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We plan to conduct an experimental search for η 0 -mesic nuclei in order
to investigate in-medium properties of the η 0 meson. A 2.5 GeV proton
beam is employed to produce η 0 -mesic 11 C nuclei with the 12 C(p,d)η 0 ⊗11 C
reaction. Simultaneous measurements of the forward ejected deuterons and
decay protons from η 0 -mesic nuclei will allow us to achieve high experimental sensitivity. The experiment will be performed at GSI by making full
use of the fragment separator FRS and the WASA detector system. The
plan of this proposed experiment is described.
DOI:10.5506/APhysPolB.51.39

1. Introduction
Possible existence of η 0 -meson nucleus bound states (η 0 -mesic nuclei) has
recently attracted both theoretical and experimental interests, since such
bound states reflect η 0 -meson properties in finite nuclear density [1, 2]. The
peculiarly large mass of the η 0 meson in vacuum is theoretically understood
by an interplay between UA (1) anomaly and chiral symmetry breaking [3, 4].
Thus, the η 0 mass may be reduced in finite nuclear density due to partial
restoration of chiral symmetry [3, 5–8]. Such a mass reduction would induce
an attractive η 0 -nucleus potential, leading to a possible existence of η 0 -mesic
nuclei [9, 10].
We performed a first experiment to search for η 0 -mesic nuclei by means
of missing-mass spectroscopy of the 12 C(p,d) reaction near the η 0 -meson production threshold [11–13]. Although good statistical sensitivity and energy
resolution were achieved, no significant peak structure due to the formation
of the η 0 -mesic states was observed in the measured excitation spectra. We
determined upper limits for the formation cross sections of η 0 -mesic nuclei
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Fig. 1. Constraint on the η 0 -nucleus potential (V0 + iW0 ) at normal nuclear density
obtained from the first experiment. This figure is taken from Ref. [13]. Theoretical
predictions [5–8, 14] and indications from the CBELSA/TAPS experiment [15–18]
are shown as well. See Ref. [13] for details.

Spectroscopy of η 0 -mesic Nuclei with WASA at GSI/FAIR

41

and deduced a constraint on the η 0 -nucleus potential (V0 + iW0 ) at normal
nuclear density, as shown by the gray area in Fig. 1 [12, 13]. A relatively
large real potential (V0 ∼ −150 MeV) is excluded in the analysis of this first
experiment, while the experimental sensitivity is still not sufficient to find
peak structures in the case of smaller real potentials.
2. Experiment with WASA at GSI/FAIR
2.1. Experimental principle and method
We propose a measurement of the 12 C(p,dp) reaction in order to search
for η 0 -mesic nuclei with further increased experimental sensitivity [19]. We
employ a 2.5 GeV proton beam to produce η 0 -mesic nuclei in the 12 C(p,d)η 0
⊗11 C reaction. The excitation energy of 11 C is obtained by precisely measuring the momentum of the ejectile deuteron. In addition, protons emitted
from decay of the η 0 -mesic nuclei are identified to select events associated
with the formation of η 0 -mesic nuclei. A large amount of physical background
processes in the 12 C(p,d) reaction, such as quasi-free multi-pion production,
are thus suppressed, leading to a better signal-to-background ratio of the
excitation spectrum than that in the first inclusive measurement.
This experiment is feasible at GSI by combining the fragment separator
(FRS) [20] and the WASA central detector system [21, 22]. FRS is a versatile high-resolution spectrometer, as shown in Fig. 2, and suitable for the
measurement of the ejectile deuterons at 0◦ . The WASA central detector
system, consisting of a superconducting solenoid magnet, a mini drift chamber, plastic scintillator barrel, and CsI electromagnetic calorimeter, covers
nearly the full solid angle and is ideal for the detection of the decay particles.
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Fig. 2. A schematic view of the experimental setup with the fragment separator
FRS and the WASA central detector. See the text for details.

Figure 2 shows a schematic view of the detailed experimental setup. A
2.5 GeV proton beam accelerated by the synchrotron SIS-18 is injected to
a carbon target placed inside the WASA central detector at F2. Emitted

42

Y.K. Tanaka et al.

deuterons in the 12 C(p,dp) reactions are momentum-analyzed by the F2–
F4 section of FRS operated as a high-resolution spectrometer. Trajectories
of the particles are measured by multi-wire drift chambers (MWDCs), and
deuterons are identified by time-of-flight measurements with plastic scintillators (SCs) and by an aerogel Cherenkov detector (AC). Protons emitted
from the decay of η 0 -mesic nuclei are identified by the WASA central detector.
2.2. Simulation results
In order to evaluate the experimental sensitivity with the proposed
method, we performed simulations for two sets of η 0 -nucleus potential parameters (V0 , W0 ) = (−90, −17) MeV and (−45, −5.5) MeV. The formation
cross sections of η 0 -mesic nuclei decomposed into different decay modes were
taken from theoretical calculations [10, 23]. The cross section of the physical
background in the (p,d) reaction has been measured in the first inclusive experiment [12, 13]. Emitted particles from the residual nuclei were simulated
by using an intra-nuclear cascade code JAM [24, 25].
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Fig. 3. (Colour on-line) Simulated spectra for η 0 -nucleus potential parameters of
(V0 , W0 ) = (−90, −17) MeV (left) and (−45, −5.5) MeV (right). The abscissa shows
the excitation-energy Eex of 11 C relative to the η 0 -meson production threshold E0 .
The black points are the simulated spectra, whereas the grey/red and black/blue
curves are the signal and the physical background components, respectively. A 4
(20)-day beam time with FRS (Super-FRS) is assumed in the upper (lower) panels.
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Figure 3 shows simulated excitation-energy spectra of 11 C relative to the
production threshold. A proton with a momentum larger than
1.0 GeV/c and an emission angle θp in a range of −0.9 < cos θp < 0.0 was
requested in the analysis of the simulation data. The black points show
the simulated spectra, while the grey/red and black/blue curves display
the components of the signal process associated with η 0 mesons and the
physical background process, respectively. In the upper row, we assumed
the acceptance of FRS for the forward deuterons and a data collection time
of 4 days, which corresponds to the proposed experiment at GSI [19]. As
seen in the figure, indications of peak structures due to the formation of
the η 0 -mesic states can be expected for these two potential parameter sets.
Furthermore, in the lower row, we assumed a 20-day beam time with SuperFRS [26] in the future facility FAIR. In this case, prominent peak structures
are expected, which enable precise measurements of η 0 -mesic nuclei.
η 0 -meson

2.3. Preparation status
We have transported the WASA central detector from Forschungszentrum Jülich, where WASA had been operated from 2006 to 2015, to GSI
in Darmstadt. The mini drift chamber has been set up again at GSI and
tested with cosmic-ray particles. The plastic scintillator barrel (PSB) will
be updated by additionally attaching multi-pixel photon counters (MPPCs)
to read out photons at both ends of the scintillator. We have developed a
prototype of the new PSB and performed a systematic evaluation of its time
resolution by using a 1.7 GeV proton beam at the cooler synchrotron COSY
in Forschungszentrum Jülich. Preparations for operation of the superconducting solenoid magnet at GSI are currently underway. We are planning
to assemble the full WASA central detector in 2020 and aim at starting the
physics run in 2021.
3. Summary
We plan to perform a semi-exclusive measurement of the 12 C(p,dp) reaction to search for η 0 -mesic nuclei. The WASA central detector will be
integrated with the fragment separator FRS to enable this new type of experiment. Preparations and developments on the integration of the WASA
central detector into the FRS are currently ongoing. The first physics run
is expected in 2021.
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