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Abstract. The High Acceptance Di-Electron Spectrometer (HADES) collabo-
ration at GSI employs a pion beam to examine the characteristics of baryonic
resonances and their decay channels. This pion-beam facility enables the gen-
eration of baryonic resonances at a fixed center of mass energy (/s), i.e. in the
S-channel. In anticipation of conducting a more comprehensive exploration of
the resonance regions in pion-proton collisions, a new implementation of the K-
matrix & D-matrix frameworks is currently under development. This updated
implementation aims to offer a refined mapping of these regions. Example fits
are presented showing the current status and the potential of the new framework.

1 Introduction

The High Acceptance Di-Electron Spectrometer (HADES) experiment aims to study the
structure of strongly interacting matter [1]. The heavy ion synchrotron SIS18 delivers proton
or heavy ion beams to the experiment and to secondary production targets. At this facility,
beams can be prepared with kinetic energies between 1-2 AGeV for nuclei, up to 4.5 GeV
for protons and 0.5-2 GeV for secondary pions. The combination of a secondary pion beam
with the universal HADES detector represents a worldwide unique facility [2].

In 2014, HADES conducted a pion-beam study, with a primary focus on two pion
production in the second resonance region, where /s ~ 1.49 GeV. The gathered data was
integrated into the Bonn-Gatchina Partial Wave Amplitude (PWA) analysis framework. This
integration was crucial in isolating various final states such as A, prr, and No, along with
initial resonant and non-resonant states [3]. HADES data played an indispensable role in
constraining p meson production and in determining the branching ratios of the N(1440),
N(1520), and N(1535) resonances into the pN channel. These significant findings contributed
to eight new entries in the 2021 edition of the Review of Particle Physics (RPP) for the
branching ratios of N(1520) and N(1535) decays into A, prr, and No final states [4]. This
contribution has been widely recognized within the hadronic physics community, markedly
advancing our understanding of light baryon structures and resonances [5]. This eagerly
anticipated result holds significance for comprehending the applicability of the Vector
Dominance Model (VDM) to baryons and the observed broadening of the p meson in both
proton-nucleus (HADES) and heavy-ion reactions [6-9].
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Another experiment using the pion beam is planned for 2025 in the third resonance
region, i.e. /s = 1.67 — 1.79 GeV. One of the main goals for this experiment is to map
the excitation function in various hadronic channels (e.g. 7 n, w n, A N, X N). Particularly
the two-pion production around the N(1720) resonance pole. PWA analysis techniques will
be employed to separate the various waves contributing coherently to the observed final
states. This analysis will yield the production amplitude for p meson production in the
third resonance region. Such information is crucial for quantitatively understanding the
contribution of off-shell p meson decay into e*e™ pairs to the total dilepton production,
which will be also measured in this run [10, 11].

1.1 Baryon-Meson couplings

The successful application of PWA analysis to the HADES pion beam data for two-pion
production channels is seen as a proof of concept, potentially extendable to other hadronic
channels in the third resonance region. At a center-of-mass energy of approximately
vs = 1.73 GeV, numerous hadronic channels (e.g., KA, X9K9 K-, 7 n, wn, etc.)
become accessible in addition to two-pion production. These channels are expected to help
in constraining the hadronic couplings of baryon states in this region, which are currently
not well-understood [12]. The objective is to yield high-statistics differential data for these
hadronic channels, particularly those involving neutral mesons [13]. These measurements,
along with the existing precision data from photo- and electroproduction reactions, will
be incorporated into the PWA analysis. Primarily, the two-pion channels will provide new
insights into the 27N channels, especially the pN channel, which has significant implications
for medium effects [14]. The exploration of resonant final states such as N(1440)r,
N(1520)n, and others, is of keen interest due to their potential as dominant decay modes for
missing resonances [15].

Table 1: Fit Results from CLAS collaboration for the N(1720)3/2* and N’(1720)3/2* re-
osnances [16].

Resonance Mass Total Width | Branching fractions
(GeV) (MeV) Am Np
N(1720)3/2* | 1.743-1.753 114 £ 6 38-53% | 31-46%
N’(1720)3/2* | 1.715-1.735 120 £ 6 47-62% | 4-10%

Recent studies in photo and electro-production have also indicated a potential new
N’(1720) J? = 3/2* resonance, distinguished by its unique p and electromagnetic couplings
compared to the known N(1720) J© = 3/2* resonance [16]. The resonance mass, width and
branching fractions, as reported by the CLAS collaboration, are presented in Table. 1. A
study has been performed to investigate the sensitivity of the HADES experiment to disen-
tangle the N(1720) double resonance. The study examined the effects of varying branching
fractions for the decay of N(1720) and N’ (1720) resonances into Az and Np final states, along
with the yield ratio between these resonances and the impact of the number of events. The
analysis was conducted within both 47 and estimated HADES acceptance, comparing the
polar angle distribution of the N(1720) resonance along with that of the combined N(1720)

2



EPJ Web of Conferences 303, 01006 (2024) https://doi.org/10.1051/epjcont/202430301006
MENU 2023

25000

—o— N+N' data
N fit
= N+N' fit

20000

15000

Events

10000

5000

o e b b b s b b Py b by
0—1 -08 -06 -04 -02 0 0.2 04 0.6 0.8 1

cos(0)

n-m"

4 -
T

Figure 1: An example fit of a single baryon resonance (green squares) and a fit accounting
for two states (blue triangles) of n*zx~ angular distribution for N(1720) double resonance
generated in 77 p reaction at +/s=1.76 GeV within 47 acceptance [17]. The simulation is
generated with M = 1.750 GeV, I'(Ar) = 51.9 MeV & I'(Np) = 43.9 MeV, M = 1.725 GeV,
I'(Ar) = 65.4 MeV & I'(Np) = 8.4 MeV for the N(1720) and N’(1720) respectively.

and N’(1720) resonances, quantifying differences through a y? value. An example result of
the partial-wave fit of 103 N(1720) double resonance simulated events within 47 acceptance
is presented in Fig. 1. The fit with a two-state model results in a y?/NDF = 14, whereas
the fit with a one-state model shows a significantly larger y?/NDF = 144 and can thereby be
excluded. These y?/NDF values while far from optimum, they demonstrate the ability of the
framework and the experiment to disinguish a two-state data set from a one-state data set. A
Breit-Wigner description was used for the two resonances, with a decay into Ar and Np as
a 3/2 P-wave. The 3/2 F-wave is expected to be suppressed so it was ignored for this study.
Similarly, the branching fraction of the Np S=1/2 P-wave is small and is therefore neglected
in this study. The required number of events for a significant observation within the HADES
acceptance varies based on branching fraction but still orders of magnitude lower than the
expected yield for two pion events in the upcoming pion-beam experiment. The comparison
indicates that the HADES experiment is capable of identifying the N’(1720) resonance. In
the future, a more detailed study could include the N(1720) resonance decay into the No final
state, background contributions from other N resonances, and exploring the decay of N(1720)
and N’(1720) resonances into Az and Np as a spin-3/2 F-wave. Different PWA analysis mod-
els might be considered. A more detailed simulation of the HADES detector could provide
an improved estimate of the acceptances and account for reconstruction effects [17].

1.2 Time-like Electromagnetic Baryon Transitions (7" p—ne*e)

The upcoming pion-beam experiment at HADES will offer insights into time-like baryon
transitions in the third resonance region. Simulations of the 77p — ny reaction around
4/s = 1.76 GeV indicated the N(1675) and A(1700) as major contributors due to their large
yN couplings. The p meson’s contribution was observed across a broad invariant mass
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range below the pole. The new data will test the validity of VDM over an extended range [15].

A center-of-mass energy of 40 MeV above the w production threshold enables a detailed
study of the w meson spectral function [18]. Effects of interference between isoscalar and
isovector e*e” production in the region below the w peak are also anticipated [10, 19].
Analysis of electron angular distributions and the extraction of spin density matrix elements
(SDMEs) will provide detailed information on the nature of the transitions [11].

The upcoming pion-beam experiment will pave the way to test and extend theoretical
models for electromagnetic baryon transitions to the third resonance region. The new data
will facilitate comparisons to predictions based on VDM and baryon-meson couplings from
baryon decays and quark models.

2 Towards A Modular Approach

Most of the PWA analysis studies for the HADES experiment have been conducted using
the BnGa framework which is a FORTRAN based software package to perform unbinned
maximum likelihood fit using K-matrix and D-matrix techniques [20]. The current effort is
focused on presenting the analysis framework in a modular setup and user friendly interface.
To achieve this, we are collaborating with the BnGa group to implement the K-matrix and
D-matrix analysis models into AmpTools [21]. AmpTools is a collection of C++ libraries
with modular design for unbinned maximum likelihood fitting and a GUI interface for visu-
alization. The first milestone will be to establish a PWA analysis framework for final states
from pion induced reactions studied with HADES. This will serve as a proof of concept by
comparing our results with previous fit results obtained using BnGa and it will prepare us
for PWA analysis efforts for the upcoming pion-beam data. Afterwards, we will expand the
framework to include more reactions of interest (e.g. proton-beam reactions). The software
will be available on GitLab (GSI) where users can add amplitudes or report problems. In this
section, we will briefly present the two formalisms and their relative advantages.

2.1 Formalism
2.1.1 K-matrix

In the K-matrix formalism, the amplitude A,;, between channels a and b is written as a sum
over the off-shell interaction K,; between a and all relevant intermediate channels j. It has
the form:

Aa = 3 KaflI = ipK)3).
where p; represents the phase volume of channel j. The matrix K,; is constructed from the
couplings g2 between the included state @ and the channel j.

9a9;
K, j= ZO/ m + NR,
where M, is the mass of the state @, s the center-of-mass energy and NR refers to non-

resonant background.
The K-matrix approach is used to fit hadronic spectra in various PWA analyses. This tech-

nique facilitates simultaneous fitting of several reactions, ensuring correct analytical proper-
ties and unitarity of all investigated amplitudes. The K-matrix amplitude is the minimal
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amplitude satisfying unitarity of the S-Matrix and therefore, includes only the effects of the
right hand (threshold opening) cuts. Left-hand cuts, however, result from crossing channels
and need to be introduced into the amplitude. There are many ways to include the contri-
butions of the left hand cuts in the K-matrix. This leads to ambiguity in determining these
contributions due to the dependence of the t and u channel exchanges on the coupling and
form factors, which are not well known. The K-matrix method typically effectively accounts
for the real part of loop diagrams as renormalization of resonance masses [22]. While lack-
ing precise contributions of left-hand cuts, A K-matrix analysis performed at a distance from
the left-hand cut allows for the determination of masses and full widths of resonances (i.e.
position of poles) as well as the residues of poles, namely, factorized couplings of resonances
to different channels.

2.1.2 D-matrix

In the D-matrix formalism, the amplitude A,;, between channels a and b is summed over
states a, 8. It is formed as a convolution of the matrix Dz of the transition between states,
the diagonal matrix d,, of the propagators (resonant and non-resonant) and the couplings g5
between state a and channel a. It has the form:

Agy = Z ggd(mrDaﬁgi'
af

The D-matrix approach uses the analytic properties following from causality and the
use Cauchy’s theorem to obtain the real part of an amplitude from the imaginary part which
is often better accessible and is, therefore, considered theoretically more robust than the
K-matrix approach [23]. It involves the direct calculation of the real parts of loop diagrams,
thereby ensuring that the amplitude is free from false kinematical singularities in the region
of left-side singularities. The D-matrix amplitudes describe transitions of bare states, taking
into account the cloud of virtual mesons [22].

While the D-matrix method is theoretically more founded, the majority of PWA analyses
are performed using the K-matrix approach. The K-matrix amplitude is built on the imaginary
part of the amplitude, whereas the D-matrix method calculates these real part. The K-matrix
analysis is effective in determining particle properties, including their quark content, in the qq
states, identifying nonets and extra states. The D-matrix method, with its direct calculation
of loop diagrams, provides a more precise and theoretically sound analysis, especially when
the K-matrix method faces ambiguity.

3 Summary

The upcoming pion-beam experiment at HADES will investigate baryonic resonances and
their decay processes in the third resonance region. Utilizing PWA analysis, this experiment
will extract the couplings of these resonances to various final states, primarily focusing
on collecting high-statistics differential data for channels that involve neutral mesons.
Recent investigations hint at a possible new N’(1720) resonance, which will be conclusively
identified with the forthcoming pion-beam data. Additionally, the imminent pion-beam
experiment aims to shed light on time-like baryon transitions through an in-depth analysis
of the e*e™ production. This research is anticipated to broaden the application of theoretical
models for electromagnetic baryon transitions into the third resonance region.
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Our objective is to develop a modular and user-friendly analysis framework, incorporating
the K-matrix and D-matrix methodologies. This new framework will initially demonstrate its
usefulness with the upcoming pion-beam data and subsequently be adapted to encompass
additional reactions of interest.
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