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The exact structure and internal composition of nucleons have been debated since quarks were first
proposed. Since then, a large amount of experimental evidence has been gathered, indicating that
nucleons and their excited states are not simple static quark states but are significantly influenced
by the dynamics of baryon-meson interactions. In this context, it is interesting to extend studies
from simple nucleons to particles where a heavier strange quark replaces one light quark in a
nucleon, the so-called hyperons, and their excited states such for example Σ(1385), Λ(1520) or
Λ(1405). Many competing models describe the internal structure of these hyperons, including
those based on the dynamical state generation. In order to determine which of the models are the
closest to nature, it is helpful to measure radiative decays (with emission of a photon or 𝑒+𝑒− pairs)
and hadronic decays, e.g. Λ(1520) → Σ(1385)±π− , Λ(1405) → Σ π. These decay channels are
largely unexplored at present, which is the motivation for the project presented in this talk.
The focus of the presented analysis is the inclusive study of the production and decay of Σ(1385)±

hyperons produced in measurements of proton-proton reactions at a beam energy of 4.5 GeV
performed in the HADES experiment at FAIR in February 2022. This analysis allows for expansion
on older studies based on measurements in lower energies, with much higher production cross-
section, as well as incorporating new analysis methods, such as the utilization of machine learning
methods.
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1. The goal of the project

The project investigates the inclusive production of Σ(1385)± hyperons in p + p at 4.5 GeV and
their decay (see 1). The aim is to reconstruct the invariant mass distribution and determine the dif-
ferential cross-section of Σ(1385)± production. The analysis utilizes data from past measurements
with the HADES detector at GSI in Darmstadt, Germany [1].

p + p −→ p + K0+ Σ(1385)+ + X
↓
Λ(1115) + π+

↓
π− + p

p + p −→ p + K++ Σ(1385)− + X
↓
Λ(1115) + π−

↓
π− + p

(1)

The project aims to establish a general reconstruction method for higher mass hyperons decaying
into final states including Λ(1115). Especially interesting are Dalitz decays, which give insight into
the Vector Meson Dominance model [2]. Dalitz decays of Λ(1520)/Σ(1385)± → Λ𝑒+𝑒− would
allow for the first measurement of hyperon Form Factors in the time-like region. However, the
production cross-sections for Λ(1520)/Σ(1385)± decays are yet unmeasured. Study of hadronic
decays Λ(1520) → Λπ+π− and Σ(1385)± → Λπ± (characterized by large branching ratios) can be
used for normalization for Dalitz decay studies.

2. Data analysis

2.1 Track selection and particle identification

The first stage of data analysis was a reconstruction of particle tracks from raw data, gathered
from all the detectors and identifying the relevant particles. This was achieved utilizing the DST
software developed by the HADES collaboration. The analysis was split into two cases: one where
all products of Σ(1385)± decay are found in the main body of the HADES spectrometer (labeled
HH) and one where the proton from Λ(1115) decay is found in the Forward Detector (labeled HF),
to account for the lack of magnetic field in the Forward Detector resulting in a lack of proper particle
identification.

Based on the results of particle reconstruction, the relevant particles were identified with the
use of graphical cuts placed on the 𝛽 vs 𝑞 ∗ 𝑝 distributions, allowing for highly accurate separation
of p, π− and π+ particles. For the inclusive reconstruction of Σ(1385)±, events were selected
that contained combinations of three particles: a p − π− pair consistent with a Λ(1115) decay,
and an additional π± originating from the Σ(1385)± decay. To enhance the Σ(1385)± signal while
suppressing background with minimal signal loss, physics-motivated selection criteria were applied,
including constraints on vertex topology and missing mass:

• 𝑑Λ𝑧 > 0.0 cm (longitudinal Λ(1115) vertex separation from primary vertex)

• | ®𝑑Λ | > 10.0 cm (3D distance of Λ(1115) vertex from primary vertex)

• 𝑑ΛMTD < 20.0 cm (Minimum Track Distance at Λ vertex)

• 𝑀miss > 𝑀𝐾 + 𝑀𝑛 (lower bound on missing mass)
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2.2 Neural Network background subtraction

After the basic series of hard cuts was applied, in order to further remove background from
analyzed data, Multi Layer Perceptron (short "MLP" [3], [4]) type of Neural Networks were utilized.
Due to the lack of labeled experimental data for fully supervised training of neural networks, and
risk of introducing inaccuracies by training on simulations, an alternative approach was used.

A method called "Classification Without Labels" (short "CWoLa" [5]) was applied, which
relies on finding the differences between two sets containing different proportions of signal to
background. The MLP networks were trained to distinguish the data from the signal peak area on
the Invariant Mass distribution of Λ(1115) (containing the entirety of the signal and the background
underneath the peak) from the area outside this range (containing just background), and then used
to distinguish signal from background. By applying a cut on the produced classifier, it was possible
to remove approximately 25% of the remaining background, while losing only 7% − 8% of the
signal. The training and selection procedure was performed separately for each of the four analyzed
combinations of Σ(1385)± and HH vs HF.

2.3 Reconstruction of 𝚺(1385)±

The next step for the reconstruction of Σ(1385)± was approximating the remaining background
underneath theΛ(1115) peak, by performing the so-called "sideband" analysis. It relied on fitting the
Λ(1115) invariant mass distribution with a Voigt signal function on top of a polynomial background
function (see example of HH case for Σ(1385)+ in Figure 1). The background outside the peak
area was used as the "sideband" and rescaled to the same integral as the background underneath the
peak, approximating it. By subtracting the properly rescaled Σ(1385)± invariant mass distribution
for sideband data, from the data from Λ(1115) peak area, it allows to approximate and subtract the
majority of the background from the Σ(1385)± distribution, as seen on the right side of Figure 1.

Additionally, in this step, the estimation of systematic errors was performed by varying the
parameters of the sideband subtraction process (Λ(1115) fitting range and sideband width). The
results are shown in Figure 1 as rectangular error boxes in the sideband and final Σ(1385)± signal
distributions.

After performing this procedure for all four cases, a clear signal peak could be seen in Σ(1385)±
distributions, enabling the fitting of their parameters. The distributions were fitted with Voigt
distributions (with Γ parameter fixed to PDG value) on top of a polynomial background, as can be
seen in Figure 2. The parameters of the signal peaks, extracted from fits for each case, are presented
in Table 1.

Particle Case 𝑀0 [MeV/𝑐2] 𝜎 [MeV/𝑐2]

Σ(1385)+ HH 1382.742 ± 0.073 0.7197 ± 0.0021
Σ(1385)+ HF 1381.1 ± 2.1 0.003463 ± 0.000066

Σ(1385)− HH 1381.5 ± 1.23 0.0594474 ± 0.0000072
Σ(1385)− HF 1380.3 ± 1.0 0.3 ± 1.0

Table 1: Results of fitting Σ(1385)± cases
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Figure 1: Left: Histogram of Λ candidates invariant mass distribution after neural network cut, with
Gaussian signal on polynomial background fit. Vertical red lines denote the positions of cuts for the sideband
subtraction procedure.
Right: Histograms illustrating the stages of reconstruction of the invariant mass distribution of Σ(1385)+
with error boxes on the sideband and final histograms showing the results of systematic error estimation.

Figure 2: Histograms showcasing the fits of Σ(1385)± invariant mass distributions in all four cases.

The obtained parameters for Σ(1385)+ agree well with the data from the Particle Data Group:
𝑀0 = 1382.80 ± 0.35 MeV/𝑐2 and the older exclusive analysis of Σ(1385)+ channel in HADES:
𝑀0 = 1383.2±0.9MeV/𝑐2, as described in the publication [6]. In HF case the error of 𝑀0 is higher
due to the lower precision of momentum measurements in Forward Detector.

In the case of Σ(1385)−, the achieved results are notably offset from the PDG value: 𝑀0 =

1387.2± 0.5 MeV/𝑐2. The exact cause of this effect remains unclear and requires further investiga-
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tion. A potential explanation is an inaccurate background shape estimation, which may be skewing
the fit of the peak to one side.

2.4 Reconstruction of rapidity and transverse momentum distributions

The next step of the analysis was the reconstruction of representations ofΣ(1385)± distributions
in the two degrees of freedom it has (since the experiment is symmetrical in the azimuthal angle
around the beam axis) - in the case of this analysis, rapidity (𝑦) vs transverse momentum (𝑝𝑡 ).

This was achieved by splitting the data into 2D bins of 𝑝𝑡–𝑦, and performing the entireΣ(1385)±
signal reconstruction and fitting process (as described in Section 2.3) in each bin separately, with
the extracted signal integral used as bin contents for the 2D histograms.

To correct the results for HADES acceptance and reconstruction efficiency, PLUTO simulations
[7] of the primary exclusive Σ(1385)± production channels were used. The 𝑝𝑡–𝑦 histograms for
both reconstructions analogous to one utilized in experimental data, and histograms for the full
4π range, were drawn and divided to produce correction matrices for all four cases. With the
application of correction matrices, the corrected distributions of 𝑝𝑡–𝑦 for Σ(1385)± were produced
and are shown in Figure 3.

Figure 3: Histograms of reconstructed 𝑝𝑡–𝑦 distributions for Σ(1385)+ (top) and Σ(1385)− (bottom) in HH
(left) and HF (right) cases.

The produced distributions are largely consistent with expectations; however, the distributions
from HH and HF cases do not merge smoothly in the overlap regions. These discrepancies between
HH and HF cases indicate potential detector efficiency differences, requiring further investigation.
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3. Conclusion

The analysis accomplished the goal of reconstructing the inclusive production of Σ(1385)±
within data gathered from p + p measurements at 4.5 𝐺𝑒𝑉/𝑐2 in the HADES experiment at GSI
Darmstadt. By applying a combination of traditional selection cuts, neural network-based back-
ground subtraction, and sideband analysis, a clear Σ(1385)± signal was extracted. The results for
Σ(1385)+ are consistent with previous measurements, while deviations in the Σ(1385)− parameters
suggest the need for further investigation.

Furthermore, the reconstruction of rapidity and transverse momentum distributions provided
insights into the kinematic properties of Σ(1385)± production. However, discrepancies in the
overlap regions between different detector configurations indicate a need for further investigation.
Future plans for this work include improving simulation accuracy and understanding the detector
efficiencies to address these inconsistencies, as well as deriving differential cross-sections for
Σ(1385)±.

Overall, this work contributes to the ongoing efforts to better understand hyperon production
mechanisms and provides a foundation for future studies, including Dalitz decays and hyperon form
factor measurements, for the HADES experiment.
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