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Abstract A feasibility study has been performed in order
to investigate the performance of the HADES detector to
measure the electromagnetic decays of the hyperon reso-
nances �(1385)0, �(1405) and �(1520) as well as the pro-
duction of double strange baryon systems �− and �� in
p + p reactions at a beam kinetic energy of 4.5 GeV. The
existing HADES detector will be upgraded by a new For-
ward Detector, which extends the detector acceptance into
a range of polar angles that plays a crucial role for these
investigations. The analysis of each channel is preceded by
a consideration of the production cross-sections. Afterwards
the expected signal count rates using a target consisting of
either liquid hydrogen or polyethylene are summarized.
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1 Introduction

Using N-N and π-N reactions, the High Acceptance DiElec-
tron Spectrometer (HADES [1]) explores the electromag-
netic structure of baryonic resonances [2,3] and investigates
their production mechanisms for beam kinetic energies in
the region of a few GeV [4–7]. These studies also establish
important reference data for the interpretation of heavy ion
induced reactions, as demonstrated in the recent measure-
ment of dilepton emission from dense baryonic matter [8]. A
common aspect for these reactions is the need to understand
the coupling of baryons with virtual (massive) photons. These
couplings can be studied in proton and pion induced reac-
tions by measuring the Dalitz-decay of baryonic resonances
(e.g. N∗, �) into Ne+e−. These transitions provide valuable
information on electromagnetic Transition Form Factors of
baryonic resonances (eTFF) in the timelike kinematic region,
e.g. �(1232) →Ne+e−[2].

In general, eTFFs are analytical functions of the squared
four-momentum transfer (q2) of the virtual photon exchanged
between the initial and final state baryon. They are stud-
ied in the spacelike (q2 < 0) and the timelike (q2 > 0)
kinematic regions in electron scattering off the nucleon and
in Dalitz-decays, respectively. In the latter case, the virtual
photon decays to a lepton pair (dielectron or dimuon) with
an invariant mass M within the region of 4(Ml)

2 < M2 <

(MR − MN)2, where Ml , MR and MN are the masses of the
lepton, the decaying resonance and the nucleon, respectively.
Note that q2 = 0 corresponds to the radiative decay i.e. emis-
sion of a real photon. Results published by HADES for non-
strange baryons indicate a significant role in the transitions
for an intermediate ρ vector meson, in agreement with the
Vector Meson Dominance model [2,9]. Microscopic calcu-
lations based on the covariant spectator quark model explain
this strong coupling to the meson as predominately an effect
of the pion cloud in the nucleon [10,11]. This conclusion
complements findings from electro-scattering experiments,
where meson cloud effects are important for descriptions of
the eTFF in the low q2 spacelike region for several baryon
resonances (for an overview see [12]).

Experimental results on hyperon radiative decays are
still very sparse, despite their importance being stressed
already many years ago. In the 1980’s the radiative decay
widths were discussed as an ideal observable to differ-
entiate between various quark, bag and soliton models
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of strange baryons [13]. Since then, only a few mea-
surements of the decays �(1520)→ �γ, �(1385)0→�γ

and �(1385)+→�+γ have become available [14–16]. The
results on �(1385)0→�γ decouplet-octet transitions are
particularly interesting in view of the analogy within SU(3)
flavor symmetry to � →Nγ, both of which are dominated
by a magnetic dipole transition [17]. The measured decay
widths are found to be almost a factor 2 larger than most
quark model predictions. This finding is interpreted as evi-
dence for effects of the pion cloud.

In the timelike region, the CLEO collaboration provided
the first measurement of hyperon (�, �±,0, �−,0 and �) elas-
tic magnetic form factors in e+e− annihilation data at large
momentum transfers of q2 = 14.2 GeV/c2 [18]. The form
factors for the isoscalar � state are a factor 1.7(2) larger than
for the isovector �0. This has been interpreted as evidence
of correlation between light quarks in the hyperon. Indeed,
one expects that light quarks couple to spin S = 0 for the �

and S = 1 for the �0. Up to now, there are no measurements
of eTFF in Dalitz-decays of hyperons. Since Dalitz-decays
probe hyperon structure at lower q2, mesonic degrees of free-
dom are expected to play an important role, just as for the
non-strange baryons. Moreover, this q2 domain allows for a
more direct connection to the spacelike region where some
data are available. Indeed, theoretical calculations based on
dispersion relations [19] or quark models [20,21] provide
predictions for decouplet-octet transitions in both the time-
like and spacelike regions. In particular, recent calculations
on �(1385)0→�e+e− show, in analogy to �→Ne+e−, sig-
nificant effects of the pion cloud in the distribution of dilepton
invariant mass [21]. As mentioned above, pion cloud effects
have already been suggested to explain the large decay width
for the �∗0→�γ transition [16]. Also, calculations based on
an effective Lagrangian of vector-baryon interactions predict
significant effects of intermediate vector mesons (ρ/ω/φ) for
hyperon transitions [22,23]. Therefore, first measurements
at HADES on both virtual (i.e. dielectron) and real photon
decays: �∗/�∗→�e+e−(γ), respectively, will significantly
impact our understanding of the electromagnetic structure
of strange resonances in the q2 region, where vector meson
effects are expected to be large [23].

In addition, the collected data will enable detailed studies
of hyperon production in proton–proton reactions and pro-
vide important reference measurements for future heavy-ion
experiments exploring the high net-baryon density region of
the QCD phase diagram (e.g. FAIR, NICA, STAR-BES). In
particular, essentially nothing is known about the produc-
tion of hyperons with masses larger than the � and �0 and
of multi-strange hyperons in this beam energy range. The
impact of the higher lying hyperon resonances on QCD ther-
modynamics, on freeze-out in heavy ion collisions and on
the evolution of the early universe has been recently reported
[24]. Measurements of the respective excitation functions in

p+A and A+A collisions are planned with the CBM detector
[25]. HADES measurements will therefore provide a neces-
sary reference to quantify the expected strangeness enhance-
ment in heavy ion collisions and cold matter effects. One
prominent example of the impact of such reference mea-
surements is the puzzling enhancement of � cascade pro-
duction in Ar+KCl reactions at 1.75A GeV observed by the
HADES collaboration. It was shown that the measured cas-
cade yield is higher by a factor 10 to 100 than predicted
in various theoretical models [26]. A similar enhancement
observed in the p+ Nb system points to effects appearing
already in cold nuclear matter [27]. Production on correlated
nucleon pairs or excitation of higher mass resonances with
a significant decay branch to �KK have been considered as
possible explanations [28,29]. This reaction is just one exam-
ple illustrating the importance of the data on double-strange
hyperon production in nucleon-nucleon interactions close to
the production threshold. Similarly, little or no data exist on
the production of higher mass (�(1385)) or excited hyperon
states (for example �(1520)) [30].

An important aspect of the double-strangeness produc-
tion program is double� production. The�-� measurement
is part of the more general baryon-baryon (p-p, p-�, �-
�) correlation studies [31]. These data will constrain the
rather poorly known hyperon-hyperon interaction, which
has a key role in �-� double hypernuclei, neutron star
core studies [32] and the �− production mechanism. The
proposed measurement will complement upcoming studies
by the PANDA collaboration of �-� and �-�̄ in p + p and
p + p̄ interactions, respectively [33].

Our paper is organized as follows. Section 2 includes a
brief overview of HADES and the Forward Detector upgrade
essential for the hyperon physics program outlined above,
including detector simulations and test beam results. In
Sect. 3, we present selected benchmark channels in order
to demonstrate the feasibility of HADES to measure radia-
tive decays of hyperons and to investigate double-strangeness
production. This is followed in Sect. 4 by a description of the
simulation and analysis steps, starting with � reconstruction,
which is a common step in all analyses presented here. There-
after in Sect. 5 the channel-specific procedures are presented.
Finally, estimated count rates are presented as well as a sum-
mary of this work and an outlook in Sect. 6.

2 HADES and the Forward Detector

All measurements discussed here can be performed with
proton beams provided by the SIS18 with energies up to
Ekin = 4.5 GeV at HADES. HADESis a magnetic spec-
trometer that is in operation since 2002 at the SIS18 accel-
erator in the GSI Helmholtz Center for Heavy Ion Research
in Darmstadt (Germany) [1]. It measures charged hadrons
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Fig. 1 Schematic cross-sectional view of the HADES spectrometer.
The new Forward Detector extends the angular coverage into the lower
polar angle range 0.5◦ to 7◦. The experiments described here also profit
from the newly installed ECAL and upgraded RICH detectors

(pions, kaons and protons), leptons (electrons and positrons)
and photons resulting from proton, secondary pion and heavy
ion induced reactions on fixed proton or nuclear targets in
the energy regime of a few AGeV. It features an excel-
lent invariant mass resolution for electron-positron pairs of
ΔM/M ≈ 2.5 % in the ρ/ω/φ vector meson mass region.
With its versatility it is an excellent tool to study the prop-
erties of hadrons in vacuum, cold and also dense baryon-
rich matter at moderate temperatures (for a recent review see
[34]). HADES thus provides a lower energy reference for
the future NICA and FAIR facilities and complements the
region of high temperatures and small or even vanishing net
baryon densities probed by experiments at SPS, RHIC and
LHC. Results obtained in the last decade by HADES showed
that baryonic resonances have a fundamental role in the pro-
cesses that define the physics at finite baryon density. Since
resonances are such important sources for meson production
in heavy ion collisions at kinetic energies of a few GeV, these
systems are often described as “resonance matter” [35].

Future HADES operation within the new experimental
facility of FAIR [36], will enable reactions to be measured
with proton beam energies up to 29 GeV, a region where string
fragmentation becomes dominant. To prepare for these new
experimental challenges, the HADES spectrometer is cur-
rently undergoing several hardware upgrades: the Ring Imag-
ing Cherenkov (RICH) photon detector has been upgraded to
improve the dilepton identification, and an Electromagnetic
Calorimeter (ECAL) has been installed for gamma recon-
struction. Both components have successfully been used in
2019. Furthermore, new and faster readout electronics (DAQ)
as well as a Forward Detector, to add particle tracking and
velocity measurements in the forward direction, are currently
being installed. These new upgrades are expected to increase
the count rate by a factor of 50–100 for many of the interest-
ing channels. In particular, the new setup will enable inves-
tigations of the production of hyperon states with single and

double strangeness and their rare radiative decays and is a part
of the FAIR Phase-0 program, in which the upgraded SIS18
accelerator is being used together with those components of
the FAIR experiments that have already been completed. A
schematic drawing of the upgraded setup is shown in Fig. 1.

The Forward Detector has full azimuthal coverage for
polar angles in the range 0.5◦ to 7◦. It consists of two
Straw Tracking Stations (STS1, STS2), which are based on
instrumentation developed for PANDA [37,38], and a For-
ward Resistive Plate Chamber (FRPC) detector for Time-
of-Flight (ToF) measurements. These detectors are located
3.1 m, 4.6 m and 7.5 m downstream of the target, respectively.
The detectors are described in more detail below.

The maximum proton beam intensity is limited to 7.5 ×
107p/s by the HADES start detector. The existing HADES
DAQ can readout a maximum trigger rate of 50 kHz, which
is expected for this beam intensity incident on the HADES
liquid hydrogen (LH2) target and using the envisaged trigger
setting (see Sect. 4.2). These running conditions correspond
to a maximum average luminosity of 1.5×1031/(cm2s). The
ongoing upgrade of the HADES DAQ will enable operation
up to 200 kHz. The increased DAQ rate combined with a
more restrictive first level trigger will enable operation with
a higher luminosity for the same maximum beam current by
replacing the LH2 target with a polyethylene (PE) target of
the same length. Taking the increased density of protons in the
PE target (×2) plus the protons in the carbon into account, the
maximal luminosity for the PE target is expected to be up to
a factor of 7 higher than for the LH2 target. This expectation
is corroborated by our results obtained from pion induced
reactions, where dilepton production from the PE target is
very well described by the sum of pion-proton and quasi-
free pion-proton scattering [39,40].

2.1 Straw tracking stations

The Straw Tracking Stations are based on self-supporting
straw tube detectors with 10 mm inner diameter, which were
built based on the design of the Forward Tracker (FT) and
the central Straw Tube Tracker (STT) of the PANDA exper-
iment [37,41,42]. The cathode of each straw consists of an
aluminized Mylar foil with a thickness of 27 μm, and the
anode is a gold-plated tungsten–rhenium wire with 20 μm
diameter. The operating pressure of the gas mixture is cho-
sen to be 1 bar above the surrounding environment. This over-
pressure provides the necessary mechanical stiffness of the
straws and makes them self-supporting without the need for
massive support structure. The role of the detector frames is
limited to the positioning of the straws.

Groups of 32 straw tubes are glued together in two stag-
gered layers to form a module. The modules are mounted next
to each other on a common support frame, thereby forming
a double-layer of straw tubes. The design of the modules is
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Fig. 2 The STS1 prepared for installation in HADES. (Photo: courtesy
of Forschungszentrum Jülich GmbH.)

described in Ref. [38] and allows for fast and simple main-
tenance by replacing single modules if necessary.

The STS1 and STS2 each consists of four double-layers.
Groups of two double-layers are mounted on an individual
support structure with one double-layer on each side of the
support. The double-layers of straws are aligned by an incli-
nation of 0◦, 90◦, 90◦ and 0◦ with respect to the vertical direc-
tion in consecutive double-layers of the STS1 (see Fig. 2).
In the STS2 the straws in the first two double-layers are
inclined by 90◦ and 0◦ and the next double-layers are inclined
by +45◦ and −45◦ (see Fig. 3). This configuration facili-
tates an unambiguous reconstruction of multi-track events.
The straws in the STS1 and STS2 have a length of 76 cm
and 125 cm, respectively. The double-layers are 80 cm and
112 cm wide, respectively. The double-layers in STS1 and
STS2 contain a central opening for the beam of 8 × 8 cm and
16 × 16 cm, respectively. The opening is created by replac-
ing the most central straws in the double-layers with pairs
of shorter straws, leaving a gap between them. In total, the
STS1 and STS2 stations contain 704 and 1024 individual
straw tubes, respectively.

The pulses from the anode wires are amplified and dis-
criminated in front-end electronic cards based on the PAST-
TREC ASIC [43]. Both the leading-edge time and the time-
over-threshold of the detector signals are measured in multi-
channel TDCs implemented in the Trigger Readout Board
version 3 (TRB3) [44].

The straw tubes are operated with a gas mixture of ArCO2

(90:10) at 2 bar absolute pressure. The operating voltage of
the anode wires is 1800 V, resulting in a gas gain of about

Fig. 3 STS2 installed in HADES in the maintenance position. The
rear planes are rotated by 45◦ around the beam axis with respect to the
front one. The equipment behind the STS2 is part of the ECAL frame
with the RPC detectors in front of it

5×104 and a maximum drift time of about 130 ns for a max-
imum drift length equal to the straw tube radius (5 mm). The
spatial resolution for each straw tube layer has been measured
to be about 0.13 mm (σ ) for minimum ionizing protons [38].
The average hit detection efficiency for protons with momen-
tum of 2 GeV/c incident on a single straw is measured to be
over 95 %. The measured time-over-threshold of the detector
signals is used to reject noise pulses and can also be used to
determine the specific energy loss in order to distinguish pro-
tons, charged pions and kaons with momentum up to about
0.8 GeV/c [45,46].

2.2 The FRPC time-of-flight detector

The FRPC is a ToF system in the Forward Detector based
on individually shielded resistive plate chambers [47] and
follows the existing concept in the HADES ToF wall [48],
see Fig 1.

The FRPC detector consists of individually shielded
hybrid (metal glass) strip-like RPC counters, which consist of
three aluminum electrodes (2 mm thick) and two glass elec-
trodes (1 mm thick), see Fig. 4a). The four gaps are defined
by PEEK (Polyetheretherketone) mono-filaments that have
270 μm diameter and are spaced every 90 mm along the
counter. The assembly is housed inside individual shielding
tubes and compressed with controlled force by springs. The
springs act on the Polyvinyl chloride (PVC) plate, which dis-
tributes the force. High-voltage (HV) is applied to the central
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Fig. 4 Drawing of the FRPC. (a) Cross sectional view of two 22 mm
and two 42 mm width individual RPC counters, (b) single sector with
two partially overlapping layers consisting of sixteen individual RPC
counters each and (c) arrangement of the four RPC sectors

aluminum electrode, while the outer electrodes are grounded
and the glass electrodes are kept electrically floating. Insula-
tion to the shielding tube walls is assured by a double-layer
KAPTON™ adhesive laminate. An end-shield made of alu-
minum foil is spot-welded on the shielding tubes. The signals
are collected in the central electrode, at both ends, through
a 2 nF HV coupling capacitor and transported outside the
gas box through 50 � cables and MMCX feedthroughs, that
cross the lateral wall of the gas box. Signals are amplified by
low-jitter high-gain/bandwidth Front-End Electronics (FEE)
[49] and the ToF as well as the time-over-threshold of the
detector signals is measured using the TRB3.

The counters are arranged in sectors, each with two par-
tially overlapping layers, (see Fig. 4b). Each layer is com-
posed of sixteen counters 750 mm long and two different
widths of 22 mm to 42 mm in order to accommodate the spa-
tial variation of the particle flux. The complete ToF detector
is composed of four sectors arranged as shown in Fig. 4c),
providing a hole of 130 mm diameter for the beam to pass
through. The whole device is located at 7.5 m downstream of
the target.

The ToF detector for the Forward Detector must be capa-
ble of measuring particle rates of 320 Hz/cm2 with an effi-
ciency better than 90 % and a time resolution better than
100 ps. A test of a first prototype has been performed at the
COSY accelerator with a beam of 2.2 GeV/c protons. The
obtained results show that the detector is able to fulfill these
specifications for particle fluxes up to 250 Hz/cm2 at room
temperature. The glass resistivity drops by a factor 10 for an
increase of the temperature by 25◦C, enabling a correspond-
ing increase of the FRPC rate capability [50] by increasing the
operational temperature of the detector. A rate of 500 Hz/cm2

was obtained at 40◦C, with similar efficiency and resolution.
A sustained rate of 1 kHz/cm2 was obtained with a modest
drop of the detection efficiency down to 89 %.

Fig. 5 Influence of the drift time smearing chosen in the simulations on
the calculated track residual. The solid color distributions corresponds
to residuals for different time resolutions, respective dotted lines are
gaussian fits. (inlet) Charged particle passing the straws create electron–
positive ion pairs. Electrons drift towards the anode and the drift radius
is calculated from the drift time. The radius represents the distance
of closest approach (DCA) between the particle track and the anode.
The difference between the calculated drift radius and the reconstructed
track is called the residual

In view of the need to increase the operating temperature
of the detector to achieve (or exceed) the count rate require-
ments, the whole sector is made out of heat-resistant mate-
rials, chosen to withstand temperatures up to 65◦C, without
loss of the relevant properties, and is equipped with a heating
system.

2.3 Digitization and track reconstruction

Each individual straw is implemented in the HADES simu-
lation framework taking into account the size and material
of the straw film, gas volume and the anode wire. In the
GEANT3 [51] based simulations the particle entrance and
exit points of the tube are registered in order to approxi-
mate the track passing through the tube. For each tube with
a registered hit, the digitization consists of first determining
the track path by interpolating between the entrance and exit
points with a line segment and then calculating the mini-
mum distance to the center of the tube (i.e. neglecting the
wire thickness) (see Fig. 5-inlet in the left). Then the track-
to-wire distance is converted into the corresponding drift
time by inverting the measured drift time spectrum [52]. In
order to account for effects such as the time resolution of the
front-end electronics, possible gain variations, temperature
and systematic errors in the detector geometry, the drift time
is convoluted with a Gaussian distribution with σ = 4 ns
[46]. The finite detector inefficiency is accounted for by only
storing the hit with 95 % probability.

The track reconstruction proceeds in two steps: First a
low-resolution (LR) tracking procedure is applied to the data.
In this process only the straw anode coordinates are used,
thereby limiting the tracking precision to the pitch of the
straw detector anodes. Then the track is matched to a hit

123



Eur. Phys. J. A           (2021) 57:138 Page 7 of 21   138 

Fig. 6 Each circle represents an individual straw, and the fired straws
are marked by gray filled circles. The dashed outlines show four possible
types of clusters

in the FRPC. The timing signal from the FRPC is used to
calculate the track-to-wire distances from the drift time in the
individual straw detectors, thereby enabling a high-resolution
(HR) tracking mode.

In the tracking algorithm, all registered hits from the same
straw double-layer are grouped into clusters of one or two
hits (neighboring channels, see Fig. 6). Successful track-
ing requires that there is a cluster in each double-layer of
straws, thus the detection probability in a double-layer is
P = 1 − 0.052 = 0.9975. All combinations of clusters from
all layers are fit with straight lines. Wrong combinations are
rejected based on the χ2 value determined assuming a spatial
resolution of σ = 3 mm ≈ 10 mm/

√
12. Only the best track

candidates proceed through to the further tracking steps.
Two track fitting methods have been tested for the Forward

Detector: (a) a Least Squares Method (LSM) adopted from
the CBM-MUCH detector [53], and (b) a χ2 minimization
adopted from the COSY-TOF detector [54]. The LSM uses
an equation solving computation, whereas the χ2 minimiza-
tion uses Minuit. The χ2 minimization method offers a more
general solution, because LSM does not allow a track to be
perpendicular to the beam axis (this case however does not
allow hits in multiple double-layers due to the STS detector
geometry). Track candidates reconstructed by the HR pro-
cedure are selected based on the χ2 value using a tracking
resolution of σ = 200 μm for each layer. In the final stage,
tracks are sorted by their χ2 value from lowest to highest.
Each pair of tracks which share at least half of their straws is
considered and the track with the larger χ2 value is rejected.
The track momentum is calculated using the track length and
the FRPC ToF and assuming that the particle is a proton. In
this case, the relative proton momentum resolution varies
nearly linearly from δp/p (FWHM) = 0.5 % at 0.5 GeV/c to
3 % at 2 GeV/c. Extrapolation of single tracks from the For-
ward Detector back to the target passes within 2.3 mm (σ ) of
the true vertex. The combination of two tracks to a hyperon
decay vertex is measured with a precision of σx,y = 3 mm,
σz = 11.2 mm if one track is in the Forward Detector. If both
tracks are in HADES the vertex resolution is σx,y = 4.2 mm,
σz = 9.4 mm. The resolution of both the single track and the
hyperon vertex is primarily limited by straggling in the air
between the target and the Forward Detector, and does not
significantly depend upon the drift time resolution of an indi-
vidual straw, within the range 2 ns, 4 ns and 8 ns (Fig. 5).

Table 1 Production cross-section for the signal channels used in the
benchmark simulations. See Section 3.1 for details

Results from tests of the straw detector exposed to a beam
of 2 GeV/c protons from the COSY accelerator at FZ-Jülich
were compared to simulations. A test setup consisting of 16
double-layers arranged according to the PANDA Forward
Tracker geometry: eight straw double-layers were inclined
at 0◦, +5◦, −5◦, 0◦, 0◦, +5◦, −5◦ and 0◦, respectively and
the distance between the layers also matched the Forward
Tracker. The depth of the tracking stack was 70 cm com-
pared to 183 cm for the Forward Detector. The custom track-
ing method used to analyze the data requires the first and the
final tracking plane to always have double hit clusters. For a
given pair of clusters, a corridor with a width of five straws is
defined, and the cluster in each inner tracking layer is required
to be within the corridor. The statistics of the number of fired
straws in the inner layers (maximum 12 straws out of 16) fol-
lows the binomial distribution and yields a single straw effi-
ciency of about 95% to 97% at 1750 V. The applied tracking
procedure considered only eight double-layers with vertical
straws 0◦ layers, and the remaining eight inclined layers were
not used in order to more closely resemble the conditions of
the Forward Detector. For the distribution of residuals, a stan-
dard deviation of 156 μm was obtained, which is consistent
with the assumed drift time smearing of 4 ns.

3 Benchmark channels

Several groups of benchmark channels have been chosen in
order to investigate the performance of the upgraded HADES
detector to measure the following processes in proton–proton
collisions at a beam kinetic energy of Ekin = 4.5 GeV:

(A) real photon electromagnetic decay of hyperons,
(B) virtual photon electromagnetic decay of hyperons,
(C) double strangeness (�−) production,
(D) double � production and their correlations.

A full list of the production cross-sections for the signal
channels studied in this work is provided in Table 1. The
corresponding decay branching ratios are listed in Table 2.
Except for the channels with real photon decay, the signal
reconstruction strategy assumes a semi-inclusive reconstruc-
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Fig. 7 Hyperon production cross-section as a function of excess
energy ε. The solid black line represents a parameterization of σpp→�X
(see text for details). The dotted and dashed lines represent a decom-
position of the inclusive � cross-section into � corrected for the �0

feed-down (dotted) and �0 (dashed) contributions. The short-dashed
line is a parameterization of σpp→�(1405)X, obtained as 1/3 of σpp→�X
(see text for details). The black full symbols represent the estimated
inclusive cross-sections for �(1520), �(1405) and �(1385)0 for ppre-
actions with Ekin = 4.5 GeV. The open symbols represent existing
experimental data

tion tagged by the � →pπ− weak decay with hyperons
reconstructed using the invariant mass of their decay prod-
ucts. This strategy takes advantage of both the larger accep-
tance for inclusive reconstruction in HADES and the larger
inclusive cross-sections. However, the real photon decay of
hyperons requires exclusive reconstruction in order to reject
background stemming from neutral pion decays. The dom-
inant background channels included in the simulations are
listed in Table 3. They can be grouped into reactions with final
states including: (a) at least one proton and multi-pions (with
at least one negative charge) (b) associated strangeness pro-
duction with �/�0 hyperons, and (c) non-strange resonances
e.g. �(1232), relevant for the studies of Dalitz-decays.

3.1 Cross-section estimates

No data on the inclusive production cross-sections of the
hyperon resonances �(1385)0, �(1405), �(1520) (denoted
in the article as Y) and �− hyperons exist for proton-proton
reactions in the energy region of interest. Thus, the follow-
ing cross-section estimates are based on the available data on
�/�0 production.

3.1.1 Production cross-sections of excited hyperons

Inclusive production of hyperon resonances (see Table 1) is
approximated in simulation by the most dominant reaction
channel of the type pK+Y with cross-sections calculated as
explained below.

Cross-sections for the exclusive reaction pp→pK+� have
been measured in the range 2.5 GeV <

√
s < 6 GeV by sev-

eral experiments: COSY-TOF [55], HADES [56] and older
ones summarized in [57] (see Fig. 7). Data on the inclu-
sive cross-section for pp→�Xare sparse; there are only four
data points in the energy range of interest. The inclusive
� excitation function is described by using a third order poly-
nomial in order to interpolate these data points and the exclu-
sive data for energies close to the production threshold. The
interpolation function, denoted by the solid line is:

σpp→�X = 47.97ε + 292.6ε2 − 45.36ε3μb (1)

with the excess energy ε = √
s − √

sth, where
√
sth =

2.55 GeV is the threshold for � production.
Since the branching ratio for �0 into �γ is almost

100 %, the inclusive � cross-section includes the feed-down
from �0 production. Nevertheless, it is possible to disen-
tangle these two channels using the measured �/�0 ratio
in exclusive channels, as given in [58]. Thus, the measured
�/�0 cross-section ratio was parameterized by the COSY
parameterization [55] for ε < 0.275 GeV and a linear func-
tion
σ�X

σ�0X
(ε) = 2.215 − 0.027ε (2)

to describe the ratio for ε > 0.275GeV . The parameteri-
zation of the inclusive � production cross-section, corrected
for �0 feed-down, is shown in Fig. 7 by the dotted line. The
corresponding parameterization for the �0 is plotted with a
dashed line.

The cross-section for pp→�(1520) X is estimated assum-
ing the same matrix element as for the pp→� X reac-
tion, after correction for the �0 feed-down. Consequently,
it was assumed that the only difference between the cross-
sections for these two channels at a given

√
s is the volume

of available phase-space. The respective threshold energy to
produce the �(1520) is

√
sthr = 2.95 GeV, thus at Ekin =

4.5 GeV (
√
s = 3.46 GeV) the excess energy corresponds to

ε = 0.51 GeV. At this ε and assuming

σ�X(
√
s = 2.55 + ε) ≈ σ�(1520)X(

√
s = 2.95 + ε) (3)

a value of σ�(1520)X = 69.6 μb is obtained.
The cross-section for inclusive �(1385)0 production was

calculated in a similar way as for the �(1520). The input
parameterization obtained for the �0 was used under the
assumption that the difference between the �(1385) and
the �0 production at the given

√
s is governed only by

the volume of available phase-space. The respective cross-
section for the inclusive production at Ekin = 4.5 GeV has
been estimated in this way to be σ�(1385) X = 56.5 μb.

The cross-section for the exclusive �(1405) production
was measured by ANKE [59] and HADES [60]. An empir-
ical relation between the cross-section as a function of the
excess energy for �(1405) and � was deduced from these
data to be: 1

3σ�K+p(ε) = σ�(1405)K+p(ε) in [60]. Using this
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Table 2 List of branching ratios for the signal and background chan-
nels, see Sect. 3.1 for details. The “Reaction Group” column denotes
the reaction from Table 1 for which this BR is used

relation and the parameterization for inclusive � production,
the inclusive cross-section for �(1405) production is esti-
mated to be 32 μb at

√
s = 3.46 GeV. The results are sum-

marized in Table 1.

3.1.2 Decay branching ratios of excited hyperons

The branching ratios (BR) for the real photon radiative tran-
sition of �(1385)0, �(1520) were obtained from CLAS
[15,16] and are given in Table 2. The branching ratios for
the Dalitz-decay of these states have been estimated from
the measured branching ratio for real photon decay using the
following formula [22]:

dΓ Y→�e+e−
Mee � 2α

3πMee
Γ Y→�γ, (4)

where α is the fine structure constant and Mee is the dilepton
invariant mass. After integration over Mee this simplifies to

Γ Y→�e+e− = 1.35 · αΓ Y→�γ. (5)

3.1.3 Production of double strangeness

The cross-section for pp→pK+K+�− at
√
s = 3.46 GeV

(ε = 0.2 GeV) has been estimated from the cross-section ratio
σ�−X/σ(�+�0)X = [1.2 ± 0.3(stat) ± 0.4(syst)] × 10−2

measured in proton-nucleus interactions at Ekin = 3.5 GeV
by HADES [27]. The cross-section for inclusive � pro-
duction in proton-proton collisions (uncorrected for the �0

feed-down) has been parameterized as described above. At
Ekin = 4.5 GeV the �− production cross-section is thus esti-
mated to be 3.56 μb.

This estimate is based on the measured ratio σ�−X/

σ(�+�0)X in proton-nucleus interactions, which might be
strongly affected by medium effects. In fact, the measured
ratio is surprisingly large and exceeds predictions from the

UrQMD transport model [27]. Possible explanations of this
puzzling result are given in [28], including decays of higher
mass non-strange resonances with sizeable branching ratios
into �KK. If such a mechanism is significant, it should also
be active in proton-proton interactions. Hence, this estimate
is considered as an upper limit for the production cross-
section. In order to make an alternative estimate, the cross-
section ratio σ�−X/ σ(�+�0)X at the same excess energy has
been calculated from existing p+p data. The lowest energy
for which the cross-section of pp→�−KKX was measured
(σ = 7 μb) corresponds to

√
s = 4.54 GeV or ε = 1.29 GeV

[57]. At this excess energy the inclusive cross-section for
� production is σ�X = 451 μb as estimated from Eq. (1).
Using these data, the ratio σ�−X/σ(�+�0)X is 0.015. Extrap-
olating this ratio to Ekin = 4.5 GeV results in a value of
σ�−X = 0.35 μb, which is taken as an alternative estimate
of the production cross-section in these simulations.

The exclusive production cross-section for ��(
√
sth =

3.21 GeV) was taken to be equal to the cross-section for pp→
pK+K+�− (

√
sth = 3.236 GeV). This is motivated by the

same strange quark content, meson number, and the minimal
difference in the volume of available phase-space due to the
different threshold energies of about 26 MeV.

3.1.4 Background channels

A list of the dominant background channels included in these
simulations is presented in Table 3. These background chan-
nels contain the same final state particles as for the signal
channels, e.g. pπ−e+e− for hyperon Dalitz-decays, pπ−π−
for �−, and ppπ−π− for ��.

Background contributions to real photon hyperon decays
(denoted by A in Table 3) were selected to contain pK+� in
the final state (channels 6-11). Additional multipion channels
(1 and 5) account for π+misidentification as K+.

The main background contributions to hyperon Dalitz-
decays (denoted by B in Table 3) originates from chan-
nels containing � and a dilepton source (mainly π0 Dalitz-
decays, channels 9 and 11). An important source of back-
ground in the higher dilepton invariant mass region (i.e.
Me+e− > Mπ0 ) is related to � Dalitz-decay, associated with
� production (channels 7 and 9). The background originating
from Dalitz-decays of non-strange resonances without a � in
the final state but emitted together with pπ− pair (demanded
in the � reconstruction) was estimated by contributions from
�+,0 because of their relatively large branching ratio to dilep-
tons. Cross-sections for these channels were approximated
by the corresponding data for multi-pion production, assum-
ing that pions originate only from the � decays (channels 2
and 4). This approach is taken to be an upper limit for this
background contribution.

Combinatorial background in the dielectron measure-
ments is determined from Dalitz-decays and/or external con-
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Table 3 List of background channels used in the benchmark simula-
tions. See Sect. 3.1 for details. The “Reaction Group” column denotes
the reaction in Table 1 for which the given channel is used

version of photons from neutral pions. Hence, production
channels with one or multiple π0 were also included in the
simulations.

The most abundant background channels for the �−
(denoted by C in Table 3) are related to multi-pion produc-
tion (channels 17 to 22), which have much larger production
cross-sections than the corresponding signal channels. Fortu-
nately, they can be effectively suppressed by applying a con-
dition on the displaced pπ−decay vertex of the �. Therefore,
the important background channels contain a � hyperon and
at least one π− meson. A special case for this class of reac-
tions contains pions produced at displaced vertices w.r.t. the
primary interaction vertex. This situation can occur when a
� is produced associated with a K0

S meson (channels 17, 19,
21 and 22). The D group related to the �� production con-
tains the same background channels as the remaining p and
π− in the final state can contribute to additional �.

Existing cross-section data for the background channels
without strangeness were taken wherever possible from the
compilation in Ref. [57]. If no data on a given channel are
available at our beam energy, the results from higher ener-
gies were used, therefore the assumed cross-sections provide
an upper estimate for the expected background. Cross-
sections for most of the strangeness-containing background
channels were based on measurements of different channels
at various beam energies collected from [61] and fit with a

phase space distribution according to:

σ(E) = a ·
(

1 − E0 + 2mp

E + 2mp

)b

·
(

1 − E0

E + 2mp

)c

,

where E is the kinetic energy of the beam particle, E0 is the
threshold beam energy for the production of the channel and
mp is the proton mass.

4 Simulation and analysis techniques

The selected benchmark and background channels have been
simulated using the Pluto Monte-Carlo event generator [62]
and processed with GEANT3 to model the detector accep-
tance. The simulations were performed for a proton beam
with 4.5 GeV incident on a 4.7 cm long LH2 target.

Simulated events were reconstructed with the same meth-
ods as for experimental data using the hydra software frame-
work [48]. The effect of the trigger applied during data taking
was studied using a dedicated emulator, as described below.

4.1 Acceptance for hyperon decays

The daughter baryon from hyperon decay will be strongly
forward peaked in the laboratory reference frame as a conse-
quence of three main effects: (a) the produced hyperons have
an anisotropic angular distribution in the center of momen-
tum reference frame (c.m.) (b) the decay kinematics of the
hyperons and (c) the boost of the final state particles into
the laboratory frame resulting from the fixed target kinemat-
ics. The kinematic boost is the most important of these three
effects for the given set of reaction channels and beam energy.

The angular distribution in the c.m. reference frame of �

produced at a beam kinetic energy of Ekin = 3.5 GeV shows
about a factor two enhancement for forward emitted hyperons
relative to θc.m. = 90◦ [56]. This asymmetry is however
expected to be significantly smaller for the production of the
heavier �∗/�∗ states, �− and �� in this study, which are
produced at smaller excess energies ε ∼ 0.2 GeV to 0.5 GeV,
and thus is neglected below.

The daughters from the hyperon decays relevant for these
studies include a proton and either one pion for �→pπ− or
two pions for the cascade, which proceeds through two con-
secutive weak decays: �−→�π− and �→pπ−. The large
mass ratio between the proton and pion, together with the rel-
atively small decay phase space for the hyperons result in the
proton being emitted in a direction very close to the hyperon
direction. In contrast, the pion(s) will be emitted over a much
wider angular range relative to the direction of the hyperon.
This effect is visible in Fig. 8(a, b) for the pion and proton
daughters of �(1520) decay, respectively. Similarly, the pion
and proton daughters from �− decay are shown in frames (c)

123



Eur. Phys. J. A           (2021) 57:138 Page 11 of 21   138 

0 10 20 30 40 50 60 70 80 90

Theta [deg]

1

10

210

310

410

510co
un

ts

p+(1520)KΛ→p+p 

 decay-π p→Λ from -π(a) 

0 10 20 30 40 50 60 70 80 90

Theta [deg]

p+(1520)KΛ→p+p 

 decay-π p→Λ

0 10 20 30 40 50 60 70 80 90

Theta [deg]

p+K+K-Ξ→p+p 

 decay-π-π p→-πΛ→-Ξ from -π(c) 

0 10 20 30 40 50 60 70 80 90

Theta [deg]

p+K+K-Ξ→p+p 

 decay-π-π p→-πΛ→-Ξ(b) p from (d) p from

Generated tracks
Tracks in acceptance

HADES acceptance
FWDET acceptance

Tracks in accepted events

Fig. 8 Polar angle distribution of the (a) pions and (b) protons emit-
ted from �(1520) decay following the pp→pK+�(1520)(�γ∗) reac-
tion, and (c) pions and (d) protons emitted from �− decay following
the pp→pK+K+�− reaction. The black dashed curve shows the dis-
tribution for all corresponding particles created in the collisions. The
brown line shows the inclusive distribution for those emitted within

either the HADES or the Forward Detector acceptance. The red and the
blue lines correspond to particles in the HADES and Forward Detec-
tor acceptance, respectively, which are registered within fully recon-
structed events i.e. all required tracks of the full event are within the
acceptance of HADES or the Forward Detector

and (d), respectively. The dashed black lines show the distri-
butions of the particles emitted in the full solid angle, and the
solid (brown) lines show the corresponding distribution for
particles measured within the acceptance of either HADES
or the new Forward Detector. Although most of the protons
are emitted forward, a tail to larger angles is visible in frame
(d), that results from decays after rescattering of the �− on
the target or the detector materials. The characteristic dip
around 10◦ is due to the lack of acceptance in the region
between the new Forward Detector and the existing HADES
due to the magnet support ring. The blue and red solid curves
in Fig. 8 show the corresponding distributions for accepted
particles in the Forward Detector and HADES, respectively,
for those events in which all final state particles are regis-
tered in the detector acceptance. The distributions clearly
demonstrate that most pions are emitted into the HADES
acceptance, whereas the protons are emitted preferentially
into the forward direction with a large fraction detected in
the Forward Detector.

The quantitative importance of the new Forward Detec-
tor for hyperon reconstruction close to the production thresh-
old can be seen from the following results: 88 % of events
with all daughters of the �− inside the acceptance of HADES
or the Forward Detector have both pion tracks in the HADES
acceptance and the proton track in the Forward Detector.
Only 11 % of �� events are completely inside the HADES
acceptance and the remaining 89 % include at least one par-
ticle in the Forward Detector. The Forward Detector detects
41 % of all accepted protons tracks for the �(1520) decays.
The smaller acceptance gain for the �(1520) by adding the

Forward Detector compared to the �− is a consequence of
the higher excess energy for this reaction (ε = 0.5 GeV).
The increased acceptance by a factor of two due to the For-
ward Detector is sizeable and important for reconstruction
of rare Dalitz-decays. These simulations can be taken as a
lower estimate of the detector acceptance, because any addi-
tional forward peaking of the production differential cross-
section in the c.m. frame will lead to a further increase of the
Forward Detector acceptance.

4.2 Trigger filtering

An efficient and selective trigger condition is a key factor for
the planned experiments. A fast trigger applied in HADES
uses multiplicity information based on the number of hits
in both of the time of flight META (Multiplicity Electron
Trigger Array) detectors: TOF and RPC. For this work the
same trigger conditions are applied that were used during the
p+pexperiment at 3.5 GeV investigated by HADES in 2007.
The multiplicity trigger used in that experiment was set to
at least three hits in META (so-called “M3” trigger). The
M3 trigger seems to be an optimal trigger for the planned
measurements of hyperons because it strongly suppresses
background from two-prong events and at the same time does
not significantly reduce the number of reconstructed hyperon
yield in the HADES acceptance.

Dalitz-decays of hyperon resonances Y→�(pπ−)e+e−
produce four particles that need to be reconstructed. Sim-
ulation studies of �(1520) decays show that the M3 trig-
ger condition does not significantly reduce the number of
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reconstructed events inside the HADES acceptance. Figure 8
shows that either all four tracks are observed in HADES
(59 %) or three in HADES and one (proton) in the Forward
Detector (41 %).

Reconstruction of �− decay requires the proton from the
secondary � decay to be detected in the Forward Detec-
tor and both pions to be detected in HADES. This situa-
tion occurs with 88 % probability, thus, one of the associated
kaons must also be detected in HADES in order to fulfill the
M3 condition. Note that most spectator protons are detected
in the Forward Detector, similar to protons from � decay.
The simulations show that the M3 trigger condition reduces
the number of reconstructed �− events by only 10 %.

For the �� reconstruction both pions from � decays are
emitted into HADES and the two protons either both enter the
Forward Detector or one of them enters the Forward Detec-
tor and the second goes through HADES. In this case the M3
trigger reduces the number of reconstructed �� events by
only 3 %, as most of the time at least three particles hit the
HADES.

4.3 Track reconstruction and particle identification

The particle tracking in HADES is based on the four planes
of the multi-wire drift chambers (MDC) with each plane con-
sisting of 6 wire layers. Two planes are located in front of the
toroidal magnetic field and the other two behind the field,
allowing the track deflection to be measured (see Fig. 1).
Each pair of planes is positioned in a magnetic field-free
region, where straight track segments are reconstructed. The
track segments before and after the magnetic field volume
are connected by a curved track section. The momentum of
the particle is calculated from the curvature of the track in the
magnetic field (see [1] for details). Next, the reconstructed
track is matched with an associated hit in the TOF or RPC
detectors. The reconstructed path length and the ToF informa-
tion are combined to calculate the particle velocity (βc) and
conditions on the correlation between the momentum and the
velocity can be used to differentiate between particle species
of different mass. Depending on the simulated channel, the
particle identification (PID) methods applied slightly differ.
For the �− and �� analyses, the PID selection is based on
selection bands calculated by varying the expected velocity
(expressed as βc) for a given mass hypothesis and momen-
tum, as shown by the solid lines in Fig 9. For the hyperon
Dalitz-decays, the PID is determined by calculating the mass
squared from the measured β and momentum. Particles with
squared masses in the range 40 MeV/c2 to 240 MeV/c2 and
650 MeV/c2 1127 MeV/c2 are used to identify π and p,
respectively. Leptons are identified by matching the recon-
structed track with a spatially correlated ring measured in
the RICH (for details see [1]). For the reconstruction of real
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Fig. 9 Particle identification based on the β vs momentum correlation
measured in HADES. The dashed, dot-dashed and dotted lines designate
the βc reference for protons, kaons and pions, respectively. The solid
lines denote the βc ± 0.075 selection range for each particle species

photon decay of hyperons, the PID was based on a neural
network, as described in Sect. 5.1.

Unlike the HADES detector, the Forward Detector is
positioned entirely in a region with no magnetic field, thus
no direct momentum measurement is possible. Instead, for
a given mass hypothesis the momentum of a track can be
deduced by combining the flight path information of the
Forward Detector with the ToF measurement in the FRPC.
Although the measured ToF is not sufficient to completely
separate protons from pions and kaons by itself (see Fig. 10),
it is nevertheless sufficient to provide an important constraint
for various event hypotheses, since the path lengths have
very little dispersion. For example, by demanding that ToF
> 27 ns, as indicated by the dashed line in Fig. 10, the pion
contribution is suppressed by 45 % compared to only 0.7 %
for the proton yield.

These studies show that protons from hyperon decays
are emitted preferentially in the forward direction and the
Forward Detector plays an important role in their detection.
Hence, for the �− and �� reconstruction the event hypoth-
esis requires that all particles in the Forward Detector are
protons, and that both pions are in the HADES acceptance
and identified as pions based on the PID methods explained
above. For the hyperon Dalitz-decays, a pair of leptons and a
pion must be found in HADES, and the remaining daughter
proton is either identified in HADES or reconstructed in the
Forward Detector.

4.4 Inclusive � reconstruction

Reconstruction of the � is common to all analyses described
here. As a neutral particle with the dominant pπ− weak
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Fig. 10 ToF spectra for different particle species measured in the
FRPC, produced in the reaction pp→pK+K+�−

decay it can be identified by its displaced pion–proton ver-
tex (cτ = 7.89 cm). As discussed in the previous section, the
event hypothesis applied in the analysis assumes that the par-
ticle detected in the Forward Detector is a proton and the π−
track candidate is selected based on the PID in HADES with
a high (> 90 %) purity. For 20% to 40% of events (depend-
ing upon which reaction is studied) both daughter particles
are emitted into the HADES acceptance and can be easily
identified.

However, a small fraction of events with � decays fea-
tures a pion registered in the Forward Detector and a proton
in HADES or even both particles detected in the Forward
Detector. These cases give rise to a small misidentification
background (MB), due to the incorrect particle hypothesis
in the Forward Detector. There is also a combinatorial back-
ground (CB) that arises from combining true protons and
pions that do not originate from the decay of a single �. Fur-
thermore, there is physics background (PB) originating from
other channels that contain a � in the final state, but have a
much larger production cross-section than the signal channel
(see Table 3). Finally, there is also a background originating
from combinations of true protons and pions stemming from
multi-pion production channels that do not include a �. The
rejection strategies adopted to suppress the contributions of
these background sources to the final spectra are presented
below.

The characteristic delayed decay of the hyperon is
used to discriminate the signal from many of these back-
ground sources. The typical topology for � decay following
�− decay is presented in Fig. 11. This is a more general pro-
duction scheme than the � produced in the primary vertex,
and illustrates well the observables used for the CB and MB
suppression.

In the first step a pion and proton are identified and their
four-vectors are combined to obtain the four-vector of their
mother particle (� candidate). The Minimal Track Distance
(MTD) between the proton and pion is used to identify a true
track pair from the � decay, for which MTD should ideally
be equal to zero. However, the limited track resolution results
in a distribution of this observable for track pairs originat-

Fig. 11 �− decay topology and the derived observables. The dots indi-
cate the reconstructed primary vertex and the �− decay vertex. The
gray lines represent the distance (DIST) between the decay vertices and
the minimal track distance (MTD) between the daughter tracks of a
given vertex. The Pointing Vector Angle (PVA) is the angle between
the reconstructed � momentum vector and the vector connecting the
reconstructed �− and � decay vertices. The orange tracks show par-
ticles registered in HADES or the Forward Detector and used in the
signal reconstruction

ing from the same vertex. A selection on this variable alone
does not adequately discriminate between emission from the
primary and the displayed vertices. Nevertheless, it allows
to significantly reduce CB arising from tracks originating
from different vertices. Based on the simulations a maxi-
mum value for MTD was found to be in the range 15 mm to
25 mm and is further adjusted for the specific reaction chan-
nel to optimize the signal significance S/

√
S + B, where S is

the total yield of signal events and B is the integrated back-
ground yield within ±3σ of the signal peak. Figure 12(a)
shows the distribution of MTD for true � daughter pairs in
the �− production channel (solid orange line), CB and MB
backgrounds from the same final state (dashed yellow line),
and random pairs from multi-pion background channels (dot-
ted blue line).

The �vertex distance (DIST) measures the distance
between the �production vertex and the displaced decay ver-
tex. The primary vertex is located in the LH2 target, which
extends from -55 mm to -8 mm along the beam axis. Requir-
ing a minimum value of DIST reduces the contamination
of track pairs resulting from the primary vertex as well as
contributions from background channels with K0

S in the final
states, which decays into π+π−(cτ = 2.68 cm), where the
π+ can be misidentified as a proton. Although this selection
discards a fraction of the � decays close to the primary ver-
tex, the improved S/B ratio is more important, leading to a
higher significance for the channel when using this selection.
The simulations indicate that the optimal minimum value for
DIST should be in the range of 25 mm to 35 mm to select �

events. An example of this distribution for the �− reaction
channel is shown in Fig. 12(b).

The third discriminating observable used in these simula-
tions is the Pointing Vector Angle (PVA), defined as the angle
between the reconstructed 3-momentum vector of the � can-
didate and the line segment joining the reconstructed produc-
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Fig. 12 Examples of the MTD (a), DIST (b) and PVA (c) selections
(vertical dashed lines) for the pp→�−K+K+p reaction. The effect of
these selections on the � invariant mass distribution is shown in (d). The
solid orange line is for the true �, the dashed yellow is CB and MB from
the same reaction, and the dotted blue is the distribution for the back-
ground stemming from multi-pion production pp→2p2π+2π−. The
vertical line denotes the selections applied in the analysis: the letters A

and R denote the accepted and rejected regions, respectively. In (d), the
red line is the reconstructed signal from the �− production channel, and
the blue line is the distribution for multi-pion production. The dashed
line is with no selections applied and the full line is after applying all
three selections (a–c). The black dashed line is the �− channel without
selections, normalized to the same integral as after the selections. The
enhanced S/B ratio is clearly visible

Fig. 13 Topology of hyperon radiative decay. The orange tracks indi-
cate the particles registered in HADES or the Forward Detector and are
used in the event reconstruction

tion and decay vertices. The optimal selection on this distri-
bution is in the range 0 to 1 rad. It depends on the accuracy of
the� vector reconstruction and the vertex determination, and
is correlated with the DIST observable. An example of this
selection for the �− channel is shown in Fig. 12(c). The sec-
ond peak near PVA = π appears for cases where DIST is small
and due to the finite resolution the secondary vertex is recon-
structed before the primary vertex (zS < zP ) even though
the � is emitted in the forward direction (pz > 0 MeV/c2).

Figure 12(d) shows the composite effect of these selec-
tions (solid lines) on the reconstructed pπ− invariant mass
distribution for the �− signal (red) and the multi-pion back-
ground channel (blue). The mass distribution for the �−
reaction without these selections (dashed red line) is also
scaled to the integral of the distribution after the selections
(black dashed). The comparison of the red to the black dashed
distributions allow to appreciate the improved S/B ratio.

5 Results

All simulations used a full cocktail of signal and background
channels that are listed in Tables 1 and 3. An arbitrary number
of events were simulated, and then weighted according to the
corresponding cross-section.

5.1 Exclusive real photon decay of hyperons

The topology for Y→�γ is shown in Fig. 13. In contrast to
the other analyses presented in this paper, events with real
photon decay of hyperons must be reconstructed exclusively
in order to suppress the large background of Y→�π0, where
one of the π0 decay photons is not detected.

The first step in the reconstruction of this channel is the
selection of events with the correct final state charged particle
candidates, i.e. p, p, K+and π−. In order to obtain very pure
lists of particle candidates, deep-learning algorithms with the
capability to model complex and non-linear data dependen-
cies are employed here for PID. An Artificial Neural Network
(ANN), implemented within the PyTorch framework [63], is
used. The network is used as a multi-class classifier to dis-
tinguish among five particle species p, π+, π−, K− and K+.
The input layer consists of seven neurons corresponding to
the number of features, which are the three momentum com-
ponents, the energy loss in the MDC and TOF, as well as the
charge and velocity of the particles. The output layer consists
of six neurons, five correspond to the particle species and the
additional neuron allows the network to classify other parti-
cle types as ”other particle”. The network is trained on the
following final states: ppπ+π−π0, ppK+K− and pK+�π0.
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Fig. 14 Distribution of the pK+� squared missing mass for recon-
structed events in the analysis of the � radiative decay. The red open
circles and black squares show the projected signal and background con-
tributions, respectively. The green circles show the sum. The vertical
dashed lines mark the signal region

The best validation accuracy was obtained by sequentially
combining three fully connected layers. In addition, a 50 %
dropout to each layer was applied to prevent the model from
over-fitting. The network converged quickly and has a clas-
sification accuracy of 99 %, 97 %, 94 %, 97 % and 93 % for
p, K+, π+, π− and K−, respectively.

For each event, the point of closest approach of the pri-
mary (direct) proton pp and the K+ candidate was defined
as the primary vertex. Since there is more than one proton
per event, the MTD between each proton and the K+ tracks
is calculated. The proton and corresponding primary ver-
tex with the smallest MTD is selected. Furthermore the pri-
mary vertex is required to be located within the target volume
(−60 mm < z < −5 mm, and r < 6 mm).

The intermediate � has been reconstructed by demand-
ing that its decay products (i.e. p and π−) originate from a
delayed vertex. All combinations of p and π− candidates are
used to form � candidates. For each � candidate the decay
vertex is defined as the Point of Closest Approach between
the two tracks. If both tracks are in HADES, then the MTD
between the p and π− tracks is required to be smaller than
15 mm. If a track is measured in the Forward Detector it is
assumed to be a proton and the MTD is required to be less
than 20 mm. The boost of the � into the laboratory reference
frame ensures that the � and its decay proton are almost
collinear, while the π− should have a larger deviation from
the direction of the � momentum vector. Thus, the Distance
of Closest Approach between the p track and the primary
vertex is required to be smaller than for the π− track and
the primary vertex. Furthermore, the PVA is required to be
smaller than 0.5 rad.
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Fig. 15 Projected �γinvariant mass distribution of the reconstructed
events in the signal region (the green circles). The black squares are
background channels and the red open circles is the Y →�γ signal
after background subtraction. The contributions are scaled according to
the expected integrated luminosity corresponding to 28 days of mea-
surement with the LH2 target

Photon candidates are identified as an energy cluster in
the ECAL above a certain threshold. The contribution from
charged particles is suppressed by requiring the cluster to
be spatially uncorrelated with the RPC hits. The 4-vector of
the candidate photon is calculated from the cluster energy
and the cluster position [64]. Photon candidates are required
to have 0.96 < β < 1.04, and an energy deposition above
0.35 GeV.

Since several background channels mimic the signal, two
kinematic variables have been used for further background
suppression: The ppK+ squared missing mass is required
to be in the range 1.6 < MM2(ppK+) < 2.6 GeV2/c4.
The squared ppK+� missing mass (MM2(ppK+�)) should
peak at zero for signal events, since only one photon is
missing. Thus it is required to be in the range −0.04 <

MM2(ppK+�) < 0.01 GeV2/c4. The signal range is asym-
metric about zero in order to reduce contamination from the
pK+�π0 background, which is peaked at the mass squared
of the π0. The results are shown in Fig. 14, where the red
open circles indicate the signal, the black squares the back-
ground, and the sum of both is shown as the green circles.
The vertical dashed lines indicate the region of the squared
missing mass selected for the signal.

Finally, the excited hyperon is reconstructed in the �γ

invariant mass distribution and presented in Fig. 15. The
background is mostly from the pK+�π0 channel (reaction
11 in Table 3). The slight shift in the peak position of the
�(1385)0 and �(1520) results from the response function
of the ECAL. The estimated overall acceptance times recon-
struction efficiency for �(1385)0, �(1405) and �(1520) is
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Fig. 16 Topology of hyperon Dalitz-decay. The orange tracks indicate
the particles registered in HADES and used in the reconstruction

0.030 %, 0.030 % and 0.026 %, respectively. The correspond-
ing significance to reconstruct each of these states is of 16,
0.3 and 15.

5.2 Dalitz-decay of excited hyperons

The Dalitz-decay of hyperons (Fig. 16) was reconstructed in
the reactions where the primary hyperon resonance decays
into a � and a virtual photon γ∗, which then decays into an
e+e− dilepton pair. The inclusive reconstruction of � can-
didates proceeded similar to the �− channel. The main dif-
ference is that the decays of the hyperon resonances occurs
at the primary vertex. The subsequent � decay appears at
a displaced vertex. Therefore, the e+e− pair originates at
the primary vertex located in the target. The z-coordinate
of the secondary vertex is required to be > 0 mm, for the
given target position extending from -55 to -8 mm. Further-
more, a MTD < 20 mm was demanded for � candidates to
reduce the background from uncorrelated pion-proton pairs.
The minimal opening angle for the dilepton pair is 4◦ to

reduce conversion background, which is mostly emitted at
lower opening angles.

Figure 17(a) shows the reconstructed e+e− invariant mass
spectrum. The combinatorial background (CB) originating
from uncorrelated e+e− pairs is shown by the red dots.
The magenta dots represent the sum of all reconstructed
Dalitz e+e− signal. The blue-green histogram represent
e+e− pairs that originate from π0 decays. Dalitz-decays of
the � are denoted by the blue histogram. The yellow and
green histograms show the spectra originating from hyperon
(�(1520) and �(1385), respectively) Dalitz-decays. The
figure clearly shows that the region of invariant mass below
140 MeV/c2 is dominated by the π0 Dalitz decay, which can
not be fully suppressed by the conditions on the � recon-
struction. Above the π0 range, the main background comes
from the � Dalitz decay.

Figure 17(b) shows the �e+e− invariant mass distri-
bution, where the dilepton mass is required to be above
the π0 mass (i.e. Me

+e− > 140 MeV/c2). Clear peaks
from the �(1520) and �(1385)0 are visible above a broad
background from the �. The low branching ratio for the
�(1405) results in too little yield to be measured here. The
product of the acceptance times reconstruction efficiency is
estimated to be about 0.48 % and 0.58 % for the �(1385)0and
�(1520), respectively.

These simulations were performed under the assumption
that the decaying particles are point-like. As discussed in the
introduction, it is expected that the form factors will enhance
the decay rate in the high mass region and consequently
increase the count rates with respect to these simulations.
The expected count rates are summarized in Table 4.
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5.3 Inclusive �− production

The �− decay was reconstructed by the following chain of
weak decays: in the first step the �− decays into a �π−
pair and in the second step the � decays into a pπ− pair.
The � was reconstructed as described above, considering
pion tracks from HADES and proton tracks identified in
either HADES or the Forward Detector. The �− was recon-
structed combining � candidates and pions from HADES.
In order to effectively reduce the combinatorial background
from the signal and the misidentification background, the
following set of topological selections has been applied
(Fig. 11): (a) MTD� for the proton and pion track candi-
dates from � decays is required to be < 25 mm, (b) the
z-coordinate for the � decay vertex is required to be in the
range −20 mm < z� < 300 mm, (c) MTD−

� between the
� and the pion track candidates from �− decay is required
to be < 20 mm, (d) the PVA of � track to the line between
�− and � decay vertices is lower than 0.15 rad.

An additional selection on the squared missing mass
of the �− candidate relative to the beam+target system
MM2 > 20502MeV2/c4 has been applied to suppress back-
ground channels. The specific selection values have been
chosen to optimize the significance. To reduce misidenti-
fying pions and kaons as protons in the Forward Detector,
only those tracks with ttof > 27 ns (Fig. 10) are accepted.
The overall acceptance times reconstruction efficiency for
the �− is determined to be about 1.68 %.

Two values of the �− production cross-sections (3.6 μb
and 0.35 μb) have been used for these simulations. The
resulting �π− invariant mass distributions are shown in
Fig. 18, together with various background channels (denoted
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Fig. 19 Sideband analysis for the �− signal. (a) Sideband regions for
the daughter � invariant mass spectrum. The dashed line shows a fit to
estimate the background under the signal peak. The numbers show the
integrated cross-section values of the background for each background
region. (b) �π− invariant mass spectra. The open square symbols show
the distribution for all signal candidates. The open circles represent the
spectrum for the � sideband region, and the solid circles are the full
results after subtracting the sideband region. The solid square symbols
show the �− signal for reference. The brown triangles mark the esti-
mated background line shape

Fig. 20 �� decay topology. The orange tracks indicate the particles
registered in HADES and used in the reconstruction

by different colored lines). For the case with the higher
cross-section (red squares) the �− peak is clearly visible on
the top of the background. For the other case (red circles)
the �− peak is less pronounced. For the reference, the true
�− signal is shown for both cases by the black symbols. The
full spectrum for each case was fit with the sum of a fifth
order polynomial for the background and a Gaussian for the
signal. These fits are drawn as solid gray lines and the back-

123



  138 Page 18 of 21 Eur. Phys. J. A           (2021) 57:138 

ground contribution is drawn as long-dashed lines. The mass
of the �− peak is found to be 1317.77(62) MeV/c2. It differs
slightly from the PDG value of 1321.71(7) MeV/c2. Also the
peak of the pure �− distribution is asymmetric. This asym-
metry in the line shape and the shift of the reconstructed peak
position result from Forward Detector tracks which require
further corrections, such as for energy loss in the detector
material and the different velocities of the hyperon and its
daughter proton. The statistics presented in this figure corre-
sponds to 2.5 days of data taking with the LH2 target.

In order to reduce the background under the �− peak
due to uncorrelated π−p pairs, a sideband analysis of the
π−p invariant mass spectrum has been used (see Fig. 19(a)).
This background is related to contributions from reactions
without � production. A region on the left 1096 MeV/c2

to 1105 MeV/c2 and one on the right 1123 MeV/c2 to
1132 MeV/c2 were used to estimate the background. The
selected sidebands have the same width as the � peak region
and their integrated yield is slightly smaller than the signal
region due to the non-linear shape of the background . The
background yield under the peak was estimated from a fit,
presented by the dashed black line. Since only a small frac-
tion of the �s in the peak originate from the �− signal (solid
black line), only a fraction of the background under the �−
signal can be removed by this sideband analysis.

For each sideband the pπ−π− invariant mass distribution
was calculated just as for the � peak region. The sum of the
resulting distributions (open circles in Fig 19b) was scaled to
the yield of the background under the � peak (region below
the dashed line in the central region in Fig. 19a) and sub-
tracted from the pπ−π− invariant mass distribution for the
� peak region (open squares). The resulting �π− invariant
mass distribution is presented by the solid red circles. For
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Fig. 21 The MTDπ−p distribution for � daughters in �� events (a),
the MTD�� distribution for the two � candidates (b), the squared
missing mass MM2 value (c) and the PVA values for both � candi-

dates (d). The vertical lines mark the accepted and rejected regions,
denoted by the letters A and R, respectively
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Table 4 Expected count rates for luminosity L = 1.5 × 1031/(cm2 s) available using a liquid hydrogen (LH2) target and a polyethylene (CH4
target of the same dimensions. The branching ratios include a factor of 0.64 for each �→pπ− decay included

decay process σ [μb] BR ε · acc [%] counts/day (LH2) counts/day (CH4)

�(1385)0→�e+e− 56 8.94 × 10−5 0.48 15 105

�(1520)→�e+e− 69 6.93 × 10−5 0.58 18 126

�(1520)→�π−π+ 69 4.22 × 10−2 1.4 2.64 × 104 1.85 × 105

�(1385)0→�γ 56 9.07 × 10−3 0.030 99 692

�(1520)→�γ 69 7.03 × 10−3 0.026 82 574

�−→pπ−π− 3.6 0.64 1.68 2.43 × 104 1.70 × 105

�−→pπ−π− 0.35 0.64 1.68 2.43 × 103 1.70 × 104

pp→��K+K+ 3.6 0.642 0.34 3.15 × 103 2.20 × 104

pp→��K+K+ 0.35 0.642 0.34 3.15 × 102 2.20 × 103

comparison the true �− signal marked by the blue squares
is also drawn.

The region marked by the dashed red line was then used to
extract the S/B ratio and the significance. The total yield in
this mass region minus the pure �− signal (S) (blue squares)
defines the background (B) (solid triangles). The S/B ratio
is 0.27 and the estimated significance in this invariant mass
region for one day of data taking is estimated to be 28, allow-
ing for the �− to be reconstructed and the production cross-
section to be determined.

5.4 �� production

The topology of double � production is shown in Fig. 20.
Both �s are emitted directly from the primary reaction ver-
tex. The reconstruction procedure does not distinguish the �

particles, but double counting is avoided, as described below.
Reconstruction of the � decays follows the standard � pro-
cedure described in Sect. 4.4 with MTDπ−p for both �s set
to 20 mm. To reduce CB and MB, three additional selections
on the two � systems were applied: (a) missing mass of
(pbeam, ptarget, �, �) > 980 MeV/c2, a) minimal track dis-
tance between both �s MTD�� < 20 mm and a) the PVA
was required to be less than 1.0 rad. The effect of these selec-
tions is shown in Fig. 21 for the pp→��X as well as the
CB, MB and multipion backgrounds. The estimated overall
acceptance times reconstruction efficiency for this channel
is 0.34 %.

Events with � pairs are selected by requiring at least two
distinct � candidates in the event, and that the difference
between their invariant masses is smaller than 20 MeV/c2.
The distribution of the sum of the candidates masses is shown
in Fig. 22, where both cross-section estimates investigated
have been considered (black and red points). The common
background for both cases is shown in blue. This background
originates from events of reactions 17–20, 22 (Table 3) with

one � and the second candidate is contained in the mass
window by chance.

Events containing two�s open the possibility to study��

correlations. Based on the overall acceptance times recon-
struction efficiency determined above (0.34 %), we expect an
integrated yield of 220–2200 reconstructed events per day,
depending on the assumed production cross-section.

The corresponding statistical precision for the relative
momentum spectrum (k∗) is shown in Fig. 23 for both cross-
section estimates and is compared to the published values
from ALICE. Information on the �� interaction can be pri-
marily gained in the low k∗ region. We expect 312 and 3120
events with k∗ < 0.2 GeV/c in a 4 week experiment for the
two scenarios. The yield and statistical precision are expected
to be similar to the results from ALICE for the upper bound
cross-section. More importantly, even for the lower bound
cross-section, the expected precision is better in HADES in
the region with k∗ < 20 GeV/c, which is most sensitive to
the interaction parameters. Systematic uncertainty due to the
large freeze-out volume and feed–down effects are impor-
tant limitations for the existing results and those effects are
expected to be significantly smaller for HADES with p+p at
Ekin = 4.5 GeV.

5.5 Count rate estimates

The count rates for these studies have been calculated based
on the following parameters: (a) the reconstruction efficiency
times acceptance for the various channels, as obtained from
the simulation studies described above, (b) a beam duty cycle
of 50 %, and (c) two options for the maximum luminosity as
described in Section 2

Table 4 summarizes all the channels considered. The pro-
duction cross-sectionsfor the proton-proton reactions and the
branching ratios are given in columns 2 and 3. The product
of the acceptance and reconstruction efficiencies is given in
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column 4. Columns 5 and 6 give the expected count rates for
the LH2 and the PE targets, respectively.

6 Summary

Dalitz decays of hyperons is an experimentally unexplored
process, which can be studied for the first time by using
the excellent capabilities of HADES to measure rare dilep-
ton decays. Such measurements will provide complemen-
tary information on hyperon structure and the role of strange
quarks in baryons. The latter will be investigated by compar-
ing these results to those transitions recently measured for
non-strange baryons of same spin and parity (i.e. �(1385)0

vs Δ(1232) and Λ(1520) vs N∗(1520)).
Production cross sections of the higher mass hyperon res-

onances investigated here are unknown in the energy range
of future FAIR experiments. Hence, the proposed measure-
ments will provide an essential input for the understanding
of the production mechanism in proton–proton interaction
in this energy regime and will also establish an important
reference for p+A and A+A collisions. In particular, the pro-
duction of double strangeness offers a unique opportunity to
study strangeness production close to the threshold, where
only few production channels are expected to contribute.
In this regime, characterized by a small relative momen-
tum between the produced hadrons, final state interactions
are expected to play a significant role. Therefore, hyperon-
hyperon and nucleon-hyperon correlation studies are very
promising tools to measure their interaction potential.

The feasibility studies presented here show that all the
benchmark channels with hyperon Dalitz-decays, except
�(1405), can be measured in HADES including the new
Forward Detector, which has been described in detail in
this paper. The biggest uncertainty in these results comes
from scarce cross-sectiondata for various signal and back-
ground channels. Thus, a systematic error of 40 % is assigned
to the count rates for most channels. However, the cross-
sectionestimates for the double strange baryons �− and
�� are sensitive to unknown factors and have much larger
uncertainty, up to an order of magnitude. The predicted
count rates for the electromagnetic decays of �(1385)0 and
�(1520) favor the use of the polyethylene target combined
with a high luminosity operating mode that will become pos-
sible with an upgraded HADES DAQ. For all benchmark
channels, four weeks of measurement time is considered suf-
ficient to measure the corresponding cross-sections.

Currently, the HADES collaboration discusses a possible
extension of the tracking region to angles 7◦ to 18◦ allowing
to cover blind spots of the spectrometer. Furthermore, a fast
trigger hodoscope in front of the inner MDC is considered
for a better on-line event selection. Such improvements will

result in a further significant extension of the acceptance, as
seen in Fig. 8, and better trigger possibilities.
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