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We calculate theoretically the formation spectra of η′(958)-nucleus systems in the (p,d) reaction for the
investigation of in-medium modification of the η′ mass. We show comprehensive numerical calculations based
on a simple form of the η′ optical potential in nuclei with various potential depths. We conclude that one finds
evidence of a possible attractive interaction between η′ and the nucleus as a peak structure appearing around the
η′ threshold in light nuclei such as 11C, when the attractive potential is stronger than 100 MeV and the absorption
width is of order 40 MeV or less. Spectroscopy of the (p,d) reaction is expected to be performed experimentally
at existing facilities, such as GSI. We also estimate the contributions from the ω and φ mesons, which have
masses close to the η′ meson, concluding that the observation of the peak structure of the η′-mesic nuclei is not
disturbed, although their contributions may not be small.
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I. INTRODUCTION

The η′(958) meson is an interesting and important particle
because of its exceptionally large mass and connection to the
UA(1) problem [1]. According to the symmetry pattern of the
quark sector in QCD, the η′ meson would be one of the Nambu-
Goldstone bosons associated with the spontaneous breakdown
of the U(3)L × U(3)R chiral symmetry to the UV (3) flavor
symmetry. In the real world, however, gluon dynamics plays an
important role, and the η′ meson acquires its peculiarly larger
mass than those of the other pseudoscalar mesons, π , K , and η,
through the quantum anomaly effect of nonperturbative gluon
dynamics [2,3] which induces the nontrivial vacuum structure
of QCD [4]. The mass generation of the η′ meson is considered
to be a result of the interplay of quark symmetry and gluon
dynamics. The η′ meson at finite density has been discussed
for a long time [5–9] and the possible formation spectra of
the η′-mesic nuclei was first investigated in Ref. [10] with the
(γ ,p) reaction.

Recently, there have been two important developments in
theoretical [11] and experimental [12] points of view for the
study of the η′ mass at finite density. In Refs. [11,13,14],
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. This
is because the chiral singlet gluon current cannot couple to the
chiral pseudoscalar mesonic state without the chiral symmetry
breaking.1 Thus, even if density dependence of the UA(1)
anomaly effect is irrelevant or negligible, a relatively large
mass reduction (∼100 MeV) of the η′ meson is expected

1For the flavor SU(2), in which the strange quark is infinitely heavy,
nontrivial topological sectors can contribute differently to two-point
functions of η and η′ even in the chiral symmetric limit. Thus η and
η′ do not degenerate in the chiral restoration limit [13].

at nuclear density due to the partial restoration of chiral
symmetry. In Fig. 1 we show a schematic view of the pseu-
doscalar meson spectra in various chiral symmetry breaking
patterns.

Meanwhile, in Ref. [12], it has been reported that the exper-
imental observation of the η′-nuclear bound states predicted in
Refs. [10,15] is considered to be possible. This observation will
help us much to understand the η′ mass generation mechanism
quantitatively. In a meson-nucleus bound system such as
deeply bound pionic atoms [16], because it is guaranteed that
the meson inhabits the nucleus, it is unnecessary to remove
in-vacuum contributions from the spectrum. The fact that the
bound states have definite quantum numbers is favorable for
extracting fundamental quantities, since detailed spectroscopy
enables us to investigate selectively the contents of the in-
medium meson self-energy [16–18]. Since so far there have
been no observations of the η′ meson bound in nuclei, it is
extremely desirable to search for experimental signals of η′
bound states in nuclei as a first step to the detailed investigation
of the in-medium η′ meson properties.

Thus, in this article, we show the comprehensive calculation
of the formation spectra of the η′ meson-nucleus systems
in the (p,d) reaction [12] based on the latest theoretical
considerations of η′ property in nuclei [11,19]. The numerical
results shown here are important both to give theoretical
support and predictions to the planned experiment in Ref. [12],
and to make it possible to deduce clearly the η′ property in
nuclei from the experimental data.

We should stress that this η′ mass reduction mechanism
has a unique feature [11]. In usual meson-nuclear systems,
attractive interactions induced by many-body effects unavoid-
ably accompany comparably large absorptions. This is because
attractive interaction and absorption process are originated by
the same hadronic many-body effects. This implies that the
bound states have a comparable absorption width with the level
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FIG. 1. Light pseudoscalar meson spectrum in the various pat-
terns of the SU(3) chiral symmetry breaking. In the left the chiral
symmetry is manifest with neither explicit nor dynamical breaking.
All the pseudoscalar mesons have a common mass. In the middle,
chiral symmetry is dynamically broken in the chiral limit. The octet
pseudoscalar mesons are identified as the Nambu-Goldstone bosons
associated with the symmetry breaking. In the right chiral symmetry
is broken dynamically by the quark condensate and explicitly by finite
quark masses.

spacing. In the present case, however, since the suppression of
the UA(1) anomaly effect in nuclear medium induces the attrac-
tive interaction to the in-medium η′ meson, the influence acts
selectively on the η′ meson and, thus, it hardly induces inelastic
transitions of the η′ meson into lighter mesons, although other
many-body effects can introduce nuclear absorptions of the
η′ meson. Consequently the η′ meson bound state is expected
to have a larger binding energy with a smaller width [11].
This feature is supported by the theoretical optical potential
evaluated in Ref. [19] based on the theoretical η′N scattering
amplitude [20].

As for other experimental information obtained so far, it
has been reported that a strong reduction of the η′ mass,
at least 200 MeV, is necessary to explain the two-pion
correlation in Au + Au collisions at the Relativistic Heavy Ion
Collider (RHIC) [21]. In contrast, a low-energy η′ production
experiment with pp collision has suggested a relatively
smaller scattering length of the s-wave η′-proton interaction,
|Re aη′p| < 0.8 fm [22] and |aη′p| ∼ 0.1 fm [23], which
corresponds to from several to tens of MeV mass reduction
at nuclear saturation density estimated under the linear
density approximation. Transparency ratios for η′ mesons have
been measured for different nuclei by the CBELSA/TAPS
Collaboration [24,25]. An absorption width of the η′ meson
at saturation density as small as 15–25 MeV has been found.
Within the experimental uncertainties this width seems to be
almost independent of the η′ momentum. Theoretically, the
formation spectra of the η′ mesic nuclei were calculated first
in Ref. [10]. Nambu–Jona-Lasinio (NJL) model calculations
suggested around 150 MeV mass reduction of the η′ meson
at the saturation density [15,26]. The theoretical model of
Refs. [19,20] shows, however, that the existence of the strong
attraction is not consistent with the latest data of the small
scattering length [23].

This article is organized as follows. In Sec. II, we give the
formulation to calculate the formation spectra of the η′-nucleus

bound states. The calculated spectra are shown in Sec. III. We
also show the formation spectra with various optical potential
cases in the Appendix. Finally, we will devote Sec. IV to
conclude this article.

II. FORMULATION OF η′-NUCLEUS BOUND
STATE FORMATION

In this article, we consider the (p,d) reaction for the
formation of the η′-mesic nuclei, which can be performed
at existing facilities like GSI [12]. Missing-mass spectroscopy
is considered here and it has been proven to be a powerful
tool for the formation of the meson bound states [27]. In
this spectroscopy, one observes only an emitted particle
in a final state, and obtains the double differential cross
section d2σ/d�dE as a function of the energy of the
η′-nucleus system which is uniquely determined by the
emitted particle energy by means of the energy conservation
law.

To evaluate the formation cross section, we use the Green’s
function method [28,29]. In this method, the reaction cross
section is assumed to be separated into the nuclear response
function R(E) and the elementary cross section of the pn →
dη′ process with the impulse approximation:

(
d2σ

d�dE

)
A(p,d)(A−1)⊗η′

=
(

dσ

d�

)lab

n(p,d)η′
× R(E), (1)

where the nuclear response function R(E) is given in terms of
the in-medium Green’s function G(E) as

R(E) = − 1

π
Im

∑
f

∫
dr dr′T †

f (r)G(E; r, r′)Tf (r′). (2)

Here, the summation is inclusively taken over all possible final
states. The amplitude Tf describes the transition of the incident
proton to a neutron hole and the outgoing deuteron:

Tf (r) = χ∗
d (r)

[
Y ∗

lη′ (r̂) ⊗ ψjn
(r)

]
JM

χp(r) (3)

with the neutron hole wave function ψjn
, the distorted waves

of the proton and the ejected deuteron χp and χd , and the η′
angular wave function Ylη′ (r̂). For the neutron hole, we use the
harmonic oscillator wave function for simplicity. The Green’s
function G(E) contains the η′-nucleus optical potential in the
Hamiltonian as

G(E; r, r′) = 〈n−1|φη′(r)
1

E − Hη′ + iε
φ
†
η′(r′)|n−1〉 (4)

where φ
†
η′ is the η′ creation operator and |n−1〉 is the neutron

hole state. The elementary cross section in the laboratory frame
in Eq. (1) was evaluated to be 30 μb/sr at the proton kinetic
energy Tp = 2.5 GeV in Refs. [12,30]. The Green’s function
G(E, r, r′) can be obtained by solving the Klein-Gordon
equation with the appropriate boundary condition. Thus, the
Green’s function represents both the η′ meson scattering states
and bound states together with the decay modes which are
expressed in the imaginary part of the potential. The imaginary
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part of the Green’s function, or the spectral function, represents
the coupling strength of the η′ meson to each intermediate
state as a function of the energy of the η′ meson. If there
is a quasibound state of the η′ meson, the spectral function
has a peak structure at the corresponding energy. This can
be seen in the formation spectra as a signal of the bound
state.

In this article, to discuss the observation feasibilities, we go
through various cases with different optical potentials for the
η′-nucleus system. If the mass reduction as expected by the
NJL calculation takes place in nuclear matter, we can translate
its effect into a potential form. The optical potential Uη′ (r) can
be written as

Uη′(r) = V (r) + iW (r), (5)

where V and W denote the real and imaginary parts of the
optical potential, respectively. The mass term in the Klein-
Gordon equation for the η′ meson at finite density can be
written as

m2
η′ → m2

η′(ρ) = [mη′ + m(ρ)]2

∼ m2
η′ + 2mη′mη′ (ρ), (6)

where mη′ is the mass of the η′ meson in vacuum and mη′ (ρ)
the mass at finite density ρ. The mass shift mη′ (ρ) is defined
as mη′(ρ) = mη′ (ρ) − mη′ . Thus, we can interpret the mass
shift mη′(ρ) as the strength of the real part of the optical
potential

V (r) = mη′(ρ0)
ρ(r)

ρ0
≡ V0

ρ(r)

ρ0
(7)

in the Klein-Gordon equation using the mass shift at normal
saturation density ρ0. Here we assume the nuclear density
distribution ρ(r) to be of an empirical Woods-Saxon form as

ρ(r) = ρN

1 + exp( r−R
a

)
, (8)

where R = 1.18A
1
3 − 0.48 fm, a = 0.5 fm with nuclear

mass number A, and ρN a normalization factor such that∫
d3rρ(r) = A. In the following sections, we show the (p,d)

spectra with potential depth from V0 = 0 to −200 MeV and
W0 = −5 to −20 MeV to discuss the observation feasibility,
where W0 is the strength of the imaginary part of the optical
potential at ρ0.

Alternatively, we also use the theoretical optical potentials
for the η′-nucleus system obtained in Ref. [19] by imposing
several theoretical η′N scattering lengths [20] and using the
standard many-body theory. There the two-body absorption
of the η′ meson in a nucleus together with the one-body
absorption has been evaluated so that we can decompose the
spectra into the different final states by using the Green’s
function method as discussed below.

We obtain the in-medium Green’s function by solving the
Klein-Gordon equation with the optical potential Uη′ in Eq. (5)
with the appropriate boundary condition and use it to evaluate
the nuclear response function R(E) in Eq. (1).

We estimate the flux loss of the injected proton and the
ejected deuteron due to the elastic and quasielastic scattering
and/or absorption processes by the target and daughter nuclei.

To estimate the attenuation probabilities, we approximate the
distorted waves of the incoming proton χp and the outgoing
deuteron χd as

χ∗
d (r)χp(r) = exp[iq · r]F (r), (9)

with the momentum transfer between proton and deuteron
q = pp − pd and the distortion factor F (r) evaluated by

F (r) = exp

[
−1

2
σpN

∫ z

−∞
dz′ρA(z′, b)

− 1

2
σdN

∫ ∞

z

dz′ρA−1(z′, b)

]
. (10)

Here σpN and σdN are the proton-nucleon and deuteron-
nucleon total cross sections, respectively, which contain both
the elastic and inelastic processes. The values of the total
cross sections are taken from Ref. [31]. ρA(z, b) is the density
distribution function for the nucleus with the mass number A
in cylindrical coordinates.

The calculation of the formation spectra is done separately
for each subcomponent of the η′-mesic nuclei labeled by
(n�j )−1

n ⊗ �η′ , which means a configuration of a neutron-hole
in the � orbit with the total spin j and the principal quantum
number n in the daughter nucleus and an η′ meson in the �η′

orbit. The total formation spectra are obtained by summing up
these subcomponents, taking into account the difference of the
separation energies for the different neutron-hole states.

The energy of the emitted deuteron determines the energy
of the η′-nucleus system uniquely. We show the calculated
spectra as functions of the excitation energy Eex − E0 defined
as

Eex − E0 = −Bη′ + [Sn(jn) − Sn(ground)], (11)

where Bη′ is the η′ binding energy and Sn(jn) the neutron
separation energy from the neutron single-particle level jn.
Sn(ground) indicates the separation energy from the neutron
level corresponding to the ground state of the daughter nucleus.
E0 is the η′ production threshold energy.

FIG. 2. (Color online) Momentum transfer of the 12C(p,d)
reactions as functions of the incident proton kinetic energy Tp . The
thick solid and dashed lines correspond to η′ meson production with
binding energies of 0 and 100 MeV. Thin solid lines correspond to
η, ω, and φ meson productions with a binding energy of 0 MeV, as
indicated in the figure.

045201-3



NAGAHIRO, JIDO, FUJIOKA, ITAHASHI, AND HIRENZAKI PHYSICAL REVIEW C 87, 045201 (2013)

FIG. 3. Calculated spectrum 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◦ as a function of the excited
energy Eex. E0 is the η′ production threshold. The depths of the
η′-nucleus optical potential are (a) (V0, W0) = −(0, 10) MeV, and
(b) (V0,W0) = −(100, 10) MeV. The thick solid line shows the total
spectrum and dashed lines indicate subcomponents. The neutron-hole
states are indicated as (n�j )−1

n and the η′ states as �η′ .

The widths of the hole states are taken into account in
the present calculation. The width of the neutron-hole states in
11C have been estimated to be �((0s1/2)−1) = 12.1 MeV for the
excited state and �((0p3/2)−1) = 0 MeV for the ground state by
using the data in Ref. [32]. As for 39Ca, we use � = 7.7 MeV
[(1s1/2)−1], 3.7 MeV [(0d5/2)−1], 21.6 MeV [(0p3/2,1/2)−1],
and 30.6 MeV [(0s1/2)−1] estimated from the data in Ref. [33],
considering the width of the ground state (0d3/2)−1 to be 0 and
assuming the same widths for neutron-hole states as those of
proton holes.

In the Green’s function method [28], one can separately
calculate each contribution to the spectrum coming from the
different η′ processes. On the prescription of Ref. [28], we
rewrite equivalently the imaginary part of the Green’s function
of η′ as

Im G = (1 + G†U †
η′ ) Im G0(1 + Uη′G) + G† Im Uη′G,

(12)

where G and G0 denote the full and free Green’s functions for
η′ and Uη′ is the η′-nucleus optical potential. We abbreviate the

integral symbols in Eq. (12). The first term of the right-hand
side of Eq. (12) represents the contribution from the escape
η′ from the daughter nucleus and the second term describes
the conversion process caused by the η′ absorption into the
nucleus. By evaluating only the conversion part, we obtain
spectra associated with decays (or absorptions) of the η′
mesons in the nucleus, which correspond to the coincident
measurements in real experiments.

III. NUMERICAL RESULTS

First, we show in Fig. 2 the momentum transfer of the (p,d)
reactions for the formation of the η′ meson. We also show those
for the η, ω, and φ meson production cases. Those mesons,
which have relatively closer masses to that of η′, can contribute
to the (p,d) spectrum in the same energy region [15]. We find
that the recoilless condition can be satisfied only for the η
production case in this energy region. For the η′ production
case, the recoilless condition is never satisfied even for the
η′ bound states with the binding energy of 100 MeV. The
momentum transfer at Tp = 2.5 GeV, which is the energy
considered in Ref. [12], is around 400–500 MeV/c, and thus
various contributions of (n�j )−1

n ⊗ �η′ will contribute to the
(p,d) spectrum.

We show the calculated formation spectra of an η′-nucleus
system for the 12C target case with the potential strength
(V0,W0) = −(0, 10) and −(100, 10) MeV cases in Fig. 3. As
we can see from the figure, the existence of the attractive
interaction and bound states can be seen as the peak structures
in the (p,d) spectrum. We find that there is a clear difference
between the cases with attractive and nonattractive potentials.

In Fig. 4, we show the effects of the absorption interaction
by varying the strength of the imaginary part W0 of the
optical potential. We can see the clear peaks corresponding
to bound states in the s, p and d states, although the width
of each peak becomes wider as W0 is increased. We also find
that there are peak structures in the fη′ -wave component just
above the threshold (Eex − E0 = 0) owing to the so-called
threshold enhancement. While there are no bound states in
the fη′ state of η′, the attractive η′-nucleus interaction pulls

FIG. 4. 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◦ as functions of the excited energy Eex. E0 is the η′ production threshold. The η′-nucleus optical potentials are (a)
(V0,W0) = −(150, 5) MeV, (b) −(150, 10) MeV, (c) −(150, 15) MeV, and (d) −(150, 20) MeV. The thick solid lines show the total spectra
and dashed lines indicate subcomponents. The neutron-hole states are indicated as (n�j )−1

n and the η′ states as �η′ .
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FIG. 5. Calculated spectra of the 12C(p,d)11C ⊗ η′,
12C(p,d)11C ⊗ ω, and 12C(p,d)11C ⊗ φ reactions for the formation
of meson-nucleus systems with proton kinetic energy Tp = 2.6 GeV
and deuteron angle θd = 0◦ as functions of the excited energy Eex.
E0 is the η′ production threshold. The η′-nucleus optical potential
is (V0, W0) = −(100, 10) MeV, the ω-nucleus optical potential is
(V0, W0) = −(−42.8, 19.5) MeV [34], and the φ-nucleus optical
potential is (V0, W0) = −(30, 10) MeV [35–38]. The thin solid line
shows the η′ production, and the dashed and dot-dashed lines indicate
the ω and φ meson productions. The contributions of mesonic states
with partial waves up to � = 6 for each meson are included in the
calculation.

this low-energy scattering wave of η′ closer to the daughter
nucleus, enhancing its overlap with the nucleon wave functions
and consequently producing a larger cross section. Therefore,
we can consider this enhancement to give an indication of
the attractive η′-nucleus interaction if observed. We find
that, even in a large imaginary case of −(150, 20) MeV,
we can see a clear peak corresponding to this threshold
enhancement, indicating the attractive nature of the η′-nucleus
optical potential. In the Appendix, we show various cases of the

strength of the real optical potentials to see the experimental
feasibility systematically. We find that, in the weak attraction
V0 = −50 MeV case, we cannot see peak structures with
larger absorption |W0| � 15 MeV, while in the strong attraction
|V0| � 100 MeV case we can see clear peaks even in the
large absorption W0 = −20 MeV, which corresponds to the
absorption width � = 40 MeV.

The contributions from other meson production processes
are shown in Fig. 5. Because we are considering the inclusive
reaction in this article, the productions of other mesons having
close masses also contribute to the spectra of the (p,d) reaction
in addition to the formation of the η′-mesic nuclei. Here,
we take the contributions from the ω and φ mesons into
account in Fig. 5. The incident proton kinetic energy is set
to be Tp = 2.6 GeV. The φ-nucleus interaction is taken as
Vφ = −(30 + 10i)ρ(r)/ρ0 MeV which corresponds to the 3%
mass reduction of the φ meson at normal saturation density.
The imaginary part of the optical potential has been estimated
by using the chiral unitary approach, and W0 = −10 MeV is
used here as in Ref. [35]. The elementary cross section of
pn → dφ is estimated as (dσ/d�)lab = 13.5 μb/sr by using
the experimental data [39]. As we can see in the figure, the
contribution from the φ meson is negligibly small owing to the
large momentum transfer for the φ meson production.

In contrast to the φ meson, we find that the ω meson
production gives larger contribution to the η′ bound region.
Although it is still unknown whether the ω-nucleus interaction
is attractive or repulsive, we consider the case that the
ω-nucleus optical potential is repulsive as Vω = −(−42.8 +
19.5i)ρ(r)/ρ0 MeV [34,40] because in the repulsive case the
quasifree ω contribution above the ω production threshold
is enhanced and then it overlaps the η′ bound region [15].
The elementary cross section of pn → dω in the laboratory
frame with Tp = 2.6 GeV is estimated as 27 μb/sr by using
the experimental data [41]. As shown in Fig. 5, although the
contribution of the quasifree ω is large, the strength of the
tail around the η′ threshold, where we can see the clear peak

FIG. 6. (Color online) 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◦ as functions of the excited energy Eex. E0 is the η′ production threshold. The η′-nucleus
optical potentials are evaluated in Ref. [19], which correspond to the η′ scattering lengths |aη′p| = (a) 0.3, (b) 0.5, and (c) 1.0 fm, respectively.
The thick solid lines show the total spectra and dashed lines show subcomponents as indicated in the figure. The inset figure in panel (a) shows
the structure of the subcomponents in closeup.
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FIG. 7. Calculated spectra of the 40Ca(p,d)39Ca ⊗ η′ reaction for
the formation of η′-nucleus systems with proton kinetic energy Tp =
2.5 GeV and deuteron angle θd = 0◦ as functions of the excited energy
Eex. E0 is the η′ production threshold. The η′-nucleus optical potential
is (V0,W0) = −(100, 10) MeV. The thick solid lines show the total
spectra and dashed lines indicate subcomponents. The neutron-hole
states are indicated as (n�j )−1

n and the η′ states as �η′ .

of η′, is of the same order of the η′ signal and does not have
any structure there. Therefore, we can expect to observe
the peak structure of η′ even if there is a quasielastic ω
contribution.

In Fig. 6, we show the results calculated with the theoretical
optical potentials in Ref. [19]. The potential parameters used
here correspond to η′N scattering lengths of |aη′N | = 0.3, 0.5,
and 1.0 fm, respectively [19,20]. In these figures, we show
only the η′ contribution as in Figs. 3 and 4. As shown in
Fig. 6, we decompose the total spectrum for each case into
three parts: the contribution from the η′-escape process and
two conversion parts of the one-body absorption η′N → MB
(where M denotes a meson and B a baryon which are
included in the coupled-channel calculation in Ref. [20])
and two-body absorption η′NN → NN . The spectra with
coincident observations of a nucleon pair associated with the
two-body absorption of η′ are shown by the dashed lines and
those of a meson-baryon (mostly ηN or πN ) pair by the
dot-dashed lines. These conversion spectra shown in Fig. 6
give useful information for coincident measurements of the
decay particles from the η′-bound states, which could reduce
the large background estimated in Ref. [12].

We show the results with the heavier 40Ca target in Fig. 7.
In some cases, a larger target is more suitable because there are
more bound states. In the case of the η′-mesic nuclei formation
by the (p,d) reaction, however, the bound state peaks overlap
each other because of the smaller level spacing than the 12C
case. Therefore, we conclude that a smaller target like 12C is
better suited for the η′-mesic nuclei formation.

IV. CONCLUSIONS

We have calculated the formation spectra of the η′(958)-
nucleus systems for the (p,d) reaction. The kinetic energy

of the incident proton beam is set to be Tp = 2.5–2.6 GeV,
which can be reached at existing facilities like GSI [12].
We have shown the numerical results for various strengths
of the η′-nucleus optical potentials from V0 = 0 to −200 MeV
and W0 = −5 to −20 MeV as well as the no-attraction
case(V0,W0) = −(0, 10) MeV. We find that, in the strong
attraction case |V0| � 100 MeV, which is the expected strength
of the attraction by the NJL calculation, we can see clear
peaks around the η′ production threshold even with the large
absorption case W0 = −20 MeV. In some cases, the peaks
around the threshold do not indicate the existence of the bound
states, but show the so-called threshold enhancements which
are also consequences of the attractive nature of the η′-nucleus
interaction. The robustness of the appearance of the peak
structure around the threshold for an attractive interaction,
which is independent of the detail of the model parameters
within the range of the present consideration, is an interesting
and important finding of this study. We conclude that we
can see a clear signal of the possible attractive potential of
the η′-nucleus system by the (p,d) reaction with 12C target.
The conversion spectra accompanied by different absorption
processes of η′ in nuclei are discussed, which give useful
information to the coincident measurements of the decay
particles from the η′ bound states.

We also have looked at the contributions from other meson
productions whose mass is close to that of η′. Although they
must be one of the sources of the background, the contributions
are almost structureless and then do not disturb the peak
observation of η′. We have discussed the heavier target nucleus
case as well, because it is often said that a larger target is more
suitable to make a bound state. We find that, however, in the
present case a relatively light nucleus such as 12C, likely to
have not many but a few bound states, is suited to observe
peaks in the formation spectra.

So far, a relatively small scattering length of the η′-nucleon
has been reported [22,23], although its sign is still unknown.
If such a small scattering length is a consequence of a weak
attraction, it will be difficult to observe the η′-nucleus bound
states by using the proposed method here. In such a case, we
have to develop an advanced understanding of such a small
η′-nucleon interaction from the microscopic and fundamental
points of view.

In contrast, the transparency ratios of the η′ meson have
been measured by the CBELSA/TAPS Collaboration [24,25]
and suggest remarkably small absorption width of the η′ meson
in nuclear medium as compared to other mesons such as η or
ω, which is consistent with a scenario for the fate of η′ in finite
density discussed in Ref. [11].

In any case, an experimental search for bound η′ in nuclei
would provide important information on the properties of
η′. We believe that the present theoretical results are very
important for such experimental activities to obtain deeper
insight into the meson mass spectrum.
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APPENDIX

In this Appendix, we show the calculated 12C(p,d)11C ⊗ η′
spectra at Tp = 2.5 GeV with various combinations of the
potential strength with the range of V0 from −50 to −200 MeV
and W0 = −5 to −20 MeV in Fig. 8.
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