluation of the left-hand
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side of the integral in Eq. (2.63) with an upper limit of infinity is not possible, one defines
the so-called ”running” GDH integral as

Ip
GDH(Eγ) =

∫︂ Eγ

E0
γ

dE′
γ

∆σp(E′
γ)

E′
γ

. (6.1)

where Ip
GDH is now a function of the upper limit of the integral Eγ . The superscript p

labels the proton target here. We will also consider neutron target processes in Sec. 6.2.
We present the individual channel contributions to this running GDH integral from

the JüBo2025 analysis in Fig. 18 and also show the corresponding uncertainties extracted
from the refits described in Sec. 4.2. The black dashed line represents the sum of all
channels, and the horizontal line denotes the right hand side value of the GDH sum rule
of Ip

GDH = 204.78µb, which is calculated with the corresponding PDG values. The main
contribution is given by the π0p channel, followed by π+n.
The 6 channel contributions to the GDH sum rule for the highest energy Eγ = 2.5 GeV

are given by the following values:

Ip
GDH(π0p) = 147 ± 7 µb ,

Ip
GDH(π+n) = 29 ± 15 µb ,

Ip
GDH(ηp) = −8.8 ± 0.1 µb ,

Ip
GDH(K+Λ0) = 0.80 ± 0.05 µb ,

Ip
GDH(K0Σ+) = −0.12 ± 0.05 µb ,

Ip
GDH(K+Σ0) = 1.42 ± 0.05 µb ,

Ip
GDH(all) = 170 ± 19 µb . (6.2)

As for the resonance parameters we determine the uncertainties of the contributions to the
GDH sum rule for the different channels from refits as explained in 4.2. Consequently, the
uncertainties of the individual channel contributions are necessarily correlated. Therefore,
the uncertainty of the sum of all channels is determined by the respective spread of the
sum of the integrals.
The contribution of the two single pion channels determined in a recent SAID analy-

sis [650] was 183.4 µb. The π0p-channel contribution was ∼ 155 µb and the π+n-channel
contributed ∼ 30 µb. Comparing this with our calculated contributions, we observe that
our π+n contribution is in good agreement while our π0p channel is giving a slightly
smaller contribution. We also observe a relatively large uncertainty in these two channels,
especially for π+n. This can be explained by the fact, that less data is available for the
π+n final-state.
To get a better visualization, we added a zoomed-in version for GDH sum rule contri-

butions in Fig. 19, which allows to observe the small contributions of the channels ηp,
K+Λ0, K0Σ+ and K+Σ0 in more detail. We further present the running GDH integral
for the individual channels separately in the Appendix in Sec. G.1. For the ηp channel we
find a negative contribution for all energies. This final-state provides a larger contribu-
tion than the KY channels. However, compared to the πN channels the other four have
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only a marginal contribution of ∼ −6.69µb and they even lower the sum of all channels.
Some other studies as, e.g. Refs. [195, 651–653], found negative contributions for all the
final-states ηp, K+Λ0, K0Σ+ and K+Σ0. In our study this is not the case, as can be seen
for K+Λ0 and K+Σ0, which give positive contributions. Note that no data on ∆σ or E
is available for the KY channels yet. Consequently, the corresponding predicted values
for the GDH integral may be subject to even greater uncertainties than suggested by the
error band.
In the JüBo2025 analysis the full sum of all channels saturates to a value Ip

GDH(all) =
170 ± 19 µb. This leaves a difference to the right hand side value of ∆Ip

GDH = 35 ± 19 µb
compared to the central value of our sum presented by a black dashed line in Fig. 18. This
difference most likely corresponds to contributions of channels not considered explicitly in
the JüBo model. Most important is the ππN channel, which exhibits a large total cross
section at energies beyond the ∆(1232) region. Contributions from other missing channels
like ωN or η′N are less significant as other analyses suggest. An example is given by
the study in Ref. [653], in which a contribution of less than 1 µb was found for the ωN
channel.
This hypothesis is also supported by other works. In a direct measurement of two-

pion photoproduction from Ref. [654], the contribution of the channel γp → π0π+n was
found to be only (11.3 ± 0.7 ± 0.7) µb. However, the photon energies were only measured
up to Eγ = 800 MeV. As mentioned by the authors, this contribution did not saturate
yet at that energy. Furthermore, the analyses of Refs. [195, 655] found a contribution
of the ππN channel over the full energy range of Ip

GDH(ππN) = 28µb and in Ref. [653]
Ip

GDH(ππN) = 21 µb. Considering our uncertainties on Ip
GDH(all) these values would be

enough to reproduce the right hand side of the GDH sum rule of Ip
GDH = 204.78µb

in our analysis. We conclude that the missing contribution in the present analysis is
indeed originating from the missing ππN -channel. Once the framework is extended to 2π
photoproduction off the nucleon, we will be able to verify this assumption quantitatively.
In the JüBo2025 study the GDH integrals for all channels with significant contributions,

namely πN and ηN , are converged already at 2 GeV, which is still in the range where
data are available. While the predicted integral for the strangeness channels, KΛ and
KΣ, seems not to be converged to full extent, their overall contribution is only marginal
compared to πN . The convergence of the integral is in contrast to various studies of the
contribution to the GDH integral from the energy range beyond 2.5 GeV employing Regge
theory [197, 656–658]. The last of these references quotes a value as large as (−15±2) µb.
This suggests that the full sum of the contributions has to be even larger than the value
of right-hand side Ip

GDH = 204.78µb.
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Figure 18: Running GDH integral Ip
GDH as in Eq. (6.1) for the different channels with their

respective errorbands. The black horizontal line shows the value of Ip
GDH =

204.78µb calculated from PDG values. The black dashed line with the grey
errorband shows the sum of all channels.
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Figure 19: Zoom into the running GDH integral Ip
GDH as in Eq. (6.1) for the different

channels for better visualization of the higher lying channels.
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6.2. GDH sum rule contributions for photoproduction off proton and neutron
targets

In Chapter 5 we presented the ”JüBo2026” solution, in which we extended the Jülich-Bonn
model to include photoproduction processes involving neutron targets and produced fit
results for γn → πN . This allows us to calculate the GDH sum rule contributions for the
final-states π0n and π−p for neutron targets. The running GDH integral is analogously
defined as the one for proton targets as:

In
GDH(Eγ) =

∫︂ Eγ

E0
γ

dE′
γ

∆σn(E′
γ)

E′
γ

. (6.3)

where the superscript n now denotes that processes with neutron targets γn → X are
considered. We present the GDH sum rule contributions and the sum of all channels for
neutron and proton targets in Fig. 20. Note that the contributions for proton targets
also changed compared to the ones presented in Sec. 6.1, since we performed a fit in the
JüBo2026 analysis for the full data base and also varied the parameters for photoproduc-
tion off protons. In Fig. 20 the horizontal lines denote the right hand side of Eqs. (2.63)
and (2.64) which are given by

Ip
GDH = 204.78µb , (6.4)
In

GDH = 232.25µb . (6.5)

In this study we find the GDH sum rule contributions for proton targets at the largest
energy Eγ = 2.5 GeV to be given by:

Ip
GDH(π0p) = 142 µb ,

Ip
GDH(π+n) = 32 µb ,

Ip
GDH(ηp) = −8.8 µb ,

Ip
GDH(K+Λ0) = 0.85 µb ,

Ip
GDH(K0Σ+) = −0.11 µb ,

Ip
GDH(K+Σ0) = 1.37 µb ,

Ip
GDH(all) = 168 µb . (6.6)

We notice that the π0p channel contribution decreased by 5 µb compared to the JüBo2025
result, while the π+n final-state has increased by 3 µb. There are also small changes in the
KY channels, but these still give marginal contributions to the full sum and there is still
no ∆σ or E data for these final-states. It is expected that the πN channels are influenced
the most by the inclusion of the γn → πN data in the JüBo2026 analysis, since the I = 3/2
photoproduction parameters for the πN final state are used both for photoproduction off
proton and neutron targets (see Sec. 5.1). Consequently, these parameters must change
for proton targets if they are adjusted to describe photoproduction data with neutron
targets. However, the change of the full sum is still only 2 µb and thus our hypothesis,
that the missing contribution most likely originates from the ππN channels, remains. For
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photoproduction processes with neutron targets we find GDH sum rule contributions at
the largest energy Eγ = 2.5 GeV to be given by

In
GDH(π0n) = 118 µb ,

In
GDH(π−p) = 77 µb ,

In
GDH(πN) = 195 µb . (6.7)

We list our values with the ones from other groups for comparison in Tab. 27. In an
analysis from 2022 of Strakovsky et al. [650] phenomenological amplitudes obtained in
partial wave analyses of the SAID and MAID groups have been used to determine the
GDH sum rule contributions. We further show a graphical comparison of our solution
with the one from Strakovsky et al. [650] in Fig. 21. The second work from the year 2002
of Zhao et al. [652] used a quark model approach with an effective Lagrangian to evaluate
contributions to the GDH sum rule. The last study used for comparison was published
by the GDH/A2 collaboration in 2001 [646], in which only a value for all channels was
presented.
It is directly noticeable that our π0n component is smaller than the ones from Refs. [650,

652], while our π−p contribution is much larger and gives a positive value in contrast to
the negative ones from the other groups. In Fig. 21 one observes that the contribution for
π−p is negative for all energies in the study of Strakovsky et al. [650], while in our result
it is only negative up until Eγ ≈ 300 MeV. In the JüBo2026 analysis we observe a large
rise to values > 60µb until around ≈ 400 MeV after the minimum. In contrast to this
the result from Strakovsky et al. [650] only rises slightly to about ≈ −20µb in the same
energy range. Another difference between the analyses is that for our work the curve does
decrease further. But for the GDH contribution presented in Ref. [650] it decreases.
The main difference to the results found by Strakovsky et al. [650] for the π−p channel

contribution lies in the energy range of Eγ = 250 − 550 MeV, which corresponds to center
of mass energies of around W = 1150 − 1400 MeV. As stated in Sec. 5.3.2, starting from
1220 MeV up to energies around 1350 MeV our solution underestimates the cross section.
This might explain the discrepancy between the solutions and could be the reason for the
large rise of the JüBo2026 curve. However, it should be noted that there is only one data
set from CLAS [637] on the observable E or ∆σ for the final-state π−p, which is included
in both our analysis and the one from Strakovsky et al. [650]. Especially for energies below
1500 MeV there is no data at all, which makes it difficult to get reliable predictions or
to verify the behaviour of the GDH integral. As listed in Tab. 27, there is another study
from Zhao et al. from 2002 [652] that suggest a negative saturated value.
For the final-state π0n both the JüBo2026 result and the one from Strakovsky et al. [650]

rise in the aforementioned energy region. However, the one in Ref. [650] increases further
up to a value of 150µb while our contribution already saturates at around 120µb. In
this study we included a data set for the observable E ∝ ∆σ from 2022 [599] for the π0n
channel, which includes energies as low as 1165 MeV. The data points of the lowest energy
bins have large uncertainties, especially towards the most forward angles. However, the
JüBo2026 result describes most of these data points well. Our contribution to the GDH
integral does not rise to a value as high as 150µb found in Ref. [650]. A similar value
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was found by Zhao et al. [652]. Since the new data set of Ref. [599] was published after
the study of Strakovsky et al. [650], it could not be used for their analysis and it would
be interesting to see whether its inclusion would lead to a similar result as found in our
current study.
For the values of In

GDH(all) it should be noted that in the JüBo2026 analysis and the
study from Strakovsky et al. [650] only πN final-states were considered, while in the work
of Zhao et al. [652] also contributions from ππN , ηn, KY , ωn and ρN were used. The work
of the GDH/A2 collaboration [646] determined the GDH sum rule contribution directly
from the measurement of ∆σ in the energy region Eγ = 200 − 800 MeV. All groups still
miss a major contribution to the right hand side value of In

GDH = 232 µb. The study
of Zhao et al. [652] finds a contribution for the ππN channels of 50µb while all other
channels apart from πN only give marginal contributions of about −6µb. This is similar
to the case of proton targets where the missing contribution likely originates from the
ππN channels. However, if the π−p contribution is indeed found to have a negative value
as suggested by the other groups, our value for the sum of all channels In

GDH(all) = 195 µb
will also decrease significantly. This gives us a larger discrepancy to the value of 232µb,
similar as for the other groups. Furthermore, a contribution of the ππN channel of about
50µb may not be enough to explain the missing part in such a case. More data for the
photoproduction off neutrons is needed to fully understand the large discrepancy.

Reference In
GDH(π0n) In

GDH(π−p) In
GDH(all)

JüBo2026 118 77 195
Strakovsky et al. [650] 150 -20 130
Zhao et al. [652] 154 -30 168
GDH/A2 [646] - - 187±8±10
PDG [5] - - 232

Table 27: List of GDH sum rule contributions for neutron targets from different References.
Values are given in µb. We list our current results from the JüBo2026 solution.
For comparison we also include a recent study of Strakovsky et al. [650]. We
also compare to values from works of the early 2000s from Zhao et al. [652]
and from the GDH/A2 collaboration published Ref. [646] and list the calcualted
right hand side value as PDG [5].
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7. Conclusion and Outlook

In this thesis, the Jülich-Bonn dynamical coupled-channel framework was employed to
perform a fit to newly available photoproduction data for the reactions γp → π0p, π+n and
ηp, in addition to the existing data base. Within this coupled-channel study we analyzed
pion-induced reactions πN → πN , ηN and KY as well as the photoproduction processes
γp → π0p, π+n, ηp, K0Λ+, K+Σ0 and K0Σ+ simultaneously. The newly included ηp
measurements of dσ/dΩ and Σ extend to center-of-mass energies above 2.1 GeV together
with a large-angle region for the first time. The inclusion of this data improved the
description of the backward-angle peak in the ηp cross section. In addition, new data on
the double-polarization observable G for the π0p and π+n channels were incorporated.
For the π+n final state the available database for this observable was more than tripled.
Furthermore, recent measurements of the observable E in the π0p channel were included.
This data set is particularly important for constraining the helicity-dependent cross-section
difference ∆σ, since E is directly related to this quantity. This is essential for obtaining
reliable GDH sum rule contributions from the present fit, which are presented in Sec. 6.1.
A further important achievement of this thesis is the extension of the Jülich-Bonn frame-

work to photoproduction processes on neutron targets. Up to now, the photoproduction
sector of the model had been applied to proton-target reactions only, so that the inclu-
sion of γn → π0n and γn → π−p constitutes a significant step toward a more complete
description of meson photoproduction. The neutron data provide different constraints,
which helps to disentangle the isospin dependence of the photocouplings and resonance
contributions. In particular, the simultaneous treatment of proton and neutron channels
within the same coupled-channel framework strengthens the consistency of the analysis
and enhances its relevance for the extraction of resonance properties. This extension is
therefore essential for a more comprehensive understanding of baryon spectroscopy and
for future studies of spin-dependent observables and sum rules.
The produced fit achieves a good overall description of the included data base with

more than 15, 000 data points for the reactions γn → π0n and γn → π−p. Despite the
overall good description of the data, there are some differences between our solution and
the experimental data. The most pronounced discrepancies are observed in the differential
cross section for the π−p final-state in the energy regionW = 1.2−1.35 GeV. The inclusion
of these neutron-target data allowed for the first extraction of neutron photocouplings
within the Jülich-Bonn framework. The pole positions of most resonances remained stable
compared to the previous JüBo2025 solution, but we observe some changes in the residues
as well as the proton photocouplings. Some neutron photocouplings found in the analysis
are particularly large (i.e. N(1440)1/2+, N(1900)3/2+ and N(2220)9/2+), which reflect
the that neutron observables are sensitive to the electromagnetic structure of nucleon
resonances.
Another important result of this thesis is the determination of the individual channel

contributions to the GDH sum rule within the Jülich-Bonn framework. Since the GDH
sum rule links the anomalous magnetic moment of the nucleon to the helicity dependence
of the photoabsorption cross section, it provides a direct link between experimental photo-
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production data and fundamental properties of the nucleon spin structure. By evaluating
the contributions of the individual channels within the JüBo framework, it becomes pos-
sible to identify the relative importance of the different final states and to assess how
the sum rule is approached in a channel-resolved manner. This demonstrates that the
model is not only suited for spectroscopy, but also for studies of spin-dependent sum rules
and nucleon structure. We observe a large discrepancy for the π−p channel compared
to the results of other groups. In a direct comparison of the running GDH-integrals, we
find the main difference to be in the energy region W = 1.2 − 1.35 GeV, for which we
already observed a discrepancy of our solution with the experimental data. However, it
is noteworthy that there is no data on the observable E or ∆σ, which is closely related
to the GDH-sum rule, in this energy region for the π−p final-state. But this discrepancy
indicates that additional constraints from future measurements or further refinements of
the photoproduction amplitudes are required for future analyses.
The results of the present work show that the inclusion of the new photoproduction data

leads to a refined description of several observables and provides better constraints on the
corresponding amplitudes. In particular, polarization observables play a crucial role, since
they are sensitive to interference effects and therefore carry important information on
the underlying reaction dynamics. In this way, the present work contributes to a more
complete understanding of the light baryon spectrum and allows for the evaluation of
individual GDH sum-rule channel contributions.
Future extensions of this work may address several directions. Another natural extension

of the present framework is the inclusion of additional final states, such as γn → ηn and
KY , as well as η′N or ωN channels in the full photoproduction model. Furthermore, a
more systematic statistical treatment of uncertainties including correlations of data sets
would also be highly desirable in future analyses. Especially the statistics of elastic πN
channel has to be improved [309]. The inclusion of further statistical techniques such
as the LASSO method [306–308] could also help to systematically reduce the number
of parameters to find a ”minimal model”. Such developments would further strengthen
the predictive power of the model and improve the reliability of the extracted resonance
parameters. Moreover, a project using a Hamiltonian Monte Carlo (HMC) algorithm in
the No-U-Turn Sampler variant acting on the untempered posterior distribution is planned
for the future [659, 660]. This will be applied to the analysis presented in Chapter 5. Such
a study is important, since it allows for a more rigorous uncertainty estimation than the
one currently used within the JüBo framework.
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Appendix
A. Definitions and Conventions

In this part we list the different definitions, conventions and notations relevant for this
work.
We use the metric tensor gµν with the convention

gµν =

⎛⎜⎜⎜⎝
1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

⎞⎟⎟⎟⎠ . (A.1)

The totally antisymmetric Levi-Civita tensor is given by

ϵµνκλ =

⎧⎪⎪⎨⎪⎪⎩
−1 for even permutations
1 for odd permutations
0

. (A.2)

For the γ-matrices we use the Dirac-representation

γ0 =
(︄

12 0
0 −12

)︄
, γ⃗ =

(︄
0 σ⃗

−σ⃗ 0

)︄
,

γ5 = iγ0γ1γ2γ3 =
(︄

12 0
0 −12

)︄
, (A.3)

where 12 is the 2-dimensional identity matrix and σi are the Pauli matrices given by

σ1 =
(︄

0 1
1 0

)︄
, σ2 =

(︄
0 −i
i 0

)︄
, σ3 =

(︄
1 0
0 −1

)︄
. (A.4)

In our framework we consider the spin-1/2 spinors in the helicity basis:

u(p⃗, λ) =
√︄
m+ Ep

2Ep

(︄
1

2λp
m+Ep

)︄
χλ , (A.5)

v(p⃗, λ) =
√︄
m+ Ep

2Ep

(︄ −p
m+Ep

2λ

)︄
χ−λ . (A.6)

Here m and p⃗ denote the mass and momentum of the particle and the energy is given by
Ep =

√︁
p⃗ 2 +m2. The spinors χλ are eigenstate of the helicity operator

σ⃗ · p⃗
2p χλ = λχλ , (A.7)
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where λ ∈ {−1/2,+1/2}. For these spinors we have the explicit forms given by

χ+1/2 =

⎛⎝cos
(︂

θ
2

)︂
exp

(︂
−iϕ

2

)︂
sin
(︂

θ
2

)︂
exp

(︂
iϕ

2

)︂ ⎞⎠ , (A.8)

χ−1/2 =

⎛⎝− sin
(︂

θ
2

)︂
exp

(︂
−iϕ

2

)︂
cos

(︂
θ
2

)︂
exp

(︂
iϕ

2

)︂ ⎞⎠ . (A.9)

For the spin-1 polarization vectors we use the phase convention from Ref. [202]. The
polarization 4-vector with spin 1 in the helicity basis with momentum p⃗ is defined by

ϵµ(p⃗, λ = ±1) = 1√
2

⎛⎜⎜⎜⎝
0

∓ cos θ cosϕ+ i sinϕ
∓ cos θ sinϕ− i cosϕ

± sin θ

⎞⎟⎟⎟⎠ , (A.10)

ϵµ(p⃗, λ = 0) = 1
m

⎛⎜⎜⎜⎝
p

Ep sin θ cosϕ
Ep sin θ sinϕ
Ep cos θ

⎞⎟⎟⎟⎠ . (A.11)

The Rarita-Schwinger spinor for a spin-3/2 is defined via a spin-1/2 spinor and a spin-1
polarization vector by [33]

uµ(p⃗, λ) =
∑︂

λ1,λ2

⟨1λ1, 1/2λ2|3/2λ⟩ ϵµ(p⃗, λ1)u(p⃗, λ2) . (A.12)

We use the Rarita-Schwinger propagator for the ∆-exchange, where the numerator has
the form

Pµν(p) = (/p+m)
[︃
−gµν + γµγν

3 + 2pµpν

3m2 − pµγν − pνγµ

3m

]︃
. (A.13)

The definitions of the field operators for the nucleon and ∆ (all other spin-1/2 and spin-3/2
are analogously defined) are given by

ΨN (x) = (2π)−3/2
∫︂

d3q
∑︂

λ

(︂
bN (q⃗, λ)u(q⃗, λ)e−iqµxµ + d†

N (q⃗, λ)v(q⃗, λ)eikµxµ

)︂
, (A.14)

∆µ(x) = (2π)−3/2
∫︂

d3q
∑︂

λ

(︂
b∆(q⃗, λ)uµ(q⃗, λ)e−iqνxν + d†

∆(q⃗, λ)vµ(q⃗, λ)eikνxν

)︂
. (A.15)
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For the pseudoscalar, scalar, vector and axial vector mesons we have

Ψp(x) = (2π)−3/2
∫︂

d3q
1√︁
2ωq

(︂
ap(q⃗)e−iqµxµ + a†

p(q⃗)eikµxµ

)︂
, (A.16)

Ψs(x) = (2π)−3/2
∫︂

d3q
1√︁
2ωq

(︂
as(q⃗)e−iqµxµ + a†

s(q⃗)eikµxµ

)︂
, (A.17)

Ψµ
v (x) = (2π)−3/2

∫︂
d3q

∑︂
λ

1√︁
2ωq

(︂
ϵµ(q⃗, λ)av(q⃗, λ)e−iqνxν

)︂
+ h.c. , (A.18)

Ψµ
a(x) = (2π)−3/2

∫︂
d3q

∑︂
λ

1√︁
2ωq

(︂
ϵµ(q⃗, λ)aa(q⃗, λ)e−iqνxν

)︂
+ h.c. , (A.19)

where the on-shell energy of the meson is given by ωq =
√︁
q⃗2 +m2. The annihilation

operators obey the following (anti-)commutation relations[︂
a(q⃗, λ), a†(q⃗′, λ′)

]︂
−

= δ(3)(q⃗ − q⃗)δλ,λ′ , (A.20)[︂
b(q⃗, λ), b†(q⃗′, λ′)

]︂
+

= δ(3)(q⃗ − q⃗)δλ,λ′ , (A.21)[︂
d(q⃗, λ), d†(q⃗′, λ′)

]︂
+

= δ(3)(q⃗ − q⃗)δλ,λ′ . (A.22)

For calculations in isospin space we use the following notation for the nucleon, pion and
∆ wave functions

N =
(︄
p
n

)︄
, π⃗ =

⎛⎜⎝−π+

π0

π−

⎞⎟⎠ , ∆ =

⎛⎜⎜⎜⎝
∆++

∆+

∆0

∆−

⎞⎟⎟⎟⎠ . (A.23)

The other particles with isospin I = 1/2, 1 or 3/2 are defined analogously. The isospin
matrices for the nucleon are defined by

τ−1 =
√

2
(︄

0 0
−1 0

)︄
, τ0 =

(︄
1 0
0 −1

)︄
, τ+1 =

√
2
(︄

0 1
0 0

)︄
, (A.24)

For the pion we have

t−1 =

⎛⎜⎝ 0 0 0
−1 0 0
0 −1 0

⎞⎟⎠ , t0 =

⎛⎜⎝1 0 0
0 0 0
0 0 −1

⎞⎟⎠ , t+1 =

⎛⎜⎝0 1 0
0 0 1
0 0 0

⎞⎟⎠ , (A.25)

and the transition from I = 3/2 to I = 1/2 is defined by

S−1 =
(︄

1 0 0 0
0 1√

3 0 0

)︄
, S0 =

⎛⎝0
√︂

2
3 0 0

0 0
√︂

2
3 0

⎞⎠ , S+1 =
(︄

0 0 1√
3 0

0 0 0 1

)︄
. (A.26)
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Lastly, the isospin matrices for the ∆ are given by

T−1 =

⎛⎜⎜⎜⎜⎜⎝
0 0 0 0

−
√︂

2
3 0 0 0

0 −2
√

2
3 0 0

0 0 −
√︂

2
3 0

⎞⎟⎟⎟⎟⎟⎠ , (A.27)

T0 =

⎛⎜⎜⎜⎝
1 0 0 0
0 1

3 0 0
0 0 −1

3 0
0 0 0 −1

⎞⎟⎟⎟⎠ , (A.28)

T+1 =

⎛⎜⎜⎜⎜⎜⎝
0
√︂

2
3 0 0

0 0 2
√

2
3 0

0 0 0
√︂

2
3

0 0 0 0

⎞⎟⎟⎟⎟⎟⎠ . (A.29)
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B. Further details on the JüBo framework
In this section we give further details on parts of the JüBo model presented in Chapter 3.

B.1. Coupling scheme of the different channels
In the coupled channel framework of the JüBo model we include the stable channels πN ,
ηN , KΛ and KΣ as well as the inelastic channels ρN , π∆ and σN for the effective 3-body
channel ππN . In Tab. 28 we show the coupling scheme for these channels in the Jülich-
Bonn model. Note that for the π∆ and ρN channels there are different possibilities to
couple to JP , which we list as separate channels. Here, the total spin SρN = |S⃗N + S⃗ρ| is
defined by the ρ spin and the nucleon spin and the respective orbital angular momentum
is given by LρN . The notation L2I;2J is defined with respect to the πN channel, e.g. S11.

Table 28: Angular momentum structure of the different channels in the JüBo framework
for isospin I = 1/2 up to a total spin J = 9/2. The isospin I = 3/2 sector is
analogous up to some isospin selection rules.

JP = 1
2

− 1
2

+ 3
2

+ 3
2

− 5
2

− 5
2

+ 7
2

+ 7
2

− 9
2

− 9
2

+

πN S11 P11 P13 D13 D15 F15 F17 G17 G19 H19
ρN (SρN = 1/2) S11 P11 P13 D13 D15 F15 F17 G17 G19 H19
ρN (SρN = 3/2, |JρN − LρN | = 1/2) — P11 P13 D13 D15 F15 F17 G17 G19 H19
ρN (SρN = 3/2, |JρN − LρN | = 3/2) D11 — F13 S13 G15 P15 H17 D17 I19 F19
ηN S11 P11 P13 D13 D15 F15 F17 G17 G19 H19
π∆(|Jπ∆ − Lπ∆| = 1/2) — P11 P13 D13 D15 F15 F17 G17 G19 H19
π∆(|Jπ∆ − Lπ∆| = 3/2) D11 — F13 S13 G15 P15 H17 D17 I19 F19
σN P11 S11 D13 P13 F15 D15 G17 F17 H19 G19
KΛ S11 P11 P13 D13 D15 F15 F17 G17 G19 H19
KΣ S11 P11 P13 D13 D15 F15 F17 G17 G19 H19

B.2. Resonance vertex functions
Within our framework the partial wave projected bare resonance vertices γa,c in Eq. (3.25)
are defined as

γa,c = v IR F (k)

√︄
mB + E

ωE
. (B.1)

Here, k =
⃓⃓⃓⃗
k
⃓⃓⃓
is the center of mass meson-baryon momentum, IR is the isospin factor,

which is listed in Tab. 29 and E (ω) are the baryon (meson) on-shell center of mass
energies:

E =
√︂
p⃗ 2

B +m2
B, ω =

√︂
p⃗ 2

m +m2
m . (B.2)
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πN ηN ρN π∆ KΛ KΣ
I = 1/2

√
3 1

√
3 −

√
2 1 −

√
3

I = 3/2 1 0 1
√︁

5/3 0 −1

Table 29: Isospin factors IR for the bare resonance vertex functions γa,c.

The form factors F (k) for the resonance vertices have the form

F (k) =
(︄

Λ4 +m4
R

Λ4 + (E(k) + ω(k))4

)︄n

(B.3)

where mR is the nominal mass of the respective resonance. For J ≤ 3/2 we choose n = 1
for all channels except for π∆, which has n = 2. For J > 3/2 we have n = 2 except for
π∆, for which we take n = 3. The cut-off parameters Λ is set to 2 GeV for all resonances.
For resonances with J > 3/2 we do not derive the bare resonance vertices from La-

grangians. We construct them in such a way that they have the correct orbital angular
momentum dependence (centrifugal barrier):

(γa,c) 5
2

− = k

mb
(γa,c) 3

2
+ , (γa,c) 5

2
+ = k

mb
(γa,c) 3

2
− ,

(γa,c) 7
2

+ = k2

m2
b

(γa,c) 3
2

+ , (γa,c) 7
2

− = k2

m2
b

(γa,c) 3
2

− ,

(γa,c) 9
2

− = k3

m3
b

(γa,c) 3
2

+ , (γa,c) 9
2

+ = k3

m3
b

(γa,c) 3
2

− . (B.4)

The partial wave projected vertex functions v and the explicit expressions for J ≤ 3/2
are given by:

• S11, S31, JP = 1
2

− partial wave
– πN -channel

v = −i f
mπ

1√
8π

(ωπ + EN −mN ) (B.5)

– ηN -channel
v = −i f

mπ

1√
8π

(ωη + EN −mN ) (B.6)

– ρN -channel (LρN = 0, SρN = 1/2)

v = −f 1√
24π

1
mρ

(ωρ + EN −mN + 2mρ) (B.7)

– ρN -channel (LρN = 2, SρN = 3/2)

v = −f 1√
12π

1
mρ

(ωρ + EN −mN −mρ) (B.8)
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– π∆-channel
v = −i f

mπ

1√
12π

E∆ + ωπ

m∆
(E∆ −m∆) (B.9)

– KΛ-channel

v = −if 1√
8π

(︄
ωK + k⃗ 2

EΛ +mΛ

)︄
(B.10)

– KΣ-channel

v = −if 1√
8π

(︄
ωK + k⃗ 2

EΣ +mΣ

)︄
(B.11)

• P11, P31, JP = 1
2

+ partial wave
– πN -channel

v = −i f
mπ

k√
8π

(︃
1 + ωπ

EN +mN

)︃
(B.12)

– ηN -channel
v = i

f

mπ

k√
8π

(︃
1 + ωη

EN +mN

)︃
(B.13)

– ρN -channel (LρN = 1, SρN = 1/2)

v = f
1√
24π

k

mρ

(︃
1 + ωρ

EN +mN
− 2mρ

EN +mN

)︃
(B.14)

– ρN -channel (LρN = 1, SρN = 3/2)

v = f
1√
12π

k

mρ

(︃
1 + ωρ

EN +mN
+ mρ

EN +mN

)︃
(B.15)

– π∆-channel
v = i

f

mπ

1√
12π

k

m∆
(E∆ + ωπ) (B.16)

– KΛ-channel
v = if

k√
8π

(︃
1 + ωK

EΛ +mΛ

)︃
(B.17)

– KΣ-channel
v = if

k√
8π

(︃
1 + ωK

EΣ +mΣ

)︃
(B.18)

• P13, P33, JP = 3
2

+ partial wave
– πN -channel

v = i
f

mπ

k√
24π

(B.19)
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– ηN -channel

v = i
f

mπ

k√
24π

(B.20)

– ρN -channel (LρN = 1, SρN = 1/2)

v = f

mρ

1√
72π

k

EN +mN
(EN +mN − ωρ −mρ) (B.21)

– ρN -channel (LρN = 1, SρN = 3/2)

v = f

mρ

1√
360π

k

EN +mN
(5EN + 5mN + 4ωρ +mρ) (B.22)

– ρN -channel (LρN = 3, SρN = 3/2)

v = f

mρ

1√
40π

k

EN +mN
(ωρ −mρ) (B.23)

– π∆-channel (Lπ∆ = 1)

v = i
f

mπ

1√
360π

k

m∆
(E∆ + 4m∆)

(︃
1 + ωπ

E∆ +m∆

)︃
(B.24)

– π∆-channel (Lπ∆ = 3)

v = −i f
mπ

1√
40π

k

m∆
(E∆ −m∆)

(︃
1 + ωπ

E∆ +m∆

)︃
(B.25)

– KΛ-channel
v = if

k√
24π

(B.26)

– KΣ-channel
v = if

k√
24π

(B.27)

• D13, D33, JP = 3
2

− partial wave
– πN -channel

v = i
f

m2
π

k2
√

24π

(︃
1 + ωπ

EN +mN

)︃
(B.28)

– ηN -channel

v = i
f

m2
π

1√
24π

(︃
1 + ωη

EN +mN

)︃
(B.29)
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– ρN -channel (LρN = 0, SρN = 3/2)

v = −i f
mρ

1√
72π

(EN +mρ + 2ωρ −mN ) (B.30)

– ρN -channel (LρN = 2, SρN = 1/2)

v = −i f
mρ

1√
72π

(ωρ −mρ − EN +mN ) (B.31)

– ρN -channel (LρN = 2, SρN = 3/2)

v = −i f
mρ

1√
72π

(2EN + ωρ −mρ − 2mN ) (B.32)

– π∆-channel (Lπ∆ = 0)

v = f

mπ

1√
72π

1
m∆

(E∆ + 2m∆)
(︄
ωπ + k⃗2

E∆ +m∆

)︄
(B.33)

– π∆-channel (Lπ∆ = 2)

v = − f

mπ

1√
72π

1
m∆

(E∆ −m∆)
(︄
ωπ + k⃗2

E∆ +m∆

)︄
(B.34)

– KΛ-channel
v = f

k2
√

24π

(︃
1 + ωK

EΛ +mΛ

)︃
(B.35)

– KΣ-channel
v = f

k2
√

24π

(︃
1 + ωK

EΣ +mΣ

)︃
. (B.36)

Here, the bare couplings f are free parameters of the model and are fitted to data. We
further list effective Lagrangians for s-channel diagrams in Tab. 30.

B.3. Details on the exchange potentials

In this part we are going to list the explicit expressions for the exchange potentials. The
interaction terms from the Lagrangian are listed in Tab. 31. The vertices that are not listed
in Tab. 31 can be related to the ones in the table via SU(3) flavor symmetry. Explicit
expressions for the couplings ga are listed later in this section.
For the explicit expressions of the exchange potentials given in Eqs. (B.46)-(B.73), we

need to define the notation. We label the incoming (outgoing) baryon with the index 1 (3)
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Vertex Leff Vertex Leff

πNN∗(S11) fπNN∗
mπ

Ψ̄N∗γµτ⃗ ∂µπ⃗Ψ + h.c. KΣN∗(D13) fKΣN∗
m2

π
Ψ̄µ

N∗ τ⃗ γ5γν∂µ∂νϕKΨΣ + h.c.

ηNN∗(S11) fηNN∗
mπ

Ψ̄N∗γµ∂µηΨ + h.c. πN∆∗(S31) fπN∆∗
mπ

∆̄∗γµS⃗†Ψ∂µπ⃗ + h.c.

ρNN∗(S11) fρNN∗Ψ̄N∗γ5γµτ⃗ ρ⃗µΨ + h.c. ρN∆∗(S31) fρN∆∗∆̄∗S⃗†γ5(γµ − κ
2m0

σµν∂ν)ρ⃗µΨ + h.c.

π∆N∗(S11) −fπ∆N∗
mπ

Ψ̄N∗γ5S⃗∆µ∂µπ⃗ + h.c. π∆∆∗(S31) −fπ∆∆∗
mπ

∆̄∗γ5T⃗∆µ∂µπ⃗ + h.c.

KΛN∗(S11) fKΛN∗
mπ

Ψ̄N∗γµ∂µϕKΨΛ + h.c. KΣ∆∗(S31) fKΣ∆∗
mπ

∆̄∗γµS⃗†∂µϕKΨΣ + h.c.

KΣN∗(S11) fKΣN∗
mπ

Ψ̄N∗γµτ⃗ ∂µϕKΨΣ + h.c. πN∆∗(P31) −fπN∆∗
mπ

∆̄∗γ5γµS⃗†Ψ∂µπ⃗ + h.c.

πNN∗(P13) fπNN∗
mπ

Ψ̄µ
N∗ τ⃗Ψ∂µπ⃗ + h.c. ρN∆∗(P31) −fρN∆∗∆̄∗S⃗†(γµ − κ

2m0
σµν∂ν)ρ⃗µΨ + h.c.

ηNN∗(P13) fηNN∗
mπ

Ψ̄µ
N∗Ψ∂µη + h.c. π∆∆∗(P31) −fπ∆∆∗

mπ
∆̄∗T⃗∆µ∂µπ⃗ + h.c.

π∆N∗(P13) fπ∆N∗
mπ

Ψ̄µ
N∗γ5γν S⃗∆µ∂ν π⃗ + h.c. KΣ∆∗(P31) fKΣ∆∗

mπ
∆̄∗S⃗†γ5γµ∂µϕKΨΣ + h.c.

KΛN∗(P13) fKΛN∗
mπ

Ψ̄µ
N∗∂µϕKΨΛ + h.c. πN∆∗(P33) fπN∆∗

mπ
∆̄∗

µS⃗
†Ψ∂µπ⃗ + h.c.

KΣN∗(P13) fKΣN∗
mπ

Ψ̄µ
N∗∂µτ⃗ϕKΨΣ + h.c. ρN∆∗(P33) −ifρN∆∗

mρ
∆̄∗

µγ
5γν S⃗

†ρ⃗µνΨ + h.c.

πNN∗(D13) fπNN∗
m2

π
Ψ̄µ

N∗γ5γν τ⃗Ψ∂µ∂ν π⃗ + h.c. KΣ∆∗(P33) fKΣ∆∗
m2

π
∆̄∗

µS⃗
†γµ∂µϕKΨΣ + h.c.

ηNN∗(D13) fηNN∗
mπ

Ψ̄µ
N∗γ5γνΨ∂ν∂µη + h.c. πN∆∗(D33) fπN∆∗

m2
π

Ψ̄γ5γν S⃗
†∆∗

µ∂
ν∂µπ⃗ + h.c.

ρNN∗(D13) fρNN∗
mρ

Ψ̄µ
N∗γν τ⃗ ρ⃗µνΨ + h.c. ρN∆∗(D33) fρN∆∗

mρ
∆̄∗

µγν S⃗
†ρ⃗µνΨ + h.c.

π∆N∗(D13) ifπ∆N∗
mπ

Ψ̄µ
N∗S⃗γν∆µ∂ν π⃗ + h.c. π∆∆∗(D33) fπ∆∆∗

mπ
∆̄∗

µT⃗ γ
ν∆µ∂ν π⃗ + h.c.

KΛN∗(D13) fKΛN∗
m2

π
Ψ̄µ

N∗γ5γν∂ν∂µϕKΨΛ + h.c. KΣ∆∗(D33) fKΣ∆∗
m2

π
ΨΣγ

5γν S⃗†∆∗
µ∂

µ∂νϕK + h.c.

Table 30: Here we list the effective Lagrangians for s-channel diagrams up to J = 3/2.
Note that spin-3/2 field operators are equipped with a Rarita-Schwinger spinor
as defined in Eq. (A.12) and consequently have a Lorentz index µ. The vector
notation refers to isospin space here. Some field operators have their isospin
matrices defined implicitly. We also use the notation ρ⃗µν = ∂µρ⃗ν − ∂ν ρ⃗µ.
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p1, λ1 p3, λ3

p2, λ2 p4, λ4

q⃗ = p⃗1 − p⃗3q, λ ,

p1, λ1 p4, λ4

p2, λ2 p3, λ3

q⃗ = p⃗1 − p⃗4q, λ

Figure 22: Notation for t- and u-channel exchange diagrams. Time flows from left to right.

and for the incoming (outgoing) meson with 2 (4). The on-shell energies for the baryon
and meson are given by

Ei =
√︂
p⃗ 2

i +m2
i , ωi =

√︂
p⃗ 2

i +m2
i , (B.37)

where mi are the respective masses. Within the TOPT framework the 0-th component of
the inital and final momenta are equal to their on-shell energies. The intermediate particle
carries the three momentum q⃗ and the 0-th component of the four vector q is q0 = Eq for
a baryon exchange and q0 = ωq for a meson exchange in the first time ordering. In the
second time ordering we label the four momentum with q̄ and the 0-th component takes
for values q̄0 = −Eq for a baryon exchange and q̄0 = −ωq for a meson exchange.
The potential for t- and u-exchanges in the helicity basis is defined by

V p⃗1,p⃗2,p⃗3,p⃗4
λ1,λ2,λ3,λ4

= N · F1F2 · INP · V , (B.38)

where we introduced a kinematic normalization factor N

N = 1
(2π)3

1
2√

ω2ω4
, (B.39)

which is included in each exchange diagram. We also included the isospin factor INP for
the exchange process. To obtain the contributions to the non-pole part of the potential
V NP, one needs to again transform in the JLS-basis.
We also multiply the exchange potentials V with form factors F1 and F2, which depend

on the exchanged momentum q⃗. For the form factors of t- and u-channel exchanges we
use

F (q) =
(︄

Λ2 −m2
ex

Λ2 + q⃗2

)︄n

, (B.40)
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Vertex Lint Vertex Lint

πNN −gπNN
mπ

Ψ̄γ5γµτ⃗ · ∂µπ⃗Ψ ωNN −gωNN Ψ̄[γµ − κω
2mN

σµν∂ν ]ωµΨ

πN∆ gπN∆
mπ

∆̄µS⃗† · ∂µπ⃗Ψ + h.c. πωρ
gπωρ

mω
ϵαβµν∂

αρ⃗β · ∂µπ⃗ων

ππρ −gππρ(π⃗ × ∂µπ⃗) · ρ⃗µ ρN∆ −igρN∆
mρ

∆̄µγ5γµS⃗† · ρ⃗µνΨ + h.c.

ρNN −gρNN Ψ[γµ − κρ

2mN
σµν∂ν ]τ⃗ · ρ⃗µΨ ρρρ gρNN (ρ⃗µ × ρ⃗ν) · ρ⃗µν

NNσ −gNNσΨ̄Ψσ ρρNN
κρg2

ρNN

2mN
Ψ̄σµν τ⃗Ψ(ρ⃗µ × ρ⃗ν)

ππσ gππσ

2mπ
∂µπ⃗ · ∂µπ⃗σ π∆∆ gπ∆∆

mπ
∆̄µγ

5γν T⃗∆µ∂ν π⃗

σσσ −gσσσmσσσσ ρ∆∆ −gρ∆∆∆̄τ (γµ − i
κρ∆∆
2m∆

σµν∂ν)ρ⃗µ · T⃗∆τ

πρNN gπNN
mπ

2gρNN Ψ̄γ5γµτ⃗Ψ(ρ⃗µ × π⃗) ηNN −gηNN

mπ
Ψ̄γ5γµ∂µηΨ

a1NN −gπNN
mπ

ma1Ψ̄γ5γµτ⃗Ψa⃗µ a0NN ga0NNmπΨ̄τ⃗Ψa⃗0

πa1ρ −2gπa1ρ

ma1
[∂µπ⃗ × a⃗ν − ∂ν π⃗ × a⃗µ] · [∂µρ⃗ν − ∂ν ρ⃗µ] πηa0 gπηa0mπηπ⃗ · a⃗0

+2gπa1ρ

2ma1
[π⃗ × (∂µρ⃗ν − ∂ν ρ⃗µ)] · [∂µa⃗ν − ∂ν a⃗µ]

Table 31: Here we list the interaction terms of the effective Lagrangians used for the ex-
change potential. The vector notation refers to isospin space here. Some field
operators have their isospin matrices defined implicitly. We also use the nota-
tion ρ⃗µν = ∂µρ⃗ν − ∂ν ρ⃗µ.

where mex denotes the mass of the exchanged particle. The different powers are used to
ensure the convergence of the integrals over off-shell momenta and the powers n = 1, 2
correspond to monopole or dipole form factors, respectively. For the vertices with ρ, ω, ϕ,
∆, K∗ and Σ∗ we use the dipole type, except for the ∆ exchange in ρN → ρN (where we
use n = 4) and the ππρ vertex in π∆ → π∆ with a ρ exchange (where we use n = 1). For
all other we use the monopole form factor.
Another special case is the u-exchange at the πNN vertex for the processes πN → πN ,

ρN , π∆ and σN . Here the monopole form factor is modified to be normalized to unity at
the Cheng-Dashen point

F (q) = Λ2 −m2
N

Λ2 −
(︃

m2
N −m2

π

mN

)︃2
+ q⃗2

. (B.41)

For contact terms we use the form factor

F (p2, p4) =
(︄

Λ2 −m2
2

Λ2 + p⃗ 2
2

)︄2(︄Λ2 −m2
4

Λ2 + p⃗ 2
4

)︄2

, (B.42)

where the momenta and masses are from the incoming and outgoing mesons respectively.
For the correlated ππ exchange potentials we include form factors of the form [103, 109]

F (p2, p4) = Λ2

Λ2 + p⃗ 2
2

Λ2

Λ2 + p⃗ 2
4
. (B.43)
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This kind of form factor does not depend on the energy and does not modify the on-
shell potential in a strong way, which is assumed to be fully determined by the dispersion
integrals.
The cut-off parameters Λ in the form factors for t- and u-channel exchanges are fit

parameters in our model. These were not fitted in the studies presented in this work,
since the non-pole parameters largely increase computation time. However, the values
were fitted in earlier JüBo-studies and values on these can be found in Refs. [33, 110, 112,
113].
For spin-3/2 particles we use the Rarita-Schwinger spinor uµ as defined in Eq. (A.12)

and the Rarita-Schwinger tensor Pµν from Eq. (A.13) [33]. If the argument of Pµν is
qB∗ in the potential expression, this then denotes the exchange of a J = 3/2+ baryon
B∗ = ∆(1232), Σ∗(1385) or Ξ∗(1530). For this we adopt the simplified prescription from
Ref. [104] to avoid issues associated with constructing contact graphs in TOPT. The 0-th
component of the exchanged momentum is

q0
B∗ = Eon

1 − ωon
4 , (B.44)

with
Eon

1 = W 2 +m2
1 −m2

2
2W , ωon

4 = W 2 −m2
3 +m2

4
2W . (B.45)

We denote the tensor coupling for vector mesons coupling to octet baryons by fV BB =
gV BB · κV , where gV BB is the vector coupling. We use correlated two-pion exchange for
the exchange of ρ and σ quantum numbers in the reaction πN → πN . However, there is
no pseudo data to fix the parameters for the exchange of these quantum numbers in other
channels. Consequently, we use the exchange of stable particles with massesmρ = 770 MeV
and mσ = 650 MeV. The masses of the exchange particles for other t-channel processes
are

mω = 783 MeV, mf0 = 974 MeV,
ma0 = 983 MeV, ma1 = 1260 MeV,
mK∗ = 892 MeV, mϕ = 1020 MeV.

For the exchanged baryons we take their PDG values [5], except for the unstable Ξ∗(1530)
for which we use mΞ∗ = 1533 MeV.
In the following we are going to list the explicit expression for the exchange pseudo-

potentials V as defined in Eq. (B.38). We label the different kind of potentials as ”types”
with numbers.
Type 1: u-exchange of an JP = 1/2+ octet baryon

V = gagb

m2
π

ū(p⃗3, λ3) /
p2

2Eq

(︄
/q +mex

W − Eq − ω2 − ω4
+ /̃q +mex

W − Eq − E1 − E3

)︄
γ5
/p4u(p⃗1, λ1) (B.46)

Type 2: u-exchange of a decuplet baryon

V = gagb

m2
π

ū(p⃗3, λ3)p2µP
µν(qB∗)

2Eq

(︄
1

W − Eq − ω2 − ω4
+ 1
W − Eq − E1 − E3

)︄
p4νu(p⃗1, λ1)

(B.47)
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Type 3: t-exchange of a scalar meson (f0)

V = gagb

2mπ
(−2p2µp

µ
4 ) 1

2ωq

(︄
1

W − ωq − ω2 − E3
+ 1
W − ωq − ω4 − E1

)︄
ū(p⃗3, λ3)u(p⃗1, λ1)

(B.48)
Type 4: t-exchange of a vector meson

V = gaū(p⃗3, λ3)

⎛⎝ gbγ
µ − i fb

2mN
σµνqν

W − ωq − E3 − ω2
+
gbγ

µ − i fb
2mN

σµν q̃ν

W − ωq − E1 − ω4

⎞⎠u(p⃗1, λ1)(p2 + p4)µ

2ωq
(B.49)

Type 5: Contact interaction in πN → ρN

V = −2 ga

mπ
gbū(p⃗3, λ3)γ5/ϵ∗(p⃗4, λ4)u(p⃗1, λ1) (B.50)

Type 6: t-exchange of a scalar meson (a0) (scalar coupling)

V = gagbmπū(p⃗3, λ3)u(p⃗1, λ1) 1
2ωq

(︄
1

W − ωq − ω2 − E3
+ 1
W − ωq − ω4 − E1

)︄
(B.51)

Type 7: u-exchange of N in πN → ρN

V = − i
gagb

mπ
ū(p⃗3, λ3)γ5

/p2

(︄
/q +mN

W − Eq − ω2 − ω4
+ /̃q +mN

W − Eq − E1 − E3

)︄

× 1
2Eq

(︃
/ϵ∗(p⃗4, λ4) − i

κρ

2mN
σµνp4νϵ

∗
µ(p⃗4, λ4)

)︃
u(p⃗1, λ1) (B.52)

Type 8: t-exchange of a π in πN → ρN

V = − gagb

mπ
ū(p⃗3, λ3)γ5

(︄
/q(p2 − q)ν

2ωq(W − ωq − E3 − ω2)

+ /̃q(p2 − q̃)ν

2ωq(W − ωq − E1 − ω4) − γ0δ0
ν

)︄
ϵ∗,ν(p⃗4, λ4)u(p⃗1, λ1) (B.53)

Type 9: t-exchange of a pseudovector meson

V =4gagb

mπ
ū(p⃗3, λ3)γ5γµ

(︄ −gµν + qµqν

m2
a1

2ωq(W − ωq − E3 − ω2)

[︃(︃
p2 + q

2

)︃
τ
pτ

4ϵ
∗
ν(p⃗4, λ4) −

(︃
p2 + q

2

)︃τ

ϵ∗τ (p⃗4, λ4)p4ν

]︃

+
[︃(︃
p2 + q̃

2

)︃
τ
pτ

4ϵ
∗
ν(p⃗4, λ4) −

(︃
p2 + q̃

2

)︃τ

ϵ∗τ (p⃗4, λ4)p4ν

]︃ −gµν + q̃µq̃ν

m2
a1

2ωq(W − ωq − E1 − ω4)

+ 1
m2

a1
δ0

µ [p2νp
ν
4ϵ

∗
0(p⃗4, λ4) − pν

2ϵ
∗
ν(p⃗4, λ4)p40 ]

)︄
u(p⃗1, λ1) (B.54)
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Type 10: t-exchange of ω in πN → ρN

V = ga

mω
ū(p⃗3, λ3)

⎛⎝ gbγ
ν − i fb

2mN
σντqτ

W − ωq − E3 − ω2
+
gbγ

ν − i fb
2mN

σντ q̃τ

W − ωq − E1 − ω4

⎞⎠u(p⃗1, λ1)ϵαβµνp
α
4 ϵ

∗,β(p⃗4, λ4)pµ
2

1
2ωq

(B.55)
Type 11: u-exchange of N in πN → π∆

V = −gagb

m2
π

ūµ(p⃗3, λ3) p2µ

2Eq

(︄
/q +mex

W − Eq − ω2 − ω4
+ /̃q +mex

W − Eq − E1 − E3

)︄
γ5
/p4u(p⃗1, λ1)

(B.56)
Type 12: t-exchange of ρ in π∆ → π∆

V = −igagb

mρ
ūµ(p⃗3, λ3)γ5(qµγν−/qgµν)u(p⃗1, λ1) 1

2ωq

(︄
1

W − ωq − ω2 − E3
+ 1
W − ωq − ω4 − E1

)︄
(p2+p4)ν

(B.57)
Type 13: u-exchange of ∆ in πN → π∆

V = gagb

m2
π

ūµ(p⃗3, λ3)γ5
/p2
Pµν(qB∗)

2Eq

(︄
1

W − Eq − ω2 − ω4
+ 1
W − Eq − E1 − E3

)︄
p4νu(p⃗1, λ1)

(B.58)
Type 14: u-exchange of N in πN → σN

V = −igagb

mπ
ū(p⃗3, λ3)γ5 /p2

2Eq

(︄
/q +mex

W − Eq − ω2 − ω4
+ /̃q +mex

W − Eq − E1 − E3

)︄
u(p⃗1, λ1)

(B.59)
Type 15: t-exchange of π in πN → σN

V = i
gagb

m2
π

ū(p⃗3, λ3) 1
2ωq

(︄
γ5/qqµ

W − ωq − ω2 − E3
pµ

2 +
γ5/̃qq̃µ

W − ωq − ω4 − E1
pµ

2 + 2ωqγ
5γ0p0

2

)︄
u(p⃗1, λ1)

(B.60)
Type 16: u-exchange of ∆ in πN → ρN

V =i gagb

mπmρ
ū(p⃗3, λ3)p2µ

(︄
Pµν(q)

2Eq(W − Eq − ω2 − ω4) + Pµν(q̃)
2Eq(W − Eq − E1 − E3)

)︄
× γ5(/ϵ∗(p⃗4, λ4)p4ν − /p4ϵ

∗
ν(p⃗4, λ4))u(p⃗1, λ1) (B.61)

Type 17: u-exchange of N in ρN → ρN

V =gaū(p⃗3, λ3)
[︃
gbγ

µ + i
fb

2mN
σµνp2ν

]︃
ϵµ(p⃗2, λ2) 1

2Eq

(︄
/q +mex

W − Eq − ω2 − ω4
+ /̃q +mex

W − Eq − E1 − E3

)︄

×
[︃
γτ − i

κρ

2mN
στνp4ν

]︃
ϵ∗τ (p⃗4, λ4)u(p⃗1, λ1) (B.62)

Type 18: Contact interaction in ρN → ρN

V = ga

mN
fbū(p⃗3, λ3)σµνϵµ(p⃗2, λ2)ϵ∗ν(p⃗4, λ4)u(p⃗1, λ1) (B.63)

119



Type 19: t-exchange of ρ in ρN → ρN

V = − iga

(︃
ū(p⃗3, λ3)

[︂
gbγ

µ − i fb
2mN

σµνqν

]︂
2ωq(W − ωq − E3 − ω2)

×
[︂
ϵτ (p⃗2, λ2)ϵ∗τ (p⃗4, λ4)(−p4 − p2)µ + (q + p4)τ ϵτ (p⃗2, λ2)ϵ∗µ(p⃗4, λ4) + (p2 − q)τ ϵ∗τ (p⃗4, λ4)ϵµ(p⃗2, λ2)

]︂
+
[︂
ϵτ (p⃗2, λ2)ϵ∗τ (p⃗4, λ4)(−p4 − p2)µ + (q̃ + p4)τ ϵτ (p⃗2, λ2)ϵ∗µ(p⃗4, λ4) + (p2 − q̃)τ ϵ∗τ (p⃗4, λ4)ϵµ(p⃗2, λ2)

]︂
× ū(p⃗3, λ3)

[︂
gbγ

µ − i fb
2mN

σµν q̃ν

]︂
2ωq(W − ωq − E1 − ω4)

)︃
u(p⃗1, λ1) (B.64)

Type 20: u-exchange of ∆ in ρN → ρN

V =gagb

m2
ρ

ū(p⃗3, λ3)γ5(γκp4µ − /p4gµκ)ϵκ∗(p⃗4, λ4)
(︄

Pµν(q)
2Eq(W − Eq − ω2 − ω4) + Pµν(q̃)

2Eq(W − Eq − E1 − E3)

)︄
× γ5(γτp2ν − /p2gντ )ϵτ (p⃗2, λ2)u(p⃗1, λ1) (B.65)

Type 21: u-exchange of N in π∆ → π∆

V = gagb

m2
π

ūµ(p⃗3, λ3) p2µ

2Eq

(︄
/q +mex

W − Eq − ω2 − ω4
+ /̃q +mex

W − Eq − E1 − E3

)︄
p4νu

ν(p⃗1, λ1)

(B.66)
Type 22: t-exchange of ρ in π∆ → π∆

V = igaū
τ (p⃗3, λ3)

⎛⎝ gbγµ − i fb
2m∆

σµνq
ν

W − ωq − E3 − ω2
+
gbγµ − i fb

2m∆
σµν q̃

ν

W − ωq − E1 − ω4

⎞⎠uτ (p⃗1, λ1)(p2 + p4)µ

2ωq

(B.67)
Type 23: u-exchange of ∆ in π∆ → π∆

V = gagb

m2
π

ūµ(p⃗3, λ3)γ5
/p2
Pµν(qB∗)

2Eq

(︄
1

W − Eq − ω2 − ω4
+ 1
W − Eq − E1 − E3

)︄
γ5
/p4uν(p⃗1, λ1)

(B.68)
Type 24: t-exchange of π in ρN → π∆

V =gagb

mπ
ūµ(p⃗3, λ3) 1

2ωq

(︄
qµ(p4 − q)ν

W − ωq − E3 − ω2
ϵν(p⃗1, λ1)

+ q̃µ(p4 − q̃)ν

W − ωq − E1 − ω4
ϵν(p⃗2, λ2) − δµ

0 ϵ
0(p⃗2, λ2)2ωq

)︄
u(p⃗1, λ1) (B.69)

Type 25: u-exchange of N in ρN → π∆

V = − i
gagb

mπmρ
ūµ(p⃗3, λ3)

[︂
p2µγ

5/ϵ(−p⃗2, λ2) − ϵµ(p⃗2, λ2)γ5
/p2

]︂
× 1

2Eq

(︄
/q +mN

W − Eq − ω2 − ω4
+ /̃q +mN

W − Eq − E1 − E3

)︄
γ5
/p2u(p⃗1, λ1) (B.70)
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Type 26: t-exchange of π in σN → π∆

V = i
gagb

m2
π

ūµ(p⃗3, λ3) 1
2ωq

(︄
qµqνp

ν
4

W − ωq − ω2 − E3
+ q̃µq̃νp

ν
4

W − ωq − ω4 − E1
+ δ0

µp402ωq

)︄
u(p⃗1, λ1)

(B.71)
Type 27: u-exchange of N in σN → σN

V = gagbū(p⃗3, λ3) 1
2Eq

(︄
/q +mex

W − Eq − ω2 − ω4
+ /̃q +mex

W − Eq − E1 − E3

)︄
u(p⃗1, λ1) (B.72)

Type 28: t-exchange of σ in σN → σN

V = 6gagbmσū(p⃗3, λ3)u(p⃗1, λ1)
(︄

1
W − ωq − E3 − ω2

+ 1
W − ωq − E1 − ω4

)︄
(B.73)

For the correlated ππ exchange in the ρ-channel we use the definition from Ref. [33] and
for the σ-channel we use the one from Ref. [110]. For the latter one we use the same
subtraction constant A0 = 25MeV/F 2

π as it was used in Ref. [110].

Couplings for t- and u-channel diagrams

Many of the coupling constants of t- and u-channel exchanges are related to each other by
SU(3) flavor symmetry [661]. The coupling of a meson nonet to an octet baryon current
(8B ⊗ 8B) results in two products: 8B ⊗ 8B ⊗ 1M and 8B ⊗ 8B ⊗ 8M . The coupling to
the meson octet 8M is governed by two parameters, g1 and g2, which correspond to the
symmetric and antisymmetric representations of 8B ⊗8B. We use the notation of Ref. [661]
to rewrite this in terms of a coupling constant g and a mixing parameter α

g =
√

30
40 g1 +

√
6

24 g2, α =
√

6
24

g2
g
. (B.74)

In the case of the baryon octets coupling to the meson singlet one need another independent
coupling constant.
For vertices involving pseudoscalar mesons, we adopt the values from Ref. [228], namely

αP BB = 0.4 and αP P V = 1. Here, P denotes a pseudoscalar meson and V a vector meson.
We use η to label the octet η8 and assume the singlet coupling to be zero. This results in
a difference of approximately 10% for gηΣΣ and gηΛΛ, where we assumed a mixing angle
of θp ≈ −10◦. For the coupling constant gηKK∗ we find a difference of only 2%. We use a
phenomenological small value for gηNN = 0.147 from Ref. [662] instead of the SU(3) value
gηNN = 0.343. As mentioned before, we have a tensor and vector coupling for vertices of
vector meson with octet baryons related by fV BB = gV BBκV . For the ρ-meson we use
κρ = 6.1 from Ref. [228].
We determine the couplings of the physical ω and ϕ mesons by assuming ideal mixing

of the SU(3) singlet and octet, i.e. ω1 and ω8. To fix the singlet coupling constant, we
assume that the ϕ meson does not couple to the nucleon, which is in accordance with
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Table 32: Here we list the coupling constants for the calculation of the t- and u-channel
diagrams and contact (ct) diagrams used in this study. The first two columns
specify the diagram and the exchange particle (ex). The third column specifies
the diagram type as defined in Eqs. (B.46)-(B.73). The columns 4-6 denote which
coupling constants is used in these expressions. The values of these coupling
constants are quoted in. We further list the isospin factors INP used in Eq. (B.38)
in columns 7 and 8.

Reaction ex Type ga gb fb INP(1
2) INP(3

2)

πN → πN N 1 gπNN gπNN −1 2
σ (ππ)corr 1 1
ρ (ππ)corr 2i −i
∆ 2 gπ∆N gπ∆N

4
3

1
3

πN → ρN N 7 gπNN gρNN −1 2
ct 5 gπNN gρNN −2i i
π 8 gπNN gππρ −2i i
ω 10 gπωρ gωNN fωNN 1 1
a1 9 ga1NN gπa1ρ −2i i
∆ 16 gπN∆ gρN∆

4
3

1
3

πN → ηN N 1 gπNN gηNN

√
3 0

a0 6 gπηa0 ga0NN

√
3 0

πN → π∆ N 11 gπNN gπN∆ −
√︂

8
3

√︂
5
3

ρ 12 gππρ gρN∆

√︂
2
3

√︂
5
3

∆ 13 gπN∆ gπ∆∆ −5
3

√︂
2
3 − 10

3
√

15
πN → σN N 14 gσNN gπNN

√
3 0

π 15 gππσ gπNN

√
3 0

πN → ΛK K∗ 4 gπKK∗ gNK∗Λ fNK∗Λ
√

3 0
Σ 1 gπΣΛ gKNΣ

√
3 0

Σ∗ 2 gπΛΣ∗ gKNΣ∗
√

3 0
ΛK → ΛK f0 3 gf0KK gf0ΛΛ 1 0

ω 4 gKKω gωΛΛ fωΛΛ 1 0
ϕ 4 gKKϕ gϕΛΛ fϕΛΛ 1 0
Ξ 1 gKΛΞ gKΛΞ 1 0
Ξ∗ 2 gKΛΞ∗ gKΛΞ∗ 1 0

πN → ΣK K∗ 4 gπKK∗ gK∗NΣ fNK∗Σ 1 2
Σ 1 gπΣΣ gKNΣ 2 1
Λ 1 gπΛΣ gKNΛ −1 1
Σ∗ 2 gπΣΣ∗ gKNΣ∗ 2 1
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Table 33: Continuation of Table 32.

Transition ex Type ga gb fb INP(1
2) INP(3

2)
ΛK → ΣK ρ 4 gKρK gΛρΣ fΛρΣ −

√
3 0

Ξ 1 gKΞΣ gΛΞK

√
3 0

Ξ∗ 2 gKΞ∗Σ gΛΞ∗K

√
3 0

ΣK → ΣK f0 3 gKKf0 gΣΣf0 1 1
ω 4 gKωK gΣωΣ fΣωΣ 1 1
ϕ 4 gKϕK gΣϕΣ fΣϕΣ 1 1
ρ 4 gKρK gΣρΣ fΣρΣ 2 −1
Ξ 1 gKΞΣ gKΞΣ −1 2
Ξ∗ 2 gKΞ∗Σ gKΞ∗Σ −1 2

ρN → ρN N 17 gρNN gρNN fρNN −1 2
ct 18 gρNN fρNN −2i i
ρ 19 gρρρ gρNN fρNN 2i −i
∆ 20 gN∆ρ gN∆ρ

4
3

1
3

ρN → π∆ π 24 gππρ g∆Nπ −
√︂

2
3 i −

√︂
5
3 i

N 25 gNNπ g∆Nρ −
√︂

8
3

√︂
5
3

ηN → ηN N 1 gηNN gηNN 1 0
f0 6 gηηf0 gNNf0 1 0

ηN → KΛ K∗ 4 gηK∗K gNK∗Λ fNK∗Λ 1 0
Λ 1 gηΛΛ gNΛK 1 0

ηN → KΣ K∗ 4 gηK∗K gNK∗Σ fKK∗Σ −
√

3 0
Σ 1 gηΣΣ gNΣK −

√
3 0

Σ∗ 2 gηΣ∗Σ gNΣ∗K −
√

3 0
π∆ → π∆ N 21 gπN∆ gπN∆

1
3 −2

3
ρ 22 gππρ g∆∆ρ f∆∆ρ

5
3 i

2
3 i

∆ 23 g∆∆π g∆∆π −10
9

11
9

σN → π∆ π 26 gππσ g∆πN −
√

2 0
σN → σN N 27 gNNσ gNNσ 1 0

σ 28 gσσσ gNNσ 1 0
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the OZI-rule. However, it should be noted that kaon loops generate a small but nonzero
effective ϕNN coupling [663, 664], which is neglected in our model.

In the vector-meson sector, the coupling constants are chosen with explicit SU(3)-
breaking effects in mind, which arise in several ways. Firstly, we do not include a genuine
ρ-exchange in the elastic πN channel, but instead account its effect through a correlated
ππ-exchange. In addition, the commonly found value of gωNN in NN interaction studies
lies above the SU(3)-symmetric prediction [228, 665]. To reflect this, we use αV BB = 1.5
rather than the symmetric value αV BB = 1, based on the ω coupling constant from
Ref. [228], which introduces a small SU(3) breaking in vector meson couplings. For the
sake of simplicity, we also set fωNN = 0.

The relations used for the different coupling constants are listed in the following, and
their appearance in the different t- and u-channel expressions in V (see Eqs. (B.46)-(B.73))
is listed in Tab. 32.
The couplings of a pseudoscalar meson with octet baryons are given by

gπNN = gP BB , gKNΣ = gP BB(1 − 2αP BB) ,

gKNΛ = −
√

3
3 gP BB(1 + 2αP BB) , gπΣΣ = 2 gP BBαP BB ,

gπΛΣ = 2√
3
gP BB(1 − αP BB) , gKΞΣ = −gP BB ,

gKΞΛ = 1√
3
gP BB(4αP BB − 1) , gηΛΛ = − 2√

3
gP BB(1 − αP BB) ,

gηΣΣ = 2√
3
gP BB(1 − αP BB) .

(B.75)

where gP BB = 0.989 [228]. The relations of vector couplings for a vector meson with octet
baryons are listed below

gρNN = gV BB , gωNN = gV BB(4αV BB − 1) ,

gK∗NΛ = − 1√
3
gV BB(1 + 2αV BB) , gK∗NΣ = gV BB(1 − 2αV BB) ,

gωΛΛ = 2
3gV BB(5αV BB − 2) , gωΣΣ = 2gV BBαV BB ,

gϕΛΛ = −
√

2
3 gV BB(2αV BB + 1) , gϕΣΣ = −

√
2gV BB(2αV BB − 1) ,

gρΣΣ = 2gV BBαV BB , gρΛΣ = 2√
3
gV BB(1 − αV BB) ,

(B.76)
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with gV BB = 3.25 [228]. The tensor couplings for these vertices are given by

fρNN = gρNNκρ , fK∗NΛ = − 1
2
√

3
fωNN −

√
3

2 fρNN ,

fK∗NΣ = −1
2fωNN + 1

2fρNN , fωΛΛ = 5
6fωNN − 1

2fρNN ,

fωΣΣ = 1
2fωNN + 1

2fρNN , fϕΛΛ = − 1
3
√

2
fωNN − 1√

2
fρNN ,

fϕΣΣ = − 1√
2
fωNN + 1√

2
fρNN , fρΣΣ = 1

2fωNN + 1
2fρNN ,

fρΛΣ = − 1
2
√

3
fωNN +

√
3

2 fρNN ,

(B.77)

where κρ = 6.1 [228] and fωNN = 0. The relations for the couplings for a vector meson
coupling to pseudoscalar mesons are

gππρ = 2 gP P V , gKKρ = gP P V ,

gπKK∗ = −gP P V , gKKω = gP P V ,

gKKϕ =
√

2 gP P V , gKηK∗ = −
√

3 gP P V ,

(B.78)

with gP P V = 3.02 [666]. Lastly, we have the couplings for a vertex with a decuplet baryon,
an octet baryon and a pseudoscalar meson:

gπN∆ = gP BD , gKNΣ∗ = − 1√
6
gP BD ,

gπΣΣ∗ = 1√
6
gP BD , gπΛΣ∗ = 1√

2
gP BD ,

gKΛΞ∗ = 1√
2
gP BD , gKΣΞ∗ = 1√

6
gP BD ,

gηΣΣ∗ = − 1√
2
gP BD ,

(B.79)

with g2
πN∆/4π = 0.36 [228] and gP BD = g∆Nπ. SU(3) symmetry does not fix the couplings

for the scalar mesons f0 and σ. For the gf0KK coupling we take a value obtained from
hyperon-nucleon interaction from Refs. [667, 668]. We treat the couplings gσNN , gσσσ,
gf0ΣΣ and gf0ΛΛ as free parameters in our model. We did not include these parameters in
the fits of the JüBo2025 and JüBo2026 studies, but values on these can be found in past
studies [33, 110, 112, 113].

B.4. Observables

In this section we review how the amplitudes in the Jülich-Bonn model relate to the
observables measured in experiments. We start with pion-induced reactions in Sec. B.4.1
and go to photoproduction processes in Sec. B.4.2.
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B.4.1. Observables for Pion-induced Reactions

For pion-induced processes we are dealing with the scattering of a spin-0 off a spin-1/2
particle. We consider a reaction (k⃗i, ν) → (k⃗f , ν

′), where ν and ν ′ are the z-projections of
the nucleon spin. The differential cross section can then be expressed as [669]

dσ
dΩ =

⃓⃓⟨︁
s′, ν ′⃓⃓M |s, v⟩

⃓⃓2
, (B.80)

where the initial and final polarizations are given by

P⃗i = ⟨χν | σ⃗ |χν⟩ P⃗f = ⟨Mχν | σ⃗ |Mχν⟩
⟨Mχν |Mχν⟩

. (B.81)

χν is the initial spin-1/2 eigenvector and σ⃗ is the Pauli spin-vector. M can be expressed
in terms of the non-spin-flip and spin-flip amplitudes g and h by

M = g(k, θ) 1 + h(k, θ) σ⃗ · n̂ (B.82)

where g and h are complex function of the energy, scattering angle θ and n̂ = k⃗i×k⃗f⃓⃓
k⃗i×k⃗f

⃓⃓ .
The final state polarization P⃗f can then be expressed as

P⃗f = (|g|2 − |h|2)P⃗i + (gh∗ + g∗h+ 2|h|2P⃗i · n̂)n̂+ i(gh∗ − g∗h)P⃗i × n̂

|g|2 + |h|2 + (gh∗ + g∗h)n̂ · P⃗i

(B.83)

and the differential cross section is given by

dσ
dΩ =

(︂
|g|2 + |h|2 + (gh∗ + g∗h)n̂ · P⃗i

)︂ kf

ki
. (B.84)

For the case of an unpolarized target (P⃗i = 0), these relations simplify to

dσ
dΩ =

(︂
|g|2 + |h|2

)︂ kf

ki
, P⃗f = (gh∗ + g∗h)

|g|2 + |h|2
n̂ = 2 Re(gh∗)

|g|2 + |h|2
n̂ . (B.85)

The amplitudes g and h can be expressed by the partial wave amplitudes τ in the following
way:

g = 1
2
√︁
kfki

∑︂
J

(2J + 1)
(︃
dJ

1
2

1
2
(θ)
[︂
τJ(J− 1

2 ) 1
2 + τJ(J+ 1

2 ) 1
2
]︂

cos θ2

+ dJ
− 1

2
1
2
(θ)
[︂
τJ(J− 1

2 ) 1
2 − τJ(J+ 1

2 ) 1
2
]︂

sin θ2

)︃
, (B.86)

h = −i
2
√︁
kfki

∑︂
J

(2J + 1)
(︃
dJ

1
2

1
2
(θ)
[︂
τJ(J− 1

2 ) 1
2 + τJ(J+ 1

2 ) 1
2
]︂

sin θ2

− dJ
− 1

2
1
2
(θ)
[︂
τJ(J− 1

2 ) 1
2 − τJ(J+ 1

2 ) 1
2
]︂

cos θ2

)︃
. (B.87)
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Thus, we have the following explicit expression for the differential cross section:

dσ
dΩ = 1

2k2
i

1
2

⃓⃓⃓⃓
⃓∑︂

J

(2J + 1)
(︂
τJ(J− 1

2 ) 1
2 + τJ(J+ 1

2 ) 1
2
)︂
dJ

1
2

1
2
(θ)
⃓⃓⃓⃓
⃓
2

+ 1
2k2

i

1
2

⃓⃓⃓⃓
⃓∑︂

J

(2J + 1)
(︂
τJ(J− 1

2 ) 1
2 − τJ(J+ 1

2 ) 1
2
)︂
dJ

− 1
2

1
2
(θ)
⃓⃓⃓⃓
⃓
2

, (B.88)

and the total cross section is given by

σ = 1
2

4π
k2

i

∑︂
JLS,L′S′

(2J + 1)
⃓⃓⃓
τJL′S′

LS

⃓⃓⃓2
. (B.89)

The spin-rotation parameter β is the rotation angle of the spin projection on the scattering
plane and is given by

β = arctan
(︄

2 Im(h∗g)
|g|2 − |h|2

)︄
. (B.90)

B.4.2. Observables for Photoproduction Reactions

In Sec. 3.5 we introduced the photoproduction amplitude. In our model we consider
partial waves with J ≤ 9/2 corresponding to orbital angular momenta L ≤ 5. Note
that this excludes E5+ and M5+. The expressions for the amplitudes Fi resulting from
Eqs. (3.64) and (3.65) are given by [114]:

F1 = − i
4πW

√
mNmB

1
128

[︃
32(4E0+ + 9E2+ + 4M2− + 9M4−) + 450E4+ + 2 cos(θ)(192E1+

+ 360E3+ + 525E5+ − 64M1− + 64M1+ + 168M3− + 24M3+ + 345M5− + 15M5+)
+ 8 cos(2θ)(60E2+ + 105E4+ − 48M2− + 48M2+ + 40M4− + 20M4+)
+ 5 cos(3θ)(112E3+ + 189E5+ − 144M3− + 144M3+ + 49M5− + 63M5+)

+ 70 cos(4θ)(9E4+ + 16(M4+ −M4−)) + 63 cos(5θ)(11E5+ + 25(M5+ −M5−))
]︃
,

F2 = − i
4πW

√
mNmB

1
64

[︃
64M1− + 128M1+ + 9(48M3− + 64M3+ + 125M5− + 150M5+)

+ 24 cos(θ)(16M2− + 24M2+ + 60M4− + 75M4+) + 60 cos(2θ)(12M3− + 16M3+

+ 35M5− + 42M5+) + 280 cos(3θ)(4M4− + 5M4+) + 315 cos(4θ)(5M5− + 6M5+)
]︃
,
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F3 = − i
4πW

√
mNmB

1
64

[︃
192E1+ + 1200E3+ + 3675E5+ + 64M1− − 64M1+

+ 816M3− − 624M3+ + 3525M5− − 2325M5+

+ 24 cos(θ)(40E2+ + 172E4+ + 4(4M2− − 4M2+ + 35M4− − 25M4+))
+ 60 cos(2θ)(28E3+ + 105E5+ + 12M3− − 12M3+ + 91M5− − 63M5+)

+ 280 cos(3θ)(9E4+ + 4M4− − 4M4+) + 315 cos(4θ)(11E5+ + 5M5− − 5M5+

]︃
,

F4 = − i
4πW

√
mNmB

3
8

[︃
− 2(4E2+ + 25E4+ + 8M2− − 4M2+ + 50M4− − 25M4+)

− 5 cos(θ)(8E3+ + 35E5+ + 16M3− − 8M3+ + 70M5− − 35M5+)

− 70 cos(2θ)(E4+ + 2M4− −M4+) − 105 cos(3θ)(E5+ + 2M5− −M5+)
]︃
,

where mB is the mass of the outgoing baryon. We consider the reaction for the pseu-
doscalar meson photoproduction process:

γ(k) +N(p) → M(q) +B(p′) , (B.91)

where k, p, q and p′ define the four momenta of the incident photon, target nucleon, emitted
meson and recoil baryon, respectively. In the following we will explain our convention in
the Jülich-Bonn model and give the definitions of the observables in terms of the multipole
amplitude M̂ and in terms of the amplitudes Fi.
We introduce a set of coordinate independent unit vectors:

n̂3 = k̂, n̂2 = k̂ × q⃓⃓⃓̂
k̂ × q̂

⃓⃓⃓ , n̂1 = n̂2 × n̂3 . (B.92)

The center-of-momentum (c.m.) Cartesian coordinate system {x̂, ŷ, ẑ}, with k⃗ + p⃗ =
q⃗+ p⃗′ = 0, and the laboratory (lab) Cartesian coordinate system {x̂L, ŷL, ẑL}, with p⃗ = 0,
are given in terms of {n̂1, n̂2, n̂3} by:

{x̂, ŷ, ẑ} = {n̂1, n̂2, n̂3}cm , (B.93)
{x̂L, ŷL, ẑL} = {n̂1, n̂2, n̂3}lab , (B.94)

where the subscripts indicate the frame in which {n̂1, n̂2, n̂3} is to be evaluated. The
reaction plane is then defined by the n̂1n̂3-plane and n̂2 is perpendicular to it.
For a real photon one has two independent polarizations. A linearly polarized photon

is characterised by the two photon polarization vectors parallel ϵ⃗∥ and perpendicular ϵ⃗⊥
to the reaction plane. We further define the polarized photon states obtained by rotating
by an angle ϕ about the n̂3-axis by

ϵ⃗∥′ = cosϕ ϵ⃗∥ + sinϕ ϵ⃗⊥ ,

ϵ⃗⊥′ = − sinϕ ϵ⃗∥ + cosϕ ϵ⃗⊥ . (B.95)
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Circularly polarized photons are characterized by

ϵ⃗± = ∓ 1√
2

(⃗ϵ∥ ± i⃗ϵ⊥) . (B.96)

We introduce the projection operator P̂λ which projects onto the photon polarization
state P̂λϵ⃗ ≡ ϵ⃗λ. Since these are projection operators, the relations P̂λ′P̂λ = δλ′λ and∑︁

λ P̂λ = 1 hold. These projection operators P̂λ are associated with the Stokes vector P⃗S

(see e.g. [670]), which is used to specify the direction and degree of the photon polarization.
The differences of projection operators can also be expressed in terms of Pauli spin matrices
in the photon helicity space such as P̂+ − P̂− = σn3 or P̂⊥ − P̂∥ = σn1 .
Now we can define coordinate-independent observables in terms of M̂. Note, with a

Lorentz invariant amplitude M̂ the observables themselves are also Lorentz invariants.
One defines the cross section by:

dσ
dΩ = 1

4 Tr
[︂
M̂M̂†

]︂
, (B.97)

where the trace runs over the nucleon spin and photon polarizations. The factor 1/4
originates from the averaging over the target-nucleon spin and the incident photon-beam
polarization.
Next we define the single polarization observables, labeled beam (Σ), target (T ) and

recoil (P ) polarization asymmetries, by:

dσ
dΩΣ ≡ 1

4 Tr
[︂
M̂(P̂⊥ − P̂∥)M̂†

]︂
,

dσ
dΩT ≡ 1

4 Tr
[︂
M̂σn2M̂†

]︂
, (B.98)

dσ
dΩP ≡ 1

4 Tr
[︂
M̂M̂†σn2

]︂
.

For the beam-target asymmetries (E,F,G,H) we have the definitions:

dσ
dΩE ≡ −1

4 Tr
[︂
M̂(P̂+ − P̂−)σn3M̂†

]︂
,

dσ
dΩF ≡ 1

4 Tr
[︂
M̂(P̂+ − P̂−)σn1M̂†

]︂
, (B.99)

dσ
dΩG ≡ −1

4 Tr
[︂
M̂(P̂⊥′ − P̂∥′)σn3M̂†

]︂
,

dσ
dΩH ≡ 1

4 Tr
[︂
M̂(P̂⊥′ − P̂∥′)σn1M̂†

]︂
.

The projection operators P̂∥′ and P̂⊥′ correspond to the photon polarizations of Eq. (B.95)
with ϕ = π/4. Note that we introduced a minus sign in the definitions of E and G to
match the convention of the SAID group in the c.m. frame.

129



The beam-recoil asymmetries labeled as Cn′
i
and On′

i
with i = (1, 3) are given by:

dσ
dΩCn′

i
≡ −1

4 Tr
[︂
M̂(P̂+ − P̂−)M̂†σn′

i

]︂
,

dσ
dΩOn′

i
≡ 1

4 Tr
[︂
M̂(P̂⊥′ − P̂∥′)M̂†σn′

i

]︂
. (B.100)

One obtains {n̂′
1, n̂

′
2, n̂

′
3} by rotating {n̂1, n̂2, n̂3} counterclockwise by an angle θ (defined

by cos θ = q̂ · n̂3) about the n̂2-axis such that n̂′
3 is in the direction of the emitted meson

momentum q⃗. The full relations are given by:

n̂′
1 = cos θn̂1 − sin θn̂3 ,

n̂′
3 = sin θn̂1 + cos θn̂3 (B.101)
n̂′

2 = n̂2 .

Lastly we have the target-recoil asymmetries Ln′
i
and Tn′

i
with i = (1, 3). These are

defined by:

dσ
dΩLn′

i
≡ ξi

1
4 Tr

[︂
M̂σn3M̂†σn′

i

]︂
,

dσ
dΩTn′

i
≡ 1

4 Tr
[︂
M̂σn1M̂†σn′

i

]︂
, (B.102)

where ξ1 = −1 and ξ3 = +1 were introduced to match the SAID convention in the c.m.
frame. A list of different conventions used by the various groups in the field may be found
in Ref. [671].
We can further write these observables in terms of the amplitudes Fi. The differential

cross section then reads:

dσ
dΩ = |F1|2 + 1

2

(︃
|F2|2 + F3

2 + F4
2 + 2 Re [(F1 + F3 cos θ)F ∗

4 ]
)︃

sin2 θ . (B.103)

To get the physical cross section dσ0/dΩ, one needs to multiply the incident flux and
the final state phase-space density factors which have been omitted in Eq. (B.103):

dσ0
dΩ ≡

(︃
mN

4πW

)︃2 |q⃗|⃓⃓⃓⃗
k
⃓⃓⃓ dσ
dΩ . (B.104)

The single polarization observables in terms of Fi are given by:

dσ
dΩΣ = 1

2
[︂
|F2|2 − |F3|2 − |F4|2 − 2 Re [(F1 + F3 cos θ)F ∗

4 ]
]︂

sin2 θ ,

dσ
dΩT = Im

[︂
(−F2 + F3 + F4 cos θ)F ∗

1 + (F3 + F4 cos θ)F ∗
4 sin2 θ

]︂
sin θ , (B.105)

dσ
dΩP = − Im

[︂
(F2 + F3 + F4 cos θ)F ∗

1 + (F3 + F4 cos θ)F ∗
4 sin2 θ

]︂
sin θ .
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The double-polarization observables are then rewritten as:

dσ
dΩE = |F1|2 + Re [F ∗

2 (F3 + F4 cos θ) + F ∗
1F4] sin2 θ ,

dσ
dΩF = − Re

[︂
F ∗

2 (F1 + F4 sin2 θ) − F ∗
1 (F3 + F4 cos θ)

]︂
sin θ , (B.106)

dσ
dΩG = Im [F ∗

2 (F3 + F4 cos θ) + F ∗
1F4] sin2 θ ,

dσ
dΩH = − Im

[︂
F ∗

2 (F1 + F4 sin2 θ) − F ∗
1 (F3 + F4 cos θ) sin θ

]︂
sin θ .

The beam-recoil polarizations then become:

dσ
dΩCn′

1
=

{︃
|F1|2 + Re

[︂
F ∗

1 (F2 + F3) cos θ + (F ∗
1F4 − F ∗

2F3 sin2 θ)
]︂}︃

sin θ ,

dσ
dΩCn′

3
= −|F1|2 cos θ + Re [F ∗

1 (F2 + F3) + F ∗
2 (F3 cos θ + F4)] sin2 θ . (B.107)

In our case we determine Cn′
1

= Cx′ and Cn′
3

= Cz′ in the c.m. frame, where the
Cartesian coordinates {x̂′, ŷ′, ẑ′} are identifies with {n̂′

1, n̂
′
2, n̂

′
3}cm. However, experimen-

talists usually report the beam-target asymmetries in the lab frame and different groups
use different lab coordinate frames. We then define the coordinates for Cx′

L
and Cz′

L
by

a rotation of {x̂L, ŷL, ẑL} by an angle π − θp′
L
about the ŷL-axis, where θp′

L
denotes the

recoil nucleon scattering angle cos θp′
L

≡ p̂′
L · ẑL. To obtain the beam-recoil polarization

observables in the lab frame, one has to perform a combination of Lorentz boosts and
rotations [430]:

Cx′
L

= cos θrCx′ − sin θrCz′ ,

Cz′
L

= sin θrCx′ + cos θrCz′ , (B.108)

with the rotation angle θr defined by:

cos θr = − cos θ cos θp′
L

− γ3 sin θ sin θp′
L
,

sin θr = γ1
[︂
cos θp′

L
sin θ + γ3 sin θp′

L
(β1β3 − cos θ)

]︂
, (B.109)

and with the Lorentz boost parameters

β1 = |q⃗|√︂
q⃗2 +m2

N

, β3 =

⃓⃓⃓⃗
kL

⃓⃓⃓
√︂
k⃗2

L +m2
N

, γi = 1√︂
1 − β2

i

. (B.110)

The meson momentum in the c.m. frame is given by q⃗ and the photon momentum in the
lab frame is denoted as k⃗L. We further want to introduce the difference of helicity cross
sections:

d∆σ
dΩ =

dσ3/2
dΩ −

dσ1/2
dΩ , (B.111)
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where the subscript for the cross sections denotes parallel (λN −λγ = ±3/2) or anti-parallel
(λN − λγ = ±1/2) initial state helicities. This quantity is closely related to the helicity
asymmetry E by:

d∆σ
dΩ = −2dσ0

dΩ E , (B.112)

where the factor 2 is introduced because dσ0/dΩ contains a factor for averaging over initial
spins of 1/4 but d∆σ/dΩ only has a factor of 1/2.
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C. Isospin factors for photoproduction reactions
In this section we calculate the isospin factors for the amplitudes of the photoproduction
processes in detail. For this we defined the factors in Sec. 5.1 as

C
Iγ ,I
γN→mb = ⟨IN ,mN , Iγ ,mγ |I,M⟩ · ⟨I,M |Ib,mb, Im,mm⟩ , (C.1)

and we also defined the photoproduction amplitudes by

T mb
γ = ⟨Ib,mb, Im,mm|Tfγ |Iγ ,mγ , IN ,mN ⟩

=
∑︂

(Iγ ,I)
C

Iγ ,I
γN→mb · T Iγ ,I

fγ = C
1, 3

2
γN→mb · T 1, 3

2
fγ + C

1, 1
2

γN→mb · T 1, 1
2

fγ + C
0, 1

2
γN→mb · T 0, 1

2
fγ .

Let us start with the reaction γp → π0p in detail. If we consider the case of an isoscalar
photon |Iγ ,mγ⟩ = |0, 0⟩, we can only couple it with the proton |Ip,mp⟩ = |1/2,+1/2⟩ to
the state |I,M⟩ = |1/2,+1/2⟩. With the final state of

⃓⃓
π0p

⟩︁
= |1/2,+1/2, 1, 0⟩ we can

derive the isospin factor:

C
0, 1

2
γp→π0p =

⟨︃1
2 ,+

1
2 , 0, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓1
2 ,+

1
2 , 1, 0

⟩︃
= (−1)

1
2 − 1

2 −0 · 1 · (−1)
1
2 − 1

2 −1 ·
(︃

− 1√
3

)︃
= 1√

3
. (C.2)

Now we consider the isovector component of the photon |Iγ ,mγ⟩ = |1, 0⟩. Here we have
to calculate two isospin factors for I = 1/2 and I = 3/2:

C
1, 1

2
γp→π0p =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓1
2 ,+

1
2 , 1, 0

⟩︃
= (−1)

1
2 − 1

2 −1 ·
(︃

− 1√
3

)︃
· (−1)

1
2 − 1

2 −1 ·
(︃

− 1√
3

)︃
= 1

3 , (C.3)

C
1, 3

2
γp→π0p =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓3
2 ,+

1
2

⟩︃ ⟨︃3
2 ,+

1
2

⃓⃓⃓⃓1
2 ,+

1
2 , 1, 0

⟩︃
= (−1)

3
2 − 1

2 −1 ·
(︄√︃

2
3

)︄
· (−1)

3
2 − 1

2 −1 ·
(︄√︃

2
3

)︄

= 2
3 . (C.4)

This leads to the amplitude:

T π0p
γ = 2

3T
1, 3

2
πNγ + 1

3T
1, 1

2
πNγ + 1√

3
T

0, 1
2

πNγ . (C.5)
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For the process γp → π+n, we find the following isospin factors:

C
0, 1

2
γp→π+n =

⟨︃1
2 ,+

1
2 , 0, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓1
2 ,−

1
2 , 1, 1

⟩︃
= (−1)

1
2 − 1

2 −0 · 1 · (−1)
1
2 − 1

2 −1 ·
(︄√︃

2
3

)︄

= −
√︃

2
3 , (C.6)

C
1, 1

2
γp→π+n =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓1
2 ,−

1
2 , 1, 1

⟩︃
= (−1)

1
2 − 1

2 −1 ·
(︃

− 1√
3

)︃
· (−1)

1
2 − 1

2 −1 ·
(︄√︃

2
3

)︄

= −
√

2
3 , (C.7)

C
1, 3

2
γp→π+n =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓3
2 ,+

1
2

⟩︃ ⟨︃3
2 ,+

1
2

⃓⃓⃓⃓1
2 ,−

1
2 , 1, 1

⟩︃
= (−1)

3
2 − 1

2 −1 ·
(︄√︃

2
3

)︄
· (−1)

3
2 − 1

2 −1 ·
(︃ 1√

3

)︃

=
√

2
3 . (C.8)

Thus, the full amplitude can be written as:

T π+n
γ =

√
2

3 T
1, 3

2
πNγ −

√
2

3 T
1, 1

2
πNγ −

√︃
2
3T

0, 1
2

πNγ . (C.9)

Here we can use the phase definition of π+ again to get T π+n
fγ → −T π+n

fγ .
The next reaction is γp → ηp. The η-meson is an isospin singlet |0, 0⟩ and thus the

state can only couple to an isospin 1/2-state with the proton. Thus, we have

C
1, 3

2
γp→ηp = 0 .

The other two isospin factors are then given by:

C
0, 1

2
γp→ηp =

⟨︃1
2 ,+

1
2 , 0, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓1
2 ,

1
2 , 0, 0

⟩︃
= (−1)

1
2 − 1

2 −0 · 1 · (−1)
1
2 − 1

2 −0 · 1
= 1 , (C.10)
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C
1, 1

2
γp→ηp =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓1
2 ,

1
2 , 0, 0

⟩︃
= (−1)

1
2 − 1

2 −1 ·
(︃

− 1√
3

)︃
· (−1)

1
2 − 1

2 −0 · 1

= 1√
3
, (C.11)

and the amplitude

T ηp
γ = 1√

3
T

1, 1
2

ηNγ + T
0, 1

2
ηNγ . (C.12)

For the final state K+Λ, we again have the combination of an isosinglet |Λ⟩ = |0, 0⟩ and
an isospin 1/2 as

⃓⃓
K+⟩︁ = |1/2,+1/2⟩. This leads to the same isospin factors as for the ηp

final state and we find the amplitude:

T K+Λ
γ = 1√

3
T

1, 1
2

KΛγ + T
0, 1

2
KΛγ . (C.13)

For the process γp → K0Σ+ we are dealing with the isovector
⃓⃓
Σ+⟩︁ = |1, 1⟩ as the final

state baryon and the meson
⃓⃓
K0⟩︁ = |1/2,−1/2⟩. The isospin factors are then determined

in the following way:

C
0, 1

2
γp→K0Σ+ =

⟨︃1
2 ,+

1
2 , 0, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓
1, 1, 1

2 ,−
1
2

⟩︃
= (−1)

1
2 − 1

2 −0 · 1 ·
(︄√︃

2
3

)︄

=
√︃

2
3 , (C.14)

C
1, 1

2
γp→K0Σ+ =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓
1, 1, 1

2 ,−
1
2

⟩︃
= (−1)

1
2 − 1

2 −1 ·
(︃

− 1√
3

)︃
·
(︄√︃

2
3

)︄

=
√

2
3 , (C.15)

C
1, 3

2
γp→K0Σ+ =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓3
2 ,+

1
2

⟩︃ ⟨︃3
2 ,+

1
2

⃓⃓⃓⃓
1, 1, 1

2 ,−
1
2

⟩︃
= (−1)

3
2 − 1

2 −1 ·
(︄√︃

2
3

)︄
·
(︃ 1√

3

)︃

=
√

2
3 . (C.16)
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This leads to the amplitude

T K0Σ+
γ =

√
2

3 T
1, 3

2
KΣγ +

√
2

3 T
1, 1

2
KΣγ +

√︃
2
3T

0, 1
2

KΣγ . (C.17)

The last process with a proton target is γp → K+Σ0. Here we are dealing with the final
state hadrons

⃓⃓
Σ0⟩︁ = |1, 0⟩ and

⃓⃓
K+⟩︁ = |1/2,+1/2⟩ and get the isospin factors:

C
0, 1

2
γp→K+Σ0 =

⟨︃1
2 ,+

1
2 , 0, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓
1, 0, 1

2 ,+
1
2

⟩︃
= (−1)

1
2 − 1

2 −0 · 1 ·
(︃

− 1√
3

)︃
= − 1√

3
, (C.18)

C
1, 1

2
γp→K+Σ0 =

⟨︃1
2 ,+

1
2 , 1, 0

⃓⃓⃓⃓1
2 ,+

1
2

⟩︃ ⟨︃1
2 ,+

1
2

⃓⃓⃓⃓
1, 0, 1

2 ,+
1
2

⟩︃
= (−1)

1
2 − 1

2 −1 ·
(︃

− 1√
3

)︃
·
(︃

− 1√
3

)︃
= −1

3 , (C.19)

C
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2 ,+

1
2 , 1, 0

⃓⃓⃓⃓3
2 ,+

1
2

⟩︃ ⟨︃3
2 ,+

1
2

⃓⃓⃓⃓
1, 0, 1

2 ,+
1
2

⟩︃
= (−1)

3
2 − 1

2 −1 ·
(︄√︃

2
3

)︄
·
(︄√︃

2
3

)︄

= 2
3 . (C.20)

This gives us the amplitude

T K+Σ0
γ = 2

3T
1, 3

2
KΣγ − 1

3T
1, 1

2
KΣγ − 1√

3
T

0, 1
2

KΣγ . (C.21)

Next we calculate the isospin factors for photoproduction processes with neutron target
γn → X. The difference is that the intermediate state Here we start with the π0n final
state:

C
0, 1

2
γn→π0n =

⟨︃1
2 ,−

1
2 , 0, 0

⃓⃓⃓⃓1
2 ,−

1
2

⟩︃ ⟨︃1
2 ,−

1
2

⃓⃓⃓⃓1
2 ,−

1
2 , 1, 0

⟩︃
= (−1)

1
2 − 1

2 −0 · 1 · (−1)
1
2 − 1

2 −1 ·
(︃ 1√

3

)︃
= − 1√

3
, (C.22)
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3
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· (−1)
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2 −1 ·
(︃ 1√

3

)︃
= 1

3 , (C.23)
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3
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3 . (C.24)

This leads to the amplitude

T π0n
γ = 2

3T
1, 3

2
πNγ + 1

3T
1, 1

2
πNγ − 1√

3
T

0, 1
2

πNγ . (C.25)

For the final state π−p we are dealing with |π−⟩ = |1,−1⟩ and |p⟩ = |1/2,+1/2⟩. This
gives us the following isospin factors:

C
0, 1

2
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1
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and we find
T π−p

γ =
√

2
3 T

1, 3
2

πNγ −
√

2
3 T

1, 1
2

πNγ +
√︃

2
3T

0, 1
2

πNγ . (C.29)

For the final-state ηn we get
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C
1, 3

2
γn→ηn = 0 . (C.32)

This leads to the amplitude

T ηn
γ = − 1√

3
T

1, 1
2

ηNγ + T
0, 1

2
ηNγ . (C.33)

For the process γn → K0Λ we have the final state meson
⃓⃓
K0⟩︁ = |1/2,−1/2⟩ and baryon

|Λ⟩ = |0, 0⟩. This gives us the isospin factors
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C
1, 3

2
γn→K0Λ = 0 , (C.36)

and one finds the analogous amplitude as for ηn

T K0Λ
γ = − 1√

3
T

1, 1
2

KΛγ + T
0, 1

2
KΛγ . (C.37)
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Next we calculate the isospin factors for the channel K+Σ−. The final state states are
given by

⃓⃓
K+⟩︁ = |1/2,+1/2⟩ and |Σ−⟩ = |1,−1⟩. This results in the following isospin

factors
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The resulting amplitude is given by
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The last process we are investigating is γn → K0Σ0. Here we find the isospin factors
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and get the amplitude
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In summary, we found the following amplitudes:
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D. Additional material for the JüBo2025 study

D.1. New Data for ∆σ from A2/MAMI-collaboration

In Fig. 24-25 one can see the new data from the A2/MAMI-collaboration [300] and the
solution of the present study. Note that this dataset was not included in the fit. Still, the
data are described well.
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Figure 23: Solution JüBo2025 (red) for the helicity dependent differential cross section
from Ref. [300] for the process γp → π0p. (Data not included in the fit.) The
numbers in each plot denote the center of mass energy in MeV.
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Figure 25: Solution JüBo2025 (red) for the helicity dependent differential cross section
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D.2. Influence of specific poles on newly included ηp data sets
For the two P13 poles we observe a large impact on the ηp data sets that were newly
included in the current study. This is shown in Fig. 26. We show analogously the effect of
the F17 pole N(1990) 7/2+ on the new ηp-dataset in Fig. 27. Note that the scale for the
observable dσ/dΩ in the first two rows is set to logarithmic scale such that the impact of
the N(1990) 7/2+ can actually be seen. This large impact for the lowest energy bins is
explained by the pole position of the N(1990) 7/2+ at 1851 MeV.
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Figure 26: Current fit results (red) and the same solution without allowing P13 poles to
couple to ηN (blue) for the newly included data sets from Ref. [302]. The
numbers in each plot denote the center of mass energy in MeV.
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Figure 27: Current fit results (red) and the same solution without allowing the F17 pole
to couple to ηN (blue) for the newly included data sets from Ref. [302]. Note
that the scale for the observable dσ/dΩ in the first two rows is set to log-scale.
The numbers in each plot denote the center of mass energy in MeV.
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E. Fit results for γn → π0n

In this section we are presenting the fit results to the data sets included in the analysis of
Chapter 5 for the final state π0n.

E.1. Differential cross section
We start by presenting the fit results to the different differential cross section dσ/dΩ data
sets in Figs. 28-31. The references for the data sets can be found in Tab. 16.
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Figure 29: Fit results for the differential cross section for the process γn → π0n are shown
in red. The abbreviations are taken from the first author and year of the data
sets up to 2004 as listed in Tab. 16. The numbers in each plot denote the center
of mass energy in MeV.
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E.2. Polarization observables

Here we present the fit results to the polarization data sets. One can find the Σ data in
Fig. 32, the data for polarizations H and P in Fig. 33, the T data in Fig. 34 and the E
data in Figs. 35-36. The references for the data sets can be found in Tab. 16.
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Figure 32: Fit results for the beam asymmetry Σ of the process γn → π0n are shown in
red. The data shown in the upper plot is from GRAAL [598] and in the lower
from MAMI [597]. The numbers in each plot denote the center of mass energy
in MeV.
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Figure 33: Fit results for the beam-target asymmetry H and recoil asymmetry P
of the process γn → π0n are shown in red. The data shown is from
CBELSA/TAPS [601]. The numbers in each plot denote the center of mass
energy in MeV.
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Figure 35: Fit results for the double polarization observable E of the process γn → π0n are
shown in red. The data shown is from 2017 of the MAMI collaboration [600].
The numbers in each plot denote the center of mass energy in MeV.
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Figure 36: Fit results for the double polarization observable E of the process γn → π0n are
shown in red. The data shown is from 2022 of the MAMI collaboration [599].
The numbers in each plot denote the center of mass energy in MeV.
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F. Fit results for γn → π−p

In this section we are presenting the fit results to the data sets included in the analysis of
Chapter 5 for the final state π−p.

F.1. Differential cross section
We start by presenting the fit results to the different differential cross section dσ/dΩ data
sets in Figs. 37-47. The references for the data sets can be found in Tab. 17.
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Figure 37: Fit results for the differential cross section dσ/dΩ for the process γn → π−p
are shown in red. The abbreviations are taken from the first author and year of
the data sets up to 1994 as listed in Tab. 17. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 38: Fit results for the differential cross section dσ/dΩ for the process γn → π−p
are shown in red. The abbreviations are taken from the first author and year of
the data sets up to 1994 as listed in Tab. 17. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 39: Fit results for the differential cross section dσ/dΩ for the process γn → π−p
are shown in red. The abbreviations are taken from the first author and year of
the data sets up to 1994 as listed in Tab. 17. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 40: Fit results for the differential cross section dσ/dΩ for the process γn → π−p
are shown in red. The abbreviations are taken from the first author and year of
the data sets up to 1994 as listed in Tab. 17. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 41: Fit results for the differential cross section dσ/dΩ for the process γn → π−p
are shown in red. The abbreviations are taken from the first author and year of
the data sets up to 1994 as listed in Tab. 17. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 42: Fit results for the differential cross section for the process γn → π−p are shown
in red. The data points shown in the upper plot are from Crystall Ball Col-
laboration published in Ref. [605] and the data in the lower plot are from
JLAB. [469]. The numbers in each plot denote the center of mass energy in
MeV.
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Figure 43: Fit results for the differential cross section dσ/dΩ for the process γn → π−p
are shown in red. The data shown in the upper plot is from 2012 of the CLAS
collaboration [603] and in the lower plot from 2012 of the MAMI collabora-
tion [604]. The numbers in each plot denote the center of mass energy in MeV.
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Figure 44: Fit results for the differential cross section dσ/dΩ for the process γn → π−p are
shown in red. The data shown is from 2017 of the CLAS collaboration [602].
The numbers in each plot denote the center of mass energy in MeV.
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Figure 45: Fit results for the differential cross section dσ/dΩ for the process γn → π−p are
shown in red. The data shown is from 2017 of the CLAS collaboration [602].
The numbers in each plot denote the center of mass energy in MeV.
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Figure 46: Fit results for the differential cross section dσ/dΩ for the process γn → π−p are
shown in red. The data shown is from 2017 of the CLAS collaboration [602].
The numbers in each plot denote the center of mass energy in MeV.
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Figure 47: Fit results for the differential cross section dσ/dΩ for the process γn → π−p are
shown in red. The data shown is from 2017 of the CLAS collaboration [602].
The numbers in each plot denote the center of mass energy in MeV.
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F.2. Polarization observables
Here we present the fit results for the final state π−p to the polarization data sets. One
can find the Σ data in Figs. 48-54, the data for P in Fig. 55, the T data in Figs. 56-57
and the E data in Fig. 58. The references for the data sets can be found in Tab. 18.
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Figure 48: Fit results for the beam asymmetry Σ for the process γn → π−p are shown in
red. The abbreviations are taken from the first author and year of the data sets
up to 1995 as listed in Tab. 18. The numbers in each plot denote the center of
mass energy in MeV.
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Figure 49: Fit results for the beam asymmetry Σ for the process γn → π−p are shown in
red. The abbreviations are taken from the first author and year of the data sets
up to 1995 as listed in Tab. 18. The numbers in each plot denote the center of
mass energy in MeV.
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Figure 50: Fit results for the beam asymmetry Σ for the process γn → π−p are shown in
red. The abbreviations are taken from the first author and year of the data sets
up to 1995 as listed in Tab. 18. The numbers in each plot denote the center of
mass energy in MeV.
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Figure 51: Fit results for the beam asymmetry Σ for the process γn → π−p are shown in
red. The data shown is GRAAL [621]. The numbers in each plot denote the
center of mass energy in MeV.
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Figure 52: Fit results for the beam asymmetry Σ for the process γn → π−p are shown in
red. The data shown is from Sokhan [126]. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 53: Fit results for the beam asymmetry Σ for the process γn → π−p are shown in
red. The data shown is from Sokhan [126]. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 54: Fit results for the beam asymmetry Σ for the process γn → π−p are shown in
red. The data shown is from Sokhan [126]. The numbers in each plot denote
the center of mass energy in MeV.
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Figure 55: Fit results for the recoil polarization P for the process γn → π−p are shown in
red. The abbreviations are taken from the first author and year of the data sets
up to 1994 as listed in Tab. 18. The numbers in each plot denote the center of
mass energy in MeV.
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Figure 56: Fit results for the target polarization T for the process γn → π−p are shown in
red. The abbreviations are taken from the first author and year of the data sets
up to 1989 as listed in Tab. 18. The numbers in each plot denote the center of
mass energy in MeV.
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Figure 57: Fit results for the target polarization T for the process γn → π−p are shown in
red. The abbreviations are taken from the first author and year of the data sets
up to 1989 as listed in Tab. 18. The numbers in each plot denote the center of
mass energy in MeV.
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Figure 58: Fit results for the beam-target asymmetry E for the process γn → π−p are
shown in red. The data shown is from CLAS [637]. The numbers in each plot
denote the center of mass energy in MeV.
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F.2.1. Selected plots with H19 resonance turned off

Here we present the influence of the H19 resonance N(2220) 9/2+ on some π−p data.
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Figure 59: Current fit result (red) and the same solution without allowing H19 pole to
couple to πN (blue) for the process γn → π−p. The data shown is from the
2017 CLAS study [637].
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Figure 60: Current fit result (red) and the same solution without allowing H19 pole to
couple to πN (blue) for the process γn → π−p. The data shown is from
Sokhan [126].
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G. Individual channel contributions for the GDH sum rule

In the following we present the individual GDH sum rule contributions from the JüBo2025
and JüBo2026 solutions.

G.1. Results from JüBo2025 analysis
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Figure 61: Running GDH integral Ip
GDH as in Eq. (6.1) for the π0p and π+n channels from

the JüBo 2025 solution.
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Figure 62: Running GDH integral Ip
GDH as in Eq. (6.1) for the ηp and KΛ channels from

the JüBo 2025 solution.
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Figure 63: Running GDH integral Ip
GDH as in Eq. (6.1) for the KΣ channels from the JüBo

2025 solution.
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G.2. Results from JüBo2026 analysis
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Figure 64: Running GDH integral In
GDH as in Eq. (6.1) for the π−p and π0n channels from

the JüBo 2026 solution.
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Figure 65: Running GDH integral Ip
GDH as in Eq. (6.1) for the π0p-channel.
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Figure 66: Running GDH integral Ip
GDH as in Eq. (6.1) for the ηp-channel.
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Figure 67: Running GDH integral Ip
GDH as in Eq. (6.1) for the K0Σ+-channel.
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