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The High Acceptance Di-Electron Spectrometer (HADES) collaboration at GSI employs a pion
beam to examine the characteristics of baryonic resonances and their decay channels. This pion-
beam facility enables the generation of baryonic resonances in the s-channel at a fixed center
of mass energy (1/s). 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 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.
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1. Introduction

The High Acceptance Di-Electron Spectrometer (HADES) investigates strongly interacting
matter [1]. The SIS18 synchrotron delivers proton, heavy-ion, and secondary pion beams with
kinetic energies ranging from 1-2 AGeV for nuclei, up to 4.5 GeV for protons, and 0.5-2 GeV for
pions, creating a unique experimental setup [2].

In 2014 a pion-beam experiment at v/s ~ 1.49 GeV was conducted to study two-pion production
and contributed to the Bonn-Gatchina Partial Wave Analysis (PWA) framework, identifying various
final states (Am, Np, No) [3]. The data constrained p meson production and branching ratios
of N(1440), N(1520), and N(1535) into the pN channel, leading to eight new Review of Particle
Physics (RPP) entries [4]. These results advance light baryon resonance studies and assess the
Vector Dominance Model (VDM) in baryons, particularly the p meson’s broadening in nuclear
collisions [SH8]].

A new experiment at v/s = 1.67 — 1.79 GeV will map hadronic channels (7 n, w n, AN, £ N)
and study two-pion production near the N(1720) resonance [9,10]. As an extension of the previous
studies this experiment will determine the p-meson contribution using PWA. A PWA techniques
will be employed to extract the p meson production amplitude, which is crucial to understand
off-shell p decays into e*e™ pairs.

The experiment extends PWA analysis to other hadronic channels at v/s ~ 1.73 GeV, where
states like KOA, X°K9, and =*K~ become accessible [[11]]. High-statistics measurements of neutral
meson channels will complement photo- and electroproduction data, furthering knowledge of 27N
and pN channels, which impact in-medium modifications [12]. The study of resonant final states
such as N(1440)z and N(1520)7 may reveal unobserved resonances [[13]].

Additionally, the experiment will probe time-like baryon transitions via 71~ p — ny at /s =
1.76 GeV, where N(1675) and A(1700) dominate due to strong yN couplings [13]. The interaction
dynamics are influenced by the pion cloud, which plays a crucial role in the baryon structure and
transition amplitudes, leading to a broad distribution of p meson contributions below the pole.

Operating 40 MeV above the w production threshold, the experiment will analyze the w meson
spectral function [14], study isoscalar-isovector e*e ™ interference [10, [15], and extract spin density
matrix elements (SDMEs) [9]. These findings will test and refine electromagnetic baryon transition
models and baryon-meson coupling predictions.

2. Partial Wave Analysis of HADES data

Most PWA studies with HADES data have relied on the BnGa framework, a FORTRAN-based
software suite designed for unbinned maximum likelihood fits using K-matrix and D-matrix meth-
ods [16]]. Current efforts focus on transitioning to a modular and user-friendly analysis framework.
To this end, we are building a K-matrix and Dispersion-matrix analysis framework into Amp-
Tools [[17]. AmpTools is a modular C++ library for unbinned maximum likelihood fitting, offering
a graphical user interface for visualization.

The initial goal is to develop a PWA analysis framework for final states in pion-induced reactions
studied at HADES. This will allow us to validate our approach by comparing results with previous



Paﬁtial Wave Amplitude Analysis in Pion-Induced Reactions at the HADES Experiment Ahmed Marwan
Foda

BnGa fits and will prepare the groundwork for analyzing upcoming pion-beam data. Following this,
the framework will be expanded to incorporate additional reactions of interest e.g., proton-beam
reactions [18]].

2.1 N(1720) Double Resonance

We demonstrate the application of the new framework through an example analysis investigating
the N(1720) double resonance as observed in the CLAS experiment [19]. A fit of the photoproduc-
tion of the two pion final state showed that an additional new resonance (denoted N’(1720)) was
necessary to understand the data. Table [I]shows their fit results. Based on the CLAS fit, two cases
have been chosen to represent the most and least challenging scenarios for the HADES detector to
untangle the double resonance based on the range of branching fractions. The branching fractions
are presented in table[2] The two cases were implemented into our partial wave framework and with
a phase space generator at five pion beam energy bins to simulate the data which will be recorded
with HADES. Exploiting a missing neutron analysis analysis, the detector acceptance has been
accounted for in the simulations. Subsequently, we fit the simulated data using single-state and
two-states assumptions. We varied the number of events to study the evolution of the likelihood
of the fit with the increase in the number of events. Example fits for the two state fit is shown in
Fig.[Tl While the fit follows the simulated data closely, a clear deviation is seen at the forward polar
angle, where the fit underestimates the contribution of the Np channel. Improvements are ongoing
to address this issue.

Resonance Mass Total Width | Branching fractions
(GeV) (MeV) An 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%

Table 1: Fit results from the CLAS collaboration for the N(1720)3/2* and N’(1720)3/2* resonances [[19]].

Channel | N N’ Channel | N N’
Am 53% | 47% Am 38% | 62%
Np 31% | 10% Np 46% | 4%
Nrn 16% | 43% Nr 16% | 34%

Table 2: Branching fractions representing the best case (left) and the worst case (right) used to generate the
simulation for the N(1720) and N’(1720) resonances.

Figure [2] highlights the difference between the single and two state fits for the best and worst
cases. Here we focus on the helicity angle between 7" and the neutron in the 7* 7~ rest frame. In
the best case, we can reproduce the high contribution of the np channel only when the N’(1720)
resonance is included in the fit model. In the worst case, the np contribution is less prominent so
including the N’(1720) resonance in the fit does not lead to a significant change in the likelihood.
The likelihood ratio (1) is used to quantify how much two state fit reproduces the the Monte Carlo
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Figure 1: Anexample fit of two states of N(1720) double resonance generated in 7~ p reaction at 4/s=1.76 GeV
within HADES detector acceptance. The simulation is generated with branching fractions representing the
best case as summarized in table 2} The black markers represent the generated simulation, the black line
represents the total fit while the different colors represent the contributions of the different decay channels.
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Figure 2: An example fit of a single baryon resonance (right) and a fit accounting for two states (left) of
#a*n~ angular distribution for N(1720) double resonance generated in 7~ p reaction at v/s=1.76 GeV within
HADES detector acceptance. The simulation is generated with branching fractions representing the best case
(top) and the worst case (bottom) summarized in table |Z| for the N(1720) and N’(1720). The black markers
represent the generated simulation, the black line represents the total fit while the different colors represent
the contributions of the different decay channels.
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Figure 3: The likelihood ratio between the single and two state fits as a function of the number of events
for the best and worst cases. The black arrow indicates the expected number of statistics for the nn* 7~ final
state with the upcoming pion beam in HADES at each of the five beam energy bins [[13]].

data compared to the single state fit for different number of events. The likelihood ratio is defined
as:

A=2 (ln LTwo state — In LSingle State) > (D

where Lo saee 18 the likelihood of the two state fit (best or worst case), and LsingieSrare 15
the likelihood of the single state fit for the same case. The statistical significance is assessed
by comparing the A to the critical values from the chi-square distribution. Figure [3] presents the
likelihood ratio comparing two state fit against the single state fit for the best-case (red) and the
worst-case. It shows that the best-case scenario consistently has a higher A than the worst-case
scenario as we expect. Nonetheless, in either case the statistical significance is higher than the
degrees of freedom even at a small number of events. Based on this we conclude, HADES will
be able to confirm the existence of the N’(1720) resonance with a high statistical significance even
at the worst case and with very small number of events. It is important to note that the statistical
significance would decrease for a more complex model, which allows additional free fit parameters,
include resonant and non-resonant backgrounds. This will be the focus of future work.

3. Summary

The upcoming HADES pion-beam experiment will enhance our understanding of baryonic
resonances in the third resonance region. A PWA will allow for precise extraction of resonance
properties and couplings, alongside improved studies of time-like baryon transitions. We presented
a demonstration of our new PWA framework applied to the case of the N(1720) double resonance.
We conclude that HADES will be able to confirm or refute the reported N’(1720) resonance with
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very high statistical significance. In the future, a more advanced study with a more complex model
and physical background will offer deeper understanding. We are applying our PWA to the 2014
data to validate our framework and compare it with previous results. The transition to a modular
PWA framework using AmpTools will enhance flexibility and usability, paving the way for future
studies. A white paper has been recently published exploring the potential of the pion beam facility
at GSI, in conjunction with HADES, to investigate the dynamics of hadronic matter under extreme
conditions [20]]. It highlights the role of pion-induced reactions in advancing our understanding of
quantum chromodynamics in the strong interaction regime.
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