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1. Introduction

The properties of strange hadrons, i.e. baryons and mesons containing strange quarks, and
their interaction with nucleons might undergo modifications within dense nuclear matter. The
study of those effects in the energy regime of a few GeV close to the production threshold of light
hyperons is found to be extremely favourable. At such energies dense baryonic matter can be
produced in heavy ion collisions such that the study of strange hadron production under extreme
conditions becomes accessible. Proton-induced reactions are then necessary as a reference case
for understanding details of the production mechanism. Due to strangeness conservation, hyperon
production has to be accompanied by the production of at least one kaon and hence leads to an
energy threshold in NN of 2.518 GeV for Λ and 2.623 GeV for Σ0. Plenty of data are available for
Λ hyperons within a broad range of collision energies [1, 2, 3, 4, 5], while the situation is much
more difficult for the Σ0 hyperon, where no data exists between 80 MeV and 2 GeV in excess
energy above free nucleon nucleon production threshold [6, 7, 8].

An alternative method to study the hyperon-nucleon interaction is the spectroscopy of hyper-
nuclei, i.e. nuclei where a hyperon replaces one of the nucleons. So far many Λ-hypernuclei have
been measured in experiments with kaon beams [9, 10, 11] and in relativistic heavy ion collisions
[12, 13, 14]. For the latter case, anti-hypertritons have been identified by the STAR collaboration
in Au + Au collisions [15] at an energy of

√
sNN = 200 GeV [16]. Though, no evidence of Σ0 hy-

pernuclei has been found so far. Σ0 undergo electromagnetic decays via Σ0→ Λ+ γ (BR≈ 100%)
and hence are rather difficult to measure. On the other hand, the Σ-N interaction is barely known
[17, 18] and it is not sure that Σ0-hypernuclei can be formed at all. This lack of knowledge moti-
vates further studies of the Σ0 production.

Only few experiments with p+p collisions either close to the production threshold [6, 7] or
at an excess energy of around 5 GeV [8] have been successful in the measurement of Σ0 and Λ

hyperons at the same time. So far, no data have been collected for proton + nucleus collisions in
the regime of a few GeV excess energy. In this work we present the first analysis of Σ0 in p + Nb
collisions at an incident beam energy of E = 3.5 GeV as measured by the HADES collaboration.

2. The HADES spectrometer

The High Acceptance DiElectron Spectrometer (HADES) is located at the SIS18 accelerator
at the Helmholtzzentrum für Schwerionenenforschung (GSI) in Darmstadt. It covers the full az-
imuthal angle range and polar angles from 18◦ to 85◦ by using six identical sectors equipped with
different detector types. Particle tracking and identification via dE/dx is performed with two layers
of six Multiwire Drift Chambers (MDC) before and after a superconducting toroidal magnet. Elec-
tron and positron identification is realized by a Ring Imaging Cherenkov detector (RICH) with a
Cherenkov threshold γ ' 18 and an MWPC photon detector. In the present experiment, data has
been collected with a proton beam of Ep = 3.5 GeV incident energy on a twelve-fold segmented
93Nb target with a beam intensity of ≈ 2 · 106 particles/s. The nuclear interaction probability for
this target was 2.8%. The LVL1 trigger was set to a minimum multiplicity of three charged particle
hits (M3) in both TOF walls. In total, 3.2 · 109 events have been collected.
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3. Λ and photon reconstruction

The data sample has been analyzed with respect to a Σ0 → Λ+ γ and Σ0 → Λ+ e+e− de-
cay signature. The identification of Λ candidates has been performed using the decay Λ→ pπ−

(BR = (63.9± 0.5) % [19]) and the results for inclusive Lambda production in p+Nb reactions
previously published by the HADES collaboration [20]. Due to the absence of an electromag-
netic calorimeter, the decay photons were identified via their internal (Σ0→ Λe+e−) and external
(Σ0 → Λγ → Λe+e−) pair conversion. The small Σ0/Λ mass difference results in a compartively
small photon energy of Eγ = 77 MeV and therefore to low energy electrons after conversion. In
most of the cases, both conversion products could not be fully reconstructed, since the magnet
Bρ ≈ 0.3Tm setting in HADES resulted in an acceptance cut for low momentum electrons pe ≤
50-80 MeV/c. Nevertheless, even low momentum electrons leave a so-called tracklet signal in the
two inner MDC tracking stations (MDCI and MDCII) in front of the B-field and produce a ring in
the RICH detector, provided they overcome the Cherenkov threshold (≈ 15 MeV/c). A schematic
view of the Σ0 decay pattern is depicted in fig.1. All LVL1 trigger events with a track multiplicity
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Figure 1: Schematic view of the Σ0 decay pattern within HADES. The Σ0 (white) decays inside the target
region (box) into Λ (yellow) γ (magenta). The Λ decays into p (green) + π− (orange) are fully reconstructed.
The γ converts into an e+/e− (red) pair with one of the leptons not fully reconstructed due to strong bending
in the magnetic field.

3 < M < 7 and a primary vertex reconstructed inside the target region (-3 mm < xVERTEX < 7 mm,
-5 mm < yVERTEX < 5 mm, -65 mm < zVERTEX < 3 mm) were selected in our analysis.
To obtain the Λ signal, protons and pions were identified via their energy deposit in the MDC and
TOF detector systems. The selection cuts have been chosen identical to the ones used in ref. [20].
Nominal mass values mp = 938.272 MeV/c2 and mπ− = 139.570 MeV/c2 [19] were then attributed
to the identified particle candidates. For each proton-pion pair a secondary decay vertex was recon-
structed applying cut criteria for the following topological variables: i) the distance between the
primary and secondary vertex (VDX), ii) distances of the proton and pion tracks from the primary
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vertex (VDp and VDπ), iii) the distance between the proton and pion tracks (MTD) and iv) the
opening angle between the tracks (oA) [20]. For the present analysis the cut criteria were chosen
to be VDX > 35 mm, VDp < 6 mm, VDπ < 3 mm, MTD < 20 mm. Additionally, the opening
angle was required to be oA > 4◦. The obtained signal peak was subjected to a double gaussian fit
resulting in a pole mass and width of mΛ = 1115.4±0.2 MeV/c2, σΛ = 3.3±0.1 respectively, with
a signal to background ratio S/B = 0.73 in a ±2σ window around the pole mass. The background
was estimated with a polynomial function fitted to the invariant mass area outside the signal band.
Background subtraction then yields a total of 1.35 million reconstructed Λs.
Photons coincident to found Λ candidates were identified by a double ring signal in the RICH de-
tector from both e± conversion partners together with a fully reconstructed lepton track T and an
incomplete lepton tracklet τ . Since the number of detected Cherenkov photons is proportional to
the track path length in the radiator, only conversion vertices in or close to the target are expected
to contribute with the given photon detector efficiency. Simulations show that the expected con-
version probability in the selected target region amounts to about 3%. The quality parameters of
Cherenkov ring patterns in the photon detector govern the e± identification efficiency and signal
purity. In this analysis we have used cuts on the ring quality as discribed in ref. [21]. Correlated
tracks and tracklets were required to geometrically match with a RICH ring center within an angle
of (2.8◦ < ∆θ <8◦). The lower limit of the matching window is due to the ring center position
resolution as given by the RICH ring finder algorithm.
The momenta of e± candidates are subject to two detection limits. In order to overcome the
Cherenkov threshold γ ' 18, each of the two leptons needs a minimum energy Ee± > 15 MeV.
The second detection limit is due to the acceptance cutoff of the given magnetic field strength.
Dielectrons stemming from conversion processes of 80 MeV photons show similar kinematics as
those from internal pair conversion in π0 Dalitz decays (π0 → e+e−γ). For this reason, we have
used the experimental results for π0 production in the p+Nb system to evaluate the detection limit
for fully reconstructed low momentum electron tracks (T) as a function of polar angle. This limit
varies from p' 40MeV/c at a polar angle of 85◦ to p' 100MeV/c at 15◦. Hence, fully reconstructed
tracks in the region of large polar angles will have a minimum momentum of 65 MeV/c.
The momentum of a lepton tracklet (τ) in an incompletely reconstructed pair has been calculated
with the help of an event hypothesis (EH) method. For this purpose, a Σ→ Λγ decay has first been
simulated with the Pluto event generator [22] to extract a probability distribution for the tracklet
momentum as a function of the T-τ opening angle and the track kinematic variables (momentum
and angle). Then for each T-τ pair the momentum of the lepton tracklet was drawn according to
this probability distribution.

The left panel of fig.2 shows the pπ− invariant mass distribution with a correlated T-τ photon
conversion pair candidate in the same event. On top of a continuous background a Λ signal peak
remains with a pole mass of mΛ = 1114±2 MeV/c2 and a width of σΛ = 2.23±0.16 MeV/c2.

To cross-check the validity of the photon reconstruction approach, a full scale Monte Carlo
simulation was carried out for all p+Nb reaction products using the UrQMD transport code [23][24]
and processing the events through the full HADES signal generation and analysis chain. In order
to achieve sufficient event statistics, the UrQMD content of Σ hyperons was enhanced by a factor
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60 while all other γ sources were kept at their default values. The right panel in fig.3 shows the
reconstructed photon energy (Eγ ) distributions for the full scale simulation and the experiment data
together with the PLUTO simulation input. The reconstructed photon energy peaks in all cases
around 80 MeV and hence demonstrates the validity of the applied procedure. The reconstructed
signal has been fitted using a convolution of an exponential and a gaussian function. A FWHM of
57±2 for the experimental data and 53±2 for the simulationhas been obtained.
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Figure 2: Left: Invariant mass distribution of p-π-pairs with an additional e± pair in the same event. A poly-
nomial fit (red) and momentum smeared pairs (blue) describe the background similarly well. Right: Energy
distribution of the reconstructed e+e- conversion pair in comparison to the simulation input (blue,“HGeant”)
and the full scale simulation reconstruction result (red, “Sim”).

4. Background subtraction and Σ0 signal

The signal region in the pπ invariant mass distribution is confined to a window 1105 MeV/c2 <

minv
pπ < 1125 MeV/c2. The background inside this window has been extracted utilizing two differ-

ent methods. Two sideband intervals have been defined in the pπ− invariant mass 1090 MeV/c2 <

minv
pπ < 1105 MeV/2 (SB1) and 1125 MeV/c2 < minv

pπ < 1140 MeV/c2 (SB2). In a first approach,
a polynominal fit of the invariant mass distribution in the sideband windows has been extrapolated
to the signal region. In the second approach, a background sample with realistic kinematic observ-
ables like transverse momenta of pπ− pairs has been applied. This sample has been constructed
by artificially smearing the pair constituent momenta of identified Λ candidates by ±2%. Figure 3
shows the comparison of the corresponding pair-pt distributions obtained for the unsmeared side-
band samples SB1 and SB2 (dashed and full line, respectively) with the one for the momentum
smeared signal pairs. The effective background strength in the signal band was then adjusted to the
weighted sum of the SB1 and SB2 pt distribution yields.

Combining Λ signal events with reconstructed e± pairs yields the experimental four particle
(pπe±) invariant mass distribution as depicted in fig.3. A peak structure close to the nominal Σ0

mass (mΣ0 = 1192 MeV/c2 [19]) emerges. The available phase space and the kinematic observables
for the Σ0 and Λ0 hyperons are expected to be very similar, due to their comparable masses. In
the present analysis we assume that the same holds true also for background pπ− pairs from other
sources. Hence, the corresponding sidebands in the four particle (pπe±) invariant mass distribution
are dominated by pπ pairs from the Λ spectrum. Sideband contributions resulting from the finite
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Figure 3: Left panel: pt distributions of SB1, SB2 and the smeared signal region for p-π pairs. A combi-
nation of SB1 and SB2 is fitted to the smeared signal region to mimic the background and is shown in blue.
Right panel: Four particle invariant mass distribution of combined pπ− and dielectron pairs. The extracted
signal from a full scale UrQMD simulation with properly scaled Σ0 content is shown for comparison.

resolution of the γ reconstruction are expected to be negligible. Consequently, and in analogy to
the Λ sidebands, the four particle background BG is then given by BG = a · SB1Σ + b · SB2Σ with
the same parameters a = 0.38 and b = 0.55 as determined above. The net Σ0 signal obtained after
background subtraction is shown as gray histogram in fig.3 (right panel) and yields 220 counts. The
simulated Σ0 distribution obtained from properly scaled UrQMD simulations shows a reasonable
agreement obtained between the experimental and simulated distributions.

5. Summary

We presented the analysis procedure applied to extract a Σ0 hyperon signal in p+Nb collisions
at a beam energy Ekin = 3.5 GeV. Utilizing the identification and momentum reconstruction of four
charged particles emerging from the decay chain Σ0 → Λγ → pπ−+ e+e− we observe a total of
around 220 net Σ0 counts in a sample of 3.2 · 109 recorded events. The γ energy determination is
shown to be feasible even for conversion pairs with a missing charge and momentum measurement
for one e± partner. The background has been determined with a sideband technique and is small.
In a future analysis we will extract differential cross sections and compare them to world data
in different energy domains as well as to predictions from transport model codes and statistical
models.
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