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A novel technique to study bound states of exotic hadrons in subatomic nuclei, such as hypernuclei and mesic
nuclei, has been developed by employing the Fragment Separator FRS and the WASA central detector at GSI.
Two experiments, S447 for studying light hypernuclei, especially hypertriton and a Ann bound state, and S490
for searching for ” mesic-nuclei, were recently performed. Data analyses are currently in progress, and light

charged particles such as protons and z* are clearly observed and identified in the both experiments. For
S447, light nuclear fragments that can also be residual nuclei from decays of hypernuclei of interests have
been analysed by the FRS, and a momentum resolution, 4p/p, of 5x 10™* has been achieved. Further data
analyses are to be completed. The WASA-FRS project will be continued and extended with the FRS at FAIR
Phase 0, and upgrading of the WASA magnet and detectors is currently in progress. Furthermore, construction
of a larger detector system with the Super-FRS at FAIR Phase 1 is also under consideration.

1. Introduction

Interactions among hadrons and their properties, like the masses
and lifetimes, can be studied via exotic hadron-nucleus bound states.
Among those states, there have been much attentions on hypernu-
clei [1-4] and meson-nucleus bound states including mesic-atoms and
mesic-nuclei [5-9].

In the field of hypernuclear physics, few-body hypernuclei have
again recently attracted experimentalists and theoreticians. The lightest
known hypernucleus, the hypertriton, was experimentally studied until
the 1970s by using nuclear emulsions and bubble chambers, which con-
cluded that a A hyperon is very weakly bound to a deuteron core with a
small binding energy of 0.13+0.05 MeV [10,11]. Therefore, the lifetime
of the hypertriton has been considered to be very close to the lifetime of
a free A hyperon, i.e., 263 ps [12], without having precise experimental
data. However, recent experiments employing heavy ion beams have
shown much or slightly shorter lifetime values of hypernuclei than
that of the free A hyperon [13-20], and the measured values have
a large span for measurements obtained even by one collaboration.
Another type of three-body hypernuclear states have also become to be
of special interest. The HypHI collaboration observed an enhancement
in the invariant mass distributions of the d+z~ and t+z~ final states
indicating a possibility of existence of an unprecedented neutral bound
state formed by a A hyperon and two neutrons, i.e., Ann [21]. A large
theoretical effort has been made to study this state within various
approaches and models [22-25], however, the obtained results did
not show that the system Ann is bound. On the other hand, pionless
effective field theory studying the Ann state with I = 0 has not ruled out
the bound state [26,27]. Very recently, the E12-17-003 experiment was
performed at JLab to search for Ann bound and resonance state [25,28]
by employing electron beams to bombard a tritium target, and an
indication of the existence of the Ann state has been observed with
small significance [29]. It should be, however, noted that the same
collaboration published different interpretations of the data, which
suggest non-existence of Ann [30], therefore, a conclusion has not been
reached yet. The existence of the Ann should be thus further studied
experimentally with better precision and more data samples.

For studying mesic-nucleus bound states, a special attention has
been paid on searching for #’-nuclei since their spectroscopy could
provide information of the strong interaction leading to understanding
of the origin of the mass of the »’ meson. The first experiment at
GSI aimed at observing 1’ meson bound states in carbon nucleus for
studying in-medium »’ meson properties [31,32]. While the existence of
such bound states has been theoretically predicted for various cases of
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n’-nucleus potentials [33-38], no experimental observation was re-
ported so far [31,32,39].

We are challenging to solve puzzles related to three-body hypernu-
clear states and to search for »’-nuclei, and therefore, the present work
has developed a novel technique to study three-body hypernuclei and to
search for n’-nuclei by employing the GSI fragment separator (FRS) [40]
as a high momentum-resolution forward magnetic spectrometer and the
WASA central detector [41].

2. The WASA-FRS experiments

A schematic layout of the FRS [40] is presented in Fig. 1. Inside
of the mid focal plane (F2) of the FRS indicated by a red circle in the
figure, the WASA central detector [41] is mounted. The WASA central
detector that is used in our experiment consists of a superconducting
solenoid magnet (up to 1 T magnetic field) with its associated iron
yokes and a cryogenic system, a calorimeter with CsI crystals (SEC),
an inner drift chamber with straw tubes (MDC), and newly developed
arrays of plastic barrel hodoscopes (PSB) [42] and end-cap hodoscopes
(PSFE and PSBE) [43]. We performed two experiments in 2022, S490
for searching for n’-nuclei and S447 for studying hypernuclei, and
experimental configurations at the F2 section of the FRS for these
experiments are presented in the (a) and (b) of Fig. 2, respectively.

The experiment for searching for n’-nuclei (S490) employed proton
beams at 2.5 GeV with an intensity up to ~ 3 x 108 pps bombarded at
a carbon target with a thickness of 4 g/cm?. The target was installed
in the inner beam pipe of the inner drift chamber, MDC, as shown in
Fig. 2(a). An p’-mesic '1C nuclei is to be populated in the 2C(p,d)
reaction occurred in the target. Deuterons emitted to the forward
directions are transferred and analysed in the F2-F4 section of the FRS.
Particles emitted from decays of mesic-nuclei of interest, in particular,
protons emitted to backward directions, are measured by the WASA
detectors. It is expected that a signal-to-noise ratio could be improved
by approximately a factor of 100 in the present work in comparison to
the previous measurements [31,32]. We have recorded approximately
1x 107 events of the 12C(p,d) reaction in a data collection time of 62 h.

The configuration of the experimental setup for studying hypernu-
clei (S447, WASA-FRS-HypHI) is shown in Fig. 2(b). In addition to the
conventional WASA setup employed in the experiment searching for #’-
nuclei (S490), additional scintillating fibre detectors are mounted [43].
Three fibre detector stations, UFT1,2, and 3, were mounted in front of
the WASA detectors, and two fibre detector stations, DFT 1 and 2, were
placed behind the WASA detector. The Mini-fibre detector composed by
two fibre complexes (MFT1 and 2) was located inside the iron yoke
of the WASA superconducting solenoid magnet. A small hodoscope
composed by small plastic scintillator fingers (referred as Start counter
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Fig. 1. The Fragment Separator (FRS) and the WASA detector.
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Fig. 2. Experimental configurations of the S490 experiment for searching for »’-nuclei
(a) and the S447 experiment for studying hypernuclei (b).

in the figure) was mounted in front of the UFT1 to measure beam
particles. Hypernuclei of interest including the hypertriton and states
associated with Ann are produced by °Li and 12C beams at 1.96 A GeV
bombarded at a diamond target with a thickness of 9.87 g/cm? located
between the UFT2 and 3. Negatively charged pions from decays of
hypernuclei are measured by the WASA detectors with the MFT1 and
2, and residual nuclei of hypernuclear decays are transferred to and
analysed by the F2-F4 sections of the FRS. In the present work, the
particle rate at F4 of the FRS can be controlled under a few thousands
Hz, and it is sufficiently small to take data only with a requirement
of particle detection at F4. Therefore, it provides an opportunity to
implement a simpler data-acquisition system without a complicated
displaced vertex trigger, as employed in the HypHI [13]. It should
be noted that the standard resolving power of the FRS is for the
measurement of the momentum of the residual nuclei is approximately
three orders of magnitude better than the former HypHI experiment
in 2009. Details of the experimental concept and related Monte Carlo
simulations were already discussed in Ref. [44]. We have recorded
3.3 x 10® events with *He at F4, 0.9 x 10° events with “He at F4
and 1.8 x 10® events with deuterons at F4 by using °Li projectiles, in
time periods of 40.9, 43.9 and 43.9 h, respectively. Additionally, we
recorded data with 12C beams with an amount of 1.0 x 108 events with
He at F4 and 2.4 x 10° events with °C at F4 for 13.5 h.

Fig. 3 shows photographs of the WASA-FRS setup at F2 of the FRS.
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Fig. 3. Photographs of the WASA setup with a side view (top) and the iron-yoke
opened (bottom). The photos are provided by Jan Hosan and GSI/FAIR.
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Fig. 4. Correlations between QDC values of the plastic scintillator at F4, which
corresponds to the energy deposition of particles of interest in the scintillator, and the
Time-of-Flight in F3-F4, with the magnetic rigidity of the FRS optimised to observe
3He from the hypertriton decay (panel (a)) and “He and deuterons from decays of f‘H
and Ann (panel (b)).

3. Preliminary results of data analyses

Data analysis for the experiments, S447 and S490, is in progress. For
the S447 experiments studying hypernuclei, particle identification for
residual nuclei from decays of hypernuclei, have been made. Fig. 4(a)
shows a correlation between QDC values of the plastic scintillator at
F4, which corresponds to the energy deposition of particles of interest
in the scintillator, and the Time-of-Flight in F3-F4, with the magnetic
rigidity of the FRS optimised to observe *He from the hypertriton decay.
It shows clearly a distribution of *He. Panel (b) of the same figure
shows a similar plot with the magnetic rigidity of the FRS optimised
for detecting “He and deuterons from decays of ‘/“H and Ann, and their
clear distributions and a good separation between them are observed.
It has preliminary been deduced that a momentum resolution 4p/p
for observed fragments in F2-F4 of the FRS is approximately 5 x 10~
which is very close to the designed value of the experiment. Tracking
analysis of charged particles penetrating the WASA detector under a
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Fig. 5. Distributions of charged particles obtained by tracking with the WASA central
and associated detectors at F2 of the FRS. Panel (a): a velocity factor # as a function
of values of chargexmomentum for charged particles with the magnetic setup of the
FRS for observing *He from hypertritons in the S447 experiment. Charged particle
tracking is performed by using hit information in the MFT1, MFT2, MDC and the
plastic scintillator barrel PSB. Panel (b): a correlation between the energy deposition
AE measured by the PSB and values of chargexmomentum for charged particles deduced
by tracking with the MDC and PSB.

magnetic field (1 T at the centre of the solenoid magnet) has also been
being in progress by using the Kalman filter with the GENFIT tracking
tool [45]. Fig. 5(a) shows a velocity factor f as a function of values
of chargexmomentum for charged particles with the magnetic setup of
the FRS for observing *He from hypertritons in the S447 experiment.
Charged particle tracking is performed by using hit information in the
MFT1, MFT2, MDC and the plastic scintillator barrel PSB. Distributions
of protons and z* are clearly shown. Particle tracking and identification
in the analyses of the S490 experiment searching for #’-nuclei has been
performed in a different manner since the carbon target is installed
inside the WASA central detector and since only the WASA central
detector was used for measuring charged particles. Fig. 5(b) shows a
correlation between the energy deposition AE measured by the PSB and
values of chargexmomentum for charged particles deduced by tracking
with the MDC and PSB. Clear distributions of protons and z* are also
shown. Further data analyses for the both experiments, S447 and S490,
are in progress, and they will be completed soon.

4. Perspective

Experimental activities with the WASA-FRS setup will be continued
at FAIR Phase 0. We are currently working for upgrading the super-
conducting solenoid magnet to achieve a maximum magnetic field of
1.5-2.0 T, and we are also planning to use an electric cooling system
for easier operations. The increase of the magnetic field is especially
important for studying hypernuclei because charged K-mesons can
clearly be observed and identified with > 1.5 T. Developments of
planner drift chambers inside the solenoid magnet is also in progress.
The project will be extended with the Super-FRS at FAIR Phase 1,
and construction of a larger detector system is under consideration.
With the continued experimental efforts at FAIR Phase 0 and 1, the
collaboration will perform further studies of mesic nuclei and exotic
hypernuclei including proton-rich [46] and neutron-rich [47] hypernu-
clei. Furthermore, studies of baryonic resonances in exotic nuclei will
be foreseen.
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