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Abstract. Meson properties are believed to have close connection to the fundamental
theory, QCD, and have been studied for a long time both theoretically and experimentally.
In this report, we study the recent activities in this field and consider the η(958) mesic
nuclei and the deeply bound pionic atoms. We summarize the possible formation of
the η(958) mesic nuclei by the (p, d) reactions and report the new possibilities of the
spectroscopic study of the pionic atoms using the (d,3He) reactions.

1 Introduction

Meson properties in the extreme conditions such as high density and/or high temperature are believed
to provide important information on the aspects of quantum chromodynamics (QCD) symmetry in
these conditions [1]. Meson-nucleus systems are very interesting objects in this context since they are
used to investigate the meson properties such as their masses and interactions at finite density. For
example, the partial restoration of chiral symmetry was concluded by determining the pion weak decay
constant fπ from the observation of deeply bound pionic atoms using the Tomozawa–Weinberg and
Gell-Mann–Oakes–Renner relations [2]. In this article, we report briefly the recent research activities
of η(958) (η′) mesic-nucleus and deeply bound pionic atoms.

2 η′-mesic nuclei

The η′ meson is known to have exceptionally large mass and close connection to the UA(1) anomaly.
For the investigation of the UA(1) anomaly, the formations of the η′-mesic nuclei have been studied in
Ref. [3].

Recently, there have been important developments in theoretical [4, 5] and experimental [6] points
of view for the study of the η′ mass at finite density. It has been pointed out theoretically that the
anomaly effect can contribute to the η′ mass only with the presence of the spontaneous and/or explicit
breaking of chiral symmetry [4, 7]. As a consequence, even if density dependence of the UA(1)
anomaly effects are negligible, a relatively large mass reduction (∼100 MeV) of the η′ meson is
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expected at nuclear density due to the partial restoration of chiral symmetry. The experiment of the
12C(p, d) reaction was performed at GSI very recently [8] based on the theoretical predictions of the
spectra [5] and the observed spectra will be reported in near future.

As a future plan, the semi-exclusive measurement of the 12C(p, d) reaction has been proposed at
FAIR [8], where charged particles emitted from the η′ absorption in nucleus are observed in coinci-
dence with the forward deuteron to reduce the background and improve the S/N ratio. For the evalua-
tion of the advantages of the semi-exclusive measurement, the conversion part of the theoretical (p, d)
spectra shown in Fig. 1 and the simulation program JAM [9] have been used. The quantitative results
for the improvement of the S/N ratio will be reported [10].

Figure 1. Calculated spectra of the 12C(p, d)11C⊗η′ reaction for the formation of η′-nucleus systems with proton
kinetic energy Tp= 2.5 GeV and deuteron angle θd = 0 deg. as functions of the excited energy Eex reported
in Ref. [5]. E0 is the η′ production threshold. The η′-nucleus optical potential is evaluated in Ref. [11], which
corresponds to the η′ scattering lengths |aη′ p| = 1.0 fm. The thick solid line shows the total spectrum. The dotted,
dashed and dot-dashed lines show the escape and conversion parts of the spectrum as indicated in the figure.

3 Deeply bound pionic atoms

Within various meson-nucleus systems, the pionic atom is the best system to perform accurate spec-
troscopic studies, since the width of the pionic atom is smaller than other meson-nucleus systems.
In addition, we have well established theoretical and experimental techniques. So far, based on the
theoretical predictions [12] there exist four sets of successful experimental results for the formation
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of deeply bound pionic atoms in the (d,3He) reaction [2, 13–18]. After these experiments, Ikeno et
al. have developed further theoretical studies of the formation spectra of the pionic atoms in order to
find out the appropriate procedure to obtain more precise information on chiral symmetry restoration
from the observables [19–22]. New experiment at RIBF/RIKEN was also performed and the observed
spectra will be reported in near future [23].

In Fig. 2, we show the latest theoretical predictions of the (d,3He) reaction on 117Sn target [21].
The target nucleus 117Sn has the odd-number neutron, and hence, the pionic atoms are populated in the
even-even nucleus 116Sn in the final state where we do not need to worry about the residual interaction
effects reported in Refs. [24, 25], which could cause additional difficulties to deduce information on
chiral condensate from data. The experiment of the 117Sn(d,3He) reaction was also performed at
RIBF/RIKEN [23].

Figure 2. Calculated spectrum for the formation of pionic states in the 117Sn(d,3He) reaction at θlabdHe = 0 deg.
plotted as function of the pion binding energy reported in Ref. [21]. The incident deuteron kinetic energy is fixed
at Td = 500 MeV. The total spectrum is shown by the thick solid line. We show separately the contributions
of the bound pionic state formation and the quasi-free π− and π0 production by thin solid lines. The dominant
subcomponents are also shown in the figure with quantum numbers indicated as [(n�)π ⊗ JP]. The instrumental
energy resolution is assumed to be 300 keV FWHM. The contribution of the π0 quasi-free production is assumed
to be the same as that of the 122Sn(d,3He) reaction, except for the shift of the threshold energy [21].

4 Summary

We have reported briefly the recent research activities of η′ mesic-nucleus and deeply bound pionic
atoms. Especially, we have studied the latest theoretical results on the conversion (η′ absorption)
contribution of the η′ formation reaction [5] and the 117Sn(d,3He) reaction for the pionic atom for-
mation [21] with some explanation of their importance. We believe that these results provide a good
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motivation for further experiments and help significantly developments of the studies of the symmetry
aspects of the strong interaction at finite density.
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