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A refined investigation on light flavor meson-baryon scatterings is performed using a dynamical
coupled-channel approach, the Jiilich-Bonn model, that respects unitarity and analyticity constraints. The
channel space of 7N, zA, oN, pN,nN, KA, and KX is extended by adding the N final state. The spectra of
N* and A 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 zN threshold to center-
of-mass energy z = 2.3 GeV. A negative value of the wN elastic spin-averaged scattering length is
extracted, questioning the existence of bound states of the @ 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 A(1232) 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
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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 zN elastic scattering, resulting in most of the
resonances known today. However, due to the fact that some
states may not couple strongly to zN [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 Jiilich-
Bonn (JiiBo) 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 zN elastic scattering in Refs. [42,43].
Its early coupled-channel extensions (including zzN
and 7N) 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
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channels KA, KX and higher partial waves up to J = 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 P, states in
the hidden-charm sector were also studied with the JiiBo
model [58,59].

To summarize, the hadronic Jiilich-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 w/N have not been considered. To
further refine the model and to enrich the resulting physics,
here we extend this model by adding the wN channel.
Furthermore, the @ can be considered as the first vector
meson regarded as a stable particle in this approach.

Reaching beyond the completion of our model, the ®N
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 yN
interaction is dominated by pN, N and ¢N. The p meson
is very broad and would not behave like a quasiparticle
when it is in-medium, while the direct $ NN coupling is
suppressed due to the nearly pure s§ component of ¢. In
this respect, N can be considered as the most important
channel. Additionally, the details of wN 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 w is proportional to the
elastic scattering amplitude of wN. Therefore, the elastic
wN amplitude provides crucial information about the
in-medium . This holds especially for the real part of
the spin-averaged wN scattering length, which indicates
whether or not the @ can form bound states in the medium.

niN KA

However, this scattering length cannot be observed directly
by experiments. On the theoretical side, even the sign of
the spin-averaged wN scattering length is still an open
question. Results based on QCD sum rules [68—70] support
an attractive force in the wN 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 w/N 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 the @N channel are shown
in Appendix A. The partial wave amplitudes of zZN — oN
interaction are given in Appendix B. Tables containing the
coupling strengths of the resonances to the effective three-
body channels (zA, oN, and pN) are given in Appendix C.
Fit results for channels other than wN 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 zN, zzN, nN, KA, KX, and o N
channels are considered. The zzN system is simulated by
three effective channels, the zA, 6N and pN. The threshold
of each channel is shown in Fig. 1. Note that the width of
the w 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:

T,.(p".p'.2)
=V,(p".p'.z)
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Thresholds of the scattering channels currently considered in the JiiBo 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), p’ and p” 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 p’ and p” by the on-shell conditions when

|
G (z,p) = { EZZ:?_ 3

—w, +i0")!

Further, E,, w, denote the energies of the baryon and
the meson in channel «, respectively, with a relativistic
dispersion relation, e.g., E, = /p*> + M2. For the quasi
three-body channels, X, is the self-energy function of
the unstable particle (A, o, p). 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 =TV 4 TP, (3)
Specifically, TV? is generated only by potentials from #- and

u-channel exchange and contact diagrams, denoted as VN?:
|

- % (z,p) +i0F]!

calculating physical observables. Further, u, v and « are the
channel labels denoting the meson-baryon system with
specific isospin (), angular momentum (J, up to 9/2),
spin (S) and orbital angular momentum L. G(p, z) is the
propagator of the intermediate channel:

(if k is a two-body channel),

(if « is an effective channel).

[

0y (p".p.2)
— VNP( " p/ Z)

+Z/ pXdpVit (P, p.2)G(p. TR (p. P 2),

(4)

whereas T¥ is constructed via

Tou(P". ' 2) Z )i (@)L ,(P). (5)

Here, i, j are the indices of the s-channel poles, I'; ; is the
dressed vertex function describing the annihilation of the ith
resonance to channel g, and similar for Fjﬁ j (creation of the

resonance from channel v). Also, D~! is the propagator of
the s-channel resonances related to the self-energies %;;:

0i(p") = 7(p") +Z/ prdpTul(p”, p.2)Ge(p. 2)rdi(p),

T, (p) =75, (p)+ > A p*dpr;;(p)Gi(p,

Dij(Z) = 5ij(Z - m?) - Zij<z)’

5= / PPdpy (p)Gi

where the y’s are bare vertices and m? is the bare mass
of the ith resonance. Equation (6) actually corresponds
to the construction of 77 by Schwinger—Dyson-like equa-
tions illustrated in Fig. 2. More importantly, 7" can also
dynamically generate poles which are not included as
genuine states in the s-channel.

The potentials VN? 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

)T (p.p'.2).

P ;(p); (6)

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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N*(A)

(a) The vertex.

N*(A)

N*(A)

(b) The self energy.

FIG. 2. Schematic plot of Eq. (6).

N channel, to make the dynamics of the KX system
complete, in this work we add two more diagrams. These
are KA — KX and KX — KX reactions with the #-channel
ag exchange. They are allowed by SU(3) symmetry and
other conservation laws, but were not considered in the
previous studies using the JiiBo 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-, f-, 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-, 7-, and u-channel diagrams.

The observables can be evaluated using 7,,. The
normalized, dimensionless partial-wave amplitudes 7z are
directly related to the observables:

Tyy = — 7/ pppuTyw (7)

where p is a kinematical phase factor,
p
Pr = ?K E oy, (8)

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

Sy = O + 2ity,. 9)

III. FITS

A. Database and numerical details

For the newly included wN channel, we fit to the data
from the two reactions #7n — wp and 7~ p — wn simul-
taneously, in addition to all other channels of the approach.
The database for @/ is summarized in Table I. The datasets
of the channels lower than wN remain the same as in
Ref. [51], see Refs. [30,82-124]. Note that for the zN
elastic scattering we fit to the energy-dependent
GWU/SAID solution [30], while the other data points

TABLE 1. The database of zN — wN. “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.

Data
Ref. Observable points Reaction
Table. V of Ref. [125] XS 13 ztn - wp
Fig. 20 of Ref. [125] XS 10 z'n— wp and

(Ref. [126] etc.) Tp > wn

Fig. 14 of Ref. [82] FWD 10 Tp — wn
Fig. 6 of Ref. [127] FWD/BWD 34 nTp — wn
Fig. 8 of Ref. [127] XS 23 T~p > wn
Table 1 of Ref. [128] XS 8 nTp = wn
Fig. 3 of Ref. [128] DXS 80 Tp— wn
Total e 178
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TABLE II. The number of fit parameters in this work. See
Egs. (4) and (5) for the separation of TV and T* (including the
phenomenological contact terms). “Newly included” means the
parameters newly introduced by the wN channel as well as by
the two extra a, exchange potentials in the KX channel.

NP Tr Total
Newly included 15 23 38
old 64 202 266
Total 79 225 304

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 Jiilich [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
N 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 (1 — VG) matrix
algebraically. The y?, measuring the deviation of the
theoretical curve to the data points, is minimized by the
MINUIT package [131].

As the N data base is quantitatively and qualitatively
very limited, we apply weighting factors in the y? 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 zN — 7N 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 yN differential cross section from
Brown et. al. [114]), c.f. the discussion in Ref. [51], so
that we refrain from giving y> 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:

(1) Fit A: a solution with dynamically generated poles

similar to those in Ref. [51].

(i1) Fit B: starts from an intermediate stage of fit A,
with an extra narrow (dynamical) pole in the P
J? = %*) 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.

e
(]
o
~0. I s I s L !
) 1200 1400 1600 1800
z [MeV]
(a) The real part.
O
E
= ! ‘ | ‘ |
1200 1400 1600 1800
z [MeV]
(b) The imaginary part.
FIG. 3. The comparison of fits A and B for the P;; zN elastic ¢

amplitude. The SAID solution is from Ref. [30] (energy-
dependent solution).

B. Description of the data

As for the description of the data, fit B is mainly
distinguished from fit A by the zN amplitude of the
P, (JP :%ﬂ 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*(1710)
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 /N 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.
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35 O Kraemer et. al.
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A Karami et. al.
— FitA
—-— FitB

S

o [mb]

1800 1900 2000 2100 2200 2300
z [MeV]

FIG. 4. The total cross section for zN — wN reaction. The data
are from Kraemer et al. [126], Danburg et al. [125], Keyne et al.
[127] and Karami ef al. [128].

Both fits A and B give a quite good description of the o N
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
N 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 = 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 zN — @wN reaction are plotted in
Appendix B.

IV. RESULTS
A. N* and A spectrum

1. Pole parameters

In this model the resonances are extracted by searching
for complex poles of the amplitude 7 on the unphysical (i.e.,
second) Riemann sheet, as described in detail in Ref. [49].
For one resonance pole,1

'Resonance poles always appear as pairs: when z; is a pole
then z; must be another. Here we only discuss the one with the
negative imaginary part.

140 e e e

120? a Keyne et. al. % j
— FitA

1001 --FitB__ | =t

&
ey 80 B
E: L
G 60 |
S |
8 40 .
20 B
0 -
1720 1725 1730 1735 1740 1745 1750 1755 1760 1765 1770
z [MeV]
(a) Backward differential cross section.
140 e
120? a Keyneetal.| A p—==--"7]
e Binnie et. al.
100~ — FitA -
= -~ FitB
(2]
s 80 B
a_ L
G 60 _
S |
S 40 ]
20 B
0 -
1720 1725 1730 1735 1740 1745 1750 1755 1760 1765 1770
z [MeV]

(b) Forward differential cross section.

FIG. 5. The backward and forward differential cross sections
of zN — wN. The data are from Binnie et al. [82] and Keyne
et al. [127].

r
Z():M—El., (10)

where M is the pole mass and I the pole width. The leading
order Laurent expansion is parametrized as

R,R
B (11)
o — <

where 7 represents the 7 amplitude of the reaction channels
v — pu on the unphysical sheet, and R, is the residue
belonging to channel y. In this paper we use the convention
of Partial Data Group (PDG) [134] to measure the coupling
strength by the so-called normalized residue:

2R,y
NRﬂETXRﬂ. (12)

One can define the nominal partial width in terms of R,
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T T
150 _ z=1724 MeV __ T 1731 MeV _
E A Data 1 I ]
100 — FitA| T T ]
50 3 —-— FitB| I I é ]
A PPN ﬁ—&—éﬂﬁfﬁﬂé—ﬂ—ﬂ TE AR
0r I T ]
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
LT T T T I T T T T T T T ]
150 £ 1736 MeV I 1741 MeV T % % 7

do/dQ [ub/sr]

1748 MeV E

05 0

50 F T
ok 1755 MeV I 1763 MeV ]
CL 1 1 1 1T 1 1 1 1]
-1 05 0 0.5 1-1 05 O 0.5 1
cos®

FIG. 6. Differential cross section of zN — @N at different energies. The data are from Ref. [128].

350 - T T I T3-T T T T3-T I I I | =
300 F 1800 MeV % 3 1900 MeV % ks 2000 MeV 3
5 250F % % %—— % % % 3 ; E
g 200f ;F + : AT =
|9} F7 3 ¥ 3
© 100 % 0 Data !
50F — FitAF @ Els| ]
ok -— FitBE® i E

1 1 1 1 1 1 1 1 1 1 1 1 1

-1 -0.5 0 0.5 1-1 -0.5 0 0.5 1-1 -0.5 0 0.5 1

cos®

FIG. 7. The nN — wN 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.

r,=[V2R,. (13)
The branching ratios can further be defined via
r
BR, = ?" (14)

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

I,
put N
| = T (15)
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 A 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 A
resonances within our reach (Im(zy) <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 [1 34].% Some of the pole positions show
a large model-dependence and deviate much from PDG.

’It 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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TABLE III.

Pole positions of the N* states (in units of MeVs).

The first column also exhibits the J” quantum numbers. “NP”
means the pole is possibly dynamically generated from the TN?
part. The significance of the states according to the PDG [134] is

also shown in the last column.

Estimation of

Resonances Fit A Fit B PDG [134]
N(1535){ 1500 —46i 1499 —46i 1510 — 65i (***%*)
N(1650)%— 1658 —64i 1664 — 68i 1655 — 68i (****)
N(1440)%Jr (NP) 1318 —126i 1411 —121i 1370 — 88i (*¥*%*%*)
N(1710)%Jr 1704 —78i 1603 —279i 1700 — 60i (***%*)
N(ISSO)%Jr (NP) 1715-—-233i 1755-220i 1860 — 115i (**%)
N(1720)%Jr 1680 —91i 1679 —95i 1675 — 125i (¥***)
N(1900)%+ 1717 —354i 1750 —320i 1920 — 757 (****)
N(1520)%‘ 1498 —53i 1499 —52i 1510 — 55i (¥*%*%*)
N(1700)%‘ (NP) 1439 —284i 1398 —193i 1700 — 1007 (***)
N(1875)%’ (NP) 1905 -331i 1891 —261i 1900 — 80i (**%*)
N(1675)%‘ 1658 —63i 1660 —56i 1660 — 68i (****)
N(1680)%+ 1679 —46i 1674 —47i 1675 — 60i (**%%*)
N(1990)%Jr 1900 —207i 1901 — 204 Omitted (**)
N(2190)%‘ 1950 — 180i 1960 — 188i 2100 — 200i (¥***)
N(2250)g‘ 2169 — 1360 2201 —145i 2200 — 2107 (¥***)
2nd pole %’ (NP) 1939 -213i 1978 —197i I
N(2220)2* 2121 —182i 2125 —182i 2170 — 200i (¥***)

TABLE IV. Pole positions of the A states (in units of MeVs).
The first column also exhibits the J© quantum numbers. “NP”
means the pole is possibly dynamically generated from the TN?
part. The significance of the states according to the PDG [134] is
also shown in the last column.

Estimation of

Resonances Fit A Fit B PDG [134]
A(1620)5~ 1602 —44i 1602 —43i 1600 — 60i (**%%*)
A(1750)%+ (NP) 1882 —157i Omitted (*)
A(1910)%+ 1765 —=339i 1813 —319; 1860 — 150i (****)
A(1232)%+ 1216 —45i 1213 —44; 1210 — 508 (*¥**%*)
A(1600)%+ (NP) 1572 —=81i 1577 —85i 1510 — 1357 (¥%#**)
A(1920)%+ 1888 —432i 1888 —427i 1900 — 150§ (**%*)
A(1700)%‘ 1825 —199i 1825 —211i 1665 — 125i (**%*)
A(1940)%* (NP) 2111-396i 2116 —412i 1950 — 175i (*¥)
3rd pole %‘ (NP) e 1358 —372i e
A(l930)§‘ 1720 —293; 1711 —223i 1880 — 140i (***)
A(1905)%+ 1703 —64i 1703 —63i 1800 — 150i (***%*)
A(1950)%+ 1884 —77i 1885 —79i 1880 — 120i (****)
A(2200)%— 2185 —84i 2208 —82i 2100 — 170i (¥*%)
2nd pole %‘ (NP) e 2037 — 324i

A(2400)g‘ 1942 — 255i 1941 —257i Omitted (*%*)

U
E N(1535) 1/2°  N(1680) 5/2
— — - [ )
50 E Nosdyar  4NGOTS) 52
= N(1650) 1/2 @
100 N(1720) 3/2’51/’
- ®N{1a40) 112 a.
— —150— 50) 9/2
> e N(2190) 7/2~ N(E250) 972
= = / N(1990) 7/2° % N(22;0) 92"
= 2001 * ! (1990) 7 .
N - \ - @’(2nd) 9/2
£ C N(1700) 327/ @
_o50F i / N(18g0) 172
-300 i o N(1710).1/2‘ v'v'N(1875) 32
C . :
= ! o
-350— a
C N(1900) 3/2
TS ) o E R E U E N SR S B
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Re(z) [MeV]
(a) N* states.
0OF
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T os0f- 7
E TVE A(1930) 5/21 A2400) 9/2°
-300f— ° B
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—400F— £ A(1940) 32
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= ]
,4507111}1111111111111111111|1
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Re(z) [MeV]
(b) A states.
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.

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 N(1535)}~, N(1650)3,
N(1720)3%, N(1520)37, N(1675)3~, and N(1680)3". It is
always hard to determine the high-spin states, but some
J >77/2 states are stable in this study. In this model the
lineshape of the P;;zN amplitude is dominated by the TN?
term, with N(1710)3" being the only genuine s-channel
state. This feature has already been found earlier, see, e.g.,
Ref. [45]. It is understandable that the %* poles in fit A
derivate from those in fit B, since the two solutions are
distinguished by crucial TV* parameters. In the P,5 partial
wave, the N(1900)3/2" moved far into the complex plain
and is much broader than in JiiBo 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
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hadronic reactions. Moreover, the N(1700)3~ pole in this
work is lower and broader than the estimation in PDG [134].
Last, we emphasize that the N(1895)1~, 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 JiiBo model to obtain a good
description of the data.

As already mentioned, the different lineshape of fit B in
the P, partial wave, see Fig. 3, stems from an extra narrow
resonance at zo = 1585 — 35i MeV, with strong couplings
to all the channels. However, in fit A this pole moves to
1490 — 245 MeV. Indications for similar broad resonance
are observed in a recent update of JiiBo approach including
KX photoproduction data [135].

Coming to the A states, even though @/ is a pure isospin
one-half channel, also the I = 3/2 parameters are refitted
as demanded by a coupled-channel framework. Note that
some of the TN? parameters do not only change the isospin
I = 1/2 partial waves and the amount of the data points for
the isospin three-half channels is relatively fewer (only
K™% is purely I = 3/2). Moreover, the inclusion of the
oN channel has non-negligible effects on the K*X~ and
K% 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 A(1620)i~ and A(1232)3*, are
more stable. However, the A(1910)3", 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 P3; wave does not need such a significant
resonance signal, see Fig. 9. The two states A(1920)3" and
A(1940)3 in our model are significantly broader than the
estimation in PDG [134]. Further, the other states tend to be
narrower.

3. oN coupling strengths

In this section we decompose the normalized residue as
NR = |NR|e', with @ in units of degrees. Roughly speak-
ing, the modulus |[NR| measures how significantly the
resonance contributes to the amplitude, while the phase 6
controls the interference behavior among different reso-
nances (and the background). The normalized residues of
the N* states for the N channel are shown in Table V.

In the current fit results, @N couples mainly to lower-
lying states, and the moduli of the normalized residues of
the N(1535)3~, N(1710)5", and N(1680)5" can be larger
than 0.5. Especially the value for the N(1535);~ in channel
(1) is more than one. The large couplings to the N(1535)5~
and the N (1710)}" 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

—0.4F
[ H N R T B
1200 1400 1600 1800 2000 2200
z [MeV]
(a) The real part.
0.6

0.4

Im(t)

0.2

Q pmmmmmm"""" SAID Solution

1 I 1 I 1 I 1 I 1 I 1 I
1200 1400 1600 1800 2000 2200

z [MeV]

(b) The imaginary part.

FIG. 9. Fit results of P3; zN elastic 7 amplitude. The SAID
solution is from Ref. [30] (energy-dependent solution). We do not
need a narrow A(1910) pole in both of the two fit scenarios.

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 @N interaction.
For instance, using a quark model, Ref. [137] claims
that the N(1720)3" and N(1680)3" have the biggest
contributions to oN photoproduction,3 while Ref. [34] gets
relatively larger couplings of wN to N(1535)3~, N(1650)%~
and N(1520)3". The coupled-channel analyses of
Refs. [36-38,71] indicate the important roles of the
N(1710)5", N(1675)3~ and N(1680)3". Extremely huge

SUnfortunately 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.

094031-9



WANG, RONCHEN, MEIBNER, LU, SHEN, and WU

PHYS. REV. D 106, 094031 (2022)

TABLE V. The normalized residues of the N* states for the w/N channel. The values are written in the form
(NR, 0), with the phase 6 in units of degrees. In each cell, the first (second) value is from fit A (B). The three sub-

channels are ()|J —L|=3.S=4 Q/-L| =3

=3 Q-Ll=35=3

Channel (2)

Channel (3)

Resonances Channel (1)
(1535)1‘ (1.13,-156°) (1.13,—163°)
N(16 )% (0.19, 156°) (0.14, 148°)
N(1440)%+ (0.18,-37°) (0.21, 23°)
N(1710)%+ (0.10, 158° (0.27,—86°)
N(ISSO)%+ (0.01, =24°) (0.00, 152°)
N(1720)%+ (0.01, 150°) (0.01, 155°)
N(1900)%+ (0.00, 33° (0.01,—19°)
N(ISZO)% (0.09, 139°) (0.14, 141°)
N(1700)% (0.02,-35°) (0.03, 20°)
N(1875)% (0.00,—-110° (0.00,—82°)
N(1675)§ (0.01, 108°) (0.01, 117°)
N(l680)§+ (0.00,—8°) (0.00, —32°)
N(1990)%+ (0.00, —46°) (0.00,—42°)
N(2190)% (0.00,—155°) (0.00, —149°)
(2250)% (0.01,-31°) (0.01,—47°)
2nd pole 5~ (0.00, 92°) (0.00, 83°)
N (2220)%+ (0.00, 50°) (0.00, 58°)

0
0
(0.34, 1°) (0.42, 64°)
(0.56, —172°) (0.73, -59°)
(0.03, 31°) (0.02, 157°)
(0.05, —178°) (0.06, —178°)
(0.02, 138°) (0.01, 91°)
(0.04, 102°) (0.07, 115°)
(0.01,-123°) (0.01, 5°
(0.00, —=172°) (0.00, —114°)
(0.25, 82°) (0.30, 89°)
(0.04, 31°) (0.04, 26°)
(0.04, —=60°) (0.04, —62°)
(0.01, 146° (0.01, 154°)
(0.12, —28°) (0.16, —38°)
(0.06, 85°) (0.05, 78°)
(0.01, 10°) (0.01, 14°)

(0.14, 26°) (0.13, 18°)
(0.02, -9°) (0.02,-10°)

S O O o~

(0.00, 69°) (0.00, 56°)
(0.00, 6° (0.00, —75°)
(0.16, —108°) (0.22, —99°)
(0.02, —4°) (0.01, 87°)
(0.00, —157°) (0.00, —105°)
(0.00, =51°) (0.00, —48°)
(0.95, 165°) (0.98, 162°)
(0.00, —105°) (0.00, —107°)
(0.07, 177° (0.03, 177°)
(0.00, —42°) (0.01, —52°)
(0.00, 44°) (0.00, 44°)
(0.03, 21°) (0.03, 24°)

bare couplings can hardly be avoided in phenomenological
coupled-channel models, e.g., in Ref. [71], the large bare
couplings of wN to N(1675)3~ and N(1680)5" are quite
similar to the couplings to N(1535)1~ and N(1710)1* 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 wN
channel, see Table VI. Though all those resonances do
not couple strongly to @N, the most significant state is

TABLE VI. The branching ratios of the high-lying N* states to
the wN channel (in percent). The values outside (inside) the
brackets are from fit A (B). The N(1900)3" pole in fit A is lower
than the N threshold. The three subchannels are (1)|J — L| =

1S=Lk@U-LI=15=50-Ll=}5=}

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

N(1 900)3+ (0.09%) (0.06%) (0.00%)
(1875)% 0.02(0.03)% 0.00(0.01)% 0.02(0.01)%
(1990)%+ 0.01(0.01)% 3.20(3.16)% 0.00(0.00)%
(2190)% 0.00(0.00)% 0.09(0.02)% 3.33(0.79)%
(2250)% 0.02(0.03)% 12.00(14.23)%  0.03(0.04)%

2nd pole 3 2= 0.02(0.01)% 6.65(5.82)% 0.01(0.01)%
(2220)g+ 0.00(0.00)% 0.04(0.05)% 0.80(0.87)%

N(2250)3", the branching ratio of which is bigger
than 10%. Reference [37] shows that when photoproduc-
tion is included, the N(1900)3" 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 N (1875)%‘4 to N 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 @N. First, the results for the N* states are given
in Table VII. The pole positions of the N(1440)3" and the
N(1710)3* in fits A and B are not so close to each other, so
are their residues. Except for the N(1535)1~, N(1650)1~
and N(1710)", all the other states do not couple strongly
to the KY channels.

The residues of the A states are summarized in
Table VIII. Apart from those states that only show up in
fit A or B, the residues of the A(1910)1" and A(1600)3"
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 7V" parameters.

“It is called D3(1950) in Ref. [38].
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TABLE VII. The normalized residues of the N* states for the lower channels, given in the form (NR, §), with the phase  in units of
degrees. In each cell, the first (second) value is from fit A (B).

Resonances N nN KA K~
N(1535)l‘ (0.44,-29°) (0.40,-37°) (0.48, 126°) (0.48, 120°) (0.65, 21°) (0.66, 10°) (0.21, 158°) (0.18,—171°)

N(1650)-  (0.46,-58°) (0.45,-59°) (0.17, 33°) (0.16, 19°) (0.21,-68°) (0.21,-74°)  (0.43,-56°) (0.38,—60°)
N(1440)1*  (0.40,-104°) (0.57,-74°)  (0.03,-62°) (0.05,26°  (0.03, 102°) (0.03, 1787)  (0.04,—47°) (0.03, 176°)
N(710)  (0.31,-1°) (0.84, 1589 (0.51, 161°) (0.54,—129°)  (0.41,-23°) (0.31, 104°) (0.11, 79°) (0.26, —6°)
N(1880)1*  (0.01, 157°) (0.02,-43°)  (0.04,-26°) (0.01,-34°)  (0.04, 156°) (0.01, 33°) (0.07, 164° (0.09, 68°)
N(1720)3F  (0.12,-32°) (0.13,-28°)  (0.07, 120°) (0.05, 102°)  (0.01,-94°) (0.02,-92°)  (0.01, 118°) (0.03, 104°)
N(1900)3*  (0.07.-132°) (0.15,-163°)  (0.04, 53°) (0.08, 28°)  (0.02,—153°) (0.05.-175°)  (0.00, 86°) (0.00,~75°)
N(15203  (0.67.-11°) (0.85,-9°) (0.02, 73°) (0.02, 76°) (0.03, 134° (0.03, 127°)  (0.04,-28°) (0.01, 40°)
N(1700)3  (0.09, 68°) (0.05, 146°  (0.01, 124°) (0.01,~177°)  (0.01,~148°) (0.00,-110°) ~ (0.01, 87°) (0.00, ~156°)
N(1875)3  (0.01,-84°) (0.01,=37°)  (0.00, 56°) (0.00, 1129  (0.00,—171°) (0.00,-32°) (0.0, 32°) (0.00, 104°)
N(1675)5  (0.60,-18°) (0.66,~7°)  (0.13,-56°) (0.09.-58°)  (0.01,-59°) (0.02,-9°)  (0.02,~168°) (0.05,-163°)
N(1680)3"  (0.81,-20°) (0.79,-21°) (0.03, 83°) (0.03, 91°) (0.01,-41°) (0.01,-39°)  (0.01, 139°) (0.00, 114°)
N(1990)2*  (0.06,~103°) (0.06,~104°)  (0.02, 125°) (0.02, 140°)  (0.01,-122°) (0.01,-128°)  (0.01, 62°) (0.01, 63°)
N(2190)7  (0.13,-67°) (0.14,-67°)  (0.02, 92°) (0.01,-94°)  (0.02,-98°) (0.01,~112°)  (0.00,~127°) (0.00,~117°)
N(zzso)g (0.12, —112°) (0.19,-128°) (0.10, —164°) (0.20,—175°)  (0.02, 79°) (0.01, 105°)  (0.03,—161°) (0.07, —170°)
2nd pole &~ (0.06, 108°) (0.04, 84°)  (0.06, 123°) (0.03, 106°  (0.00, 173° (0.00, 34°) (0.01, 84° (0.01, 67°)
N(2220)%%  (0.14,~70°) (0.14,-69°) (0.1, 112°) (0.00,~78°)  (0.01,—86°) (0.01,—89°)  (0.00,-98°) (0.00,—92°)

TABLE VIII.  The normalized residues of the A states for the lower channels, written in the form (NR, 6), with the
phase € in units of degrees.

Resonances zN (Fit A) zN (Fit B) KX (Fit A) KX (Fit B)
A(1620)5~ (0.47,-107°) (0.47,-107°) (0.19,—104°) (0.18,—105°)
A(1750)5* (0.01, 144°) (0.03,-81°)

A(1910)5" (0.20, 150°) (0.10, 114°) (0.01, 32°) (0.01, 75°)
A(l232)%+ (1.02,-38°) (1.01,-40°) (1.12,-169°) (1.10,—170°)
A(l600)%+ (0.12,—-123°) (0.06,—137°) (0.14, 12°) (0.07, 25°)
A(l920)%+ (0.09, 88°) (0.08, 86°) (0.17, 141°) (0.16, 139°)
A(1700)5~ (0.04, —46°) (0.05,-26°) (0.01, 49°) (0.01, 59°)
A(1940)5~ (0.00, —153°) (0.00,—157°) (0.03, 22°) (0.03, 19°)
3rd pole 5~ (0.02, 141°) e (0.01, 119°)
A(1930)%‘ (0.04, —169°) (0.05,-153°) (0.00, —4°) (0.01,-9°)
A(l905)§+ (0.01,-104°) (0.04, -98°) (0.00, —34°) (0.00, =37°)
A(1950)%+ (0.45,-8°) (0.45,-8°) (0.02,-52°) (0.02, —54°)
A(2200)3~ (0.01,—-174°) (0.09, —160°) (0.00, —6°) (0.02, 7°
2nd pole 7~ e (0.05,-96°) e (0.01, 17°)
A(2400)%_ (0.05, —105°) (0.05,-105°) (0.00, 16°) (0.00, 16°)

The branching ratios to the lower physical channels are
also given for the N* states in Table IX and for the A states
in Table X. We should emphasize again that the branching
ratios here actually come from the residues, and in principle
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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 N nN KA KX
N(1535)5" 44.01(40.04)% 51.81(56.80)%

N(1650)3 46.93(44.98)% 6.49(5.89)% 9.38(9.84)%

N(1440)5" 39.86(56.63)%

N(1710)5" 30.91(84.47)% 85.56(34.49)% 53.29% 4.17%
N(1880)5" 1.24(1.89)% 15.04(0.40)% 12.53(0.98)% 38.88(41.85)%
N(1720)%+ 12.15(13.32)% 3.64(1.55)% 0.14(0.349)%

N(1900)%+ 6.92(15.27)% 2.09(4.09)% 0.37(1.62)% 0.03(0.18)%
N(ISZO)% 66.81(84.65)% 0.04(0.06)%

N(1700)3~ 8.72(4.99)%

N(1875)% 1.36(1.31)% 0.02(0.02)% 0.00(0.00)% 0.01(0.00)%
N(1675)3 59.73(65.74)% 2.69(1.32)% 0.03(0.07)%

N(1680)g+ 81.17(79.44)% 0.08(0.08)% 0.01(0.00)%

N(1990)* 5.56(5.79)% 0.58(0.42)% 0.10(0.18)% 0.37(0.32)%
N(2190)1 12.90(13.69)% 0.21(0.05)% 0.17(0.08)% 0.00(0.00)%
N(ZZSO)% 12.20(18.69)% 7.58(20.42)% 0.24(0.04)% 0.972.91)%
2nd pole 2~ 3 5.58(3.67)% 5.51(3.08)% 0.01(0.00)% 0.35(0.21)%
N(2220)%+ 13.57(13.98)% 0.03(0.01)% 0.11(0.07)% 0.00(0.00)%

Last, currently for the lack of constraints from zzN
and pN data in this model, the residues for the effective
three-body channels are less instructive. Thus, they are
displayed in Appendix C.

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

B. Scattering lengths
The scattering lengths are defined as:

= lim p7! tan 577, (16)
Pe—0

where « is the channel label and 5£L=0) is the generalized S-

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

Resonances aN KX S = €20, (17)
A(1620)l* 47.13(46.92)% )

X Note that when the energy is below the zzN threshold and x
A(1750);" 1.2% 3:6% corresponds to 7N, Eq. (17) is the common definition of the
A(1910);* 19.750.93)% 0.06(0.03)% phase shift, namely both & and a are real. Specifically the
A(1232)5" 101.86(101.39)% scattering length is extracted from the 7 amplitude of Eq. (7),
A(1600)3* 11.70(6.44)%

. (L=0)
A(1920)3* 9.17(8.04)% 32.08(32.72)% a, = lim plog . (18)
=0
A(1700)%‘ 4.46(5.06)% 0.36(0.33)%
A(1940)3~ 0.24(0.41)% 28.86(28.17)% As already mentioned, the wN scattering length is very
3rd pole 3~ (2.44%) .. important since it indicates whether the @ meson can form
(1930)% 3.91(5.20)% 0.03(0.07)%
A(1905)3* 1.33(3.98)% 0.00(0.00)% TABLE XI. The scattering lengths of wN channel in units
A(1950)1* 45.06(45.48)% 0.12(0.12)%  Oof fms.
A(2200)1 0.79(8.75)% 0.01(0260)%  Fit aon(S=3) am(S=3) Bun
2nd pole 3 (4.80%) (0.28%) A ~0.1340.11i  —031+001i  —0.24+0.05i
A(2400)3~ 5.17(5.26)% 0.01(0.01)% B -0.04 +0.13i -0.29 +0.01i -0.21 + 0.05i
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FIG. 10. A summary of the spin-averaged N 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 er al. [74].

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

_ 1 1 2 3
aAyN = §awN <S = E) + gaa)N (S = 5) . (19)

The results for fits A and B are shown in Table XI. Though
the real parts of the S = 1/2 scattering length are somewhat
different, the two results for a 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 @ in nuclear matter.
The imaginary parts are relatively smaller, showing weak
inelastic effects near the wN threshold. The values of a,y
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., |G| = 0.82 £ 0.03 fm in
Ref. [72], and also |a,y| = 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 zN 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 @N channel should not affect the physics
of nN threshold significantly. However, the scattering
lengths of KA and KX(I = 1/2) 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
zN — KA, KX 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 Jiilich-Bonn
model). The model includes 7- and u-channel exchange
diagrams and s-channel genuine states in addition to
phenomenological contact terms, taking into account the
zN, nzN (effectively parametrized by zA, 6N, and pN),
nN, KA, and KZ channels with @N newly included. This
model covers the energy region from the zN 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 A resonance
spectra are reanalyzed, and the following conclusions can
be drawn:

(i) While the well-established N* states like N(1535)3~,

N (1650)%‘, 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 P;; wave.

(i) As for the A states, even if @N does not couple to
them, the results are also refined by the new global
fits. Specifically, the A(1910)5" in our model is
rather broad.

(iii) The wN channel mainly couples to three low-lying
states in this model, N(1535)}~, N(1710)5", and
N(1680)5". The higher resonances do not show
markable couplings to the wN channel, with the
N(2250)3" being the most important one.

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

Result a1 =303) ayn aga ags. 1 =%(3)

Fit A 0.25(-0.16) 0.51 4+ 0.20i —0.15 4 0.05i —0.01(—0.39) + 0.30(0.02)i
Fit B 0.25(-0.16) 0.57 4+ 0.22i —0.15 4 0.04i —0.07(-=0.39) + 0.29(0.01):
Fit A of Ref. [51] 0.25(-0.16) 0.49 4+ 0.24i 0.04 + 0.04i 0.36(—0.30) 4 0.15(0.04)i
Fit B of Ref. [51] 0.29(-0.16) 0.55 4+ 0.24i 0.04 +0.03i 0.32(-0.30) 4 0.14(0.05)i
Ref. [139] 0.257 +0.005(=0.112 £ 0.004) .- e e
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(iv) The spin-averaged scattering length of wN is
calculated, resulting in a negative real part. In fit
A it is (-024+0.05/) fm and in fit B
(—=0.21 4 0.05¢) fm. This, in agreement with most
other studies, does not support bound states of the w
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 @ photoproduction,
profiting from the large amount of high-quality data that
will be of high importance to further refine the wN
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 @ meson, or
investigating the possible hadronic molecules [140] among
the N* and A resonances. Last, this model can also be
employed to the check the possible structures below the zN
threshold [141-147].

ACKNOWLEDGMENTS

We would like to thank Zhi-Hui Guo, Johann
Haidenbauer, and Fei Huang for helpful instructions on
consistency checks of the theoretical framework, and

|
do 2
aQ 3p,2

2
1

J

2
Z(2J+ D7 odi ), 1/2(9)' 'Z(ZJ+ D7l _odi ) _1/,(0)
7
2
27+ 1) __d{), 1/2(9)‘ +‘Z(2J+ Delovd{)n_1(0)
J

2
(2J + Vel df), 3/2(9)’ + Z(ﬂ + D7l d)_5,(0)

Michael Doring for useful discussions. The authors grate-
fully acknowledge the computing time granted by the JARA
Vergabegremium and provided on the JARA Partition part
of the supercomputer JURECA [129] at Forschungszentrum
Jillich. This work is supported by the NSFC and the
Deutsche  Forschungsgemeinschaft  (DFG,  German
Research Foundation) through the funds provided to the
Sino-German Collaborative Research Center TRR110
Symmetries and the Emergence of Structure in QCD
(NSFC Grant No. 12070131001, DFG Project-ID
196253076-TRR 110) and by the National Natural
Science Foundation of China under Grants No. 12175239
and the National Key R&D Program of China under
Contract No. 2020YFA0406400. Further support by the
CAS through a Presidents International Fellowship
Initiative (PIFI) (Grant No. 2018DM0034) and by the
VolkswagenStiftung (Grant No. 93562) is acknowledged.

APPENDIX A: OBSERVABLES OF THE
OMEGA-NUCLEON CHANNEL

The expression of the differential cross section for either
Tp—o>wnoratn— wpis

2

2

1

(A1)

J

where the initial spins are averaged and the final ones are summed, the d’’s are Wigner d-functions (with the scattering
angle 0 as the argument) and TA{I 242, AT the amplitudes of Eq. (7) written in the helicity basis (total isospin I = 1/2), with 4,,
A3, and 14 being the helicities of initial nucleon, final nucleon and final w, respectively (“+” stands for A = + % or +1). The
relation between the 7 amplitudes in Eq. (7) (JLS basis) and in Eq. (A1) (helicity basis) is

2J 1 649 13 673
2v3 -3 7 V3 3 J+1 J11
7] 21 1 6J+9 2J+3 6J-3 TI”lp]SI
40 - _3, /23 6J=3
) 2V/3 -3 i 2Vv3 -3 T JH
Ti0 p1m3S3
_ _a f2-1 6J19 2043 6J-3
o 1 2v6 -3 \ 2 2v6  3./375 22 L (A2)
e p— )
7 12 -1 6J1+9 213 6J-3 7!
- - - s
}’J”L 2v6 -3 27 27 2V6 355 2712 )
T 751117352
0 -3 2J+'i -3 6J-3 0 -3 3 6J+9 k
i, 27 EEs) 272 -
mym; Sy
2J+3 a2 Jer=3 ] 649
0 -3 3\ 5 0 3 2J+2 RRVE vis)

using the abbreviations
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IS
<~

12151

<L

1m3S3

P153

my Sy

17353

3 )
3~ si Sl m\

1m 83

H(L,:J+%,szj+§,5f:%>
?(Li=d+dL=-1.85,=3)
TJ(L, :J+%,Lf_1+2,sf:%)
N TJ(L,-:J—%,L :J_%,sf:%)
?(Li=d-tLy=0+3.85=3)
TJ( _%’Lf:J_%’Sf:%>

After integrating over the angular dependence, the total cross section for either 7~ p — wn or z7n — wp is

G = ZZJ+

(1P + 1P+ 1P+ 1 P+ P+ o ).

APPENDIX B: PARTIAL WAVE AMPLITUDES OF zN — woN

(A4)

The partial wave amplitudes of zZN — @N 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 wN threshold. For partial waves with (z/N) orbital
angular momentum L < 2, see Figs. 11-13, for L > 3 see Figs. 14-16. The magnitude of F';5 amplitude in subchannel (3) is
relatively large, since the coupling of @N to N(1680)3" is rather strong. Note that the N*(1680) is only a P-wave resonance

for wN.
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FIG. 11.

channel (1) of oN: |J — L, x| =

for the initial zN system.
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FIG. 14. Partial wave amplitudes with L,y > 3, in the sub- FIG. 16. Partial wave amplitudes with Ly > 3, in the sub-
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APPENDIX C: COUPLINGS OF THE RESONANCES TO EFFECTIVE THREE-BODY CHANNELS

In this section the complex couplings g, to the effective three-body channels (6N excluded) are given as:

Foa Iu9v i

w ;

P (C1)

where g, is related to R, by Eq. (7). The results are shown for the N* states in Table XIII and for the A states in Table XIV. In
this model we do not consider the couplings of 6N to the resonances.
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