arXiv:1211.6998v2 [nucl-th] 26 Apr 2013

Coupled-channel dynamics in the reactions πN → πN, ηN, KΛ, KΣ

D. Rönchen,^{1, ∗} M. Döring,^{2, †} F. Huang,^3 H. Haberzettl,^4 J. Haidenbauer,^{1, 5} C. Hanhart,^{1, 5} S. Krewald,^{1, 5} U.-G. Meißner,^{1, 2, 5} and K. Nakayama^{1, 3} 1Institut für Kernphysik and Jülich Center for Hadron Physics, Forschungszentrum Jülich, D-52425 Jülich, Germany 2Helmholtz-Institut für Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics, Universität Bonn, Nußallee 14-16, D-53115 Bonn, Germany 3Department of Physics and Astronomy, University of Georgia, Athens, Georgia 30602, USA 4Institute for Nuclear Studies and Department of Physics, The George Washington University, Washington, DC 20052, USA 5Institute for Advanced Simulation, Forschungszentrum Jülich, D-52425 Jülich, Germany

Elastic πN scattering and the world data of the family of reactions π^−p → ηn, K^0Λ, K^0Σ^0, K^+Σ^−, and π^+p → K^+Σ^+ are described simultaneously in an analytic, unitary, coupled-channel approach. SU(3) flavor symmetry is used to relate both the t- and the u- channel exchanges that drive the meson-baryon interaction in the different channels. Angular distributions, polarizations, and spin-rotation parameters are compared with available experimental data. Partial-wave amplitudes are determined and the resonance content is extracted from the analytic continuation, including resonance positions and branching ratios, and possible sources of uncertainties are discussed. The results provide the final-state interactions for the ongoing analysis of photo- and electroproduction data.

PACS numbers: 11.30.Hv, 11.80.Gw, 13.75.Gx, 14.20.Gk, 24.10.Eq

I. INTRODUCTION

To gain insight into the non-perturbative sector of Quantum Chromodynamics (QCD) the knowledge of the excited hadron spectrum is essential, providing the connection between experiment and QCD. An ab-initio approach to resonance physics is provided by lattice QCD gauge simulations. Spectra of excited baryons observed on the lattice [1–11] hold the promise to explain the rich phenomenology in the first, second, and third resonance regions. Once quark masses drop towards the physical limit and finite volume effects, increasingly important for lighter quark masses, are under full control, comparison to experimental data will be possible. Dynamical Dyson- Schwinger approaches [12–15] and quark models [16–25] also rely on a comparison with the extracted resonance spectrum. A complementary picture for some resonances is provided by the unitarization of chiral interactions [26– 45], using directly the hadronic degrees of freedom and, as such approaches are formulated for at most a few partial waves, one again needs a data analysis in terms of partial waves to compare to.

The reliable extraction of amplitudes and of the resonance spectrum from data, therefore, is a prerequisite for comparing theoretical approaches to experiment. Most resonances have been identified through elastic πN scattering in the past [46–48] and to this day by the GWU/SAID analysis group [49–56]. A new experimental window has opened through the recent high-precision

∗Electronic address: d.roenchen@fz-juelich.de †Electronic address: doering@hiskp.uni-bonn.de

photon-beam facilities, e.g., at ELSA, GRAAL, JLab, SPring-8 and MAMI, allowing for resonance identification and the determination of their electromagnetic properties [57, 58].

Combining different reactions for resonance extraction enables one to determine those states which couple only weakly to πN. The simultaneous analysis of different final states of pion- and photon-induced reactions in coupled-channel approaches is, thus, the method of choice to study reaction dynamics. Dynamical coupledchannel (DCC) models [59–86] provide a sophisticated tool for analyzing excited baryons and extracting resonance parameters as they obey theoretical constraints of the S-matrix such as analyticity.

The DCC model developed and employed in this study (Jülich2012 model) is based on an approach pursued over many years [59–66]. The scattering amplitude is obtained as the solution of a Lippmann-Schwinger-type scattering equation defined by time-ordered perturbation theory (TOPT) which automatically implements unitarity constraints. Also, the important ππN channels are included dynamically in the sense that the ππ and πN subsystems match the respective phase shifts. Based on effective Lagrangians, the non-resonant interactions are given by t- and u-channel exchanges of known mesons and baryons, while s-channel processes can be considered as bare resonances. The explicit treatment of the background in terms of t- and u-channel diagrams introduces strong correlations between the different partial waves and generates a non-trivial energy and angular dependence of the observables. Analyticity is respected by including dispersive contributions of intermediate states, as well as the correct structure of branch points [87–89]. Thus, a reliable determination of resonance properties given in terms of pole positions and residues of the scattering amplitude in the complex energy plane is possible.

The extension of the Jülich model to photoproduction within a gauge-invariant approach [67–69] has been accomplished recently [70]. There are a number of studies of photon-induced reactions within phenomenological dynamical models [71, 79, 81, 84–86, 90–98]. The vast majority of them, however, do not satisfy the gauge invariance condition as dictated by the generalized Ward- Takahashi identity [67, 99]. Exceptions to this are, e.g., the works of Refs. [84, 85, 90].

The adaptation of DCC models to the finite volume, to allow for the prediction of lattice levels and the calculation of finite volume corrections, was pioneered in Ref. [100]. In principle, such extensions of hadronic approaches allow for the analysis of experimental and lattice data on the same footing [101–103].

In Ref. [66], the Jülich model is extended to the kaonhyperon sector. SU(3) flavor symmetry is exploited to relate different coupling constants; SU(3) symmetry is broken e.g. by physical masses but also by different cutoffs in the form factors of the vertices. The latter absorb other sources of SU(3) breaking that are not systematically addressed as possible in chiral perturbation theory. A resonance analysis of the isospin I = 3/2 sector was performed by fitting simultaneously the elastic πN partial-wave amplitudes of the GWU/SAID analysis [54] and π^+p → K^+Σ^+ differential cross sections, polarizations, and spin-rotation data [104–106]. To achieve a good description of the K^+Σ^+ data, the inclusion of resonances with total spin up to J = 7/2 turned out to be necessary.

In the present study, we extend this resonance analysis to the isospin I = 1/2 sector, considering the world data of the set of reactions π^−p → ηn, K^0Λ, K^0Σ^0, K^+Σ^−, and π^+p → K^+Σ^+, together with πN → πN scattering. Besides the πN, ηN, KΛ and KΣ channels, the approach includes three effective ππN channels, namely πΔ, σN and ρN. The considered energy range has been extended beyond 2 GeV and resonances up to J = 9/2 are included now. For older coupled-channel analyses of pion-induced inelastic reactions see, e.g., Refs. [107–109].

The present effort is a first step towards a global analysis of pion- and photon-induced production of πN, ηN, KΛ and KΣ. For example, photoproduction data with unprecedented accuracy were measured recently at ELSA, MAMI, JLab and other facilities for the KY final states [110–127], the latter being also accessible through nucleon-nucleon collisions at COSY [128, 129] or HADES [130–132]. New data for pion-induced reactions are expected by experiments such as EPECUR at ITEP for the KΛ final state [133] and E19 at J-PARC for the charged KΣ final states [134].

This paper is organized as follows: An overview of the formalism is given in Sec. II, including a new renormalization scheme in Sec. II B. Details on the data base and the fitting techniques are documented in Sec. III, together with the comparison of the present results to data. In

FIG. 1: (Off-shell) pion exchange as a consequence of threebody unitarity [155].

particular, results of two fit scenarios (A and B) are presented which differ predominantly in the strength of the coupling of the πN system to the effective ππN channels, notably to σN. The description of observables achieved in the various reaction channels is discussed in detail. Extracted resonance pole properties are presented and discussed in Sec. IV. The technical details and values of fit parameters shown in the Appendices ensure the reproducibility of the results.

II. FORMALISM

Theoretical requirements on the scattering amplitude include two-body unitarity which is realized in most of the current approaches to data analysis, including those formulated with the K-matrix [135–149]. Dispersive contributions of the two-body intermediate states are neglected in K-matrix approaches. However, there are calculations in which dispersive parts are included in a factorized form, e.g. CMB-type approaches [150–154] or the Chew-Mandelstam formalism used in the GWU/SAID analysis [49–56].

In addition to two-body unitarity, three-body unitarity is an important issue when analyzing the baryon spectrum due to the known large inelasticities caused by the ππN channel. In the current approach, the ππN intermediate states are parameterized as πΔ, σN, and ρN channels. The properties of the unstable particles in these channels are matched to the corresponding phase shifts, i.e. the Δ fits the P_{33} partial wave in πN scattering, and the σ and ρ mesons fit the ππ phase shifts for the corresponding quantum numbers [62, 65]. It should be stressed that the current approach provides the correct analytic structure, including branch points in the complex plane from three-particle intermediate states. In Ref. [89] it was shown that the latter are indeed of practical relevance, to avoid erroneous resonance signals.

For three-body unitarity, the consistent inclusion of three-body cuts is essential [155] as illustrated in Fig. 1. In particular, three-body unitarity dictates the inclusion of the discontinuities induced by t-channel exchanges simultaneously with the discontinuities arising from threebody states propagating in the s-channel. Using dispersion relations, the form of the t-channel and s-channel propagators can be calculated from these discontinuities [155]. It should be noted that this implies the full off-shell treatment of the exchange potential. In addition to t-channel exchanges, it is always possible to add more interactions as long as they do not induce cuts, such as contact terms.

Thus, meson exchange arises naturally from requirements of the S-matrix. While pion exchange is included in the transitions potentials (cf. Figs. 2 and 3.) it should be noted that full three-body unitarity requires additional diagrams that are beyond the scope of this work. Those comprise, e.g., the dressing of the nucleon in the πN s-channel propagator, as induced by the nucleon exchange term in πN → πN. This contribution is known to be small, though [155]. Baryon-exchange diagrams are also mandatory for the approximation of the left-hand cut on the amplitude level. The extension to channels involving particles with strangeness then requires additional diagrams.

All resulting t- and u-channel processes of the current approach are shown in Figs. 2 and 3. For the transitions MB → MB, with the J^P = 0^− octet mesons M and the J^P = 1/2^+ octet baryons B, we have included the full set of diagrams required by SU(3) symmetry. This applies to the classes of diagrams of the exchange of J^P = 1^− vector mesons, J^P = 1/2^+ baryons, and J^P = 3/2^+ baryons. In particular, non-diagonal transitions such as ηN → KY are considered.

At this point, we would like to stress that in the current approach the πN interactions with the σ(600) and ρ(770) quantum numbers in the t-channel, as shown in Fig. 4, are determined from analytically continued NN̄ → ππ data, using dispersive techniques and crossing symmetry (see Ref. [59] and references therein). Note that for low energies, where the ππN channel plays no significant role, more systematic schemes using dispersive techniques for the amplitude extraction have been developed recently [156, 157]. Chiral perturbation theory also allows for a model-independent understanding of the near-threshold behavior [158–162].

The interaction potentials V , given by t- and u-channel exchanges of hadrons as shown in Figs. 2 and 3, are derived from the Wess-Zumino interaction [163, 164] plus additional terms. These Lagrangians, in combination with the form factors, determine also the off-shell behavior of the amplitude. For analytic expressions of the exchange diagrams, see Appendix B. The Lagrangians and vertices for the s-channel exchanges are listed in Appendix B of Ref. [66]; see also Appendix A of this study.

In the present approach, an integral equation is solved to obtain the T -matrix based on the exchange processes. From the resulting T -matrix, the observables in pioninduced reactions can be calculated [66] (for photoninduced reactions, see Refs. [68–70]). The scattering equation in the center-of-mass (c.m.) frame, for a given partial wave, reads [62–66] T_{μν} (p^{′′}, p^′, z) = V_{μν} (p^{′′}, p^′, z) + ∑ κ ∞∫ 0 dp p^2 V_{μκ}(p^{′′}, p, z) T_{κν} (p, p^′, z) z − E_a(p) − E_b(p) + iϵ , (1)

where p^{′′} ≡ |⃗p^{′′}| (p^′ ≡ |⃗p^′|) is the modulus of the outgoing (incoming) three-momentum that may be on- or offshell, z ≡ √ s ≡ E is the scattering energy, and μ, ν, κ are channel indices. Note also that the different possibilities of the πΔ and ρN states to couple to a given J^P are organized in additional channels as listed in Table XI. In Eq. (1), E_a = √ m^2_a + p^2 and E_b = √ m^2_b + p^2 are the energies of the intermediate particles a and b in channel κ. Eq. (1) is formulated in the partial-wave basis, i.e. the amplitude only depends on the modulus of the incoming, outgoing, and intermediate particle momenta. This implies a partial-wave decomposition of the exchange potentials [62, 63] (see also Table XI in Appendix B). The angular dependence of the full T -matrix is provided by the Wigner d^J_{λλ}′ (ϑ)-functions in the partial-wave decomposition [62, 63], where ϑ is the scattering angle and λ (λ^′) is the helicity of the incoming (outgoing) baryon. The denominator in Eq. (1) corresponds to the channels with stable particles, πN, ηN, KΛ, and KΣ; for the effective ππN channels (πΔ, σN, ρN), the propagator is more complex [62, 65]. While in the present approach the resonances acquire their widths from the solution of the scattering equation (1), there are also other approaches to unstable particles (see, e.g., the complex-mass scheme of Ref. [165]; see also Ref. [166]).

It should be stressed that throughout this study we use isospin-averaged masses. For the different KΣ final states considered, in principle, the threshold energies are different which could have quantitative effects close to threshold; however, all KΣ data available lie considerably above the KΣ thresholds and effects from differences in those thresholds are negligible. Similar considerations hold for electromagnetic effects. For elastic πN scattering, we do not fit to data anyway but to the GWU/SAID amplitudes [54] (cf. Sec. III C) which include corrections for Coulomb effects.

Having outlined the approach, it is obvious that hadron exchange connects all partial waves of the scattering amplitude, putting strong constraints on the form of the amplitudes and providing at the same time a background from t- and u-channel processes. Together with a minimal set of s-channel processes (“genuine” resonances), this allows for a reliable extraction of poles and residues from the analytic continuation of the amplitude as derived in Ref. [65].

A. Decomposition of the amplitude

The scattering amplitude T_{μν} can be decomposed into a non-pole and a pole part as derived in this section. In

FIG. 2: Hadron exchanges in the t- and u-channel employed in the current approach. Not shown are s-channel processes (resonances).

the present study, this decomposition merely serves to speed up to the numerical evaluation; no physical meaning is attached to the components of the decomposition.

The sum of the u- and t-channel diagrams is labeled as V^{NP} in the following. Together with the (bare) schannel exchanges V^P, they constitute the interaction V in Eq. (1),

V_{μν} = V^{NP}_{μν} + V^P_{μν} ≡ V^{NP}_{μν} + n∑ i=0 γ^a_{μ;i} γ^c_{ν;i} z − m^b_i (2) with n being the number of bare s-channel states in a given partial wave. To simplify the notation, the explicit dependence on momenta and energy are omitted here and in the following. In Eq. (2), γ^c [γ^a] are the bare resonance creation [annihilation] vertices, indicated by the subscript c [a], of the s-channel states of bare mass m^b_i . The bare vertices for J ≤ 3/2 are derived from Lagrangians and given in Appendix B of Ref. [66]. The vertex functions for J ≥ 5/2 are given in Eq. (B.3) of Ref. [66] and Eq. (A1) in this study.

The u-channel diagrams from nucleon, Δ(1232), Λ, Σ, Σ^∗(1385), Ξ and Ξ^∗(1530) exchanges are included with physically known coupling strengths, while u-channel diagrams from other baryonic resonances are neglected. Those would introduce additional parameters which are difficult to adjust, for the diagrams do not introduce

FIG. 3: Continuation of Fig. 2.

strong energy dependencies (for a discussion of u-channel contributions, see Ref. [167]).

The unitarization of V^{NP} leads to the definition of T^{NP},

T^{NP}_{μν} = V^{NP}_{μν} + ∑ κ V^{NP}_{μκ} G_κT^{NP}_{κν} , (3)

the so-called non-pole part of the full T matrix (projected to a partial wave). The G_κ are the propagators of twoor three-particle intermediate states [i.e., for the twoparticle case, G_κ = (z − E_a − E_b + iϵ)^{−1} according to Eq. (1)]. Note that in Eq. (3), and also Eq. (4) below, there is an integration over the momentum of the intermediate state, cf. Eq. (1), not written explicitly for simplicity.

Contributions from the s-channel exchanges, the pole part T^P, can be evaluated from the non-pole part T^{NP} given in Eq. (3). For this, we define the quantities

Γ^c_{μ;i} = γ^c_{μ;i} + ∑ ν γ^c_{ν;i} G_ν T^{NP}_{νμ} ,

Γ^a_{μ;i} = γ^a_{μ;i} + ∑ ν T^{NP}_{μν} G_ν γ^a_{ν;i} ,

Σ_{ij} = ∑ μ γ^c_{μ;i} G_μ Γ^a_{j;μ} , (4)

where Γ^c [Γ^a] are the dressed resonance creation [annihilation] vertices and Σ is the self-energy. The indices

FIG. 4: Exchanges with σ(600) and ρ(770) quantum numbers in the t-channel, determined by using dispersion techniques and crossing symmetry [59].

i, j label the s-channel state in the case of multiple resonances. For the two-resonance case, the pole part reads explicitly [36]

T^P_{μν} = Γ^a_μ D^{−1} Γ^c_ν , where

Γ^a_μ = (Γ^a_{μ;1}, Γ^a_{μ;2}), Γ^c_μ = ( Γ^c_{μ;1} Γ^c_{μ;2} ) , D = ( z − m^b_1 − Σ_{11} −Σ_{12} −Σ_{21} z − m^b_2 − Σ_{22} ) , (5)

from which the one-resonance case follows immediately.

It is easy to show that the full scattering T matrix of Eq. (1) is given by the sum of pole and non-pole part,

T_{μν} = T^P_{μν} + T^{NP}_{μν} . (6)

This decomposition is widely used in the literature, see e.g. Refs. [71, 168, 169]. The non-pole part T^{NP} is sometimes referred to as background, although the unitarization of Eq. (3) may lead to dynamically generated poles in T^{NP}. In turn, T^P contains constant and other terms beyond the pole contribution of the Laurent expansion [64]. Consequently, the conclusion was drawn that the cleanest separation into a background and a resonance part is given by the separation into a singularity-free part and the part a_{−1}/(z −z_0) that is the leading term in the Laurent expansion of the scattering amplitude in the complex energy plane about the pole position z = z_0 with residue a_{−1}.

However, in the present study, we use the decomposition of Eq. (6), because the calculation of T^P is numerically much faster than that of T^{NP}. In a fit of only s-channel parameters, it is thus convenient to calculate T^{NP} once and then fit the resonance parameters, which only requires the multiple re-evaluation of T^P (cf. Sec. III B).

B. Renormalization of the nucleon mass and coupling

The nucleon is included in our formalism as an explicit s-channel state which is dressed via Eq. (4) to acquire the correct physical nucleon mass and πNN coupling.

This means, to ensure a nucleon pole at the position of the physical nucleon mass m_N = 939 MeV and with the physical coupling of f_{πNN} = 0.989 [170], one has to implement a renormalization procedure in the P_{11} partial wave.

The renormalization in case of one bare s-channel state, coupling to one channel (πN), is well understood and has been applied, e.g. in Refs. [169, 171]. For illustration, we repeat the essential steps in the current notation.

Following Eq. (5), the pole part T^P in the oneresonance case, with an s-channel nucleon exchange of bare mass m^b_N , can be written as

T^P =

Γ^a_1 Γ^c_1 z − m^b_N − Σ_{11} (7) where here and in the following the omission of the channel index means that we refer to the πN channel. We require that T^P has a pole at the physical nucleon mass m_N :

z_0 = m^b_N + Σ_{11}(z_0) with z_0 = m_N . (8)

To derive an expression for m^b_N that respects the renormalization condition of Eq. (8) we expand the nucleon self-energy about z = z_0

Σ_{11}(z) = Σ_{11}(z_0) + (z − z_0)

∂Σ_{11}(z) ∂z | | |_{z=z0} + O(z − z^0)^2 (9) and define the reduced quantities Σ̃_{11} and Γ̃^{a,c}_1 taking advantage of the fact that the bare coupling f^b_N can be factorized off Σ and Γ,

Σ_{11} = (f^b_N )^2Σ^{red}_{11} = x^2f^2_{πNN} Σ^{red}_{11} = x^2 Σ̃_{11}

Γ^{a,c}_1 = f^b_N Γ^{red;a,c}_1 = x f_{πNN} Γ^{red;a,c}_1 = x Γ̃^{a,c}_1 , (10)

with x ∈ R and the bare πNN coupling constant f^b_N ,

f^b_N = x f_{πNN} . (11)

In Eq. (10), Σ̃_{11} is the nucleon self-energy calculated with the physical nucleon coupling f_{πNN} , instead of the bare coupling. The same applies to Γ̃^{a,c}_1 . T^P from Eq. (7) reads now

T^P = 1 z − z_0 ( x^2Γ̃^a_1Γ̃^c_1 1 − x^2∂_zΣ̃_{11} ) z=z_0 + O(z − z_0)^0 (12)

with ∂_z :=^∂_{∂z} . To determine the bare coupling f^b_N , x is calculated: the physical residue of the nucleon pole in the variable z is given by

(a_{−1})_{πN→πN} = γ̃^a_1 γ̃^c_1 (13)

where γ̃^{a,c}_1 are the bare nucleon vertices calculated at z = z_0 with the physical nucleon coupling f_{πNN} instead of the bare coupling (cf. Appendix B.1. of Ref. [66]),

γ̃^a_1 = i √ 3 8 f_{πNN} k π m_π E_N + ω_π + m_N √ E_N ω_π(E_N + m_N )

, (14) where k is the particle momentum in the center-of-mass. The physical residue of Eq. (13) has to agree with the residue of T^P from Eq. (12) at the pole position: ( x^2Γ̃^a_1 Γ̃^c_1 1 − x^2∂_zΣ̃_{11} ) z=z_0 = (a_{−1})_{πN→πN} , (15)

leading to 1 x^2 = ( ∂_zΣ̃_{11} +

Γ̃^a_1 Γ̃^c_1

γ̃^a_1 γ̃^c_1 ) z=z_0 . (16)

The bare mass m^b_N and coupling f^b_N of the nucleon are then calculated by inserting Eq. (16) into (8) and (11), which leads for m^b_N to

m^b_N = m_N − x^2Σ̃_{11}(z_0). (17)

This matching procedure is valid for the nucleon in case it couples only to the πN channel. In Ref. [62], the renormalization for one bare s-channel state coupling to more than one channel is developed. In contrast, in the present study a second bare s-channel state is included that is allowed to couple to multiple channels, while the bare s-channel nucleon state is allowed to couple only to the πN channel. The corresponding formalism is developed below. We have also developed the formalism for two bare s-channel states with both of them coupling to multiple channels. The resulting set of equations needs to be solved numerically for m^b_N and f^b_N , but we see no need here to couple the nucleon pole at z_0 = 939 MeV to channels with a significantly higher threshold energy than πN; at the nucleon pole, the effect of omitting the coupling to higher-lying channels is fully absorbed in the value of x.

The renormalization for the case of two bare s-channel states is derived in the following. The nucleon is allowed to couple to the πN channel only, while the second state couples to all channels. That second state leads to a resonance at z ∼ 1650 MeV in the P_{11} partial wave as discussed in Sec. IV D.

The nucleon pole position is given by a zero of the determinant of D in Eq. (5),

(z_0 − m^b_1 − Σ_{11})(z_0 − m^b_2 − Σ_{22}) − Σ_{12}Σ_{21} = 0 , (18)

with z_0 = m_N and Σ_{ij} = Σ_{ij} |_{z=mN} . In Eq. (18), m^b_1 ≡ m^b_N and m^b_2 is the bare mass of the second genuine resonance; m^b_2 is a free parameter of our model which is determined in the fitting process. In addition to Eqs. (10) and (11), we define the following self-energies:

Σ_{12} = f^b_N Σ^{red}_{12} = x f_{πNN} Σ^{red}_{12} = x Σ̃_{12}

Σ_{21} = f^b_2 Σ^{red}_{21} = x f_{πNN} Σ^{red}_{21} = x Σ̃_{21} . (19)

Note that Σ_{12} (= Σ_{21}) contains all bare couplings of the second bare state, that are, like m^b_2, free fit parameters.

From Eq. (18) one obtains

m^b_N = m_N − x^2

Σ̃_{12}Σ̃_{21}

m_N − m^b_2 − Σ_{22}

− x^2 Σ̃_{11} (20)

with the Σ evaluated at z = m_N . Note that for Σ̃_{12} = Σ_{22} = 0 one recovers Eq. (17).

Again, as in the one-resonance case, we calculate x in order to determine the bare nucleon coupling f^b_N . The physical residue, given once more by Eq. (13), has to agree with the residue of T^P from Eq. (5),

(a_{−1})_{πN→πN} = γ̃^a_1 γ̃^c_1

= ( Γ^a_1 , Γ^a_2 ) ( z − m^b_2 − Σ_{22} Σ_{21} Σ_{12} z − m^b_1 − Σ_{11} ) ( Γ^c_1 Γ^c_2 )

∂_z [ (z − m^b_1 − Σ_{11})(z − m^b_2 − Σ_{22}) − Σ_{12}Σ_{21} ] (21)

with both sides of the equation evaluated at z = m_N . Inserting Eqs. (10) and (19), we arrive at an equation for x^2 that only depends on known or fitted quantities: 1 x^2

= ∂_zΣ̃_{11} + G_2Σ̃_{12} [ G_2Σ̃_{12} (∂_z Σ_{22} − 1) + 2 ∂_zΣ̃_{12} ]

+ ( G^{−1}_2 Γ̃^a_1 + Γ^a_2Σ̃_{12} ) ( G^{−1}_2 Γ̃^c_1 + Γ^c_2Σ̃_{12} ) G^{−2}_2 γ̃^a_1 γ̃^c_1

(22)

with G^{−1}_2 ≡ m_N − m_2 − Σ_{22}. Note that for Σ̃_{12} = 0, one recovers the one-resonance case of Eq. (16).

The bare mass and coupling of the nucleon are calculated by inserting Eq. (22) in Eq. (20) and Eq. (11). The entire calculation is performed for each step in the fitting process.

In the scheme derived here we ensure the correct properties of the nucleon in the presence of a second genuine state. In principle, one could introduce further boundary conditions, such that the residues of the nucleon pole into the channels ηN and KY satisfy the same SU(3) constraints as the meson-meson-baryon vertices in the tand u-channel exchange diagrams (cf. Appendix B 2). Those effects are, however, very small, as these channels are separated from the nucleon pole by several hundreds of MeV. Similarly, for internal consistency one could replace the effective meson-meson-baryon vertices in the t- and u-channel diagrams by bare ones and then renormalize them consistently with the nucleon renormalization procedure. As the t- and u-channel diagrams enter T^{NP} which is subsequently used for the renormalization of the nucleon, such an extension of the scheme would obviously require a self-consistent treatment beyond the scope of the present work.

At this point, we would like to emphasize that bare nucleon and resonance masses and coupling constants have no physical meaning, because they depend on the scheme (in our case, the cut-off values of the form factors and their parameterization).

In addition, some bare resonance parameters tend to be strongly correlated: e.g., for the high-lying ρN channel, the ρN self energy Σ [cf. Eq. (4)] has a small imaginary part at the considered energies and thus the bare ρN coupling to a resonance is almost fully correlated with the bare (real) mass. We quantitatively contrast bare and physical parameters, the latter being pole positions and residues, in Sec. IV E and IV F.

For the sake of reproducibility of the results, the bare resonance parameters are quoted in Tables IX and X in Appendix A. Because of the reasons stated above, they should not be compared to lattice or Dyson-Schwinger results.

III. RESULTS

A. Data base

The data that enter our calculation are displayed in Figs. 5-34 together with our results of fits A and B of the analysis as explained in Sec. III B. Data sets which differ only by a few MeV in scattering energy are depicted in the same plot, whereas in the fitting procedure, of course, the exact energy value for every data set is taken.

While for the reaction πN → πN the partial waves from the GWU/SAID analysis [54] are used, for the inelastic channels πN → ηN and πN → KY we fit directly to total and differential cross sections and to polarization observables. The bulk of the existing data for the inelastic channels was obtained in the 1960’s and 70’s. Though many experiments have been carried out at different facilities, unfortunately, there are still energy regions where the data situation is not ideal, cf. for example the discussion in Sec. III D on the reaction π^−p → ηn. For the ηN, KΛ and K^0Σ^0 channels, there is a qualitative difference between data on differential cross sections dσ/dΩ and polarizations P : in general, the polarization measurements exhibit much larger error bars and sometimes take on unphysical values greater than 1. For certain energies, there exist also conflicting measurements. The spin-rotation parameter β has been measured only for the K^0Λ and the K^+Σ^+ final states, and only for a few energies. In the following sections, the data situation in each reaction is critically reviewed. The weights we apply to specific data sets in the fit are discussed in detail.

Note that a measurement of dσ/dΩ, P , and β represents one possible full set of observables to disentangle the amplitudes model-independently for scattering of pseudo-scalar mesons off spin-1/2 baryons. In practice, one needs to make model assumptions, as done here, to obtain sensible results, because the experimental precision is far from being sufficient for a modelindependent analysis. To disentangle the ππN dynamic model-independently, one would need many more observables anyway.

The combined study of the reactions π^+p → K^+Σ^+, π^−p → K^0Σ^0, and in particular π^−p → K^+Σ^− is essential to disentangle the isospin content of the KΣ final state. For the K^+Σ^+ and K^0Σ^0 final states, the pronounced forward peak shows the onset of t-channel dominance which at energies > 3 GeV is most economically parameterized in terms of Regge exchanges [172, 173]. In this respect, the K^+Σ^− final state, although omitted in many analyses, is of particular interest, because it is sensitive to u-channel exchanges, as t-channel processes would require the exchange of a charge 2 particle at the potential level. Due to its u-channel dominance and the small total cross section, the π^−p → K^+Σ^− process imposes strong constraints, despite the somewhat poor data situation. In other words, we found parameter sets that fit π^+p → K^+Σ^+ and π^−p → K^0Σ^0 somewhat better than in the present result, but once the data of the K^+Σ^− final state were included into the minimization procedure, the partial-wave content changed. See also Sec. III H and Fig. 35 where we test the consequences if the data of the reaction π^−p → K^+Σ^− are ignored in the fit.

B. Numerical details and fit parameters

In the fitting procedure, we consider two different scenarios. In case of fit A, we start from the parameter set of a preceding Jülich πN model [63]. The addition of new channels in the present model and the requirement that many more data have to be described ensure that the parameter space is sufficiently explored in the course of the fitting procedure before an acceptable result is reached. Still, in their overall properties, the new fit A and the old interaction potential remain fairly similar. In particular, the sizable renormalization of the (bare) nucleon mass in the old model [63] occurs in the present fit A too; cf. Sec. IV D. For fit B, we start out from a radically different scenario so that the parameter space has to be searched again completely anew. The prime reason for such a strategy is that we would like to find out how far our results and, specifically, the extracted resonance parameters are sensitive to the starting conditions of the fitting procedure. Certainly, for a solid assessment of the uncertainty of the extracted amplitudes and pole properties, one would need to carry out more fits under different conditions. The high numerical effort, however, puts limits on the number of fits that can be performed. To make sure that the starting point is indeed quite different in the fitting procedure for fit B, we imposed from the beginning that here the renormalization of the nucleon mass should be as small as possible. Note that the amount of renormalization is not an observable and thus, in principle, should not influence the results. It turned out that also for this scenario a comparable description of the data can be achieved. Interestingly, in this scenario the coupling of the πN system to the effective ππN channels, notably the σN channel, had to be increased significantly, and the strength of the interaction within the σN channel increased, too. The differences in the scenarios for fit A and B mentioned above imply consequences for the resonance generation of the Roper resonance which will be discussed in detail in Sec. IV D.

The present results were obtained in a fit procedure using MINUIT on the JUROPA supercomputer at the Forschungszentrum Jülich. To be able to handle large amounts of data in combination with time-consuming fitting techniques, an efficient parallelization of the code using MPI (Message Passing Interface) was mandatory. To find a good local minimum, usually 50-100 parallelized energies were used, while for the final production runs 300 and more processes ran in parallel. As discussed before, the decomposition of the amplitude into a pole- and a non-pole part according to Eq. (6) provides the possibility to vary resonance parameters without the need to recalculate T^{NP} every time. The architecture of the parallelization takes advantage of this possibility to save CPU time: for every step in the determination of parameters tied to T^{NP}, all T^P parameters are fully optimized, i.e. we perform a nested fit. The computation time can be reduced by two orders of magnitude through this method.

Apart from the parallelization in energy, some processes perform special tasks such as the renormalization of the nucleon and the control of the nested fit; combining iterative, nested fitting with the parallel architecture is not trivial.

Compared to Ref. [66], a large amount of additional data for total and differential cross sections and polarization observables for the ηN and KY channels was considered as input to the fit. The current set amounts to about 6000 data points. The program is organized in a way that much larger amounts of data could be handled without slowing the calculation down severely. This will be especially important once photo- and electroproduction data, that comprise more than 10^5 points, are included in the analysis. Also, in principle an additional parallelization in partial waves is possible but was not required so far.

In the previous analysis [66], the reaction π^+p → K^+Σ^+ and πN scattering were considered and only resonance parameters, i.e. bare masses and couplings of the resonances to the different channels, were fitted. In the present study, in addition the important T^{NP} parameters are varied. Those are the cut-offs of the form factors in tand u-channel exchange diagrams, shown in Figs. 2 and 3 and quoted in Appendix B.

Bare resonances with a total spin through J = 9/2 are included, with corresponding new parameters. One bare s-channel state is included in each of the isospin I = 1/2 partial waves D_{13}, D_{15}, F_{15}, P_{13}, F_{17}, H_{19} and G_{19}, while we have two in S_{11} and P_{11}. In the I = 3/2 sector, one bare s-channel state is included in the S_{31}, D_{33}, F_{35}, P_{31}, D_{35}, F_{37}, G_{37} and G_{39} partial waves and two are included in P_{33}. These states couple to all channels πN, ρN, ηN, πΔ, KΛ and KΣ if allowed by isospin. Bare s-channel states are included as demanded by data. The significance of the resulting resonances is discussed for each partial wave in Sec. IV B.

In total, we have 196 free parameters, of which 128 are resonance parameters and 68 belong to the T^{NP} part (64 cut-offs in the form factors of the t- and u-channel exchanges plus 4 coupling constants). Note that varying a parameter that enters V^{NP} changes the amplitude in all partial waves —and also for all reactions. While most of the T^{NP} parameters are responsible for the part of the amplitude that slowly varies with energy, the Roper resonance is dynamically generated in the present approach. This means that here the T^{NP} parameters have to be chosen to reproduce the resonance and simultaneously provide the “background” in all other partial waves. The values of the resonance parameters are quoted in Tables IX and X and the V^{NP} parameters can be found in Tables XV and XVI.

In the course of fitting, we assigned special weights to some data sets to ensure that the fit respects certain features in the data. For example, there is a pronounced but narrow forward peak in the reaction π^−p → K^0Λ (cf. Fig. 16). At higher energies, z > 2 GeV, the peak is consistently present in different experiments, but always with low statistical weight. Without giving those data special weight in the minimization procedure, some fit results would not reproduce the forward peak. Also, varying the data weights in the course of fitting helps prevent the fit from getting stuck in shallow minima of the parameter space.

We do not claim a sharp upper limit in energy for the validity of the current approach; for example, the higher partial waves in πN scattering have clear resonances beyond 2 GeV [54] and in such cases it is important to fit even beyond the resonance position. In any case, in the present Lagrangian-based framework, the amplitude allows, in general, for a well-behaved extrapolation to higher energies; by contrast, in analyses in which the potential is parameterized purely phenomenologically in terms of polynomials, there may be little control on the amplitude outside the fitted energy region. As expected from the physics-driven parameterization of our amplitude, the overall agreement of the fits with the data beyond 2 GeV is, for most observables, quite good.

In the following, we discuss the data situation and our description of the data for the different reactions. For the reaction πN → πN, we show the partial waves of our fit result. For the inelastic reactions πN → ηN, KY , there is an overall, energy-dependent phase that cannot be determined directly from experiments, and therefore we refrain from giving the corresponding amplitudes. Instead, we show the partial cross sections, i.e. cross sections for each partial wave (amplitudes can be provided upon request). Due to this unknown energy-dependent phase, other results should be compared to the present ones at the level of partial cross sections. We stress that for any meaningful comparison on the level of amplitudes, it is mandatory to take the mentioned phase ambiguity into account.

C. πN → πN The energy-dependent partial-wave solution of the GWU/SAID analysis [54] up to H waves is used as input for the elastic πN channel, both for isospin 1/2 and 3/2. The points displayed in Figs. 5-8 and in Appendix C, however, show the energy-independent (single-energy) solution of Ref. [54]. The corresponding error bars represent uncertainties of the theoretical analysis and cannot be used for calculating the χ^2. Therefore, to this point no true statistical uncertainties on extracted quantities (poles and residues) can be determined in our analysis. The inclusion of the actual πN → πN experimental data in the future will make this possible. Note that only the GWU/SAID group fits to πN → πN data , while in other analyses (present approach, EBAC [71, 72, 72– 76], Bonn-Gatchina [143, 146], Gießen [136–139], Kent State [148, 149], ...) their result is used as input. For the 20 partial waves of πN → πN considered, we fit to synthetic data generated from the energy-dependent solution [54] in 5 MeV steps in scattering energy z and assign an error of 0.01 to the real and to the imaginary part. Although we refer to the 2006 paper [54] throughout this study, we fit to the unpublished WI08 solution of the SAID group accessible through a web interface [54]. In addition, we fit to the πN scattering lengths of Ref. [174] and scattering volumes of Ref. [175].

Figures 5 to 8 show the I = 1/2 and I = 3/2 elastic πN → πN partial-wave amplitudes. The alternative representation in terms of phase shifts and inelasticities can be found in Appendix C. The result of fit A of this study is represented by the red solid lines, while the blue dashed lines denote the result of fit B.

The quality of the result has to be seen in perspective: As Fig. 2 shows, there are only four tunable parameters for the πN → πN non-pole transitions, namely the form factor of the πNN vertex with N in the uchannel, one form factor for the σ- and one for the ρexchange, and one for the πNΔ vertex with Δ in the u-channel. Of these four parameters, two appear also in different transitions, e.g. πN → πΔ with N or Δ in the u-channel. Thus, these two parameters are also responsible for the inelasticities. An additional constraint comes from the very small isoscalar scattering length. There is, therefore, only very little freedom in the fit of the nonresonant πN → πN transition potentials. Some limited additional freedom comes from coupled-channel effects, through which also other parameters have influence on the non-pole πN → πN amplitudes. In any case, the fact that the non-resonant part of the amplitude in 20 partial waves can be described with very few (2-4) directly relevant parameters, should be considered a remarkable success.

In some partial waves, there are shortcomings. E.g., for S_{31} (Fig. 7) we achieve a good description of the imaginary part in both fits A and B. Still, the description of the real part is not satisfactory at higher energies. As Fig. 47 shows, the phase shift in S_{31} is well described,

FIG. 5: Reaction πN → πN, isospin I = 1/2, S- to Dwaves. Solid (red) lines: fit A; dashed (blue) lines: fit B; points: GWU/SAID partial-wave analysis (single-energy solution) from Ref. [54].

and shortcomings originate from the inelasticities. Similarly, the description of the S_{11} partial wave at higher energies could be improved. This might be due to channels not yet included in the approach as, e.g., ωN. In this context, one should also mention pion-induced ϕ production on the nucleon, to be considered in the future, which is closely tied to the KY channels as shown in Refs. [176, 177].

For many of the πN partial waves, fit A and B provide similar descriptions with only small differences, predominantly at higher energies. The most apparent deviations appear in the F_{17} partial wave in Fig. 6. Here, because of the small amplitude, the resonance position is not easy to be fixed. Also in the F_{15} partial wave, discrepancies

FIG. 6: Reaction πN → πN, isospin I = 1/2, F - to Hwaves. Solid (red) lines: fit A; dashed (blue) lines: fit B; points: GWU/SAID partial-wave analysis (single-energy solution) from Ref. [54].

between fit A and B appear at higher energies. The P_{11} partial wave is of special interest and will be further discussed in Sec. IV D.

D. Reaction πN → ηN

Most data of the reaction π^−p → ηn date back to the 1960’s to 1980’s and exhibit inconsistencies among each other as scrutinized in Ref. [178] where a detailed overview and analysis of the different experiments and the quality of the corresponding data is given. See also the selection of ηN data provided by the GWU/SAID group [53] and in Ref. [179]. Due to a frequent un-

FIG. 7: Reaction πN → πN, isospin I = 3/2, S- to Dwaves. Solid (red) lines: fit A; dashed (blue) lines: fit B; points: GWU/SAID partial-wave analysis (single-energy solution) from Ref. [54].

derestimation of systematic errors and issues concerning beam calibration and normalization, a careful selection and rating of the data sample is necessary. We mainly follow the estimations made thereto in Ref. [178], see also Refs. [73, 150].

In the present analysis, differential cross section data from Refs. [180] to [181] for 38 different energies from z = 1489 MeV up to z = 2235 MeV are included in the fit. For the more recent experiments by Prakhov et al. [180] and Bayadilov et al. [182], we employ the systematic uncertainties given by the authors. Following Ref. [183], a systematic error of δ_{sys} = 10% of the experimental value is added to the statistical error of the data from Morrison et al. [184]. As Fig. 9 shows, the Morrison data (empty circles) are in conflict with the Prakhov data

FIG. 8: Reaction πN → πN, isospin I = 3/2, F - to Hwaves. Solid (red) lines: fit A; dashed (blue) lines: fit B; points: GWU/SAID partial-wave analysis (single-energy solution) from Ref.[54].

(filled squares). We have decided to rely on the Prakhov data in this analysis and drastically reduced the weight of other data in the fitting procedure, in case they are in conflict. E.g., for the data sets at z = 1498 MeV and z = 1499 MeV, the data by Prakhov were weighted with a factor 25 compared to Morrison in both fits.

The uncertainties stated in Kozlenko et al. [185] are predominantly of statistical nature. Therefore, a systematic error of δ_{sys} = 10% was assigned. For Debenham et al. [186] we use the same uncertainties as Refs. [73, 150] and employ a systematic error of 10% and 0.02 mb. A systematic error of δ_{sys} = 11.4% of the experimental value was added to the statistical error of the data from Deinet et al. [187] as advised by the authors themselves. The large energy interval from z = 1636 MeV to z = 2235 MeV is almost solely covered by Brown et al. [181], supplemented by data from Richards et al. [188] at medium energies. For Richards et al., we assume an additional error of δ_{sys} = 9% to 14% as given by the authors in the original paper. As argued in Ref. [178], the data from Brown et al. [181] are highly questionable at low energies due to a miscalibration of the beam momentum and, therefore, are not used as input in the present calculation. At higher energies, on the other hand, the data might be used if the beam momenta are lowered by 4%, together with an additional systematic error of 10%. In any case, the Brown data enter the fit with a much lower weight and we make no attempt to fit those data quantitatively (in the recent analysis of Ref. [148] the data are quantitatively fitted). For the total cross section, we include the data that are rated as reliable in the GWU/SAID analysis [53, 54]. These are shown with filled squares in Fig. 11. Note that in the GWU/SAID approach, the total cross-section data from Prakhov [180] are not included to avoid double counting with the respective differential cross-section data that are included [189].

The results for the differential cross section are shown in Figs. 9 and 10, where the red solid line denotes fit A and the blue dashed line represents fit B. The overall agreement is good for both fits and only slight differences in the data description can be observed. For the lowest energies, it should be noted that due to the non-monochromatic pion beam and uncertainties in calibration [180], in combination with the very steep rise of the cross section, the errors on the data are larger than those shown in Fig. 9; see the discussion in Ref. [45, 180].

For scattering energies of z ∼ 1575 MeV and higher, the data situation becomes problematic. In Fig. 11 the ηN total cross-section data reflect these problems. The data quality for the differential cross sections is quite low and conflicting at these energies, and it is difficult to reliably fix the amplitude. Thus, fit A (red solid line) and fit B (blue dashed line) give different descriptions of the total cross section from z ∼ 1700 MeV to z ∼ 1850 MeV, where fit A seems to be too low. This aspect also occurs in the differential cross sections at the corresponding energies, which are better matched by fit B, although the weight on the different data sets was comparable to the one in fit A.

Polarization data for the reaction π^−p → ηn have only been published by Baker et al. [191] in form of 12 polarized cross sections from z = 1740 MeV to z = 2235 MeV. Here, in principle, the same beam calibration problems as in Brown et al. [181] could occur, since the same experimental apparatus and a similar beam line were used. Moreover, the results from the latter experiment enter the analysis by Baker in the event selection of the final data sample. In Fig. 12 we still show results for the polarized cross section. The form of the polarization does not depend strongly on the energy, so that a 4% error in the beam momentum would not be outright noticeable. Because of the problems mentioned, the polarized

FIG. 9: Differential cross section [1/2] of the reaction π^−p → ηn. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: filled squares from Ref. [180]; filled circles from Ref. [182]; empty circles from Ref. [184]; empty triangles up from Ref. [185]; stars from Ref. [186]; filled triangles up from Ref. [187]; empty squares from Ref. [188]; filled diamonds from Ref. [190]; empty diamonds from Ref. [181].

cross sections entered our analysis with a very low weight although the fits shown in Figs. 12 and 13 exhibit an acceptable description of the data.

To summarize, given the problematic data situation for the reaction π^−p → ηn above z > 1.56 GeV, we found it

FIG. 10: Differential cross section [2/2] of the reaction π^−p → ηn. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: empty squares from Ref. [188]; empty diamonds from Ref. [181]. Note that the energy for data from Ref. [181] has been lowered (see text). The latter data are unreliable and enter the fit with very low weight.

difficult to pin down the partial-wave content at higher energies.

For reasons stated at the end of Sec. III B, we refrain from showing amplitudes for the inelastic reactions. Instead, we present the partial cross sections in Fig. 14, where the solid lines represent fit A and the dashed lines denote fit B.

As can be seen in Fig. 14, the strong increase of the total cross section just above the ηN threshold (z = 1486 MeV) is dominated in both fits by the S_{11} wave, which is in line with the known strong branching ratio of the N(1535) 1/2^− resonance to the ηN channel (cf. Table III). The influence of the S_{11} partial wave remains large over the whole energy range. At z ∼ 1.65 GeV, the P_{11} partial wave shows noticeable impact but decreases quickly. This resonance plays also a role in η photoproduction, as recently shown in Ref. [140]. In addition, the D_{15} partial wave is strong at z ∼ 1.7 GeV. At higher energies, the P_{13} and D_{13} gain some influence besides the S_{11}. Higher partial waves like the F_{17}, G_{17}, G_{19} and H_{19}

FIG. 11: Total cross section of the reaction π^−p → ηn. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: the filled squares indicate experiments accepted by the GWU/SAID group [52]; open circles from Prakhov et al. [180].

FIG. 12: Polarization [1/2] of the reaction π^−p → ηn. Solid (red) lines: fit A; dashed (blue) lines: fit B; data from Ref. [191]. Note that the beam energies for data from Ref. [191] have been lowered and the data are included in the fit with low weight (see text).

are very small overall. The partial-wave content of the total cross section is similar in fit A and B. Note the logarithmic scale of Fig. 14, which causes discrepancies of the two fits for the small partial waves to appear enlarged. The differences in the F_{17} contribution, in contrast, are already apparent in the elastic πN channel, c.f. Fig. 6.

FIG. 13: Polarization [2/2] of the reaction π^−p → ηn. Solid (red) lines: fit A; dashed (blue) lines: fit B; data from Ref. [191]. Note that the energy for data from Ref. [191] has been lowered, cf. Sec.III A. The data for P were not included in the fit.

FIG. 14: Partial cross sections of the reaction π^−p → ηn. Solid lines: fit A; dashed lines: fit B; data: as in Fig. 11.

The u-shape of the differential cross section visible from threshold to around z ∼ 1.6 GeV is due to the SD-wave interference, as can be seen in Fig. 15.

E. Reaction π^−p → K^0Λ

For the reaction π^−p → K^0Λ, total and differential cross sections, polarization, and spin rotation parameter measurements from z = 1626 MeV up to z = 2405 MeV are included in the fit. The data base contains differential cross sections at 46 energies and 8 different experiments from Refs. [109, 192–198]. In contrast to the ηN case, no severe inconsistencies appear in the KΛ differential cross sections and systematic uncertainties were applied

FIG. 15: Differential cross section of the reaction π^−p → ηn at z = 1512 and z = 1534 MeV. Only results of fit A are shown. Solid (red) lines: full result; dashed (green) lines: S11, P11 and P13 contributions only; dash-dotted (black) lines: S11 and D13 contributions only; data: as in Fig. 9.

as given by the respective authors in the original publications.

For the recoil polarization, we use the data of Refs. [109, 192, 193, 195, 199]. 27 energies are covered. At backward angles Θ ≥ 90^∘, the data exhibit inconsistencies and huge error bars. It should be noted that several data points take unphysical values larger than 1. A measurement of the spin-rotation parameter β was reported in Ref. [199]. All seven data sets at energies from z = 1852 MeV to 2262 MeV are included in our analysis; cf. Fig. 19. Note that this observable is 2π cyclic. Errors were applied as stated by the authors. The spin-rotation angle can also be written in terms of the spin-transfer coefficients K_{ij} ,

tan β =

2 Im (gh^∗) |g|^2 − |h|^2 = K_{zx} K_{zz} = − K_{xz} K_{xx} = K_{zx} K_{xx} = − K_{xz} K_{zz} , (23)

where g is the spin-non-flip and h the spin-flip amplitude (see Ref. [66] for a definition of observables and amplitudes).

The data for total cross section of KΛ production included in the fit are from Refs. [109, 192–198, 200–204]. Additionally included data from Ph.D theses are referenced in Ref. [205].

The current fit result is compared with the data in Figs. 16 to 20. The description of the π^−p → KΛ differential cross section, polarization, and spin rotation parameter is satisfactory for both fits A and B. At low energies, the description of the differential cross sections are very similar in fit A and B, while at medium energies fit B seems to be a little better. At higher energies, the peak in forward direction is more pronounced in fit A, but also clearly visible in fit B. The backward peak, on the other hand, is better described in fit B. Note that the behavior of fit A at backward angles for higher energies, where it bends downwards at cos Θ ∼ −1, also appears in some data sets, e.g. at z = 2159 MeV and z = 2182 MeV. Here, the data situation seems to be slightly inconsistent. Differences in fits A and B for the polarization (Fig. 17) around cos Θ = −0.5 show that the data quality is not good enough to reliably fix the amplitude. The total cross section, shown in Fig. 20, is also well described, although there are conflicting measurements around z ∼ 1.7 GeV. This is reflected in the discrepancies around that energy between fits A and B. Neither of the two fits, however, reaches the highest data points. It should be noted that the differential cross section in that energy range, shown in Fig. 16, is well described; this applies especially to fit B. Hence, our result suggests that the total cross section peaks with σ ∼ 0.7 mb, and that the conflicting data with higher values should be discarded.

In Fig. 19, we show the description of the spin-rotation parameter β. The most apparent discrepancies in fits A and B appear at backward angles where no data are available to constrain the fit. This demonstrates the need for precise data in all observables and angles to reliably determine the amplitude.

The partial cross sections are shown in Fig. 21. The solid lines indicate fit A and the dashed lines represent fit B. As will be discussed in Sec. IV D, the description of the K^0Λ data at low energies requires a P_{11} resonance, which, in turn, induces a structure in the πN → πN amplitude that matches the single-energy solution [54] even though the (unstructured) energy dependent solution in πN → πN was fitted. The strong influence of the P_{11} on the K^0Λ channel at low energies is reflected in the partial cross sections. Of the remaining partial waves only the P_{13} shows some influence at low energies, which is, however, not comparable to the P_{11} and S_{11}. At higher energies above 2 GeV, the P_{11}, S_{11} and P_{13} decrease and the D_{13} and F_{17} become stronger in both fits.

F. Reaction π^−p → K^0Σ^0

The results for the reaction π^−p → K^0Σ^0 are shown in Figs. 22 to 26. Here, we take into account differential cross sections at 29 different energies from z = 1694 MeV to z = 2405 MeV from Refs. [193, 194, 197, 206, 207]. References [206, 207] also provide polarization data. The two data sets, shown in Fig. 23, do not seem to be consistent at all places and both exhibit large error bars, which reduces the impact on the fit result. Also, in several places the data take unphysical values larger than 1. For all data in this channel systematic uncertainties were applied as given in the original publications. The data for the total cross section are taken from Refs. [193, 194, 198, 203, 205–209]. We do not use the data provided by Livanos et al. [210] for this reaction and other KΣ final states as they carry large error bars compared to other data.

The current fit results match the differential cross section well. There are only minor differences in fits A and B, predominantly at higher energies where the forward

FIG. 16: Differential cross section of the reaction π^−p → K^0Λ. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: filled circles from Ref. [195]; empty squares from Ref. [196]; partially filled circles from Ref. [192]; stars from Ref. [197]; triangles from Ref. [193]; empty diamonds from Ref. [109]; partially filled squares from Ref. [194]; filled diamonds from Ref. [198].

FIG. 17: Polarization of the reaction π^−p → K^0Λ. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: filled circles from Ref. [192]; empty triangles up from Ref. [193]; filled squares from Ref. [199]; empty diamonds from Ref. [109].

peak is more pronounced in fit B. Around z ∼ 1.8 GeV, the total cross section seems to be underestimated a bit by both fits, but the inspection of the differential cross section in Fig. 24 shows that there are only a few data points at backwards angles that are not matched well. In addition, the distribution of the data at backward angles at z = 1792 MeV and z = 1797 MeV and the adjacent energy bins suggests inconsistencies in the data.

FIG. 18: Polarized cross section of the reaction π^−p → K^0Λ. Solid (red) lines: fit A; dashed (blue) lines: fit B; data from Ref. [195].

FIG. 19: Spin-rotation parameter β of the reaction π^−p → K^0Λ. Solid (red) lines: fit A; dashed (blue) lines: fit B; data from Ref. [199]. Note that β is 2π cyclic.

Next, we discuss the partial-wave content of the reaction π^−p → K^0Σ^0. The partial cross sections σ^{L2I; 2J} for the other reactions π^−p → K^+Σ^− and π^+p → K^+Σ^+, where L(J) is the orbital (total) angular momentum and I the isospin, are related to the partial cross sections of the π^−p → K^0Σ^0 reaction,

σ^{L1;2J}_{K+Σ−} = 2 σ^{L1;2J}_{K0Σ0} , σ^{L3;2J}_{K+Σ−} = 1 2 σ^{L3;2J}_{K0 Σ0} ,

σ^{L3;2J}_{K+Σ+} = 9 2 σ^{L3;2J}_{K0Σ0} . (24)

We therefore only show the partial cross sections for the reaction π^−p → K^0Σ^0 in Figs. 25 and 26. The partial cross sections for the final states K^+Σ^− and K^+Σ^+ can be obtained from these curves and Eq. (24).

In contrast to K^0Λ, the isospin I = 1/2 partial cross sections for the KΣ channels (Fig. 25) are dominated almost entirely by the S_{11} partial wave in both fits. The P_{11} partial wave plays nearly no role at all in fit B, while in fit A it is second to the influence of the S_{11} at very low energies. At medium energies, the D_{15} and P_{13} are second to the influence of the S_{11} in both fits, but not of

FIG. 20: Total cross section of the reaction π^−p → K^0Λ. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: filled circles from Ref. [192]; filled squares from Ref. [109]; empty diamonds from Ref. [193]; empty triangles up from Ref. [194]; filled triangles up from Ref. [195]; filled triangles down from Ref. [200]; empty triangles down from Ref. [201]; filled triangles right from Ref. [196]; empty triangles left from Ref. [202]; empty triangles right from Ref. [203]; empty squares from Ref. [197]; filled diamonds from Ref. [198]; stars from Ref. [204]; for empty circles and crosses see Ref. [205].

FIG. 21: Partial cross section of the reaction π^−p → K^0Λ. Solid lines: fit A; dashed lines: fit B; data: same as in Fig. 20.

comparable degree. At higher energies, they exceed the S_{11}. Note that Fig. 25 suggests that the D_{15} and P_{13} partial waves have the same threshold behavior for fit A, which is, however, not the case as a closer inspection shows.

For the isospin I = 3/2 sector (Fig. 26), the P_{33} is the dominating partial wave over almost the entire energy range up to z = 2.2 GeV, except for a narrow region just above threshold where the S_{31} is stronger than the P_{33}. This distribution applies to both fits. In the present anal-

FIG. 22: Total cross section of the reaction π^−p → K^0Σ^0. Solid (red) line: fit A; dashed (blue) line: fit B; data: empty triangles up: Ref. [193]; empty triangles right: Ref. [194]; filled squares: Ref. [203]; empty triangles left: Ref. [198]; filled triangles up: Ref. [208] filled circles: Ref. [206]; empty circles: Ref. [209]; filled triangles left: Ref. [207]. For empty triangles down, filled triangles right, and empty squares see [205].

FIG. 23: Polarization of the reaction π^−p → K^0Σ^0. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: circles from Ref. [206]; diamonds from Ref. [207].

FIG. 24: Differential cross section of the reaction π^−p → K^0Σ^0. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: circles from Ref. [206]; up triangles from Ref. [193]; squares from Ref. [194]; diamonds from Ref. [207]; stars from Ref. [197].

FIG. 25: Partial cross sections of the reaction π^−p → K^0Σ^0 in the isospin 1/2 sector. Solid lines: fit A; dashed lines: fit B. Note that the partial cross sections for the other KΣ final states can be obtained from these curves, Fig. 26, and Eq. (24).

FIG. 26: Partial cross sections of the reaction π^−p → K^0Σ^0 in the isospin 3/2 sector. Solid lines: fit A; dashed lines: fit B. Note that the partial cross sections for the other KΣ final states can be obtained from these curves, Fig. 25, and Eq. (24).

ysis, around z = 1950 MeV the F_{37} partial cross section increases to the same magnitude and becomes even larger than the S_{31}. In the previous analysis of Ref. [66], we also found an increase of the F_{37} at the same energy. The influence of the remaining partial waves on the total cross section seems to be limited, with the exception of the D_{35} which shows a similar development as the F_{37}, but with a weaker slope. The isospin I = 3/2 partial-wave content is very similar for fits A and B. The differences become larger only at very high energies. Note the logarithmic scale of Figs. 25 and 26, which causes the discrepancies between the small partial waves to appear enlarged.

G. Reaction π^−p → K^+Σ^−

As mentioned in Sec. III A, this reaction is of particular interest due to its u-channel sensitivity. Considering the K^+Σ^− final state is also crucial to reliably disentangle the isospin content of the KΣ final state. See also Sec. III H and Fig. 35 where we test the consequences if the data of the reaction π^−p → K^+Σ^− are ignored in the fit. The data base for the reaction π^−p → K^+Σ^− comprises only 15 differential cross section sets [194, 198, 211, 212] from z = 1739 MeV up to 2405 MeV. Although no severe inconsistencies are observed, the influence of this reaction in the fitting procedure is limited due to the small number of data points. For the total cross section, data from Refs. [194, 198, 203, 205, 209, 211–213] are employed. The data are shown in Figs. 27 and 28. The data base is quite limited, yet the fact that the total cross section is significantly smaller than for the K^+Σ^+ final state makes the description of this channel challenging, setting tight limits on the size of u-channel exchanges, and through rescattering, also of t-channel contributions.

The present description is good and very similar in fits A and B at low energies but shows deviations at higher energies, as visible in Fig. 27. For intermediate energies around z ∼ 1.9 GeV, the backward peak from u-channel exchanges is underestimated, in fit B even a little more than in fit A, while at higher energies the present results tend to overestimate the data at very backward angles. This is also visible in the description of the total cross section in Fig 28. The data could be conflicting around z ∼ 1.9−2.0 GeV and the current result clearly represents a compromise in the description of the data at medium and high energies.

As explained in Sec. III F, the partial-wave content of the reaction π^−p → K^+Σ^− can be obtained from the one of π^−p → K^0Σ^0 (Figs. 25, 26), scaled by different isospin factors: as Eq. (24) shows, the K^+Σ^− final state is more sensitive to the isospin I = 1/2 sector than K^0Σ^0. This is important for the determination of the KΣ branching ratios of I = 1/2 resonances.

As this reaction channel is so important, better data would mean a significant step forward to disentangle the reaction dynamics in KΣ production. This is further

FIG. 27: Differential cross section of the reaction π^−p → K^+Σ^−. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: circles from Ref. [211]; up triangles from Ref. [212]; squares from Ref. [194]; diamonds from Ref. [198].

FIG. 28: Total cross section of the reaction π^−p → K^+Σ^−. Solid (red) line: fit A; dashed (blue) line: fit B; data: empty triangles down: Ref. [194]; filled circles: Ref. [203]; filled triangles down: Ref. [198]; filled triangles left: Ref. [209]; empty triangles up: Ref. [213]; filled squares: Ref. [211]; filled diamonds: Ref. [212]. For filled triangles up and filled triangles right see Ref. [205].

motivated by the fact that high precision KΣ photoproduction data exist [110, 111, 113–115, 117–119, 121, 123– 127] and a global analysis of pion- and photon-induced reactions would greatly benefit from better data in the π^−p → K^+Σ^− reaction. Efforts in this direction are being made at the E19 experiment at J-PARC [134].

H. Reaction π^+p → K^+Σ^+

For the reaction π^+p → K^+Σ^+, the same data sample as in our previous analysis [66] is used, which contains differential cross sections and polarization measurements in a range from z = 1729 MeV to 2318 MeV for 32 different energies. We employ the data by Candlin et al. [104], supplemented by additional data at lower energies from Refs. [214–218]. The latter are compatible with the data from Ref. [104] in the overlapping energy region but usually have larger error bars. For higher energies, the polarization was re-measured in Ref. [219] and found to be consistent with that of Ref. [104] up to small deviations. In addition, values for the spinrotation parameter β by Candlin et al. [106] are available at two energies and included in the fit. During the measurement of the spin-rotation parameter, the polarization was re-measured and consistency with the result of Ref. [104] was found once more. Total cross section data from Refs. [104, 205, 214–216, 220–225] are also included in the fit. No additional systematic errors beyond the original ones were assumed for this channel.

The present results are shown in Figs. 29 to 34 with the solid (red) lines representing fit A and the dashed (blue) lines representing fit B. Even though we add a large amount of new data and extend the fit to four more channels, we achieve an equally good result for the differential cross sections, polarization and spin-rotation parameter in the π^+p → K^+Σ^+ channel as in our previous analysis [66]. Fits A and B show only very small discrepancies. A slight systematic deviation becomes visible in the total cross section around z ∼ 1.9 GeV. The inspection of the differential cross section around that energy, shown in Fig. 29, reveals that the underestimation of the data is mostly due to the pronounced forward peak in the data. In both of the current fits this forward peak is underestimated at this energy, but well described beyond 2 GeV.

As a test, we have removed the observables of the K^+Σ^− reaction from the fitting procedure. This would correspond to the situation in many analyses where the data of the reaction π^−p → K^+Σ^− are not considered. With this change, a refit of T^P starting with fit B is performed, and the outcome for the total cross sections of the KΣ final states is shown in Fig. 35 (dash-dotted lines vs. the original fit B shown with the dashed lines). As the fit of the reduced data base shows, the K^+Σ^− final state is, of course, not well described any more. In contrast, it becomes now possible to describe the maximum of the K^+Σ^+ cross section. This finding emphasizes

FIG. 29: Differential cross section [1/2] of the reaction π^+p → K^+Σ^+. Solid (red) lines: fit A.; dashed (blue) lines: fit B; data: Ref. [104], except: z = 1729, 1757, 1789 MeV from Ref. [214]; z = 1732, 1783, 1813 MeV from Ref. [215]; z = 1764 MeV from Ref. [216]; z = 1790 MeV from Ref. [217].

again the importance to include the data of the reaction π^−p → K^+Σ^−.

The partial-wave content of the reaction π^+p → K^+Σ^+ can be read off Fig. 26, only scaled by a different isospin factor [cf. Eq. (24)]. These results supersede those of Ref. [66]. The P_{33} partial wave dominates starting almost from threshold up to z ∼ 2.2 GeV. The F_{37} partial wave with the Δ(1950) 7/2^+ is also welldetermined and important while other partial waves start to become relevant only at higher energies.

I. Scattering lengths and volumes

Pion-nucleon scattering lengths and volumes of the current fit result are shown in Table I and compared to values in the literature. The notation is a^±_{L,±} where L is the orbital angular momentum, and an upper plus (minus) sign indicates the isoscalar (isovector) scattering length/volume. The lower ± sign indicates the cases J = L ± S where J (S) is the total angular momentum (nucleon spin). Of particular interest is the isoscalar scat-

FIG. 30: Differential cross section [2/2] of the reaction π^+p → K^+Σ^+. Solid (red) lines: fit A; dashed (blue) lines: fit B; data from Ref. [104].

tering length a^+_{0+} that was determined to high accuracy recently in the calculation of Ref. [174] using chiral perturbation theory. Although in the present approach we cannot match the value from Ref. [174], we can indeed achieve a very small value for the isoscalar scattering length in both fits. This is not trivial, given that we have only four parameters for the non-resonant πN → πN transitions. Those are the only parameters to directly tune the πN background in 20 partial waves from πN threshold to beyond 2 GeV in scattering energy (cf. discussion in Sec. III C). For the isovector scattering length, our values are slightly higher than the ones calculated in Ref. [174]. The scattering volumes are quite well described compared to the fourth-order ChPT calculation of Ref. [175].

In Table II, we show the scattering lengths of other channels and compare the πN and ηN values to those calculated in Ref. [45] within a unitary extension of chiral perturbation theory. Fits A and B from our analysis yield similar results. While the agreement between the results of fit A and of Ref. [45] is reasonable in case of the πN scattering length, for the real part of the ηN scattering length discrepancies can be observed between the current results and those of Ref. [45].

FIG. 31: Total cross section of the reaction π^+p → K^+Σ^+. Solid (red) line: fit A; dashed (blue) line: fit B; data: filled triangles right: Ref. [104]; filled squares: Ref. [214]; filled diamonds: Ref. [215]; empty triangles up: Ref. [220]; filled triangles down: Ref. [216]; empty triangles down: Ref. [221]; empty triangles left: Ref. [222]; empty circles: Ref. [223]; empty squares: Ref. [224]; crosses: Ref. [225]. For filled circles, filled triangles left and empty triangles right see Ref. [205].

TABLE I: Scattering lengths a^±_{0+} and volumes a^±_{1±} in units of 10^{−2}/mπ and 10^{−2} /m^3_π , compared to ChPT calculations from Ref. [174] (scattering lengths) and Ref. [175] (scattering volumes). Note that for the scattering volumes in Ref. [175] no uncertainties but three different fit results are given. Here we quote fit 1 together with the maximal deviation among the three fits.

fit A fit B ChPT

a^+_{0+} −1.64 −0.72 0.76 ± 0.31

a^−_{0+} 9.51 10.33 8.61 ± 0.09

a^+_{1−} −5.62 −4.65 −5.66 ± 0.53

a^−_{1−} −1.25 −0.18 −1.25 ± 0.23

a^+_{1+} 11.85 12.76 13.15 ± 0.07

a^−_{1+} −7.35 −7.88 −7.99 ± 0.335

The present values for the ηN scattering length can be also compared to the compilation of results given in Refs. [53, 179]. The real parts of different analyses usually differ substantially while the imaginary parts are better determined. The present results for the latter are in line with other determinations.

TABLE II: Scattering lengths in (in fm) of the present approach (upper rows), compared with the ChPT calculation from Ref. [45] (bottom row).

a^{(1/2)}_{πN} a^{(3/2)}_{πN} a^{(1/2)}_{ηN} a^{(1/2)}_{KΛ} a^{(1/2)}_{KΣ} a^{(3/2)}_{KΣ} fit A 0.25 −0.16 0.49 +0.24 i 0.04 +0.04 i 0.36 +0.15 i −0.30 +0.04 i fit B 0.29 −0.16 0.55 +0.24 i 0.04 +0.03 i 0.32 +0.14 i −0.30 +0.05 i UChPT [45] 0.24^{+0.02}_{−0.05} −0.12^{+0.006}_{−0.006} 0.22^{+0.05}_{−0.02} +0.24^{+0.15}_{−0.06} i

FIG. 32: Polarization [1/2] of the reaction π^+p → K^+Σ^+. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: Ref. [104], except: z = 1729, 1757, 1789 MeV from Ref. [214]; z = 1783, 1813 MeV from Ref. [215]; z = 1764 MeV from Ref. [216]; z = 1790 MeV from Ref. [217]; z = 1732 MeV from Ref. [218].

IV. RESONANCE SPECTRUM

A. Resonance properties

In the literature [71, 169], the decomposition according to Eq. (6) has been used since long ago. However, in Ref. [64] it is shown that this decomposition into pole and non-pole part is problematic in the sense that the

FIG. 33: Polarization [2/2] of the reaction π^+p → K^+Σ^+. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: Ref. [104].

pole part contains finite constant terms ∼ (z − z_0)^0 at the pole position z = z_0. What is well defined is the expansion of the fully dressed, physical amplitude in a Laurent expansion around the pole, with the residue term containing all contributions of the pole, and all higher order terms accounting for the background.

Thus, a resonance is uniquely characterized by its pole position in the complex energy (z) plane, the pole residues for the various channels, and the Riemann sheet on which it is located.

Poles can appear on different Riemann sheets (except for the physical sheet of the lowest-lying channel). For

FIG. 34: Spin-rotation parameter β of the reaction π^+p → K^+Σ^+. Solid (red) lines: fit A; dashed (blue) lines: fit B; data: Ref. [106]. Note that β is 2π cyclic.

FIG. 35: Refit (black dash-dotted lines) of a reduced data base after taking out the observables of the reaction π^−p → K^+Σ^− (right) and giving more weight to the K^+Σ^+ final state (left). The dashed (blue) line shows fit B, for which the π^−p → K^+Σ^− observables are included.

example, a resonance situated above the ηN threshold, with a sizable coupling to the πN channel and vanishing coupling to the ηN channel would correspond to poles on both the physical and the unphysical sheet of the ηN channel, at approximately the same pole position z_0 (while both poles would be on the unphysical πN sheet). However, not all poles on different sheets bear physical interest but usually only the one on the sheet closest to the physical axis. For an example where a pole on a more distant sheet plays a role, one can consider the case of the N(1535) 1/2^− resonance and its interplay of poles leading to the cusp at the ηN threshold [36, 65]. Such poles are sometimes referred to as shadow poles. The selection of the part of the Riemann sheets which is close to the physical axis can be achieved by rotating the right-hand cuts of all channels towards the negative Im z direction, which is the choice adopted in this study.

Apart from threshold openings on the physical axis at z = m_1 + m_2 for the channels with stable particles with masses m_1 and m_2, i.e. πN, ηN, KΛ, KΣ, there are threshold openings at z = 2m_π + m_N for the effective ππN channels πΔ, σN, ρN that also induce branch points in the complex plane at z = m_s ± z_r, where m_s is the mass of the stable spectator particle and z_r is the complex resonance pole position of the unstable particle.

FIG. 36: Pole positions for the I = 1/2 (above) and I = 3/2 (below) resonances. Squares: fit A; diamonds: fit B. Also, the branch points of the amplitude are shown (green crosses). Note that all cuts, starting at the branch points, are chosen in the negative Im z direction, which uniquely defines the Riemann sheet of the displayed poles.

For the cuts associated with the ππN channels, we choose the same convention as for the channels with stable particles, i.e. the cuts are rotated towards the negative Im z direction. An overview of the various branch points can be found in Fig. 36, and Fig. 39 shows the position of the cuts. More details of the analytic structure can be found in Refs. [65, 89]. The resonance properties have been determined using the methods of analytic continuation developed in Ref. [65] and residues are calculated following the procedure in Appendix C of Ref. [66].

The choice of cuts defines uniquely that part of the Riemann sheets where all poles extracted in this study are situated (unless stated otherwise). We refer to this part of the Riemann sheets as second sheet. The strength of a pole with respect to the different channels is characterized by the residue a_{−1,μν} as it appears in the Laurent expansion of the transition amplitude T^{(2)}_{μν} from channel μ to ν on the second sheet,

T^{(2)}_{μν} (z) = a_{−1,μν} z − z_0 + a_{0,μν} + O(z − z_0) . (25)

For n channels, since residues factorize in channel space, one has n^2 different residues,

a_{−1,μν} = g_μ g_ν (26)

with a unique set of n parameters g_μ up to one undetermined global sign. To connect to the quantities quoted in the PDG [226], the dimensionless meson-baryon amplitude τ is expressed in terms of the T -matrix in the current normalization, τ_{μν} = −π √ ρ_μ ρ_ν T_{μν} , ρ_μ = k_μ E_μ ω_μ z (27)

where k_μ (E_μ, ω_μ) is the on-shell three-momentum (baryon energy, meson energy) of the initial or final meson-baryon system μ. The so-called normalized residue (NR) [226] is defined for τ_{μν} , i.e. with Eq. (27) we obtain for the transition πN → μ (NR)_{πN→μ} = π√ρ_{πN} ρ_μ g_{πN} g_μ (Γ_{tot}/2)

(28)

with the resonance width Γ_{tot} = −2 Im z_0 [the additional minus sign with respect to Eq. (27) comes from the convention of Eq. (31) below].

Defining the branching ratio into channel μ in the same way as PDG [226], p. 1268 et sqq.,

Γ_μ Γ_{tot} = |r_{πN→μ}|^2 |r_{πN→πN} |(Γ_{tot}/2) , (29)

where r is the residue of τ(z), it is straightforward to show that the transition branching ratio equals the modulus of the normalized residue,

Γ^{1/2}_{πN} Γ^{1/2}_μ

Γ_{tot} = |(NR)_{πN→μ}| . (30) As for the counting of the residue phase θ [226], we use Höhler’s convention [47, 48] given by

τ = τ_B + |r| e^{+iθ} M − z − iΓ_{tot}/2

(31)

for a resonance on top of a background τ_B . For the elastic πN residues and their angles as quoted in the PDG, this leads to |r_{πN} | = π|g^2_{πN} ρ_{πN} |, θ_{πN→πN} = arctan [ Im (g^2_{πN} ρ_{πN} ) Re (g^2_{πN} ρ_{πN} ) ] , (32)

with the arctan function sensitive to the quadrants of the complex plane. The phases of the normalized residues into inelastic channels are defined accordingly.

The extracted pole positions, residues, and branching ratios (normalized residues) are shown in Tables III to VIII and Fig. 36 shows the pole positions in the complex plane.

The ρN and πΔ states can couple to a resonance with given J^P in more than one way; these possibilities can be organized in different channels. The quantum numbers for a value quoted in Tables IV, V, and VI can be obtained by the entry of Table XI corresponding to the channel number and given J^P .

Quoting transition branching ratios for the πΔ channels is physically meaningful because the πΔ state can be approximately seen as a pair of stable particles, for energies well above the πΔ threshold. However, as this is not the case for the σN and ρN channels, we abstain from quoting branching ratios for these latter two channels. Instead, only the plain residues are shown in the Tables. Strictly speaking, the residue of a resonance decaying into an on-shell ππN state is a function of the invariant mass of the unstable particle, M_I , (or, equivalently, the three-momentum of the stable spectator particle), and not just one complex number. For the πΔ state, it is a good approximation to fix M_I = Re z_0 ∼ 1232 MeV (that kinematics is chosen for the values quoted in the tables). We have checked that, instead of M_I = 1232 MeV, using the pole mass of our fits (M_I = 1219 MeV in average), the πN → N(1440)1/2^+ → πΔ transition branching ratio changes by less than 1%. The other resonances are heavier than the Roper resonance and the changes should be even smaller.

Note that the labeling of the resonances in Tables III to VIII follows the PDG notation even though the real parts of the pole position are different; whether the poles determined here can be identified with PDG resonances is discussed in the following sections.

If one defines branching ratios using Breit-Wigner parameterizations [226] their sum equals, by definition, 1, i.e. ∑ μ Γ_μ = Γ_{tot}. The right-hand side of this equation can be determined independently (Γ_{tot} = −2 i Im z_0) and be used as a test of the present results for the branching ratios. Indeed, below the ππN threshold, the equality holds at the 1 % level. However, it should be noted that ∑ μ Γ_μ = Γ_{tot} never holds exactly when defining branching ratios via residues as done here, even in a manifestly unitary coupled-channel model with only stable intermediate states. This is simply because the amplitude has non-analytic branch points, required by unitarity, and this information is not contained in the residues.

B. Discussion of specific resonances

The spectrum of resonances determined in the present approach is related to the states found by the GWU/SAID analysis in Ref. [54] because we fit to the corresponding πN → πN partial waves. In that analysis of elastic and charge-exchange pion-nucleon scattering, relatively few resonances are found and the question

TABLE III: Properties of the I = 1/2 resonances: Pole positions z0 (Γtot defined as -2Imz0), elastic πN residues (|rπN |, θπN→πN ), and the normalized residues ( √ ΓπN Γμ/Γtot, θπN→μ) of the inelastic reactions πN → μ. For the second Roper pole on the hidden πΔ sheet, shown in brackets, see Sec. IV D 1. (*): not identified with PDG name; (a): dynamically generated, (nf): not found.

Re z0 -2Im z0 |rπN | θπN→πN Γ^{1/2}_{πN} Γ^{1/2}_{ηN} Γtot θπN→ηN Γ^{1/2}_{πN} Γ^{1/2}_{KΛ} Γtot θπN→KΛ Γ^{1/2}_{πN} Γ^{1/2}_{KΣ} Γtot θπN→KΣ [MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg] fit→ A B A B A B A B A B A B A B A B A B A B N(1535) 1/2^− 1498 1497 74 66 17 13 -37 -43 51 48 120 115 7.7 8.3 68 77 15 34 -74 -83 N(1650) 1/2^− 1677 1675 146 131 45 27 -43 -38 15 12 57 46 25 18 -46 -43 26 15 -63 -59 N(1440) 1/2^+_{(a)} 1353 1348 212 238 59 62 -103 -111 2 5 -40 -26 2 11 156 152 1 2 67 19 [1357 1330 228 221 59 55 -112 -102 2 4 -53 -20 2 9 133 161 1 2 66 23] N(1710) 1/2^+ 1637 1653 97 112 4 8 -30 34 24 23 130 164 9.4 17 -83 -41 3.9 0.1 -136 -112 N(1750) 1/2^+_{(∗,a)} 1742 (nf) 318 — 8 — 161 — 0.5 — -140 — 0.8 — -170 — 2.2 — 4 — N(1720) 3/2^+ 1717 1734 208 306 7 18 -76 -23 1.2 3.2 98 117 3.1 2.9 -89 -63 1.7 2.2 64 90 N(1520) 3/2^− 1519 1525 110 104 42 36 -16 10 3.5 3.0 87 113 5.8 6.3 158 177 0.8 3.6 163 164 N(1675) 5/2^− 1650 1640 126 178 24 34 -19 -32 6.0 3.6 -40 -66 0.3 1.7 -93 -122 3.3 3.7 -168 179 N(1680) 5/2^+ 1666 1667 108 120 36 41 -24 -24 0.4 1.5 -47 -54 0.2 0.3 -99 72 0.1 0.1 141 141 N(1990) 7/2^+ 1788 1936 282 244 4 4 -84 -87 0.4 0.5 -99 90 1.7 1.5 -123 -99 0.8 1.2 28 70 N(2190) 7/2^− 2092 2054 363 486 42 44 -31 -57 0.1 0.4 -28 99 1.9 0.3 -51 -75 1.3 0.5 -63 -105 N(2250) 9/2^− 2141 2036 465 442 17 13 -67 -62 0.6 0.1 -92 -96 1.1 0.7 -103 -106 0.3 0.7 -114 62 N(2220) 9/2^+ 2196 2156 662 565 87 46 -67 -72 0.1 0.3 63 74 0.9 0.8 53 59 0.8 0.1 -138 52

TABLE IV: Residues of the I = 1/2 resonances for the effective ππN channels: Normalized residues ( √ ΓπN ΓπΔ/Γtot, θπN→πΔ) for the πΔ channels and coupling constants g for the ρN and σN channels according to Eq. (26). For the quantum numbers of the πΔ channels (6), (7), the ρN channels (2), (3), (4), and the σN channel (8), see Table XI. (*): not identified with PDG name; (a): dynamically generated, (nf): not found.

πΔ, channel (6) πΔ, channel (7) ρN, channel (2) ρN, channel (3) ρN, channel (4) σN, channel (8)

Γ^{1/2}_{πN} Γ^{1/2}_{πΔ} Γtot θπN→πΔ Γ^{1/2}_{πN} Γ^{1/2}_{πΔ}

Γtot θπN→πΔ gρN gρN gρN gσN [%] [deg] [%] [deg] [10^{−3} MeV^{−1/2}] [10^{−3} MeV^{−1/2}] [10^{−3} MeV^{−1/2}] [10^{−3} MeV^{−1/2}] A B A B A B A B A B A B A B A B N(1535) 1/2^− — — — — 24 22 113 114 -3.7-i5.7 -4.1-i2.1 — — -0.9+i0.1 -1.2+i0.3 -2.3-i2.5 -1.8-i3.6 N(1650) 1/2^− — — — — 42 29 -37 -35 -2.5+i2.9 -2.3+i10 — — 0.8+i1.9 0.9+i3.4 -2.7+i1.6 -0.6+i0.7 N(1440) 1/2^+_{(a)} 19 29 50 66 — — — — -0.8+i5.0 2.2+i6.8 2.8-i5.2 2.6-i7.6 — — -9.0-i29 14+i16 [21 22 40 81 — — — — -0.5+i5.3 0.8+i4.9 2.5-i5.2 2.6-i7.9 — — -10-i30 14+i18] N(1710) 1/2^+ 13 30 -10 18 — — — — 0.4+i1.8 -1.6+i1.7 3.6+i3.3 4.8-i0.9 — — 0-i3.7 -1.3+i1.6 N(1750) 1/2^+_{(∗,a)} 20 (nf) -150 — — — — — 2.3-i0.5 — -0.5+i1.5 — — — 3.3+i3.3 — N(1720) 3/2^+ 23 24 -53 -50 2 6 112 158 -1.3-i0.1 -1.0+i0.1 2.7+i4.0 2.6+i5.1 0.1-i0.4 -0.4-i2.5 -1.6-i1.7 1.0+i3.3 N(1520) 3/2^− 6 5 89 97 56 48 -180 -172 1.2+i1.1 2.9+i1.7 2.5-i1.5 4.2-i0.3 -4.6-i25 -3.6-i23 2.4+i3.9 -4.1+i9.7 N(1675) 5/2^− 40 52 149 130 <1 2 -62 0.7-i0.4 0.0-i0.4 -4.1-i14 -3.2+i1.4 0.3-i0.5 -0.5+i0.4 -0.4+i0.8 -0.1+i1.4 N(1680) 5/2^+ 2 3 -174 166 52 46 151 153 0.0+i0.5 0.1+i0.6 0.5+i0.2 0.4-i0.1 2.1-i0.9 0.5-i5.8 1.4-i0.4 2.5-i1.9 N(1990) 7/2^+ 13 7 91 -86 1 1 -128 82 0.0+i0.0 0.1+i0.2 -2.5-i0.4 -6.9-i5.9 0.2-i0.2 -0.7+i0.0 0.3+i0.6 -0.6-i0.2 N(2190) 7/2^− 4 2 125 84 24 16 -50 -77 -0.5-i1.4 -0.6-i1.7 0.2-i4.8 -0.8-i50 -1.0-i7.7 -3.6-i10 -1.2-i1.3 -2.3+i1.9 N(2250) 9/2^− 26 20 98 101 2 2 -105 -169 1.0-i0.4 0.6-i0.1 -0.6+i0.5 1.4+i2.1 1.5-i0.3 0.9+i0.0 0.2+i0.3 0.4+i0.5 N(2220) 9/2^+ 1 2 81 48 5 26 95 -98 -1.0+i0.1 -0.9+i1.2 -3.7-i1.7 -2.2-i0.5 -12-i7.9 -5.4-i6.1 0.0-i1.2 -1.4-i2.5

TABLE V: Properties of the I = 3/2 resonances: Pole positions z0 (Γtot defined as -2Imz0), elastic πN residues (|rπN |, θπN→πN ), and the normalized residues ( √ ΓπN Γμ/Γtot, θπN→μ) of the inelastic reactions πN → KΣ and πN → πΔ. For the quantum numbers of the πΔ channels (6), (7), see Table XI; (a): dynamically generated.

Pole position πN Residue KΣ channel πΔ, channel (6) πΔ, channel (7) Re z0 -2Im z0 |rπN | θπN→πN Γ^{1/2}_{πN} Γ^{1/2}_{KΣ} Γtot θπN→KΣ Γ^{1/2}_{πN} Γ^{1/2}_{πΔ} Γtot θπN→πΔ Γ^{1/2}_{πN} Γ^{1/2}_{πΔ} Γtot θπN→πΔ [MeV] [MeV] [MeV] [deg] [%] [deg] [%] [deg] [%] [deg] fit→ A B A B A B A B A B A B A B A B A B A B Δ(1620) 1/2^− 1599 1596 71 80 17 18 -107 -107 22 24 -107 -106 — — — — 57 63 102 101 Δ(1910) 1/2^+ 1788 1848 575 376 56 20 -140 -143 4.7 1.9 -144 -115 41 22 71 79 — — — — Δ(1232) 3/2^+ 1220 1218 86 96 44 50 -35 -38 Δ(1600) 3/2^+_{(a)} 1553 1623 352 284 20 27 -158 -124 11 13 -7 41 28 38 28 74 1 4 15 -107 [Δ(1920) 3/2^+ 1724 1808 863 887 36 19 163 -70 16 14 -21 50 7 4 144 -108 1 <1 -101 ] Δ(1700) 3/2^− 1675 1705 303 183 24 14 -9 -4 1.5 1.6 -150 -121 5 5 166 173 39 35 149 175 Δ(1930) 5/2^− 1775 1805 646 580 18 14 -159 3 3.1 1.7 -3 135 12 11 26 -7 <1 1 155 Δ(1905) 5/2^+ 1770 1776 259 143 17 9 -59 -40 0.5 0.1 -142 -99 4 4 130 -179 34 29 105 120 Δ(1950) 7/2^+ 1884 1890 234 232 58 58 -25 -19 4.0 3.8 -78 -71 55 52 139 149 3 4 -84 -51 Δ(2200) 7/2^− 2147 2111 477 353 17 20 -52 7 0.6 0.1 -98 -33 2 7 -145 107 24 37 111 153 Δ(2400) 9/2^− 1969 1938 577 559 25 16 -80 -112 1.3 0.8 40 6 24 15 -98 -124 3 1 1 11

TABLE VI: Residues of the I = 3/2 resonances for the effective ρN channels according to Eq. (26). For the quantum numbers of the channels (2), (3), (4), see Table XI; (a): dynamically generated.

ρN, channel (2) ρN, channel (3) ρN, channel (4) gρN [10^{−3} MeV^{−1/2}] gρN [10^{−3} MeV^{−1/2}] gρN [10^{−3} MeV^{−1/2}] fit→ A B A B A B Δ(1620) 1/2^− 3.8+i3.6 3.7+i3.5 — — 0.9+i0.8 1.1+i0.6 Δ(1910) 1/2^+ 0.7-i2.0 0.3-i0.3 -1.7+i0.8 -2.1+i2.8 — — Δ(1232) 3/2^+ Δ(1600) 3/2^+_{(a)} 0.3-i0.4 1.6-i2.0 -2.0-i3.7 -1.9-i3.4 1.1+i1.1 -0.3-i1.1 [Δ(1920) 3/2^+ 0.9+i1.6 1.8+i1.2 4.4+i6.7 3.6+i6.5 0.7+i1.1 0.8+i0.5] Δ(1700) 3/2^− 7.0+i5.7 2.5-i0.5 6.4+i6.0 1.4-i0.5 -6.3-i5.8 -3.5-i3.5 Δ(1930) 5/2^− -0.5-i0.2 -0.4+i0.1 1.6+i1.5 1.0+i5.0 0.8+i0.0 -0.7+i0.1 Δ(1905) 5/2^+ 4.8+i0.6 3.0-i0.8 4.6+i1.3 2.3-i1.2 -4.1+i 6.5 -3.5-i0.5 Δ(1950) 7/2^+ 0.2-i0.4 -0.1-i0.5 1.8+i0.3 -2.8-i2.6 0.2-i0.3 0.3-i0.2 Δ(2200) 7/2^− 1.3-i1.5 1.5-i0.9 1.8-i0.2 1.3+i0.4 1.4+i5.5 -1.3+i6.1 Δ(2400) 9/2^− -1.3+i0.6 -1.1+i0.5 1.0+i0.1 0.7-i0.3 -1.3+i0.5 -1.2+i0.5

TABLE VII: Branching ratios Γμ/Γtot of the I = 1/2 resonances in % according to Eq. (29). (*): not identified with PDG name; (a): dynamically generated, (nf): not found.

ΓπN Γtot ΓηN Γtot ΓKΛ Γtot ΓKΣ Γtot

A B A B A B A B N(1535) 1/2^− 44 40 57 59 1.3 1.7 4.9 29 N(1650) 1/2^− 61 41 3.7 3.6 11 7.7 11 5.4 N(1440) 1/2^+_{(a)} 56 52 0.1 0.5 0.1 2.5 <0.1 0.1 N(1710) 1/2^+ 8.2 14 69 38 11 19 1.9 <0.1 N(1750) 1/2^+_{(∗,a)} 5.1 (nf) <0.1 — 0.1 — 1.0 — N(1720) 3/2^+ 6.6 11.6 0.2 0.9 1.5 0.7 0.4 0.4 N(1520) 3/2^− 79 69 0.2 0.1 0.4 0.6 <0.1 0.2 N(1675) 5/2^− 39 38 0.9 0.4 <0.1 0.1 0.3 0.4 N(1680) 5/2^+ 67 68 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 N(1990) 7/2^+ 3.2 3.6 0.1 0.1 0.9 0.6 0.2 0.4 N(2190) 7/2^− 23 18 <0.1 <0.1 0.2 <0.1 0.1 <0.1 N(2250) 9/2^− 7.5 5.7 <0.1 <0.1 0.2 0.1 <0.1 0.1 N(2220) 9/2^+ 26 16 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

TABLE VIII: Branching ratios Γμ/Γtot of the I = 3/2 resonances in % according to Eq. (29). (a): dynamically generated. ΓπN Γtot ΓKΣ Γtot

fit→ A B A B Δ(1620) 1/2^− 48 45 9.9 13 Δ(1910) 1/2^+ 20 10 1.1 0.4 Δ(1232) 3/2^+ 100 100 Δ(1600) 3/2^+_{(a)} 11 19 11 10 [Δ(1920) 3/2^+ 8.3 4.3 32 44 ] Δ(1700) 3/2^− 16 16 0.1 0.2 Δ(1930) 5/2^− 5.6 4.8 1.7 0.6 Δ(1905) 5/2^+ 13 12 <0.1 <0.1 Δ(1950) 7/2^+ 50 50 0.3 0.3 Δ(2200) 7/2^− 7.2 11 0.1 <0.1 Δ(2400) 9/2^− 8.7 5.7 0.2 0.1

is whether with this set of states, in combination with the background provided by the current approach, the πN → ηN and πN → KY reactions can be described simultaneously with the πN → πN reaction. It is clear that due to our choice of fitting the πN partial waves of the GWU/SAID analysis, the most prominent resonances of that analysis would be automatically needed here, and this is indeed what we find: those are the excited nucleon states

N(1535) 1/2^−, N(1650) 1/2^−, N(1440) 1/2^+, N(1720) 3/2^+, N(1520) 3/2^−, N(1675) 5/2^−, N(1680) 5/2^+, N(2190) 7/2^−, N(2250) 9/2^−, N(2220) 9/2^+.

Note that in Table III, in brackets we have also quoted the second pole of the Roper resonance on the hidden πΔ sheet (cf. discussion in Sec. IV D 1).

Furthermore, the following excited Δ states are found both in the GWU/SAID analysis and in the present study:

Δ(1620) 1/2^−, Δ(1910) 1/2^+, Δ(1232) 3/2^+, Δ(1600) 3/2^+, Δ(1700) 3/2^−, Δ(1930) 5/2^−, Δ(1905) 5/2^+, Δ(1950) 7/2^+, Δ(2400) 9/2^−.

The GWU/SAID analysis lists additional poles in the complex plane that could not be found in the present study,

N(1860) 5/2^+, N(2200) 11/2^+, Δ(2529) 11/2^+ .

But the present analysis includes resonances only up to J = 9/2 and thus does not consider the J = 11/2 states, and the Δ(2529) 11/2^+ lies outside the considered energies anyway. For the second J^P = 5/2^+ state, see Sec. IV C.

Apart from the states found in the GWU/SAID analysis, we include a few more genuine s-channel states that are needed for a quantitative description mostly of the inelastic reactions πN → ηN, KΛ, and KΣ. Those are

N(1710) 1/2^+, N(1990) 7/2^+, Δ(1920) 3/2^+, Δ(2200) 7/2^−.

As Tables III and V show, these states are characterized by a weak coupling to the πN channel.

When discussing pole properties in the following, we always refer to the values shown in Tables III to VIII. In the discussion of individual resonances, we will highlight particular aspects but we cannot exhaustively compare every decay channel to the corresponding PDG value [226].

S_{11}: The N(1535) 1/2^− is quite narrow in both the present approach and the GWU/SAID analysis [54], while the N(1650) 1/2^− is narrow in the GWU/SAID analysis and much wider in the present fits A and B (cf. also Fig. 41 in Sec. IV E); still, those fits describe the SAID solution quite well on the physical axis. In the chiral unitary approach of Ref. [45], the N(1535) 1/2^− resonance is also narrow [z_{1535} = (1.547^{+0.004}_{−0.021} − i0.046^{+0.004}

−0.017) GeV] while the width of the N(1650) 1/2 − resonance [z_{1650} = (1.597^{+0.017}_{−0.020} − i0.045^{+0.010}_{−0.015}) GeV] lies in between the values of this study and the one of the GWU/SAID group. The different values of the widths illustrate the difficulties to extract pole positions in this partial wave, as will be discussed in Sec. IV E. The branching ratio of the N(1535) 1/2^− resonance into the ηN channel is large (57-59%), while the one of the N(1650) 1/2^− is much smaller (around 4%), in line with what is found in other analyses [226]. The πN → ηN residues of the two S11 resonance have a non-zero relative phase that indicate a non-trivial interplay, and the πN → ηN S-wave cross section shown in Fig. 14 exhibits a dip slightly beyond the N(1650) 1/2^− resonance position; see also Ref. [63] for a discussion. Both S_{11} resonances show a moderate but non-vanishing branching into the πΔ channel.

The N(1535) 1/2^− resonance has a moderate coupling to the KΛ channel and a larger one to the KΣ channel (cf. Table III). The N(1650) 1/2^− resonance couples strongly to all KY channels. Indeed, the partial cross sections of the corresponding reactions (Figs. 14, 21, 25) show a strong S-wave contribution close to the thresholds and also beyond. It should be stressed however, that strong S-wave components in the KY amplitudes cannot be identified with sub-threshold resonances alone, as sometimes done in the isobar picture. Instead, one has an amplitude with a non-trivial energy dependence in which sub-threshold resonances play only a moderate role, as demonstrated for pion-induced ϕ production [176].

P_{11}: For the discussion of the resonance dynamics in the P_{11} partial wave, see Sec. IV D. We find in the current analysis, apart from the (genuine) nucleon and the (dynamically generated) two Roper poles, two more states: a genuine N(1710) 1/2^+ state mostly required by the inelastic data, and a dynamically generated, broad N(1750) 1/2^+ state, which is found only in fit A and emerges mostly from the σN and πΔ dynamics. It should be stressed, however, that the N(1710) 1/2^+ is still around 100 MeV wide and thus cannot be identified with a potentially exotic narrow state.

S_{31}: The width of the Δ(1620) 1/2^− is relatively small for both fits A and B which can be attributed to slight deviations of our description from the GWU/SAID partial wave, as can be seen in Fig. 7. The resonance shows large inelasticities into the πΔ channel (normalized residue of 57-63%, compared to the PDG values of 38± 9%).

P_{31}: The Δ(1910) 1/2^+ resonance is wide, couples only weakly to πN, and is situated on top of a large, energy-dependent background. Due to these intrinsic problems, the extracted resonance parameters show large differences between fits A and B. Within these large boundaries, the properties agree with those of the PDG, in particular with respect to the large inelasticity into πΔ. P_{13}: The I = 1/2 P -wave plays an important role in KY production, as, e.g., the KΛ differential cross section shows. However, there is an interplay between the N(1720) 3/2^+ and the N(1710) 1/2^+ resonance and individual contributions are more difficult to pin down. For the transition branching ratios [i.e. moduli of the normalized residues of the N(1720) 3/2^+] we obtain the following numbers (in brackets, the corresponding numbers of

Anisovich et al. [147, 226]): ηN: 1.2-3.2% [3 ± 2%], KΛ: 2.9-3.1% [6 ± 4%], KΣ: 1.7-2.2%, πΔ, P -wave: 23-24% [29 ± 8%], and πΔ, F -wave: 2-6% [3 ± 3%].

D_{13}: The πN residue of the N(1520) 3/2^− state is well fixed from πN scattering where it appears as a sharp and prominent resonance. The coupling to ηN is very small, but well fixed due to the well-known SD-interference pattern resulting in the u-shape of the πN → ηN differential cross section (cf. Fig. 15). We obtain an ηN branching ratio of 0.13 − 0.15% while Arndt et al. obtain 0.08 − 0.12% [54] and Tiator et al. 0.08 ± 0.01% [227]. While all these values are comparable, they differ from the result by Penner et al. of 0.23 ± 0.04% [136].

The N(1520) 3/2^− resonance is also characterized by a large coupling to the ρN channel in S-wave (obviously to the low-energy tail of the ρ meson), as reflected by the very large S-wave residue of |g_{ρN} | > 20 in Table IV. There is no other state in the D_{13} partial wave, although our non-resonant part T^{NP} exhibits a resonant structure around z ∼ 1.7 GeV. This is due to a pole behind the complex ρN branch point, dynamically generated from the S-wave ρN interaction. The dynamics and meaning of this pole are similar to the one discussed in Ref. [65]. See Refs. [37–39, 228, 229] for further discussion of the dynamical nature of this and other states.

P_{33}: Apart from the Δ(1232) 3/2^+, we find a wide state that might be identified with the Δ(1600) 3/2^+ from the PDG [226]. As the coupling to the πN channel is rather small, compared to the large width, its properties are difficult to determine, and also the pole properties cited in the PDG [226] show large uncertainties. In our approach, it is dynamically generated from the πΔ P -wave interaction, showing a significantly larger P -wave πΔ residue than in the study by Anisovich et al. [147, 226] (28-38% vs. 14±10%). Note that this state was also found in our previous analysis [66]. The second genuine resonance state included in the P_{33} partial wave, the Δ(1920) 3/2^+, is characterized by a very high bare mass (cf. Tables IX, X) that undergoes a large renormalization effect so that the pole moves very far into the complex plane. The pole shows a large branching ratio into KΣ and indeed the I = 3/2 KΣ partial cross section is large over a wide energy range as Fig. 26 shows. This strength is obviously required by data, although, due to the large imaginary part of the pole position, one can no longer speak of a resonance signal.

D_{33}: The Δ(1700) 3/2^− resonance is relatively wide, couples weakly to the πN channel, and is situated on a relatively large, energy-dependent background. Our values for the pole position and πN residues agree with the PDG [226] within the large intrinsic uncertainties.

D_{15}: The N(1675) 5/2^− shows a sizeable normalized πN → πΔ residue of 40-52% in line with the PDG values [226] (46-50%) but only a small coupling to the KΛ channel. For the reaction πN → ηN, we find that this resonance plays some role as can be seen in Fig. 14, although its mass is in a region where the experimental ηN data are of particularly poor quality (cf. Sec. III D).

F_{15}: The N(1680) 5/2^+ resonance shows only small branchings into the ηN and KY channels. The role of a second F_{15} state is discussed in Sec. IV C.

D_{35}: The real part of the pole position of the Δ(1930) 5/2^− is in the GWU/SAID partial-wave analysis [54] around 200 MeV higher than in the present study. The width is larger in the present fits A and B. In any case, the overall size of the partial wave is small and our fit follows the trend of the GWU/SAID solution (cf. Figs. 7, 47); as a consequence, it seems difficult to unambiguously determine the pole position in this partial wave. As can be seen in Fig. 26, the D_{35} partial wave plays a minor, but not insignificant role, in the KΣ channel. This is reflected in the branching ratio of the Δ(1930) 5/2^− into this channel.

F_{35}: The Δ(1905)F_{35} is a relatively inelastic resonance with large branching into πΔ (normalized πN → πΔ P - wave residue of 29-34% here, compared to 25 ± 6% of Anisovich et al. [147, 226]). In our result the resonance plays no role in KΣ production.

F_{37}: The pole position of the prominent Δ(1950) 7/2^+ resonance is well determined as Fig. 41 shows. This resonance is also very important in the πN → KΣ reaction: Our value for the normalized residue and its phase (3.8- 4% and −78^0 to −71^0) is comparable to the value of Anisovich et al. [147, 226] (5 ± 1% and −65^0 ± 25^0).

F_{17}, G_{37}: The resonances included for these partial waves mostly serve to improve the description of the πN elastic scattering. As Figs. 8 and 48 show, the signal of the G_{37} resonance in πN scattering is weak in the sense that the resonance is so wide that the fitted energy region covers only part of the resonance shape. The G_{37} partial wave is small in KΣ production. The F_{17} partial wave is relevant for KΛ production at higher energies (cf. Fig. 21). No resonances are quoted in these partial waves in the GWU/SAID analysis [54] and we cannot claim much evidence either.

G_{17}, G_{19}, H_{19}: The resonances in these partial waves are wide, but relatively prominent in elastic πN scattering. Our fits to the GWU/SAID analysis [54] are satisfactory and the extracted pole positions and πN residues are in the vicinity of the GWU/SAID values. The agreement is better for the G_{17} resonance and slightly worse for the real part of the G_{19} resonance and the (anyway large) imaginary part of the H_{19} resonance. None of these resonances shows a large branching into the ηN and KY channels.

G_{39}: The G_{39} resonance is considerably wider in the GWU/SAID partial-wave analysis than here (900 MeV vs. 570 MeV), but for poles so far in the complex plane, one expects uncertainties to become very large. The normalized residue into KΣ is small (0.8-1.3%) but seems to be significant, as suggested by the relatively small uncertainty for the partial cross section in Fig. 26.

FIG. 37: Detail of the F15 partial wave above the prominent N(1680) 5/2^+ resonance. Solid (black) lines: energy dependent GWU/SAID analysis [54]; dashed (red) lines: description obtained by including a second bare s-channel state in the F15 partial wave and refitting the entire data base (fit A^′). The faint dash-dotted lines show the original fit A (same as in Fig. 6).

C. Fit A^′: a second F15 state

Coming back to the F_{15} partial wave, only one genuine resonance is included in fits A and B, while two resonances are needed in the GWU/SAID analysis. The second F_{15} resonance state, N(1860) 5/2^+ in the PDG, formerly known as N(2000) 5/2^+, is not included in the present analysis; from Figs. 6 and 46 it is obvious that a more quantitative description of the F_{15} may require this state. As a test, we show in Fig. 37 the result when including a second bare s-channel state in the F_{15} partial wave and performing a refit (fit A^′) of the entire data base, starting from fit A and varying all bare resonance masses and couplings. The description of the F_{15} partial wave around z ∼ 2 GeV improves; in fact we achieve an almost perfect match of the GWU/SAID solution. However, we see no substantial improvement for the other reactions with ηN and KY final states. The largest changes are visible in the KΛ polarization data at backward angles, but the data carry large errors (cf. Fig. 17). Thus, the inelastic reactions cannot contribute much to increase the evidence for this state, and more precise polarization data are called for.

Even though for fit A^′ we have varied all resonance parameters, the properties of other states change only marginally. Also, the properties of the strong N(1680) 5/2^+ resonance barely change comparing fits A and A^′ [z_0(fit A) = (1666 − i54.1) MeV vs. z_0(fit A^′) = (1669 − i57) MeV]. In fit A^′, we obtain |r_{πN} | = 39 MeV compared to |r_{πN} | = 42 MeV in the SAID solution [54]. The pole position of the second F_{15} resonance N(1860) 5/2^+ is at z_0(fit A^′) = (1732 − i76.5) MeV, while the residue amounts to |r_{πN} | = 8 MeV and θ_{πN→πN} = −156^∘, i.e. is much smaller than the one of the N(1680) 5/2^+. This is in line with what is naively expected from the shape of the amplitude, i.e the N(1860) 5/2^+ resonance appearing as a small bump to the right of the prominent N(1680) 5/2^+. In Ref. [54], in contrast, the N(1860) 5/2^+ has a residue of |r_{πN} | = 60 MeV. This value, even larger than

FIG. 38: Imaginary part of the P11 πN amplitude. Besides the full amplitudes τ for fit A (solid black line) and fit B (dashed black line), also the corresponding non-pole parts τ^{NP} according to Eqs. (6) and (27) are shown. Note that this decomposition has no physical meaning and serves only for illustration of the renormalization mechanism due to the nucleon pole term.

the one of the N(1680) 5/2^+, might have to do with a close-by zero and the special dynamics of this resonance in the SAID analysis [230].

D. The P11 partial wave in πN → πN

1. Fits A, B, and the Roper resonance

The P_{11} partial wave and its analytic structure require a detailed analysis. As mentioned in Sec. III B, we use different starting conditions for fit A and B. In particular, we demand the nucleon renormalization to be small in fit B. As a result we observe, in the course of fitting, differences in the dynamics for the inelasticities in the P_{11} partial wave, which are closely linked to the properties of the σN channel. In the following, we illustrate the interplay between nucleon renormalization and changes in the σN channel.

The σN channel has much influence in the P_{11} partial wave due to the onset of large inelasticities at relatively low energies and the fact that in P_{11} the two pions and the nucleon of the σN channel are all in relative S-waves, i.e. there is no centrifugal barrier to suppress low-energy contributions.

By far the largest differences in the parameters found for fits A and B are those in the g_{σNN} and g_{σσσ} coupling constants, cf. Table XV. The implications of a small or large g_{σNN} , or generally speaking of the two scenarios A and B, is illustrated in Fig. 38 where we show the nonpole part of the τ matrix for both cases [τ^{NP} and τ^P are related to T^{NP} and T^P via Eq. (27)].

For fit B (large g_{σNN} ), the pole in τ^{NP} is obviously already in the vicinity of the full amplitude τ. The pole part, τ^P, consists of the nucleon plus a second pole responsible for the N(1710) 1/2^+ that we can omit from the discussion for the moment. When adding the nucleon pole, it repels the pole in τ^{NP} due to the mechanism of resonance repulsion [64] and shifts it to its final position in the full amplitude τ = τ^P + τ^{NP}. As this shift is rather small for fit B, so is the effect due to renormalization of the nucleon pole. Indeed, the bare nucleon mass of m^b = 973 MeV (cf. Table X) is close to the physical one. Also, the renormalization of the bare πNN coupling (f^b_N = 1.012) is small when compared to the dressed, physical value of f_{πNN} = 0.989.

For fit A (small g_{σNN} ), the scenario is different: here, the pole in τ^{NP} is farther away from the Roper pole position as Fig. 38 shows. Due to the discussed mechanism of resonance repulsion, the nucleon renormalization effect is larger and indeed we obtain a bare nucleon mass of m^b = 1146 MeV (cf. Table IX). The large renormalization of the bare mass in fit A comes along with a large renormalization of the bare coupling that is f^b_N = 0.619 compared to the physical, dressed value. The size of the renormalization of fit A is comparable to the one of previous studies [62, 63]. For both scenarios A and B, we obtain a slightly negative phase shift close to the πN threshold (cf. Fig. 45) which is a remnant of the nucleon bound state and its interplay with the Roper resonance.

While now the renormalization of the nucleon is understood for fit A and B, the question remains what further differences there are in the parameterization of the T^{NP} amplitude. Tracing back the origin of the pole in T^{NP}, it turns out that for both fits (and the previous ones of Refs. [59–63]) a pole in the P_{11} partial wave is generated from the t-channel correlated two-pion exchange with ρ quantum numbers. For fit A (small g_{σNN} ), adding all other t- and u-channel exchanges, one ends up with the pole structure visible in Fig. 38. For fit B (large g_{σNN} ), the exchange contributions to and within the σN channel —see Figs. 2 and 3— provide so much attraction, that the pole generated from the ρ-exchange is driven far below the nucleon pole position and becomes a spurious state on one of the many Riemann sheets there (cf. Fig. 39). The physical amplitude below the nucleon pole and between nucleon pole and πN threshold is pole-free. The large σN attraction provides at the same time enough strength for the formation of the pole visible in T^{NP} of Fig. 38.

In summary, while the internal parameterization of the P_{11} partial wave is quite different, the full, physical amplitude is not, and in both scenarios, it is possible to quantitatively describe the GWU/SAID amplitude.

2. Analytic structure

The analytic structure of the current fits A and B is displayed in Fig. 39. Shown are the branch points (thresholds) of the πN, ηN, KΛ, and KΣ channels on the real,

FIG. 39: Analytic structure of the present fit result (fit B) in the P11 partial wave, for complex scattering energies z. The circular cut is labeled “CC”, the left-hand cut “LHC”. See text for further explanations. Note that in fit A the bare mass of the nucleon is above the πN threshold.

physical z-axis, as well as the ππN branch points on the real axis and in the complex plane from the πΔ, σN, and ρN channels. To search for poles on the most relevant Riemann sheets, the cuts are chosen to be oriented from the threshold openings into the negative imaginary z-direction as indicated in the figure (see also Sec. IV A). In addition, the figure shows the sub-threshold short nucleon cut (SNC), circular cut (CC) and left-hand cut (LHC). The structure of cuts and branch points is discussed in detail in Ref. [65].

The (green) stars indicate the positions of the physical poles. There are two Roper poles on different πΔ sheets, labeled as N(1440) and N^′(1440) with the positions given in Table III. This two-pole structure is found in several analyses, such as GWU/SAID [54] and EBAC [78], and is due to the fact that poles can repeat on different sheets. The closeness of the complex πΔ branch point to the resonance poles leads to a non-standard shape that is not of the Breit-Wigner type.

Below the πN threshold, the cross indicates the bare nucleon pole and the (green) star the physical position of the nucleon. The same labeling is used for the second genuine state [the N(1710) 1/2^+] with the pole positions given in Table III. The properties of this state are discussed in the following section. In the πN amplitude shown in Figs. 5 and 45, it is visible as a weak resonance above the Roper state.

When comparing the pole properties of the Roper resonance for fits A and B according to Tables III and IV, it turns out that for fit B the position is farther in the complex plane and the residue for decay into the σN channel is smaller than for fit A. In turn, the residue for decay into the πΔ channel is larger for fit B. This demonstrates that the net inelasticity, that must be approximately the same for fit A and B, is distributed differently among the effective ππN channels for the two fits.

Finally, in fit A we find one additional, dynamically generated pole in the complex plane at around z = 1.75 GeV and far in the complex plane, called N(1750)

FIG. 40: Detail of the partial-wave amplitude (top) and phase shift/inelasticity (bottom) of the elastic πN → πN P11 wave. The current results, fit A (solid red lines) and fit B (dashed blue lines), were fitted to the energy-dependent GWU/SAID solution [54] (dash-dotted green lines). The single-energy solution [54] (points) is not included in the fitting procedure.

1/2^+ in Tables III and IV. This state does not appear in fit B and we expect that a dedicated study of the reaction πN → ππN can shed light on the question which of the two scenarios A or B provides the more realistic description.

Here, we just note that the analytic structure of Fig. 39 is different from the one found by the EBAC group in Ref. [78]: in that parameterization, there is only one genuine resonance state with a bare mass at z = 1736 MeV, that, through the hadronic dressing, is responsible for the two Roper poles plus a pole at z = (1820 − i248) MeV. The nucleon pole is not included in Ref. [78], however, in Ref. [77], the EBAC group investigated the consequences of a genuine nucleon pole.

The question arises if there are ways to distinguish the reaction dynamics found here from the one by the EBAC group in Ref. [78]. The principal problem is that the only observable quantity is the fully dressed amplitude, while quantities such as bare masses and couplings depend on the renormalization scheme and the space of included channels, as demonstrated in Sec. IV F. Therefore, while certain scenarios might be ruled out in a dedicated study of ππN final states, there is, in principle, no way to distinguish between internal parameterizations of the amplitude in terms of bare quantities, and, in particular, no meaningful hadronic “undressing” of resonances.

3. Properties of the N(1710) 1/2^+

In Fig. 40, the region around z ∼ 1.7 GeV is displayed in more detail. The figure shows, apart from fits A and B, the energy-dependent P_{11} partial wave from Ref. [54] that we fit (green dash-dotted lines). Most intriguingly, our fit B, and to some extent also A, match the singleenergy solution from Ref. [54] better than the energydependent solution (green curve) we fit —the latter is smooth around z = 1650 MeV.

In the present analysis, the inclusion of this second resonance became necessary to improve the π^−p → K^0Λ differential cross section and polarization, and was not required at all for the fit to the energy-dependent πN SAID solution. Note that in the fit procedure, the resonance position was not forced in any way to its current position, but left to float freely.

Thus, the structure seen in the single-energy solution of the analysis of πN → πN [54] appears here for an entirely different reason, namely through coupled-channel effects from the KΛ data and, to some weaker extent, the ηN data. We see that as evidence for a resonance at this energy.

In Ref. [89], the role of the ρN branch point, or complex threshold opening, at z ∼ (1.7 − i 0.07) GeV, i.e. not so far away from the discussed resonance, was scrutinized. It is shown that if an approach does not contain such branch points, false resonance signals may appear. However, the current approach does contain the required ρN, σN, and πΔ branch points, and still we observe a new resonance around z ∼ 1.65 GeV. We note that the resonance has a considerable branching fraction into ηN and KΛ; cf. Table III. See also Figs. 14 and 21 for the partial-wave content of the π^−p → ηn and π^−p → K^0Λ reactions, respectively. For the ηn final state, the P_{11} resonance is partly responsible for the second maximum of the total cross section, although it should be stressed that the data situation in that energy range is very poor; see the discussion in Sec. III D. For the K^0Λ final state, Fig. 21 shows that in our fit the strong P -wave contribution at z ∼ 1.7 GeV comes from the P_{11} wave instead of the P_{13} wave that could also play a role here. This is actually demanded mostly by the polarization data in that energy range. Here, the partial-wave content is fixed better than in the ηn case because the data are much better.

The role of a P_{11} resonance at z ∼ 1.7 GeV in the context of different partial-wave analyses has been discussed extensively in Ref. [152] (see also references therein). That resonance appears in several quark models [17–19, 22] but also in three-body hadronic calculations [231]. In Ref. [152], various fits to the single-energy GWU/SAID solution and existing ηN partial waves were performed and the need for a N(1710) 1/2^+ resonance was stated. Here, in contrast, we fit directly and simultaneously to the ηN and KΛ data and the energydependent GWU/SAID solution, i.e. the present fit is unbiased by structures in the single-energy GWU/SAID solution (“data” points in Fig. 40). Also, instead of being required by the (rather low-quality) ηN data, the need for a P_{11} state around z ∼ 1.7 GeV arises from the KΛ data. In any case, it is noteworthy that in two different analyses a P_{11} state around z ∼ 1.7 GeV is needed. In a similar context, it should be noted that in the Za-

FIG. 41: Pole positions of the N(1650) 1/2^− (left) and the Δ(1950) 7/2^+ (right) in different analyses [46, 48, 51, 52, 54, 146]. The results of this study are indicated with the (red) square (fit A) and (blue) diamond (fit B). Also, the KΛ, KΣ, and ρN branch points are shown (green crosses).

greb analysis actually two poles are found in the complex plane in the region Re z ∼ 1.7 GeV [150, 154]. This scenario is similar to the present fit A that also has a second state, though far in the complex plane, called N(1750) 1/2^+ (cf. Fig. 39).

In Refs. [232, 233], various πN partial waves were scanned in the search for narrow resonances. Two candidates were found; a stronger signal at z ∼ 1.68 GeV and a weaker one at z ∼ 1.73 GeV in the P_{11} partial wave. However, while that first possibility would be in line with the current findings, the resulting widths were much smaller than the one found here, which is around 110 MeV (cf. Table III). We do not make any attempt to identify the resonance found here with a narrow state of potentially exotic nature; it is just worth noting that the present approach does contain the KΣ channel that has its threshold close to the observed structure; threshold effects from this channel, are, thus, taken into account. Such threshold effects can become large in S-wave and might be even responsible for the excess of η photoproduction on the neutron around these energies [234] (for other explanations, see Refs. [235–237]); we do not observe any structures from KΣ in the P_{11} partial wave in the current fit result. Analyzing KY photoproduction data in the future might shed more light on the issue.

E. Uncertainties in pole positions and bare parameters

In Fig. 41, the present results for the pole positions of the N(1650) 1/2^− and the Δ(1950) 7/2^+ are compared to other analyses quoted by the PDG [226]. For the isolated F -wave resonance, the results of the different analyses agree quite well. By contrast, the results for the N(1650) 1/2^− S-wave resonance vary much more, because there is another close-by state, the N(1535) 1/2^−.

FIG. 42: Present result (fit A, solid lines) together with the Laurent expansions of Eq. (33) around the different poles in the S11 partial wave (dashed lines) and the sum of both terms (dashed-dotted lines).

To illustrate this effect, in Fig. 42 we show the present description of the S_{11} partial wave (fit A, red solid lines) together with the quantity r_{πN} z − z_0 (33)

for both S_{11} resonances (green dashed lines) where r_{πN} is the elastic residue and z_0 the pole position of the respective resonance. Obviously, the tail of one resonance provides a strongly energy-dependent background for the other resonance. Indeed, by summing the contribution from both resonances, one obtains the dash-dotted curves that resemble the full amplitude quite well.

However, the mutual influence of close-by resonances makes their extraction challenging. As Table III shows, in this study we obtain a small width for the N(1535) 1/2^− in combination with a rather large width for the N(1650) 1/2^−. Note that also the GWU/SAID group found a relatively narrow width for the N(1535) 1/2^− [54] in 2006, although the resonance width determined in 2004 [52] is larger by 40%, which again illustrates the difficulties in resonance extraction for the S_{11} partial wave.

Despite the fact that the extraction of the S_{11} resonances is, for the above reasons, certainly one of the more complicated cases, the real parts of the pole positions differ only by 1 to 2 MeV in our approach (cf. Tab. III) whereas the bare masses are separated by 30 MeV and 127 MeV for the N(1650) 1/2^− and N(1535) 1/2^−, respectively (cf. Tab. IX and X).

Increased uncertainties for bare masses, compared to pole positions, can be also found for other resonances comparing fits A and B. For example, the real parts of the pole positions of the N(1710) 1/2^+ resonance, that by itself is difficult to pin down, differ only by 16 MeV (cf. Tab. III) while the bare masses are apart by 143 MeV (cf. Tab. IX and X). Similar considerations hold for the very prominent Δ(1950) 7/2^+ resonance (differences of 6 MeV in Re z_0 vs. 98 MeV in m^b).

This illustrates the high uncertainties tied to bare parameters, cf. also the discussion at the end of Sec. II B. In the following section, we will further discuss this issue.

F. Residues vs. bare couplings

To point out the large correlations between bare resonance couplings and bare masses, we consider the case of the Δ(1620) 1/2^− resonance, characterized in the present fits by very high bare masses. For the test, starting from fit A, we reduce the bare mass m^b from its actual value of 4.8 GeV (cf. Tab. IX) and then perform a refit of the bare resonance couplings, i.e f_{πN} , f_{ρN} , f_{πΔ}, f_{KΣ}, to the full data base. For different bare masses, we show in the upper panel of Fig. 43 the results for the amplitude. Reducing the bare mass, the quality of the refits is indistinguishable down to m^b = 2.9 GeV (changes in the χ^2 are less than 1%). When the bare mass is further reduced, the amplitude shows noticeable deviations. In any case, the real part of the pole position is shifted by 2 MeV at m^b = 2.4 GeV compared to the case m^b = 4.8 GeV. The imaginary part is shifted by −5 MeV. This means that changes in the bare mass can be almost fully compensated by changes in the bare couplings.

In the middle panel of Fig. 43, we show the relative changes of the bare couplings as m^b is changed (filled symbols). Also, for the case m^b = 2.4 GeV, the relative changes of the residues are displayed (for this mass, the χ^2 has changed by 2.5%). While bare couplings change by up to 60%, the coupling constant g in the πN channel [i.e. the square root of the residue, cf. Eq. (26)] changes by 4% (empty square). The coupling g of the πΔ channel changes by 10% (empty triangle down), and the one of the KΣ channel by 17% (empty triangle right). The size of these changes is expected, given that the πN amplitude is precisely known while the πΔ channel has only indirect influence through the resonance width, and the KΣ channel is still closed at these energies (the resonance still contributes to the description of KΣ data, and thus to the χ^2, through its finite width).

In the lower panel of Fig. 43 the contribution of the different channels to the self energy Σ is shown according to Eq. (4), i.e. every term in the sum over the channel index μ. The self energy is evaluated at the pole position. As the figure shows, the real parts of the self energies are very different for different bare masses, fully compensating changes in the bare mass to ensure an almost unchanged pole position. For the imaginary part, shown to the right, one should note that different channels contribute with different sign. As indicated with the horizontal black lines, the net half width Γ_{tot}/2 = −Im z_0 = −Im Σ(z = z_0) is rather small and does not change significantly for different bare masses (by 5 MeV) although the contributions from individual channels change dramatically.

This numerical example again illustrates the problems tied to bare parameters. On top of this, there are also large correlations between bare parameters and the cutoff in the form factors of the resonance vertices that we have not investigated for this example. It is, however, clear that a change in the cut-off can be compensated by one in the bare coupling; thus, there is an additional

FIG. 43: Upper panel: Dependence of the S31 amplitude on the bare mass of the Δ(1620) 1/2^− (involves refits of the four bare couplings f_b). The case m^b = 4.8 GeV corresponds to fit A. Middle panel: change of the f_b, normalized to the case m^b = 4.8 GeV (filled symbols). For m^b = 2.4 GeV, also the changes of g from the residues [cf. Eq. (26)] are shown (empty symbols). Lower panel: contributions to the self energy Σ(z = z0) from different channels.

scheme dependence of the bare coupling constants (and, of course, also of the bare mass through the self-energy), that further prohibits to attach a physical meaning to these model parameters.

G. Outlook: significance of resonance signals and error analysis

The presented fits A and B are the result of extensive searches in parameter space, performed under different starting conditions to ensure that in the vicinity there are no better minima. Nonetheless, rather than having several well-distinguished local minima of the χ^2, one observes many minima that are shallow in the sense that there are strong parameter correlations, for example between bare resonance masses and coupling constants as discussed in Sec. IV F. In general, if the contribution to the imaginary part of the resonance self-energy [cf. Eq. (4)] is small, as in case for the ρN channel, a change in the bare mass can be absorbed well by a change of the bare coupling. Quantifying such correlations is postponed to a later stage of the analysis, but is, in principle, feasible within the current approach, as has been shown in Ref. [66].

As for the statistical error (in contrast to the systematic error as estimated here by performing two different fits), in Ref. [66] it has also been demonstrated how the error of the experimental data translates into uncertainties of extracted resonance pole positions. It should be noted, however, that a true statistical analysis will be only possible once one fits to the actual πN → πN data and not, as was done here and in most other currently active analysis efforts, to the partial-wave solution of the GWU/SAID group. We have fitted here to their energydependent solution as recommended by the GWU/SAID group, but it should be also noted that the error bars provided in their energy-independent (SES) solution do not have statistical meaning, i.e. they cannot be used for the purpose of statistical error analysis in a multichannel approach of the present type. This is also one of the reasons why we refrain from quoting an overall χ^2.

In addition to studying the propagation of the statistical error from the data to results such as the partial-wave decomposition and pole properties, there are systematic uncertainties tied to the selection of experimental data in the fit and the weight of those data in the fitting procedure. As discussed before, the very different quality of the data makes it unavoidable that some reactions and data sets are weighted differently from others (apart from different weighting due to additional systematic uncertainties in experiments, as discussed in the context of particular reactions in previous sections). In other words, the present fits are, unavoidably, the result of a selection process.

Aside from fitting directly to πN data, another possibility to improve the extraction of the resonance content is to include photon-induced reactions. A big step in this direction has been recently achieved by fitting pion photoproduction data using the gauge-invariant extension of the present framework [70]. With the inclusion of KY channels in the present study and the good description found for pion-induced ηN, KΛ, and KΣ production, it becomes now possible to analyze also the high-precision data on photoproduction of these final states. Determining the photocouplings to excited baryonic states and their Q^2 dependence is also important for other theoretical approaches that need analyses such as in Refs. [142, 238–240] as input, namely chiral unitary calculations [33, 35, 45, 241–243] that are sometimes compared to multipoles, in particular for pion photoproduction. A simultaneous fit to both pion- and photoninduced reactions will increase the reliability of resonance extraction possible in the current approach due to its correct analytic properties.

V. CONCLUSIONS

A combined analysis of the reactions πN → πN, ηN, KΛ, and the three measured KΣ final states K^+Σ^+, K^0Σ^0, and K^+Σ^− within a dynamical coupled-channel framework has been performed. For the inelastic reactions, the world data set from threshold to energies around 2.3 GeV has been considered. In the Lagrangian-based calculation, the full off-shell solution of the Lippmann-Schwinger-type equation provides the correct analytic structure allowing for a reliable continuation into the complex plane to extract resonance pole positions and residues up to J^P = 9/2^±. The amplitude features also the effective ππN channels πΔ, ρN, and σN with branch points in the complex plane and a dispersive treatment of σ and ρ t-channel exchanges.

The Lagrangian-based, field-theoretical framework is particularly suited to perform coupled-channel analyses: the SU(3) flavor symmetry for the exchange processes allows one to relate different final states, and the t- and uchannel diagrams, whose explicit inclusion is mandated by three-body unitarity arguments, connect also different partial waves and the respective backgrounds. As a result, for all reactions, a realistic and structured background can be provided that helps map out resonance signals.

Systematic uncertainties have been roughly estimated by performing two different fits with starting points far from each other in the parameter space. Although the parameterization of the amplitudes is quite different, pole positions and residues change much less. In contrast to these pole parameters, bare masses and couplings were shown to have no physical meaning.

All of the well-established four-star resonances within the considered energy range were found and their branching into the ηN and KY channels determined. For resonances less prominently visible in πN scattering, a P_{11} state of around 110 MeV width was found, required mostly by the KΛ data and coupled-channel constraints. Indeed, the state might be identified with the N(1710) 1/2^+. Furthermore, from the KΣ data there is need for large strength in the P_{33} partial wave around z ∼ 1.9 GeV. A Δ(1600) 3/2^+ state found in a previous analysis could be confirmed.

Apart from determining the resonance spectrum, also scattering lengths and volumes have been calculated which are in fair agreement with approaches using chiral perturbation theory; the consequences of adding and removing a second F_{15} state has been tested and the importance to take the data of all three KΣ final states into account has been demonstrated.

The present results, in combination with the recent extension to pion photoproduction [70], constitute a major step towards the analysis of high-precision photoproduction data of ηN, KΛ, and KΣ data produced, e.g., at ELSA, JLab, and MAMI, allowing for a more fundamental understanding of the resonance spectrum.

Acknowledgement

The numerical calculations were made possible through the grant jikp07 at the JUROPA supercomputer of the Forschungszentrum Jülich. This work is also supported by the EU Integrated Infrastructure Initiative HadronPhysics3 (contract number 283286), by the DFG (Deutsche Forschungsgemeinschaft, GZ: DO 1302/1-2 and SFB/TR 16, “Subnuclear Structure of Matter”). F.H. is grateful to the COSY FFE grant No. 41788390 (COSY-058). D.R. thanks the German Academic Exchange Service (DAAD) for financial support within a “DAAD-Doktorandenstipendium”. We would like to thank V. Nikonov, I. Strakovsky and R. Workman for discussions.

Appendix A: Bare resonance parameters

In Tables IX and X, the bare resonance parameters are quoted for reproducibility of the fit result. As explained in Sec. II B, bare masses and coupling constants have no physical meaning, because they depend on the scheme (i.e., values of the form factors), the number of included channels, and some bare resonance parameters tend to be strongly correlated (cf. Sec. IV F). In fact, some bare masses were constrained by hand because large values were obtained in the fit, without noticeable improvement of the χ^2 compared to lower bare masses. Thus, we are aware that some masses and couplings in Tables IX and X are rather large, but, considering the above arguments, we regard those high values as unproblematic. We expect that once ππN data are included in the fit, the bare masses and couplings tied to the ππN channel can be fixed more reliably (their values still being schemedependent), but at the current state of the approach it makes no sense to limit these values too much.

The coupling constants f of Table IX and X enter the vertices that couple the N^∗’s and Δ^∗’s to the different channels. The corresponding Lagrangians can be found in Table 8 of Ref. [66]. The partial-wave projected vertex functions, for vertices up to J = 3/2, are given in Appendix B of Ref. [66]. In this study, we also need the vertices of J = 9/2 resonances. For this, we use the prescription analogous to the J = 5/2 and J = 7/2 vertices, given in Eq. (B.3) of Ref. [66]; i.e. the J = 9/2 vertex functions are obtained from the J = 3/2 vertex functions

TABLE IX: Bare resonance parameters fit A: masses m^b and coupling constants f. Note that the bare couplings differ sometimes by orders of magnitude among each other, because the power of the form factors can be different to ensure convergence of the integrals. In particular for the high partial waves, those powers can be large.

m_b [MeV] fπN fρN fηN fπΔ fΛK fΣK Nucleon 1146 0.619 − − − − − N(1535) 1/2^− 2866 0.324 1.312 −0.726 −6.271 −0.250 −0.081 N(1650) 1/2^− 1905 −0.266 −0.100 0.122 −0.835 −0.186 0.131 N(1710) 1/2^+ 2148 0.082 −0.840 −0.580 0.120 0.542 −0.122 N(1720) 3/2^+ 1936 0.171 −2.190 −0.084 0.427 0.284 0.122 N(1520) 3/2^− 2529 0.085 4.100 −0.084 0.303 0.073 −6.74 · 10^{−3} N(1675) 5/2^− 3373 0.634 16.442 0.753 −2.981 0.103 −0.876 N(1680) 5/2^+ 1877 0.088 −0.204 4.29 · 10^{−3} 0.899 0.013 −8.70 · 10^{−3} N(1990) 7/2^+ 4000 0.497 5.722 0.202 −4.839 2.406 1.169 N(2190) 7/2^− 2496 0.0227 1.902 1.29 · 10^{−4} −0.368 0.013 −8.34 · 10^{−3} N(2250) 9/2^− 2416 −0.067 0.088 −0.025 1.062 −0.120 0.030 N(2220) 9/2^+ 2421 0.017 1.962 −1.53 · 10^{−4} 0.076 −4.60 · 10^{−3} −3.82 · 10^{−3} Δ(1620) 1/2^− 4800 0.690 −1.848 − 9.566 − −1.078 Δ(1910) 1/2^+ 3700 −0.099 1.000 − −0.304 − 0.248 Δ(1232) 3/2^+ 1506 −1.433 2.171 − −0.198 − 1.058 Δ(1920) 3/2^+ 3253 0.690 −0.657 − −1.101 − −0.479 Δ(1700) 3/2^− 2160 0.060 0.048 − −0.512 − −0.039 Δ(1930) 5/2^− 2802 −0.318 2.523 − −1.134 − −1.246 Δ(1905) 5/2^+ 2866 0.062 −3.472 − −1.665 − −0.036 Δ(1950) 7/2^+ 2059 0.577 −1.591 − 1.508 − −0.535 Δ(2200) 7/2^− 2521 −0.018 1.384 − 0.667 − 0.010 Δ(2400) 9/2^− 2381 0.139 −0.062 − −0.587 − 0.144

according to

(γ^{a,c}) 9_2 − =^{k3}_{m3b} (γ^{a,c}) 3_2 +

(γ^{a,c}) 9_2 + =^{k3}_{m3b} (γ^{a,c}) 3_2 − (A1)

with the functions (γ^{a,c}) 3_2 ± from Eq. (B.2) of Ref. [66]. These γ^{a,c} contain the partial-wave projected vertex functions v, isospin factors I_R (cf. Table 10 of Ref. [66]), and form factors F with a common cut-off of Λ = 2 GeV, except for the nucleon cut-off, which is a free parameter in our model and determined to be Λ_N = 1610 MeV in fit A and Λ_N = 958 MeV in fit B. Equation (A1) provides the correct dependence on the orbital angular momentum L for all channels MB = πN, ηN, KΛ, KΣ, ρN, and πΔ; see also Table XI. In principle, it would also be possible to derive the vertices for J ≥ 5/2 from Lagrangians, as has been done, e.g., in Ref. [139] for the πN channel.

Note that there are different possibilities for the πΔ and ρN channels to couple to a given J^P . For convenience, we show the complete coupling scheme (applying to s-, t-, and u-channel exchanges) in Table XI. There, the total spin S = |⃗S_N + ⃗S_ρ| is given by the sum of the ρ spin and the nucleon spin, and L is the orbital angular momentum. The notation of the quantum numbers is the usual one, L_{2I;2J} , e.g. S_{11}, etc. Different coupling possibilities for the ρN and πΔ channels are incorporated here as separate channels μ.

Appendix B: Exchange potentials

In Appendix B 1, we list explicit expressions V for all t- and u-channel exchanges used in this work and shown in Figs. 2 and 3. The corresponding interaction terms of the Lagrangians can be found in Table XII. Vertices that are not listed in Table XII are related to the ones in the table by SU(3) flavor symmetry. The explicit expressions g_a, g_b for those couplings can be found in Sec. B 2. Note that for the f_0 exchange the same Lagrangians as for the exchange of a stable σ were applied.

In the following, we give further details on the notation used in in Appendix B 1. The labeling of particles and helicities are specified in Fig. 44. The index 1 and

TABLE X: Bare resonance parameters fit B: masses m^b and coupling constants f.

m_b [MeV] fπN fρN fηN fπΔ fΛK fΣK Nucleon 973 1.012 − − − − − N(1535) 1/2^− 2739 0.295 1.449 −0.691 −5.708 −0.305 −0.229 N(1650) 1/2^− 1875 −0.207 0.501 0.192 −0.183 −0.149 0.171 N(1710) 1/2^+ 2005 0.118 0.0479 −0.388 0.095 0.575 −0.057 N(1720) 3/2^+ 2073 0.227 −1.986 −0.177 0.525 0.259 0.116 N(1520) 3/2^− 2248 0.075 3.581 −0.064 0.313 0.081 −0.015 N(1675) 5/2^− 2630 0.477 4.826 0.865 −3.139 0.526 −0.613 N(1680) 5/2^+ 1919 0.083 1.992 0.018 0.924 −0.020 −7.94 · 10^{−3} N(1990) 7/2^+ 2571 0.312 8.065 −0.100 0.958 0.604 0.494 N(2190) 7/2^− 2592 0.027 2.264 −1.61 · 10^{−3} −0.332 1.77 · 10^{−3} −3.59 · 10^{−3} N(2250) 9/2^− 2503 −0.070 0.845 −7.39 · 10^{−3} 1.327 −0.130 −0.131 N(2220) 9/2^+ 2416 0.017 1.359 −8.33 · 10^{−4} −0.659 −7.84 · 10^{−3} 7.38 · 10^{−4} Δ(1620) 1/2^− 4800 0.803 −2.069 − 8.574 − −1.188 Δ(1910) 1/2^+ 3700 −0.419 1.000 − −0.341 − 0.103 Δ(1232) 3/2^+ 1510 −1.304 2.310 − −0.491 − 0.999 Δ(1920) 3/2^+ 3400 0.378 −0.482 − −1.255 − −0.211 Δ(1700) 3/2^− 2028 0.042 1.299 − −0.412 − −0.065 Δ(1930) 5/2^− 2376 −0.501 4.711 − 1.118 − −0.533 Δ(1905) 5/2^+ 2318 0.056 0.911 − −1.361 − −0.012 Δ(1950) 7/2^+ 2157 0.503 5.866 − 1.520 − −0.536 Δ(2200) 7/2^− 2545 −0.016 1.595 − 0.588 − 1.87 · 10^{−3} Δ(2400) 9/2^− 2412 0.157 0.036 − −0.616 − 0.165

TABLE XI: Angular momentum structure of the coupled channels in isospin I = 1/2 up to J = 9/2. The I = 3/2 sector is similar up to obvious isospin selection rules.

μ J^P =^1_2^{− 1}_2^{+ 3}_2^{+ 3}_2^{− 5}_2^{− 5}_2^{+ 7}_2^{+ 7}_2^{− 9}_2^{− 9}_2^+ 1 πN S11 P11 P13 D13 D15 F15 F17 G17 G19 H19 2 ρN(S = 1/2) S11 P11 P13 D13 D15 F15 F17 G17 G19 H19 3 ρN(S = 3/2, |J − L| = 1/2) — P11 P13 D13 D15 F15 F17 G17 G19 H19 4 ρN(S = 3/2, |J − L| = 3/2) D11 — F13 S13 G15 P15 H17 D17 I19 F19 5 ηN S11 P11 P13 D13 D15 F15 F17 G17 G19 H19 6 πΔ(|J − L| = 1/2) — P11 P13 D13 D15 F15 F17 G17 G19 H19 7 πΔ(|J − L| = 3/2) D11 — F13 S13 G15 P15 H17 D17 I19 F19 8 σN P11 S11 D13 P13 F15 D15 G17 F17 H19 G19 9 KΛ S11 P11 P13 D13 D15 F15 F17 G17 G19 H19 10 KΣ S11 P11 P13 D13 D15 F15 F17 G17 G19 H19

3 (2 and 4) denote the incoming and outgoing baryon (meson). The on-shell energies are

E_i = √ ⃗p^2_i + m^2_i , ω_i = √ ⃗p^2_i + m^2_i (B1) for the baryon and the meson, respectively, and m_1, m_3 (m_2, m_4) are the masses of the incoming, outgoing baryons (mesons). In the TOPT framework used in this study, the zeroth component of the initial and final momenta are set to their on-mass-shell values: p^0_i = E_i or

TABLE XII: Interaction terms of the effective Lagrangians. We use ⃗ρμν = ∂μ ⃗ρν − ∂ν ⃗ρμ. The vector notation refers to isospin space.

Vertex Lint Vertex Lint NNπ −^{gN N π}_{mπ} Ψγ^5γ^μ⃗τ · ∂μ⃗πΨ NNω −gNNωΨ̄[γ^μ −^{κω}_{2mN} σ^{μν} ∂ν ]ωμΨ NΔπ^{gN Δπ}_{mπ} Δ̄^μ ⃗S^† · ∂μ⃗πΨ + h.c. ωπρ^{gωπρ}_{mω} ϵ_{αβμν} ∂^α⃗ρ^β · ∂^μ⃗πω^ν ρππ −gρππ (⃗π × ∂μ⃗π) · ⃗ρ^μ NΔρ −i^{gN Δρ}_{mρ} Δ̄^μγ^5γ^μ ⃗S^† · ⃗ρμν Ψ + h.c. NNρ −gNNρΨ[γ^μ −^{κρ}_{2mN} σ^{μν} ∂ν ]⃗τ · ⃗ρμΨ ρρρ gNNρ(⃗ρμ × ⃗ρν ) · ⃗ρ^{μν} NNσ −gNNσΨ̄Ψσ NNρρ^{κρg2N N ρ}_{2mN} Ψ̄σ^{μν} ⃗τ Ψ(⃗ρμ × ⃗ρν ) σππ^{gσππ}_{2mπ} ∂μ⃗π · ∂^μ⃗πσ ΔΔπ^{gΔΔπ}_{mπ} Δ̄μγ^5γ^ν ⃗T Δ^μ∂ν⃗π σσσ −gσσσmσ σσσ ΔΔρ −gΔΔρΔ̄τ (γ^μ − i^{κΔΔρ}_{2mΔ} σ^{μν} ∂ν )⃗ρμ · ⃗T Δ^τ NNρπ^{gN N π}_{mπ} 2gNNρΨ̄γ^5γ^μ⃗τΨ(⃗ρμ × ⃗π) NNη −^{gN N η}_{mπ} Ψ̄γ^5γ^μ∂μηΨ NNa1 −^{gN N π}_{mπ} ma_1Ψ̄γ^5γ^μ⃗τ Ψ⃗aμ NNa0 gNNa_0 mπΨ̄⃗τΨ ⃗a0 a1πρ −^{2gπa1 ρ}_{ma1} [∂μ⃗π × ⃗aν − ∂ν⃗π × ⃗aμ] · [∂^μ ⃗ρ^ν − ∂^ν ⃗ρ^μ] πηa0 gπηa_0 mπ η⃗π · ⃗a0 +^{2gπa1 ρ} 2ma1 [⃗π × (∂μ ⃗ρν − ∂ν ⃗ρμ)] · [∂ μ⃗a^ν − ∂^ν⃗a^μ]

FIG. 44: t- and u-channel exchange processes.

p^0_i = ω_i.

The three-momentum of the intermediate particle is ⃗q. The four-vector q with q^0 = E_q (baryon exchange) or q^0 = ω_q (meson exchange) means the exchanged momentum in the first time ordering whereas q̃ indicates the second time ordering with q̃^0 = −E_q (baryon exchange) or q̃^0 = −ω_q (meson exchange). For the potentials, we use the notation /p ≡ γ^μ p_μ.

Each exchange diagram includes a kinematic normalization factor N = 1 (2π)^3 1 2 √ ω_2ω_4

. (B2)

Isospin factors (IF) for the exchange processes (we use the baryon-first convention) can be found in Tables XIII and XIV. Also, every exchange process V quoted in Appendix B 1 is multiplied with form factors F_1, F_2 that depend on the exchanged momentum ⃗q, quoted in Appendix B 3 and Table XVI. The final expression for the t- and u-exchanges is then given by V^{⃗p1 ,⃗p2,⃗p3 ,⃗p4} λ_1 ,λ_2,λ_3 ,λ_4 = N F1 F2 (IF) V . (B3)

To obtain from this the transition potentials V^{NP} in Eq. (4) in the JLS basis, the projection techniques described in Refs. [62, 63] are used.

With m_{ex} we denote the mass of the exchange particle. ϵ^ν (⃗p_i, λ_i) is the polarization vector of a massive spin 1 particle with momentum p_i and helicity λ_i.

Furthermore, in the potentials quoted in Appendix B 1, the Rarita-Schwinger spinor for spin 3/2 particles is given by u^μ(⃗p, λ) = ∑ λ_1 ,λ_2

⟨1λ_1,^1_2 λ_2|^3_2 λ⟩ϵ^μ(⃗p, λ_1)u(⃗p, λ_2) (B4)

and P^{μν} is the Rarita-Schwinger tensor of spin 3/2 particles [62],

P^{μν} (q) = (/q + m_{ex}) [ − g^{μν} + 1 3 γ^μγ^ν + 2 3 m^2_{ex} q^μq^ν − 1 3m_{ex} (q^μγ^ν − q^ν γ^μ) ] . (B5)

If P^{μν} appears with the argument q_B∗ for the exchange of a J^P = 3/2^+ baryon B^∗ = Δ(1232), Σ^∗(1385), Ξ^∗(1530) in Appendix B 1, we use the simplified prescription from Ref. [60] in order to avoid problems arising from the construction of the contact graphs in TOPT [60]. In that case, the zeroth component of the exchanged momentum is q^0_B∗ = E^{on}_1 − ω^{on}_4 with

E^{on}_1 = z^2 + m^2_1 − m^2 2 z , ω^{on}_4 = z^2 − m^2_3 + m^2_4 2 z . (B6)

In case of vector mesons coupling to octet baryons, f_{BBV} = g_{BBV} κ_V denotes the tensor coupling, g_{BBV} is the vector coupling (see Appendix B 2); ϵ_{αβμν} is the totally antisymmetric Levi-Civita tensor with ϵ_{αβμν} = 1 for odd permutations of α, β, μ, ν, and σ^{μν} = i(γ^μγ^ν − γ^ν γ^μ)/2.

Note that for the exchange of ρ and σ quantum numbers in the πN → πN transitions, we use correlated two-pion exchange. By contrast, for the exchange of these quantum numbers involving other channels, no pseudo-data exist to fix these transitions (cf. Sec. II) and we resort to the exchange of stable particles with m_ρ = 770 MeV and m_σ = 650 MeV. For other t-channel processes, the exchanged masses are m_ω = 783 MeV, m_{f0} = 974 MeV, m_{a0} = 983 MeV, m_{a1} = 1260 MeV, m_K∗ = 892 MeV, and m_ϕ = 1020 MeV. The masses of exchanged baryons take their PDG values [226]; for the unstable Ξ^∗(1530), we use m_Ξ∗ = 1533 MeV.

1. Amplitudes for the exchange diagrams

Here, we define the exchange pseudo-potentials V. Common factors have been isolated according to Eq. (B3). The amplitude for the correlated ππ exchange in the ρ channel (cf. also Fig. 4) can be found in Eq. (A7) of Ref. [62]. For the correlated ππ exchange in the σ channel, see Ref. [63], Eq. (A3). For this transition, we use the same subtraction constant of A_0 = 25 MeV/F^2_π as in Ref. [63], as we see no need to change its value.

Below, a “type” number is introduced for a more compact notation. To obtain the amplitude for a specific diagram (cf. Figs. 2 and 3), one uses Eq. (B3) with the form factors F_1, F_2 from Appendix B 3, V from this section according to Tabs. XIII and XIV, and isospin factors from the same tables.

Type 1: u-exchange of an J^P = 1/2^+ octet baryon

V = g_ag_b m^2_π ū(⃗p_3, λ_3)γ^5 /p_2 2E_q ( /q + mex z − E_q − ω_2 − ω_4 + ~/q + m_{ex} z − E_q − E_1 − E_3 ) γ^5/p_4u(⃗p_1, λ_1) (B7)

Type 2: u-exchange of a decuplet baryon

V = g_ag_b m^2_π ū(⃗p_3, λ_3) p_{2μ} P^{μν} (q_B∗ ) 2E_q ( 1 z − E_q − ω_2 − ω_4 + 1 z − E_q − E_1 − E_3 ) p_{4ν} u(⃗p_1, λ_1) (B8)

Type 3: t-exchange of a scalar meson (f_0)

V = g_ag_b 2m_π (−2p_{2μ}p^μ_4 ) 1 2ω_q ( 1 z − ω_q − ω_2 − E_3 + 1 z − ω_q − ω_4 − E_1 ) ū(⃗p_3, λ_3)u(⃗p_1, λ_1) (B9)

Type 4: t-exchange of a vector meson

V = g_a ū(⃗p_3, λ_3) ( g_bγ^μ − i^{fb}_{2mN} σ^{μν} q_ν z − ω_q − E_3 − ω_2 + g_bγ^μ − i^{fb}_{2mN} σ^{μν}q̃_ν z − ω_q − E_1 − ω_4 ) u(⃗p_1, λ_1)

(p_2 + p_4)_μ 2ω_q (B10)

Type 5: Contact interaction in πN → ρN

V = −2 g_a m_π g_bū(⃗p_3, λ_3)γ^5/ϵ^∗(⃗p_4, λ_4)u(⃗p_1, λ_1) (B11)

Type 6: t-exchange of a scalar meson (a_0) (scalar coupling)

V = g_ag_b m_π ū(⃗p_3, λ_3)u(⃗p_1, λ_1) 1 2ω_q ( 1 z − ω_q − ω_2 − E_3 + 1 z − ω_q − ω_4 − E_1 ) (B12)

Type 7: N u-exchange in πN → ρN

V = −ig_a g_b m_π ū(⃗p_3, λ_3)γ_5/p_2 ( /q + mN z − E_q − ω_2 − ω_4 + ~/q + m_N z − E_q − E_1 − E_3 ) (B13) × 1 2E_q [ /ϵ^∗(⃗p4, λ4) − i κ_ρ 2m_N σ^{μν} p_{4ν} ϵ^∗_μ(⃗p_4, λ_4) ] u(⃗p_1, λ_1)

Type 8: π t-exchange in πN → ρN

V = − g_a m_π g_bū(⃗p_3, λ_3)γ^5 ( /q(p2 − q)ν 2ω_q(z − ω_q − E_3 − ω_2) + ~/q(p_2 − q̃)_ν 2ω_q(z − ω_q − E_1 − ω_4)

− γ^0δ^0_ν ) ϵ^{∗,ν} (⃗p_4, λ_4)u(⃗p_1, λ_1) (B14)

Type 9: t-exchange of a pseudovector meson

V = 4 g_a m_π g_bū(⃗p_3, λ_3)γ^5γ_μ ( −gμν + q^μ q^ν_{m2} a1 2ω_q(z − ω_q − E_3 − ω_2) [ (p_2 + q 2 )_τ p^τ_4 ϵ^∗_ν (⃗p_4, λ_4) − (p_2 + q 2 )^τ ϵ^∗_τ (⃗p_4, λ_4)p_{4ν} ]

+ [ (p_2 + q̃ 2 )_τ p^τ_4 ϵ^∗_ν (⃗p_4, λ_4) − (p_2 + q̃ 2 )^τ ϵ^∗_τ (⃗p_4, λ_4)p_{4ν} ] −g^{μν} +^{q̃μq̃ν}_{m2a1} 2ω_q(z − ω_q − E_1 − ω_4) + 1 m^2_{a1} δ^0_μ [ p_{2ν} p^ν_4 ϵ^∗_0(⃗p_4, λ_4) − p^ν_2 ϵ^∗_ν (⃗p_4, λ_4)p_{40} ] ) u(⃗p_1, λ_1) (B15)

Type 10: ω t-exchange in πN → ρN

V = g_a m_ω ū(⃗p_3, λ_3) ( g_bγν − i^fb_{2mN} σντ q_τ z − ω_q − E_3 − ω_2 + g_bγ^ν − i^{fb}_{2mN} σ^{ντ} q̃_τ z − ω_q − E_1 − ω_4 ) u(⃗p_1, λ_1) ϵ_{αβμν} p^α_4 ϵ^{∗β} (⃗p_4, λ_4) p^μ_2 1 2ω_q (B16)

Type 11: N u-exchange in πN → πΔ

V = − g_ag_b m^2_π ū^μ(⃗p_3, λ_3) p_{2μ} 2E_q ( /q + mex z − E_q − ω_2 − ω_4 + ~/q + m_{ex} z − E_q − E_1 − E_3 ) γ^5/p_4u(⃗p_1, λ_1) (B17)

Type 12: ρ t-exchange in πN → πΔ

V = −i g_ag_b m_ρ ū^μ(⃗p_3, λ_3)γ^5(q_μγ_ν − /qg_{μν} )u(⃗p_1, λ_1) 1 2ω_q ( 1 z − ω_q − ω_2 − E_3 + 1 z − ω_q − ω_4 − E_1 ) (p_2 + p_4)^ν (B18)

Type 13: Δ u-exchange in πN → πΔ

V = g_ag_b m^2_π ū_μ(⃗p_3, λ_3) γ^5/p_2

P^{μν} (q_B∗ ) 2E_q ( 1 z − E_q − ω_2 − ω_4 + 1 z − E_q − E_1 − E_3 ) p_{4ν} u(⃗p_1, λ_1) (B19)

Type 14: N u-exchange in πN → σN

V = −i g_ag_b m_π ū(⃗p_3, λ_3)γ^5 /p_2 2E_q ( /q + mex z − E_q − ω_2 − ω_4 + ~/q + m_{ex} z − E_q − E_1 − E_3 ) u(⃗p_1, λ_1) (B20)

Type 15: π t-exchange in πN → σN

V = i g_ag_b m^2_π ū(⃗p_3, λ_3) 1 2ω_q ( γ^5/qq_μ z − ω_q − ω_2 − E_3 p^μ_2 + γ^5~/qq̃_μ z − ω_q − ω_4 − E_1 p^μ_2 + 2ω_qγ^5γ^0p^0_2 ) u(⃗p_1, λ_1) (B21)

Type 16: Δ u-exchange in πN → ρN

V = i g_ag_b m_πm_ρ ū(⃗p_3, λ_3)p_{2μ} ( P^{μν} (q) 2E_q(z − E_q − ω_2 − ω_4) + P^{μν} (q̃) 2E_q(z − E_q − E_1 − E_3) )

×γ^5 ( /ϵ^∗(⃗p4, λ4)p4ν − /p_4ϵ^∗_ν (⃗p4, λ4) ) u(⃗p_1, λ_1) (B22)

Type 17: N u-exchange in ρN → ρN

V = g_aū(⃗p_3, λ_3)[g_bγ^μ + i f_b 2m_N σ^{μν} p_{2ν} ]ϵ_μ(⃗p_2, λ_2) 1 2E_q ( /q + mex z − E_q − ω_2 − ω_4 + ~/q + m_{ex} z − E_q − E_1 − E_3 )

× [γ^τ − i κ_ρ 2m_N σ^{τ ν} p_{4ν} ]ϵ^∗_τ (⃗p_4, λ_4)u(⃗p_1, λ_1) (B23)

Type 18: Contact interaction in ρN → ρN

V = g_a m_N f_bū(⃗p_3, λ_3)σ^{μν} ϵ_μ(⃗p_2, λ_2)ϵ^∗_ν (⃗p_4, λ_4)u(⃗p_1, λ_1) (B24)

Type 19: ρ t-exchange in ρN → ρN

V = −ig_a ( ū(⃗p_3, λ_3)

[g_bγ^μ − i^{fb}_{2mN} σ^{μν} q_ν ] 2ω_q(z − ω_q − E_3 − ω_2) × [ ϵ^τ (⃗p_2, λ_2)ϵ^∗_τ (⃗p_4, λ_4)(−p_4 − p_2)_μ + (q + p_4)^τ ϵ_τ (⃗p_2, λ_2)ϵ^∗_μ(⃗p_4, λ_4) + (p_2 − q)^τ ϵ^∗_τ (⃗p_4, λ_4)ϵ_μ(⃗p_2, λ_2) ]

+ [ ϵ^τ (⃗p_2, λ_2)ϵ^∗_τ (⃗p_4, λ_4)(−p_4 − p_2)_μ + (q̃ + p_4)^τ ϵ_τ (⃗p_2, λ_2)ϵ^∗_μ(⃗p_4, λ_4) + (p_2 − q̃)^τ ϵ^∗_τ (⃗p_4, λ_4)ϵ_μ(⃗p_2, λ_2) ]

× ū(⃗p_3, λ_3)

[g_bγ^μ − i^{fb}_{2mN} σ^{μν}q̃_ν ] 2ω_q (z − ω_q − E_1 − ω_4) ) u(⃗p_1, λ_1) (B25)

Type 20: Δ u-exchange in ρN → ρN

V = g_ag_b m^2_ρ ū(⃗p_3, λ_3)γ^5 ( γ_κp_{4μ} − /p_4g_{μκ} ) ϵ^{κ∗}(⃗p_4, λ_4) ( P^{μν} (q) 2E_q(z − E_q − ω_2 − ω_4) + P^{μν} (q̃) 2E_q(z − E_q − E_1 − E_3) )

×γ^5 ( γ_τ p_{2ν} − /p_2g_{ντ} )ϵ^τ (⃗p_2, λ_2 ) u(⃗p_1, λ_1) (B26)

Type 21: N u-exchange in πΔ → πΔ

V = g_ag_b m^2_π ū^μ(⃗p_3, λ_3) p_{2μ} 2E_q ( /q + mex z − E_q − ω_2 − ω_4 + ~/q + m_{ex} z − E_q − E_1 − E_3 ) p_{4ν} u^ν (⃗p_1, λ_1) (B27)

Type 22: ρ t-exchange in πΔ → πΔ

V = i g_a ū^τ (⃗p_3, λ_3) ( g_bγ_μ − i^{fb}_{2mΔ} σ_{μν} q^ν z − ω_q − E_3 − ω_2 + g_bγ_μ − i^{fb}_{2mΔ} σ_{μν}q̃^ν z − ω_q − E_1 − ω_4 ) u_τ (⃗p_1, λ_1)

(p_2 + p_4)^μ 2ω_q (B28)

Type 23: Δ u-exchange in πΔ → πΔ

V = g_ag_b m^2_π ū_μ(⃗p_3, λ_3) γ^5/p_2

P^{μν} (q_B∗ ) 2E_q ( 1 z − E_q − ω_2 − ω_4 + 1 z − E_q − E_1 − E_3 ) γ^5/p_4 u_ν (⃗p_1, λ_1) (B29)

Type 24: π t-exchange in ρN → πΔ

V = g_ag_b m_π ū_μ(⃗p_3, λ_3) 1 2ω_q × ( q^μ (p_4 − q)_ν z − ω_q − E_3 − ω_2 ϵ^ν (⃗p_1, λ_1) + q̃^μ (p_4 − q̃)_ν z − ω_q − E_1 − ω_4 ϵ^ν (⃗p_2, λ_2) − δ^μ_0ϵ^0(⃗p_2, λ_2) 2ω_q ) u(⃗p_1, λ_1) (B30)

Type 25: N u-exchange in ρN → πΔ

V = −i g_ag_b m_πm_ρ ū^μ(⃗p_3, λ_3) [ p_{2μ}γ^5/ϵ(−⃗p_2, λ_2) − ϵ_μ(⃗p_2, λ_2)γ^5/p_2 ] 1 2E_q ( /q + mN z − E_q − ω_2 − ω_4 + ~/q + m_N z − E_q − E_1 − E_3 )

× γ^5/p_2 u(⃗p_1, λ_1) (B31)

Type 26: π t-exchange in σN → πΔ

V = i g_ag_b m^2_π ū^μ(⃗p_3, λ_3) 1 2ω_q ( q_μ z − ω_q − ω_2 − E_3 q_ν p^ν_4 + q̃_μ z − ω_q − ω_4 − E_1 q̃_ν p^ν_4 + δ^0_μp_{40} 2ω_q ) u(⃗p_1, λ_1) (B32)

Type 27: N u-exchange in σN → σN

V = g_ag_b ū(⃗p_3, λ_3) 1 2E_q ( /q + mex z − E_q − ω_2 − ω_4 + ~/q + m_{ex} z − E_q − E_1 − E_3 ) u(⃗p_1, λ_1) (B33)

Type 28: σ t-exchange in σN → σN

V = 6 g_ag_b m_σū(⃗p_3, λ_3) u(⃗p_1, λ_1) ( 1 z − ω_q − E_3 − ω_2 + 1 z − ω_q − E_1 − ω_4 ) (B34)

2. Couplings of t- and u-channel exchanges

The coupling constants of several t- and u-channel exchange diagrams can be related to each other by SU(3) flavor symmetry [247]. The coupling of a given meson nonet with the octet baryon current 8_B ⊗ 8_B yields two products, namely 8_B ⊗ 8_B ⊗ 1_M and 8_B ⊗ 8_B ⊗ 8_M . The coupling to the meson octet 8_M depends on two parameters, g_1, g_2, corresponding to the symmetric and antisymmetric representations of 8_B ⊗ 8_B . They can be rewritten in terms of a coupling constant g and a mixing

TABLE XIII: Couplings for the calculation of the t-/uchannel and contact (ct) diagrams used in this study. The first two columns specify the diagram with the exchanged particle (Ex), cf. Figs. 2 and 3. The third column specifies the diagram type according to the listing in Sec. B 1, the columns 4-6 show which coupling constants to be used in these expressions. The values of these couplings are quoted in Sec. B 2 and Table XV. The final expressions for the t- and u-channel diagrams, given by Eq. (B3), contain also the isospin factors (IF), shown here in columns 7 and 8.

Transition Ex Type ga g_b f_b IF(^1_2 ) IF(^3_2 ) πN → πN N 1 gπNN gπNN −1 2 σ correlated ππ 1 1 ρ correlated ππ 2i −i Δ 2 gπΔN gπΔN^4_3^1_3 πN → ρN N 7 gπNN gNNρ −1 2 ct 5 gπNN gNNρ −2i i π 8 gNNπ gρππ −2i i ω 10 gπωρ gNNω fNNω 1 1 a1 9 gNNa_1 gπρa_1 −2i i Δ 16 gNΔπ gNΔρ^4_3^1_3 πN → ηN N 1 gπNN gNNη √ 3 0 a0 6 gπa_0η gNa_0N √ 3 0 πN → πΔ N 11 gπNN gNΔπ − √_8 3 √_5 3 ρ 12 gππρ gΔNρ √_2 3 √_5 3 Δ 13 gΔNπ gΔΔπ −^5_3

√_2 3 −^{10}_3^√_{15} πN → σN N 14 gNNσ gπNN √ 3 0 π 15 gππσ gπNN √ 3 0 πN → ΛK K^∗ 4 gπK∗K gNK∗Λ fNK∗ Λ √ 3 0 Σ 1 gπΣΛ gNΣK √ 3 0 Σ^∗ 2 gπΣ∗Λ gNΣ∗K √ 3 0 ΛK → ΛK f0 3 g_{KKf0} g_{ΛΛf0} 1 0 ω 4 gKωK gΛωΛ fΛωΛ 1 0 ϕ 4 g_{KϕK} g_{ΛϕΛ} f_{ΛϕΛ} 1 0 Ξ 1 gKΞΛ g_{KΞλ} 1 0 Ξ^∗ 2 gKΞ∗Λ gKΞ∗Λ 1 0 πN → ΣK K^∗ 4 gπK∗K gNK∗Σ fNK∗ Σ 1 2 Σ 1 gπΣΣ gNΣK 2 1 Λ 1 gπΛΣ gNΛK −1 1 Σ^∗ 2 gπΣ∗Σ gNΣ∗K 2 1 ΛK → ΣK ρ 4 gKρK gΛρΣ fΛρΣ − √ 3 0 Ξ 1 gKΞΣ gΛΞK √ 3 0 Ξ^∗ 2 gKΞ∗Σ gΛΞ∗K √ 3 0

TABLE XIV: Continuation of Table XIII.

Transition Ex Type ga g_b f_b IF(^1_2 ) IF(^3_2 ) ΣK → ΣK f0 3 g_{KKf0} g_{ΣΣf0} 1 1 ω 4 gKωK gΣωΣ fΣωΣ 1 1 ϕ 4 g_{KϕK} g_{ΣϕΣ} f_{ΣϕΣ} 1 1 ρ 4 gKρK gΣρΣ fΣρΣ 2 −1 Ξ 1 gKΞΣ gKΞΣ −1 2 Ξ^∗ 2 gKΞ∗Σ gKΞ∗Σ −1 2 ρN → ρN N 17 gNNρ gNNρ fNNρ −1 2 ct 18 gNNρ fNNρ −2i i ρ 19 gρρρ gNNρ fNNρ 2i −i Δ 20 gNΔρ gNΔρ^4_3^1_3 ρN → πΔ π 24 gππρ gΔNπ − √_2 3 i − √_5 3 i N 25 gNNπ gΔNρ − √_8 3 √_5 3 ηN → ηN N 1 gηNN gηNN 1 0 f0 6 g_{ηηf0} g_{NNf0} 1 0 ηN → KΛ K^∗ 4 gηK∗K gNK∗ Λ fNK∗ Λ 1 0 Λ 1 gηΛΛ gNΛK 1 0 ηN → KΣ K^∗ 4 gηK∗K gNK∗ Σ fKK∗ Σ − √ 3 0 Σ 1 gηΣΣ gNΣK − √ 3 0 Σ^∗ 2 gηΣ∗Σ gNΣ∗K − √ 3 0 πΔ → πΔ N 21 gπNΔ gπNΔ^1_3 −^2_3 ρ 22 gππρ gΔΔρ fΔΔρ^5_3 i^2_3 i Δ 23 gΔΔπ gΔΔπ −^{10}_9^{11}_9 σN → πΔ π 26 gππσ gΔπN − √ 2 0 σN → σN N 27 gNNσ gNNσ 1 0 σ 28 gσσσ gNNσ 1 0

TABLE XV: Couplings not fixed by SU(3) symmetry. The values marked with ∗ were obtained in this study by fitting to data. For the large size of gNNσ in fit B, see the discussion in Sec. IV D. For the sign of gωπρ see Ref. [244].

Coupling fit A fit B Ref. Coupl. fit A fit B Ref. gNNσ 13.85 39.31 * gσσσ 1.75 5.58 * g_{ΣΣf0} 9.41 * g_{ΛΛf0} 1.56 1.59 * gπρa_1 ∼ gNNρ [63, 163] gNNa_1 ∼ gNNπ [63, 163] g^{1/2}πηa_0 g^{1/2}_{NNa0} 10.03 [61] gωπρ -10.0 * g^{1/2}_{ηηf0} g^{1/2}_{NNf0} 3.305 * gππσ 1.77 [245] g_{KKf0} 1.336 [246] gρρρ ∼ gNNρ [63] gΔNρ 16.03 [170] gΔΔπ 1.78 [61] gΔΔρ 7.67 [61] κΔΔρ 6.1 [61]

parameter α in the notation of Ref. [247] used here as well, g = √ 30 40 g_1 + √ 6 24 g_2, α = √ 6 24 g_2 g . (B35)

g_1 and g_2 can be also expressed in terms of the standard D and F couplings [226]: D = √ 30 40 g_1 , F = √ 6 24 g_2 (B36)

with α = F/(D + F ) (definition of α of Ref. [247]). The coupling of the baryon octets to the meson singlet 1_M involves a further independent coupling constant.

For vertices involving pseudoscalar mesons, we use [170]

α_{BBP} = 0.4 , α_{P P V} = 1 , (B37)

where the index P denotes a pseudoscalar meson and V means a vector meson. We identify the η with the octet η_8 and assume the singlet coupling to be zero. This leads to a difference of only about 10% in the estimates of g_{ΣΣη} and g_{ΛΛη} , assuming an η − η^′ mixing angle of θ_p ∼ −10^∘. The corresponding difference in the coupling constant g_{KηK}∗ is only about 2%. For the coupling g_{NNη}, following Ref. [248], we use a phenomenologically small value of g_{NNη} = 0.147 instead of the SU(3) value g_{NNη} = g_{BBP}^{(4αBBP −1)} √ 3 = 0.343.

For the coupling of vector mesons to octet baryons, as e.g. at the NNρ vertex, we use the Lagrangian L_{int} = −Ψ̄ [ g_{NNρ}γ^μ − f_{NNρ} 2m_N σ^{μν} ∂_ν ] ⃗τ · ⃗ρ_μ Ψ (B38)

which consists of a vector part with γ^μ and a tensor part with σ^{μν} . The corresponding coupling constants are connected through f_{NNρ} = g_{NNρ}κ_ρ [249, 250] and we use κ_ρ = 6.1 [170].

The couplings of the physical ω and ϕ are obtained by assuming ideal mixing of the SU(3) singlet- and octet states, i.e. of ω_1 and ω_8. Furthermore, we assume that the ϕ meson does not couple to the nucleon (OZI rule) to fix the singlet coupling constant. Note, however, that kaon loops provide a small but non-vanishing effective ϕNN coupling [176, 177] that is neglected in this approach.

With regard to the actual coupling strengths employed in the vector-meson sector, strict SU(3) symmetry is broken in various ways. First and foremost, as mentioned before, we do not use genuine ρ exchange in the πN → πN channel but determine its contribution from correlated ππ exchange. Furthermore, the value of g_{NNω} as commonly found/needed in studies of the NN interaction exceeds its SU(3) prediction; see the discussions in Refs. [170, 250]. Thus, in order to accommodate this aspect, we work with the hypothetical value α_{BBV} = 1.15 (instead of the standard value α_{BBV} = 1) based on the ω coupling constant given in Ref. [170] which introduces a small SU(3) symmetry breaking in all vector-meson couplings. Furthermore, we set f_{NNω} = 0 for simplicity.

The employed relations for the various coupling constants are given by the following expressions. Their use in the different t- and u-channel expressions of Appendix B 1 is indicated in the fourth and fifth column of Tables XIII and XIV.

• Couplings for octet baryon, octet baryon and pseudoscalar meson: g_{NNπ} = g_{BBP} , g_{ΣNK} = g_{BBP} (1 − 2α_{BBP} ) , g_{ΛNK} = −^{√3}_3 g_{BBP} (1 + 2α_{BBP} ) , g_{ΣΣπ} = 2 g_{BBP} α_{BBP} , g_{ΛΣπ} =^{2√}_3 g_{BBP} (1 − α_{BBP} ) g_{ΞΣK} = −g_{BBP} , g_{ΞΛK} =^{1√}_3 g_{BBP} (4α_{BBP} − 1) ,

g_{ΛΛη} = −^{2√}_3 g_{BBP} (1 − α_{BBP} )

g_{ΣΣη} =^{2√}_3 g_{BBP} (1 − α_{BBP} ) , (B39)

with g_{BBP} = 0.989 [170].

• Vector coupling for octet baryon, octet baryon and vector meson: g_{NNρ} = g_{BBV} , g_{NNω} = g_{BBV} (4α_{BBV} − 1) , g_{ΛNK}∗ = −^{1√}_3 g_{BBV} (1 + 2α_{BBV} ) , g_{ΣNK}∗ = g_{BBV} (1 − 2α_{BBV} ) , g_{ΛΛω} =^2_3 g_{BBV} (5α_{BBV} − 2) , g_{ΣΣω} = 2g_{BBV} α_{BBV} , g_{ΛΛϕ} = −^{√2}_3 g_{BBV} (2α_{BBV} + 1) ,

g_{ΣΣϕ} = − √ 2g_{BBV} (2α_{BBV} − 1) , g_{ΣΣρ} = 2g_{BBV} α_{BBV} , g_{ΛΣρ} =^{2√}_3 g_{BBV} (1 − α_{BBV} ) , (B40)

with g_{BBV} = 3.25 [170]

• Tensor coupling for octet baryon, octet baryon and vector meson: f_{NNρ} = g_{NNρ}κ_ρ , f_{ΛNK}∗ = −^1_2^√_3 f_{NNω} −^{√3}_2 f_{NNρ} ,

f_{ΣNK}∗ = −^1_2 f_{NNω} +^1_2 f_{NNρ} ,

f_{ΛΛω} =^5_6 f_{NNω} −^1_2 f_{NNρ} ,

f_{ΣΣω} =^1_2 f_{NNω} +^1_2 f_{NNρ} ,

f_{ΛΛϕ} = −^1_3^√_2 f_{NNω} −^{1√}_2 f_{NNρ} ,

f_{ΣΣϕ} = −^{1√}_2 f_{NNω} +^{1√}_2 f_{NNρ} ,

f_{ΣΣρ} =^1_2 f_{NNω} +^1_2 f_{NNρ} ,

f_{ΛΣρ} = −^1_2^√_3 f_{NNω} +^{√3}_2 f_{NNρ} , (B41) with κ_ρ = 6.1 [170] and f_{NNω} = 0.

• Coupling for pseudoscalar meson, pseudoscalar meson and vector meson: g_{ππρ} = 2 g_{P P V} , g_{KKρ} = g_{P P V} , g_{KπK}∗ = −g_{P P V} , g_{KKω} = g_{P P V} , g_{KKϕ} = √ 2 g_{P P V} , g_{KηK}∗ = − √ 3 g_{P P V} , (B42)

with g_{P P V} = 3.02 [251].

• Coupling for decuplet baryon, octet baryon and pseudoscalar meson: g_{ΔNπ} = g_{DBP} , g_Σ∗_{NK} = −^{1√}_6 g_{DBP} ,

g_Σ∗_{Σπ} =^{1√}_6 g_{DBP} ,

g_Σ∗_{Λπ} =^{1√}_2 g_{DBP} ,

g_Ξ∗_{ΛK} =^{1√}_2 g_{DBP} ,

g_Ξ∗_{ΣK} =^{1√}_6 g_{DBP} ,

g_Σ∗_{Ση} = −^{1√}_2 g_{DBP} , (B43)

with g^2_{ΔNπ}/4π = 0.36 [170], g_{DBP} = g_{ΔNπ} .

The coupling constants for scalar mesons (f_0, σ) are not fixed by SU(3) symmetry. We take the value of g_{KKf0} from Refs. [246, 249], obtained from the hyperon-nucleon interaction. The couplings g_{NNσ}, g_{σσσ} , g_{ΣΣf0} and g_{ΛΛf0} were treated as free parameters and determined in the fit. The values can be found in Table XV, together with other couplings, partly taken from the literature and partly fitted in the current study.

3. Form factors of t- and u-channel exchanges

We use

F (q) = ( Λ^2 − m^2_{ex} Λ^2 + ⃗q^2 )_n (B44)

for the form factors F of the t- and u-channel exchanges in Eq. (B3) where m_{ex} is the mass and ⃗q the momentum of the exchanged particle. Powers n = 1, 2 provide monopole or dipole form factors. The dipole type applies to vertices with ρ, Δ, K^∗, Σ^∗, ω and ϕ. Exceptions are Δ exchange in ρN → ρN, where n = 4, and the ππρ vertex in πΔ → πΔ with ρ exchange, where n = 1. Otherwise the monopole form factor is used. Different powers for the form factors are applied to ensure the convergence of the integral over the off-shell momenta in the scattering equation.

For the nucleon u-exchange at the πNN vertex in πN → πN, ρN, πΔ, σN the monopole form factor is modified in order to be normalized to unity at the Cheng- Dashen point:

F (q) =

Λ^2 − m^2_N Λ^2 − ((m^2_N − m^2_π)/m_N )^2 + ⃗q^2

. (B45)

The form factor for the contact terms reads:

F (p_4, p_2) = ( Λ^2 − m^2_4 Λ^2 + ⃗p^2_4

)_2 ( Λ^2 − m^2 Λ^2 + ⃗p^2_2

)_2 , (B46)

where ⃗p_2 (⃗p_4) denotes the momentum and m_2 (m_4) the mass of the incoming (outgoing) meson. The form factors for the correlated ππ exchange potentials can be found in Ref. [63].

Explicit expressions for the form factors of s-channel diagrams can be found in Appendix B of Ref. [66].

The cut-off values of the form factors for t- and uchannel processes, fitted in the present study, are shown in Table XVI. Similar to bare resonance masses and couplings, we do not attribute any physical meaning to these parameters and quote the values only for the sake of reproducibility. It is clear that in the present approach some values of the cut-offs absorb effects from degrees of freedom not explicitly included in the model. If the fit prefers a high value for a cut-off, we do not consider the corresponding process to be sensitive to high momentum physics but rather take it as a sign that some missing ingredient of the model is absorbed in that value.

Appendix C: πN → πN phase shifts and inelasticities

In Figs. 45 to 48 we show the phase shifts and inelasticities for the reaction πN → πN. The alternative representation in terms of partial-wave amplitudes can be found in Sec. III C. There, one can find the discussion on Figs. 45 to 48.

[1] S. Dürr, Z. Fodor, J. Frison, C. Hoelbling, R. Hoffmann, S. D. Katz, S. Krieg, T. Kurth et al., Science 322, 1224 (2008).

[2] C. Alexandrou et al. [ European Twisted Mass Collaboration ], Phys. Rev. D78, 014509 (2008).

[3] T. Burch, C. Gattringer, L. Y. Glozman, C. Hagen, D. Hierl, C. B. Lang and A. Schäfer, Phys. Rev. D 74, 014504 (2006).

TABLE XVI: Cut-offs Λ for the form factors of the exchange diagrams. The columns Ex specify the exchanged particle and ct indicates a contact interaction.

Vertex Ex Λ [MeV] Vertex Ex Λ [MeV] Vertex Ex Λ [MeV]

fit A fit B fit A fit B fit A fit B

πNN N 1060 1130 ρNρN ct 1020 900 πΣ^∗Σ Σ^∗ 1740 2320

NNσ N 1800 2830 πωρ ω 860 800 NΣK Σ 1500 1700

NπN π 900 1010 πa1ρ a1 1260 2200 NΣ^∗K Σ^∗ 1640 1640

NσN in σN → σN σ 1700 2660 ππρ π 800 880 πΛΣ Λ 1400 1400

NσN in πN → πN σ 810 900 ρρρ ρ 3200 2410 NΛK Λ 1250 1250

NρN ρ 920 970 ρΔN Δ 1610 2400 KρK ρ 3140 2580

NωN ω 1070 1320 ρNΔ N 800 800 Kf0K f0 3400 3480

Na0N a0 1740 3003 NNη N 1260 3050 KωK ω 1310 1430

Na1N a1 1260 1260 πa0η a0 2260 2260 KϕK ϕ 1620 1620

πNΔ N 2150 3080 ηK^∗K K^∗ 830 830 Λf0Λ f0 1320 1320

NρΔ ρ 1940 1700 ηf0η f0 1470 1500 ΛωΛ ω 1100 1100

NπΔ π 900 1600 Nf0N f0 1470 1500 ΛϕΛ ϕ 1300 1300

πρπ in πN, πΔ → πΔ ρ 1270 1270 ηΛΛ Λ 3190 3190 ΛρΣ ρ 1710 1750

πρπ in πN → πN ρ 870 930 ηΣΣ Σ 2060 2060 Σf0Σ f0 800 2160

NΔπ Δ 1400 1860 ηΣ^∗Σ Σ^∗ 3040 3040 ΣωΣ ω 1940 1940

πΔΔ Δ 1970 2010 πK^∗K K^∗ 1400 1760 ΣϕΣ ϕ 1660 1660

ΔρΔ ρ 2100 2140 NK^∗Λ K^∗ 1000 1000 ΣρΣ ρ 1480 1480

πσπ σ 810 900 NK^∗Σ K^∗ 1010 1030 KΞΛ Ξ 1670 1670

ππσ π 930 2410 πΣΛ Σ 1350 1710 KΞ^∗Λ Ξ^∗ 1850 1850

σσσ σ 1700 1810 πΣ^∗Λ Σ^∗ 2740 1880 KΞΣ Ξ 2340 2340

NNρ N 1680 1340 πΣΣ Σ 1500 1500 KΞ^∗Σ Ξ^∗ 3600 3600

πNρN ct 800 810

[4] C. Gattringer, C. Hagen, C. B. Lang, M. Limmer, D. Mohler and A. Schäfer, Phys. Rev. D 79, 054501 (2009).

[5] G. P. Engel, C. B. Lang, M. Limmer, D. Mohler and A. Schäfer [BGR Collaboration], Phys. Rev. D 82, 034505 (2010).

[6] J. Bulava, R. G. Edwards, E. Engelson, B. Joo, H- W. Lin, C. Morningstar, D. G. Richards, S. J. Wallace, Phys. Rev. D82, 014507 (2010).

[7] B. J. Menadue, W. Kamleh, D. B. Leinweber and M. S. Mahbub, Phys. Rev. Lett. 108, 112001 (2012).

[8] W. Melnitchouk, S. O. Bilson-Thompson, F. D. R. Bonnet, J. N. Hedditch, F. X. Lee, D. B. Leinweber, A. G. Williams and J. M. Zanotti et al., Phys. Rev. D 67, 114506 (2003).

[9] N. Mathur, Y. Chen, S. J. Dong, T. Draper, I. Horvath, F. X. Lee, K. F. Liu and J. B. Zhang, Phys. Lett. B 605, 137 (2005).

[10] M. S. Mahbub et al. [CSSM Lattice Collaboration],

Phys. Lett. B 707, 389 (2012).

[11] R. G. Edwards, J. J. Dudek, D. G. Richards and S. J. Wallace, Phys. Rev. D 84, 074508 (2011).

[12] C. D. Roberts and A. G. Williams, Prog. Part. Nucl.

Phys. 33, 477 (1994).

[13] C. D. Roberts, Prog. Part. Nucl. Phys. 61, 50 (2008). [14] H. L. L. Roberts, L. Chang, I. C. Cloët and C. D. Roberts, Few Body Syst. 51, 1 (2011).

[15] D. J. Wilson, I. C. Cloët, L. Chang and C. D. Roberts, Phys. Rev. C 85, 025205 (2012).

[16] N. Isgur and G. Karl, Phys. Rev. D 18, 4187 (1978). [17] S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986). [18] U. Löring, B. C. Metsch and H. R. Petry, Eur. Phys. J.

A 10, 395 (2001).

[19] M. Ronniger and B. C. Metsch, Eur. Phys. J. A 47, 162 (2011).

[20] F. Gross, G. Ramalho and M. T. Pena, Phys. Rev. D 85, 093005 (2012).

[21] G. Ramalho and M. T. Pena, Phys. Rev. D 85, 113014 (2012).

[22] T. Melde, W. Plessas and B. Sengl, Phys. Rev. D 77,

FIG. 45: Elastic πN → πN phase shifts δ [deg] (left) and inelasticities (1 − η)^2 (right) for isospin I = 1/2, S- to D-waves. Points: GWU/SAID partial-wave analysis (single-energy solution) from Ref. [54]; solid (red) lines: fit A; dashed (blue) lines: fit B.

114002 (2008).

[23] T. Melde, L. Canton and W. Plessas, Phys. Rev. Lett.

102, 132002 (2009).

[24] B. Golli and S. Sirca, Eur. Phys. J. A 47, 61 (2011). [25] I. G. Aznauryan and V. D. Burkert, Phys. Rev. C 85, 055202 (2012).

[26] N. Kaiser, P. B. Siegel and W. Weise, Phys. Lett. B 362, 23 (1995).

[27] J. Nieves and E. Ruiz Arriola, Phys. Rev. D 64, 116008 (2001).

[28] T. Inoue, E. Oset and M. J. Vicente Vacas, Phys. Rev.

C 65, 035204 (2002).

[29] U.-G. Meißner and J. A. Oller, Nucl. Phys. A 673, 311 (2000).

FIG. 46: Elastic πN → πN phase shifts δ [deg] (left) and inelasticities (1−η)^2 (right) for isospin I = 1/2, F - to H-waves. Points: GWU/SAID partial-wave analysis (single-energy solution) from Ref. [54]; solid (red) lines: fit A; dashed (blue) lines: fit B.

[30] M. F. M. Lutz, G. Wolf and B. Friman, Nucl. Phys. A 706, 431 (2002) [Erratum-ibid. A 765, 431 (2006)].

[31] C. Garcia-Recio, M. F. M. Lutz and J. Nieves, Phys.

Lett. B 582, 49 (2004).

[32] V. Baru, J. Haidenbauer, C. Hanhart, Y. Kalashnikova and A. E. Kudryavtsev, Phys. Lett. B 586, 53 (2004).

[33] M. Döring, E. Oset and D. Strottman, Phys. Rev. C 73, 045209 (2006).

[34] M. Döring, E. Oset and D. Strottman, Phys. Lett. B 639, 59 (2006).

[35] M. Döring, Nucl. Phys. A 786, 164 (2007). [36] M. Döring and K. Nakayama, Eur. Phys. J. A 43, 83 (2010).

[37] E. Oset and A. Ramos, Eur. Phys. J. A 44, 445 (2010).

FIG. 47: Elastic πN → πN phase shifts δ [deg] (left) and inelasticities (1 − η)^2 (right) for isospin I = 3/2, S- to D-waves. Points: GWU/SAID partial-wave analysis (single-energy solution) from Ref. [54]; solid (red) lines: fit A; dashed (blue) lines: fit B.

[38] K. P. Khemchandani, H. Kaneko, H. Nagahiro and A. Hosaka, Phys. Rev. D 83, 114041 (2011).

[39] K. P. Khemchandani, A. Martinez Torres, H. Kaneko, H. Nagahiro and A. Hosaka, Phys. Rev. D 84, 094018 (2011).

[40] M. Döring, E. Oset and U.-G. Meißner, Eur. Phys. J. A 46, 315 (2010).

[41] B. Borasoy, U.-G. Meißner and R. Nißler, Phys. Rev. C 74, 055201 (2006).

[42] B. Borasoy, P. C. Bruns, U.-G. Meißner and R. Nißler, Eur. Phys. J. A 34, 161 (2007).

[43] P. C. Bruns, M. Mai and U.-G. Meißner, Phys. Lett. B 697, 254 (2011).

[44] D. Ruic, M. Mai and U.-G. Meißner, Phys. Lett. B 704,

FIG. 48: Elastic πN → πN phase shifts δ [deg] (left) and inelasticities (1−η)^2 (right) for isospin I = 3/2, F - to H-waves. Points: GWU/SAID partial-wave analysis (single-energy solution) from Ref. [54]; solid (red) lines: fit A; dashed (blue) lines: fit B.

659 (2011).

[45] M. Mai, P. C. Bruns and U.-G. Meißner, Phys. Rev. D 86, 094033 (2012).

[46] R. Cutkosky et al., Proc. of the 1980 Toronto Conf. on Baryon Resonances, p.19.

[47] G. Höhler, Pion Nucleon Scattering, edited by H. Schopper, Landolt Börnstein, New Series, Group 9b, Vol. I (Springer, New York, 1983).

[48] G. Höhler, πN Newsletter 9, 1 (1993).

[49] R. A. Arndt, J. M. Ford and L. D. Roper, Phys. Rev.

D 32, 1085 (1985).

[50] R. A. Arndt, I. I. Strakovsky, R. L. Workman and M. M. Pavan, Phys. Rev. C 52, 2120 (1995).

[51] R. A. Arndt, A. M. Green, R. L. Workman and

S. Wycech, Phys. Rev. C 58, 3636 (1998).

[52] R. A. Arndt, W. J. Briscoe, I. I. Strakovsky, R. L. Workman and M. M. Pavan, Phys. Rev. C 69, 035213 (2004).

[53] R. A. Arndt, W. J. Briscoe, T. W. Morrison, I. I. Strakovsky, R. L. Workman and A. B. Gridnev, Phys. Rev. C 72, 045202 (2005).

[54] R. A. Arndt, W. J. Briscoe, I. I. Strakovsky and R. L. Workman, Phys. Rev. C 74, 045205 (2006). The WI08 solution used in this study is accessible at

http://gwdac.phys.gwu.edu/

[55] R. L. Workman, R. A. Arndt and M. W. Paris, Phys.

Rev. C 79, 038201 (2009).

[56] R. Arndt, W. Briscoe, I. I. Strakovsky and R. Workman, Eur. Phys. J. A 35, 311 (2008).

[57] E. Klempt and J. M. Richard, Rev. Mod. Phys. 82, 1095 (2010).

[58] I. G. Aznauryan and V. D. Burkert, Prog. Part. Nucl.

Phys. 67, 1 (2012).

[59] C. Schütz, J. W. Durso, K. Holinde and J. Speth, Phys.

Rev. C 49, 2671 (1994).

[60] C. Schütz, K. Holinde, J. Speth, B. C. Pearce and J. W. Durso, Phys. Rev. C 51, 1374 (1995).

[61] C. Schütz, J. Haidenbauer, J. Speth and J. W. Durso, Phys. Rev. C 57, 1464 (1998).

[62] O. Krehl, C. Hanhart, S. Krewald and J. Speth, Phys.

Rev. C 62, 025207 (2000).

[63] A. M. Gasparyan, J. Haidenbauer, C. Hanhart and J. Speth, Phys. Rev. C 68, 045207 (2003).

[64] M. Döring, C. Hanhart, F. Huang, S. Krewald and U.- G. Meißner, Phys. Lett. B 681, 26 (2009).

[65] M. Döring, C. Hanhart, F. Huang, S. Krewald and U.- G. Meißner, Nucl. Phys. A 829, 170 (2009).

[66] M. Döring, C. Hanhart, F. Huang, S. Krewald, U.- G. Meißner and D. Rönchen, Nucl. Phys. A 851, 58 (2011).

[67] H. Haberzettl, Phys. Rev. C 56, 2041 (1997). [68] H. Haberzettl, K. Nakayama, S. Krewald, Phys. Rev.

C74 , 045202 (2006).

[69] H. Haberzettl, F. Huang and K. Nakayama, Phys. Rev.

C 83, 065502 (2011).

[70] F. Huang, M. Döring, H. Haberzettl, J. Haidenbauer, C. Hanhart, S. Krewald, U.-G. Meißner and K. Nakayama, Phys. Rev. C 85, 054003 (2012).

[71] A. Matsuyama, T. Sato and T. S. Lee, Phys. Rept. 439, 193 (2007).

[72] B. Juliá Díaz, T. S. Lee, A. Matsuyama and T. Sato, Phys. Rev. C 76, 065201 (2007).

[73] J. Durand, B. Juliá Díaz, T.-S. H. Lee, B. Saghai, T. Sato, Phys. Rev. C78 , 025204 (2008).

[74] M. W. Paris, Phys. Rev. C 79, 025208 (2009). [75] N. Suzuki, T. Sato and T. S. Lee, Phys. Rev. C 79, 025205 (2009).

[76] H. Kamano, B. Juliá Díaz, T. S. Lee, A. Matsuyama and T. Sato, Phys. Rev. C 79, 025206 (2009).

[77] H. Kamano, S. X. Nakamura, T. S. Lee and T. Sato, Phys. Rev. C 81, 065207 (2010) [78] N. Suzuki, B. Julia-Diaz, H. Kamano, T. S. H. Lee, A. Matsuyama and T. Sato, Phys. Rev. Lett. 104, 042302 (2010).

[79] G. Y. Chen, S. S. Kamalov, S. N. Yang, D. Drechsel and L. Tiator, Phys. Rev. C 76, 035206 (2007).

[80] L. Tiator, S. S. Kamalov, S. Ceci, G. Y. Chen, D. Drechsel, A. Švarc and S. N. Yang, Phys. Rev. C 82, (2010) 055203.

[81] Y. Surya and F. Gross, Phys. Rev. C 53, 2422 (1996). [82] S. Kondratyuk, K. Kubodera, F. Myhrer and O. Scholten, Nucl. Phys. A 736, 339 (2004).

[83] J. W. Wagenaar and T. A. Rijken, Phys. Rev. C 80, 055205 (2009).

[84] V. Pascalutsa and J. A. Tjon, Phys. Rev. C 61, 054003 (2000).

[85] V. Pascalutsa and J. A. Tjon, Phys. Rev. C 70, 035209 (2004).

[86] M. G. Fuda and H. Alharbi, Phys. Rev. C 68, 064002 (2003).

[87] W. R. Frazer and A. W. Hendry, Phys. Rev. 134, B1307 (1964).

[88] R. E. Cutkosky and S. Wang, Phys. Rev. D 42, 235 (1990).

[89] S. Ceci, M. Döring, C. Hanhart, S. Krewald, U.- G. Meißner and A. Švarc, Phys. Rev. C 84, 015205 (2011).

[90] G. L. Caia, L. E. Wright and V. Pascalutsa, Phys. Rev.

C 72, 035203 (2005).

[91] B. Juliá Díaz, T.-S. H. Lee, A. Matsuyama, T. Sato and L. C. Smith, Phys. Rev. C 77, 045205 (2008).

[92] H. Kamano, B. Juliá Díaz, T.-S. H. Lee, A. Matsuyama and T. Sato, Phys. Rev. C 80, 065203 (2009).

[93] H. Tanabe and K. Ohta, Phys. Rev. C 31, 1876 (1985). [94] S. -N. Yang, J. Phys. G G 11, L205 (1985). [95] S. Nozawa, B. Blankleider and T. S. H. Lee, Nucl. Phys.

A 513, 459 (1990).

[96] B. C. Pearce and B. K. Jennings, Nucl. Phys. A 528, 655 (1991).

[97] F. Gross and Y. Surya, Phys. Rev. C 47, 703 (1993). [98] C.-T. Hung, S. N. Yang and T. S. H. Lee, Phys. Rev. C 64, 034309 (2001).

[99] E. Kazes, Nuovo Cimento 13, 1226 (1959). [100] M. Döring, J. Haidenbauer, U.-G. Meißner and A. Rusetsky, Eur. Phys. J. A 47, 163 (2011).

[101] M. Döring, U.-G. Meißner, E. Oset and A. Rusetsky, Eur. Phys. J. A 47, 139 (2011).

[102] M. Döring and U.-G. Meißner, JHEP 1201, 009 (2012). [103] M. Döring, U.-G. Meißner, E. Oset and A. Rusetsky, Eur. Phys. J. A 48, 114 (2012).

[104] D. J. Candlin et al., Nucl. Phys. B 226, 1 (1983). [105] D. J. Candlin et al. [Edinburgh-Rutherford-Westfield Collaboration], Nucl. Phys. B 238, 477 (1984).

[106] D. J. Candlin et al., Nucl. Phys. B 311, 613 (1989). [107] V. V. Abaev and B. M. K. Nefkens, Phys. Rev. C 53, 385 (1996).

[108] M. Sotona and J. Zofka, Prog. Theor. Phys. 81, 160 (1989).

[109] D. H. Saxon, R. D. Baker, K. W. Bell, J. A. Blissett, I. J. Bloodworth, T. A. Broome, J. C. Hart and A. L. Lintern et al., Nucl. Phys. B 162, 522 (1980).

[110] J. W. C. McNabb et al. [The CLAS Collaboration], Phys. Rev. C 69, 042201 (2004).

[111] R. Bradford et al. [CLAS Collaboration], Phys. Rev. C 73, 035202 (2006).

[112] M. E. McCracken et al. [CLAS Collaboration], Phys.

Rev. C 81, 025201 (2010).

[113] M. Q. Tran et al. [SAPHIR Collaboration], Phys. Lett.

B 445, 20 (1998).

[114] K. H. Glander, J. Barth, W. Braun, J. Hannappel, N. Jopen, F. Klein, E. Klempt and R. Lawall et al., Eur. Phys. J. A 19, 251 (2004).

[115] M. Bockhorst, G. Burbach, R. Burgwinkel, J. Empt,

B. Guse, K. M. Haas, J. Hannappel and K. Heinloth et al., Z. Phys. C 63, 37 (1994).

[116] R. Ewald, B. Bantes, O. Bartholomy, D. Bayadilov, R. Beck, Y. A. Beloglazov, K. T. Brinkmann and V. Crede et al., Phys. Lett. B 713, 180 (2012).

[117] R. Castelijns et al. [CBELSA/TAPS Collaboration], Eur. Phys. J. A 35, 39 (2008).

[118] M. Sumihama et al. [LEPS Collaboration], Phys. Rev.

C 73, 035214 (2006).

[119] A. Lleres, O. Bartalini, V. Bellini, J. P. Bocquet, P. Calvat, M. Capogni, L. Casano and M. Castoldi et al., Eur. Phys. J. A 31, 79 (2007).

[120] K. Hicks et al. [LEPS Collaboration], Phys. Rev. C 76, 042201 (2007).

[121] R. G. T. Zegers et al. [LEPS Collaboration], Phys. Rev.

Lett. 91, 092001 (2003).

[122] A. Lleres et al. [GRAAL Collaboration], Eur. Phys. J.

A 39, 149 (2009).

[123] R. K. Bradford et al. [CLAS Collaboration], Phys. Rev.

C 75, 035205 (2007).

[124] B. Dey et al. [CLAS Collaboration], Phys. Rev. C 82, 025202 (2010).

[125] H. Kohri, D. S. Ahn, J. K. Ahn, H. Akimune, Y. Asano, W. C. Chang, S. Date and H. Ejiri et al., Phys. Rev. Lett. 97, 082003 (2006).

[126] B. Carnahan, Strangeness photoproduction in the γp → K^0Σ^+ reaction, Ph.D. Thesis, Catholic University, UMI-31-0909682, 2003.

[127] R. Lawall, J. Barth, C. Bennhold, K. -H. Glander, S. Goers, J. Hannappel, N. Joepen and F. Klein et al., Eur. Phys. J. A 24, 275 (2005).

[128] Y. Valdau, S. Barsov, M. Buscher, D. Chiladze, S. Dymov, A. Dzyuba, M. Hartmann and A. Kacharava et al., Phys. Rev. C 81, 045208 (2010).

[129] M. Abdel-Bary et al. [TOF Collaboration], Eur. Phys.

J. A 48, 23 (2012).

[130] G. Agakishiev, A. Balanda, D. Belver, A. V. Belyaev, A. Blanco, M. Bohmer, J. L. Boyard and P. Cabanelas et al., Hyperfine Interact. 210, 45 (2012).

[131] G. Agakishiev, A. Balanda, D. Belver, A. Belyaev, J. C. Berger-Chen, A. Blanco, M. Boehmer and J. L. Boyard et al., Nucl. Phys. A 881, 178 (2012).

[132] G. Agakishiev, A. Balanda, D. Belver, A. V. Belyaev, J. C. Berger-Chen, A. Blanco, M. Bohmer and J. L. Boyard et al., arXiv:1208.0205 [nucl-ex].

[133] I. G. Alekseev et al. [EPECUR Collaboration], arXiv:1204.6433 [hep-ex].

[134] K. Shirotori, T. N. Takahashi, S. Adachi, M. Agnello, S. Ajimura, K. Aoki, H. C. Bhang and B. Bassalleck et al., Phys. Rev. Lett. 109, 132002 (2012) [135] D. M. Manley and E. M. Saleski, Phys. Rev. D 45, 4002 (1992).

[136] G. Penner and U. Mosel, Phys. Rev. C 66, 055211 (2002).

[137] G. Penner and U. Mosel, Phys. Rev. C 66, 055212 (2002).

[138] V. Shklyar, G. Penner and U. Mosel, Eur. Phys. J. A 21, 445 (2004).

[139] V. Shklyar, H. Lenske and U. Mosel, Phys. Rev. C 82, 015203 (2010).

[140] V. Shklyar, H. Lenske and U. Mosel, Phys. Rev. C 87, 015201 (2013).

[141] O. Scholten, A. Y. Korchin, V. Pascalutsa and D. Van Neck, Phys. Lett. B 384, 13 (1996).

[142] F. X. Lee, T. Mart, C. Bennhold and L. E. Wright, Nucl.

Phys. A 695, 237 (2001).

[143] A. Anisovich, E. Klempt, A. Sarantsev and U. Thoma, Eur. Phys. J. A 24, 111 (2005).

[144] A. V. Sarantsev, V. A. Nikonov, A. V. Anisovich, E. Klempt and U. Thoma, Eur. Phys. J. A 25, 441 (2005).

[145] A. V. Anisovich, E. Klempt, V. A. Nikonov, A. V. Sarantsev and U. Thoma, Eur. Phys. J. A 47, 27 (2011).

[146] A. V. Anisovich, R. Beck, E. Klempt, V. A. Nikonov, A. V. Sarantsev and U. Thoma, Eur. Phys. J. A 48, 15 (2012).

[147] A. V. Anisovich, R. Beck, E. Klempt, V. A. Nikonov, A. V. Sarantsev and U. Thoma, Eur. Phys. J. A 48, 88 (2012).

[148] M. Shrestha and D. M. M. Manley, Phys. Rev. C 86, 045204 (2012).

[149] M. Shrestha and D. M. Manley, Phys. Rev. C 86, 055203 (2012).

[150] M. Batinic, I. Slaus, A. Švarc and B. M. K. Nefkens, Phys. Rev. C 51, 2310 (1995) [Erratum-ibid. C 57, 1004 (1998)].

[151] T. P. Vrana, S. A. Dytman and T. S. H. Lee, Phys.

Rept. 328, 181 (2000).

[152] S. Ceci, A. Švarc and B. Zauner, Phys. Rev. Lett. 97, 062002 (2006).

[153] S. Ceci, A. Švarc and B. Zauner, Eur. Phys. J. C 58, 47 (2008).

[154] M. Batinic, S. Ceci, A. Švarc and B. Zauner, Phys. Rev.

C 82, 038203 (2010).

[155] R. Aaron, R. D. Almado and J. E. Young, Phys. Rev.

174, 2022 (1968).

[156] C. Ditsche, M. Hoferichter, B. Kubis and U.-G. Meißner, JHEP 1206, 043 (2012).

[157] M. Hoferichter, C. Ditsche, B. Kubis and U.-G. Meißner, JHEP 1206, 063 (2012).

[158] N. Fettes, U.-G. Meißner and S. Steininger, Nucl. Phys.

A 640, 199 (1998).

[159] N. Fettes and U.-G. Meißner, Nucl. Phys. A 693, 693 (2001).

[160] A. Gasparyan and M. F. M. Lutz, Nucl. Phys. A 848, 126 (2010).

[161] A. M. Gasparyan, M. F. M. Lutz and B. Pasquini, Nucl.

Phys. A 866, 79 (2011).

[162] H. W. Grießhammer, J. A. McGovern, D. R. Phillips and G. Feldman, Prog. Part. Nucl. Phys. 67, 841 (2012).

[163] J. Wess and B. Zumino, Phys. Rev. 163, 1727 (1967). [164] U.-G. Meißner, Phys. Rept. 161, 213 (1988). [165] D. Djukanovic, J. Gegelia, S. Scherer, Phys. Lett. B690, 123-128 (2010).

[166] A. C. Cordón and J. L. Goity, Phys. Rev. D 87, 016019 (2013).

[167] M. F. M. Lutz and E. E. Kolomeitsev, Nucl. Phys. A 700, 193 (2002).

[168] I. R. Afnan and B. Blankleider, Phys. Rev. C 22, 1638 (1980).

[169] A. D. Lahiff and I. R. Afnan, Phys. Rev. C 60, 024608 (1999).

[170] G. Janßen, K. Holinde and J. Speth, Phys. Rev. C 54, 2218 (1996).

[171] R. Koch, Z. Phys. C 29, 597 (1985).

[172] F. Huang, A. Sibirtsev, S. Krewald, C. Hanhart, J. Haidenbauer and U.-G. Meißner, Eur. Phys. J. A 40,

77 (2009).

[173] A. Sibirtsev, J. Haidenbauer, S. Krewald, T. S. H. Lee, U.-G. Meißner and A. W. Thomas, Eur. Phys. J. A 34, 49 (2007).

[174] V. Baru, C. Hanhart, M. Hoferichter, B. Kubis, A. Nogga and D. R. Phillips, Phys. Lett. B 694, 473 (2011).

[175] N. Fettes and U. -G. Meißner, Nucl. Phys. A 676, 311 (2000).

[176] M. Döring, E. Oset and B. S. Zou, Phys. Rev. C 78, 025207 (2008).

[177] U.-G. Meißner, V. Mull, J. Speth and J. W. Van Orden, Phys. Lett. B 408, 381 (1997).

[178] M. Clajus and B. M. K. Nefkens, πN Newsletter 7, 76 (1992).

[179] A. Sibirtsev, S. Schneider, C. Elster, J. Haidenbauer, S. Krewald and J. Speth, Phys. Rev. C 65, 044007 (2002).

[180] S. Prakhov, B. M. K. Nefkens, C. E. Allgower, R. A. Arndt, V. Bekrenev, W. J. Briscoe, M. Clajus and J. R. Comfort et al., Phys. Rev. C 72, 015203 (2005).

[181] R. M. Brown, A. G. Clark, P. J. Duke, W. M. Evans, R. J. Gray, E. S. Groves, R. J. Ott and H. R. Renshall et al., Nucl. Phys. B 153, 89 (1979).

[182] D. E. Bayadilov, Y. A. Beloglazov, A. B. Gridnev, N. G. Kozlenko, S. P. Kruglov, A. A. Kulbardis, I. V. Lopatin and D. V. Novinsky et al., Eur. Phys. J. A 35, 287 (2008).

[183] G. Penner, Ph.D. Thesis at the University of Gießen, 2002; download at

http://theorie.physik.uni-giessen.de/documents
/dissertation/penner.pdf

[184] T. W. Morrison, Ph.D. Thesis, The George Washington University, 2000 [185] N. G. Kozlenko, V. V. Abaev, V. S. Bekrenev, S. P. Kruglov, A. A. Koulbardis, I. V. Lopatin, A. B. Starostin and B. Draper et al., Phys. Atom. Nucl. 66, 110 (2003) [Yad. Fiz. 66, 112 (2003)].

[186] N. C. Debenham, D. M. Binnie, L. Camilleri, J. Carr, A. Duane, D. A. Garbutt, W. G. Jones and J. Keyne et al., Phys. Rev. D 12, 2545 (1975).

[187] W. Deinet, H. Mueller, D. Schmitt, H. M. Staudenmaier, S. Buniatov and E. Zavattini, Nucl. Phys. B 11, 495 (1969).

[188] W. B. Richards, C. B. Chiu, R. D. Eandi, A. C. Helmholz, R. W. Kenney, B. Moyer, J. A. Poirier and R. J. Cence et al., Phys. Rev. D 1, 10 (1970).

[189] I. I. Strakovsky, private communication. [190] J. Feltesse, R. Ayed, P. Bareyre, P. Borgeaud, M. David, J. Ernwein, Y. Lemoigne and G. Villet, Nucl. Phys. B 93, 242 (1975).

[191] R. D. Baker, R. M. Brown, A. G. Clark, J. K. Davies, J. De Pagter, W. M. Evans, R. J. Gray and E. S. Groves et al., Nucl. Phys. B 156, 93 (1979).

[192] R. D. Baker, J. A. Blissett, I. J. Bloodworth, T. A. Broome, G. Conforto, J. C. Hart, C. M. Hughes and R. W. Kraemer et al., Nucl. Phys. B 141, 29 (1978).

[193] T. O. Binford, M. L. Good, V. G. Lind, D. Stern, R. Krauss and E. Dettman, Phys. Rev. 183, 1134 (1969).

[194] O. I. Dahl, L. M. Hardy, R. I. Hess, J. Kirz, D. H. Miller and J. A. Schwartz, Phys. Rev. 163, 1430 (1967) [Erratum-ibid. 183, 1520 (1969)].

[195] L. Bertanza, P. L. Connolly, B. B. Culwick, F. R. Eisler,

T. Morris, R. B. Palmer, A. Prodell and N. P. Samios, Phys. Rev. Lett. 8, 332 (1962).

[196] T. M. Knasel, J. Lindquist, B. Nelson, R. L. Sumner, E. C. Swallow, R. Winston, D. M. Wolfe and P. R. Phillips et al., Phys. Rev. D 11, 1 (1975).

[197] L. L. Yoder, C. T. Coffin, D. I. Meyer and K. M. Terwilliger, Phys. Rev. 132, 1778 (1963).

[198] O. Goussu, M. Sene, B. Ghidini, S. Mongelli, A. Romano, P. Waloschek and V. Alles-Borelli, Nuovo Cim. A 42, 606 (1966).

[199] K. W. Bell, J. A. Blissett, T. A. Broome, H. M. Daley, J. C. Hart, A. L. Lintern, R. Maybury and A. G. Parham et al., Nucl. Phys. B 222, 389 (1983).

[200] J. J. Jones, T. Bowen, W. R. Dawes, D. A. Delise, E. W. Jenkins, R. M. Kalbach, E. I. Malamud and K. J. Nield et al., Phys. Rev. Lett. 26, 860 (1971).

[201] O. Van Dyck, R. Blumenthal, S. Frankel, V. Highland, J. Nagy, T. Sloan, M. Takats and W. Wales et al., Phys. Rev. Lett. 23, 50 (1969).

[202] J. Keren, Phys. Rev. 133, B457 (1964). [203] F. Eisler et al., Nuovo Cim. 10, 468 (1958). [204] D. H. Miller, A. Z. Kovacs, R. McIlwain, T. R. Palfrey, and G. W. Tautfest, Phys. Ref. 140, B360 (1965).

[205] A. Baldini, V. Flamino, W. G. Moorhead, and D. R.

O. Morrison, Total Cross Sections of High Energy Particles: Landolt-Börnstein, Numerical Data and Functional Relationships in Science and Technology, edited by H. Schopper (Springer- Verlag, New York, 1988), Vol. 12a.

[206] R. D. Bakeret al., Nucl. Phys. B 145, 402 (1978). [207] J. C. Hart et al., Nucl. Phys. B 166, 73 (1980). [208] J. A. Anderson, F. S. Crawford, Jr., and J. C. Doyle, Phys. Rev. 152, 1139 (1966).

[209] D. W. Thomas, A. Engler, H. E. Fisk and R. W. Kraemer, Nucl. Phys. B 56, 15 (1973).

[210] P. Livanos, J. P. Baton, C. Coutures, C. Kochowski and M. Neveu, Contribution presented at 4th Int. Conf. on Baryon Resonances, Toronto, Canada, Jul 14-16, 1980. Published in Baryon 1980:35.

[211] M. L. Good and R. R. Kofler, Phys. Rev. 183, 1142 (1969).

[212] J. C. Doyle, F. S. Crawford and J. A. Anderson, Phys.

Rev. 165, 1483 (1968).

[213] F. S. Crawford, Jr. et al., Phys. Rev. Lett. 3, 394 (1959). [214] M. Winik, S. Toaff, D. Revel, J. Goldberg and L. Berny, Nucl. Phys. B 128, 66 (1977).

[215] N. L. Carayannopoulos, G. W. Tautfest and R. B. Willmann, Phys. Rev. 138, B433 (1965).

[216] F. S. Crawford, F. Grard and G. A. Smith, Phys. Rev.

128, 368 (1962).

[217] C. Baltay et al., Rev. Mod. Phys. 33, 374 (1961). [218] E. H. Bellamy et al., Phys. Lett. B 39, 299 (1972). [219] J. Haba et al., Nucl. Phys. B 299, 627 (1988). [220] A. Berthelot, A. Daudin, O. Goussu, F. Gard, M. A. Jabiol, F. Levy, C. Lewin, A. Rogozinski, J. Laberrigue-Frolow and C. Ouanns et al., Nuovo Cim. 21, 693 (1961).

[221] A. Berthon, J. Mas, J. L. Narjoux and P. Ladron De Guevara, Nucl. Phys. B 81, 431 (1974).

[222] G. E. Kalmus et al.,Phys. Rev. D 2, 1824 (1970). [223] P. Daronian et al., Nuovo Cim. 41A, 503 (1966). [224] Y. -L. Pan, F. L. Forman, W. Ko, V. Hagopian and W. Selove, Phys. Rev. D 2, 449 (1970).

[225] S. Dagan, Z. Ming Ma, J. W. Chapman, L. R. Fortney and E. C. Fowler, Phys. Rev. 161, 1384 (1967).

[226] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012).

[227] L. Tiator, D. Drechsel, G. Knöchlein and C. Bennhold, Phys. Rev. C 60, 035210 (1999).

[228] E. J. Garzon and E. Oset, Eur. Phys. J. A 48, 5 (2012). [229] E. J. Garzon, J. J. Xie and E. Oset, arXiv:1302.1295 [hep-ph].

[230] R. Workman, private communication.

[231] A. Martinez Torres, K. P. Khemchandani and E. Oset, Phys. Rev. C 79, 065207 (2009).

[232] Y. I. Azimov, R. A. Arndt, I. I. Strakovsky and R. L.

Workman, Phys. Rev. C 68, 045204 (2003).

[233] R. A. Arndt, Y. I. Azimov, M. V. Polyakov, I. I. Strakovsky and R. L. Workman, Phys. Rev. C 69, 035208 (2004).

[234] M. Döring and K. Nakayama, Phys. Lett. B 683, 145 (2010).

[235] A. V. Anisovich, I. Jaegle, E. Klempt, B. Krusche, V. A. Nikonov, A. V. Sarantsev and U. Thoma, Eur. Phys. J. A 41, 13 (2009).

[236] I. Jaegle et al. [CBELSA and TAPS Collaborations], Phys. Rev. Lett. 100, 252002 (2008).

[237] V. Shklyar, H. Lenske and U. Mosel, Phys. Lett. B 650, 172 (2007).

[238] W. -T. Chiang, S. -N. Yang, L. Tiator and D. Drechsel, Nucl. Phys. A 700, 429 (2002).

[239] D. Drechsel, S. S. Kamalov and L. Tiator, Eur. Phys.

J. A 34, 69 (2007).

[240] L. Tiator, D. Drechsel, S. S. Kamalov and M. Vanderhaeghen, Eur. Phys. J. ST 198, 141 (2011).

[241] M. Döring, E. Oset and S. Sarkar, Phys. Rev. C 74, 065204 (2006).

[242] D. Jido, M. Döring and E. Oset, Phys. Rev. C 77, 065207 (2008).

[243] M. Döring, D. Jido and E. Oset, Eur. Phys. J. A 45, 319 (2010).

[244] K. Nakayama, Y. Oh, J. Haidenbauer and T. -S. H. Lee, Phys. Lett. B 648, 351 (2007).

[245] O. Krehl and J. Speth, Nucl. Phys. A 623, 162C (1997). [246] A. Müller-Groeling, K. Holinde and J. Speth, Nucl.

Phys. A 513, 557 (1990).

[247] J. J. de Swart, Rev. Mod. Phys. 35, 916 (1963) [Erratum-ibid. 37, 326 (1965)].

[248] K. Nakayama, Y. Oh and H. Haberzettl, J. Korean Phys. Soc. 59, 224 (2011).

[249] B. Holzenkamp, K. Holinde and J. Speth, Nucl. Phys.

A 500, 485 (1989).

[250] A. Reuber, K. Holinde and J. Speth, Nucl. Phys. A 570, 543 (1994).

[251] G. Janssen, B. C. Pearce, K. Holinde and J. Speth, Phys. Rev. D 52, 2690 (1995).