
P
o
S
(
F
A
I
R
n
e
s
s
2
0
2
4
)
0
4
3

Λ(1405) reconstruction in Σ0
π

0 decay channel with
HADES detector

Anna Władyszewska,𝑎,∗ Piotr Salabura𝑎 and Rafał Lalik𝑎
𝑎Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University,
Łojasiewicza 11, Kraków, Poland

E-mail: anna.wladyszewska@doctoral.uj.edu.pl

The structure of the Λ(1405) resonance challenges hadron physicists for more than 40 years.
It is controversially debated as either: an antikaon-nucleon bound state, a dynamically generated
baryon resembling a meson-baryon molecule, or a resonance withΣπ and K̄N poles. Experimental
results vary in line shape and peak position, depending on reaction type, making their interpretation
very challenging.
The Λ(1405) hyperon has been recently measured with HADES detector in proton-proton colli-
sions at 4.5 GeV beam energy. The new HADES electromagnetic calorimeter (ECAL) enables
separation of Λ(1405) from Σ(1385) by measuring the decay channel Σ0

π
0, which is not al-

lowed for the latter. Another recent advancement is the Forward Detector covering the very
forward region (0.5◦ < 𝜃 < 6◦) that significantly increases acceptance for hyperons. In this
paper we present analysis methods and preliminary results of the exclusive analysis in the channel
pK+
Λ(1405) → (Σ0( → Λ( → pπ−)γ)π0( → γγ)).
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1. Motivation

The Λ(1405) hyperon has been the subject of a large debate for more than 40 years, being
discussed as the K̄N bound state, a pentaquark meson-baryon molecule, or a two-pole structure
of both K̄N and Σπ. Being a hyperon with quantum numbers: 𝐽𝑃 = 1/2−1, 𝐼 = 0, 𝑆 = −1,
despite containing a heavy strange quark, Λ(1405) is lighter than the same spin-parity nucleon
resonance N∗(1535) and even lighter than the lightest nucleon resonance, the Roper resonance
P11(1440). Consideration of the meson-baryon interaction in chiral-symmetry unitary approaches
describes the two states on the complex energy plane with masses approximately 1393 MeV/c2

and 1426 MeV/c2 [1]. They are lying between thresholds for Σπ and K̄N production. It has been
shown that the coupling between those two states might be responsible for making imaginary part
of the higher pole of non-zero value, thus enabling its manifesting in the lower masses [2], being
three charge combinations of (Σπ)0. Higher orders of the Lagrangian break the symmetry which
allows the overlap between two poles, resulting in a single-peak-like distribution around the mass
of 1405 MeV/c2. Within this approach, the pion or kaon is exchanged serving as a pseudo-Goldstone
boson ([2], [3]).

It has been noticed that measurements of Λ(1405) differ in the reconstructed peak posi-
tion with lower masses for production in π−p collisions [4] and higher for K−p [5]. However,
when comparing results from different experiments and for different decay channels, the pic-
ture is unclear [6]. Moreover, existing experimental statistics is not satisfactory. The theoretical
and experimental study of the photoproduction of Λ(1405) suggests the peak position and the
line shape dependence on the decay channel [7]. Recently, analysis of Λ(1405) has been per-
formed for three different ranges of Mandelstam term, suggesting a potential dependence between
the 𝑡 value and the Λ(1405) line shape [8]. The previous measurement of Λ(1405) with the
HADES (High Acceptance DiElectron Spectrometer [9]) detector performed at 3.5 GeV for the
channels p+p → pK+

Λ(1405)( → Σ±( → π±n)π∓) showed a shift to lower masses with a peak
around 1385 MeV/c2 that overlaps the signal of Σ(1385) [10, 11]. Therefore the main aim of pre-
sented analysis is the reconstruction of Λ(1405) in the channel with decay to Σ0

π
0, which is not

available for Σ(1385) decay: p(4.5 GeV)p → pK+
Λ(1405)( → Σ0( → Λ( → pπ−)γ)π0( → γγ)).

2. Detector setup

Analyzed data was collected with HADES apparatus in February 2022 using a proton beam
with kinetic energy of 4.5 GeV and the fixed liquid-hydrogen target. Integrated luminosity for whole
data taking period is estimated to be 5.9 pb−1. Charged particles were detected in the main detector
module, the magnetic spectrometer, which is of 18◦-85◦ polar acceptance and is later referred
to as HADES. Additionally, forward-emitted particles were reconstructed based on signals registered
in a dedicated new Forward Tracker (FT) [13], which consists of Straw Tracking Stations (STS) and
Time-of-Flight measurements delivered by the Forward Resistive Plate Chamber. The FT detector
covers a small polar region of 0.5◦-6.5◦ that significantly increases the acceptance of hyperons.
Due to the limited PID capability of the forward detectors, it is not possible to directly distinguish
between different particles. Based on the simulation of angular distributions it has been found that
the majority of particles detected in FT are protons. The time of flight, together with the assumed
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Figure 1: Left: Reconstructed signal of Λ invariant mass in pK+
Λ( → pπ−)γ system (points). Right:

Reconstructed signal of Σ0 invariant mass in pK+
Σ

0( → Λγ) system (points). Superimposed red line
represents the background estimation obtained based on the polynomial fit. The green line is a Voigt
distribution fit to a signal region. Blue line is a total fit. Dotted vertical lines designate selection cut region.

mass hypothesis, is used to calculate the momentum. Photons were detected by the recent upgrade
to HADES, a new electromagnetic calorimeter ECAL [12] installed in 2018.

3. Data selection

The capability of event reconstruction has been determined based on Monte Carlo simulation
using the PLUTO package [14]. For that purpose, an inclusive channel p+p → Λ(1405)X with
subsequent decays: Λ(1405) → Σ0

π
0, π0 → γγ, Σ0 → Λγ, Λ → pπ− was generated. However, the

requirement for detection of all three photons resulted in low efficiency. Similarly tested exclusive
scenarios showed that the optimal way to reconstruct Λ(1405) might be using the exclusive channel
pK+
Λ(1405)( → Σ0( → Λ( → pπ−)γ)π0( → γγ)) without the requirement of detecting π0 which

could be reconstructed via a missing mass.
In performed analysis charged kaons and pions were detected in HADES, while protons were

detected using both HADES and FT. Particles identification in HADES was done by superimposing
constraints on mass versus momentum distributions. There are two protons in the exclusive channel
of interest and each proton can be reconstructed either in HADES or FT, what gives four combina-
tions: both protons reconstructed in HADES (later referred to as the HH case), both in FT (FF case),
proton from Λ decay detected in HADES while the direct proton from the event vertex detected
in FT (FH case) or the other way around (HF case). All four cases were studied however, as it will be
shown later in this section, only HH and HF gave significant results of Λ(1405) signal. Photons are
measured in ECAL, which, to some extent, is also sensitive to hadrons. Hadrons, however, deposit
much smaller energy in ECAL thus it is possible to separate photons from hadrons with sufficient
cuts on the deposited energy (> 100 MeV) and measured particle velocity (0.8 < 𝑣

𝑐
< 1.2). After

particle identification, Λ → p π− was reconstructed (Fig. 1 Left) under the conditions that in each
event at least one K+, γ, π−, and two protons were detected. In addition, selection cuts were per-
formed, resulting in a fourfold increase in the signal-to-background ratio: 𝑧-coordinate of Λ decay
with respect to the event vertex > 0 mm, minimal distance between p and the π− tracks < 20 mm,
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Figure 2: Distribution of the missing mass of the pK+ system as a function of the missing mass of the pK+
Σ

0

system after selection cuts on Λ and Σ0 masses. Distribution includes all cases (HH, HF, FH, FF). Red lines
designates bottom and upper cuts used for Λ(1405) reconstruction.
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Figure 3: Experimental distributions o MM(pK+) obtained after selections cuts on Λ and Σ0 invariant mass
and cut on the MM2 (pK+

Σ
0). Letters in the legend designates whether protons were detected in HADES

or FT - the first letter corresponds to the proton coming from the event vertex and the second one to the
proton from Λ decay.

decay length of Λ > 10 mm, MM(pπ−) < 1567 MeV/c2 (the sum of the nominal masses of p, K+,
π

0). Further on, the Σ0 → Λγ signal was reconstructed (Fig. 1 Right) with the Λ signal from the
1108-1122 MeV/c2 mass region and under the condition that in the event at least one other proton,
that was not used for theΛ reconstruction, was detected. For theΣ0 signal that falls in the window of
1170-1230 MeV/c2, the squared missing mass of the system pK+Σ0 was plotted, taking into account
the small mass of π0, against the missing mass of pK+ (Fig. 2), to establish the range of π0 mass with
relation to Λ(1405) mass range. The same selection procedures were performed for Monte Carlo
simulations (see Section 4) determining the π0 cut range of (−17000 MeV2/c4; 55000 MeV2/c4).
Within this cut spectra of pK+ missing mass were obtained for the four cases (Fig. 3). Three distinct
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Figure 4: Comparison between experimental and simulations results (included only results for HH and HF
cases). Left: MM2 (pK+

Σ
0) distributions with marked selection cut (vertical dashed lines). Right: MM(pK+)

distributions obtained with cut marked on the left histogram. The resulted yields are scaled together to fit the
data in theΣ0 peak area while proportions are in tact with cross sections measured by HADES Collaboration
for 3.5 GeV beam energy ([10], [15]) but do not take into account the angular distributions. The Λ(1405)
hyperon was simulated with mass 1385 MeV/c2.

structures are showing in the HH i HF cases and not in the FH case (proton from event vertex
emitted in a very forward direction). The FF case is negligible due to the very small statistics.
Further analysis needs to be done in order to understand the cause of differences in the spectra.
The results presented in the next section consider only the HH and HF cases.

4. Results

Simulations of channels: pK+
Λ(1405)( → Σ0

π
0), pK+

Λ(1520)( → Σ0
π

0), pK+
Σ

0 were per-
formed to describe signal peaks in MM(pK+) obtained from experiment. Simulations underwent
the same selection procedures as data. The cross sections applied in the simulations were the ones
measured by HADES for 3.5 GeV beam energy ([10], [15]) without taking into account the angular
distributions. The resulted yields were scaled together to fit the data in the Σ0 peak area (Fig. 4).
TheΛ(1405) hyperon was simulated with mass 1385 MeV/c2 which is the peak position ofΛ(1405)
reconstructed in previous HADES measurements in decay channels Σ∓

π
±.

5. Summary and Outlook

Obtained experimental spectra shows three distinct structures with peaks corresponding to Σ0,
Λ(1405), Λ(1520) masses. It has been noticed that the majority of the background is found in the
case where proton coming from a decaying hyperon is detected in the main HADES (higher polar
angles) part, while the spectator proton (from event vertex) is detected with FT (small polar angles).
The differences between four combinations of both protons detection need to be further studied
and understood, which might be done by analysis of the momentum transfers between particles.
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Moreover, simulations of more channels must be taken into account, and contributions from resonant
and unresonant channels need to be established. Angular distributions must be studied to fit the
simulation to the data and obtain the cross section for 4.5 GeV. Additionally, the usage of kinematic
fitting methods is planned to improve the resolution and event selection.
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