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本研究の位置付け

2

B01: ストレンジ・ハドロンクラスターで探る物質の階層構造　
公募研究：「ダブルΛハイパー核の分光実験に用いる 
　　　　　　ガス検出器の読み出しシステム構築と性能評価」

ダブルΛハイパー核の分光実験 

→ ΛΛ-ΞN 結合の研究
(uds)(uds) ↔ (dss)(uud)

「クラスター組み替え」 
（バリオンクラスター内のクォークを交換）
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ΛΛ, ΞN interaction
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K. Sasaki et al. / Nuclear Physics A 998 (2020) 121737 5

Fig. 1. The S-wave coupled-channel !!-N" potential in 11S0. The V !! , V !!
N" , V N"

!! and V N" potentials are shown 
in (a), (b), (c) and (d), respectively. (For interpretation of the colors in the figure(s), the reader is referred to the web 
version of this article.)

This is equivalently rewritten as a relation between the spin-isospin basis and the operator basis;
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Shown in Fig. 3 are the N" potentials in the operator basis. The scalar part of the N" po-
tential, V N"

0 , have an attractive pocket at around 1.0 fm as well as the short-range repulsion. 
The former may be related to the correlated two-pion exchange as in the case of the mid-range 
attraction in the S-wave NN interactions. We also find that V N"

στ has a long-range attractive tail, 
which is consistent with the one-pion exchange picture.

5. Analytic forms of !! and N" potentials

For phenomenological applications, it is useful to fit the LQCD potential in terms of a com-
bination of simple analytic functions.

K. Sasaki et al. (HAL-QCD Collaboration) NPA 998 (2020) 121737 

weak coupling  
between ΞN-ΛΛ

cf. short-range interaction 
from SUsf(6) symmetry viewpoint 

M. Oka, arXiv:2301.06026
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light Ξ hypernuclei

5

force is most attractive in the spin-1 pair, and the ΞN force
in ESC08c is also attractive for spin-1 pairs as shown in
Fig. 1(a), this channel is most attractive to bring the bound
state. On the other hand, in NNΞð1=2; 1=2þÞ, one of the
nucleon spins or Ξ spin is antiparallel to the others, so that
one or two spin-0 ΞN pairs appear in the wave function.
Since such a pair is repulsive in ESC08c as shown in
Fig. 1(a), this channel becomes unbound. Note here that our
results of NNΞ are qualitatively similar to but numerically
different from those in Ref. [30] due to a different NN
potential and different treatment of ESC08c. In the T ¼
3=2 NNΞ channel we do not find a bound state with respect
to the D% þ N threshold, while one bound state is found
with ð3=2; 1=2þÞ in Ref. [30].
For the NNNΞ system in ESC08c, the state in ðT; JπÞ ¼

ð0; 0þÞ is unbound with respect to the 3H=3Heþ Ξ thresh-
old, while the states in ðT; JπÞ ¼ ð0; 1þÞ; ð1; 0þÞ and
ð1; 1þÞ are bound by 10.20,3.55, and 10.11 MeV, respec-
tively, as shown in Table I. The effect of the ΞN Coulomb
interaction to these binding energies is only 10%–20% of
those numbers. The physical reason behind such channel
dependence is more involved than the case of NNΞ due to
various combinations of the pairs. Nevertheless, we find
that the dominant ΞN pair in the ðT; JπÞ ¼ ð0; 0þÞ system
is the repulsive 11S0 channel in ESC08c, which leads to the
unbinding of this system. On the other hand, the dominant

ΞN pairs in ðT; JπÞ ¼ ð1; 1þÞ and ð0; 1þÞ systems are 33S1
and 13S1 channels so that the binding energies of these
NNNΞ systems are large.
Let us now turn to theNNΞ andNNNΞ systems with the

HAL QCD ΞN potential. We found that none of the
potentials (t=a ¼ 11, 12, and 13) support bound states
for NΞ and NNΞ systems. Only for the four-body NNNΞ
system with ðT; JπÞ ¼ ð0; 1þÞ, we have a possibility of a
shallow bound state with the binding energies of
0.63ðt=a¼11Þ;0.36ðt=a¼12Þ;0.18ðt=a¼13ÞMeV with
respect to the 3H=3Heþ Ξ threshold. In Table I, we quote
the number 0.36 (16)(26) MeV where the first parenthesis
shows the error originating from the statistical error of the
ΞN potential at t=a ¼ 12 and the second parenthesis shows
the systematic error. The former is estimated by the
jackknife sampling of the lattice QCD configurations
and the latter is estimated from the data at t=a ¼ 11 and 13.
The reason why the bound state is so shallow is that,

unlike the case of ESC08c, the HAL QCD potential is
moderately attractive in 11S0, while it is either weakly
attractive or repulsive in other channels as shown in
Fig. 1(b). If we switch off the Coulomb interaction, the
bound state at t=a ¼ 12 (and 13) disappears. Therefore, this
is a Coulomb-assisted bound state. However, the contri-
bution from the strong ΞN interaction is still substantially
larger than that of Coulomb ΞN interaction as seen
from their expectation values, hVstrong

ΞN i ¼ −2.06 MeV vs
hVCoulomb

ΞN i ¼ −0.38 MeV for t=a ¼ 12. Also, the mixing
of the ðT; JπÞ ¼ ð1; 1þÞ state to the ðT; JπÞ ¼ ð0; 1þÞ state
due to Coulomb effect is less than 1% for t=a ¼ 12.
Shown in Fig. 3 is a comparison of the NNNΞ binding

energies calculated with ESC08c and HAL QCD. In both
cases, NNNΞ in ðT; JπÞ ¼ ð0; 1þÞ [Fig. 3(a)] is a possible
candidate of the lightest Ξ hypernucleus. The binding
energy and the binding mechanism are, however, totally
different between the two cases; the strong attraction in 33S1
drives ∼10 MeV binding for the ESC08c potential, while

TABLE I. The calculated binding energies (in units of MeV) of
NNΞ and NNNΞ with ESC08c potential and with HAL QCD
potential with respect to the dþ Ξ and 3H=3Heþ Ξ threshold,
respectively.

NNΞ NNNΞ
ðT; JπÞ ð12 ;

1
2
þÞ ð12 ;

3
2
þÞ (0, 0þ) (0, 1þ) (1, 0þ) (1, 1þ)

ESC08c & & & 7.20 & & & 10.20 3.55 10.11
HAL QCD & & & & & & & & & 0.36(16)(26) & & & & & &

 H/  He + Ξ

0.36 (16)(26)

−10.20 J  =1+

J  =1+

(a) NNNΞ  (T=0) (b) NNNΞ  (T=1)
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3 3

π
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FIG. 3. Binding energies of the NNNΞ system using ESC08c and HAL QCD potentials for (a) ðT; JπÞ ¼ ð0; 1þÞ and
(b) ðT; JπÞ ¼ ð1; 0þÞ; ð1; 1þÞ states. The gray band for HAL QCD is obtained by the quadrature of the statistical and systematic errors.

PHYSICAL REVIEW LETTERS 124, 092501 (2020)

092501-4

Γ=0.89 MeV

Γ=0.05 MeV

A=4 NNNΞ

E. Hiyama et al., 
Phys. Rev. Lett. 124, 092501 (2020)

PROBING THE !N INTERACTION THROUGH … PHYSICAL REVIEW C 106, 064318 (2022)
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FIG. 2. (a) !N phase shifts obtained from the HAL QCD potential. The figure is adapted and modified from Ref. [9]. (b) The calculated
energy level of the !Nαα system. The energy is measured with respect to the !Nαα four-body breakup threshold.

(Fig. 1 of [8]) and of the chiral NLO potential in Ref. [10].
Thus, we find that the binding energies B!α with respect to
5
!H with the Coulomb interaction are as small as 0.64, 0.45,
and 0.25 MeV for t/a = 11, 12, and 13, respectively, with the
width # ∼ 5 keV, so that !α is likely to be the Coulomb-
assisted bound state. In contrast, B!α is about 2.16 MeV in
the chiral NLO potential [10] where the attraction in the 33S1
channel is assumed to be large.

III. RESULTS

Let us first discuss the !Nα system with T = 1 and T = 0.
Since the ground state of 5He has Jπ = 3/2−, total isospin-
spin states of possible !Nα nuclei are (T, Jπ ) = (1, 1−),
(1, 2−), (0, 1−), and (0, 2−), where Jπ = 2−(1−) corresponds
to the spin-parallel (antiparallel) !N pair. Thus, !N interac-
tions in 31S0, 33S1, 11S0, and 13S1 channels are primarily (but
not entirely) related to !Nα systems with (1, 1−), (1, 2−),
(0, 1−), and (0, 2−), respectively, as summarized in Table I.
In the HAL QCD potential, 31S0 is repulsive and 33S1 is only
weakly attractive [Fig. 2(a)], so that T = 1 !Nα bound states
do not appear in 1− and 2− states. It is unlikely to find bound
states, unless the strength of the potential in the 33S1 channel is
artificially increased by a factor of 2. In T = 0, there generally
arise no bound states too in both 1− and 2− states, since the
attractions in 11S0 and 13S1 channels are not large enough.
(However, when we use the HAL QCD potential at t/a = 11,
there remains a possibility of a very shallow bound state in
1− state.) Experimentally, one may try to produce !Nα with
T = 1 and T = 0 by the (K−, K+) and (K−, K0) reactions

TABLE I. Possible spin-doublets in !Nα and !Nαα together
with the !N channel primarily related to each state.

(T, Jπ ) (1, 1−) (1, 2−) (0, 1−) (0, 2−)

Primary !N channel 31S0
33S1

11S0
13S1

on the 6Li target, respectively. However, it would be difficult
to find bound states in A = 6 systems according to the !N
potential based on lattice QCD.

Let us now study possible four-body bound states by
adding an extra α to !Nα. Such a four-body system has
three-body bound states: 9Be(T = 1/2, Jπ = 3/2−) with the
experimental binding energy of 1.57 MeV, and !−αα(T =
1/2, Jπ = 1/2+) with the theoretical binding energy of
2.08+0.77

−0.63 MeV. The first number is reproduced by the three-
body calculation by the GEM, while the second number is
obtained by the GEM with the HAL QCD potential. Then
possible !Nαα nuclei with T = 1 and 0 would have Jπ =
2−(1−) corresponding to the spin-parallel (antiparallel) !N
pair. Accordingly, the !N channels primarily contributing to
these states are those given in Table I.

By considering the state |!−nαα〉 for T = 1 and the
state |!0nαα + !− pαα〉 for T = 0 by the four-body calcu-
lation with the GEM and the HAL QCD potential, we found
the bound states with (T, Jπ ) = (1, 1−), (1, 2−), (1, 3−)
and (0, 1−), (0, 2−). Summarized in Table II are the en-
ergy levels E relative to the four-body breakup threshold
! + N + α + α with systematic errors. Note that the states
in Table II are located below the lowest two-body breakup

TABLE II. Energy levels of !Nαα for T = 1 and 0 with the
HAL QCD potential. E is measured relative to the ! + N + α + α

four-body breakup threshold. # is the decay width through the pro-
cess !N → %%. Central values are evaluated by the HAL QCD
potential at t/a = 12 and the systematic errors are estimated by the
potential at t/a = 11 and 12.

Jπ 1− 2− 3−

T = 1 E (MeV) −4.50+1.04
−0.80 −4.70+1.09

−0.83 −2.47+1.09
−0.84

# (MeV) 0.02+0.01
−0.01 0.02+0.01

−0.00 0.02+0.01
−0.00

T = 0 E (MeV) −4.31+1.28
−1.04 −3.26+1.10

−0.90 —

# (MeV) 0.04+0.01
−0.01 0.03+0.00

−0.01 —

064318-3

Γ=0.02～0.04 MeV

(HAL QCD)
A=10 ΞNαα

E. Hiyama et al., 
Phys. Rev. C 106, 064318 (2022)
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s-shell double-Λ hypernuclei
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Many theoretical calculations 
supports the existence of 

the  isodoublet . A = 5 ( 5
ΛΛH- 5

ΛΛHe)
L. Contessi et al., Phys. Lett. B 797, 134893 (2019) 
G. Meher and U. Raha, Phys. Rev. C 103, 014001 (2021) 
and references therein

J-PARC E75 Experiment 
will investigate .5

ΛΛH
https://j-parc.jp/researcher/Hadron/en/pac_1901/pdf/P75_2019-09.pdf
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ΛΛ-ΞN mixing in  5
ΛΛH
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A = 5 p n n Λ Λ

p p n n Ξ−

 mixingΛΛ ↔ Ξ−p

A = 6

5
ΛΛH

5
Ξ− H

p p n n Λ Λ6
ΛΛHe

Triple-shell closure

Suppression of  mixing 
due to the Pauli principle

ΛΛ ↔ Ξ−p

study of  interaction as well as  interactionΛΛ-ΞN ΛΛ

study of  interactionΛΛ（  as well）A ≥ 7

cf. B.F. Gibson et al., 
Prog. Theor. Phys. Suppl. 117, 339 (1994)
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ΛΛ-ΞN mixing in  5
ΛΛH
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states into the diagonal !! interaction through the G-matrix
procedure, and only low-lying "N states are treated explic-
itly in our model space. In the cases of !!

5 H and !!
5 He, there

appears the particular low-lying #+" configuration. Then,
the intermediate nucleon is strongly bound in the # particle.
Such an intermediate state is forbidden by the Pauli principle
for a nucleon in the case of !!

6 He: Low-lying "N states
coupled to the !! state are #+"+N configurations, in
which N (and, probably, also ") lies in continuum. Energy
differences of these intermediate "N states from the !!
ground state are substantially greater than that for the #+"
configuration. Similar contributions from 3H!He"+N+"
continuum configurations occur also in !!

5 H !!!
5 He". In prin-

ciple, it would be reasonable to take into account the con-
tinuum configurations in !!

6 He as well as in !!
5 H !!!

5 He".
In our single-channel approximation for !!

6 He, however,
the “diagonal” !! potential fitted to the experimental bind-
ing energy incorporates effectively contributions from "N
intermediate states in which the nucleon is outside from the
1s shell. The reasons to justify our procedure are as follows:
First, such contributions are expected to be small enough due
to large energy differences and small overlaps of wave func-
tions of the !! bound state and "N continuum states. Sec-
ond, these contributions in the cases of !!

6 He and !!
5 H

!!!
5 He" are supposed to be roughly equal to each other and,
therefore, to be simulated well by the diagonal !! interac-
tion. Being simplified, our approach enables us to avoid un-
certainties arising from a treatment of the coupling in !!

6 He.
If the coupling contribution to the binding energy of !!

6 He
is comparable to that from the diagonal !! potential, our

results may be less reliable quantitatively. However, there is
no reason to expect that the main effect (difference of the
couplings in !!

5 H and !!
5 He) can disappear even in this un-

favorable case. It should be emphasized that the coupling in
!!
6 He anyway deserves further careful study by itself.

III. RESULTS AND DISCUSSION

First, we discuss the results obtained with Isle-type
hyperon-nucleus potentials.
In Table III, $B!!!!!

5 H" and $B!!!!!
5 He" calculated in

the single-channel approximation without the coupling are
presented. Since all the diagonal !! potentials are fitted to
$B!!!!!

6 He"=1.0 MeV, they give also values close to each
other for $B!!!!!

5 He"=0.58–0.63 MeV and $B!!!!!
5 He"

=0.65–0.69 MeV. It is seen that even without the coupling,
$B!!!!!

5 H"−$B!!!!!
5 H"%0. This nonzero difference was

first obtained in the five-body calculation [27] and then con-
firmed and explained in Ref. [40]. The origin of this differ-
ence is charge symmetry breaking !N interaction. Since
B!!!

4 He"−B!!!
4 H"%0, ! hyperons in !!

5 He move closer to
the center and, therefore, closer to each other than in !!

5 H.
So they attract each other somewhat stronger in !!

5 He than in
!!
5 H [40]. This difference is less than 0.1 MeV (whereas the
difference in the B! values in the corresponding single-!
hypernuclei is about 0.3 MeV) if the !! attraction is com-
patible with Nagara event and can be greater for stronger !!
attraction, but not greater than several tenths of MeV [40]. It
is seen that the coupling effect increases the difference con-
siderably (columns labeled cc in Table III, corresponding to
the Xa1 potential).
In Fig. 1(a), $B!! values obtained from the full calcula-

tion with various Isle-type "# potentials are shown as func-
tions of volume integral #V!!,"N!r"d3r.
It is seen that the coupling effect is anyway meaningful

and may be rather high. Even with moderate "# potential
Xa1, full $B!! is more than twice as large as the single-
channel value for strong coupling interactions. For the
NHC-F model, the difference $B!!!!!

5 He"−$B!!!!!
5 H" is

about 0.4 MeV. For the strongest "# potential Xa2,
$B!!!!!

5 He" can reach 2.3 MeV [recall that $B!!!!!
6 He"

=1.0 MeV]. Even for zero "# potential Xa0, $B!!!!!
5 He"

can exceed $B!!!!!
6 He" as has been pointed out in Ref.

[19].

TABLE III. Single-channel (sc) and coupled-channel (cc) $B!!

values in MeV calculated from Eq. (3) with B!!!
4 H"=1.25 MeV

and B!!!
4 H"=1.53 MeV for various potential models. In the

coupled-channel calculation, the Xa1 potential is used.

Model $B!!!!!
5 H" $B!!!!!

5 He"
sc cc sc cc

NHC-D 0.63 0.72 0.69 0.84
NSC97f 0.62 0.79 0.68 0.95
NSC97e 0.63 0.85 0.69 1.05
NSC89 0.58 0.97 0.65 1.25
NHC-F 0.58 1.16 0.65 1.55

FIG. 1. $B!! (a) and " admixture probabili-
ties p" (b) as functions of volume integral
#V!!,"Nd3r in !!

5 H and !!
5 He for "# Isle-type

potentials Xa1 (crosses), Xa2 (circles), and Xa0
(diamonds) and the Isle-type !-core potentials.
Solid !!!

5 He" and dashed !!!
5 H" lines are drawn

as a guide for eyes. Diagonal !! and coupling
!! -"N potentials are (from left to right)
NHC-D, NSC97f, NSC97e, NSC89, and NHC-F.

D. E. LANSKOY AND Y. YAMAMOTO PHYSICAL REVIEW C 69, 014303 (2004)

014303-6∫ VΛΛ,ΞN(r)d3r

D. E. Lanskoy and Y. Yamamoto, Phys. Rev. C 69, 014303 (2004)

 (fixed)ΔBΛΛ( 6
ΛΛHe) = 1.0 MeV

 → strength of ΛΛ-ΞN coupling potentialΔBΛΛ
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Production and Decay of 5
ΛΛH
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7
ΞH

4
ΛH → 4He + π−

pπ− ≈ 132.9 MeV/c

5
ΛΛH → 5

ΛHe + π−
pπ− ≈ 132ー135 MeV/c

Mass of  will be determined 
(decay pion spectroscopy)

5
ΛΛH

Tag of a fast proton from NMWD of  ⇒ distinction between  and 5
ΛHe 5

ΛΛH 4
ΛH
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Formation Probability of 5
ΛΛH
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Fig. 9 Open channels including D⇤HN from 7
⌅H

⇤, in Ref. [38] (left) and in the model C

(right).
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(triangles) in SDM as functions of the binding energy of ⌅� in 7
⌅H. Solid (dotted) lines show

the results in the �B⇤⇤ model C with (without) dineutron emission. Dashed lines show

the results without considering particle unstable nuclei in the decay processes and with the

channels and binding energies used in [38].

functions of the binding energy of ⌅� in 7
⌅H (solid curves). The ⌅� binding energy in 15

⌅ C

was evaluated from the twin hypernuclear formation in the Kiso event, ⌅� + 14N ! 15
⌅ C !

10
⇤ Be(⇤) + 5

⇤He, as B⌅ = 3.87± 0.21 MeV or 1.03± 0.18 MeV [36, 40]. These two values are

for decays to the ground state and the excited state of 10
⇤ Be. The binding energy would be

smaller in 7
⌅H, then the binding energy region of 0  B⌅  4 MeV would be enough.

The branching ratio Br(5⇤⇤H) increases with increasing B⌅, as expected, and takes values

between 43.6% (B⌅ = 0) and 57.8% (B⌅ = 4 MeV) in the B⌅ region of interest. These values
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Conversion processes for J
7 H are discussed as a typical example of the double-L hypernuclear formation via

a neutron-rich J state. LL
5 H is formed with a surprisingly large branching ratio of about 90% from J

7 H that is
produced by the (K2,K1) reaction on the 7Li target. The J

7 H state has a narrow width, 0.75 MeV, and its
population can be confirmed by tagging K1 momentum. @S0556-2813~96!50507-8#

PACS number~s!: 21.80.1a. 21.45.1v. 25.80.Nv, 25.80.Pw

Recent hypernuclear studies have aroused much interest
in double strangeness (S522) systems. Several double-L
hypernuclei events and J atoms ~or nuclei! were reported in
an experiment at KEK using emulsion-counter hybrid tech-
niques @1#. Such double strangeness systems provide unique
information concerning the LL and JN interaction, which
is closely related to the existence of H-dibaryon @2# and is
awaited to deduce properties of strange hadronic matter @3#.
However, information from S522 systems is still very lim-
ited. One reason is the difficulty in identification of S522
hypernuclear species in emulsion events, and the other is a
lack of events themselves.
If an intense K2 beam is available, the (K2,K1) reaction

can sufficiently populate certain J-nuclear states, which be-
come doorway states to double-L hypernuclei. In this paper
a typical example of this line of producing double-L hyper-
nuclei is explored. The first step is to produce a narrow-
width bound J state using the 7Li(K2,K1)J

7 H reaction.
Then, the J2 particle interacts with a proton in the 6He
core, and they convert into two L particles. Our primary
concern is how large the branching to the double-L nuclear
formation is for the neutron-rich J-nucleus J

7 H.
The conversion processes of J

7 H are limited to the follow-
ing:

J
7 H!LL

5 H1n1n ;11 MeV, ~1!

!L
4 H1L1n1n ;7 MeV, ~2!

!L
4 H*1L1n1n ;6 MeV, ~3!

!
3H1L1L1n1n ;5 MeV. ~4!

To fix the Q values, we need knowledge of the binding en-
ergies ~BE! of J

7 H and LL
5 H. In the above equations, we

have tentatively assigned BE(J2 in J
7 H);2 MeV and BE

(LL in LL
5 H);6 MeV, which are estimated from a calcu-

lation of double-strange five-body systems by Myint et al.
@4#. The point is that the Q values become small for these
processes because the 28.33 MeV energy released due to
JN!LL conversion is almost exhausted in breaking the
a cluster in J

7 H. The three-body decay process in Eq. ~1!
would be favored by such small Q values, because the avail-
able phase space is less reduced than that for the four-body
and the five-body decays.

We apply distorted-wave Born approximation ~DWBA!
with a finite range J2p-LL interaction to calculate the con-
version widths. For the J2N channel, the LL channel, and
the J2p-LL coupling interactions we use the Shinmura po-
tential @5# determined so as to reproduce S matrices of the
Nijmegen model D potential @6# at low energies. The poten-
tial parameters are summarized in Table I.
For the J2N channel interaction, we multiply the repul-

sive part by a reduction factor f c due to short-range correla-
tions to obtain an effective interaction. We use the YNG
effective interaction for LN @7#, the parameters of which are
readjusted to reproduce the binding energies of L

4 H and
L
4 H*, and the NHN effective interaction for NN @8#.
Initial-state and final-state wave functions for the conver-

sion processes are constructed as follows. For the initial state
J
7 H, the five-body part without two neutrons ~‘‘J

5 H’’! is
firstly solved as a 3N-N-J2 three-body system within the
framework of the resonating group method. The total Hamil-
tonian is given by

H
J
5 H5(

i51

A

ti2Tc.m.1 (
i, jPN

v i j
NN1 (

iPN
jPJ

v i j
NJ1(

i, j
v i j
Coulomb ,

~5!

where t i and Tc.m. are kinetic energy operators of the ith
nucleon or the J2 particle and the center-of-mass motion of
the five-body system, respectively. The Coulomb interaction
for J2p and pp is taken into account, since it plays an
important role in binding J

5 H @4#. We employ a variational
method using a Gaussian basis with three rearrangement
channels in the Jacobi coordinate system ~CRCG method!
@9#. Secondly, wave functions for the remaining neutrons are
independently determined by solving the following equation
of J

5 H-n:

~T
J
5 Hn1V4He n1VJ2n2E !ucn&50, ~6!

where the potential is a sum of contributions from 4He and
J2. We use the Kanada potential @10# for 4He n , the param-
eter values of which are multiplied by 1.15 for the p3/2 po-
tential so as to reproduce one half of the two-neutron sepa-
ration energy in 6He. For J2 n , we regard the J wave
function as a simple ~0s! harmonic oscillator one, the size
parameter of which corresponds to the rms radius of the
J2 determined from the calculation of J

5 H. Then the J2n
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information concerning the LL and JN interaction, which
is closely related to the existence of H-dibaryon @2# and is
awaited to deduce properties of strange hadronic matter @3#.
However, information from S522 systems is still very lim-
ited. One reason is the difficulty in identification of S522
hypernuclear species in emulsion events, and the other is a
lack of events themselves.
If an intense K2 beam is available, the (K2,K1) reaction

can sufficiently populate certain J-nuclear states, which be-
come doorway states to double-L hypernuclei. In this paper
a typical example of this line of producing double-L hyper-
nuclei is explored. The first step is to produce a narrow-
width bound J state using the 7Li(K2,K1)J

7 H reaction.
Then, the J2 particle interacts with a proton in the 6He
core, and they convert into two L particles. Our primary
concern is how large the branching to the double-L nuclear
formation is for the neutron-rich J-nucleus J
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The conversion processes of J
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5 H. In the above equations, we
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5 H);6 MeV, which are estimated from a calcu-

lation of double-strange five-body systems by Myint et al.
@4#. The point is that the Q values become small for these
processes because the 28.33 MeV energy released due to
JN!LL conversion is almost exhausted in breaking the
a cluster in J

7 H. The three-body decay process in Eq. ~1!
would be favored by such small Q values, because the avail-
able phase space is less reduced than that for the four-body
and the five-body decays.

We apply distorted-wave Born approximation ~DWBA!
with a finite range J2p-LL interaction to calculate the con-
version widths. For the J2N channel, the LL channel, and
the J2p-LL coupling interactions we use the Shinmura po-
tential @5# determined so as to reproduce S matrices of the
Nijmegen model D potential @6# at low energies. The poten-
tial parameters are summarized in Table I.
For the J2N channel interaction, we multiply the repul-

sive part by a reduction factor f c due to short-range correla-
tions to obtain an effective interaction. We use the YNG
effective interaction for LN @7#, the parameters of which are
readjusted to reproduce the binding energies of L

4 H and
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4 H*, and the NHN effective interaction for NN @8#.
Initial-state and final-state wave functions for the conver-

sion processes are constructed as follows. For the initial state
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7 H, the five-body part without two neutrons ~‘‘J
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where t i and Tc.m. are kinetic energy operators of the ith
nucleon or the J2 particle and the center-of-mass motion of
the five-body system, respectively. The Coulomb interaction
for J2p and pp is taken into account, since it plays an
important role in binding J

5 H @4#. We employ a variational
method using a Gaussian basis with three rearrangement
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@9#. Secondly, wave functions for the remaining neutrons are
independently determined by solving the following equation
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where the potential is a sum of contributions from 4He and
J2. We use the Kanada potential @10# for 4He n , the param-
eter values of which are multiplied by 1.15 for the p3/2 po-
tential so as to reproduce one half of the two-neutron sepa-
ration energy in 6He. For J2 n , we regard the J wave
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We investigate double ! hyperfragment formation from the statistical decay of double ! com-
pound nuclei produced in the "− absorption at rest in the light nuclei 12C, 14N, and 16O. We
examine the target and the !! bond energy dependence of the double ! hyperfragment forma-
tion probabilities, especially of those double hypernuclei observed in experiments. For the 12C
(14N) target, the formation probabilities of 6

!!He and 10
!!Be ( 13

!!B) are found to be reasonably
large as they are observed in the KEK-E373 (KEK-E176) experiment. By comparison, for the
16O target, the formation probability of 11

!!Be is calculated to be small with #B!! consistent
with the Nagara event. We also evaluate the formation probability of 5

!!H from a "−–6He bound
state, 7

"H.
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1. Introduction
Formation of double ! hypernuclei (D!HN) from "− absorption in nuclei is of importance for
several reasons. "− absorption at rest in nuclei is the most efficient way to produce D!HN, and
uniquely identified D!HN [1–6] provide strong constraints on the !! interaction [7,8]. The strength
and density dependence of the !! interaction are the keys to solving the hyperon puzzle in neutron
star physics. Until now, four D!HN formation events have been uniquely identified, and more will
be found in the J-PARC-E07 experiment, where 104 "− absorption events in nuclei are expected to
be observed. Let us comment on these points in order.

The baryon–baryon interaction has been one of the central subjects in nuclear physics. Compared
with nucleon–nucleon interactions, hyperon–nucleon scattering data are much more scarce and
single ! hypernuclear data are also used to constrain the !N interaction. For the !! interaction,
there are theoretical predictions in the meson exchange model [9], the quark cluster model [10],
and lattice QCD calculations [11]. Experimentally, by comparison, it is not possible to perform
scattering experiments, and hence the binding energies of D!HN [1–6] and the correlation function
data from high-energy nuclear collisions [12–23] have been utilized to experimentally constrain the
!! interaction. While the correlation function technique has recently been applied to investigate
several hadron–hadron interactions [12–15], we need further theoretical and experimental studies to
constrain the interactions precisely [15–23].At present, the strongest constraint on the !! interaction

© The Author(s) 2020. Published by Oxford University Press on behalf of the Physical Society of Japan.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Production of 7
ΞH
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 will be bound relative to 6He+Ξ−7
ΞH

E75 Phase-1 Proposal 
https://j-parc.jp/researcher/Hadron/en/pac_2001/pdf/P75_2020-02.pdf

 spectrum [3.5MeVFHWM](K−, K+)

T. Koike, E. Hiyama, H. Fujioka, T. Fuukuda, in preparation
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Cylindrical Detector System

14

 (decay pion spectroscopy)5
ΛΛH → 5

ΛHe + π−

また、反射フィルムとしてアルミニウムで蒸着されたマイラーを使用している。

図 3.4: プラスチックシンチレータ

表 3.2: シンチレータの仕様 [13]

密度 1.023 g/cm3

全光子収率 9700 photons/MeV

減衰時間 1.5 ns

最大発光波長 391 nm

減衰長 120 cm

屈折率 1.58

• MPPC：浜松ホトニクス, S13360-6050PE

MPPC の受光面に光学グリースをつけ、プラスチックシンチレータの両側面に 3 つずつ取り付けた。
MPPC1つあたり 55.4V(降伏電圧 51.5V)の電圧を印加して直列読み出しで測定した。また、ノイズ
が多く見られたため、MPPCのコネクタの接続不良により帯電している可能性や周囲の電磁波を観測
している可能性を考えて、コネクタの接続部分とMPPC固定治具をアルミホイルで覆い、グラウンド
線を接触させて実験を行った。MPPC は図 3.5 のように、デルリン (黒) 素材で製作した治具で固定
した。

(a) 側面

(b) 全体
図 3.5: MPPC固定治具

18

Solenoid magnet (SPring-8/LEPS) TPC (SPring-8/LEPS→TokyoTech)

Inner counter (TokyoTech, RIKEN)
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TPC signal readout (公募研究)

15

FADC card (developed for LEPS2-TPC)
24 2.5. ಡΈग़͠γεςϜ

ਤ 2.18: Flash ADC Ϙʔυͷ֎؍ɻ

2.5.2 ಡΈग़͠γεςϜ

ಡΈग़͠γεςϜͷུ֓Λࣔͨ͠ͷ͕ਤ 2.19 Ͱ͋ΔɻTPCΧιʔυύου৴߸ͷಡΈग़
͠ίωΫλΛ 1ηΫλʔ͋ͨΓ ɺશମͰݸ14 ༗͓ͯ͠Γɺ1ίωΫλ͋ͨΓݸ84 1ຕͷ FADC

Λ༻͍ͯಡΈग़͢ɻ͜͜ͰFADCϘʔυʹΑΓม͞ΕͨσδλϧσʔλΛॲཧ͢Δׂͱͯ͠ɺ
ਤ 2.20ʹࣔͨ͠ terasicࣾͷDE-10 standardʢҎԼDE-10ʣɺٴͼͨ͠ࡌDAQγεςϜΛ༻͍
ΔɻDE-10 FADCϘʔυͱͷଓϙʔτΛ 8ͭ༗͓ͯ͠ΓɺͦΕͧΕʹରͯ͠ FADCϘʔυΛ
ྻʹෳຕ͙͜ܨͱͰ 1ͭͷDE-10Λ༻͍ͯଟ͘ͷ FADCϘʔυ͔ΒͷσʔλΛड͚औΔ͜ͱ
ΛՄͱ͍ͯ͠Δɻ

内田誠、田中智也、宇根千晶、霞千明、藤岡宏之（東工大）
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Display of cosmic-ray event
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Performance evaluation of TPC
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Entries  225
Constant  3.25± 28.58 
Mean      0.03855±0.06901 − 
Sigma     0.0444± 0.5042 
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linear fitting for layer-2,3,5,6 
→ residual at layer-4preliminary

田中智也、東京工業大学 修士論文 (2023)

残差

電荷重⼼
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Summary
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•Spectroscopy of Ξ hypernuclei  and  
Double-Λ hypernuclei  at J-PARC E75 experiment 

‣Strength of ΞN-ΛΛ coupling→ 
 : decay width, : ΛΛ-bond energy (ΔBΛΛ) 

•Signal readout of TPC for decay pion spectroscopy 

‣readout system for 1 sector completed 

‣Performance evaluation of TPC

7
ΞH

5
ΛΛH

7
ΞH 5

ΛΛH


