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1. Introduction

A key aspect of baryon phenomenology concerns the determination of the resonance spectrum
and its properties. In many theoretical approaches to QCD like quark models the resonance spec-
trum can be calculated but not the amplitudes that could be directly compared to experiment. The
phenomenological extraction of resonances bridges this gap allowing theory approaches compare
to Nature. Much progress has been reported on this conference, both on the experimental and the
phenomenological side. New high-precision data have emerged in recent years and data analyses
have much improved covering more reaction channels and energies.

Yet, the determination of the spectrum of excited baryons still bears several challenges. Reso-
nances can be wide and overlapping in energy which makes their detection difficult. Kinematical
effects like threshold cusps, threshold openings in the complex plane, or triangle singularities can
mimic resonances. Data themselves usually do not cover the full range of energies and scattering
angles requiring model-dependent extrapolations. In addition, data from different experiments can
show systematic differences that are difficult to reconcile. Amplitude analysis and resonance ex-
traction faces therefore two challenges: The development of an amplitude that respects a maximum
of principles from S-matrix theory and, second, an improved statistical treatment. While the first
topic is subject of ongoing debate, the second one receives less attention. Moreover, the baryon
sector is special in the sense that three-body states like ππN are known to be relevant which makes
the analysis conceptually and practically even more challenging.

In Sec. 2 the data aspect is discussed. In particular, it is shown how new high-precision mea-
surements of polarization observables bring results of existing analysis efforts closer together. In
Sec. 3 a brief overview of these efforts is provided. More advanced statistical tools for amplitude
analyses are discussed in Sec. 4. Sec. 5 is dedicated to theory and model efforts and, in particular,
results from lattice QCD in the baryon sector and what is needed to interpret them.

2. Impact of photoproduction data

Increasingly accurate data is produced from photoproduction experiments, allowing for much
improved amplitude analyses. Double polarization observables are being released that allow to
reduce ambiguities and uncertainties of multipole solutions. In addition, more and more final states
like ηN and KY are measured that can be simultaneously analyzed using multi-channel partial-
wave analysis techniques. As a result, resonance properties are determined to greater precision
allowing for improved comparison with theory.

Yet, the multipoles extracted by different groups differ from each other because different pa-
rameterizations are used, the analyzed data bases are different, and the quality of the fits (χ2 or
likelihood) is different. On top of this, the different groups treat systematic uncertainties differ-
ently. Given the spectacular experimental progress in recent years, it becomes, therefore, desirable
to address these problems.

To check whether the data themselves can help to reduce discrepancies in different multipole
solutions, the SAID, MAID, Bonn-Gatchina and Jülich-Bonn groups teamed up [1] to compare
solutions before and after the inclusion of new high-precision π0 photoproduction data produced
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at ELSA [2, 3, 4, 5] and presented at this conference by U. Thoma. The quality of the fits by the
different groups to the new data is similar as shown in Ref. [1].

Comparing the multipoles, the visual inspection already indicates that solutions came closer to
each other. We have also quantified this by calculating the pairwise and overall variances between
the SAID, Bonn-Gatchina, and Jülich-Bonn solutions before and after the inclusion of the new data.
That variance, at a given energy, is defined as the sum over the squared differences in all multipoles
up to an angular momentum of the final state of L = 4. In Fig. 1 the overall variance is shown as

Figure 1: The variance of all three PWAs summed over all γ p→ π0 p multipoles up to L = 4 [1]. The
range covered by the new double polarization observables [2, 3, 4, 5] are indicated by shaded areas. Over
the largest part of the energy range the new data have enforced an improvement of the overall consistency.
The improvement is displayed as light green area. The contribution to the improvement from the E0+ wave
is shown as the dashed curve. Ranges with an overall deterioration are marked in red.

a function of total energy. Indeed, in the energy region covered by the new high precision data,
discrepancies are substantially reduced as indicated with the arrows in the upper part of the figure.
The solid line in the lower part shows the change, while the dashed line indicates the change from
the E0+ multipole alone. At lower energies, the solutions come closer to each other even outside
the window covered by the new data, while at very low and high energies solutions show slightly
larger discrepancies (red areas).

This is a clear indication that indeed high precision data help to determine multipoles more
precisely and remove discrepancies between the solutions of different groups. In conclusion, while
new high-precision data significantly reduce discrepancies among different partial-wave analysis
groups, the details show that it is too early to state perfect matching.

The analysis of photoproduction data could also benefit from improved data on pion-induced
reactions, as recently achieved for elastic pion-nucleon scattering [6]. In Ref. [7] the data on the
reactions πN → ηN, KY were discussed and analyzed. For example, the measured observables
dσ/dΩ, P, and β for the reaction πN→ KΛ provide, in principle, a complete experiment up to a
discrete ambiguity. However, the data are in many cases conflicting, in general not very precise,
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or even known to be problematic as in πN → ηN at higher energies. Re-measurements of these
reactions would be desirable and provide complementary information on the baryon spectrum.
Physics opportunities with hadron beams have been discussed in Ref. [8]. A new experiment at
J-PARC is dedicated to this effort [9].

3. Baryon analysis efforts

To briefly classify different analysis efforts in baryon phenomenology (in a simplified way)
consider Fig. 2. For the hadronic interaction one can write the corresponding scattering equation
symbolically as

T i j
qp = Bi j

qp +Bik
q`τ

k
` T k j

`p (3.1)

for incoming, outgoing, and intermediate four-momenta (channels) p, q, ` ( j, i, k), respectively.

= +T TB B τ

Figure 2: General unitarization scheme of the T -matrix. The interaction is denoted as B, the intermediate
propagation as τ . For three-particle interactions, the double lines indicate isobars and single lines the spec-
tators. In the limit of a narrow resonance isobar, the same graphics serves to illustrate the scattering of two
stable particles.

In the second term on the right-hand side the integration over ` is implicit, as is the summation
over all possible intermediate spin configurations. The channel k may contain two or three on-
shell and off-shell propagating stable particles (the figure shows the three-particle case, but one can
understand the two-particle case in the limit of a narrow resonance isobar). This Bethe-Salpeter-
like unitarization scheme can accommodate two and three-body coupled-channel unitarity but not
crossing symmetry which is an S-matrix requirement dropped in most analyses. Three-body uni-
tarity allows one to reduce the four-dimensional equation to a three-dimensional one as recently
shown [10], and simultaneously imposes two-body unitarity for the sub-amplitudes represented as
isobars by double lines in Fig. 2. Three-body unitarity reduces the four-dimensional scattering
equation to a three-dimensional integral equation. In fact, it has been shown in Ref. [10] that the
unitary scattering equation can be rewritten such that it manifestly depends only on two-body on-
shell sub-amplitudes and their extrapolation below threshold, and real-valued three-body forces as
presented at this conference by Maxim Mai.

With coupled two-body (πN, ηN, KΛ, KΣ) and three-body channels (σN, π∆, ρN) this frame-
work motivates so-called dynamical coupled-channel approaches. Two major approaches of this
kind were discussed, namely the ANL/Osaka analysis [11] and the Julich-Bonn analysis [12, 13].
The ANL-Osaka group has recently extended their efforts to the analysis of electroproduction and
neutrino-induced reactions [14] and meson-baryon scattering in the strangeness sector [15]. In
Fig. 3 a few selected preliminary results of the Julich-Bonn analysis on K+Λ photoproduction are
shown. The world data base of this reaction is now included in the analysis. Preliminary results
indicate that the N(1900)3/2+ first claimed by the Bonn-Gatchina (BnGa) group [18, 19] indeed
significantly improves the description of kaon photoproduction.
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Figure 3: Selected preliminary results of the Julich-Bonn analysis. The dashed lines show the fit without
the new CLAS data of Ref. [16], the solid lines the refit including these data. Data are from Refs. [16] (Σ)
and [17] (T , Ox and Oz).

If the requirement of three-body unitarity on the amplitude is dropped, Eq. (3.1) can be factor-
ized into a matrix equation without sacrifying unitarity for the two-body channels. The interaction
B can be either motivated by a Lagrangian framework like in the Giessen approach [20] and in
the mentioned dynamical coupled-channel approaches, or phenomenologically with polynomials
in energy (contact terms) as in the SAID approach that is characterized by a high degree of model
independence because in their Chew-Mandelstam approach resonances are generated from the data
itself rather than introduced by hand [21, 6]. There, the propagator τ of Eq. (3.1) contains its real,
dispersive part while in K-matrix approaches that real part is neglected, representing the simplest
possible form of implementing two-body unitarity as realized in the Giessen approach [20]. The
BnGa-analysis uses a K-matrix formulation but also explores a version including the dispersive
parts [18, 19, 22].

In many analyses a finite number of partial waves is explicitly parametrized and then fitted
to data. Sometimes, higher partial waves are taken into account from Regge-inspired t- and u-
channel exchanges [19]. Cutting the partial-wave space induces some uncertainty, in particular
at higher energies. The matching to high-energy dynamics itself poses a problem that can be
addressed through finite-energy sum rules as presented by V. Mathieu on this conference. The
Joint Physics Analysis Center (JPAC) pursues the high-energy description of baryonic systems and
the systematic improvement of matching high- and low-energy physics through such sum rules and
related techniques [23, 24, 25].

Photoproduction reactions have provided new high-precision data as discussed in the previous
section. Among the different analysis groups, the BnGa is the only one systematically analyzing
two-meson photoproduction as demonstrated recently, e.g., in Ref. [22]. If the photon becomes
virtual, one can study the Q2 dependence of the electromagnetic couplings of baryon resonances.
This provides a valuable point of comparison for quark models and Dyson-Schwinger calculations.
Notably, the data base has much improved through recent Jefferson Lab experiments and their
analysis in a unitary isobar framework or the JLS model [26, 27]. The world data base of electro-
production, with photoproduction reactions as boundary, has been analyzed by the SAID [28] and
MAID [29, 30] groups. The upcoming CLAS-12 electroproduction experiments aiming at the dis-
covery of hybrid baryons (LOI12-15-004) predicted by Lattice QCD [31] and at the determination
of resonance helicity couplings at high Q2 (E12-09-003) to study the transition to the perturbative
QCD regime will require a renewed analysis effort.
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In summary, much progress has been reported for the determination of the baryon spectrum
and its properties [32]. The number of new resonances listed by the Particle Data Group [33]
has increased and so has the star rating of many states. For a discussion of specific states, see,
e.g., Ref. [34]. Many of these new state have been claimed by the BnGa group and evidence for
many of them comes from the new high-precision polarization data in photoproduction experi-
ments, e.g., from K+Λ photoproduction that acts as isospin filter [16, 35]. Resonances with highly
increased significance are, for example, the N(1875)3/2−, N(1900)3/2+, and the N(2060)5/2−

from the BnGa analysis. The latter two resonances also emerge in the latest fits of the Julich-Bonn
group [36].

4. Statistical aspects

As discussed, discrepancies among different partial-wave analyses are reduced once high-
precision polarization data are included in the analyses. Second, to better judge the uncertainties
in a given multi-channel analysis, the inclusion of elastic pion-nucleon scattering can be improved
through covariance matrices quantifying the correlations between partial waves [37]. Also, Yan-
nick Wunderlich presented on this conference his work to determine the significant partial waves
for many recent photoproduction measurements which can simplify partial-wave analysis signif-
icantly [38]. New aspects concerning the complete experiment were discussed in Ref. [39] con-
cerning different truncations for the multipoles. For example, it was shown that all eight L ≤ 2
multipoles can be reconstructed by measuring only four observables at multiple angles.

Yet, to obtain a reliable spectrum of excited baryons and their properties, it is necessary to
make a selection of how many resonance states should be included in the model amplitude. For
example, resonances in the SAID approach are generated automatically if required by data and not
inserted by hand [21]. The BnGa group uses mass scan techniques by testing new Breit-Wigner
type resonances at different energies looking for a minimum of the χ2, preferably in different final
states. Yet, one can also demand to select only those models with a minimal resonance content not
in contradiction with observation. Model selection can be performed by penalizing the occurrence
of resonances through additional terms in the χ2. A very successful method is provided by the so-
called least absolute shrinkage and selection operator (LASSO) [40, 41]. However, the size of the
penalty is a-priori not determined - obviously, too large of a penalty will remove all resonances from
the amplitude while too small of a penalty will lead to an overpopulated spectrum. Therefore, the
LASSO penalty parameter needs to be determined by an independent method, in the context of data
analysis from cross validation or information theory [41]. Steps in this direction, with the technique
applied to low-energy pion photoproduction, have been presented at this conference by Raquel
Molina [42] (see also the talk by Boris Grube). With new high precision data from experiment,
such automatized methods will become more relevant to increase the evidence of relevant states
and discard states with low significance.

5. Interpretation of the baryon spectrum

Not each structure in data has to be a resonance that is characterized by a pole in the complex
plane of scattering energy. Indeed, cusps effects, complex threshold openings or triangle singulari-
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ties can explain many new phenomena found in recent data. Recent examples are the η ′p threshold
cusp observed by the A2 collaboration at MAMI [43], a structure in KΣ photoproduction explained
as coupled-channel K∗Y cusp [44], the KΣ cusp in elastic πN scattering through new high-precision
EPECUR data [6], or a resonance interference and coupled-KY channel dynamical effect [45, 46]
for the structure at around W ≈ 1.68 GeV observed in η photoproduction at the proton [47] and the
neutron [48]. Several talks at this conference were dedicated to the role of triangle singularities;
in the baryon sector, they can be relevant, as well [49]. Another class of non-analyticities that can
be misinterpreted as resonance signals are threshold openings in the complex plane of scattering
energy as demonstrated in Ref. [50]. In general, a given analysis framework should contain all the
mentioned non-analyticities to avoid false positive resonance signals.

Resonances, once established, can be compared to theory predictions. To highlight one of the
most emblematic states, the Roper resonance has received much attention. In a recent review [51]
progress has been discussed: The unusual Q2 dependence of the helicity couplings indicates the in-
tricate dynamics of the Roper that emerges as first radial excitation of the nucleon in quark models.
Dyson-Schwinger equations have qualitatively explained the Q2 dependence [52], with remaining
discrepancies attributed to a “meson cloud”. While this can, a posteriori, deliver an improved de-
scription of the transition form factor, questions of how to bring models with hadronic degrees of
freedom and quark/gluonic degrees of freedom conceptually together remain a challenge. Methods
like chiral unitary approaches use only hadrons as degrees of freedom and have been used to study
and predict meson-baryon dynamics [53, 54].

Pioneering lattice QCD ab-initio calculations of the baryon spectrum [55, 56] have been re-
fined recently [57, 58, 59], one of the novelties being the determination of eigenenergies with the
help of meson-baryon like (5-quark) operators which is important for their reliable extraction [57].
Finite-volume effects are the prime obstacle to interpret these results, especially if pion masses are
so low that the ππN channels can be on-shell. Finite-volume methods for three-body systems are
being developed [60, 61] and will be of crucial relevance once lattice QCD calculations in the light
baryon sector have reached a similar level as in the light meson sector reported by Raúl Briceño on
this conference.

One method is the finite-volume implementation of a three-body unitary amplitude in the finite
volume reported by Maxim Mai [60]. As mentioned before, unitarity dictates the imaginary part
of the three-particle propagation (indicated as τ in Fig. 2) but also the isobar-spectator interaction,
indicated as B in Fig. 2, if one rewrites the three-body interaction in the isobar formulation [10].
In contrast to two-body scattering, B acquires an imaginary part indicating that the three particles
can be simultaneously on-shell while interacting. In the finite volume one distinguishes between
the leading, power-law finite-volume effects when particles are on-shell and effects that are expo-
nentially suppressed with volume size and particle mass. To identify the leading effects one can
therefore rely on the three-body amplitude of Ref. [10] that determines the imaginary parts and the
leading finite-volume effects once adapted to the periodic boundary conditions in the cubic volume.

6. Summary

Baryon phenomenology has made much progress in recent years. For energies below 1.7 GeV
the baryon spectrum is well established while at higher energies many new states have been found
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mostly from recent high-precision polarization data measured at ELSA, JLab, MAMI and other fa-
cilities. The solutions of different baryon analysis groups start to converge and new resonances are
being confirmed independently. Yet, discrepancies remain. Currently the implementation of con-
straints from the high-energy regime promises for a more reliable determination. Non-analyticities
other than resonances, like cusps and triangle singularities can explain emergent phenomena. Apart
from conceptual improvements of analysis frameworks like three-body unitarity, statistical meth-
ods and model selection techniques can help obtain definite answers in the field. Ab-initio lattice
QCD calculations have made much progress in recent years, as well. To allow for quantitative
comparisons to phenomenology, one problem is tied to the three-body dynamics that is known to
be significant in the baryon sector and that induces finite-volume effects subject of current research.
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