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The light baryon resonance spectrum in a coupled-channel
approach — Recent results of the Julich-Bonn model
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Abstract. We present recent results from the Jillich-Bonn dynamical coupled-
channel approach, where the spectrum of nucleon and Delta resonances is ex-
tracted based on a combined study of the pion- and photon-induced production
of 7N, nN, KA and KX final states. The amplitudes of the Jiilich-Bonn model
also enter the study of electroproduction reactions as constraints at 9 = 0.

1 Introduction

The spectrum of baryon resonances encodes the key to understanding the strong force at
medium energies and the determination of the excited states is a long-term experimental and
theoretical challenge. It is complicated by the fact that light baryon resonances are often
overlapping, sometimes very broad and do not appear as distinct peaks in cross section data.
In order to connect predictions for the baryon spectrum in the non-perturbative energy regime
from quark models or lattice calculations to experimental data, coupled-channel frameworks
are especially suited. They take into account the opening of the various inelastic channels
in the energy regime of interest. In those approaches a simultaneous partial-wave analysis
of multiple reactions with different initial and final states is performed, followed by a pole
search in the scattering amplitudes. Those poles represent the resonance states, the coupling
strength to the different channels is characterized by the residues.

The Jiilich-Bonn dynamical coupled-channel (JiiBo DCC) model is a theoretically well-
defined approach based on the meson exchange picture, which respects (2-body) unitarity and
analyticity. The latter is an essential requirement for a reliable extraction of the resonance
spectrum in terms of pole positions in the complex energy plane [1]. Originally formulated to
describe elastic 7N scattering [2], it has been extended to a number of different hadronic final
states [3—5], to photon-induced reactions [6—9] and also to the hidden charm sector [10] in the
last years. Moreover, the framework was recently adapted to electroproduction reactions in
the Jiilich-Bonn-Washington (JBW) parameterization [11-13]. In Ref. [14] the nature of N*
and A resonances was studied within the JiiBo model with regard to whether they are compact
states formed by quarks and gluons, or hadronic molecules generated from the meson-baryon
interaction.
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2 Theoretical formalism

In the JiiBo model the hadronic meson-baryon interaction is described by a scattering matrix
T which obeys the following scattering equation, formulated in time-ordered perturbation
theory and partial-wave basis:

Ty(q. p"s W) = Viu(q. p'. W) + Z f dp p* Vg, P WG, (p, W) To(p, ', W) . (1)

Here, W is the scattering energy in the center-off-mass system and g (p, p’) is the modulus of
the outgoing (intermediate, incoming) momentum. Off-shell momenta are included in the in-
tegral. V), stands for the driving transition amplitude from the initial meson-baryon channel
v to the final meson-baryon channel i and contains unknown parameters. It is build of #- and
u-channel exchanges of known mesons and baryons, s-channel pole terms to account for gen-
uine resonances and phenomenological contact terms, see Refs. [3, 4, 7] for a complete list of
exchange diagrams and the corresponding formulas. The dynamical generation of resonances
without an explicit s-channel diagram is possible in the JiiBo model. The scattering matrix
T enters the calculation of observables that are fitted to experimental data, which determines
the unknown parameters in V,,. The model features the channels k = 7N, nN, KA, KX, oN,
pN and nA. The latter three channels account effectively for the three-body naN channel.
They are included in the model by matching the corresponding nr and 7N phase shifts [2].

Photoproduction reactions are described in a semi-phenomenological approach with the
photoproduction mutilpole amplitude given by

Mola. W) = Vi W)+ ) [ dp 1 Tua. WG,V p. W)

where M stands for an electric or magnetic multipole. The index vy stands for the initial yN
channel with a real (Q* = 0) photon, and x (k) denotes the final (intermediate) meson-baryon
pair. T, is the hadronic half-off-shell matrix of Eq. (1) with the off-shell momentum p and the
on-shell momentum ¢, and V,,,, stands for the driving photoproduction amplitude. In Egs. (1)
and (2), G, denotes the meson-baryon two-body propagator. As V,,, of Eq. (1), V,, contains
unknown parameters that can only be determined in fits to experimental data. In contrast to
the purely hadronic potential, the photo potential V,,, is not formulated in a field-theoretical
description but approximated by energy-dependent polynomials:

ya~i(p)7 ;i(W)

Vi (p, W) = @ (p, W) + Z W : 3)
where the quantities y,.; and afw , which denote the photon resonance vertex and the photon
coupling to the non-pole part, respectively, are parameterized phenomenologically as a poly-
nomial function in energy W. The hadronic vertex function y;; is precisely the same as in
the field-theoretical description of the hadronic reactions [4] and also enters Eq. (1). This pa-
rameterization of the photproduction process is of numerical advantage since the evaluation

time is a critical point for a model with a large number of fit parameters.

3 Recent results from an analysis of photoproduction reactions

In the most recent version “JiiB02022" [9], the JiBo model was extended to KX photopro-
duction off the proton. A simultaneous analysis of the reactions 7N, yp — aN, nN, KA, KX
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Figure 1. Selected fit results (red solid lines) for the reaction yp — K*X°: Beam asymmetry T (left)
and beam-recoil polarization O, (right). Data: CLAS Collaboration [17]. In case of O, the data are
scaled by the new value of the A decay parameter «_ [18].

was performed. About 900 free parameters were adjusted to almost 72,000 data points using
the supercomputer JURECA at the Jiilich Supercomputing Centre [15]. Selected fit results
are shown in Fig. 1. A complete list of all included experimental data and the corresponding
fit results can be found online [16].

Pole positions of all N* and A resonances rated with four stars by the Particle Data Group
up to a total spin of J = 9/2 could be determined. One exception is the N(1895)1/2~ which
is not included in the approach. In addition we find states rated with less than four stars,
see Ref. [9] for a complete list. Compared to our previous analysis [8] which included KA
but not KX photoproduction, no new genuine s-channel resonances had to be incorporated,
but we see indications for new dynamically generated states in the D;3, D33 and Gsg partial
waves. However, further evidence for the existence of those states is needed.

The analysis of the partial-wave content shows that the reaction yp — K*X° is dominated
by isospin I = 3/2 partial waves, with the exception of the P;;3 wave, c.f. Fig. 2. This
partial wave features two resonance states, the N(1720)3/2* and the N(1900)3/2*. New data
from the BGOOD experiment [19] show a drop in the cross section at forward angles around
W ~ 1900 MeV. In our analysis this behavior is closely related to the N(1900)3/2*. Although
the cusp-like structure in the left-hand plot of Fig. 2 can only be qualitatively described, we
achieve a good description of the data from the same measurement [19] with a higher angular
resolution (right-hand plot of Fig. 2). Note that only the latter data set is included in the fit.
Accordingly, we observe significant changes in the resonance parameters of the two states in
the Py3 wave compared to our previous analysis [8] where the recent BGOOD data were not
included, see Tab. 1.

Recent data for other channels as, e.g., new measurements in eta photoproduction off
the proton by the CBELSA/TAPS collaboration [21, 22] were also newly included in the
JiBo2022 analysis. Among those, the inclusion of the new data on the polarization observ-
ables T, E, P, H, and G [22] resulted in a much larger nN residue of the N(1650)1/2~ com-
pared to previous studies, c.f. Tab. 2. This reduces the striking difference in the N residues
of the two §; states N(1535)1/2~ and N(1650)1/2~. A similar observation was also made
in an analysis of the same data by the Bonn-Gatchina group [22].

The impact of this recent measurement on the resonance parameters reinforces the need
for polarization observables to reliably determine the spectrum. This applies especially to the
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Figure 2. Differential cross section in forward direction for the reaction yp — K*X°. Data: T. Jude et
al. (BGOOD) [19]. Only the data in the right-hand plot with a higher angular resolution are included in
the fit. (Figures originally published in Ref. [9].)

Table 1. Resonance parameters of Pi3 states from the recent JiiBo2022 analysis [9], compared to the
previous JiiBo2017 analysis [8] and the estimates of the Particle Data Group (“PDG") [20]: Pole
positions W (I, defined as -2ImW,) and normalized residue ( VI ;xI ks /T, Ouv—ks) Of the KX

channel.
rl/2rl/2
Re W) —2Im W, _nglmkz OrN—Ks
[MeV] [MeV] [%] [deg]

N(1720)3/2* 2022 | 1726(8)  185(12) | 5.9(1)  82(6)
2017 | 1689(4)  191(3) | 0.6(0.4) 26(58)
PDG 2022 | 1675+ 15 2501150 | — —

N(1900) 3/2* 2022 | 1905(3)  93(4) 1.3(0.3)  —40(18)
2017 | 1923(2)  21723) | 10(7)  —34(74)
PDG 2022 | 1920420 150450 | 4+2 110430

pion-induced channels like 7N — KY where the data quality and quantity is in general only
poor, but also to photoproduction channels like K’Z*, where only very few polarization data
are available so far. Accordingly, a recent update of the JiiBo analysis with new double polar-
ization observables by the CLAS Collaboration [23] for yp — K°X* resulted in significant
changes of the pole positions for some states.

4 Electroproduction reactions in the Julich-Bonn-Washington
parameterization

The amplitudes of the Jiilich-Bonn model described in the previous sections also enter the
study of electroproduction reactions as constraints at Q*> = 0. In the so-called Jiilich-Bonn-
Washington (JBW) parameterization [11] the photoproduction multipole amplitude of Eq. (2)
is extended to virtual photons. To this end, the electroproduction potential V,,,-(p, W, 0?%) is
parameterized as

7Z;i(p)yy*;i(w Q2)

T 4)

Vi (0, W, 0%) = alll (p, W, Q%) +

4
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Table 2. Resonance parameters of the S ; states from the recent JiiBo2022 analysis [9], compared to
the previous JiiBo2017 analysis [8] and the estimates of the Particle Data Group (“PDG") [20]: Pole
positions Wy (I'y, defined as -2ImW,)) and normalized residue ( /I'xvI'n/Tiors Gxn—yn) of the nN

channel.
rle2rle
Re Wo —2Im Wo %O[HN leNHr]N
[MeV] [MeV] [%] [deg]
N(1535) 1/2~ 2022 | 1504(0) 74 (1) 50(3) 118(3)

2017 | 1495(2)  112(1) | 51(1)  105(3)
PDG 2022 | 1510+ 10 130+20 | 43+3 -76+5
N(1650) 1/2= 2022 | 1678(3)  127(3) | 34(12) 71(45)
2017 | 1674(3)  13009) | 18(3)  28(5)
PDG 2022 | 1655+15 135+35 | 29+3 134+ 10

The Q? dependence is introduced in a separable form:

@ (p, W, 0%) = FH(Q)ayy (p, W) and  y,-(W, Q%) = Fi(QVyyW),  (5)
with one channel-dependent form-factor F*(0?) and another channel-independent form-
factor F;(Q?) that depends on the resonance number i. The quantities aﬁ’f and vy, are the

same as in Eq. (3), i.e. parameterized as polynomials. Constraints from gauge invariance are
included by explicitly implementing Siegert’s theorem [24].

A detailed description of the JBW approach is given in Ref. [11] where pion electropro-
duction was analyzed. The framework was extended to eta electroproduction in Ref. [12].
In Ref. [13] the first ever coupled-channel study of pion, eta and KA electroproduction off
the proton was achieved. Here, 533 fit parameters were adjusted to more than 110.000 data
points in a kinematic range of W < 1.8 GeV and Q* < 8 GeV?. The input at the photon point
0% = 0 was taken from the JiiB0o2017 solution.

The JBW formulation ensures universal pole positions and residues in the electro-, photo-
and purely hadronic amplitudes and is designed for the long-term goal to extract resonance
parameters in a simultaneous analysis of all three production mechanisms.
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