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A refined investigation on light flavor meson-baryon scatterings is performed using a dynamical
coupled-channel approach, the Jülich-Bonn model, that respects unitarity and analyticity constraints. The
channel space of πN, πΔ, σN, ρN, ηN,KΛ, andKΣ is extended by adding the ωN final state. The spectra of
N� and Δ resonances are extracted in terms of complex poles of the scattering amplitudes, based on the
result of a global fit to a worldwide collection of data, in the energy region from the πN threshold to center-
of-mass energy z ¼ 2.3 GeV. A negative value of the ωN elastic spin-averaged scattering length is
extracted, questioning the existence of bound states of the ω meson in the nuclear matter.
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I. INTRODUCTION

The scattering of light mesons and baryons, starting from
the pion-nucleon channel, has been a topic of interest for
many decades and continues to be so. On the one hand,
such reactions reveal crucial information to obtain a deeper
understanding of the strong interaction, on the other hand,
the output from the study of such scattering processes can
be used as input for further research, such as nuclear
structure or nuclear astrophysics. On the fundamental level,
quantum chromodynamics (QCD) governs the hadronic
interactions. However, due to color confinement, QCD
cannot be applied directly when the energy is not high
enough. To deal with nonperturbative problems at low
energies, chiral perturbation theory [1–11] was developed,
based on the spontaneously broken chiral symmetry of light
flavor quarks and regarding the light hadrons as basic
degrees of freedom, with the pseudoscalar mesons being
the quasi-Goldstone bosons. By perturbative expansions in
the meson masses and the momenta, the near-threshold
observables can be well reproduced, see, e.g., [12–19], and
some low-lying resonances, e.g., the Δð1232Þ isobar and
the Roper resonance can also be treated, see, e.g., [20–29].
Another challenging subject is the intermediate energy

region: though experimental observations are abundant,
the dynamics becomes more involved as more interaction
channels open, and theoretical approaches are further
complicated by the appearance of a large amount of
resonances. In this region, the effective field theory

description breaks down while perturbative QCD is not
yet applicable. Extracting the resonances from experimental
data is, thus, a fundamental task of great importance, which
cannot be trivially accomplished, since most of the states do
not exhibit a typical Breit-Wigner behavior. To attack this
problem, efforts were made by partial wave analyses [30,31]
restrained to πN elastic scattering, resulting in most of the
resonances known today. However, due to the fact that some
states may not couple strongly to πN [32], coupled-channel
analyses are also necessary. Straightforwardly, the phenom-
enological inputs can be unitarized or resummed [33–38],
reproducing unitary amplitudes with complex poles on the
unphysical Riemann sheet as the resonances. Furthermore,
though complicated, coupled-channel models evolving
under dynamical scattering equations [39–55] do not only
keep the unitarity but also globally lead to a better analytical
behavior with fewer model artefacts in the complex
energy plane.
The approach applied in this paper is called the Jülich-

Bonn (JüBo) model, which has experienced three decades
of development. Its core is a Lippmann–Schwinger-like
equation, taking tree-level diagrams and correlated two-
pion exchange as the kernel. Based on early studies on
meson-meson and K−N interactions [39–41], the approach
was first applied to πN elastic scattering in Refs. [42,43].
Its early coupled-channel extensions (including ππN
and ηN) can be found in Refs. [44–46]. In Ref. [49] the
analytical structures of the amplitudes obtained by this
model are systematically studied, enabling the extraction of
resonances as poles in a modern way. In Refs. [50,51], the
model has progressed to the zero-strangeness kaon-hyperon*yuf.wang@fz-juelich.de
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channels KΛ, KΣ and higher partial waves up to J ¼ 9=2,
with the center-of-mass energy up to 2.3 GeV. A major step
toward a reliable determination of the light baryon spec-
trum based on an extensive high-quality data base with the
extension of the framework to meson photoproduction was
achieved in Refs. [53,56,57]. Moreover, in Refs. [54,55] the
approach was adapted to include virtual photons and was
applied in the first-ever coupled-channel study of pion and
eta electroproduction data. Besides the light meson-baryon
scattering and photoproduction processes, the Pc states in
the hidden-charm sector were also studied with the JüBo
model [58,59].
To summarize, the hadronic Jülich-Bonn model is one

of the theoretically best founded tools for studying the
spectrum of the light-flavored baryon resonances. So far,
the maximum energy considered in the model is 2.3 GeV
but certain channels like ωN have not been considered. To
further refine the model and to enrich the resulting physics,
here we extend this model by adding the ωN channel.
Furthermore, the ω can be considered as the first vector
meson regarded as a stable particle in this approach.
Reaching beyond the completion of our model, the ωN

channel is of interest for several reasons. It has been found
that the spontaneous broken chiral symmetry of QCD
shows a tendency of restoration as the density of nucleons
gets larger in the nuclear matter, as signaled, e.g., by
dropping vector meson masses [60–62], although this
particular claim is at odds with earlier calculations [63].
Much experimental and theoretical work has been done
in this field. On the experimental side, the pertinent signals
are usually of electromagnetic nature. For a review, see,
e.g., [64]. Due to the vector meson dominance [65], the γN
interaction is dominated by ρN, ωN and ϕN. The ρ meson
is very broad and would not behave like a quasiparticle
when it is in-medium, while the direct ϕNN coupling is
suppressed due to the nearly pure ss̄ component of ϕ. In
this respect, ωN can be considered as the most important
channel. Additionally, the details of ωN interaction are
essential for understanding the equation of state of the
neutron stars [66].
According to the low-density theorem [67], the addi-

tional in-medium self-energy of the ω is proportional to the
elastic scattering amplitude of ωN. Therefore, the elastic
ωN amplitude provides crucial information about the
in-medium ω. This holds especially for the real part of
the spin-averaged ωN scattering length, which indicates
whether or not the ω can form bound states in the medium.

However, this scattering length cannot be observed directly
by experiments. On the theoretical side, even the sign of
the spin-averaged ωN scattering length is still an open
question. Results based on QCD sum rules [68–70] support
an attractive force in the ωN system from the scattering
length, contradicting other analyses [34–38,48,71–74].
Comprehensive models like the current one, which extract
the scattering length constrained by a global fit to all
possible datasets, are needed to clarify this issue.
This paper is organized as the follows. In Sec. II we

outline the underlying theoretical framework of the model,
especially the structure of the scattering equation. All the
important information about the fit, like the numerical
details and the fit to the data of ωN channel, as well as the
two different solutions to estimate the uncertainties, are
displayed and discussed in Sec. III. Section IV contains the
results concerning the hadron spectrum (baryon resonan-
ces) and the scattering lengths, with discussions on the
resulting physics. Section V presents the conclusions of
this work and some perspectives for further studies. The
expressions for the observables in theωN channel are shown
in Appendix A. The partial wave amplitudes of πN → ωN
interaction are given in Appendix B. Tables containing the
coupling strengths of the resonances to the effective three-
body channels (πΔ, σN, and ρN) are given in Appendix C.
Fit results for channels other than ωN can be found on the
website [75]. Further details of the theoretical framework are
summarized in the Supplemental Material [76].

II. THEORETICAL FRAMEWORK

In the current study, the πN, ππN, ηN, KΛ, KΣ, and ωN
channels are considered. The ππN system is simulated by
three effective channels, the πΔ, σN and ρN. The threshold
of each channel is shown in Fig. 1. Note that the width of
the ω meson is much smaller than its mass, and is thus not
considered in this work.
The master formula of this model is the following

scattering equation:

Tμνðp00; p0; zÞ
¼ Vμνðp00; p0; zÞ

þ
X
κ

Z
∞

0

p2dpVμκðp00; p; zÞGκðp; zÞTκνðp; p0; zÞ;

ð1Þ

FIG. 1. Thresholds of the scattering channels currently considered in the JüBo model as function of the center-of-mass energy.
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where T denotes the scattering amplitude, V denotes the
interaction kernel (the potential), p0 and p00 are the three-
momenta of the initial and final states in the center-of-mass
frame, respectively, z is the center-of-mass energy, which
is related to p0 and p00 by the on-shell conditions when

calculating physical observables. Further, μ, ν and κ are the
channel labels denoting the meson-baryon system with
specific isospin (I), angular momentum (J, up to 9=2),
spin (S) and orbital angular momentum L. Gκðp; zÞ is the
propagator of the intermediate channel:

Gκðz; pÞ ¼
� ðz − Eκ − ωκ þ i0þÞ−1 ðif κ is a two-body channelÞ;
½z − Eκ − ωκ − Σκðz; pÞ þ i0þ�−1 ðif κ is an effective channelÞ: ð2Þ

Further, Eκ, ωκ denote the energies of the baryon and
the meson in channel κ, respectively, with a relativistic
dispersion relation, e.g., Eκ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þM2

κ

p
. For the quasi

three-body channels, Σκ is the self-energy function of
the unstable particle (Δ, σ, ρ). Note that such kind of
propagators are derived from (old-fashioned) time-ordered
perturbation theory (TOPT) [77] rather than the modern
covariant convention. In combination with a partial-wave
projection, the application of TOPT reduces the fully
relativistic Bethe-Salpeter equation [78] to the one-
dimensional integral of Eq. (1). Accordingly, the potential
V is also constructed using TOPT.
In principle the potential V in Eq. (1) can contain any

two-particle irreducible term. To simplify the calculation,
the following separation is performed:

T ¼ TNP þ TP: ð3Þ

Specifically, TNP is generated only by potentials from t- and
u-channel exchange and contact diagrams, denoted as VNP:

TNP
μν ðp00; p0; zÞ
¼ VNP

μν ðp00; p0; zÞ

þ
X
κ

Z
∞

0

p2dpVNP
μκ ðp00; p; zÞGκðp; zÞTNP

κν ðp; p0; zÞ;

ð4Þ

whereas TP is constructed via

TP
μνðp00; p0; zÞ ¼

X
i;j

Γa
μ;iðp00ÞðD−1ÞijðzÞΓc

ν;jðp0Þ: ð5Þ

Here, i, j are the indices of the s-channel poles, Γa
μ;i is the

dressed vertex function describing the annihilation of the ith
resonance to channel μ, and similar for Γc

ν;j (creation of the
resonance from channel ν). Also, D−1 is the propagator of
the s-channel resonances related to the self-energies Σij:

Γa
μ;iðp00Þ ¼ γaμ;iðp00Þ þ

X
κ

Z
∞

0

p2dpTNP
μκ ðp00; p; zÞGκðp; zÞγaκ;iðpÞ;

Γc
ν;jðp0Þ ¼ γcν;jðp0Þ þ

X
κ

Z
∞

0

p2dpγcκ;jðpÞGκðp; zÞTNP
κν ðp; p0; zÞ;

DijðzÞ ¼ δijðz −mb
i Þ − ΣijðzÞ;

ΣijðzÞ ¼
X
κ

Z
∞

0

p2dpγcκ;iðpÞGκðp; zÞΓa
κ;jðpÞ; ð6Þ

where the γ’s are bare vertices and mb
i is the bare mass

of the ith resonance. Equation (6) actually corresponds
to the construction of TP by Schwinger–Dyson-like equa-
tions illustrated in Fig. 2. More importantly, TNP can also
dynamically generate poles which are not included as
genuine states in the s-channel.
The potentials VNP are constructed based on the leading

order Lagrangians respecting SU(3) flavor symmetry, C
and P conservation, as well as derivative couplings of
pseudoscalar mesons from chiral symmetry [79–81].
Except for the correlated two-pion exchange described in

detail in Refs. [42,43], all the other potentials are consid-
ered at tree level, causing divergences of the integral in
Eq. (4). Hence we add regulators to make the integrals
converge, thereby introducing cutoff parameters to be
determined by the fit. Such regulators can also be under-
stood as phenomenological form factors, simulating the
inner structures of the hadrons. Additionally the integrals in
Eq. (6) need similar regulators, but since the bare couplings
are already fit parameters, the s-channel cut-offs are fixed.
A more detailed description of the potential can be found

in the Supplemental Material [76]. Note that besides the
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ωN channel, to make the dynamics of the KΣ system
complete, in this work we add two more diagrams. These
are KΛ → KΣ and KΣ → KΣ reactions with the t-channel
a0 exchange. They are allowed by SU(3) symmetry and
other conservation laws, but were not considered in the
previous studies using the JüBo model.
Note that the nucleon itself is an s-channel pole, and we

always adjust its bare mass and couplings such that the
physical values are recovered, for details see Ref. [51]. In
addition to the s-, t-, and u-channel diagrams, just as in
Ref. [53], we also add phenomenological contact terms to
simulate the effects from physics not explicitly contained in
the s-, t-, and u-channel diagrams.
The observables can be evaluated using Tμν. The

normalized, dimensionless partial-wave amplitudes τ are
directly related to the observables:

τμν ¼ −π ffiffiffiffiffiffiffiffiffi
ρμρν

p
Tμν; ð7Þ

where ρ is a kinematical phase factor,

ρκ ¼
pκ

z
Eκωκ; ð8Þ

and pκ is the corresponding three-momentum. The ele-
ments of the unitary scattering S-matrix are also written in
terms of τ:

Sμν ¼ δμν þ 2iτμν: ð9Þ

III. FITS

A. Database and numerical details

For the newly included ωN channel, we fit to the data
from the two reactions πþn → ωp and π−p → ωn simul-
taneously, in addition to all other channels of the approach.
The database for ωN is summarized in Table I. The datasets
of the channels lower than ωN remain the same as in
Ref. [51], see Refs. [30,82–124]. Note that for the πN
elastic scattering we fit to the energy-dependent
GWU/SAID solution [30], while the other data points

TABLE I. The database of πN → ωN. “XS” and “DXS” refer
to total and differential cross sections, respectively. “FWD
(BWD)” refers to the differential cross section for the nucleon
forward (backward) direction.

Ref. Observable
Data
points Reaction

Table. V of Ref. [125] XS 13 πþn → ωp
Fig. 20 of Ref. [125]
(Ref. [126] etc.)

XS 10 πþn → ωp and
π−p → ωn

Fig. 14 of Ref. [82] FWD 10 π−p → ωn
Fig. 6 of Ref. [127] FWD/BWD 34 π−p → ωn
Fig. 8 of Ref. [127] XS 23 π−p → ωn
Table 1 of Ref. [128] XS 8 π−p → ωn
Fig. 3 of Ref. [128] DXS 80 π−p → ωn

Total � � � 178 � � �

(a)

(b)

FIG. 2. Schematic plot of Eq. (6).
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are direct experimental observables. There are approxi-
mately 9000 data points in total in our fit. Moreover, the
numbers of fit parameters are summarized in Table II.
The fits are performed on the JURECA supercomputer at

Forschungszentrum Jülich [129], where one node contains
128 processors. Parallel programming is realized by the
Message Passing Interface (MPI) in Fortran. Every proc-
essor takes a value of energy z, covering the range from the
πN threshold to 2.3 GeV. At each energy, the scattering
equation Eq. (4) can be solved numerically applying the
Haftel-Tabakin scheme [130] by discretizing the integral
via Gaussian quadrature and inverting the ð1 − VGÞ matrix
algebraically. The χ2, measuring the deviation of the
theoretical curve to the data points, is minimized by the
MINUIT package [131].
As the ωN data base is quantitatively and qualitatively

very limited, we apply weighting factors in the χ2 mini-
mization to force the fit to describe details of the data that
would otherwise be ignored. In addition, the inclusion of
the covariance matrices for the πN → πN input from the
GWU/SAID solution [132] is postponed to the future. We
also note that some datasets exhibit questionable uncer-
tainties (e.g., the ηN differential cross section from
Brown et. al. [114]), c.f. the discussion in Ref. [51], so
that we refrain from giving χ2 values here.
Further discussions on the systematic uncertainties of

our fit results stemming from the applied model are
required. By definition, for a model a systematic error is
difficult to determine. We have, however, tried to obtain a
rough estimate of the model-dependence by introducing
two different fit scenarios and comparing their results:

(i) Fit A: a solution with dynamically generated poles
similar to those in Ref. [51].

(ii) Fit B: starts from an intermediate stage of fit A,
with an extra narrow (dynamical) pole in the P11

(JP ¼ 1
2
þ) wave, with a description of the data of

equal quality.
An in-depth uncertainty analysis using, e.g., the least

absolute shrinkage and selection operator (LASSO) [133]
or Bayesion evidence to determine the significance of
resonance states, is planned for the future.

B. Description of the data

As for the description of the data, fit B is mainly
distinguished from fit A by the πN amplitude of the
P11 (JP ¼ 1

2
þ) partial wave, see Fig. 3. In both results

there is a (weak) kink when the energy is around
1700 MeV. This is due to the inclusion of the N�ð1710Þ
resonance, which is absent in Ref. [30]. Furthermore, fit B
gives another structure when the energy is around
1500 MeV, which, as an effect from a nearby pole, will
be discussed later. Despite such a discrepancy, the global fit
qualities are good in both cases.
In the following we only focus on the ωN channel, since

the observables of the other channels are the same as in
Ref. [51], and the new fit results are shown on the website
[75]. The expressions of the differential cross section and
total cross section are summarized in Appendix A.

TABLE II. The number of fit parameters in this work. See
Eqs. (4) and (5) for the separation of TNP and TP (including the
phenomenological contact terms). “Newly included” means the
parameters newly introduced by the ωN channel as well as by
the two extra a0 exchange potentials in the KΣ channel.

TNP TP Total

Newly included 15 23 38
Old 64 202 266

Total 79 225 304

1200 1400 1600 1800
z [MeV]

0.1−

0

0.1

0.2

0.3

0.4

)τ
R

e(

Fit A

Fit B

SAID Solution

11N Pπ

1200 1400 1600 1800
z [MeV]

0

0.2

0.4

0.6

0.8

)τ
Im

(

Fit A

Fit B

SAID Solution

11N Pπ

(a)

(b)

FIG. 3. The comparison of fits A and B for the P11 πN elastic τ
amplitude. The SAID solution is from Ref. [30] (energy-
dependent solution).
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Both fits A and B give a quite good description of theωN
data. The description of the total cross section is shown in
Fig. 4. The difference between the two results becomes
visible when z > 1800 MeV, where the amount of data
points decreases. As for the differential cross sections, the
results for the nucleon backward and forward directions are
displayed in Fig. 5. The curves from fits A and B are quite
close to each other, especially when the energy is near the
ωN threshold. The angular distributions of the differential
cross sections are also fitted well, see Fig. 6.
In this work we just fit to the original experimental data

summarized in Table I. In addition, there are 30 more points
for energies z ¼ 1800, 1900 and 2000 MeV, which were
actually extracted from the histograms of Ref. [125] by
Ref. [35]. As a comparison, we also plot the differential
cross sections at those energies in Fig. 7 from our model. It
shows that our predictions at these energies are not far away
from the data.
At last, based on those two fit results, the partial

wave amplitudes of πN → ωN reaction are plotted in
Appendix B.

IV. RESULTS

A. N� and Δ spectrum

1. Pole parameters

In this model the resonances are extracted by searching
for complex poles of the amplitude τ on the unphysical (i.e.,
second) Riemann sheet, as described in detail in Ref. [49].
For one resonance pole,1

z0 ¼ M −
Γ
2
i; ð10Þ

whereM is the pole mass and Γ the pole width. The leading
order Laurent expansion is parametrized as

τ̃μν ∼
RμRν

z0 − z
þ � � � ; ð11Þ

where τ̃ represents the τ amplitude of the reaction channels
ν → μ on the unphysical sheet, and Rμ is the residue
belonging to channel μ. In this paper we use the convention
of Partial Data Group (PDG) [134] to measure the coupling
strength by the so-called normalized residue:

NRμ ≡ 2RπN

Γ
× Rμ: ð12Þ

One can define the nominal partial width in terms of Rμ:

1720 1725 1730 1735 1740 1745 1750 1755 1760 1765 1770

0

20

40

60

80

100

120

140

z [MeV]

dσ
/d

Ω
 [μ

b/
sr

]

Keyne et. al.
Fit A
Fit B

1720 1725 1730 1735 1740 1745 1750 1755 1760 1765 1770

0

20

40

60

80

100

120

140

z [MeV]

dσ
/d

Ω
 [μ

b/
sr

]

Keyne et. al.
Binnie et. al.
Fit A
Fit B

(a)

(b)

FIG. 5. The backward and forward differential cross sections
of πN → ωN. The data are from Binnie et al. [82] and Keyne
et al. [127].

1800 1900 2000 2100 2200 2300
z [MeV]

0

0.5

1

1.5

2

2.5

3

3.5
σ 

[m
b]

Kraemer et. al.
Danburg et. al.
Keyne et. al.
Karami et. al.
Fit A
Fit B

FIG. 4. The total cross section for πN → ωN reaction. The data
are from Kraemer et al. [126], Danburg et al. [125], Keyne et al.
[127] and Karami et al. [128].

1Resonance poles always appear as pairs: when z0 is a pole
then z�0 must be another. Here we only discuss the one with the
negative imaginary part.
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Γμ ≡ j
ffiffiffi
2

p
Rμj2: ð13Þ

The branching ratios can further be defined via

BRμ ¼
Γμ

Γ
; ð14Þ

and the absolute value of the normalized residue is the
transition branching ratio:

BRπN→μ ¼ jNRμj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓμΓπN

p
Γ

: ð15Þ

Note that only when the resonance is an ideal Breit-Wigner
state, then the definitions above would meet the common
understandings of their names, e.g., the “branching ratios”
are understood as the possibilities for the resonance

decaying to the final states, which sum up to 100%.
Nevertheless most of the N� and Δ resonances are usually
distorted by complicated coupled-channel dynamics,
resulting in strong interferences among one another, one
has to take those quantities with a grain of salt.

2. Pole positions

First, we list the pole positions of both N� and Δ
resonances within our reach (Imðz0Þ ≤ 450 MeV) in
Tables III and IV, respectively. Their locations are also
plotted in Fig. 8. We try to assign the names of most poles
according to PDG [134].2 Some of the pole positions show
a large model-dependence and deviate much from PDG.

0

50

100

150 z=1724 MeV

Data
Fit A
Fit B

1727 MeV 1731 MeV

0

50

100

150 1736 MeV
d σ

/d
Ω

 [μ
b/

sr
] 1741 MeV

-1 -0.5 0 0.5 1

1748 MeV

-1 -0.5 0 0.5 1

0

50

100

150

1755 MeV

-1 -0.5 0 0.5 1

1763 MeV

cosΘ

FIG. 6. Differential cross section of πN → ωN at different energies. The data are from Ref. [128].

FIG. 7. The πN → ωN differential cross sections for the CM energy 1800 to 2000 MeV. The data points were extracted from the
histograms in Ref. [125] by Ref. [35], and are not included in the fit. See text for further explanations.

2It must be noted that some of the results published in the PDG
tables, especially when it comes to the star rating of the
corresponding states, are debatable.
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As for the N� states, some well-established states are
rather stable in different fits or even different studies (see,
e.g., Ref. [51]). These are the Nð1535Þ1

2
−, Nð1650Þ1

2
−,

Nð1720Þ3
2
þ, Nð1520Þ3

2
−, Nð1675Þ5

2
−, and Nð1680Þ5

2
þ. It is

always hard to determine the high-spin states, but some
J ≥ 7=2 states are stable in this study. In this model the
lineshape of the P11πN amplitude is dominated by the TNP

term, with Nð1710Þ1
2
þ being the only genuine s-channel

state. This feature has already been found earlier, see, e.g.,
Ref. [45]. It is understandable that the 1

2
þ poles in fit A

derivate from those in fit B, since the two solutions are
distinguished by crucial TNP parameters. In the P13 partial
wave, the Nð1900Þ3=2þ moved far into the complex plain
and is much broader than in JüBo studies including
photoproduction reactions [57,135]. This supports the
observation in Refs. [57,135] and many other studies by
different analysis groups that this state is especially
important in kaon photoproduction, which is not included
in the present work, and hard to determine from purely

TABLE III. Pole positions of the N� states (in units of MeVs).
The first column also exhibits the JP quantum numbers. “NP”
means the pole is possibly dynamically generated from the TNP

part. The significance of the states according to the PDG [134] is
also shown in the last column.

Resonances Fit A Fit B
Estimation of
PDG [134]

Nð1535Þ1
2
− 1500 − 46i 1499 − 46i 1510 − 65i (****)

Nð1650Þ1
2
− 1658 − 64i 1664 − 68i 1655 − 68i (****)

Nð1440Þ1
2
þ (NP) 1318 − 126i 1411 − 121i 1370 − 88i (****)

Nð1710Þ1
2
þ 1704 − 78i 1603 − 279i 1700 − 60i (****)

Nð1880Þ1
2
þ (NP) 1715 − 233i 1755 − 220i 1860 − 115i (***)

Nð1720Þ3
2
þ 1680 − 91i 1679 − 95i 1675 − 125i (****)

Nð1900Þ3
2
þ 1717 − 354i 1750 − 320i 1920 − 75i (****)

Nð1520Þ3
2
− 1498 − 53i 1499 − 52i 1510 − 55i (****)

Nð1700Þ3
2
− (NP) 1439 − 284i 1398 − 193i 1700 − 100i (***)

Nð1875Þ3
2
− (NP) 1905 − 331i 1891 − 261i 1900 − 80i (***)

Nð1675Þ5
2
− 1658 − 63i 1660 − 56i 1660 − 68i (****)

Nð1680Þ5
2
þ 1679 − 46i 1674 − 47i 1675 − 60i (****)

Nð1990Þ7
2
þ 1900 − 207i 1901 − 204i Omitted (**)

Nð2190Þ7
2
− 1950 − 180i 1960 − 188i 2100 − 200i (****)

Nð2250Þ9
2
− 2169 − 136i 2201 − 145i 2200 − 210i (****)

2nd pole 9
2
− (NP) 1939 − 213i 1978 − 197i � � �

Nð2220Þ9
2
þ 2121 − 182i 2125 − 182i 2170 − 200i (****)

TABLE IV. Pole positions of the Δ states (in units of MeVs).
The first column also exhibits the JP quantum numbers. “NP”
means the pole is possibly dynamically generated from the TNP

part. The significance of the states according to the PDG [134] is
also shown in the last column.

Resonances Fit A Fit B
Estimation of
PDG [134]

Δð1620Þ1
2
− 1602 − 44i 1602 − 43i 1600 − 60i (****)

Δð1750Þ1
2
þ (NP) 1882 − 157i � � � Omitted (*)

Δð1910Þ1
2
þ 1765 − 339i 1813 − 319i 1860 − 150i (****)

Δð1232Þ3
2
þ 1216 − 45i 1213 − 44i 1210 − 50i (****)

Δð1600Þ3
2
þ (NP) 1572 − 81i 1577 − 85i 1510 − 135i (****)

Δð1920Þ3
2
þ 1888 − 432i 1888 − 427i 1900 − 150i (***)

Δð1700Þ3
2
− 1825 − 199i 1825 − 211i 1665 − 125i (****)

Δð1940Þ3
2
− (NP) 2111 − 396i 2116 − 412i 1950 − 175i (**)

3rd pole 3
2
− (NP) � � � 1358 − 372i � � �

Δð1930Þ5
2
− 1720 − 293i 1711 − 223i 1880 − 140i (***)

Δð1905Þ5
2
þ 1703 − 64i 1703 − 63i 1800 − 150i (****)

Δð1950Þ7
2
þ 1884 − 77i 1885 − 79i 1880 − 120i (****)

Δð2200Þ7
2
− 2185 − 84i 2208 − 82i 2100 − 170i (***)

2nd pole 7
2
− (NP) � � � 2037 − 324i � � �

Δð2400Þ9
2
− 1942 − 255i 1941 − 257i Omitted (**)
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FIG. 8. Pole positions from the two fit solutions. Thresholds are
labeled by green crosses, and the results of fit A (B) are denoted
by empty (filled) symbols.
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hadronic reactions. Moreover, the Nð1700Þ3
2
− pole in this

work is lower and broader than the estimation in PDG [134].
Last, we emphasize that the Nð1895Þ1

2
−, from the coupled-

channel analyses of photoproduction in Ref. [136], is
of 4-star significance in PDG [134], but until now it has
never been needed in the JüBo model to obtain a good
description of the data.
As already mentioned, the different lineshape of fit B in

the P11 partial wave, see Fig. 3, stems from an extra narrow
resonance at z0 ¼ 1585 − 35i MeV, with strong couplings
to all the channels. However, in fit A this pole moves to
1490 − 245i MeV. Indications for similar broad resonance
are observed in a recent update of JüBo approach including
KΣ photoproduction data [135].
Coming to theΔ states, even though ωN is a pure isospin

one-half channel, also the I ¼ 3=2 parameters are refitted
as demanded by a coupled-channel framework. Note that
some of the TNP parameters do not only change the isospin
I ¼ 1=2 partial waves and the amount of the data points for
the isospin three-half channels is relatively fewer (only
KþΣþ is purely I ¼ 3=2). Moreover, the inclusion of the
ωN channel has non-negligible effects on the KþΣ− and
K0Σ0 final states as the corresponding threshold energies
are close, leading to a rearrangement of the contributions
from isospin one-half and three-half. The states of lower
partial waves, e.g., the Δð1620Þ1

2
− and Δð1232Þ3

2
þ, are

more stable. However, the Δð1910Þ1
2
þ, which is of four-star

significance in the PDG [134], is very broad in this work,
just like Refs. [53,57]. It seems that the description of the
lineshape in the P31 wave does not need such a significant
resonance signal, see Fig. 9. The two states Δð1920Þ3

2
þ and

Δð1940Þ3
2
− in our model are significantly broader than the

estimation in PDG [134]. Further, the other states tend to be
narrower.

3. ωN coupling strengths

In this section we decompose the normalized residue as
NR ¼ jNRjeiθ, with θ in units of degrees. Roughly speak-
ing, the modulus jNRj measures how significantly the
resonance contributes to the amplitude, while the phase θ
controls the interference behavior among different reso-
nances (and the background). The normalized residues of
the N� states for the ωN channel are shown in Table V.
In the current fit results, ωN couples mainly to lower-

lying states, and the moduli of the normalized residues of
the Nð1535Þ1

2
−, Nð1710Þ1

2
þ, and Nð1680Þ5

2
þ can be larger

than 0.5. Especially the value for the Nð1535Þ1
2
− in channel

(1) is more than one. The large couplings to the Nð1535Þ1
2
−

and the Nð1710Þ1
2
þ may stem from the extremely large bare

couplings. At present, we cannot determine how model-
dependent this result is, and only know that a limited
attempt (the fit C) has failed: if we force those couplings to
be small, then the fit would always end up in some

unphysical local minima with very narrow dynamically
generated resonances, and the description of the data is
not satisfactory. Maybe further inclusion of the abundant
photoproduction data can resolve this issue.
Note that most of the previous studies also support

the importance of the lower states in the ωN interaction.
For instance, using a quark model, Ref. [137] claims
that the Nð1720Þ3

2
þ and Nð1680Þ5

2
þ have the biggest

contributions to ωN photoproduction,3 while Ref. [34] gets
relatively larger couplings of ωN toNð1535Þ1

2
−,Nð1650Þ1

2
−

and Nð1520Þ3
2
−. The coupled-channel analyses of

Refs. [36–38,71] indicate the important roles of the
Nð1710Þ1

2
þ, Nð1675Þ5

2
− and Nð1680Þ5

2
þ. Extremely huge
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FIG. 9. Fit results of P31 πN elastic τ amplitude. The SAID
solution is from Ref. [30] (energy-dependent solution). We do not
need a narrow Δð1910Þ pole in both of the two fit scenarios.

3Unfortunately it is hard to directly compare our result to
Ref. [137]. First, the models are completely different, as we
regard hadrons as the basic degrees of freedom, and second our
coupling strengths are actually labelled by normalized residues.
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bare couplings can hardly be avoided in phenomenological
coupled-channel models, e.g., in Ref. [71], the large bare
couplings of ωN to Nð1675Þ5

2
− and Nð1680Þ5

2
þ are quite

similar to the couplings to Nð1535Þ1
2
− and Nð1710Þ1

2
þ here.

Note that we do not associate any physical meaning to the
bare couplings.
We also list the nominal branching ratios, defined by

Eq. (14), of the states above the threshold to the ωN
channel, see Table VI. Though all those resonances do
not couple strongly to ωN, the most significant state is

Nð2250Þ9
2
−, the branching ratio of which is bigger

than 10%. Reference [37] shows that when photoproduc-
tion is included, the Nð1900Þ3

2
þ would play an important

role among the higher resonances, which is different from
the hadronic case here. Reference [38] has found the
branching ratio of Nð1875Þ3

2
−4 to ωN is large, however,

this state is not originally included in our model and the
position of the dynamically generated one is not stable.

4. Coupling strengths to the lower channels

For completeness, we also show the normalized residues
of each resonance for the channels with stable particles
lower than ωN. First, the results for the N� states are given
in Table VII. The pole positions of the Nð1440Þ1

2
þ and the

Nð1710Þ1
2
þ in fits A and B are not so close to each other, so

are their residues. Except for the Nð1535Þ1
2
−, Nð1650Þ1

2
−

and Nð1710Þ1
2
þ, all the other states do not couple strongly

to the KY channels.
The residues of the Δ states are summarized in

Table VIII. Apart from those states that only show up in
fit A or B, the residues of the Δð1910Þ1

2
þ and Δð1600Þ3

2
þ

are less stable. As already discussed, the former tends to be
irrelevant to the lineshape in this model, and the latter is
affected much by certain TNP parameters.

TABLE V. The normalized residues of the N� states for the ωN channel. The values are written in the form
ðNR; θÞ, with the phase θ in units of degrees. In each cell, the first (second) value is from fit A (B). The three sub-
channels are (1)jJ − Lj ¼ 1

2
; S ¼ 1

2
; (2)jJ − Lj ¼ 1

2
; S ¼ 3

2
; (3)jJ − Lj ¼ 3

2
; S ¼ 3

2
.

Resonances Channel (1) Channel (2) Channel (3)

Nð1535Þ1
2
− ð1.13;−156°Þ ð1.13;−163°Þ 0 (0.14, 26°) (0.13, 18°)

Nð1650Þ1
2
− (0.19, 156°) (0.14, 148°) 0 ð0.02;−9°Þ ð0.02;−10°Þ

Nð1440Þ1
2
þ ð0.18;−37°Þ (0.21, 23°) (0.34, 1°) (0.42, 64°) 0

Nð1710Þ1
2
þ (0.10, 158°) ð0.27;−86°Þ ð0.56;−172°Þ ð0.73;−59°Þ 0

Nð1880Þ1
2
þ ð0.01;−24°Þ (0.00, 152°) (0.03, 31°) (0.02, 157°) 0

Nð1720Þ3
2
þ (0.01, 150°) (0.01, 155°) ð0.05;−178°Þ ð0.06;−178°Þ (0.00, 69°) (0.00, 56°)

Nð1900Þ3
2
þ (0.00, 33°) ð0.01;−19°Þ (0.02, 138°) (0.01, 91°) (0.00, 6°) ð0.00;−75°Þ

Nð1520Þ3
2
− (0.09, 139°) (0.14, 141°) (0.04, 102°) (0.07, 115°) ð0.16;−108°Þ ð0.22;−99°Þ

Nð1700Þ3
2
− ð0.02;−35°Þ (0.03, 20°) ð0.01;−123°Þ (0.01, 5°) ð0.02;−4°Þ (0.01, 87°)

Nð1875Þ3
2
− ð0.00;−110°Þ ð0.00;−82°Þ ð0.00;−172°Þ ð0.00;−114°Þ ð0.00;−157°Þ ð0.00;−105°Þ

Nð1675Þ5
2
− (0.01, 108°) (0.01, 117°) (0.25, 82°) (0.30, 89°) ð0.00;−51°Þ ð0.00;−48°Þ

Nð1680Þ5
2
þ ð0.00;−8°Þ ð0.00;−32°Þ (0.04, 31°) (0.04, 26°) (0.95, 165°) (0.98, 162°)

Nð1990Þ7
2
þ ð0.00;−46°Þ ð0.00;−42°Þ ð0.04;−60°Þ ð0.04;−62°Þ ð0.00;−105°Þ ð0.00;−107°Þ

Nð2190Þ7
2
− ð0.00;−155°Þ ð0.00;−149°Þ (0.01, 146°) (0.01, 154°) (0.07, 177°) (0.03, 177°)

Nð2250Þ9
2
− ð0.01;−31°Þ ð0.01;−47°Þ ð0.12;−28°Þ ð0.16;−38°Þ ð0.00;−42°Þ ð0.01;−52°Þ

2nd pole 9
2
− (0.00, 92°) (0.00, 83°) (0.06, 85°) (0.05, 78°) (0.00, 44°) (0.00, 44°)

Nð2220Þ9
2
þ (0.00, 50°) (0.00, 58°) (0.01, 10°) (0.01, 14°) (0.03, 21°) (0.03, 24°)

TABLE VI. The branching ratios of the high-lying N� states to
the ωN channel (in percent). The values outside (inside) the
brackets are from fit A (B). The Nð1900Þ3

2
þ pole in fit A is lower

than the ωN threshold. The three subchannels are (1)jJ − Lj ¼
1
2
; S ¼ 1

2
; (2)jJ − Lj ¼ 1

2
; S ¼ 3

2
; (3)jJ − Lj ¼ 3

2
; S ¼ 3

2
.

Resonances Channel (1) Channel (2) Channel (3)

Nð1900Þ3
2
þ (0.09%) (0.06%) (0.00%)

Nð1875Þ3
2
− 0.02(0.03)% 0.00(0.01)% 0.02(0.01)%

Nð1990Þ7
2
þ 0.01(0.01)% 3.20(3.16)% 0.00(0.00)%

Nð2190Þ7
2
− 0.00(0.00)% 0.09(0.02)% 3.33(0.79)%

Nð2250Þ9
2
− 0.02(0.03)% 12.00(14.23)% 0.03(0.04)%

2nd pole 9
2
− 0.02(0.01)% 6.65(5.82)% 0.01(0.01)%

Nð2220Þ9
2
þ 0.00(0.00)% 0.04(0.05)% 0.80(0.87)% 4It is called D13ð1950Þ in Ref. [38].
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The branching ratios to the lower physical channels are
also given for the N� states in Table IX and for the Δ states
in Table X. We should emphasize again that the branching
ratios here actually come from the residues, and in principle

cannot be directly related to the imaginary part of the pole
(the total width). It can happen that these branching ratios
do not sum up to 100%, since most of the N� and Δ
resonances are not typical Breit-Wigner states.

TABLE VII. The normalized residues of the N� states for the lower channels, given in the form ðNR; θÞ, with the phase θ in units of
degrees. In each cell, the first (second) value is from fit A (B).

Resonances πN ηN KΛ KΣ

Nð1535Þ1
2
− ð0.44;−29°Þ ð0.40;−37°Þ (0.48, 126°) (0.48, 120°) (0.65, 21°) (0.66, 10°) (0.21, 158°) ð0.18;−171°Þ

Nð1650Þ1
2
− ð0.46;−58°Þ ð0.45;−59°Þ (0.17, 33°) (0.16, 19°) ð0.21;−68°Þ ð0.21;−74°Þ ð0.43;−56°Þ ð0.38;−60°Þ

Nð1440Þ1
2
þ ð0.40;−104°Þ ð0.57;−74°Þ ð0.03;−62°Þ (0.05, 26°) (0.03, 102°) (0.03, 178°) ð0.04;−47°Þ (0.03, 176°)

Nð1710Þ1
2
þ ð0.31;−1°Þ (0.84, 158°) (0.51, 161°) ð0.54;−129°Þ ð0.41;−23°Þ (0.31, 104°) (0.11, 79°) ð0.26;−6°Þ

Nð1880Þ1
2
þ (0.01, 157°) ð0.02;−43°Þ ð0.04;−26°Þ ð0.01;−34°Þ (0.04, 156°) (0.01, 33°) (0.07, 164°) (0.09, 68°)

Nð1720Þ3
2
þ ð0.12;−32°Þ ð0.13;−28°Þ (0.07, 120°) (0.05, 102°) ð0.01;−94°Þ ð0.02;−92°Þ (0.01, 118°) (0.03, 104°)

Nð1900Þ3
2
þ ð0.07;−132°Þ ð0.15;−163°Þ (0.04, 53°) (0.08, 28°) ð0.02;−153°Þ ð0.05;−175°Þ (0.00, 86°) ð0.00;−75°Þ

Nð1520Þ3
2
− ð0.67;−11°Þ ð0.85;−9°Þ (0.02, 73°) (0.02, 76°) (0.03, 134°) (0.03, 127°) ð0.04;−28°Þ (0.01, 40°)

Nð1700Þ3
2
− (0.09, 68°) (0.05, 146°) (0.01, 124°) ð0.01;−177°Þ ð0.01;−148°Þ ð0.00;−110°Þ (0.01, 87°) ð0.00;−156°Þ

Nð1875Þ3
2
− ð0.01;−84°Þ ð0.01;−37°Þ (0.00, 56°) (0.00, 112°) ð0.00;−171°Þ ð0.00;−32°Þ (0.00, 32°) (0.00, 104°)

Nð1675Þ5
2
− ð0.60;−18°Þ ð0.66;−7°Þ ð0.13;−56°Þ ð0.09;−58°Þ ð0.01;−59°Þ ð0.02;−9°Þ ð0.02;−168°Þ ð0.05;−163°Þ

Nð1680Þ5
2
þ ð0.81;−20°Þ ð0.79;−21°Þ (0.03, 83°) (0.03, 91°) ð0.01;−41°Þ ð0.01;−39°Þ (0.01, 139°) (0.00, 114°)

Nð1990Þ7
2
þ ð0.06;−103°Þ ð0.06;−104°Þ (0.02, 125°) (0.02, 140°) ð0.01;−122°Þ ð0.01;−128°Þ (0.01, 62°) (0.01, 63°)

Nð2190Þ7
2
− ð0.13;−67°Þ ð0.14;−67°Þ (0.02, 92°) ð0.01;−94°Þ ð0.02;−98°Þ ð0.01;−112°Þ ð0.00;−127°Þ ð0.00;−117°Þ

Nð2250Þ9
2
− ð0.12;−112°Þ ð0.19;−128°Þ ð0.10;−164°Þ ð0.20;−175°Þ (0.02, 79°) (0.01, 105°) ð0.03;−161°Þ ð0.07;−170°Þ

2nd pole 9
2
− (0.06, 108°) (0.04, 84°) (0.06, 123°) (0.03, 106°) (0.00, 173°) (0.00, 34°) (0.01, 84°) (0.01, 67°)

Nð2220Þ9
2
þ ð0.14;−70°Þ ð0.14;−69°Þ (0.01, 112°) ð0.00;−78°Þ ð0.01;−86°Þ ð0.01;−89°Þ ð0.00;−98°Þ ð0.00;−92°Þ

TABLE VIII. The normalized residues of the Δ states for the lower channels, written in the form ðNR; θÞ, with the
phase θ in units of degrees.

Resonances πN (Fit A) πN (Fit B) KΣ (Fit A) KΣ (Fit B)

Δð1620Þ1
2
− ð0.47;−107°Þ ð0.47;−107°Þ ð0.19;−104°Þ ð0.18;−105°Þ

Δð1750Þ1
2
þ (0.01, 144°) � � � ð0.03;−81°Þ � � �

Δð1910Þ1
2
þ (0.20, 150°) (0.10, 114°) (0.01, 32°) (0.01, 75°)

Δð1232Þ3
2
þ ð1.02;−38°Þ ð1.01;−40°Þ ð1.12;−169°Þ ð1.10;−170°Þ

Δð1600Þ3
2
þ ð0.12;−123°Þ ð0.06;−137°Þ (0.14, 12°) (0.07, 25°)

Δð1920Þ3
2
þ (0.09, 88°) (0.08, 86°) (0.17, 141°) (0.16, 139°)

Δð1700Þ3
2
− ð0.04;−46°Þ ð0.05;−26°Þ (0.01, 49°) (0.01, 59°)

Δð1940Þ3
2
− ð0.00;−153°Þ ð0.00;−157°Þ (0.03, 22°) (0.03, 19°)

3rd pole 3
2
− � � � (0.02, 141°) � � � (0.01, 119°)

Δð1930Þ5
2
− ð0.04;−169°Þ ð0.05;−153°Þ ð0.00;−4°Þ ð0.01;−9°Þ

Δð1905Þ5
2
þ ð0.01;−104°Þ ð0.04;−98°Þ ð0.00;−34°Þ ð0.00;−37°Þ

Δð1950Þ7
2
þ ð0.45;−8°Þ ð0.45;−8°Þ ð0.02;−52°Þ ð0.02;−54°Þ

Δð2200Þ7
2
− ð0.01;−174°Þ ð0.09;−160°Þ ð0.00;−6°Þ (0.02, 7°)

2nd pole 7
2
− � � � ð0.05;−96°Þ � � � (0.01, 17°)

Δð2400Þ9
2
− ð0.05;−105°Þ ð0.05;−105°Þ (0.00, 16°) (0.00, 16°)
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Last, currently for the lack of constraints from ππN
and ρN data in this model, the residues for the effective
three-body channels are less instructive. Thus, they are
displayed in Appendix C.

B. Scattering lengths

The scattering lengths are defined as:

aκ ≡ lim
pκ→0

p−1
κ tan δ̃ðL¼0Þ

κ ; ð16Þ

where κ is the channel label and δ̃ðL¼0Þ
κ is the generalized S-

wave phase shift from the diagonal element of the S-matrix,

Sκκ ≡ e2iδ̃κ : ð17Þ

Note that when the energy is below the ππN threshold and κ
corresponds to πN, Eq. (17) is the common definition of the
phase shift, namely both δ̃ and a are real. Specifically the
scattering length is extracted from the τ amplitude of Eq. (7),

aκ ¼ lim
pκ→0

p−1
κ τðL¼0Þ

κκ : ð18Þ

As already mentioned, the ωN scattering length is very
important since it indicates whether the ω meson can form

TABLE IX. The branching ratios (in percent) of the N� states to the lower physical channels, defined by Eq. (14).
The values outside (inside) the brackets are from fit A (B).

Resonances πN ηN KΛ KΣ

Nð1535Þ1
2
− 44.01(40.04)% 51.81(56.80)% � � � � � �

Nð1650Þ1
2
− 46.93(44.98)% 6.49(5.89)% 9.38(9.84)% � � �

Nð1440Þ1
2
þ 39.86(56.63)% � � � � � � � � �

Nð1710Þ1
2
þ 30.91(84.47)% 85.56(34.49)% 53.29% 4.17%

Nð1880Þ1
2
þ 1.24(1.89)% 15.04(0.40)% 12.53(0.98)% 38.88(41.85)%

Nð1720Þ3
2
þ 12.15(13.32)% 3.64(1.55)% 0.14(0.34)% � � �

Nð1900Þ3
2
þ 6.92(15.27)% 2.09(4.09)% 0.37(1.62)% 0.03(0.18)%

Nð1520Þ3
2
− 66.81(84.65)% 0.04(0.06)% � � � � � �

Nð1700Þ3
2
− 8.72(4.99)% � � � � � � � � �

Nð1875Þ3
2
− 1.36(1.31)% 0.02(0.02)% 0.00(0.00)% 0.01(0.00)%

Nð1675Þ5
2
− 59.73(65.74)% 2.69(1.32)% 0.03(0.07)% � � �

Nð1680Þ5
2
þ 81.17(79.44)% 0.08(0.08)% 0.01(0.00)% � � �

Nð1990Þ7
2
þ 5.56(5.79)% 0.58(0.42)% 0.10(0.18)% 0.37(0.32)%

Nð2190Þ7
2
− 12.90(13.69)% 0.21(0.05)% 0.17(0.08)% 0.00(0.00)%

Nð2250Þ9
2
− 12.20(18.69)% 7.58(20.42)% 0.24(0.04)% 0.97(2.91)%

2nd pole 9
2
− 5.58(3.67)% 5.51(3.08)% 0.01(0.00)% 0.35(0.21)%

Nð2220Þ9
2
þ 13.57(13.98)% 0.03(0.01)% 0.11(0.07)% 0.00(0.00)%

TABLE X. The branching ratios (in percent) of the Δ states to
the lower physical channels, defined by Eq. (14). The values
outside (inside) the brackets are from fit A (B).

Resonances πN KΣ

Δð1620Þ1
2
− 47.13(46.92)% � � �

Δð1750Þ1
2
þ 1.2% 5.6%

Δð1910Þ1
2
þ 19.75(9.93)% 0.06(0.03)%

Δð1232Þ3
2
þ 101.86(101.39)% � � �

Δð1600Þ3
2
þ 11.70(6.44)% � � �

Δð1920Þ3
2
þ 9.17(8.04)% 32.08(32.72)%

Δð1700Þ3
2
− 4.46(5.06)% 0.36(0.33)%

Δð1940Þ3
2
− 0.24(0.41)% 28.86(28.17)%

3rd pole 3
2
− (2.44%) � � �

Δð1930Þ5
2
− 3.91(5.20)% 0.03(0.07)%

Δð1905Þ5
2
þ 1.33(3.98)% 0.00(0.00)%

Δð1950Þ7
2
þ 45.06(45.48)% 0.12(0.12)%

Δð2200Þ7
2
− 0.79(8.75)% 0.01(0.26)%

2nd pole 7
2
− (4.80%) (0.28%)

Δð2400Þ9
2
− 5.17(5.26)% 0.01(0.01)%

TABLE XI. The scattering lengths of ωN channel in units
of fms.

Fit aωNðS ¼ 1
2
Þ aωNðS ¼ 3

2
Þ āωN

A −0.13þ 0.11i −0.31þ 0.01i −0.24þ 0.05i
B −0.04þ 0.13i −0.29þ 0.01i −0.21þ 0.05i

WANG, RÖNCHEN, MEIßNER, LU, SHEN, and WU PHYS. REV. D 106, 094031 (2022)

094031-12



bound states in the nuclear medium. There are two ωN
scattering lengths with total spin S ¼ 1=2; 3=2. Here we
consider the spin-averaged scattering length, which is
commonly used in the literature (see, e.g., Ref. [68]):

āωN ¼ 1

3
aωN

�
S ¼ 1

2

�
þ 2

3
aωN

�
S ¼ 3

2

�
: ð19Þ

The results for fits A and B are shown in Table XI. Though
the real parts of the S ¼ 1=2 scattering length are somewhat
different, the two results for ā agree with each other
qualitatively: both of them have a negative real part,
indicating that our model, irrespective of the uncertainties,
does not support bound states of the ω in nuclear matter.
The imaginary parts are relatively smaller, showing weak
inelastic effects near the ωN threshold. The values of āωN
here and in the previous studies are plotted in Fig. 10. Our
negative real part agrees with all those except for the two
studies based on QCD sum rules. Note that in addition
to Fig. 10, there are some results on the absolute value
of the scattering length, e.g., jāωN j ¼ 0.82� 0.03 fm in
Ref. [72], and also jāωN j ¼ 0.81� 0.41 fm from a calcu-
lation mentioned therein based on Ref. [138].

Results for the scattering lengths of the lower channels
are shown in Table XII. The value of πN scattering length is
quite similar to Ref. [51] and compatible with the result of
the Roy-Steiner analyses in Ref. [139], since the inclusion
of a high-lying ωN channel should not affect the physics
of πN threshold significantly. However, the scattering
lengths of KΛ and KΣðI ¼ 1=2Þ have changed consider-
ably compared with the results in Ref. [51]. This discrep-
ancy possibly stems from the lack of precision of the
corresponding near-threshold data points. The error-bars
of the near-threshold differential cross sections in the
πN → KΛ; KΣ reactions are rather large.

V. CONCLUSION AND OUTLOOK

In this paper we have performed a refined investigation
on pion-induced meson-baryon scattering reactions, using a
sophisticated coupled-channel approach (the Jülich-Bonn
model). The model includes t- and u-channel exchange
diagrams and s-channel genuine states in addition to
phenomenological contact terms, taking into account the
πN, ππN (effectively parametrized by πΔ, σN, and ρN),
ηN, KΛ, and KΣ channels with ωN newly included. This
model covers the energy region from the πN threshold up to
2.3 GeV, and fits are done based on all available data. The
model-dependence is estimated by comparing two different
fit scenarios. After the calculation of the amplitudes and
extraction of the resonance poles, the N� and Δ resonance
spectra are reanalyzed, and the following conclusions can
be drawn:

(i) While the well-established N� states like Nð1535Þ1
2
−,

Nð1650Þ1
2
−, etc., always remain nearly unchanged,

some resonances in higher partial waves are found
to be stable. The main discrepancy of the two fit
scenarios is the dynamical structure of the P11 wave.

(ii) As for the Δ states, even if ωN does not couple to
them, the results are also refined by the new global
fits. Specifically, the Δð1910Þ1

2
þ in our model is

rather broad.
(iii) The ωN channel mainly couples to three low-lying

states in this model, Nð1535Þ1
2
−, Nð1710Þ1

2
þ, and

Nð1680Þ5
2
þ. The higher resonances do not show

markable couplings to the ωN channel, with the
Nð2250Þ9

2
− being the most important one.

1.5− 1− 0.5− 0 0.5 1 1.5

) [fm]
 NωaRe(

1−

0.5−

0

0.5

1
) 

[fm
]

 N
ωa

Im
(

This work Koike and Hayashigaki

Klingl et. al.
Lutz et. al.

Shklyar et. al.

Muehlich et. al.

Paris

Ishikawa et. al.

FIG. 10. A summary of the spin-averaged ωN scattering length.
The result from fit A (B) is denoted by the empty (filled) red
triangle. The relevant references are Koike and Hayashigaki [68],
Klingl et al. [70], Lutz et al. [34], Shklyar et al. [38], Muehlich
et al. [71], Paris [48] and Ishikawa et al. [74].

TABLE XII. The scattering lengths of the lower channels in units of fms.

Result aπN; I ¼ 1
2
ð3
2
Þ aηN aKΛ aKΣ; I ¼ 1

2
ð3
2
Þ

Fit A 0.25ð−0.16Þ 0.51þ 0.20i −0.15þ 0.05i −0.01ð−0.39Þ þ 0.30ð0.02Þi
Fit B 0.25ð−0.16Þ 0.57þ 0.22i −0.15þ 0.04i −0.07ð−0.39Þ þ 0.29ð0.01Þi
Fit A of Ref. [51] 0.25ð−0.16Þ 0.49þ 0.24i 0.04þ 0.04i 0.36ð−0.30Þ þ 0.15ð0.04Þi
Fit B of Ref. [51] 0.29ð−0.16Þ 0.55þ 0.24i 0.04þ 0.03i 0.32ð−0.30Þ þ 0.14ð0.05Þi
Ref. [139] 0.257� 0.005ð−0.112� 0.004Þ � � � � � � � � �
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(iv) The spin-averaged scattering length of ωN is
calculated, resulting in a negative real part. In fit
A it is ð−0.24þ 0.05iÞ fm and in fit B
ð−0.21þ 0.05iÞ fm. This, in agreement with most
other studies, does not support bound states of the ω
meson in nuclear matter.

There are two main directions for future studies. On the
one hand, building on the framework of Refs. [56,135],
we plan to extend the current work to ω photoproduction,
profiting from the large amount of high-quality data that
will be of high importance to further refine the ωN
resonance parameters. On the other hand, the output
of this work can be directly used as the input for, e.g.,
studying the in-medium behavior of the ω meson, or
investigating the possible hadronic molecules [140] among
the N� and Δ resonances. Last, this model can also be
employed to the check the possible structures below the πN
threshold [141–147].
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APPENDIX A: OBSERVABLES OF THE
OMEGA-NUCLEON CHANNEL

The expression of the differential cross section for either
π−p → ωn or πþn → ωp is

dσ̄
dΩ

¼ 2

3p2
i

�����
X
J

ð2J þ 1ÞτJþþ0d
J
1=2;1=2ðθÞ

����
2

þ
����
X
J

ð2J þ 1ÞτJþ−0d
J
1=2;−1=2ðθÞ

����
2

þ
����
X
J

ð2J þ 1ÞτJþ−−d
J
1=2;1=2ðθÞ

����
2

þ
����
X
J

ð2J þ 1ÞτJþþþdJ1=2;−1=2ðθÞ
����
2

þ
����
X
J

ð2J þ 1ÞτJþþ−d
J
1=2;3=2ðθÞ

����
2

þ
����
X
J

ð2J þ 1ÞτJþ−þdJ1=2;−3=2ðθÞ
����
2
�
; ðA1Þ

where the initial spins are averaged and the final ones are summed, the dJ’s are Wigner d-functions (with the scattering
angle θ as the argument) and τJλ1λ3λ4 are the amplitudes of Eq. (7) written in the helicity basis (total isospin I ¼ 1=2), with λ1,

λ3, and λ4 being the helicities of initial nucleon, final nucleon and final ω, respectively (“�” stands for λ ¼ � 1
2
or�1). The

relation between the τ amplitudes in Eq. (7) (JLS basis) and in Eq. (A1) (helicity basis) is

0
BBBBBBBBB@
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using the abbreviations
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: ðA3Þ

After integrating over the angular dependence, the total cross section for either π−p → ωn or πþn → ωp is

σ̄ ¼ 8π

3p2
i

X
J

ð2J þ 1ÞðjτJþþ0j2 þ jτJþ−0j2 þ jτJþ−−j2 þ jτJþþþj2 þ jτJþþ−j2 þ jτJþ−þj2Þ: ðA4Þ

APPENDIX B: PARTIAL WAVE AMPLITUDES OF πN → ωN

The partial wave amplitudes of πN → ωN in this work do not show significant structures, and depend not much on the
two different fit solutions especially when the energy is close to the ωN threshold. For partial waves with (πN) orbital
angular momentum L ≤ 2, see Figs. 11–13, for L ≥ 3 see Figs. 14–16. The magnitude of F15 amplitude in subchannel (3) is
relatively large, since the coupling of ωN to Nð1680Þ5

2
þ is rather strong. Note that theN�ð1680Þ is only a P-wave resonance

for ωN.
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APPENDIX C: COUPLINGS OF THE RESONANCES TO EFFECTIVE THREE-BODY CHANNELS

In this section the complex couplings gμ to the effective three-body channels (σN excluded) are given as:

T̃μν ∼
gμgν
z − z0

þ � � � ; ðC1Þ

where gμ is related to Rμ by Eq. (7). The results are shown for theN� states in Table XIII and for theΔ states in Table XIV. In
this model we do not consider the couplings of σN to the resonances.
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