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Abstract The Jülich-Bonn dynamical coupled-channel
approach is extended to include K� photoproduction off
the proton. Differential cross section and (double) polariza-
tion data for K+�0 and K 0�+ are analysed simultaneously
with the pion- and photon-induced production of πN , ηN ,
K�, and K� final states, totaling almost 72,000 data points
for center-of-mass energies W < 2.4 GeV. Based on the fit
results the spectrum of N∗ and � resonances is extracted in
terms of pole positions and residues. We discuss the impact
of the γ p → K� channels in detail and investigate the influ-
ence of recent polarization data for ηp photoproduction.

1 Introduction

The photoproduction of the K� final states provides ample
opportunity to refine our current picture of the light baryon
resonance spectrum at medium energies. On the one hand,
complementing K� as a strangeness channel, it holds the
promise to reveal states that couple only weakly to πN or ηN .
Many more states have been predicted at energies beyond
1.7 GeV, e.g. by quark models [1,2], Dyson-Schwinger cal-
culations [3,4], or lattice simulations [5–9], than have been
observed by traditional partial-wave analyses [10–12] of πN
scattering. Recently, the use of meson and baryon opera-
tors in lattice QCD [7] has enabled the extractions of phase
shifts encoding baryonic resonance widths [9]. For a recent
review, see Ref. [13]. In contrast to K�, however, K� is
mixed-isospin, and holds valuable information pertaining �
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resonances. Compared to the N∗ states, fewer � states with
a four or three star rating – meaning the existence of the
state is certain or very likely – are listed by the Particle
Data Group [14]. While in the past experimental informa-
tion on the K� channel were limited to pion-induced reac-
tions, with a partially problematic data base [15,16], in the
last decades photoproduction experiments like ELSA, JLab,
MAMI, SPring-8 and ELPH have contributed significantly to
a much better foundation of the light baryon spectrum with
a large number of high-quality data sets for several hadronic
final states, see, e.g., Refs. [17,18] for reviews or Ref. [19] for
prospects of upcoming strangeness production experiments
at BGOOD. Among the different photoproduction channels,
the γ N → KY reactions are unique candidates for a “com-
plete experiment” [20], as the self-analyzing weak decay of
the hyperons facilitates the determination of recoil polar-
ization observables. A “complete experiment” describes a
set of eight specific observables that are, in principle, suffi-
cient for an unambiguous determination of the pseudoscalar
meson photoproduction amplitude, up to an overall phase
[21,22], see also Refs. [23–25]. Such a set always includes
recoil polarization measurements and all observables have to
be measured in the same angular and energy range. In con-
trast, there are also truncated-partial wave complete experi-
ments that allow for measurements at different angles [26]. In
Ref. [27] complete sets of polarization observables were also
studied for pion-nucleon scattering and electroproduction of
pseudoscalar meson, see also Refs. [28,29].

Theoretical approaches to K� photoproduction are rang-
ing from chiral perturbation theory [30,31] or chiral unita-
rized frameworks [32,33] for studying the threshold region,
over quark model calculations [34], to effective Lagrangian
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approaches [35,36], isobar models [37–41] including Kaon-
MAID [42,43], and Regge-plus-resonance parametrizations
[44].

Since the threshold energy of the K� channel is W �
1686 MeV, where many other meson-baryon channels are
already open, a more comprehensive picture of the resonance
spectrum can be obtained from coupled-channel frameworks.
The Bonn-Gatchina multichannel partial-wave analysis com-
prises a large data base for many different pion- and photon-
induced reactions [45], see Ref. [46] for the recent solution
BnGa2019. The Gießen group applied a multi-channel K -
matrix formalism with a microscopic background to anal-
yse K� photoproduction in Ref. [47]. Dynamical coupled-
channel (DCC) models are based on effective Lagrangians
and represent an especially capable and theoretically well-
founded approach to extract the resonance spectrum in terms
of complex poles and residues, as they include or at least
approximate theoretical constraints of the S-matrix like ana-
lyticity, left-hand cuts and complex branch points, and two or
three-body unitarity. The ANL/Osaka group analysed Kaon
photoproduction in a DCC framework in Refs. [48,49] with
updated results in Ref. [50] available also at a web site [51].
In the present study we apply the Jülich-Bonn (JüBo) DCC
model, an approach that was developed and refined over more
than two decades [15,52–57]. In its most recent version the
framework was extended to K� photoproducion [58]. Here,
we add K� photoproduction off the proton to the list of ana-
lyzed reactions, while the corresponding K� channel and
its pion-induced production were introduced before [15]. We
stress that this analysis is currently the only one taking the
changed � decay parameter α− [59–61] into account that
affects a substantial part of polarization data with KY final
states.

Moreover, in Ref. [62] the JüBo formalism was extended
to virtual photons (“Jülich-Bonn-Washington” (JBW)
approach). A first-ever coupled-channel analysis of pion and
eta electroproduction was performed in Ref. [63]. The present
extension of JüBo represents a prerequisite for an analysis
of K� electroproduction since the JüBo photoproduction
amplitude enters the electroproduction potential as a bound-
ary condition at Q2 = 0. A wealth of electroproduction data
for different hadronic final states is already available, includ-
ing the K� final state, see, e.g., Ref. [64]. Even more data are
expected soon from experiments with the CLAS12 detector
at the 12 GeV upgrade of JLab [65].

In Refs. [66,67] the JüBo framework was applied in a
study of heavy meson – heavy baryon reactions with hidden
charm.

The paper is organized as follows: in Sect. 2 we give a short
overview of the theoretical foundations of the formalism.
Section 3 contains details pertaining the numerical fit and the
fit results for K� photproduction are presented. In Sect. 4
we discuss the extracted resonance spectrum. The appendix

includes further selected fit results and the K� multipole
amplitudes.

2 Formalism

In this section we outline the basic features of the Jülich-Bonn
DCC approach. For further details the reader is referred to
Refs. [15,56,57].

The (hadronic) meson-baryon interaction is described by
the T -matrix Tμν and obeys the Lippmann–Schwinger equa-
tion

Tμν(q, p′,W ) = Vμν(q, p′,W )

+
∑

κ

∞∫

0

dp p2Vμκ(q, p,W )Gκ (p,W )Tκν(p, p
′,W ),(2.1)

where W is the scattering energy in the center-of-mass sys-
tem, q (p, p′) is the modulus of the outgoing (intermedi-
ate, incoming) momentum and Gκ(p,W ) the meson-baryon
propagator. Eq. (2.1) is formulated in partial-wave basis
(partial-wave indices suppressed) with a maximum total spin
of J = 9/2. The scattering matrix T with the final and initial
channels μ and ν enters the calculation of observables that
can then be fit to experiment. The model includes the chan-
nels κ = πN , ηN , K�, K�, σN , ρN and π�. The latter
three channels account effectively for the three-body ππN
channel. They are included in our model by fitting the cor-
responding ππ and πN phase shifts [52,54], but the actual
data of the reaction πN → ππN are not yet included in
the analysis. Recently, the channel space was increased by
πN → ωN [68].

In Eq. (2.1),Vμν stands for the driving transition amplitude
from the initial meson-baryon channel ν to the final meson-
baryon channel μ. This scattering potential is derived from
an effective Lagrangian using time-ordered perturbation the-
ory (TOPT) and is iterated in Eq. (2.1), which automatically
ensures two-body unitarity. Two-to-three and three-to-three
body unitarity is approximately fulfilled. For a comprehen-
sive discussion, see Ref. [69].

The potential Vμν is constructed of t- and u-channel
exchanges of known mesons and baryons, s-channel pole
terms that account for genuine resonances and phenomeno-
logical contact diagrams, which are included to absorb
physics beyond the explicit processes. The role of contact
diagrams is discussed in Ref. [58]. Details on the explicit
form of Vμν can be found in Refs. [15,55] and in the appendix
of Ref. [68]. An important feature of the approach is that the
unitarization of Eq. (2.1) allows the dynamical generation of
poles without explicit s-channel terms. The decomposition
into a pole (s-channel terms) and non-pole part orbackground
(t-, u-channels and contact terms) versus dressed reosnances
is, thus, not unique [53] and we do not attribute any phys-
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ical meaning to bare masses or couplings that enter the s-
channel diagrams. The pole positions and residues of the full
amplitude are the only relevant and physically well-defined
quantities.

The photon is coupled to the hadronic final-state inter-
action in the semi-phenomenological approach of Ref. [56]
with the electric or magnetic photoproduction multipole
amplitude M given by

Mμγ (q,W ) = Vμγ (q,W )

+
∑

κ

∞∫

0

dp p2Tμκ(q, p,W )Gκ (p,W )Vκγ (p,W ). (2.2)

The index γ denotes the initial γ N channel with a real
(Q2 = 0) photon, and μ (κ) denotes the final (intermediate)
meson-baryon pair. In the present study this channel space
is extended to K� photoproduction, i.e. it now includes also
μ = K� besides πN , ηN and K�. Tμκ is the hadronic half-
off-shell matrix of Eq. (2.1) with the off-shell momentum p
and the on-shell momentum q, and Vμγ represents the driv-
ing photoproduction amplitude. As in Eq. (2.1), Gκ denotes
the meson-baryon two-body propagator with κ = πN , ηN ,
K�, K� and π�. As we do not yet analyze ππN photopro-
duction reactions, we only allow for photoexcitation of the
π� state out of the three effective ππN states. Equation (2.2)
can be straightforwardly extended to virtual photons, i.e. to
electroproduction processes, as done in Refs. [62,63].

The driving photoproduction potential Vμγ in Eq. (2.2) is
written as

Vμγ (p,W ) = αN P
μγ (p,W ) +

∑

i

γ a
μ;i (p)γγ ;i (W )

W − mb
i

, (2.3)

where γ a
μ i denotes the (real) meson-baryon-resonance vertex

function and γγ ;i the resonance-photon-baryon vertex func-
tion. The summation runs over the number of resonances per
partial wave, specified by the index i . While the hadronic
vertex function γ a

μ;i is precisely the same as that employed
in the field-theoretical description of the hadronic reactions
in Eq. (2.1), the photon vertex γγ ;i is parameterized phe-
nomenologically as a polynomial function in energy W of
the system and includes free parameters for each genuine
s-channel state to be determined by a fit to the data. The
non-pole part in Eq. (2.3), αN P

μγ , is also parameterized by
energy-dependent polynomials with additional fit parameters
depending on the partial wave and the hadronic final state.
This polynomial parameterization is of numerical advantage
as the evaluation of the amplitude is much faster than in a
field-theoretical description as, e.g., in Ref. [70]. The explicit
forms of γγ ;i and αN P

μγ are given in Ref. [56].

3 Results

3.1 Data base

The data analyzed in the present study are listed in Table 1. A
detailed discussion of the pion-induced data that are included
in the fits can be found in Ref. [15]. In case of the elastic
πN channel we do not fit to actual data but to the partial-
wave amplitudes of the GWU/SAID WI08 analysis [71]. We
include the energy-dependent solution in steps of 5 MeV
from πN threshold up to W = 2400 MeV. However, higher
partial waves of the WI08 solution are essentially zero at
lower energies and we adapt the fitted energy range accord-
ingly. Taking into account that the amplitude consists of a
real and an imaginary part, the number of fitted points for the
elastic πN channel amounts to the number quoted in Table 1.

A substantial part of the photoproduction data sets was
obtained from the GWU/SAID [72] and BnGa webpages
[73]. A full list of references to data sets for reactions other
than γ p → K� is provided in supplementary material
online [74]. Note that first measurements of K+�− and
K 0�0 final states produced on quasifree neutrons begin to
emerge [75–77] that will be analyzed in the future.

In total, the data base for K+�0 photoproduction com-
prises more than 10 times the number of data points of K 0�+.
An increase in the amount of data and in the availability of
different polarization observables for the latter channel is
urgently needed to disentangle the isospin content in the K�

channel. Especially since the quantity and quality of the data
base for pion-induced K� production is not comparable to
the photoproduction measurements, see Refs. [15,55] for a
representation of the former.

For γ p → K+�0, we do not fit the SAPHIR differential
cross section data from Refs. [78–80] due to inconsistencies
at backward angles with more recent data sets. See the discus-
sion in Ref. [81], where those inconsistencies are attributed
to possible overall normalization issues. Data for the recoil
polarization P from SAPHIR are, however, included in our
fit, except for Ref. [79]. Moreover, differential cross sections
at forward angles of older data sets between W = 1680 MeV
and 2000 MeV are not taken into account. To avoid incon-
sistencies, we fit instead the very recent measurement from
the BGOOD experiment at ELSA [82]. The BGOOD data on
dσ/d� and P at forward angles for K+� photoproduction
[83] are also included. Compared to the JüBo2017 analysis
[58], a number of recent data sets were additionally included
in the fit, such as new data in ηp photoproduction for the
beam asymmetry � [84] and T , E , P , H , and G [46] by the
CBELSA/TAPS Collaboration.

The BES-III Collaboration recently reported on a new
value for the weak decay parameter α− of the � baryon
[59,61]. This parameter is a crucial quantity in the extraction
process of polarization observables for K+�, but also for
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Table 1 Data included in the fit. A full list of references to the different experimental publications can be found online [74]

Reaction Observables (# data points) # data p./channel

πN → πN PWA GW-SAID WI08 [71] (ED solution) 8396

π− p → ηn dσ/d� (676), P (79) 755

π− p → K 0� dσ/d� (814), P (472), β (72) 1358

π− p → K 0�0 dσ/d� (470), P (120) 590

π− p → K+�− dσ/d� (150) 150

π+ p → K+�+ dσ/d� (1124), P (551) , β (7) 1682

γ p → π0 p dσ/d� (18,721), � (3287), P (768), T (1404), �σ31 (140),

G (393), H (225), E (1227), F (397), Cx ′
L

(74), Cz′L (26) 26, 662

γ p → π+n dσ/d� (5670), � (1456), P (265), T (718), �σ31 (231),

G (86), H (128), E (903) 9457

γ p → ηp dσ/d� (9112), � (535), P (63), T (291), F (144), E (306), G (47), H (56) 10, 554

γ p → K+� dσ/d� (2563), P (1663), � (459), T (383),

Cx ′ (121), Cz′ (123), Ox ′ (66), Oz′ (66), Ox (314), Oz (314), 6072

γ p → K+�0 dσ/d� (4381) [81,82,85–94], P (402) [78,80,81,90,92,93,95], � (280) [95–97]

T (127) [97], Cx ′ (94) [98], Cz′ (94) [98], Ox (127) [97], Oz (127) [97] 5632

γ p → K 0�+ dσ/d� (281) [77,99–102], P (167) [100,102–104] 448

In total 71, 756

K+�0 photoproduction, since the decay chain K+�0 →
K+γ� → K+γ pπ− is utilized in the experiments. That the
new value of α− is significantly larger than the previous PDG
value of α− = 0.642(13), was confirmed in a re-analsyis
of CLAS K+� photoproduction data in Ref. [60] where a
value of α− = 0.721(6)(5) was obtained. This implies that
all polarization observables affected by α−, i.e. P , T , Cx,z

and Ox,z , are actually about 17 % smaller. Accordingly, we
scale all affected polarization data in γ p → K+�, K+�0,
but also in π− p → K 0�, K 0�0 by a factor of 0.642/0.721.
The present analysis is currently the only one taking this
change into account. Analytic expressions of the observables
in terms of partial waves, CGNL amplitudes and multipoles
are given in Refs. [56,58].

3.2 Numerical details and fit parameters

The free parameters of the approach are adjusted to the exper-
imental data in a χ2 minimization using MINUIT on the
supercomputer JURECA-DC at the Jülich Supercomputing
Center [105]. In the current study we consider partial waves
of a total spin up to J = 9/2 and the following types of
parameters were fitted:

• s-channel or “pole parameters” one bare mass and sev-
eral coupling constants to the different hadronic channels
(πN , ρN , ηN , π�, K�, K�) as allowed by isospin for
each of the 12 genuine isospin I = 1/2 poles and the 10
I = 3/2 poles amount to 134 fit parameters. Note that the
nucleon is included in the JüBo approach as an s-channel
state in the P11 partial wave. Its bare mass and coupling to

the πN channel are renormalized as described in Ref. [57]
to match the physical values of W = mN = 938 MeV and
fπNN = 0.964 [106]. The cut-off parameter in the form
factor of the nucleon s-channel diagram is treated as a free
parameter.

• phenomenological contact term parameters we include
one contact term in each partial wave with couplings to πN ,
ηN , K� and K�. In case of the P13 partial wave, the contact
term also couples to the π� channel. This amounts to 61 fit
parameters.

• t-, u-channel or “background parameters”while almost
all coupling constants for these diagrams are fixed from
SU(3) flavour symmetry, the cut-off values in the correspond-
ing form factors are treated as free parameters of the model.
Our framework comprises 68 fit parameters of this type. The
numerical evaluation of the background terms is much more
time-consuming than for the other building blocks of the
amplitude and we therefore refrained from an in-depth re-fit
of the parameters connected to them. However, due to a recent
change in sign convention for a smaller number of exchange
diagrams [68], the background parameters were also slightly
re-adjusted.

• “photo parameters” the parameters directly related to
the photoproduction kernel are the couplings in the energy-
dependent polynomials that are used to parameterize Vμγ as
described below Eq. (2.3). In the current study, polynomials
of order 4 or less are suffiecent to achieve a good description
of the data. We have 764 fit parameters of this type. Note that
the photoproduction amplitude also depends on the “pole”,
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Fig. 1 Selected fit results (solid (red) lines) for the differential cross
section of the reaction γ p → K+�0. Data: (black) circles: CLAS (Dey
et al. [81]); (cyan) squares: MAMI (Jude et al. [94]). The numbers in the
individual panels in this and all subsequent figures denote the scattering
energy W in the center-of-mass system in MeV

contact term, and “background” parameters via the hadronic
final state interaction in Eqs. (2.2) and (2.3).

The numerical evaluation of a model as complex as the
present one is not straightforward and while all data are fit-
ted simultaneously, not all parameters can be adjusted in the
same run. Moreover, not all free parameters are indispens-
able from a physical point of view. This applies especially
to the “photo parameters” in the polynomial parameteriza-
tion. But also the number of genuine s-channel states is not
predetermined by symmetry constraints or the like. A system-
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Fig. 2 Fit results (solid (red) lines) for the differential cross section in
forward direction of the reaction γ p → K+�0. Data: BGOOD (Jude
et al. [82])

Fig. 3 Selected fit results (solid (red) lines) for the recoil polarization
of the reaction γ p → K+�0. Data: (black) circles: CLAS (Dey et al.
[81]); (turquoise) circles: same data but scaled by the new value of the
� decay parameter α− [60]. Data are shown accumulated in energy bins
of up to 30 MeV

atic study regarding those points using model selection tools
such as the LASSO method to reduce the number of param-
eters [107] and/or minimize the resonance content [108] are
planned for the future. On the other hand, the large number
of fit parameters connected to the polynomial parameteriza-
tion can also be regarded as an advantage since it prevents
the inclusion of superfluous s-channel states to improve the
fit result.

If provided, experimental systematic errors of more recent
measurements are taken into account as angle-independent
normalization factors, following the SAID approach (see,
e.g., Ref. [109]), i.e. they are not added in quadrature to the
statistical ones because systematic errors cannot necessarily
be considered as Gaussian and induce correlations between
data. However, for older data sets we add a general 5 %
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Fig. 4 Fit results (solid (red) lines) for the beam asymmetry � and the
target asymmetry T of the reaction γ p → K+�0. Data: (black) circles:
CLAS (Paterson et al. [97]); (turquoise) circles: same data but scaled
by the new value of the � decay parameter α− [60]

Fig. 5 Fit results (solid (red) lines) for the beam recoil polarizations
Ox and Oz of the reaction γ p → K+�0. Data: (black) circles: CLAS
(Paterson et al. [97]); (turquoise) circles: same data but scaled by the
new value of the � decay parameter α− [60]

uncertainty to the statistical ones to account for unspecified
systematic errors.

The amount of available data points varies significantly for
the different reaction channels and observables, c.f. Table 1.
We therefore apply weighting factors to the different data sets
in the χ2 minimization in order to achieve a good description
also of those sets the fit would otherwise ignore due to the
limited number of data points. Such a weighting procedure
is standard in the field for this type of analyses [45,110–112]
and inevitable in situations as in K� photoproduction where
much more data are available for one of the two possible
isospin channels. The weights applied for γ p → K+�0,
K 0�+ in the present study can be found in Table 6 in

Fig. 6 Fit results (solid (red) lines) for the beam recoil polarizations
Cx ′ and Cz′ of the reaction γ p → K+�0. Data: (black) circles: CLAS
(Bradford et al. [98]); (turquoise) circles: same data but scaled by the
new value of the � decay parameter α− [60]

Fig. 7 Fit results (solid (red) lines) for the differential cross sec-
tion of the reaction γ p → K 0�+. Data: filled (orange) circles:
CBELSA/TAPS 2007 [100]; filled (black) squares: CBELSA/TAPS
2011 [101]; filled (turquoise) diamonds: SAPHIR [113] ; open cir-
cles: A2 MAMI 2018 [77]; open triangles: A2 MAMI 2013 [102]; open
squares: SAPHIR 1999 [103] (omitted from fit); filled (black) triangles:
JLab Hall B 2003 [99];
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Fig. 8 Fit results (solid (red) lines) for the recoil polarization of the
reaction γ p → K 0�+. Data: open triangles: A2 MAMI 2013 [102];
filled (orange) circles: CBELSA/TAPS 2007 [100]; filled (black) cir-
cles: CLAS 2013 [104]; open squares: SAPHIR 1999 [103]

Appendix C. Note that due to the strong variations in the
number of available data points, the values of those weights
can be very different.

3.3 Uncertainty estimation

A rigorous statistical error analysis of the extracted baryon
spectrum would include the study of the propagation of statis-
tical and systematic uncertainties from experimental data to
the resonance parameters, as well as an application of model
selection tools. For the elastic πN channel, it would also
require the transition from fitting mere partial-wave ampli-
tudes to including the covariance matrices and performing a
correlated χ2 fit [109]. Such an analysis is beyond the scope
of the present study and has, so far, never been fully carried
out in any analysis efforts in the field.

Instead, we estimate the uncertainties of the resonance
parameters from re-fits with modified model parameteriza-
tion, where the difference lies in the number of s-channel
states. For each partial wave with only one s-channel reso-
nance, a second genuine state is included and an extensive
re-fit of all “pole”, contact term, and “photo parameters” is
performed. This amounts to 16 re-fits. The uncertainties for
the resonance parameters quoted in Tables 3, 4, 5 denote the
maximal deviation of the original resonance values from the
ones extracted from the re-fits. In none of the re-fits the data
description is significantly improved compared to the orig-
inal fit. We thus conclude that there is no need of adding
additional s-channel states in the considered partial waves .

This procedure represents a qualitative estimation of
uncertainties from statistical and systematical sources and
allows to determine the relative size of uncertainty among
the different resonances. The absolute size of the errors, how-
ever, is not well determined. We still regard this as a valuable
compromise since a rigorous error analysis is not feasible in

Table 2 The χ2 for the reactions γ p → K+�0 and K 0�+

Reaction Observable (# data points) χ2/data point

γ p → K+�0 dσ/d� (4381) 1.52

P (402) 2.60

� (280) 1.88

T (127) 1.50

Cx ′ (94) 3.11

Cz′ (94) 2.65

Ox (127) 1.87

Oz (127) 1.39

In total 1.66

γ p → K 0�+ dσ/d� (281) 3.53

P (167) 2.54

In total 3.16

the current work. In this context, the electroproduction fits
of Refs. [62,63] were carried out with up to eight radically
different fit strategies and parameter starting points, leading
to a better exploration of different local minima in parameter
space. Our current effort to estimate uncertainties goes in the
same direction, but the data base in this study is much larger
and more heterogeneous. In any case, it is clear that system-
atic uncertainties and amplitude ambiguities dominate the
error bars of any extracted quantity.

3.4 Fit results

In Figs. 1, 2, 3, 4, 5, 6, 7, 8 selected fit results for the reactions
γ p → K+�0 and K 0�+ are shown. Fit results for other
pion- and photon-induced reactions can be found online [74].
The χ2 values for the γ p → K� channels obtained in the
current fit are given in Table 2. These numbers were obtained
with all weights set to one (cf. Appendix C).

For γ p → K+�0 we achieve an overall good fit result of
the data. Exceptions are, to a certain extend, the beam-recoil
observables Cx ′ and Cz′ in Fig. 6, where the fit fails to give
a very accurate description of the data. Regarding the large
uncertainties of the data and a number of points with unphys-
ical values larger than one, we consider major modifications
of the model, such as the inclusion of new genuine s-channel
resonances, unjustified if they are just based on Cx ′ and Cz′
alone, at least without an in-depth statistical analysis, which
is beyond the scope of the present study. Note that while a
χ2 ∼ 2 might be large from a pure statistical point of view,
this value is not unusual for coupled-channel fits that include
many different reactions and data sets from different mea-
surements, c.f. the χ2 values obtained in Ref. [45].

Due to the limited data base it is much harder to achieve
a good description of the K 0�+ data. Moreover, the avail-
able data are not entirely consistent as can be seen in Fig. 7.
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Table 3 Properties of the I = 1/2 resonances: Pole positions W0 (�tot
defined as -2ImW0), elastic πN residues (|rπN |, θπN→πN ), and the
normalized residues (

√
�πN�μ/�tot, θπN→μ) of the inelastic reactions

πN → μ with μ = ηN , K�, K�. Resonances with italic numbers
in the parentheses are not identified with a PDG state; subscript (a):

dynamically generated in the present study. We show the results of the
present study JüBo2022 (“2022”) and for comparison the results of the
JüBo2017 analysis [58] (“2017”) and the estimates of and from the Par-
ticle Data Group [14] (“PDG”), if available, as well as the PDG star
rating. See text for further explanations regarding states not listed here

Re W0 −2Im W0 |rπN | θπN→πN
�

1/2
πN�

1/2
ηN

�tot
θπN→ηN

�
1/2
πN�

1/2
K�

�tot
θπN→K�

�
1/2
πN�

1/2
K�

�tot
θπN→K�

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

N (1535) 1/2− 2022 1504 (0) 74 (1) 18 (1) −37 (3) 50 (3) 118 (3) 26 (2) −67 (3) 28 (2) 92 (3)

2017 1495 (2) 112 (1) 23 (1) −52 (4) 51 (1) 105 (3) 6.0 (1.5) −44 (30) 5.7 (1.6) −86 (6)

**** PDG 1510 ± 10 130 ± 20 25 ± 10 −15 ± 15 43 ± 3 −76 ± 5 – – – –

N (1650) 1/2− 2022 1678 (3) 127 (3) 59 (21) −18 (46) 34 (12) 71 (45) 26 (10) −40 (46) 41 (15) −21 (47)

2017 1674 (3) 130 (9) 29 (4) −53 (7) 18 (3) 28 (5) 17 (1) −59 (3) 21 (2) −67 (4)

**** PDG 1655 ± 15 135 ± 35 45+10
−20 −70+20

−10 29 ± 3 134 ± 10 – – – –

N (1440) 1/2+
(a)

2022 1353 (1) 203 (3) 59 (2) −104 (4) 8.4 (0.4) −28 (4) 2.5 (0.9) −92 (86) 0.2 (0.5) −32 (154)

2017 1353 (4) 213 (2) 62 (2) −100 (7) 8.6 (0.9) −29 (7) 4.8 (0.4) 129 (6) 2.1 (0.4) 87 (22)

**** PDG 1370 ± 10 175 ± 15 50 ± 4 −90 ± 10 – – – – – –

N (1710) 1/2+
(a)

2022 1605 (14) 115 (9) 5.5 (4.7) −114 (57) 28 (26) 91 (63) 20 (19) −144 (77) 5.5 (4.8) 162 (305)

2017 1731 (7) 157 (6) 1.5 (0.1) 178 (9) 1.6 (0.4) −137 (46) 10 (1) 52 (5) 1.4 (0.1) −79 (24)

**** PDG 1700 ± 20 120 ± 40 7 ± 3 190 ± 70 12 ± 4 0 ± 45 – – – –

N (1750) 1/2+
(a)

2022 Not seen

2017 1750 (2) 318 (3) 2.9 (2.8) 100 (29) 0.7 (0.5) −31 (30) 1.0 (0.2) 164 (19) 3.2 (0.6) 29 (15)

N (1720) 3/2+ 2022 1726 (8) 185 (12) 15 (2) −60 (5) 4.9 (0.9) 64 (10) 3.4 (0.4) −101 (8) 5.9 (1) 82 (6)

2017 1689 (4) 191 (3) 2.3 (1.5) −57 (22) 0.3 (0.2) 139 (35) 1.5 (0.9) −66 (30) 0.6 (0.4) 26 (58)

**** PDG 1675 ± 15 250+150
−100 15+10

−5 −130 ± 30 3 ± 2 – 6 ± 4 −150 ± 45 – –

N (1900) 3/2+ 2022 1905 (3) 93 (4) 1.6 (0.3) 44 (21) 1.0 (0.3) 55 (29) 2.9 (0.6) 5.4 (18.6) 1.3 (0.3) −40 (18)

2017 1923 (2) 217 (23) 1.6 (1.2) −61 (121) 1.1 (0.7) −10 (79) 2.1 (1.4) 1.7 (86) 10 (7) −34 (74)

**** PDG 1920 ± 20 150 ± 50 4 ± 2 −20 ± 30 5 ± 2 70 ± 60 3 ± 2 90 ± 40 4 ± 2 110 ± 30

N (1520) 3/2− 2022 1482 (6) 126 (18) 27 (21) −36 (48) 2.1 (1.8) 34 (53) 2.6 (1.9) 127 (47) 1.0 (1.2) 94 (68)

2017 1509 (5) 98 (3) 33 (6) −16 (23) 3.7 (0.6) 85 (18) 0.8 (0.3) 83 (43) 3.0 (1.0) −28 (21)

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

N (1675) 5/2− 2022 1652 (3) 119 (1) 22 (1) −17 (2) 6.3 (0.9) −39 (2) < 0.1 (0.2) 174 (161) 2.4 (0.2) −166 (5)

2017 1647 (8) 135 (9) 28 (2) −22 (3) 9.1 (1.8) −45 (3) 0.7 (0.2) −91 (6) 2.3 (0.2) −175 (10)

**** PDG 1660 ± 5 135+15
−10 28 ± 5 −25 ± 5 – – – – – –

N (1680) 5/2+ 2022 1657 (3) 120 (2) 36 (1) −31 (1) 0.6 (0.7) 118 (2) 0.6 (0.1) −119 (3) < 0.1 (0.2) −46 (29)

2017 1666 (4) 81 (2) 29 (1) −12 (1) 1.7 (0.5) 145 (1) 0.9 (0.1) −77 (2) < 0.1 −33 (161)

**** PDG 1675+5
−10 120+15

−10 40 ± 5 −5 ± 15 – – – – – –

N (1990) 7/2+ 2022 1861 (9) 72 (5) 0.16 (0.01) −119 (4) 4.8 (0.2) −43 (4) 0.4 (0.1) 133 (4) 1.0 (0.3) −54 (4)

2017 2152 (12) 225 (20) 0.2 (0) 92 (10) 0.4 (0.2) −9.1 (5.5) 1.4 (0.3) −13 (5) 1.5 (0.3) −18 (6)

** PDG 1965 ± 80 250 ± 60 – – – – – – – –

N (2190) 7/2− 2022 1965 (12) 287 (66) 18 (7) −45 (27) 2.1 (1) −65 (29) 2.6 (1.4) −78 (30) 0.5 (0.2) −92 (31)

2017 2084 (7) 281 (6) 20 (2) −31 (1) 1.2 (0.6) 140 (1) 3.7 (0.3) −47 (1) 0.3 (1.1) 124 (2)

**** PDG 2100 ± 50 400 ± 100 50+20
−25 0+30

−30 – – 3 ± 1 20 ± 15 – –

N (2250) 9/2− 2022 2095 (20) 422 (26) 14 (2) −67 (17) 1.8 (0.2) −89 (9) 0.3 (0.1) 80 (9) 0.4 (0.4) −111 (9)

2017 1910 (53) 243 (73) 0.4 (0.1) −56 (25) 0.9 (0.2) −80 (21) < 0.1 −96 (21) 0.2 (0.2) −110 (19)

**** PDG 2200 ± 50 420+80
−70 25 ± 5 −40 ± 20 – – – – – –

N (2220) 9/2+ 2022 2131 (12) 388 (12) 48 (10) −13 (3) 4.2 (1.1) −48 (4) 2.0 (0.5) −60 (4) 0.3 (1.6) −70 (4)

2017 2207 (89) 659 (140) 91 (47) −68 (16) 0.3 (0.4) −109 (17) < 0.1 31 (150) 1.0 (0.9) 44 (19)

**** PDG 2170+30
−40 400+80

−40 45+15
−10 −50+20

−10 – – – – – –
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Table 4 Properties of the I = 3/2 resonances: Pole positions W0 (�tot
defined as -2ImW0), elastic πN residues (|rπN |, θπN→πN ), and the
normalized residues (

√
�πN�μ/�tot, θπN→μ) of the inelastic reactions

πN → K� and πN → π� with the number in brackets indicating
L of the π� state. Subscript (a): dynamically generated in the present

study. We show the results of the present study JüBo2022 (“2022”) and
for comparison the results of the JüBo2017 analysis [58] (“2017”) and
the estimates of and from the Particle Data Group [14] (“PDG”), if avail-
able, as well as the PDG star rating. See text for further explanations
regarding states not listed here

Pole position πN Residue K� channel π�, channel (6) π�, channel (7)

Re W0 −2Im W0 |rπN | θπN→πN
�

1/2
πN�

1/2
K�

�tot
θπN→K�

�
1/2
πN�

1/2
π�

�tot
θπN→π�

�
1/2
πN�

1/2
π�

�tot
θπN→π�

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

�(1620) 1/2− 2022 1607 (4) 85 (5) 12 (2) 126 (4) 11 (2) −120 (5) – – 32 (2) (D) 81 (2)

2017 1601 (4) 66 (7) 16 (3) −106 (3) 31 (6) −103 (2) – – 57 (4) (D) 103 (1)

**** PDG 1600 ± 10 120 ± 20 17+3
−2 −100 ± 20 – – – – 42 ± 6 −90 ± 20

�(1910) 1/2+ 2022 1802 (11) 550 (22) 35 (25) 93 (14) 0.2 (0.4) 138 (19) 24 (18) (P) −42 (14) – –

2017 1798 (5) 621 (35) 81 (68) −87 (18) 5.1 (2.2) −96 (58) 53 (42) (P) 126 (15) – –

**** PDG 1860 ± 30 300 ± 100 25 ± 5 130 ± 50 7 ± 2 −110 ± 30 24 ± 10 85 ± 35 – –

�(1232) 3/2+ 2022 1215 (2) 93 (1) 50 (2) −39 (1)

2017 1215 (4) 97 (2) 48 (1) −40 (2)

**** PDG 1210 ± 1 100 ± 2 50+2
−1 −46+1

−2

�(1600) 3/2+ 2022 1590 (1) 136 (1) 11 (1) −106 (2) 14 (1) 14 (2) 30 (3) (P) 87 (3) 0.4 (0.04) (F) −62 (9)

2017 1579 (17) 180 (30) 11 (6) −162 (41) 13 (7) −21 (40) 31 (16) (P) 37 (40) 0.6 (0.9) (F) −56 (117)

**** PDG 1510 ± 50 270 ± 70 25 ± 15 180 ± 30 – – 15 ± 4 30 ± 35 1 ± 0.5 –

�(1920) 3/2+
(a) 2022 1883 (4) 844 (10) 41 (5) 11 (7) 20 (2) 104 (4) 5.7 (0.5) (P) −48 (5) 2.0 (0.3) (F) 147 (7)

2017 1939 (141) 838 (38) 26 (9) 96 (35) 14 (3) 146 (18) 2.7 (1.0) (P) 31 (16) 0.6 (0.4) (F) −115 (86)

*** PDG 1900 ± 50 300 ± 100 16 ± 8 −100 ± 50 9 ± 3 80 ± 40 20 ± 8 −105 ± 25 37 ± 10 −90 ± 20

�(1700) 3/2− 2022 1637 (64) 295 (58) 15 (23) −13 (147) 0.7 (1.5) −176 (320) 3.8 (7.8) (D) 127 (254) 20 (29) (S) 146 (266)

2017 1667 (28) 305 (45) 22 (6) −8.6 (32.1) 0.7 (1.8) 176 (152) 4.8 (2.0) (D) 169 (26) 38 (14) (S) 146 (30)

**** PDG 1665 ± 25 250 ± 50 25 ± 15 −20 ± 20 – – 12 ± 6 −160 ± 30 25 ± 12 135 ± 45

�(1930) 5/2− 2022 1821 (4) 447 (13) 15 (3) −108 (9) 1.0 (0.2) 49 (9) 12 (3) (D) 64 (7) 0.8 (0.2) (G) 148 (4)

2017 1663 (43) 263 (76) 5.1 (2.4) −112 (23) 2.5 (0.9) −27 (18) 17 (5) (D) 68 (17) 0.2 (0.2) (G) −134 (48)

*** PDG 1880 ± 40 280 ± 50 14 ± 6 −30+20
−10 – – – – – –

�(1905) 5/2+ 2022 1707 (1) 127 (8) 3.7 (1.0) −92 (12) 0.2 (0.03) 154 (11) 1.7 (0.3) (F) 18 (15) 10 (1) (P) −109 (14)

2017 1733 (47) 435 (264) 21 (20) 110 (93) 0.5 (0.5) −4.3 (345) 3.6 (3.4) (F) −117 (309) 15 (15) (P) −61 (230)

**** PDG 1800 ± 30 300 ± 40 20 ± 5 −50+20
−70 – – – – 19 ± 7 10 ± 30

�(1950) 7/2+ 2022 1875 (1) 166 (3) 27 (2) 1.1 (2.0) 2.0 (0.3) −40 (7) 30 (54) (F) 166 (2) 5.1 (0.7) (H) −11 (2)

2017 1850 (37) 259 (61) 34 (20) −48 (46) 1.4 (1.4) −106 (50) 35 (25) (F) 119 (46) 1.7 (1.0) (H) −103 (59)

**** PDG 1880 ± 10 240 ± 20 52 ± 8 −32 ± 8 5 ± 1 −65 ± 25 12 ± 4 – – –

�(2200) 7/2− 2022 1963 (2) 328 (3) 6.8 (0.6) −80 (2) < 0.1 (0.03) −123 (2) 0.3 (0.1) (G) 152 (5) 16 (1) (D) 100 (2)

2017 2290 (132) 388 (204) 33 (92) −32 (138) 1.0 (1.0) 118 (165) 7.0 (21.1) (G) −103 (328) 53 (124) (D) 137 (132)

*** PDG 2100 ± 50 340 ± 80 8 ± 3 −70 ± 40 – – – – – –

�(2400) 9/2− 2022 2458 (3) 280 (2) 5.4 (5) 8.4 (33) 0.4 (0.6) 17 (30) 10 (11) (G) 17 (23) 1.9 (0.5) (I) −120 (49)

2017 1783 (86) 244 (194) 7.2 (8.6) −78 (30) 0.5 (0.6) 9.1 (9.0) 19 (9) (G) −95 (36) 1.6 (1.0) (I) −18 (90)

** PDG 2260 ± 60 320 ± 160 8 ± 4 −25 ± 15 – – – – – –
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Table 5 Properties of the I = 1/2 (left) and I = 3/2 resonances
(right): photocouplings at the pole (Ah

pole, ϑh). Subscript (a): dynami-
cally generated in the present study. We show the results of the present

study JüBo2022 (“2022”) and for comparison the results of fit B of the
JüBo2017 analysis [58] (“2017”). The uncertainties quoted in paren-
theses provide a rather rough estimate as explained in the text

A1/2
pole ϑ1/2 A3/2

pole ϑ3/2 A1/2
pole ϑ1/2 A3/2

pole ϑ3/2

[10−3

GeV−1/2]
[deg] [10−3

GeV−1/2]
[deg] [10−3

GeV−1/2]
[deg] [10−3

GeV−1/2]
[deg]

Fit Fit

N (1535) 1/2− 2022 84 (5) −12(3) �(1620) 1/2− 2022 11(4) 57(24)

2017 106(3) −1.6(2.1) 2017 19(9) 15 (7)

N (1650) 1/2− 2022 39(10) −0.2(27) �(1910) 1/2+ 2022 −446(72) −70(21)

2017 51 (3) −1.4(3.9) 2017 −238(149) −87(35)

N (1440) 1/2+
(a) 2022 −90(13) −30(5) �(1232) 3/2+ 2022 −126(4) −18(3) −245(7) −0.7(1.7)

2017 −90(13) −33(18) 2017 −120(5) −14(3) −236(6) 0.5(1.1)

N (1710) 1/2+
(a) 2022 −18(19) 40(109) �(1600) 3/2+ 2022 25(10) 0.5(5.9) −6.0(2.6) 62(63)

2017 −14(2) −23(188) 2017 54(25) 144(31) −46(19) −8.5(36)

N (1720) 3/2+ 2022 39(7) 60(10) −25(7) −5.7(13) �(1920) 3/2+
(a) 2022 138(12) −8.9(3.9) 252(14) 14(3)

2017 48(24) 30(24) −27(19) −11(29) 2017 35(15) −89(44) 77(17) −26(39)

N (1900) 3/2+ 2022 9.1(2.7) 80(23) −7.7(3.4) −42(23) �(1700) 3/2− 2022 163(120) −4.4(78) 221(185) −12(79)

2017 34(13) −20(65) 109(64) 12(23) 2017 191(43) 14(36) 244(58) −5.8(32)

N (1520) 3/2− 2022 −43(25) −47(20) 112(64) 1.8(37) �(1930) 5/2− 2022 104(18) 129(16) 322(44) 142(7)

2017 −35(10) −10(7) 77(17) 8.6(13.1) 2017 159(133) 8.7(26.5) 97(32) 69(30)

N (1675) 5/2− 2022 25(4) −1.2(7.8) 51(4) −1.0(3.7) �(1905) 5/2+ 2022 55(8) −159(3) −168(40) 172(1.7)

2017 38(3) 17(10) 52(23) −11(7) 2017 59(181) 11(235) −125(295) 28(195)

N (1680) 5/2+ 2022 −17(6) 70(14) 95(6) −57(7) �(1950)7/2+ 2022 −31(4) −81(7) −45(4) −89(4)

2017 −8.0(1.8) −42(35) 95(6) −28(11) 2017 −68(29) −49(35) −95(43) −53(46)

N (1990) 7/2+ 2022 −30(16) −135(25) −18(11) 53(32) �(2200) 7/2− 2022 104(22) −139(3) 21(25) −180(39)

2017 −22(48) 13(236) −41(69) 11(233) 2017 110(146) 49(94) 57(69) −84(64)

N (2190) 7/2− 2022 −15(8) 111(17) 62(22) 179(26) �(2400) 9/2− 2022 21(14) −67(23) 22(14) 122(14)

2017 −23(13) 70(40) 53(10) −82(12) 2017 14(84) 58(66) 22(41) 89(82)

N (2250) 9/2− 2022 −108(14) 112(7) 50(22) 69(16)

2017 −41(11) −20(68) 20(15) −74(60)

N (2220) 9/2+ 2022 357(39) −91(7) −273(50) −102(6)

2017 536(435) 69(62) −445(355) 82(44)

Accordingly, the χ2 is worse than for K+�0. More data,
especially for polarization observables would be helpful to
better determine the amplitude for the K 0�+ channel.

The extracted multipole amplitudes for γ p → K+�0

and K 0�+ can be found in Appendix A. One of the striking
features of the K� photoproduction data is the appearance
of relatively sharp drops in cross section of both charge final
states, especially for K+�0 [82]. This issue is discussed in
the next section.

4 Resonance spectrum

As required for a reliable determination of the resonance
spectrum, in the present approach a resonance state is defined
in terms of a pole in the complex energy plane on the unphys-

ical, second Riemann sheet of the full scattering matrix Tμν .
In Ref. [54] the analytic properties, the sheet structure and
cuts of our model are described in detail as well as the ana-
lytic continuation of the amplitude to the second sheet. The
latter is achieved by a contour deformation of the momentum
integration; see Ref. [114] for an updated and simplified dis-
cussion. The relevance of including complex branch points
for channels with unstable particles (π�, ρN and σN in the
present case) in order to avoid a false resonance signal, is
further discussed in Ref. [115].

The coupling strength of the individual states to the dif-
ferent hadronic channels is parameterized by the normalized
residues. Our definition of this quantity is in agreement with
that of the Particle Data Group [14] and can be found in Ref.
[15]. In the present study, we apply the method described
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in the appendix of Ref. [55] to calculate the residues of the
complex poles. Following the PDG convention, the coupling
of the γ N channel to the resonances is defined by the so-
calledphotocouplings at the pole. See Ref. [56] for an explicit
definition and its decomposition into electric and magnetic
multipoles. Note that those photocouplings at the pole are
independent of the hadronic final state.

In Tables 3 and 4 we list the pole positions and residues
of established states found in the present study. The corre-
sponding photocouplings at the pole are given in Table 5.
All poles in Tables 3 and 4 lie on the second Riemann sheet,
which we define as the unphysical sheet closest to the respec-
tive section of the physical axis. The physical implications
of poles on higher sheets are in general limited and those
poles are not listed here. We compare the present results to
the JüBo2017 analyis [58], where K� but not K� photo-
producion was already included, besides the other channels
listed in Table 1. We also give the estimates of resonance
properties by the Particle Data Group [14] in a shortened
form. For example, the expression for the real part of the
pole position of the N (1680)5/2+, “1665 to 1680 (≈ 1675)
OUR ESTIMATE”, is quoted as “1675+5

−10”. In cases where
the PDG does not provide an estimate, i.e. for states with
less than three stars, we average the entries from “above the
line” to have a point of comparison. The PDG values for the
normalized residues of inelastic channels all originate from
studies of the Bonn-Gatchina group [45,116].

We find all 4-star I = 1/2 and 3/2 resonances with J ≤
9/2 except for the N (1895)1/2+, which is not needed in the
present study to achieve a good fit result. A number of states
rated with less than 4 stars are also observed. In addition to
the resonances in Tables 3 and 4, we see indications for other
states that are not listed in the tables since further evidence
for their existence is needed. Those states and the properties
of selected resonances are discussed in the following.

4.1 Discussion of specific resonances

In the S11 partial wave two bare s-channel poles are
included which correspond to the N (1535)1/2− and the
N (1650)1/2−. The N (1535)1/2− is narrower than in previ-
ous JüBo studies [57,58]. Note that in an earlier SAID solu-
tion [12] this resonance was also found to be rather narrow
(� = 95 MeV) but the width varies in different analyses [14].
The pole position of the N (1650)1/2−, on the other hand,
is only slightly different from our previous anlysis [58] and
very close to the PDG values. The residues are less stable
in general. While the coupling of the N (1535)1/2− to πN
is smaller than in JüBo2017, the N (1650)1/2− now couples
stronger to this channel.

The ηN coupling to the N (1535)1/2− remains large and
takes a very similar value as in previous JüBo studies. The
ηN residue of the N (1650)1/2−, however, changes signifi-

cantly: the new value is almost twice as large as in JüBo2017.
We ascribe this change to the recently published polarization
data for ηp photoproduction by the CBELSA/TAPS Collab-
oration [46], which were included in the fit in the present
study. The new data on T , E , P , H , and G represent a vital
addition to the γ p → ηp data base as data on P were very
scarce before and data on H and G not available at all. Our
fit results for those data are shown in Figs. 17, 18, 19 in
Appendix B. It is interesting to note that the BnGa group
observes a very similar development for the ηN branching
ratio of the N (1650)1/2− when fitting the data, as discussed
in detail in Ref. [46].

Both S11 states show an increased coupling to the KY
channels, referable to the newly included γ p → K� reac-
tion. We see no indications for additional poles as, e.g, the
N (1895)1/2− in this partial wave.

In the P11 partial wave, we observe a significant change
in the analytic structure compared to the JüBo2017 solution.
While the Roper resonance is still dynamically generated as
in previous studies [117], the N (1710)1/2+, previously an
s-channel pole, is now dynamically generated and moved to a
much lower pole position close to the K� threshold. We also
observe a major increase of the residues into the ηN and K�

channels. In addition, the N (1710)1/2+ resonance follows
the pronounced structure of the SAID single energy solution
(data points in Fig. 9) although the fit (solid red lines) is to
the energy-dependent solution (dashed lines) which is rather
smooth in the shown energy region. This remarkable prop-
erty was present in the JüBo2012 and JüBo2015 solutions
[15,57] but disappeared in the JüBo2017 solution [58], until
the present study. We interpret this as a strong indication of
existence for this resonance.

In contrast to the dynamical N (1710)1/2+, the second s-
channel pole in P11 (apart from the nucleon), moved far into
the complex plane (W0 = 1513 − i405 MeV). Therefore,
we do not include this singularity in the resonance tables.
The dynamically generated state at W0 � 1750 − i160 MeV
observed in previous JüBo solutions is not seen anymore.

Another change of the analytic structure took place in
the P33 partial wave. While the �(1232) is very stable with
respect to previous JüBo studies [57,58] and close to the PDG
values, the formerly dynamically generated �(1600)3/2+
is now induced by a bare s-channel pole. In contrast, the
very broad �(1920)3/2+, previously a s-channel pole, is
dynamically generated in the present study. The situation in
the P11 and P33 partial wave shows the difficulties in inter-
preting the dynamical or s-channel (“genuine”) pole nature
of a resonance in a complicated multi-channel environment
with strong dressing effects that cannot be uniquely separated
from “bare” states [15,53].

The P33 wave is one of the dominating partial waves in the
γ p → K� reactions, c.f. Figs. 10 and 11, reflected by the
large photocoupling of the �(1920)3/2+. Of course, it is dif-
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Fig. 9 πN → πN P11 partial wave in the region of the N (1710)1/2+:
Solid (red) lines: JüBo2022; data points: single-energy solution WI08
GWU/SAID [71]; dashed (black) lines: energy-dependent solution
WI08 [71]. Remarkably, the JüBo2022 fit is to that (structureless)
energy-dependent solution and blind to the single-energy solution

Fig. 10 Total cross section of the reactionγ p → K+�0 and its partial-
wave content on a logarithmic scale (small partial waves not shown).
Data: filled (black) circles: SAPHIR 1998 [79]; empty squares: SAPHIR
1994 [78]; filled (gray) diamonds: ABBHHM 1969 [118]). The data are
not included in the fit

ficult to interpret this as a sign that this resonance exists, due
to its enormous width of more than 800 MeV. It could well be
that this state just appears from the specific way our ampli-
tude is parametrized; all that is certain is that the pertaining
partial wave, P33, plays a major role in K� photoproduction.

The P13 partial wave features two s-channel poles: the
N (1720)3/2+ and the N (1900)3/2+, both rated with 4 stars
by the PDG. It was noted by a number of other analysis
groups that the latter state plays an important role in KY
photoproduction, see, e.g., Refs. [36,37,39,47,119]. Also in
the JüBo model the N (1900)3/2+ was included to improve
the fit to K� photoproduction data [58]. The pole posi-
tions of the two P13 states found in the present analysis are
close to the PDG values. The width of the N (1900)3/2+ is
much reduced compared to previous JüBo studies. Although
the residue into the K� channel is considerably smaller
than in 2017, the pole is clearly visible in the multipole
amplitudes for γ p → K�, especially in M1+ of K 0�+,
c.f. Fig. 13, where a distinct peak arises at the pole posi-
tion of the N (1900)3/2+. In the present analysis, this reso-
nance is responsible for the drop of the total cross section in
γ p → K+�0 around W ∼ 1900 MeV (c.f. Fig. 10) and it

Fig. 11 Total cross section of the reactionγ p → K 0�+ and its partial-
wave content on a logarithmic scale (small partial waves not shown).
Data: empty circles: SAPHIR 1999 [103]; filled (black) squares:
CBELSA/TAPS 2012 [101] (data are not included in the fit)

Fig. 12 Forward differential cross section (cos θ > 0.9) reaction
γ p → K+�0. Only dominant partial waves are shown. The box in
the upper right corner shows the same picture on a logarithmic scale.
Data from Ref. [82] (not included in the fit). We fit the data shown in
Fig. 2 from the same reference. Systematic uncertainties of the data are
shown as brown bars

also qualitatively explains the “cusp-like” structure observed
in a recent measurements of the forward differential cross
section for K+�0 photoproduction by the BGOOD experi-
ment [82], as can be seen in Fig. 12. This cusp in the data
might be sharper at extreme forward angles [82], but our data
description in forward direction is, overall, quite good except
for a few points, see Fig. 2.

Although this resonance is also responsible for a sharp
drop of the P13 contribution to the total cross section of the
K 0�+ final state as shown in Fig. 11, it does not reproduce
the sharp drop of the data around 2 GeV. Note that we do not
include data on total cross section in the fit. A hypothesis for
this drop was presented in Ref. [120] that explained it as a
cusp from coupled K ∗� and K ∗� channels and their inter-
ference; a similar mechanism to explain the sharp structure
at around W ≈ 1.68 GeV in γ n → ηn was discussed in
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Fig. 13 M1+ multipole for the reaction γ p → K+�0 (left) and K 0�+
(right): (Red) solid lines: full solution JüBo2022. (Turquoise) solid
lines: JüBo2022 with N (1900)3/2+ switched off. (Black) dashed lines:
BnGa2019 [46]

Ref. [121]. In any case, these channels alone cannot explain
the differential cross sections, either [120], while the forward
peak in our solution is at least qualitatively described as Fig. 7
shows. Once our approach includes K ∗Y channels, it will be
possible to test the cusp hypothesis quantitatively with all
available data.

On the other hand, in combination with the N (1720)3/2+,
which has a larger ηN residue, the N (1900)3/2+ generates
the backward peak in the recent beam asymmetry data for
γ p → ηp by the CBELSA/TAPS Collaboration [84], as
shown in Fig. 14: by switching off the two resonance states,
the peak for large scattering angle, which occurs in the energy
region of the η′ p threshold of W = 1896 MeV, vanishes. In
Ref. [84], this backward peak is associated with the η′ p and
further evidence for the N (1895)1/2− is claimed based on
a fit of the data within the BnGa approach. In the current
analysis we do not find evidence for the latter state. Note
that while the η′ p channel is not yet included in JüBo, and
therefore the η′ p branch point is missing, the N (1900)3/2+
does not simply simulate this branch point as this state is
especially important in KY photoproduction. Furthermore,
also the BnGa analysis includes the N (1900)3/2+, despite
including the η′ p explicitly.

As reported in Ref. [84], the BnGa solution introduced
the η′N channel not only to fit the η beam asymmetry data,
but also the η differential cross sections from Ref. [122]. We
stress that in the present solution, the data from from both
References [84,122] are also well described [74]. More def-
inite statements can be made once the η′ channel is included
in our analysis.

In the D13 partial wave, besides the established N (1520)

3/2−, we see indications for a dynamically generated
N (1875)3/2− atW0 = 1906(1)−i333(1) MeV with a strong
coupling to the π� channel. While the mass is in agreement

Fig. 14 Fit results for the beam asymetry � of the reaction γ p →
ηp. Solid (red) lines: full results JüBo2022. Dashed (turquoise) lines:
JüBo2022 with N (1720)3/2+ and N (1900)3/2+ switched off. Only
CBELSA/TAPS [84] data are shown but other data [123,124] are also
included in the analysis

with the PDG value of 1900 ± 50 MeV [14], our width is
much broader than the PDG value of 160 ± 60 MeV.

A broad dynamically generated pole is also observed in the
D33 partial wave at W0 = 2118(10)− i356(73) MeV, which
could be associated with the �(1940)3/2− listed by the PDG
[14], although our pole positions differs to some extent from
the PDG value of W0 = 1950±100−i(175±75) MeV. This
state couples strongly to the K� channel and, accordingly,
around 2.1 GeV the influence of the D33 on the γ p → K+�0

cross section is increasing and it becomes one of the most
important partial waves, c.f. Fig. 10. Because both states,
N (1875)3/2− and �(1940)3/2−, need further confirmation
we do not list them in Tables 3 and 4.

In the D15 partial wave, the N (1675)5/2− couples
strongly to the πN channel and we find resonance parame-
ters similar to the PDG values. The N (2060)5/2− that was
dynamically generated in JüBo2017 [58] is not seen in the
present study.

An interesting interplay can be observed in the I =
3/2 and J = 5/2 partial waves: The �(1930)5/2− is
much broader than in JüBo2017 while the width of the
�(1905)5/2+ is significantly reduced. A similar switch of
large and small width was observed in previous JüBo anal-
yses. At that time, however, the important information from
the K� photoproduction data for the I = 3/2 states was
still missing. In the current study, the two partial waves, D35

and F35, play an important role in the description of those
data especially for the K+�0 final state, as can be seen in
Figs. 10, 11, leading to modified pole positions compared to
the JüBo2017 solution.

In the F17 partial wave, the pole position of the N (1990)

7/2+ changes considerably compared to JüBo2017. The
mass is now much closer to the PDG value and the width
of 72 MeV is much more narrow. This state is rated with
only 2 stars by the PDG, meaning the evidence for existence
is only fair. In our present analysis, however, the forward
peak in the beam asymmetry data for γ p → ηp is to a large
extent caused by the N (1990)7/2+. We noticed in previous
JüBo studies that the properties of the N (1990)7/2+ are hard
to determine. Here, we note that further studies are needed
to confirm its remarkably small imaginary part.

At higher energies, also the F37 and G39 partial waves
gain more influence in the K� cross sections, although
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they remain comparably small. While the mass of the
�(1950)7/2+ is in the same energy range as in 2017, the
pole position of the �(2400)9/2− changed significantly and
is now closer to the PDG value. In the G39 partial wave an
additional pole at W0 = 1941(12)− i260(24) MeV is found
that couples strongly to πN and π�. This pole is not listed
in Tables 5 and 4 as further evidence for this state is required.

On the whole, we find that the reaction γ p → K+�0 is
dominated by isospin I = 3/2 resonances, with the impor-
tant exception of the P13 partial wave, as can be seen in
Fig. 10. Accordingly, the current resonance analysis leads to
refined values for the � states. The dominance of I = 3/2
partial waves in γ p → K+�0 was also noted by the BnGa
group in Ref. [16], while the dominant contributions to
γ p → K 0�+ in that study were nucleon partial waves.
Looking at Fig. 11 we can confirm that I = 1/2 partial waves
play a much bigger role in the K 0�+ than in the K+�0 final
state.

Furthermore, we observe that the uncertainties of the �

resonances are of a similar size as for the N∗ states. This
was different in JüBo2017 [58], where the mixed-isopspin
K� photoproduction channels were not yet included and the
� states exhibited larger uncertainties than the N∗ states in
general.

5 Conclusion

In the present study, the Jülich-Bonn dynamical coupled-
channel model was extended to K� photoproduction off the
proton and recent data sets for other meson photoproduc-
tion reactions were included. The approach now describes
the pion- and photon-induced production of the πN , ηN ,
K� and K� channels. The amplitudes were determined in a
simultaneous fit of all reactions to almost 72,000 data points.
Based on those fit results, the spectrum of N∗ and � reso-
nances was extracted in terms of complex pole positions and
residues. All 4-star resonances up to J = 9/2, except for the
N (1895)1/2+, and a number of states rated with less than 4
stars are observed. In addition, we see indication for dynam-
ically generated poles that were not seen in previous JüBo
studies and require further confirmation.

We find that the γ p → K+�0 reaction is dominated by
I = 3/2 partial waves, with the exception of the P13 wave.
In that partial wave, the N (1900)3/2+ state explains qualita-
tively the cusp-like structure in the recent BGOOD data [82]
for K+�0. Moreover, in combination with the N (1720)3/2+
it is responsible for the backward peak observed in a recent
CBELSA/TAPS measurement of the beam asymmetry � in
γ p → ηp [84]. The explanation of a sharp decrease of the
cross section in K 0�+ at W ≈ 2 GeV remains a challenge
in the present approach.

Furthermore, the inclusion of the new polarization data
T , E , P , H , and G in γ p → ηp [46] led to a significant
change in the ηN residue of the N (1650)1/2−, which is
almost twice as large as in previous studies, reducing the
striking difference of the ηN residue of the two S11 states. In
many cases, the inclusion of the mixed isospin γ p → K�

data led to refined values for the � resonances.
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Appendix A: K� photoproduction multipoles

In Figs. 15 and 16 we show the multipoles for the reactions
γ p → K+�0 and γ p → K 0�+, respectively. The current
solution JüBo2022 is shown together with the Bonn-Gatchina
BnGa2019 solution [46].
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Fig. 15 Electric and magnetic multipoles for the reaction γ p → K+�0: (Red) solid lines: JüBo2022 (this solution). (Black) dashed lines:
BnGa2019 [46]
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Fig. 16 Electric and magnetic multipoles for the reaction γ p → K 0�+: (Red) solid lines: JüBo2022 (this solution). (Black) dashed lines:
BnGa2019 [46]

Appendix B: Further fit results

In Figs. 17, 18, 19 we show fit results for the polariza-
tion observables T , E , P , G, and H in γ p → ηp by the
CBELSA/TAPS collaboration [46]. Although this paper is
about K� photoproduction, the shown data were published
between the previous iteration of the JüBo analysis and the
present one and are now included in the fits. Also newly

included are the MAMI A2 data for the differential cross
section in γ p → π0 p from Ref [125] and in γ p → ηp from

Fig. 17 Fit results of T for the reaction γ p → ηp. Data:
CBELSA/TAPS 2020 [46]
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Fig. 18 Fit results of E for the reaction γ p → ηp. Data:
CBELSA/TAPS 2020 [46]

Fig. 19 Fit results of P , G, and H for the reaction γ p → ηp. Data:
CBELSA/TAPS 2020 [46]

Ref. [122], as well as the CBELSA/TAPS data on E in γ p →
π0 p from Ref. [126] and on � in γ p → ηp from Ref. [84]
and the BGOOD data on dσ/d� and P at forward angles for
K+� photoproduction [83]. The corresponding fit results
can be found online [74].

Appendix C: Weights applied in the fit to the γ p →
K+�0, K 0�+ data

The data weights in the χ2 calculation are shown in Table 6.
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