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We study theoretically the feasibility of the semi-exclusive 12 C( p, dp) X reaction for the ob- 
servation of η′ mesic nuclei using the microscopic transport model JAM. The semi-exclusive 
measurements of the ( p, d) reaction with protons from η′ absorption are found to be sig- 
nificant for the observation of the η′ bound states. In particular, the measurements of the 
energetic protons from η′ non-mesic two-body absorption ( η′ N N → N N ) are considered to 

be critically important. The Green’s function method is used to calculate the expected spec- 
trum of forward-going deuterons corresponding to the excitation energy spectrum of the 
η′ ⊗ 11 C system in the semi-exclusive measurement. The semi-exclusive measurements are 
shown to be important in general for observation of the η′ mesic nucleus. 
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1. Introduction 

Studies of meson–nucleus systems and the in-medium properties of hadrons are an interesting
topic in contemporary hadron nuclear physics regarding investigating the nature of QCD in
the low-energy region and aspects of symmetry at a finite nuclear density ρ [ 1–4 ]. For example,
spectroscopic studies of the pionic atoms provide important information on the change of the
chiral condensate and the partial restoration of chiral symmetry at finite ρ [ 5–8 ]. 

We consider in this paper the formation of an η′ (958) ( η′ ) meson–nucleus bound state ( η′ 

mesic nucleus) [ 9–14 ]. Theoretically, the origin of the exceptionally large η′ mass is attributed to
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the interplay of chiral symmetry-breaking and the UA 

(1) anomaly [ 12 , 13 , 15–17 ]. Thus, the study
of the η′ mesic nucleus will provide unique information on the effects of the UA 

(1) anomaly at
a finite density, which would be difficult to obtain from studies of other light pseudo-scalar
octet mesons. Modifications of the in-vacuum η′ –nucleon interaction in nuclei [ 18 , 19 ] and the
η′ –nucleus optical potential [ 20 , 21 ] are also interesting. The formation of η′ bound states was
studied theoretically in Refs. [ 9–11 , 13 , 22 ], and the results of the formation experiments by the
( p, d) reaction are reported in Refs. [ 23–25 ]. Some indications of η′ bound states are found in
Ref. [ 25 ], although the statistical significance is not sufficient. Results of the ( γ , p) reaction,
looking for back-to-back η–p pairs from the decay of η′ mesic states, are published in Ref. [ 26 ].
Results on the photo-production of η′ mesons off nuclei and the interaction between η′ mesons 
and nuclei at higher energies are reported in Refs. [ 27 , 28 ]. 

In this paper, we discuss the semi-exclusive 

12 C( p, dp) reaction theoretically in order to re-
duce the contributions from the background processes and to observe the signals of the η′ mesic
nucleus formation more clearly [ 29–31 ]. In Section 2 , we explain the 

12 C(p, d) spectrum for the
formation of the η′ bound states using the theoretical spectrum obtained by the Green’s func-
tion method. In Section 3 , we show the results of the semi-exclusive 

12 C(p, d p) spectra obtained
by the JAM simulation [ 32 ], and explain the advantages of the semi-exclusive observation. Sec-
tion 4 is devoted to the conclusions. In Appendix A , the relative probabilities of the energetic
hadron productions are estimated for each η′ absorption process in the nucleus using simple
models. In Appendix B , the variables that appear in the simulations in this paper are compiled in
a table. 

2. Theoretical 12 C( p, d) spectrum by the Green’s function method 

We show first the theoretical 12 C( p, d) spectrum for the formation of the η′ mesic nucleus cal-
culated by the Green’s function method [ 13 , 33 ]. We consider a phenomenological η′ –nucleus
optical potential Uη′ as 

Uη′ (r) = V
(

ρ(r) 
ρ0 

)1 

+ i W1 

(
ρ(r) 
ρ0 

)1 

+ i W2 

(
ρ(r) 
ρ0 

)2 

, (1) 

where ρ(r) indicates the density distribution of the daughter nucleus 11 C and ρ0 indicates
the normal nuclear density ρ0 = 0 . 17 fm 

−3 . The density ρ(r) is fixed to be ρ(r) = ρ(0)(1 +
a (r/c )2 ) exp (−(r/c )2 ) , with the parameters a = 0 . 811 and c = 1 . 690 fm assuming the same
form as that of 11 B in Ref. [ 34 ]. The density of 12 C is taken to be of the same functional
form as that of 11 C, with the parameters a = 1 . 150 and c = 1 . 672 fm [ 34 ]. The real part of 
the potential is assumed to be attractive and provides the η′ bound states. The strength of 
the real potential at ρ0 is determined by the parameter V . The imaginary parts of the po-
tential describe the absorptive processes of η′ in the nucleus; in other words, the decay pro-
cesses of the η′ mesic nucleus. The parameter W1 determines the strength of the η′ absorp-
tion by one-body processes such as η′ N → πN and η′ N → ηN , and the parameter W2 deter-
mines the η′ absorption strength by two-body processes, including the non-mesic decay process
η′ N N → N N . 

In the Green’s function method, the contributions of the absorptive processes to the excita-
tion energy spectrum can be calculated as the conversion parts. The contribution from the η′ 
2/16
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Fig. 1. Calculated spectra of the 12 C( p, d)11 C ⊗ 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 excitation energy 

Eex . E0 is the η′ production threshold. The η′ –nucleus optical potential is given in Eq. ( 1 ). The potential 
parameters are taken to be (V , W1 , W2 ) = (−100 , −5 , −5) MeV. The thick solid line shows the total spec- 
trum. The dashed and dotted lines show the contributions from the one-body and two-body η′ absorption 

processes, respectively, calculated as the conversion parts. The contribution from the η′ escape process is 
also shown. 
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escape process can also be evaluated separately. We show the calculated spectrum in Fig. 1 , for
a set of the potential parameters (V , W1 , W2 ) = (−100 , −5 , −5) MeV. As research on the optical
potential has been insufficient to date, and uncertainties remain, we can only make assump-
tions about the shape and strength of the potential here. Please note that the ratio of W1 and W2 

of the assumed potential is comparable to a theoretical potential [ 20 ], with an absolute value of 
the scattering length of 0 . 5 fm . The strengths of the real and the imaginary parts of the poten-
tial are also comparable to those of the theoretical potential [ 20 ] with different values of model
parameters. 

As we can see from Fig. 1 , each conversion part maintains almost the same spectral shape
and peak structures as the total spectrum in the energy range of bound-state formation, so that
the information on the bound states can be obtained by observing the conversion spectrum.
These conversion parts of the deuteron spectrum are obtained experimentally as the semi-
exclusive cross-sections, where the additional protons emitted by the one-body and two-body
η′ absorption processes are measured in coincidence. Thus, in the case that the semi-exclusive
measurements of the conversion spectra effectively suppress the background and thereby sig-
nificantly improve the signal-to-background ( S/B ) ratio, the semi-exclusive measurements of 
the conversion spectra are useful for finding experimental signals of the η′ mesic nucleus
formation. 

3. Simulation of the semi-exclusive 

12 C (p, dp) X reaction 

We consider the semi-exclusive 

12 C (p, dp) reaction, where the additional protons emitted by the
η′ meson absorption are measured in coincidence, and investigate whether the semi-exclusive
measurements are effective or not in reducing the background for clear observation of the η′ 

mesic nucleus formation. We think that the background contributions to the excitation en-
ergy spectrum can be significantly suppressed by the semi-exclusive measurements using the
protons from the η′ absorption in the backward directions, as explained below. In the back-
3/16
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ground processes, dominated by multi-pion production, the particles are emitted mainly to
forward angles because of the energetic incident proton beam, while the emitted particles
from the absorption of the bound η′ are expected to have a uniform angular distribution
in the η′ mesic nucleus rest system. Because the recoil momentum q of the mesic nucleus
formed in the 

12 C(p, d)11 C ⊗ η′ reaction at an incident proton energy of 2.5 GeV is as small
as q ∼ 0 . 4 GeV /c [ 13 ], corresponding to a recoil velocity of only 0.3% of the speed of light, it is
negligible in the present study. Therefore, the particles emitted in the η′ absorption process can
be considered to have a nearly uniform angular distribution in the laboratory system. Thus, the
observation of the additional particles at backward angles is considered to be most efficient to
reduce the background contributions to the excitation energy spectrum. The momenta of the
emitted protons pp after η′ absorption by a nucleon at rest are considered to be pp � 0 . 58 GeV/ c
for η′ N → ηN and pp � 0 . 71 GeV/ c for η′ N → πN in one-body absorption processes, as indi-
cated in Refs. [ 29 , 30 ]. The protons emitted in η′ absorption by the non-mesic two-body process
η′ N N → N N by two rest nucleons are expected to have a large kinetic energy ∼ mη′ 

2 

, and, thus,
a larger momentum of pp � 1 . 0 GeV/ c . We expect that the protons with larger momenta emit-
ted in the two-body absorption process at backward angles could be distinguished most clearly
from those from the background processes. Thus, we begin by noting the η′ N N → N N pro-
cess as an important candidate for the source of protons from the signal of the semi-exclusive
measurements and perform the numerical simulation in Section 3.1 . Then, in Section 3.2 we
consider both one- and two-body absorption processes of η′ as the decay of the η′ mesic nu-
cleus. The idea of these semi-exclusive measurements was proposed in Refs. [ 29 , 30 ], and the
preliminary results of the simulation were reported in Ref. [ 31 ]. To evaluate the advantage of 
the semi-exclusive reaction quantitatively, we perform the simulation using the microscopic 

transport model JAM [ 32 ]. 
As background processes, we calculate in this paper the 

12 C( p, d) X inclusive reaction with
a forward-going deuteron. The simulation is performed for 1 . 44 × 1011 incident protons. The
results of the excitation energy momentum spectrum are consistent with the experimental 
data in Refs. [ 23 , 24 ]. This simulation does not include the contributions of the η′ mesic nu-
cleus formation and corresponds to background processes. We show in Fig. 2 (left) the dis-
tribution of emitted protons in this JAM simulation for events in the excitation energy range
−60 MeV≤ Eex − E0 ≤ 60 MeV in the plane of the proton momentum pp and cos θp of the 

proton emission angle θp . E0 is the η′ production threshold. As shown in this figure, most
protons from the background in the 

12 C( p, d) X reaction tend to be distributed in the for-
ward direction and do not have large momenta p � 0 . 5 GeV/ c at backward angles, as we
expect. 

In the following subsections, we consider the proton distribution from the signal processes,
which are defined as the formation of the η′ mesic nucleus followed by the decay by the η′ 

absorption processes. The deuteron spectra of the signal processes correspond to the conversion
parts in Fig. 1 . We perform the intra-nuclear cascade simulation independently from that of 
the background using JAM by placing energetic particles such as nucleon(s) and π/ η inside the
nucleus which are produced by the η′ absorption processes. These particles are prepared in the
simulation randomly, with the spatial distribution proportional to ρ(r) and ρ2 (r) of 11 C for the
one- and two-body absorption, respectively, and with the momentum distributions centered on 

the values corresponding to the η′ absorptions by the nucleon(s) at rest. The effects of the Fermi
4/16
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Fig. 2. The distributions of protons emitted in the inclusive 12 C( p, d) X reaction in the plane of the proton 

momentum pp and cos θp of the proton emission angle θp in the laboratory system in two independent 
simulations for the incident proton kinetic energy Tp = 2 . 5 GeV. The simulated result of the background 

processes is shown in the left-hand panel, and that of the signal process from the η′ mesic nucleus decay 

by the two-body absorption η′ N N → N N is shown in right-hand panel. 
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motion of nucleon(s) and those of the bound η′ momentum distribution before absorption are
taken into account in calculating the momentum distribution of energetic particles produced
by absorption. The number of forward-going deuterons is the same as that of η′ mesic nuclei
populated in the signal process. 

In Appendix A , the relative probabilities of the energetic proton and/or neutron production
are evaluated for each absorption process of the bound η′ by nucleon(s) assuming simple ab-
sorption mechanisms. The relative probabilities of the energetic π and η production are also
evaluated for one-body absorption of η′ . 

3.1. Protons from η′ mesic nuclei by the nonmesic two -body absorption of η′ 

We consider the η′ N N → N N nonmesic two-body absorption of η′ for the decay of the η′ mesic
nucleus here. We perform the intra-nuclear cascade simulation by assuming the existence of the
η′ mesic nuclei. The number N0 of forward deuterons is the same as the number of η′ mesic nu-
clei in the signal process. The nucleons are supposed to have the momentum pp = 1 . 04 GeV/ c
as the central value inside the nucleus after η′ absorption. Two nucleons after η′ absorption
by η′ N N → N N have momenta of the same magnitude but opposite directions in their center
of mass system. After the nonmesic two-body absorption, three charged states of two nucle-
ons, pp, pn , and nn , are possible. In Appendix A , we show an estimation of the probabilities
Ppp , Ppn , and Pnn of appearance of these final two nucleon states assuming the simple absorp-
tion mechanisms. Thus, for N0 η

′ mesic nuclei, we have energetic N0 (2 Ppp + Ppn ) protons and
N0 (2 Pnn + Ppn ) neutrons with momentum around 1 GeV/ c inside the nucleus after two-nucleon
absorption. We consider all these energetic protons and neutrons and simulate the distribution
of protons emitted from the nucleus. The energetic neutrons can be the source for proton emis-
sion. Figure 2 (right) shows the simulated distribution of protons emitted in the η′ absorption by
the two-body process η′ N N → N N as the indication for the formation of the η′ mesic nucleus.
We find that the proton distribution is very different from that of the background processes and
has a peak at pp ∼ 1 GeV/ c for all emitted angles, as expected. 
5/16
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The clear difference of the simulation results for the proton distributions from the signal and
background processes enables us to find suitable conditions of the semi-exclusive ( p, dp) reac-
tion for observing a clearer signal for the formation of the η′ mesic state in 

11 C. From Fig. 2 ,
it is clear that protons with higher momenta emitted to backward angles should be detected
selectively in the semi-exclusive measurements to improve the S/B ratio of the excitation en-
ergy spectrum. To show the advantage of the semi-exclusive measurements, we define the
improvement factor fS/B of the S/B ratio of the excitation energy spectra as the ratio of the
number of coincidences requesting the forward deuterons and proton from the signal ( NS 

c ) and
from the background ( NB 

c ) processes, normalized to 1 for the inclusive ( p, d) reaction obtained
by the forward deuteron numbers from the signal ( NS 

d ) and the background ( NB 
d ) processes,

as 

fS/B =
(

NS 
c 

NB 
c 

)/ ( 

NS 
d 

NB 
d 

) 

inclusive 

. (2) 

By imposing cut conditions on the momenta and angles of the emitted protons, both NS 
c and NB 

c 
decrease, but the differences in the proton distributions of the signal and the background can
magnify the fS/B factor for suitable cut conditions. At the same time, the cut conditions reduce
the number of events and make the statistics worse. Thus, the best experimental cut condition
will be determined by optimizing these effects. 

For the simulation of the background, the number of the coincidence NB 
c for semi-exclusive

reactions is defined as the number of forward deuterons with at least one proton emission that
satisfies the cut conditions. For the simulation of the signal processes, we take care of the pos-
sibility of having multiproton emissions from one η′ mesic nucleus, namely from one nucleon
pair, corresponding to one deuteron forward. Using the probabilities Ppp , Ppn , and Pnn of pro-
ducing energetic pp, pn , and nn pairs inside the nucleus, we determine the numbers of three
kinds of nucleon pairs after η′ absorption. Then, we perform the JAM simulation to obtain
the number of the nucleon pairs of the production of only one emitted proton outside the
nucleus that satisfies the cut conditions. Similarly, we also evaluate by JAM simulations the
number of pairs of emitted protons satisfying the cut conditions. The latter events are used to
evaluate the strength of the back-to-back correlation of the emitted protons from the η′ mesic
nucleus decay. We evaluate the number of forward deuterons accompanying at least one pro-
ton satisfying the experimental cut conditions as the sum of the number of the nucleon pairs
with only one emitted proton and those with two or more emitted protons satisfying the cut
conditions. 

We show in Table 1 the results of the fS/B factor for the simulations of various cut condi-
tions of the proton momentum pp and the proton emission angle θp . We first define the low-
est value of pp and the smallest (largest) value of θp ( cos θp ) as the cut conditions. We find
that the S/B ratio is much improved in the semi-exclusive reaction, and that the fS/B fac-
tor is significantly larger than 1 for the stronger cut conditions. For example, if we consider
protons emitted with momenta pp larger than 0.8 GeV/ c and at angles θp larger than 90 

◦ in
the semi-exclusive measurements, the S/B ratio is found to be about 200 times larger than 

that of the inclusive spectra. Consequently, if the signal cross-section were of the order of 
1000 times smaller than the inclusive cross-section, the S/B ratio would still be of the order
of 20%. 
6/16
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Table 1. Improvement factor fS/B of the S/B ratio defined in Eq. ( 2 ) for nonmesic two-body absorption 

of η′ by the semi-exclusive 12 C( p, dp) reaction with respect to the inclusive 12 C( p, d) reaction for the 
incident proton kinetic energy Tp = 2 . 5 GeV. The improvement factor is normalized to 1 for the inclusive 
reaction where no cut condition for emitted protons is imposed. In the semi-exclusive 12 C( p, dp) reaction 

considered here, protons in the final state are observed at backward angles with high momenta. The 
lowest value of the proton momentum pp and the largest value of cos θp of the proton emission angle θp 
are shown as the cut conditions. Events with protons with higher momenta and larger emission angles 
(smaller cos θp values) than the cut conditions are accumulated for both background and signal processes 
and used to evaluate the improvements of the S/B ratio. The results for the definite value of the proton 

momentum pp with the range of 200 MeV/ c are also shown for the backward angles 0 . 0 > cos θp . 

Proton momentum cut [GeV/ c ] 

Proton angle cut 0 . 6 < 0 . 7 < 0 . 8 < 0 . 9 < 1 . 0 < pp 

0 . 50 > cos θp 1 . 7 × 101 4 . 1 × 101 1 . 1 × 102 2 . 8 × 102 7 . 0 × 102 

0 . 25 > 2 . 2 × 101 5 . 8 × 101 1 . 6 × 102 4 . 2 × 102 1 . 2 × 103 

0 . 00 > 2 . 7 × 101 7 . 4 × 101 2 . 1 × 102 5 . 8 × 102 1 . 8 × 103 

−0 . 25 > 3 . 1 × 101 8 . 6 × 101 2 . 5 × 102 6 . 9 × 102 2 . 2 × 103 

−0 . 50 > 3 . 3 × 101 9 . 4 × 101 2 . 7 × 102 8 . 0 × 102 2 . 7 × 103 

−0 . 75 > 3 . 5 × 101 1 . 0 × 102 3 . 0 × 102 9 . 8 × 102 4 . 1 × 103 

0 . 3 < pp < 0 . 5 0 . 5 < pp < 0 . 7 0 . 7 < pp < 0 . 9 0 . 9 < pp < 1 . 1 

0 . 0 > cos θp 1 . 1 × 100 2 . 3 × 100 1 . 9 × 101 4 . 2 × 102 
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As shown in Table 1 , the fS/B factor is found to be sensitive to the cut condition for pp . Hence,
we also show the results for 200 MeV/ c wide momentum bins and for backward angles. We
find that the fS/B factor is almost 1 for the region with the lower value of momentum 0 . 3 <

pp < 0 . 5 GeV/ c because of the large background contributions. For the high-momentum region
0 . 9 < pp < 1 . 1 GeV/ c , the fS/B factor is as large as 4 . 2 × 102 owing to the large contributions
from the two-body absorption of η′ . 

3.2. Protons from η′ mesic nuclei by the one- and two -body absorption of η′ 

In this subsection, we perform a more realistic simulation of the 

12 C( p, dp) reaction than in Sec-
tion 3.1 . We consider the η′ N → ηN and η′ N → πN processes as the one-body η′ absorption
in addition to the η′ N N → N N two-body η′ absorption discussed in the previous subsection.
The expected momentum distributions of the produced energetic protons after one-body η′ ab-
sorption processes in the nucleus have smaller central values than those of nonmesic two-body
processes, as mentioned at the beginning of Section 3 . We consider all combinations of ener-
getic particles produced by η′ one-body absorption as shown in Appendix A , namely, ηp, ηn ,
π− p, π0 p, π+ n , and π0 n . In order to perform the intra-nuclear cascade simulation of all de-
cay processes of the η′ mesic nucleus considered in the paper, we assume the decay branching
ratios of the η′ mesic nuclei Bη, Bπ , and BNN 

for η′ N → ηN , η′ N → πN , and η′ N N → N N pro-
cesses, and combine the results of the simulations to obtain the results of the emitted proton
distribution. The numbers of η′ mesic nuclei decaying into each process are N0 Bη, N0 Bπ , and
N0 BNN 

for N0 η
′ mesic nuclei with the condition Bη + Bπ + BNN 

= 1 . We consider the branch-
ing ratios Bη, Bπ , and BNN 

as parameters for the simulation because of the uncertainty of the
strength of each process, and we assume two sets of values as (Bη, Bπ , BNN 

) = (0 . 2 , 0 . 2 , 0 . 6)
and (0 . 4 , 0 . 4 , 0 . 2) in this paper. The results shown in Fig. 2 (right) and Table 1 correspond to
7/16
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Fig. 3. The distributions of protons emitted from the decays of the η′ mesic nuclei, which are supposed 

to be populated in the 12 C (p, d) X reaction, in the plane of the proton momentum pp and cos θp of the 
proton emission angle θp in the laboratory system. The decay branching ratios Bη, Bπ , and BNN 

for η′ N → 

ηN, η′ N → πN, and η′ NN → NN processes are assumed to be (a) (Bη, Bπ , BNN 

) = (0 . 2 , 0 . 2 , 0 . 6) and (b) 
= (0 . 4 , 0 . 4 , 0 . 2) , respectively. 
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the case with (Bη, Bπ , BNN 

) = (0 . 0 , 0 . 0 , 1 . 0) . We show in Fig. 3 the simulated distribution of 
the emitted protons for the η′ absorption as in Fig. 2 (right) for the two-body process only. As in
the case of the two-body absorption, the emitted protons have an approximately uniform angu-
lar distribution in the laboratory frame in the one-body processes, too. As we can see in Fig. 3 ,
by increasing the branching ratios of one-body process Bη and Bπ , the peak momentum of the
emitted protons becomes smaller, as expected. The number of η′ mesic nuclei, which produce
the emitted proton(s) satisfying the cut conditions, are obtained by the simulation in similar
ways to described in Section 3.1 for all decay channels. This number is the same as that of the
corresponding forward deuterons in the signal process in the semi-exclusive measurements and 

is used to evaluate the improvement factor fS/B . 
We show the results of fS/B in Tables 2 and 3 for two sets of branching ratios. As can be seen

from these tables, the fS/B factors for the strong cut conditions for pp decrease rapidly as Bη and
Bπ increase because the number of protons with high momentum ∼ 1 GeV/ c from two-body η′ 

absorption decreases. For example, the fS/B factor with the cut condition pp > 0 . 8 GeV/ c and
θp > 90◦ is 2 . 1 × 102 for BNN 

= 1 . 0 as shown in Table 1 , which becomes fS/B = 1 . 3 × 102 for
BNN 

= 0 . 6 and fS/B = 5 . 6 × 101 for BNN 

= 0 . 2 . The fS/B factor tends to decrease more sharply
for stronger cut conditions for pp as BNN 

decreases. In addition, we notice that the fS/B fac-
tors also become smaller gradually for larger Bη and Bπ even for the weaker cut conditions for
pp . This is because the increase in the protons with lower momentum for larger Bη and Bπ

results in an increase in the signal protons excluded under weak cut conditions. In all cases,
regardless of the value of the branching ratios, we find that we can expect large fS/B factors
(	 1) for the semi-exclusive measurements with protons with large momentum at backward 

angles. 

4. Conclusion 

We have studied theoretically the semi-exclusive 

12 C( p, dp) X reaction for the formation of η′ 

mesic nuclei. In the last experiments of the 

12 C( p, d) X reaction [ 23–25 ], we found that it was
extremely difficult to identify the peak structure in the excitation energy spectra because of the
8/16
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huge background. In order to reduce the background and to observe possible peak structures,
we considered in this paper the semi-exclusive 

12 C( p, dp) X reaction, where emitted protons
from the η′ absorption processes in the final state are detected in coincidence with forward-
going deuterons to select the events of the signal processes. 

We performed the numerical simulation using the microscopic transport model JAM and
quantitatively evaluated the improvements of the S/B ratio by the semi-exclusive measure-
ments. We found that semi-exclusive measurements of the final-state protons at backward an-
gles with high momenta can substantially improve the S/B ratio, providing a significant im-
provement compared with the inclusive reaction for the observation of η′ mesic states. Con-
sidering protons with momenta pp > 0 . 8 GeV/ c and at angles θp > 90◦ in the semi-exclusive
measurement, the JAM simulation shows that the background is reduced significantly to 0.2%
relative to the inclusive reaction. We demonstrated that the semi-exclusive measurements in
coincidence with the particles emitted in η′ absorption processes are important in general
for the η′ mesic nucleus formation reactions as studied in this paper. The best experimen-
tal cut condition for the emitted protons can be determined by optimizing the various con-
ditions, including the statistics, which are also affected by the cut conditions. By applying the
semi-exclusive measurements in an actual experiment [ 25 ], a S/B ratio of the order of 10% was
achieved. 
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Appendix A. Relative strength of energetic proton and/or neutron production in each 

η′ absorption process 
In this appendix, we estimate the relative probabilities of the energetic proton(s) and/or neu-
tron(s) production from each absorption process of the bound η′ by nucleon(s) inside the
nucleus. The produced energetic nucleons propagate inside the nucleus to the outside. This
propagation process is investigated in the simulation separately. The production and prop-
agation of π and η are also estimated and simulated for one-body absorption. All hadrons
produced by the η′ absorption processes can be the source of proton emission outside the
nucleus. 

A.1. One-body absorption 

As one-body η′ absorption processes, we consider here η′ N → ηN ′ and η′ N → πN ′ , where N 

and N ′ indicate a proton and/or neutron. We assume the simple diagrams shown in Fig. A1
to estimate the relative probabilities of the energetic proton and neutron production in each
process. 

First, we consider the η production process shown in Fig. A1 (a). By considering the isoscalar
nature of η and η′ , we can expect the following relationships between the transition amplitudes
11/16
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Fig. A1. The simple Feynman diagrams assumed in this paper for (a) η′ N → ηN ′ and (b) η′ N → πN ′ 

processes. N and N ′ indicate a proton and/or neutron, and N∗ indicates the baryon resonances with 

isospin 1 / 2 . Because of isospin conservation, � resonances do not appear as the intermediate state in 

these diagrams. 
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for η production: 

Tη′ p→ ηp = Tη′ n → ηn , (A.1) 

and 

Tη′ p→ ηn = Tη′ n → ηp = 0 , (A.2) 

where the amplitude of the process η′ N → ηN ′ is written as Tη′ N → ηN ′ . Thus, within the η′ N →
ηN ′ process, the probability Pηp of energetic proton production with η can be estimated for the
nucleus consisting of Z protons and N neutrons as follows: 

Pηp = Z| Tη′ p→ ηp |2 
Z| Tη′ p→ ηp |2 + N | Tη′ n → ηn |2 =

Z 

Z + N 

, (A.3) 

and the probability Pηn of the energetic neutron production for the η production process is 

Pηn = 1 − Pηp = N 

Z + N 

. (A.4) 

Then, we consider the π production process shown in Fig. A1 (b). Because of the isospin, we
can expect the relationship between neutral pion production amplitudes to be 

| Tη′ p→ π0 p | = | Tη′ n → π0 n | , (A.5) 

and the charged pion production amplitudes to be 

| Tη′ n → π− p | = | Tη′ p→ π+ n | . (A.6) 

In the simple diagrams shown in Fig. A1 (b), by considering the isospin factor of the charged
and neutral pion vertices, we have 

| Tη′ n → π− p | =
√ 

2 | Tη′ n → π0 n | , (A.7) 

and 

| Tη′ p→ π+ n | =
√ 

2 | Tη′ p→ π0 p | . (A.8) 

Thus, within the η′ N → πN ′ process, the probabilities Pπ− p and Pπ0 p of energetic proton pro-
duction with the charged and neutral pion can be estimated for the nucleus consisting of 
12/16
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Fig. A2. The simple one-sigma exchange Feynman diagram assumed in this article for the η′ N1 N2 → 

N ′ 
1 N ′ 

2 process. All Ns indicate a proton and/or neutron, and N∗ indicates the baryon resonances with 

isospin 1 / 2 . Because of isospin conservation, � resonances do not appear as the intermediate state in 

this diagram. 
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Z protons and N neutrons as follows: 

Pπ− p = 

N | Tη′ n → π− p |2 
Z(| Tη′ p→ π0 p |2 + | Tη′ p→ π+ n |2 ) + N (| Tη′ n → π0 n |2 + | Tη′ n → π− p |2 ) 

= 

2 N 

Z(1 + 2) + N (1 + 2) 
= 2 N 

3(Z + N ) 
, (A.9) 

and 

Pπ0 p =
Z| Tη′ p→ π0 p |2 

Z(| Tη′ p→ π0 p |2 + | Tη′ p→ π+ n |2 ) + N (| Tη′ n → π0 n |2 + | Tη′ n → π− p |2 ) =
Z 

3(Z + N ) 
, (A.10) 

and the probabilities of energetic neutron production for the charged and neutral π production
processes are 

Pπ+ n = Z| Tη′ p→ π+ n |2 
Z(| Tη′ p→ π0 p |2 + | Tη′ p→ π+ n |2 ) + N (| Tη′ n → π0 n |2 + | Tη′ n → π− p |2 ) =

2 Z 

3(Z + N ) 
, (A.11) 

and 

Pπ0 n =
N | Tη′ n → π0 n |2 

Z(| Tη′ p→ π0 p |2 + | Tη′ p→ π+ n |2 ) + N (| Tη′ n → π0 n |2 + | Tη′ n → π− p |2 ) =
N 

3(Z + N ) 
. (A.12) 

A.2. Two-body absorption 

We assume the simplest diagram of σ 1 exchange for two-body absorption processes as shown
in Fig. A2 . Because of the isoscalar nature of η′ , the resonances with isospin 1 / 2 only con-
tribute to the baryon intermediate state of this diagram. By expressing the process in Fig. A2 as
η′ N1 N2 → N ′ 

1 N ′ 
2 and its amplitude as Tη′ N1 N2 → N ′ 

1 N ′ 
2 
, we can expect the following relationships of 

the transition amplitudes of these processes to be 

Tη′ pp→ pp = Tη′ pn → pn = Tη′ np→ np = Tη′ nn → nn , (A.13) 
and 

1 σ is f0 (500) , and was f0 (600) and f0 (400 − 1200) [ 35 ]. 

13/16
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Tη′ pn → np = Tη′ np→ pn = 0 , (A.14) 

because of the isospin nature of η′ and σ . Thus, the two nucleon absorption processes of η′ con-
sidered here are η′ pp → pp, η′ pn → pn , η′ np → np, and η′ nn → nn . The amplitudes Tη′ pn → np 

and Tη′ np→ pn are evaluated to be zero simply because we only consider sigma exchange between
nucleons as the dominant contribution. 

Thus, within the two-body absorption processes, the relative probability Ppp of energetic two-
proton production by the η′ pp → pp process from the η′ mesic nucleus can be estimated for
the nucleus consisting of Z protons and N neutrons as follows: 

Ppp = 

Z(Z − 1) | Tη′ pp→ pp |2 
Z(Z − 1) | Tη′ pp→ pp |2 + N (N − 1) | Tη′ nn → nn |2 + N Z| Tη′ np→ np |2 + ZN | Tη′ pn → pn |2 

= 

Z(Z − 1) 
(Z + N )(Z + N − 1) 

, (A.15) 

where we neglect the possible interference effects between the η′ np → np and η′ pn → pn pro-
cesses. Similarly, the probability Pnn of energetic two-neutron production is estimated as fol-
lows: 

Pnn = N (N − 1) 
(Z + N )(Z + N − 1) 

, (A.16) 

and the probability Ppn of energetic one-proton and one-neutron production by the η′ np → np
and η′ pn → pn processes is expressed as 

Ppn = N Z + ZN 

(Z + N )(Z + N − 1) 
= 2 ZN 

(Z + N )(Z + N − 1) 
. (A.17) 

As a consequence, on average 1.1 protons are emitted in the decay of η′ ⊗ 11 C via the two-body
absorption process η′ N1 N2 → N ′ 

1 N ′ 
2 . 

The formulae given in Eqs. ( A.3 ), ( A.4 ), ( A.9 ), ( A.10 ), ( A.11 ), ( A.12 ), ( A.15 ), ( A.16 ), and ( A.17 )
only give the relative intensities within a given decay mode and not the relative intensity of the
respective decay modes. For the single meson decays, the strength is proportional to the nuclear
density, while the intensity of the two-body absorption process scales with the square of the
nuclear density. 

Appendix B. Summary of the variables appearing in the explanation of the simulation 

We show in this appendix a compilation of the variables appearing in the explanation of the
simulation in this paper. 
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(I) η′ N → ηN
(II) η′ N → πN One-body and two-body processes of η′ absorption 

(III) η′ N N → N N 

Bη, Bπ , BNN 

Assumed decay branching ratios of the η′ mesic nucleus by the η′ 

absorption processes (I), (II), and (III) 
Pηp Probability of the production of an energetic PROTON with η in the 

nucleus from the bound η′ by the process (I) 
Estimated in Appendix A.1 

Pηn Same as Pηp except for the production of an energetic NEUTRON 

Pπ− p Same as Pηp except for π− by the process (II) 
Pπ0 p , Pπ+ n , Pπ0 n Same as Pπ− p except for different charge states 
Ppp Probability of the production of two energetic PROTONS in the 

nucleus from the bound η′ by the process (III) 
Estimated in Appendix A.2 

Pnn Same as Ppp except for the production of two energetic NEUTRONS 

Ppn Same as Ppp except for the production of one energetic PROTON and 

one energetic NEUTRON 
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