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of

Hadron Many-Body Systems

with Strangeness S = �2 and �1

December 31, 2002

2.2.3 Proposed experiments

Based on the result of E906, we are going to propose a study of the double-⇤ hypernuclei
by means of decay-pion spectroscopy. In E961, we will identify 4

⇤⇤H by using a 7Li target,
and will determine the mass within 0.5 MeV accuracy. At the Joint Project, we expect a
K-beam with an intensity of 5-10 times greater than the AGS and therefore we will be able
to identify several weaker channels than 4

⇤⇤H case, e.g. 6
⇤⇤He. Another interesting possibility

is that the ⌅-hypernuclei produced in the (K�
, K

+) reaction on 7Li will decay to 5
⇤⇤H with

a large branching ratio of about 90% [14] (Fig. 15). When we use heavier targets like 12C,
we can expect heavier double-⇤ hypernuclei like 10

⇤⇤Be.
From the systematic study of the ground state mass of double-⇤ hypernuclei, we will

be able to deduce the ⇤-⇤ interaction with less ambiguity from the complications of nuclear
structure. Moreover we can expect that a H-like structure, if any, will manifest itself in the
structure of double-⇤ hypernuclei, which can be studied at a future experiment with Ge-ball
by observing gamma-rays from the double-⇤ hypernuclei. Another interesting subject is the
weak decay of the double-⇤ hypernuclei; what is the total decay rate ? What kinds of the
nonmesonic decay modes are available and what are their partial decay rates ? Are they
a↵ected by the co-existence of the H-like structure ? etc.

The detector to measure two pions will be an upgraded CDS, which can be a bit larger
than the present one for a better momentum resolution and a better tracking capability.
We will also install a vertex detector near the target (just above and below) to enable us
to provide a much better vertex resolution in the target region. The overall momentum
resolution will be better than 3 MeV/c for 100 MeV/c pions. The beam line system and the
K

+ spectrometer will be the standard one for K1.8 beam line at the J-PARC.

2.3 �-ray Spectroscopy of Double-⇤ Hypernuclei

The �-ray spectroscopy of double-⇤ hypernuclei is one of the most important subjects to be
pursued at the 50-GeV PS. Level structures of double-⇤ hypernuclei give us information on
the ⇤⇤ interaction not only for the central force but also the spin-orbit force between two
⇤’s. They also provide information on the ⇤⇤-⌅N coupling and a possible H-dibaryon-like
correlation between two ⇤’s in a nucleus.

4
⇤⇤H

As an example, we take 4
⇤⇤H, where nucleon spin-flip M1 transition, 0+ ! 1+, can be ob-

served around 3 MeV if both states are particle bound. 4
⇤⇤H are produced as a hyperfragment

from the Li(K�
, K

+) reaction. We assume the following conditions to estimate the �-ray
yield:

· K
� beam intensity: 3.8⇥107 /spill(2⇥1014ppp)

· PS cycle: 3.4 sec
· Beam time: 10 days
· Target: 20 g/cm2 / 7 ⇥6⇥1023

21

J-PARC LoI L06 (2002)

http://www-ps.kek.jp/jhf-np/LOIlist/LOIlist.html
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�6ハイパー核図表 (S=−1)3 ϋΠύʔ֩ɾετϨϯδωε֩෺ཧ v180219ఏग़൛ 32

ਤ 3.12: ͜Ε·Ͱʹ֬ೝɺ͞ڀݚΕͨ ΛϋΠύʔ֩ͷ֩ਤදɻੜ੒΍ௐ΂ΒΕͨ൓Ԡ΋ਤதʹࣔ͠
ͯ͋Δɻ6

ΛH͕ଘ͢ࡏΔ͔Ͳ͏͔͸ٞ࿦தͰ͋Δɻ

͍ͯΔɻ·ͨɺߴԹঢ়ଶԼͰͷϋυϩϯੑ࣭͸ɺҾ͖ଓ͖BNL-RHIC/CERN-LHC/GSI-FAIRͳͲ

ͷॏΠΦϯিಥ࣮ݧʹΑͬͯ͜Ε͔Β΋͕ڀݚਐΉ͜ͱ͕ظ଴͞Ε͍ͯΔɻ

ϋΠύʔ֩ͷ༷ʑͳੜ੒ɾಉఆख๏ͷཱ֬

ਤ 3.12ʹ͜Ε·Ͱଌఆ͞Εͨ S = ±1ͷ (൓)Λ֩ͷ֩ਤදΛੜ੒ɾڀݚख๏ͱͱ΋ʹࣔ͢ɻଟମ

ʹख๏ͷ։୓͕ඇৗڀݚ͸ɺͦΕʹదͨ͠ଟ༷ͳϋΠύʔ֩ੜ੒΍ʹڀݚͱͯ͠ͷϋΠύʔ֩ͷܥ

ॏཁͱͳΔɻ͜ΕΒͷख๏΍ٕज़ɾϊ΢ϋ΢ͷ։ൃɾ஝ੵΛ֤छ࣮ݧ΍R&DͷதͰண࣮ʹਐΊ͍ͯ

͘ඞཁ͕͋ΔɻϋΠύʔ͓֩Αͼͦͷྭىঢ়ଶͷੜ੒ɾಉఆ๏ͱͯ͠ݕ౼͞Ε͍ͯΔ৽͍͠ख๏Λڍ

͛Δɻ

• ่յ πதؒࢠ෼ޫ ʢ͢Ͱʹཱ֬ʣ

લड़ͷΑ͏ʹϚΠϯπେֶMAMI-Cʹ͓͍ͯBeඪతΛ༻͍ͯి࣓ੜ੒ͨ͠ϋΠύʔϑϥά

ϝϯτͰ͋Δ 4
ΛHͷجఈঢ়ଶͷ࣭ྔΛɺͦͷऑ่յ൓Ԡ͔Βੜ͡Δ୯৭ π−தؒࢠͷӡಈྔΛ

ਫ਼ີଌఆ͢Δ͜ͱʹΑΓɺ100 keVҎ্ͷਫ਼౓Ͱଌఆ͢Δ͜ͱʹ੒ޭͨ͠ [78]ɻޙࠓ͸όοΫ

άϥ΢ϯυͷ௿ݮʹΑΓɺଞͷϋΠύʔ֩ͷଌఆΛ໨͢ࢦɻಛʹ 3
ΛHύζϧͷղܾͷͨΊʹ͸

ͦͷण໋ͱ BΛΛਫ਼ີʹଌఆ͢Δඞཁ͕͋Γɺຊख๏Λ༻͍ͨ 3
ΛHͷ࣭ྔਫ਼ີଌఆ࣮ݕ͕ݧ౼

͞Ε͍ͯΔɻ·ͨɺҰࢠి࣍ઢͷߴਫ਼౓ΤωϧΪʔଌఆٕज़Λ։ൃ͢Δ͜ͱͰɺπεϖΫτϩ

ϝʔλͷΑΓߴਫ਼౓ͳӡಈྔֱਖ਼͕ՄೳʹͳΔɻ͜ΕʹΑΓΛଋറΤωϧΪʔͷଌఆ֬౓Λ਺

10 keV·Ͱ্͢޲Δ͜ͱ͕Ͱ͖Δͱظ଴͞Ε͍ͯΔɻ

• Auger Neutron Spectroscopy

ϋΠύʔ֩ͷதʹ͸֩ࢠΛ์ग़͢Δ͜ͱʹΑΓΑΓ҆ఆͳϋΠύʔ֩΁ͱ่յ͢Δྭىঢ়ଶ

Λͭ࣋΋ͷ͕͋Δɻ͜ͷΑ͏ͳ֩ࢠඇଋറྖҬʹ͋ΔϋΠύʔ֩ͷΤωϧΪʔ४Ґ͸่֩ࢠյ
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�7ハイパー核図表 (S=−2)

2.3 ハイパー核・ストレンジネス核物理

ハイパー核の磁気モーメントの測定
具体的な測定方法に関しては検討はされているものの、今のところ確とした答えはない。しかしな
がら、Λ核の磁気モーメントの測定は非常に重要で面白い。5

ΛHe,
9
ΛBe,

13
ΛCなどでは、コア核が磁気

モーメントを持たないので、ΛN -ΣN 混合の影響や媒質効果を受けた (束縛された)Λの磁気モーメン
トが測定できる。

2.3.3.3 高密度核物質の性質は？
S=−1のハイペロンの相互作用
S=−1のハイペロンの相互作用として、中性子が多い環境下でのΛとΣ−の相互作用あるいはポテ
ンシャルの決定が重要となる。Σ−n間相互作用は、これまでの研究で斥力であることはわかってい
るが、もっと定量的な大きさは、前述の Σ+p散乱実験により決定できる。一方、Λのポテンシャル
については、中性子過剰 Λハイパー核の研究、特に、系統的なデータが集まる中で明らかになって
いくと思われる。
S=−2の相互作用とダブルストレンジネス系の研究
S=−2の相互作用の大きさの測定は重要で、特に、ΛΛ間相互作用、Ξ−-原子核ポテンシャル（こ
れは、ΞN(I = 0, 1)の相互作用をその原子核のスピン・アイソスピンで平均化したもの）、さらには
ΞN → ΛΛ （これは Ξ−-原子核ポテンシャルの虚部に相当する）の情報が不可欠である。これらは
J-PARC K1.8 ビームラインにおいてダブルストレンジネス系の研究プログラムの様々な実験で測定
される。既に実験提案が認められ近い将来に走るであろう 3つの実験をあげる。
まず第一に、ハイブリッド・エマルション実験 (J-PARC E07)があげられる。これまでダブルス
トレンジネス系の研究で大きな成果を上げてきた手法を更に発展させ、ΛΛ核 (図 2.3.9) をKEK-PS

E373実験の 10倍にあたる 100事象発見し、また、ゲルマニウム検出器 (Hyperball検出器)で Ξ−吸
収に伴うΞ−原子のX線を測定する。さらに、カウンター系による (K−,K+)反応を要求せず、全自
動システムを使って、原子核乾板のスキャニングを行う (general scan) ことにより 1000事象の ΛΛ

核を発見することを目指している。ΛΛ核の核種同定は困難ではあるが、これだけの事象数があれば
10核種程度の同定は期待される。そうなれば、
Λ粒子 2つの束縛エネルギー (BΛΛ)の核種依
存性がわかり、より詳しい ΛΛ相互作用がわ
かる。

ΞN 相互作用については、Ξ−原子X線測
定でレベルシフトを見ることにより、また、
Ξ− 吸収の後にシングル Λ核が 2つ生じるツ
イン・ハイパー核事象の解析によっても、核
表面付近の Ξ−-原子核ポテンシャルが測定で
き、情報が得られる。
他には、ΛΛ核の弱崩壊モードの分岐比の

測定があげられる。通常考えられる非中間子
崩壊モードは、ΛΛ → ΛN であるが、安定な
H粒子は、H → Σ−pのような崩壊をすると
言われているので、ΛΛ → ΣN のようなモー

4
//H

6
//He

10
//Be 11

//Be 12
//Be

13
//B

Z

N

NAGARA MIKAGE
DEMACHIYANAGI (          )

Danysz 
et al.

10
//Be* E176

HIDA

E906

//-Hypernuclear Chart

図 2.3.9: ΛΛ核の核図表。実験で曖昧さなく同定され
ているのは、NAGARAと名付けられた事象 ( 6

ΛΛHe)の
みである。

― 120 ―

「日本の核物理の将来レポート」(2013)
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�8ハイブリッド・エマルション法

DOUBLE-! HYPERNUCLEI OBSERVED IN A . . . PHYSICAL REVIEW C 88, 014003 (2013)

Ξ-

K+

Ξ

200µm
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-
ΛZ'A'

ΛΛZA -
K-

thin plate 11 thick plates

EmulsionScintillating 
Microfiber Bundle 
(SciFi-Bundle)

Diamond
Target

Emulsion

Upstream 
SciFi-Block 
(U-Block)

Downstream
SciFi-Block 
(D-Block)

100µm gel 40 or 60µm base film
500µm gel

D-BlockU-Block

Emulsion

FIG. 1. Schematic view of the experimental setup around the
(K−, K+) reaction target.

(20 [x] × 20 [y] × 35 [z (beam direction)] mm3) as the target
[16]. The experimental setup around the target is schematically
shown in Fig. 1.

The SciFi-Bundle detector sandwiched between the dia-
mond target and the emulsion stack measured the position
and angle of each "− hyperon with a high precision. The
positions and angles of the "− hyperons at the surface
of the first emulsion plate (thin plate) were thus provided.
Under a microscope, first we identified the tracks of "−

hyperons detected with the SciFi-Bundle detector in the thin
plate, and then followed the tracks to their end points in the
emulsion plates. The production of a double-! hypernucleus
and its decay were searched for around the end points. The
hybrid system of the SciFi-Bundle detector and emulsion was
described in detail by Ichikawa et al. [17]. We searched for the
tracks of "− hyperons in the emulsion using a fully automated
scanning system and followed each identified track using
semiautomated scanning system (See details in Ref. [18]).

Scintillating fiber (SciFi) detectors, U-Block and D-Block,
were placed both upstream and downstream of the emulsion
stack. If a daughter track originating from the decay of a
hypernucleus escaped from the emulsion stack, the track could
be still observed in the U-Block and/or D-Block. Thus we
could measure the range and identify the particle for the
track to kinematically reconstruct the event. The detail of the
performance of the SciFi detectors is described in Ref. [19].

In the experiment, we followed about 2 × 104 candidate
tracks of "− hyperons, and found nearly 103 stopping vertices
with charged daughter tracks in the emulsion. Among them,
sequential decays with three vertices were found in seven
events. Although we were not able to reconstruct three events

because some tracks were difficult to be seen clearly, the !-!
interaction can be discussed on four events with nuclear species
in the following section.

The detail of the experiment can be seen in Refs. [8]
and [18].

III. DOUBLE-! HYPERNUCLEAR EVENTS

A. Nagara event

In the recent PDG results [13], a huge amount of data
from an experiment was taken into account for the mass of
the "− hyperon, where other old data were not used for its
compilation. The mass value was adopted to be 1321.71 ±
0.07 MeV/c2 which was 0.40 MeV/c2 heavier than the old
one of 1321.31 ± 0.13 MeV/c2. This mass change of the "−

hyperon requires revision of the values of B!! and #B!!

obtained from the vertex of "− hyperon capture, i.e., the
production point of the double-! hypernucleus in the Nagara
event. In this chapter, although interpretation of the Nagara
event has not been changed from the previous paper [8],
numerical values are presented for revision.

A picture and schematic drawing of the event are shown in
Fig. 2.

Three charged particles (tracks 1, 2, and 3) were emitted
from "− hyperon stopping vertex A, and one of them (1)
decayed into three charged particles (4, 5, and 6) at vertex B.
At the end point of track 4 (vertex C), it was associated with
two charged particles (7 and 8).

Since there were typographical errors in the data of lengths
and angles of the tracks in the previous paper [8], they are listed
with correction in Table I. Coplanarities calculated for the three
tracks emitted from vertices A and B are again well presented
to be −0.002 ± 0.030 and 0.003 ± 0.013, respectively.

Since the mass value of the "− hyperon was changed, we
applied kinematic analysis to the production vertex A in the
same manner as in the previous paper [8]. The results are
presented in Table II. In the table, the modes with #B!! −
B"− < 20 MeV are listed.

Even if the mass value of the "− hyperon were changed,
the results of the kinematic analysis could not be changed for
all possible decay modes at vertex B from the previous results.
Very recently, the binding energy of a ! hyperon in 7

!He was

10 µ

10
µ

#6
#5

#7

#3
#2

#8

#1

C

B
A

Ξ-
#4

FIG. 2. Photograph and schematic drawing of the Nagara event.

014003-3

H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001);  
J.K. Ahn et al.,  Phys. Rev. C 88, 014003  (2013)

6
ΛΛHe

KEK-PS E373 Ξ− + 12C → 6
ΛΛHe + 4He + t

6
ΛΛHe → 5

ΛHe + p + π−

BΛΛ = 6.91 ± 0.16 MeV
ΔBΛΛ = 0.67 ± 0.17 MeV

picture, the following dynamical factors play an important
role in getting the production rates per J large; ~1! the spec-
troscopic factor for the fragmentation of the proton-hole
state A21(Z21) to the A1Z11A2Z2 channel ~if the spectro-
scopic factor is large, the production rates per J for such
channels as LL

A112Z11A2Z2 and LL
A212Z21A1Z1 become gen-

erally large!, and ~2! whether the final L-hypernuclear chan-
nel such as LL

A112Z11A2Z2 and L
A111Z11L

A211Z2 has resonant
states around the AZ1J2 threshold or not ~if there appear
resonant states, the production rate per J becomes large!.
Since both the doorway process and compound process
should contribute in the actual situation, it is important to
study the hypernuclear production mechanism in the J2

capture reaction from both the doorway double-L hyper-
nuclear picture and compound double-L hypernuclear pic-
ture.
The purposes of this paper are given as follows. The first

is to investigate the production rates per J for double-L and
twin-L hypernuclei via J2-atomic capture reaction in 12C
~which is a typical reaction in p-shell hypernuclei! within the
framework of the doorway double-L hypernuclear picture
@10#. The second purpose is to clarify the characteristic of the
double-L and single-L hypernuclear productions via the
J2-atomic capture, especially, (3d)J- and (2p)J-atomic
captures. It is noted that the KEK-E176 experimental results
@2,3# and the cascade calculation @11# suggest the J2 par-
ticles absorbed mainly from the (3d)J-atomic orbit as well
as (2p)J .
Figure 1 shows the various thresholds for double-L and

single-L hypernuclear production channels in the 12C1J2

system, in which the energy is measured from the 12C
1J2 threshold. We see that many production channels
are open between the LL

13 B ground state and 12C1J2 thresh-
old. The double-L hypernuclear production channel with
the largest Q value is the LL

12 Be1p channel (Q
526.2 MeV), which is almost degenerate in energy with
the LL

12 B1n channel (Q526.0 MeV). The Q values for
other double-L hypernuclear production channels are
given as follows; Q(LL

9 Li1a)522.8 MeV, Q(LL
11 Be1d)

519.4 MeV, Q(LL
10 Be1t)519.2 MeV, Q(LL

6 He1 7Li)
515.0 MeV, Q(LL

10 Be1d1n)517.0 MeV and
Q(LL

5 H18Be)58.7 MeV. It is noted that the binding ener-
gies for the unknown double-L hypernuclei (LL

12 B, LL
12 Be,

LL
11 Be, LL

9 Li, and LL
5 H! are referred from the theoretical

analyses ~see Sec. III!, in which the L-L interaction is used
so as to reproduce the experimental L-L binding energies of
LL
6 He, LL

10 Be, and LL
13 B. On the other hand, there appear

only three channels for the twin-L hypernuclear production,
L
8 Li1L

5He (Q513.6 MeV), L
9 Be1L

4H (Q510.0 MeV) and
L
10Be1L

3H (Q56.0 MeV), and their Q values are generally
smaller than those for the double-L hypernuclear channels.
For the single-L hypernuclear production channel, the L

12B
1L channel is the largest Q-value channel (Q
523.9 MeV), which appears below the LL

9 Li1a channel.
In the present paper, we show the production rates per J

particle for the following seven double-L hypernuclear chan-
nels, two twin-L hypernuclear channels and one single-L
hypernuclear channel, including their excited channels:
LL
12 Be1p , LL

12 B1n , LL
9 Li1a , LL

11 Be1d , LL
10 Be1t ,

LL
6 He17Li, LL

5 H18Be, L
8 Li1L

5He, L
9 Be1L

4H, and L
12B1L .

Their production rates per J are evaluated with use of the
distorted-wave impulse approximation ~DWIA!. Since it is
well known that the SU~3!~lm!-state classification is very
good to describe the structure of light normal nuclei @12#, we
employ the SU~3!~lm! wave functions for the nuclear-core
parts of single-L and double-L hypernuclei. The single-L
and double-L hypernuclear wave functions are obtained
within the frame of the core1L and core1L1L models,
respectively.
The construction of this paper is as follows. Section II is

devoted to the formulation of the production rates per J for
double-L and single-L hypernuclei via J2-atomic states
with the use of the DWIA. The double-L and single-L hy-
pernuclear wave functions needed to calculate the production
rates are discussed in Sec. III. The calculated results of the
production rates per J for double-L, twin-L, and single-L
hypernuclei via J2-atomic orbits are given in Sec. IV, to-
gether with the comparison with the KEK-E176 experimen-
tal data @2,3#. Finally, we present a summary in Sec. V.

II. FORMULATION

The hypernuclear production rates for the following reac-
tions at rest:

FIG. 1. Various thresholds for double-L and single-L hyper-
nuclear production channels in the 12C1J2 system. The energy is
measured from the 12C1J2 threshold.

56 3217DOUBLE-L, TWIN-L, AND SINGLE-L HYPERNUCLEAR . . .

T. Yamada and K. Ikeda, Phys. Rev. C 56, 3216 (1997)

不定性なく核種を確定できた唯一の例 
様々なダブルΛハイパー核が作られうる



/39

Hiroyuki Fujioka (Tokyo Tech.) / 728th ASRC seminar (JAEA) 2018.09.04

�9

28

Possible solutions sorted by Abs(DBLL - BX ):

X- + 14N -> LL10Be + 4He + n , DBLL - BX = ~1 +- 3 MeV

X- + 12C -> LL8Li + 4He + n , DBLL - BX = ~6 +- 2 MeV
… 

initial state:  (X-+16O), (X-+14N), (X-+12C)

track #1:  LL7Li, LL8Li … (30 nuclides)
track #3: p, d, t, 4He… (57 nuclides)
invisible particles: null, n, 2n, 3n

20mm

DLH event in Mod098 pl04

X - X -

#3: 5.5mm #1: LLX, 4.0mm

#2: LX

For all combination,
conservation laws 
kinematic consistency, etc.

within 3s of measurement error

* 2 prong from X- stop point
* twice non-mesonic-decay
* charge of #1 >= 3

Preliminary results are rounded to one significant figures.

31

5 DLH events

5 THL events

* Evidence that our experiment is able to detect double strangeness event
* Event analysis for a special event is completed within 1 week.
* Angle and range measurement by image processing

See H. Ekawa’s poster

Fruits of J-PARC E07
found at Jun 21st

吉田さん@HYP2018

J-PARC E07
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�10カウンタ実験による探索 (1)

BNL-AGS E885 (Ξ−, 12C)atom → 12
ΛΛB + n

12C(K−, K+) 12
ΛΛBe

ground state production is Tn!11.3 MeV"10 MeV
"!B"" and is equal to 25.8 MeV for ! B""!4.5 MeV.
The expected width of the monoenergetic neutron peak is

determined by the neutron detector energy resolution. The
neutron detector energy resolution and efficiency were cal-
culated in Monte Carlo simulation. It was found that the
shape of the peak in the ##1 spectrum was close to being
Gaussian for monoenergetic neutrons. For the nominal value
of expected neutron kinetic energy Tn!11.3 MeV(##1

!6.5), the neutron energy resolution was 0.16 units of
##1(0.57 MeV). The neutron detection efficiency, calcu-
lated using the DEMONS code $9%was 6.1% at this energy.
Our Monte Carlo prediction of the neutron energy resolution
was found to agree with the measured energy resolution at a
kinetic energy Tn!18 MeV, determined using neutrons
from &" decays at rest $12%.
To find the number of monoenergetic neutrons for a par-

ticular neutron ##1, the neutron spectrum was fit to the
background template plus a Gaussian peak of the corre-
sponding known width with the centroid at that value of
##1. The background template scaling factor and Gaussian
peak scaling factor were the two parameters of the fit. The
number of events in the peak represents the best fit value for
the number of monoenergetic neutrons from the neutron-
emission channel of double-" hypernuclear formation. The
corresponding 90% confidence level interval was then found
using the ordering principle described by Feldman and Cous-
ins $15%. The best fit value and the lower and upper bound-
aries of the confidence interval were then converted to
branching ratios using b!n/'(##1)(N , where N is the
background-subtracted number of events )52780*, '(##1) is
the neutron detection efficiency corresponding to that ##1

)6.1% for ##1!6.5), and ( is the +# stopping probability
)31.7%*.
The fit procedure was repeated for a range of values of

##1 in order to obtain results as a function of ##1. The
results for the branching ratio are shown in Fig. 3. The
dashed curve was found from the best fit value for the num-
ber of neutrons in a peak, and the shaded region is the 90%
confidence band. The size of the interval is determined by
the number of +# stops, the magnitude of the background
and the best fit for the number of events in the hypothesized
monoenergetic neutron peak found in the fit. The expected
neutron energy given by Eq. )2*, for ! B""!0, is indicated
by an arrow and the corresponding upper limit at this point is

3.3%. The difference between the nominal and the actual
value of B"" determines the actual neutron energy. It is ex-
pected to be within ,4 MeV from the central value and no
signal is observed in this region. )The discrepancies with the
background template near ##1!3 lies outside the region of
interest.* Our upper limits, which are below 4% over most
the region corresponding to the expected neutron energy, do
not contradict the Yamada and Ikeda prediction of a 1.48%
neutron emission branching fraction spread over several
states which lie in the continuum $7%.

This work was supported in part by the U. S. Department
of Energy under Contracts No. DE-FG02-91ER40609, DE-
AC02-76H00016, and DE-FG03-94ER40821, by the Ger-
man Federal Minister for Research and Technology )BMFT*
under Contract No. 06 FR 652, by the Natural Sciences and
Engineering Research Council of Canada, and by the Japa-
nese Society for the Promotion of Science.

$1%M. Danysz et al., Phys. Rev. Lett. 11, 20 )1963*.
$2%D.J. Prowse, Phys. Rev. Lett. 17, 782 )1966*.
$3%S. Aoki et al., Prog. Theor. Phys. 95, 1287 )1991*.
$4%P. Khaustov et al., Phys. Rev. C )to be submitted*.
$5%D. Zhu, C.B. Dover, A. Gal, and M. May, Phys. Rev. Lett. 67,

2268 )1991*.
$6%C.B. Dover, D.J. Millener, A. Gal, and D.H. Davis, Phys. Rev.

C 44, 1905 )1991*.
$7%T. Yamada and K. Ikeda, Phys. Rev. C 56, 3216 )1997*.
$8%K. Nakazawa, in Proceeding of the 23rd INS International

Symposium on Nuclear and Particle Physics with Meson

Beams in the 1 GeV/c Region, edited by S. Sugimoto and O.
Hashimoto )Universal Academy Press, Tokyo, 1995*, p. 261.

$9%R.C. Byrd et al., Nucl. Instrum. Methods Phys. Res. A 313,
437 )1994*; B. Basselleck )private communication*.

$10%C. Baltay et al., Phys. Rev. D 9, 49 )1974*.
$11%K. Imai )private communication*.
$12%F. Merrill, Ph.D. thesis, Carnegie Mellon University, 1995.
$13%L. Gan, Ph.D. thesis, University of Manitoba, 1998.
$14%M. Juric et al., Nucl. Phys. B52, 1 )1973*.
$15%G.J. Feldman and R.D. Cousins, Phys. Rev. D 57, 3873

)1998*.

FIG. 3. The branching ratio for double-" hypernuclear forma-
tion via neutron emission (+#, 12C)atom→ ""

12 B"n as a function of
the neutron ##1. The dashed curve shows the branching ratio ob-
tained from the best fit value for the number of neutrons in the peak.
The shaded band indicates the 90% confidence level interval for the
branching ratio. The arrow indicates the expected neutron energy,
with the assumptions described in the text. The bar shows the range
of neutron ##1 which corresponds to #4 MeV$! B""$
"4 MeV.
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entries in the neutron spectrum after the missing-mass cut,
respectively. These are all functions of the missing-mass cut
value. Using the stopping probability as predicted by Monte
Carlo simulation, it was found that the missing-mass cut
value of 11.637 GeV/c2 maximizes Q, and this value was
used to select events for the search of a monoenergetic neu-
tron peak. For 12C(K!,K")X events with missing mass be-
low 11.637 GeV/c2, 31.7% of the !!’s were estimated to
stop and form (!!, 12C) atoms. A total of 54 150 events
survived the missing-mass cut. Extrapolating the background
in the nonphysical region of the missing-mass spectrum into
the accepted region by assuming a flat background suggests
that 1370 of the accepted events were background. The
missing-mass spectrum is shown in Fig. 1 with the cut value
shown by the arrow.
The neutron background shape was determined from the

neutron spectrum of events with missing mass greater than
11.65 GeV/c 2, shown in Fig. 2"a#. The events are shown as
a function of the inverse of the measured normalized neutron
velocity, $#v /c , so that random accidental hits would ap-
pear as a flat background. The number of !! stops for the
events in the higher missing-mass region is negligible and
most neutrons in this data set are assumed to originate from
the capture of !! decay-chain pions by nuclei. The neutron
background spectrum was fit with a polynomial and the re-
sult, after appropriate scaling, was used as a background
template for the neutron spectrum after the missing-mass cut.
The neutron spectrum, after optimizing the missing-mass cut
to maximize Q, is shown in Fig. 2"b#along with the scaled
background template. It can be seen that the template shape
provides a good description of the neutron spectrum for these
events. Thus, the background in the neutron spectrum for the
optimizing missing-mass cut is accounted for by using a
scaled template of the neutron background obtained from the
set of events which have a negligible !! stopping probabil-
ity. "The neutron spectrum for $!1 from 1 to 3 shows a
small dependence on the missing-mass cut. Similar effects
have been seen in previous experiments involving stopping
!! hyperons and are believed to be due, in part, to the
stopping particles creating delayed nuclear % rays &12,13'.#

For (!!, 12C)atom→ ((
12 B"n the (1s(1p() states are ex-

pected to be the most populated &5', with the nuclear core in
the ground state or at low excitation energy. The binding
energy of the ground state ( in (

11B is 10.24 MeV &14'.
Taking the binding energy of the ( in the 1p state to be 10
MeV less than the binding energy of the ( in the ground
state and assuming a ground state nuclear core gives, in the
weak coupling limit,

M
((
12 B#M10B"2 M(!10.24 MeV!0.24 MeV!)B(( .

"1#

Neglecting recoil corrections and the binding energy of the
!! in its atomic orbital, the kinetic energy of the neutron is

Tn#11.3 MeV")B(( . "2#

So the expected neutron energy is in the neighborhood of
11.3 MeV($!1#6.5). Assuming a range between !4 "re-
pulsion#to 4 MeV "attraction#for ) B(( , the neutron en-
ergy should be between 7.3 and 15.3 MeV. Note that this
) B(( is for the (1s(1p() configuration and is different
from the ) B(( for the (1s(1s() configuration found in
emulsion experiments. There are indications from the emul-
sion experiments that the latter might be 4 to 5 MeV, and the
former is most likely considerably smaller due to the smaller
overlap of the ( wave functions. The neutron energy for the

FIG. 1. Missing mass "background subtracted# for
K!(12C,K")!!X . Events whose missing mass is less than the cut
value, indicated by the arrow, have a high !! probability of stop-
ping in the diamond target and were used in this analysis.

FIG. 2. "a#Neutron spectrum with de optimized cuts "very low
sensitivity#shown fitted with a polynomial which is used for the
background template. "b#Neutron spectrum with optimized cuts
"maximum sensitivity#, shown with the scaled background tem-
plate. The horizontal axis is $!1#c/v .
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( )K. Yamamoto et al.rPhysics Letters B 478 2000 401–407 403

ters. The reconstructed mass spectrum of outgoing
particles, constructed from the measured momentum,

Ž .path length, and time-of-flight, is shown in Fig. 1 a .
Ž y q.Background in the K ,K data sample was re-

duced by application of a series of cuts in the
ˇparticle track reconstruction and Cerenkov counter

pulse heights. The missing mass for each event
which passed these cuts was calculated and used to
produce the excitation-energy spectrum of the 11Bq

y Ž .J system shown in Fig. 1 b . This spectrum is
equivalent to a missing-mass spectrum whose origin
is moved to the threshold for the production of
Jyq11B. A more detailed description of the spec-
trometer and data analysis can be found in Refs.
w x11,15 . We note the resolution function of the miss-
ing mass was found to be single-Gaussian with a

Ž . w xwidth of 6.1 MeV r.m.s. 14.4 MeV FWHM 15 .
The negative region of the resulting excitation-en-
ergy spectrum is free from the large population of
the quasi-free Jy production, and thus can be
investigated for signals of the production of double-L

Ž12 .hypernuclei Be andror the H-dibaryon. A po-LL

tential peak position could be used to determine the
binding energy.
We first consider the search for a signal of the

direct production of double-L hypernuclei through
12 Ž y q.12 )the reaction C K ,K Be . The ground state asLL

well as the excited states are included in ‘‘ 12 Be) ’’LL

Ž .Fig. 1. a : Reconstructed mass spectrum of outgoing particles.
Ž . 11 yb : Excitation-energy spectrum of the B q J system. The
origin corresponds to the energy threshold of 11Bq Jy. Thresh-
olds of 10Beq2L and 11BeqL, and the expected location of theL

ground state of 12 Be are also indicated.LL

as final states of the reaction. Since the double-L
hypernuclear states are expected to be much nar-
rower than our experimental resolution, 6.1 MeV
r.m.s., the resultant peak should be Gaussian with a
width equal to our experimental resolution. Bound
states of 12 Be are below the energy threshold ofLL
10Beq2L which lies 17 MeV below that of 11Bq
Jy. No distinct peaks were seen in the bound region

12 Ž .of Be as shown in Fig. 1 b . Since the energyLL

threshold of 11BeqL production would be at theL
11 y Ž .B q J excitation energy E of y27 MeVex
assuming the L binding energy to be 10 MeV,
continuum states of this process could contribute to
the events in E ) y27 MeV. For the events inex
E -y27 MeV, they are mostly considered to beex
background caused by particle misidentification, se-
vere tracking errors, etc, which was established to be

Ž .flat 0.75 eventsr10 MeV-wide bin in the region
w xE Ry100 MeV 15 . The number of events leak-ex

Ž .ing from E ) y27 MeV including positive Eex ex
due to the limited resolution was estimated to be one.
When considering above background, there seems to
be a slightly larger event density in the 11B q Jy

Ž .excitation energy E of y40 MeV -E - y27ex ex
MeV compared to the further negative region. If
these events were due to double-L hypernuclei, the
production cross section would be 2.2"1.2 nbrsr
for the total bound states below the 11BeqL energyL

threshold after subtracting the expected background
estimated above. However, we have no additional
information available to positively identify the source
of these events. Therefore we have set a 90% C.L.
upper limit on the direct-production cross section
of 12 Be as a function of the binding energy of 2L’s,LL

Ž 12 .10B s M q2M yM , as shown in Fig. 2.LL Be L BeLL

To avoid making assumptions regarding the shape of
the background spectrum, no events were subtracted
as background. This was done to produce the most
conservative results for the upper limits. The Kq

scattering angle was averaged over u q-148 in theK
laboratory frame. The upper limit was calculated by
counting the events within"s from the center of an
assumed peak in the excitation energy spectrum, then
using Poisson statistics to determine the correspond-
ing upper limit with 90% C.L. The results were then
normalized by the known cross section of Jy pro-

w xduction on hydrogen, 35 mbrsr 16 . The difference
of the acceptance and detection efficiencies between

( )K. Yamamoto et al.rPhysics Letters B 478 2000 401–407404

Fig. 2. 90% C.L. upper limits on the direct-production cross
12 Ž y q . 12 )section of C K ,K Be as a function of the bindingLL

Ž .energy of 2L’s in the nucleus B and the excitation energy ofLL
11BqJy. The expected location of the ground state is indicated.

double-L hypernuclear production and Jy produc-
tion was taken into account. The details of this

w xnormalization process are described in Ref. 15 . If
the L-L interaction energy is assumed to be 5 MeV

w xattractive as previously reported 2–4,17 , the signal
of the ground state would appear at B s 25 MeV.LL

The upper limit determined in this region is 6 to 8
nbrsr, compared to 10 nbrsr for a 10 MeV excita-
tion.
The production of double-L hypernuclei has been

16 Ž ycalculated by Baltz, Dover and Millener for O K ,
q. 16 ) w xK C 18 . Their model is based on a two-stepLL

Ž y 0. Ž 0 q.process, p K ,p L followed by p p ,K L in
the same nucleus. A forward-angle cross section of a
few nbrsr was predicted for the high spin states, up

yŽ .to 9 nbrsr for 3 s p at zero degree, for a 1.1L L

GeVrc Ky beam. To estimate the change in the
cross section corresponding to the change in the
incident Ky momentum from 1.1 GeVrc to 1.8
GeVrc, we first note that the forward cross section
for the first step, KN pL, increases by a factor of
three while the corresponding cross section for the
second step, pN KL, decreases by about the same

w xfactor 19,20 . The recoil momentum for the first
step remains approximately unchanged while the re-
coil momentum for the second step decreases as the
p momentum is increased; thus the sticking proba-
bility should be enhanced. Therefore one can expect
the cross section of the direct double-L hypernuclear
production for the 1.8 GeVrc Ky beam to be of

roughly the same magnitude as that for 1.1 GeVrc
y w xK ’s. Also, Dover et al. 21 pointed out the mixing
of J and double-L hypernuclear states would intro-
duce an amplitude for direct one-step double-L hy-
pernuclear production. Their estimates indicate an
amplitude comparable to that of the two-step pro-
cess. Although the contribution to the cross section
strongly depends on the mixing phase which is cur-
rently unknown, an enhanced cross section for dou-
ble-L hypernuclear production is possible in the case
of a favorable mixing phase. Our experimental upper
limit is comparable to the theoretical calculation
based on the two-step process and can rule out a
large enhancement of double-L hypernuclear produc-
tion due to the mixing of J and double-L hypernu-
clear states.
The production of the H-dibaryon could occur via
Ž y q.the K ,K reaction on two protons in a nucleus:

y Ž . qK q pp K qH. A peak structure in the miss-
ing-mass spectrum would be expected, similar to the

w x 3peak predicted by Aerts and Dover 23 for the He
3 Ž y q.target reaction: He K ,K Hn. The peak would be

well-separated from that of the quasi-free Jy pro-
duction if the H is sufficiently light. In order to
compare the data and theory, we have performed a
theoretical calculation of the H production in
12 Ž y q. 10 )C K ,K Hq Be in terms of the cross section
and the expected peak based on the scenario of Aerts

w x yand Dover 23 ; a virtual J is created off a proton
Ž y q. yvia the p K ,K J reaction and fuses with a

second proton to form the H. Their original calcula-
tion for the 3He target was adapted for 12C by
assuming that only proton pairs in the relative 1S0
state contribute to H production and the residual
10Be would behave as a spectator. The wave func-
tions of two protons and a neutron in 3He were just
replaced with those of two protons and a 10Be in 12C
to estimate the cross section for one proton pair; the
wave functions were determined from the charge
distribution of a 12C nucleus. Other parts of the
calculation were unchanged from Aerts and Dover’s
framework so as to remove the theoretical ambiguity.

w xThis is the method adopted by Ahn et al. 10 . A
calculation based on angular momentum algebra
gives 3.17 1S proton-pairs in 12C. The absorption of0
incoming and outgoing kaons in a 12C nucleus was
also considered. Experimentally, this effect was de-

Ž y q.rived by comparing the K ,K cross sections on

K. Yamamoto et al., Phys. Lett. B 478, 401 (2000)

P. Khaustov et al., Phys. Rev. C 61, 027601 (2000)
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p 1 p2 1 p2 about 64% of the time (the rest of the
time the final state includes neutral particles). An extensive
simulation of quasifree J2 production in the CDS was
carried out. The quasifree J2 events appear in our experi-
ment as two negative tracks in the CDS when the proton
is not detected, either because it is outside the geomet-
ric acceptance or, for low momentum J2’s, because it
never leaves the target. The events in which all three tracks
were detected were limited to about 800 in number, about
5% of the two p2 set (before applying cuts as described
above). They were analyzed to compare to our simula-
tion which includes the geometry and response of the CDS.
The shape comparison was satisfactory, and the simulated
spectrum magnitude was fixed by the three-track data. The
simulation then provided a reliable measure of the J2

background magnitude and shape in the two-track data.
Figure 2 contains a two-dimensional scatter plot of the

pion pair events, obtained as described above, binned in
3 MeV!c cells. The box size shown is proportional to the
cell population.

The pion spectrum will exhibit a sharp peak in a two-
body decay from a system at rest, or nearly at rest, such as
a double- or single-L hypernucleus. A correlated signal,
which appears as such a peak in both pion spectra, is in-
terpreted as a pair of single-L hypernuclei if the momenta
match known decays of single-L systems. It is regarded
as a candidate for a double-L hypernucleus when only one
of the lines matches a known decay momentum [2,10–13].
Figure 3, adapted from Ref. [2], indicates where known
single-L hypernuclear lines are expected as well as where
LL decay lines are anticipated as a function of the LL
pairing energy DBLL.

Inspection of the plot indicates two regions of event con-
centration; one near "104, 114# and one near "114, 133# in
the pion momentum axes. The right-hand side of the fig-

ure shows projections of the data regions in the indicated
bands of 12 MeV!c width (3s in CDS resolution) on the
PH and PL axes. Histogram I displays the higher momen-
tum pion distribution with the lower pion momentum be-
tween 97 and 109MeV!c, while II shows the lower pion
momentum distribution, with the upper pion cut between
107 and 119MeV!c. The event concentration projected
in I and II we attribute to 4

LLH as explained below, while
those projected in III and IV are attributed to the decays,

3
LH ! 3He 1 p2

L "114.3 MeV!c#, (1)
4
LH ! 4He 1 p2

H "132.9MeV!c#. (2)
The existence of these twin hypernuclei is evidence that

J2’s of appreciable kinetic energy are initiating reactions.
Also indicated in the projected spectra I to IV are the ap-
propriate backgrounds from quasifree J2 production, de-
termined from the three particle tracks as described above.
A clear excess of signal over J2 background is observed
in these spectra.

We direct attention to two structures in Fig. 2, a rela-
tively wide peak centered near 114 MeV!c in I, and the
correlated narrow low-momentum peak near 104 MeV!c
in II. The latter prominent peak has no clear explanation in
the literature. It is the conjunction of this feature with the
wide peak in I that points strongly to the existence of 4

LLH
in our data sample. The broadening near 114 MeV!cis at-
tributed to the presence of more than a single contribution
and the peak at 104 MeV!c to a particular decay mode of
the doubly strange hypernucleus. We develop this argu-
ment as follows.

Consider the following possible sequences, some of
which are combinations of single-L decays. The decay
momenta, known from emulsion experiments to typically
better than 1 MeV!c, are near those of the correlated
peaks. These are listed below as processes (3) and (4),
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FIG. 2. The momenta of pH and pL, in MeV!c, plotted against each other (left). The event concentration associated with the
4

LLH doubly strange hypernucleus is located near "114, 104#. The plots on the right, I and II, are projections on the y and the x axis,
respectively, with the indicated limits. The projections shown in III and IV are attributed to 4

LH and 3
LH. The overlayed curves for

I– IV are the measured quasifree J2-decay backgrounds, normalized to the expected number of such events in the data.

132504-3 132504-3

J.K. Ahn et al., Phys. Rev. Lett. 87, 132504 (2001)

9Be(K−, K+){Ξ− + 8Li*} ⟶ [ 8
ΛΛHe*] + n

⟶ [ 8
ΛΛH*] + p

“double-Λ compound nucleus” 
→ fragmented into double-Λ hypernuclei, 

single-Λ hypernuclei etc.
Y. Yamamoto, M. Wakai, T. Motoba, T. Fukuda,  

Nucl. Phys. A 625, 107 (1997)

ΞN rescattering 
& ΞN-ΛΛ conversion

4
ΛH

3
ΛH

4
ΛΛH?

BNL-AGS E906: 9Be(K-,K+)反応

Quasi-free 過程の一部→ダブルΛ複合核を形成 
その分裂片としてダブルΛハイパー核を生成
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October 17, 2003 14

HYP2003

Suggested decay mode of 4ΛΛH and limits on ∆BΛΛ

4
ΛΛH (single Λ binds to 2H by 0.13 MeV)

3
ΛH + p }? MeV 3

ΛH
(7.75 MeV)

4
ΛHe

3He
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p 1 p2 1 p2 about 64% of the time (the rest of the
time the final state includes neutral particles). An extensive
simulation of quasifree J2 production in the CDS was
carried out. The quasifree J2 events appear in our experi-
ment as two negative tracks in the CDS when the proton
is not detected, either because it is outside the geomet-
ric acceptance or, for low momentum J2’s, because it
never leaves the target. The events in which all three tracks
were detected were limited to about 800 in number, about
5% of the two p2 set (before applying cuts as described
above). They were analyzed to compare to our simula-
tion which includes the geometry and response of the CDS.
The shape comparison was satisfactory, and the simulated
spectrum magnitude was fixed by the three-track data. The
simulation then provided a reliable measure of the J2

background magnitude and shape in the two-track data.
Figure 2 contains a two-dimensional scatter plot of the

pion pair events, obtained as described above, binned in
3 MeV!c cells. The box size shown is proportional to the
cell population.

The pion spectrum will exhibit a sharp peak in a two-
body decay from a system at rest, or nearly at rest, such as
a double- or single-L hypernucleus. A correlated signal,
which appears as such a peak in both pion spectra, is in-
terpreted as a pair of single-L hypernuclei if the momenta
match known decays of single-L systems. It is regarded
as a candidate for a double-L hypernucleus when only one
of the lines matches a known decay momentum [2,10–13].
Figure 3, adapted from Ref. [2], indicates where known
single-L hypernuclear lines are expected as well as where
LL decay lines are anticipated as a function of the LL
pairing energy DBLL.

Inspection of the plot indicates two regions of event con-
centration; one near "104, 114# and one near "114, 133# in
the pion momentum axes. The right-hand side of the fig-

ure shows projections of the data regions in the indicated
bands of 12 MeV!c width (3s in CDS resolution) on the
PH and PL axes. Histogram I displays the higher momen-
tum pion distribution with the lower pion momentum be-
tween 97 and 109MeV!c, while II shows the lower pion
momentum distribution, with the upper pion cut between
107 and 119MeV!c. The event concentration projected
in I and II we attribute to 4

LLH as explained below, while
those projected in III and IV are attributed to the decays,

3
LH ! 3He 1 p2

L "114.3 MeV!c#, (1)
4
LH ! 4He 1 p2

H "132.9MeV!c#. (2)
The existence of these twin hypernuclei is evidence that

J2’s of appreciable kinetic energy are initiating reactions.
Also indicated in the projected spectra I to IV are the ap-
propriate backgrounds from quasifree J2 production, de-
termined from the three particle tracks as described above.
A clear excess of signal over J2 background is observed
in these spectra.

We direct attention to two structures in Fig. 2, a rela-
tively wide peak centered near 114 MeV!c in I, and the
correlated narrow low-momentum peak near 104 MeV!c
in II. The latter prominent peak has no clear explanation in
the literature. It is the conjunction of this feature with the
wide peak in I that points strongly to the existence of 4

LLH
in our data sample. The broadening near 114 MeV!cis at-
tributed to the presence of more than a single contribution
and the peak at 104 MeV!c to a particular decay mode of
the doubly strange hypernucleus. We develop this argu-
ment as follows.

Consider the following possible sequences, some of
which are combinations of single-L decays. The decay
momenta, known from emulsion experiments to typically
better than 1 MeV!c, are near those of the correlated
peaks. These are listed below as processes (3) and (4),
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FIG. 2. The momenta of pH and pL, in MeV!c, plotted against each other (left). The event concentration associated with the
4

LLH doubly strange hypernucleus is located near "114, 104#. The plots on the right, I and II, are projections on the y and the x axis,
respectively, with the indicated limits. The projections shown in III and IV are attributed to 4

LH and 3
LH. The overlayed curves for

I– IV are the measured quasifree J2-decay backgrounds, normalized to the expected number of such events in the data.
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�13Interpretations other than 4
ΛΛH

!
3 H→3He!"" #P"

#$114 MeV/c$, #11$

!
6 He→6Li!"" #P"

%$108 MeV/c$,

!
3 H→3He!"" #P"

#$114 MeV/c$, #12$

!
4 H→3H!p!"" #P"

%% 98 MeV/c$.

In the "" decay of !
6 He, there are several decay modes to

the ground state of 6Li and excited states of 6Li. Especially,
the "" decay momenta in !

6 He→6Li(J")!"" are
104.9 MeV/c and 102.7 MeV/c for J"$3! and 0!, re-
spectively, which correspond to the central position of the
oval region. Ahn et al. have also mentioned that most of the
decay strengths of !

6 He are expected to be below
100 MeV/c region, since the dominant decays of !

6 He are
three-body (&!d!"") decays where nuclear states are
nonresonant continuum states '2(.
In order to see the contributions of &!d nonresonant

states to the !
6 He "" decay spectrum, we calculate the par-

tial decay widths of !
6 He, including &!d!"" three-body

decays. We found resonances of 6Li at low energies with not
only isospin T$0 (J"$1!,3!,2!), but also T$1 (J"

$0!,2!). The T$1 states cannot be described by &!d
configurations. We thus use two kinds of wave functions for
6Li in the present calculations: &!d cluster-model wave
functions for T$0 states and Cohen-Kurath shell-model
wave functions for T$1 states, where two-body matrix ele-
ments of #6-16$2BME are employed in view of the overall
fitting to the 6Li energy levels '15(.
We described the wave function of !

6 He(1") by a single
configuration of '(0s1/2

N )4(0p3/2
n )(0s1/2

! )(1" with harmonic
oscillators, where the size parameters are determined to re-
produce the calculated root-mean-square distances between
& and n(!) in !

6 He(1") by Hiyama et al. '16(, bn
$3.30 fm and b!$2.10 fm. We use the value bN
$1.94 fm for the 6Li states as the oscillator strength to fit
an experimental charge form factor '17(.
The calculated widths and spectrum with "" plane waves

are summarized in Table VI and Fig. 4. All decays to reso-
nance states give sizable contributions to the width of !

6 He.

Contributions from &!d!"" three-body decays with
nuclear nonresonant continuum states are negligible, as
shown in Table VI. The widths are concentrated on these
bound and resonance states in &-d relative s and d waves
while small themselves in &-d relative to the p and f waves.
Since a deuteron is taken to be (0s)2 with an oscillator
strength of bN$1.94 fm in the &!d model, the widths are
systematically smaller than those of the Choen-Kurath model
due to worse overlap between the initial !

6 He and the &-d
final states. However, it is sufficient within this &!d model
in order to see qualitative contributions of nonresonant con-
tinuum &-d states to the widths.
The calculated spectrum with the Cohen-Kurath wave

functions is shown in Fig. 4, which is smeared with a
3-MeV/c ""-momentum resolution with Gaussian shapes.
Each width of the resonance states is also taken into account
in the spectrum. The spectrum is also added to contributions
from the Cohen-Kurath wave functions with no correspond-
ing experimental resonance states, since they are expected to
represent their continuum states. These contributions are
smeared as the 10 MeV nuclear widths. As shown in Fig. 4,
the calculated spectrum has sizable contribution in the region
of 104 MeV/c on the experimental data.

E. Validity of theoretical expectations

In the BNL-E906 experiment, "" decay particles in the
region with momenta around 104 MeV/c were analyzed to
come from !!

4 H '2(. The analysis was made on the following
two assumptions. #1$ There exists a p-wave resonance
(!
4 He*) in !

3 H-p scattering. "" decays through the reso-
nance dominate the peak in the region of 104 MeV/c . #2$
Contributions from the "" decays of !

6 He are thought to be
negligible in the region of 104 MeV/c .
Concerning first assumption, we have investigated the

possibility of a narrow resonance. In order to get a peak
around 104 MeV/c , !

4 He is required to have a narrow reso-

TABLE VI. Calculated "" decay widths of !
6 He with the

Cohen-Kurath #CK$shell model and the &d cluster model 6Li wave
functions in the unit of )! . The corresponding "" decay momenta
are also listed in units of MeV/c .

Process !
6 He(1")→ width #CK$ width (&d) P""

6Li(1!,T$0)gr!"" 0.0056 0.0036 108.4
6Li(3!,T$0)!"" 0.0189 0.0045 104.9
6Li(0!,T$1)!"" 0.0087 102.7
6Li(2!,T$0)!"" 0.0155 0.0095 101.4
6Li(2!,T$1)!"" 0.0470 99.7
6Li(1!,T$0)!"" 0.0066 0.0045 99.2
&!d!"" #off resonance$ 0.0017 %100
All CK waves 0.146

FIG. 4. Calculated "" decay spectrum of !
6 He with the Cohen-

Kurath 6Li wave functions #solid line$. The experimental data and
the calculated !!

4 H spectrum are shown by the solid histogram and
dashed line, respectively, which show the P"

% dependence when the
other "" momentum (P"

#) between 107 and 119 MeV/c are
summed up in Figure 3. The ordinate is the experimental count
number, which is subtracted each quasi-free *"-decay background
shown in Ref. '2(. The calculated spectra are normalized to fit the
maximum height of the experimental histogram. In the region be-
low 100 MeV/c , there are considerable contributions from the
other various decay modes, such like !

3H!!
4 H.

PIONIC WEAK DECAY OF THE LIGHTEST . . . PHYSICAL REVIEW C 66, 014003 #2002$
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S. D. RANDENIYA AND E. V. HUNGERFORD PHYSICAL REVIEW C 76, 064308 (2007)
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FIG. 5. The projected pion spectra for the coincident pion decays comparing the simulation (histogram) to the data (points with errors).
The left figure shows the projection onto the pl (II) axis and the right the ph axis (I).

However, the χ2 of the fit essentially did not change when
the decay of this hypernucleus was included in both schemes.
However, the normalization corresponding to the 7

""He decay
was reduced as the normalization for 6

""He increased. Hence
up to the minimum χ2 value, the inclusion of the 6

""He decay
balances the counts removed from the 7

""He decay, and the
data in this region are insensitive to the inclusion of the 6

""He
hypernucleus. Decay from the 5

""He hypernuclei were not
included in this fit as this decay essentially overlaps the 6

""He
decay spectrum and thus its strength is effectively included in
the 6

""He analysis.
In summary, the data can be represented by the decay of

7
""He along with decay of three single hypernuclear pairs, 4

"H
with 4

"H and 3
"H with 3

"H and 3
"H with 4

"H and a constant

background as described above. Table VII summarizes the
normalizations obtained from the two local fits.

D. Production of 6
!!He hypernuclei

Most of the counts in the 6
""He decay spectrum appear in

the region below ph = 107 MeV/c and the decay of 7
""He

adds background in this region, Figure 6.
A fit of the simulation to the projected experimental data in

the region where 92 MeV/c !ph ! 107 MeV/c and 86 MeV/c
!pl ! 98 MeV/c, keeping the normalizations determined from
previous fits constant and including the decay of 6

""He, is
shown in Fig. 7. The χ2 of the fit is 67 for 51 degrees of
freedom, whereas the background from all the hypernuclear
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FIG. 6. The two-dimensional pion decays from the decay of 7
""He and 6

""He hypernuclei.

064308-6

S.D. Randeniya and E.V. Hungerford, 
Phys. Rev. C 76, 064308 (2007)

I. Kumagai-Fuse and S. Okabe,  
Phys. Rev. C 66, 014003 (2002)

7
ΛΛHe → 7

ΛLi(*) + π−

7
ΛLi → 7Be + π−

3
ΛH → 3He + π−

6
ΛHe → 6Li(*) + π−

1) Twin hypernuclei 2) Double-Λ hypernuclei

They may be produced from [ 8
ΛΛHe*] or (Ξ−, 9Be)atom
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�14≧2020年代のカウンタ実験
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Coupling between Ξ hypernuclei  
and double-Λ hypernuclei

T.Harada, Y.Hirabayashi, A.Umeya,  
PLB 690 (2010) 363.

Theoretical Calculation for 16
ΛΛC,  

via Ξ- doorways 
in the 16O(K-,K+) reaction at 1.8 GeV/c

two-step process

one-step process

16O(K-,K+) 7 ~12 nb/sr

"  excited states of double-Λ hyp. 
" sensitive to ΞΝ-ΛΛ coupling strength.

T. Harada et al. / Physics Letters B 690 (2010) 363–368 367

Fig. 3. Partial-wave decomposition of the calculated inclusive spectrum by the one-
step mechanism near the 14C + Λ + Λ threshold in the 16O(K −, K +) reaction
at 1.8 GeV/c (0◦). VΞ = −14 MeV and v0

Ξ N,ΛΛ = 500 MeV were used. The la-
bels 0+(s2

Λ), 1−(sΛ pΛ) and 2+(p2
Λ) denote the Jπ ΛΛ nuclear states of (0sΛ)2,

(0sΛ)(0pΛ) and (0pΛ)2 coupled with 14C(0+), respectively. The labels 2+(s2
Λ),

1−(2+ ⊗ sΛ pΛ) and 2+(2+ ⊗ p2
Λ) denote the states of (0sΛ)2, (0sΛ)(0pΛ) and

(0pΛ)2 coupled with 14C(2+), respectively.

such ΛΛ excited states below the 14C + Λ + Λ threshold will be
measured experimentally at the J-PARC facilities [3].

On the other hand, it is extremely difficult to populate the
0+ ground state with 14C(0+) ⊗ s2

Λ at ω ≃ 352.3 MeV (BΛΛ ≃
24.9 MeV) and also the 2+ excited state with 14C(2+) ⊗ s2

Λ at
ω ≃ 359.6 MeV (BΛΛ ≃ 17.5 MeV) in the one-step mechanism
via Ξ− doorways in the (K −, K +) reactions. The high momen-
tum transfer of qΞ ≃ 400 MeV/c necessarily leads to the non-
observability with %L = 0. Thus the integrated cross section of
the 0+ state is found to be about 0.02 nb/sr, of which the q de-
pendence is approximately governed by a factor of exp(− 1

2 (b̃qΞ )2)

where a size parameter b̃ = 1.84 fm. There is no production in the
2+ state with 14C(2+) ⊗ s2

Λ under the angular-momentum conser-
vation in the 16O(K −, K +) reactions by the one-step mechanism.
The contribution of these states to the ΛΛ spectrum in the one-
step mechanism is completely different from that in the two-step
mechanism as obtained in Refs. [7,8].

In the (K −, K +) reaction, ΛΛ hypernuclear states can be also
populated by the two-step mechanism, K −p → π0Λ followed by
π0 p → K +Λ [7–9], as shown in Fig. 1(a). Following the procedure
by Dover [7,9], a crude estimate can be obtained for the contribu-
tion of this two-step processes in the eikonal approximation using
a harmonic oscillator model. The cross section at 0◦ for quasielastic
ΛΛ production at pK − = 1.8 GeV/c in the two-step mechanism,
which is summed over all final state, is given [9] as

∑

f

(dσ (2)
f

dΩL

)

0◦
≈2πξ

p2
π

〈
1
r2

〉(
α

dσ

dΩL

)K − p→π0Λ

0◦

×
(
α

dσ

dΩL

)π0 p→K +Λ

0◦
N pp

eff , (11)

where ξ = 0.022–0.019 mb−1 is a constant nature of the angular
distributions of the two elementary processes, pπ ≃ 1.68 GeV/c
is the intermediate pion momentum, and ⟨1/r2⟩ ≃ 0.028 mb−1

is the mean inverse-square radial separation of the proton pair.
N pp

eff ≃ 1 is the effective number of proton pairs including the nu-

clear distortion effects [7]. The elementary laboratory cross section
(αdσ /dΩL)0◦ is estimated to be 1.57–1.26 mb/sr for K − p → π0Λ
and 0.070–0.067 mb/sr for π0 p → K +Λ depending on the nuclear
medium corrections. This yields

∑

f

(dσ (2)
f

dΩL

)

0◦
≃ 0.06–0.04 µb/sr, (12)

which is half smaller than ∼ 0.14 µb/sr at 1.1 GeV/c. Consider-
ing a high momentum transfer q ≃ 400 MeV/c in the (K −, K +)
reactions by comparison with the (π+, K +) reaction [39], we ex-
pect that the production probability for the ΛΛ bound states does
not exceed 1% in the quasielastic ΛΛ production, so that an es-
timate of the ΛΛ hypernucleus in the two-step mechanism may
be on the order of 0.1–1 nb/sr. This cross section is smaller than
the cross section for the ΛΛ 1− states we mentioned above in the
one-step mechanism. Consequently, we believe that the one-step
mechanism acts in a dominant process in the (K −, K +) reaction
at 1.8 GeV/c (0◦) when v0

Ξ N,ΛΛ = 400–600 MeV. This implies that
the (K −, K +) spectrum provides valuable information concerning
Ξ N–ΛΛ dynamics in the S = −2 systems such as ΛΛ and Ξ hy-
pernuclei, which are often discussed in a full coupling scheme [40].

4. Summary and conclusion

We have examined theoretically production of doubly strange
hypernuclei in the DCX 16O(K −, K +) reaction at 1.8 GeV/c within
DWIA calculations using coupled-channel Green’s functions. We
have shown that the Ξ− admixture in the ΛΛ hypernuclei plays
an essential role in producing the ΛΛ states in the (K −, K +) reac-
tion.

In conclusion, the calculated spectrum for the 16
Ξ− C and 16

ΛΛC
hypernuclei in the one-step mechanism K − p → K +Ξ− via Ξ−

doorways predicts promising peaks of the ΛΛ bound and excited
states in the 16O(K −, K +) reactions at 1.8 GeV/c (0◦). It has been
shown that the integrated cross sections for the significant 1− ex-
cited states in 16

ΛΛC are on the order of 7–12 nb/sr depending
on the Ξ N–ΛΛ coupling strength and also the attraction in the
Ξ–nucleus potential. The Ξ− admixture probabilities are on the
order of 5–9%. The sensitivity to the potential parameters indicates
that the nuclear (K −, K +) reactions have a high ability for the
theoretical analysis of precise wave functions in the ΛΛ and Ξ
hypernuclei. New information on ΛΛ–Ξ dynamics in nuclei from
the (K −, K +) data at J-PARC facilities [3] will bring the S = −2
world development in nuclear physics.
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�15J-PARCにおける実験計画

Physics beyond E05
❖ Spin dependence in light Ξ hypernuclei

❖ 7Li(K-, K+)Ξ7H; αnnΞ-       Lightest Ξ 
hypernucleus ?

❖ 10B(K-, K+)Ξ10Li; ααnΞ- 

❖ Heavy Ξ hypernuclei spectroscopy
❖ Coulomb-Assisted bound states   89Y(K-, K+)

T. Nagae, HYP2018

BNL E906実験のアップグレード

7
Ξ− H → 5

ΛΛH + 2n

を用いた             生成5
ΛΛH

7Li(K−, K+){Ξ− + 6He*} ⟶ [ 6
ΛΛH*] + n

[ 6
ΛΛH*] → 5

ΛΛH + n

7Li(K-,K+)反応のΞ束縛領域・非束縛領域に対応

ダブルΛ複合核経由

Ξハイパー核経由
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�16参考：12C(K−,K+) 反応
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Fig. 7. Missing-mass spectra for the 12C(K−,K+)X reaction at 1.8 GeV/c. a) in a wide energy range, and b)
a close-up view near the binding energy threshold indicated with a dashed oval in a).
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Fig. 8. Missing-mass spectrum for the 12C(K−,K+)X reaction at 1.8 GeV/c near the binding energy threshold
fitted with two gaussian peaks. The width was fixed at 6 MeV (FWHM).

events in this region should be the background, mostly coming from Kaon decay-in-flight and having
almost flat distribution (1.08 counts/ 2 MeV). Then, we observed a significant event excess of about
55 events in the binding energy region between 0 and 20 MeV (−20 MeV≥ −B.E.≥0 MeV) shown in
red in Fig. 7-b). This is the same level of statistics obtained by the BNL E885 (42-67 events). Above
the binding threshold (−B.E.≥ 0 MeV), we clearly see a rise for the quasi-free production.

The momentum acceptance of the SKS corresponding to this energy region is almost flat. We,
therefore, tried a fit to the spectrum assuming there exist two gaussian peaks in the bound region and
a quasi-free component as a straight line convoluted with the detector energy resolution of 5.4 MeV.
We also assumed a flat background component as suggested from the Fig. 7-b). The fitting result is
shown in Fig. 8. The red solid line is the fit where the dotted lines show each component. The peak
positions were obtained to be about 9 MeV and 2 MeV. If this is the case, the potential depth of the Ξ

8

a) S-2S TOF b) S-2S WC

Fig. 14. Schematic drawings of the TOF and WC counter walls for S -2S .

Run Conditions Pilot Run Next physics Run
K− intensity (M/spill) 0.6 1.31
MR beam power (kW) 39 85
Spill cycle (s) 5.52 4.7
Target thickness (g/cm2) 9.3 10
Spectrometer acceptance (msr) 110 55
Missing-mass resolution (FWHM) 6 MeV <2 MeV
Signal events/days of run 40/10 days ∼110/20 days

Table V. Run conditions in the pilot run and the expected condition for the E05 physics run with S -2S for
12C(K−,K+)12

Ξ Be reaction at 1.8 GeV/c.

(1) Separation of two peaks, if existed, about 7-MeV apart with a good energy resolution of 2 MeV
(FWHM),

(2) Measurement of the width of the peak(s).
The energy resolution of 2 MeV enables us to separate the 11B core excited states of which excitation
energies are about 2 MeV. So, our measurement will be robust for any fine structures in this mass-
number region. The largest binding energy state gives us the ground state energy lower limit with a
precision of 0.2 MeV, which is related to the real part of the potential Re(UΞ). The width of the peak
might be less than a few MeV if we observed two peaks in the bound region. On the other hand, if
we observed one broad peak, the peak width should be larger than 10 MeV, so that the width could
be measured easily, and we could obtain the information of imaginary part of the potential, Im(UΞ),
with a precision better than 1 MeV.

Based on the results of the pilot run, we can surely estimate the yield of the 12
Ξ Be bound states

in the case of S -2S , which has 55-msr solid-angle acceptance corresponding to a half of the SKS
acceptance of 110 msr. The run conditions are summarized in Table V.

MR beam power
The beam power from the main ring (MR) to the Hadron Experimental Hall is limited by the

production target (T1) for secondary beams. At the time of the E05 pilot run, it was 39 kW, and
produced 600 k K− per spill at 1.8 GeV/c. The present T1 target can be used up to 50 kW. However
not more than that. At this moment we have a design of new T1 target made of Au which could
sustain up to 85 kW. It will increase the K− intensity by more than a factor of 2 (2.18). In addition,
we would like to shorten the operation cycle of the MR from the present 5.52 sec. to 4.7 sec. or less.

13
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total Hamiltonian and the Schrödinger equation are given by

(H − E)!JM ( 7
"−H, 10

"−Li) = 0, (5.1)

H = T +
∑

a,b

Vab + VPauli, (5.2)

where T is the kinetic-energy operator, Vab is the interaction
between the constituent particle a and b, and the VPauli is
the Pauli projection operator given by Eq. (3.6). The total
wave function is described as a sum of amplitudes of the
rearrangement channels (c = 1 ∼ 9) of Fig. 3 in the LS
coupling scheme:
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Here the operator AN stands for antisymmetrization between
the two neutrons. Sα,χ 1

2
("−) and η 1

2
("−) were defined in

Sec. III.
The Pauli principle involving nucleons belonging to α and

x(= n,α) is taken into account by the orthogonality condition
model (OCM) [19]. The forbidden states in Eq. (3.6) are f =
0S for n and f = 0S, 1S, 0D for x = α.

We employ the VαN potential given in Ref. [21] and the
AV8 potential [22] for the two-neutron parts. The αnn (ααn)
binding energy derived from these potentials is less(over-)
bound by about 0.3 MeV (1 MeV) in comparison with the
observed value. Then, in calculations of the αnn"− and
ααn"− four-body model, the central part of Vαn is adjusted
to reproduce the observed ground state of 6He and 9Be. The
Vαα and Vα"− are the same as those in ααt"− four-body
calculations. As for the "−n parts, we employ the simple
three-range Gaussian potentials derived from ESC and ND.
The details of these potentials were already mentioned in
Sec. II. Thus, in our treatments of αnn"− and ααn"−

four-body systems, ground-state energies of all subsystems
of αnn and ααn are reproduced well.

B. Results for 7
"H (αnn"−)

Here we describe the results of the four-body calculations
for 7

"−H(αnn"−) with (T , J π ) = (3/2, 1/2+). The basic ques-
tion is whether this state is bound or not: The 6He core is
composed of an α and two weakly bound (“halo”) neutrons.
Due to the weakness of the "−n interaction, the binding
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FIG. 4. (a) Calculated energy levels of 7
"− H for three kF values

using ESC. (b) Calculated energy levels of 7
"− H for for three kF values

using ND. The energies are shown when the imaginary part of the
α"− interaction is switched off. The energies are measured from the
α + n + n + "− breakup threshold. The dashed lines are threshold.

between 6He and "− is to a large extent determined by the
α"− interaction.

The calculated energies in the 1/2+ ground state are demon-
strated in Fig. 4 as a function of kF , for the two "N potential
models without the imaginary part of the α"− interaction.
These 1/2+ states are composed of the ground-state 0+

configuration of 6He coupled with the 0s-state "− particle.
The Coulomb interactions between α and "− are taken into
account. In the figure, the dashed lines show the positions
of threshold energies of α + n + n + "−,6 He + "−, and
5
"−H(α"−)cal + n + n, respectively. One should be aware that
the 5

"−H(α"−)cal + n + n threshold energy depends on the
kF value of the adopted "N interactions. This situation is
unavoidable, because the calculated energies for 5

"−H have
to be used instead of the unknown experimental value. We
see that in the case (i) kF = 0.9 fm−1 with ESC the lowest
threshold is 5

"−H(α"−)cal + n + n, and in the other cases the
6He + "− threshold is lower than the 5

"−H(α"−)cal + n + n
threshold. However, in all kF cases with ND the lowest
threshold is 6He + "−. The order of the 5

"−H(α"−)cal + n + n
and 6He + "− threshold is determined by the competition
between α-"− correlation and the α-(nn) correlation.
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Table 1 Strength parameters for Ξ−-6He(0+) potential, U11 given in Eq. (5)

Potential V0 (MeV) W0 (MeV) B.E . (MeV) Γ (MeV)
√

< r2 > (fm)

ND(k f = 0.9) −13.70 −0.49 1.55 0.27 4.06
ND(k f = 1.025) −11.72 −0.34 1.05 0.15 4.84
ND(k f = 1.3) −8.95 −0.11 0.54 0.032 6.85
ESC(k f = 0.9) −15.18 −4.17 1.80 2.64 3.62
ESC(k f = 1.055) −10.53 −2.98 0.67 1.15 5.51
ESC(k f = 1.3) −6.90 −1.96 0.26 0.31 10.06

R = 2.0 fm and a = 0.65 fm are fixed. The binding energies, widths and r.m.s. radii are also listed. Here, B.E . is measured from
Ξ− +6 He(0+) threshold, instead of Ξ− + α + n + n one in Ref. [2]

Fig. 1 Calculated 7Li(K −, K +) inclusive spectra for pK − = 1.65 GeV/c and θK + = 0◦. The left and right panel show the results
corresponding to the case using potential ND and ESC with three k f parameters listed in Table 1, respectively. These spectra are
smeared assuming 2 MeV detector resolution

3 Results and Conclusions

Figure 1 shows the calculated 7Li(K −, K +) inclusive spectra for pK − = 1.65 GeV/c and θK + = 0◦. A detec-
tor resolution of 2 MeV is taken into account. In the case of ND, we can see two peak structure for every k f

parameters. The peak in E < 0 and E > 0 region correspond to Ξ−-6He(0+) bound state and Ξ−-6He∗(2+)
one, respectively. The contribution to the cross section from the 6He∗(2+) core state amounts to about 1/3 of
that from 6He(0+) core state. It is also checked that the contribution from the 6He∗(2+) state does not change
the peak shape of the Ξ−-6He(0+) bound state as long as the coupling strength Vc in Eq. (6) is less than
∼ 300 MeV. In the case of ESC, the structure of the calculated spectra is similar to ND case, but the larger
width compared to ND makes the peak less visible. For ESC with k f = 0.9 and 1.055, we can not see the
bound state peak for the core-excited state, while we can still recognize the peak for the core-ground state. For
ESC with k f = 1.3, we can not see any peak structure.

In conclusion, we can expect to observe the bound state peak ofΞ− hypernuclear state in the 7Li(K −, K +)
inclusive spectrum except for ESC with k f = 1.3 case, including the 2 MeV detector resolution. In order to
confirm the results more quantitatively, we have a plan to construct the realistic folding potentials instead of
the Woods–Saxon one used here. The further investigation is in progress.
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Production via Ξ-hypernuclear decay

◆ Only 4 decay channels are 
allowed energetically 

◆ Among them, the channel 
with the fewest bodies and 
the largest Q-value is most 
predominant (B.R. ~ 90% !!)
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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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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
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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.
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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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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
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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-
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�19ΛΛ-ΞN mixing in

N
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constructed from the hard-core model, for the first attempt
to the full-coupled channel calculation. P!!’s are very
small for both systems, due to a large mass difference be-
tween the "" and !! channels (m!!!m"""155MeV).

We should emphasize that the PN## 5
""H$ obtained by

the mNDS has a surprisingly large value (4:56%), which is
larger than the PN## 5

""H$ obtained by the NFS (3:10%), in
spite of the fact that the strength of the ""-N# coupling
potential of the ND is rather weaker than that of the NF.
This does not imply that a stronger ""-N# coupling
potential means a larger PN# probability. This is in re-
markable contrast with other calculations based on the
#t % " % "$ and #! % #!$ two-channel model [7,9].

Although the present calculation assumes no simpli-
fied structures, such as #t % " % "$ and #! % #!$, this
kind of model is useful to make a clear explanation of
the complicated full coupling dynamics of the A & 5;
S& !2 hypernucleus. Let us consider a set of simple
core nucleus % Y#% Y$ model wave functions for the
5

""H:

j5""Hi &  t '  "" '  ""!t; (7)

j5#Hi &  ! '  #! '  #!!!; (8)

j5"!HiS"!
&

!!

1
3

q

( t ' ( "!0)S"!
) '  "!0!t

!
!!

2
3

q

( h ' ( "!!)S"!
) '  "!!!h

#for S"! & 0 or 1$; (9)

where  c#c & t; h;!$ is the wave function (WF) of the
core nucleus,  YY#YY & "";#!;"!$ is the WF of the
hyperon(s), and  YY!c is the WF that describes the relative
motion between YY and c. We assume that all of the
baryons occupy the same #0s$ orbit. For the 5

"!H state,
we have two independent states for the WF  "!, that the
spin of two hyperons (S"!) is either a singlet or a triplet.
Since the !! component plays a minor role, we omit the

5
!!H state. Using these WFs, we can obtain the algebraic
factors for each averaged coupling potential of the allowed
spin state, $vs or $vt:

hV""!N#i &
!!

1
2

q

$vs""!N#; (10)
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>

<

>

:

!!
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q
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1
8

q

$vsN"!N! #for S"! & 0$;
!!

3
8

q

$vtN"!N! !
!!

3
8

q

$vsN"!N! #for S"! & 1$;
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hVN#!"!i &
8

<

:

!
!!

3
4

q

$vsN#!"! #for S"! & 0$;
3
2 $v

t
N#!"! #for S"! & 1$:

(12)

The v""!N# potential is suppressed by a factor of
!!!!!!!!

1=2
p

for
the A & 5 hypernucleus. The vN"!N! and vN#!"! poten-
tials, particularly in the spin triplet channel, play signifi-
cant roles instead. Namely, these equations imply that the
"! component strongly couples both to the "" and to the
N# components, and the "! component plays a crucial
role in the hypernucleus.

The normalized energy expectation values of the
Hamiltonian (1) for 5

""H are (given in units of MeV)

h &
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FIG. 1. " and "" separation energies of A & 3! 6, S& !1 and !2 s-shell hypernuclei. The Minnesota NN, D20 YN, and mNDS
YY potentials are used. The width of the line for the experimental B" or B"" value indicates the experimental error bar. The
probabilities of the N#, "!, and !! components are also shown for the "" hypernuclei.
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In our calculations, we use the fitted single-channel ΛΛ
interactions and the averaged values of our Λ-h and Λ-t
potentials, which are as follows:

VΛ-h/t =
1
4
VΛ-h/t(0+) +

3
4
VΛ-h/t(1+). (18)

It is to be noted that ∆BΛΛ for the five-body system is
defined by

∆BΛΛ = BΛΛ − 2Bav
Λ (19)

with Bav
Λ of eq. (13) as was reasonably introduced by Fil-

ikhin and Gal [4]. The results are displayed in table 4.
The ΛΛ interaction, V e1

ΛΛ, produces binding energy val-
ues, ∆BΛΛ, of 0.72MeV for 5

ΛΛH and 0.76MeV for 5
ΛΛHe

as seen in table 4. The corresponding values produced
by the free-space ΛΛ interaction V e2

ΛΛ are 1.03MeV and
1.10MeV, respectively. We then include the coupling ef-
fects ∆V e

Pauli and ∆V e
alpha in our calculations with V e2

ΛΛ.
In 5

ΛΛH, the contribution of the Pauli effect is 0.20MeV
and that of the α enhancement effect is −0.13MeV for
the NSC97e coupling strength. Then, the net effect is a
weak repulsion, which reduces the value of ∆BΛΛ in 5

ΛΛH
by 0.07MeV.

It is interesting to find that these effects give ∆BΛΛ =
1.28MeV of 5

ΛΛHe, which is larger than 1.01MeV of 6
ΛΛHe,

since the attractive effect of ∆V e
alpha becomes larger than

the suppression effect of ∆V e
Pauli in 5

ΛΛHe. The contribu-
tions of ∆V e

Pauli and ∆V e
alpha in this system are 0.23MeV

and −0.41MeV. Thus, the value of ∆BΛΛ for 5
ΛΛHe is

increased by the coupling effects, while they reduce the
∆BΛΛ value of 5

ΛΛH. It should be noted that the value
−0.41MeV of ∆V e

alpha is a significant factor not to be ne-
glected in comparison with the empirical value ∆BΛΛ =
1.01MeV of 6

ΛΛHe. Filikhin and Gal predicted values of
∆BΛΛ for 5

ΛΛHe and 5
ΛΛH, which are smaller than that of

6
ΛΛHe, and gave a comment that “the heavier is the core
nucleus, the larger is the ∆BΛΛ”. This contradicts our re-
sults, where ∆BΛΛ of 5

ΛΛHe is larger than that of 6
ΛΛHe.

The values of ∆BΛΛ for the three double-Λ hypernu-
clei are plotted against the coupling strength in fig. 2.
With the value of ∆BΛΛ (6ΛΛHe) fixed to the experimen-
tal value of 1.01MeV, it can be seen that the values for
the five-body double-Λ hypernuclei increase with the cou-
pling strength. Thus, the coupling strength can be sen-
sitively deduced from experimental observations of 5

ΛΛHe
and 5

ΛΛH.

4 Conclusions

We have derived the single-channel ΛΛ interactions based
on Shinmura’s S = −2 interactions, which are phase shift
equivalents to the Nijmegen soft-core NSC97e, hard-core
NHC-D and NHC-F models. The ΛΛ interaction V e1

ΛΛ is
obtained by fitting the recent 6

ΛΛHe experimental data,
∆BΛΛ = 1.01MeV [3], without including the Pauli sup-
pression effect. To obtain the free-space ΛΛ interaction,
however, we have to take into account the Pauli suppres-
sion effect in fitting the data, since it is appreciably large.

0.0

0.5

1.0

1.5[M
eV

]

1.0 2.0 3.0 4.0 5.00.0

∆B
Λ
Λ

ΛΛ
6He

ΛΛ
5He

ΛΛ
5H

[103 MeV 2 fm3 ]

2.0

VΛΛ,ΞN
2
µ2 2( )3

Fig. 2. ∆BΛΛ values against the coupling strength. The cir-
cles, stars, squares and triangles represent the cases of no, the
NHC-D, the NSC97e and the NHC-F coupling strengths, re-
spectively.

We have found that the Pauli suppression effect in 6
ΛΛHe

is 0.43MeV for the NSC97e coupling strength. A Λ-Λ
phase shift of 12◦ at the maximum is produced by the
ΛΛ interaction V e1

ΛΛ, while the free-space ΛΛ interactions,
V D2

ΛΛ , V e2
ΛΛ and V F2

ΛΛ, give 14◦, 17◦ and 22◦ maximum values,
respectively. Thus, the free-space ΛΛ interaction of the
NSC97e and NHC-F cases is considerably stronger than
the interaction which is obtained by fitting the Nagara-
event data while neglecting the Pauli suppression effect.

The coupling effects in the five-body systems consist
of the Pauli suppression, ∆VPauli, and an enhancement,
∆Valpha, which arises when a converted nucleon combines
with the core nucleus to form an α-particle. These two
effects are largely cancelled by each other in 5

ΛΛH, and
the resultant effect is a repulsion with 0.07 (0.16)MeV for
the NSC97e (NHC-F) coupling strength. In 5

ΛΛHe, how-
ever, the enhancement effect dominates, and the net cou-
pling effect is not a repulsion but a 0.18 (0.47)MeV at-
traction for the NSC97e (NHC-F) coupling strength. The
behaviour of ∆BΛΛ values against the coupling strength,
shown in fig. 2, indicates the significance of the ΛΛ-ΞN
coupling effect, and observations of 5

ΛΛHe and 5
ΛΛH would

be critical for determining the ΛΛ-ΞN coupling strength.
One possible way to produce 5

ΛΛH through the
(K−,K+) reaction has been discussed by Kumagai-Fuse
and Akaishi [15]. They proposed that 5

ΛΛH is almost ex-
clusively formed with a large branching of about 90%, once
7
ΞH is populated by the (K−,K+) reaction on a 7Li target.
This process to produce 5

ΛΛH would be very promising if
an intense K− beam becomes available.

The authors thank Dr. H. Nemura and Prof. M. Kohno for
valuable discussions. One of the authors (Khin Swe Myint)
wishes to express her gratitude towards the “Japan Society for
Promotion of Science” (JSPS) for the fellowship grant during
her stay in KEK, Japan where this work has been performed.
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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)

014303-6D. E. Lanskoy and Y. Yamamoto, Phys. Rev. C 69, 014303 (2004)
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◆ Many theoretical calculations support the existence of 
bound 5ΛΛH. 

◆ caveat: the ΛΛ interaction might be too strong so as to 
account for  the “old” binding energy of 6ΛΛHe. 

◆ The comparison of the ΛΛ bond energy between 5ΛΛH 
and 6ΛΛHe will be very important.

�21

506 I.N. Filikhin, A. Gal / Nuclear Physics A 707 (2002) 491–509

Fig. 4. Incremental binding energies !B"" calculated for A = 5,6 in a three-body model. !B""(A = 5) is
relative to the (2J + 1) average of the ( 4"H, 4"He) levels of Table 4.

A nearly linear correlation appears between !B""(A = 6) and !B""(A = 5), as shown
in Fig. 4. Judging by the slope of the straight lines prevailing over most of the interval
shown in the figure, the "" interaction is more effective in binding 6

""He than binding
either one of the A = 5 "" hypernuclei. For this range of mass values, the heavier the
nuclear core is—the larger !B"" is (except for a vanishingly weak V"" where the trend
is opposite), implying that no saturation is yet reached. Within such three-body models
!B"" appears to get saturated already about A = 10, judging by the slope of the three-
body calculation straight line of Fig. 3. However, the special four-body cluster structure
of 10

""Be reverses this trend of saturation, apparently delaying it into somewhat heavier
species (for considerably heavier nuclear cores!B"" should start occasionally decreasing
slowly to zero with A).
We have already compared our calculations, discussing Tables 5, 6, 7, with those of

Ref. [14]. In Table 8 we also added a comparison with the calculations of Ref. [15]. Their
!B"" values are incredibly higher everywhere than ours, and this holds also for their
ND-type calculation of 5"He.

4. Summary

In this work we studied light "" hypernuclear systems which may be described in
terms of few-cluster systems and treated by solving the three-body Faddeev and four-body
Faddeev–Yakubovsky s-wave differential equations. For 10

""Be, the Faddeev–Yakubovsky
solution of the αα"" problem given here is the first one of its kind. We estimate an error
of about 0.5 MeV due to limiting the 10

""Be calculation to s waves. Our calculation yields
more binding for 10

""Be than that produced by most of the previous calculations, wherever
comparison is meaningful. In particular, a fairly large value of!B"" ∼ 1.5 MeV survives
in the limit V"" → 0 owing to the αα structure of the 8Be core. Our calculation confirms,

I.N. Filikhin and A. Gal, Nucl. Phys. A 707, 491 (2002)

binding energy due to the full, spin-dependent calculation.
Finally, we commented on the size expected for the

!!-"N mixing effect in these light !! hypernuclei. For
models such as NSC97e which are close to describing well
the !! interaction as deduced from B!!(!!

6 He), we have
argued that the !!-"N coupling effect should not exceed
0.2 MeV in !!

6 He, and a similar order of magnitude is ex-
pected for this and other medium effects in the A!5 !!
hypernuclei. For comparison with the better studied S!"1
sector, we mention the 0#-1# binding-energy difference in
!
4 He, calculated recently by Akaishi et al. #26$using a simu-
lation of model NSC97e with and without including the pow-
erful !N"%N coupling which arises primarily from one-
pion exchange. Compared to the 0.57 MeV effect of the
!N-%N coupling which these authors calculated, we antici-
pate a considerably smaller effect for the light !! hypernu-
clei considered in the present work, due to strange-meson

exchange which underlies the !!-"N coupling in !! hy-
pernuclei. Further work on !!-"N mixing is necessary in
order to tell whether or not the above argument is supported
by a solid calculation.
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APPENDIX

The expression for the integral operator h(l ,(!l!
L)* is well

known #14$. For particles of unequal masses this function
has the form

h(l ,(!l!
L)* &+ ,+!'!&" 'L#l!&2(!#1 '&2l!#1 '#&2(!'!&2l!'!&2(#1 '&2l#1 '$1/2

$ ,
(1#(2!(!

l1#l2!l!

sin(1#l1+ cos(2#l2+

sin(!+!cosl!+!

C)*
(1#l2S)*

(2#l1

#&2(1'!&2(2'!&2l1'!&2l2'!$1/2
,
("l"

&2("#1 '&2l"#1 '! (1 l1 ("

0 0 0 "

$! (2 l2 l"
0 0 0 " ,

k!0
&" 'k&2k#1 'Pk&t '! k (" (

0 0 0 " ! k l" l
0 0 0 " # l ( L

(" l" k $ # (1 (2 (!

l1 l2 l!
(" l" L

$ , &A1'

in terms of Legendre polynomials and 3 j , 6 j , and 9 j sym-
bols. The index k runs in Eq. &A1' from zero to ((!#l!
#(#l)/2. The C)* , S)* , and cos2+! are defined in the
main text. For zero total orbital angular momentum L!0
((!l ,(!!l!), all the summations in the expression above
may be carried out to obtain a simpler expression of the form

hll!
)*&+ ,+!'!&" ' l#l!!&2l#1 '&2l!#1 'Pl&t 'Pl!&t!',

&A2'

where

t!!
"cos&2+'#&C)*

2 "S)*
2 'cos&2+!'

2C)*S)*sin&2+!'
&A3'

is the cosine of the angle between the vectors u)! and v)! .
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(1)

7Li(K−, K+) 5
ΛΛH + 2n cf. 12C(π+, K+)12

ΛC
6Li(π+, K+) 5

ΛHe + p

5
ΛΛH → 5

ΛHe + π−
(2-1) 5

ΛΛH生成を実証する方法について

(2-2) 崩壊パイ中間子分光による質量の決定

特定のダブルΛハイパー核 (          ) の生成

(3) J-PARC における実験計画 (from S=−1 to S=−2)

5
ΛΛH
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�23Decay pion spectroscopy

detector system includes segmented scintillator walls for
tracking, energy-loss determination, and timing. Two aerogel
Čerenkov detectors were used for pion rejection with a
combined 94% efficiency when keeping the kaon rejection
lower than 1%. The kaon survival probability was ϵK ≈ 0.40
for a flight path of 6.45 m. The time of flight was measured
inside the spectrometer with a resolution of σt ≈ 180 ps
along flight paths of 1–1.5m. The experimental challenge in
this experiment was originated by the positrons from pair
production with large cross sections near 0°. The resulting
high flux of background positrons in the spectrometer was
reduced by several orders of magnitude by using a lead
absorber with its thickness up to t ¼ 25X0 radiation lengths
[22]. The detection loss for the kaons in this absorber
amounted to ηlead ∼ 70%.
Data analysis.—The pion momentum, its direction, and

the reaction vertex were reconstructed from the focal plane
coordinates using the well-known backward transfer matri-
ces describing the spectrometer optics. The momenta of the
outgoing pions were corrected for energy loss inside the
target, a few cm thick of air, and two vacuum window foils
120 μm thick each. Kaons were identified by their specific
energy loss dE=dx and velocity β from the time of flight.
Figure 2 shows the coincidence time between Kþ in the

Kaos spectrometer and π− or μ− in SpekC. The prominent
peak at zero time includes 103 pions while the peak of
muons is originated by the decay events of pions. True
coincidence events were selected from a time gate with a
width of 2.5 ns. Accidental coincidence events from the
two coincidence time sidebands of 45 ns total width were
used to evaluate the accidental background height and
shape in the momentum distribution.
The top panel of Fig. 3 shows the distribution of

available data on the Λ hyperon binding energy in 4
ΛH

from emulsion experiments [2–4], where the compilation
in Ref. [4] includes reanalyzed events from Refs. [2,3].
The width of this distribution from BΛ > 0.5MeV to
BΛ < 3.5MeV defines a region of interest corresponding
to the momenta of two-body decay pions for stopped
4
ΛH: 131 < pπ < 135MeV=c.
The bottom panel of Fig. 3 shows the pion momentum

distribution in SpekC for the events within the true
coincidence time gate. The measured pion momentum
distribution in the time sidebands was scaled by the ratio
of the time gate widths, giving 1.8# 0.1 accidental events/
bin. The exceeding background was produced by MWD of
strange systems, the only reaction that can generate
coincident events meeting the kinematical conditions.
The distribution outside of the region of interest was fitted
with a single scale factor to a template function b which
was determined by a Monte Carlo simulation of MWD
events including angular and energy dependencies of kaon
production in electron scattering off 9Be. In the simulation,
the elementary cross sections for pðγ; KþÞΛ, pðγ; KþÞΣ0,
and nðγ; KþÞΣ− were taken from the K-Maid model
[23,24], which describes available kaon photoproduction
data. The Fermi-motion effects that modify the elementary
cross sections for the Be target were calculated in the
incoherent impulse approximation. In the simulated spec-
trum Λ decay pions are dominating in the range
20–110 MeV=c, Σ− decay pions are dominating in the
range 110–194 MeV=c, and at 194.3 MeV=c the mono-
chromatic peak of stopped Σ− decays is found. Inside the
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FIG. l. (Stopped K,(r ) spectrum on the "C target.
Momentum dependence of the acceptance is corrected.

mesonic decays of hyperfragments identified in the emul-
sion experiments, because of the high Q value reflecting
the large binding energy of 4He. No other hypernucleos
is known that produces such a z decay peak near this
momentum. Therefore, the observed peak is assigned to
the x from the two-body mesonic decay of &H,

A4H—4He+~

Figure 2 shows the relevant momentum region of all
measured (stopped IC, rr ) spectra on He, Li, Be,
' C, ' 0, and Ca targets. The peak at 133 MeV/c from
the two-body z -mesonic decay of AH is observed in the
spectra on the 4He, Li, Be, ' C, and ' 0 targets. The
peak positions in these spectra agree well with the value of
132.9 MeV/c. No peak is seen in the case of the Ca tar-
get. In the case of the He target, ~H is produced through
the direct reaction He(K, rr )~H, while in the other tar-
gets AH is produced indirectly, to be called a hyperfrag-
ment.
Our observation of the &H hyperfragment itself is not

surprising. In fact, &H is one of the most copiously pro-
duced hyperfragments from K absorption at rest in
emulsion. Even y rays from the 1.1-MeV excited state of
&H were observed in K absorption on Li nuclei, and the
formation probability of this excited state was derived. '
However, the formation probability of AH(g. s.) for each
target nucleus was not available from these experiments.
Our experiments can provide the formation probability of
AH for individual target nucleus, including the He target
where &H is directly produced.
The formation probability of &H is the peak intensity

per stopped K divided by the branching ratio of
&H He+ z decay. In order to obtain the peak inten-
sity per stopped K, we estimated the total number of
stopped K and the detection and analysis efficiencies for
each target. The number of stopped K was directly
measurable only in the active ' C target, where we could
use information from multilayered target counters. We
also measured the number of stopped K+ from the
K+~ z+x peak and obtained a ratio between the num-
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ber of stopped K+ per K+ beam and that of stopped K
per K beam. We applied this ratio to the other targets
after minor correction for target dependence of K reac-
tion loss, and the number of stopped K was estimated
from the number of stopped K+ in calibration runs on
those targets.
The branching ratio BR( He+ rr ) was derived as

BR( He+Ir ) =— =0.49,
I (NM )+I (7r ) +r (Ir')

using the following relations for the He+a decay rate
[I ( He+rr )] and the nonmesonic, z -mesonic, and
Ir -mesonic decay rates of ~H [I (NM), I (x ), and
I (z ), respectively]: I (NM)/I (rr ) =0.26+'0. 13
(Block et al. ' '), I"(rr )/I (Ir ) =0.16 (calculated by Dal-
itz and Liu' ), and I ( He+Ir )/I (rr ) =0.69~0.02
(Bertrand et al. ' ).
It is known that a non-negligible part of &H produced

from stopped K in emulsion decays in Bight, which re-
sults in a tail component added to the z peak of the
two-body mesonic decay. The momentum distribution of
AH from light target nuclei (C, N, and 0) was measured
in an emulsion experiment. ' Assuming that this mea-
sured momentum distribution can be applied to all of the
target nuclei, we made a Monte Carlo simulation to calcu-
late the z peak shape with the tail component, which
was then employed in the peak fitting of the data. For the

7r Momentum ( MeV/c )

FIG. 2. Low momentum regions of (stopped K,(r ) spectra
on He, Li, Be, "C, ' 0, and Ca targets. The vertical scale
of all the spectra is intensity per stopped K, Momentum
dependence of the acceptance is corrected.
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mesonic decays of hyperfragments identified in the emul-
sion experiments, because of the high Q value reflecting
the large binding energy of 4He. No other hypernucleos
is known that produces such a z decay peak near this
momentum. Therefore, the observed peak is assigned to
the x from the two-body mesonic decay of &H,

A4H—4He+~

Figure 2 shows the relevant momentum region of all
measured (stopped IC, rr ) spectra on He, Li, Be,
' C, ' 0, and Ca targets. The peak at 133 MeV/c from
the two-body z -mesonic decay of AH is observed in the
spectra on the 4He, Li, Be, ' C, and ' 0 targets. The
peak positions in these spectra agree well with the value of
132.9 MeV/c. No peak is seen in the case of the Ca tar-
get. In the case of the He target, ~H is produced through
the direct reaction He(K, rr )~H, while in the other tar-
gets AH is produced indirectly, to be called a hyperfrag-
ment.
Our observation of the &H hyperfragment itself is not

surprising. In fact, &H is one of the most copiously pro-
duced hyperfragments from K absorption at rest in
emulsion. Even y rays from the 1.1-MeV excited state of
&H were observed in K absorption on Li nuclei, and the
formation probability of this excited state was derived. '
However, the formation probability of AH(g. s.) for each
target nucleus was not available from these experiments.
Our experiments can provide the formation probability of
AH for individual target nucleus, including the He target
where &H is directly produced.
The formation probability of &H is the peak intensity

per stopped K divided by the branching ratio of
&H He+ z decay. In order to obtain the peak inten-
sity per stopped K, we estimated the total number of
stopped K and the detection and analysis efficiencies for
each target. The number of stopped K was directly
measurable only in the active ' C target, where we could
use information from multilayered target counters. We
also measured the number of stopped K+ from the
K+~ z+x peak and obtained a ratio between the num-
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ber of stopped K+ per K+ beam and that of stopped K
per K beam. We applied this ratio to the other targets
after minor correction for target dependence of K reac-
tion loss, and the number of stopped K was estimated
from the number of stopped K+ in calibration runs on
those targets.
The branching ratio BR( He+ rr ) was derived as

BR( He+Ir ) =— =0.49,
I (NM )+I (7r ) +r (Ir')

using the following relations for the He+a decay rate
[I ( He+rr )] and the nonmesonic, z -mesonic, and
Ir -mesonic decay rates of ~H [I (NM), I (x ), and
I (z ), respectively]: I (NM)/I (rr ) =0.26+'0. 13
(Block et al. ' '), I"(rr )/I (Ir ) =0.16 (calculated by Dal-
itz and Liu' ), and I ( He+Ir )/I (rr ) =0.69~0.02
(Bertrand et al. ' ).
It is known that a non-negligible part of &H produced

from stopped K in emulsion decays in Bight, which re-
sults in a tail component added to the z peak of the
two-body mesonic decay. The momentum distribution of
AH from light target nuclei (C, N, and 0) was measured
in an emulsion experiment. ' Assuming that this mea-
sured momentum distribution can be applied to all of the
target nuclei, we made a Monte Carlo simulation to calcu-
late the z peak shape with the tail component, which
was then employed in the peak fitting of the data. For the
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FIG. 2. Low momentum regions of (stopped K,(r ) spectra
on He, Li, Be, "C, ' 0, and Ca targets. The vertical scale
of all the spectra is intensity per stopped K, Momentum
dependence of the acceptance is corrected.

H. Tamura et al., 
Phys. Rev. C 40, R479 (1989)

2体崩壊→単色ピーク

生成の証拠 精密分光（質量測定）



/39

Hiroyuki Fujioka (Tokyo Tech.) / 728th ASRC seminar (JAEA) 2018.09.04

�24Momentum of decay pion
E Yamamoto et al . /Nuclear Physics A 625 (1997) 107-142 131 
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Fig. 8. A-A binding energy ABAA v e r s u s  discrete pion momenta q~r- (solid lines), which are expected 
for the two-body 7r- decays of the AA-hypernuclei produced after the compound state formation reac- 

8 * 8 * tion 9Be(K-,  K + ) ---+ I aa He 'AA H ]compound +N. The vertical dashed lines indicate the characteristic pion 
momenta known for the two-body ~ -  decays of light single-A hypemuclei, with the numbers being monochro- 
matic q~r in MeV/c. In the figure are also included the continuum but very sharp pions from the three-body 
decays of A rile and 5,He (AqTr "~ 0.45 MeV/c and 1.7 MeV/c, respectively). 

AZ ~ (AzI-Jr-TT2, A-IAZt + N-+-~2) , AA 
a'7t  > ( A'z/t  A'--I z l l  a -- + ¢ r l ,  + N + ~ r j ) .  

(4.6) 
(4.7) 

In the process of Eqs. (4.6)-(4.7), we are concerned with the weak decays of single-A 
hypernuclei of 3'4H, 4'5'6~7He and 7Li in addition to the five double-A hypernuclei. The 
employed decay modes of them will be listed in Table 8. 

On the basis of the experimental A binding energies B(A 1) o f  these single-A hyper- 
nuclei, we display in Fig. 8 the monochromatic 7r- momenta which comes from the 
definite two-body decays, respectively. On the other hand, the single-A binding energy 
/~A in a double-A hypernucleus aAz is defined with the A-A bond energy ABAA by 

B A (  A A Z )  = B A (  A - 1 z )  EXP -Jr- ABAA . (4.8) 

Here  BA wi thou t  t i lde refers to the A binding energy in the s ingle-A hypernucleus.  
Then,  the m o n o c h r o m a t i c  pion m o m e n t u m  q is given as a funct ion o f  ABAA based on 
the e n e r g y - m o m e n t u m  relation: 

q2 
M a  - B 4  = M N  -- BN(.t') + ~ + O.)q, wq = ~ q- q2 , (4 .9)  

Y. Yamamoto, M. Wakai, T. Motoba and T. Fukuda, Nucl. Phys. A 625, 107 (1997)

Region of Interest

Only pions from 4ΛH two-body decay (discrete)  
and from hyperon decay (continuous) will contaminate the RoI.

can be used for calibration
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How to identify           ?

◆ BNL-AGS E906 (P961R) 
two pions from sequential MWD 
→ clue to identify  
parent double-Λ hypernuclei and 
daughter single-Λ hypernuclei 

◆ This method is difficult to apply 
in case of 5ΛΛH decay

�255
ΛΛH

VOLUME 87, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 24 SEPTEMBER 2001

p 1 p2 1 p2 about 64% of the time (the rest of the
time the final state includes neutral particles). An extensive
simulation of quasifree J2 production in the CDS was
carried out. The quasifree J2 events appear in our experi-
ment as two negative tracks in the CDS when the proton
is not detected, either because it is outside the geomet-
ric acceptance or, for low momentum J2’s, because it
never leaves the target. The events in which all three tracks
were detected were limited to about 800 in number, about
5% of the two p2 set (before applying cuts as described
above). They were analyzed to compare to our simula-
tion which includes the geometry and response of the CDS.
The shape comparison was satisfactory, and the simulated
spectrum magnitude was fixed by the three-track data. The
simulation then provided a reliable measure of the J2

background magnitude and shape in the two-track data.
Figure 2 contains a two-dimensional scatter plot of the

pion pair events, obtained as described above, binned in
3 MeV!c cells. The box size shown is proportional to the
cell population.

The pion spectrum will exhibit a sharp peak in a two-
body decay from a system at rest, or nearly at rest, such as
a double- or single-L hypernucleus. A correlated signal,
which appears as such a peak in both pion spectra, is in-
terpreted as a pair of single-L hypernuclei if the momenta
match known decays of single-L systems. It is regarded
as a candidate for a double-L hypernucleus when only one
of the lines matches a known decay momentum [2,10–13].
Figure 3, adapted from Ref. [2], indicates where known
single-L hypernuclear lines are expected as well as where
LL decay lines are anticipated as a function of the LL
pairing energy DBLL.

Inspection of the plot indicates two regions of event con-
centration; one near "104, 114# and one near "114, 133# in
the pion momentum axes. The right-hand side of the fig-

ure shows projections of the data regions in the indicated
bands of 12 MeV!c width (3s in CDS resolution) on the
PH and PL axes. Histogram I displays the higher momen-
tum pion distribution with the lower pion momentum be-
tween 97 and 109MeV!c, while II shows the lower pion
momentum distribution, with the upper pion cut between
107 and 119MeV!c. The event concentration projected
in I and II we attribute to 4

LLH as explained below, while
those projected in III and IV are attributed to the decays,

3
LH ! 3He 1 p2

L "114.3 MeV!c#, (1)
4
LH ! 4He 1 p2

H "132.9MeV!c#. (2)
The existence of these twin hypernuclei is evidence that

J2’s of appreciable kinetic energy are initiating reactions.
Also indicated in the projected spectra I to IV are the ap-
propriate backgrounds from quasifree J2 production, de-
termined from the three particle tracks as described above.
A clear excess of signal over J2 background is observed
in these spectra.

We direct attention to two structures in Fig. 2, a rela-
tively wide peak centered near 114 MeV!c in I, and the
correlated narrow low-momentum peak near 104 MeV!c
in II. The latter prominent peak has no clear explanation in
the literature. It is the conjunction of this feature with the
wide peak in I that points strongly to the existence of 4

LLH
in our data sample. The broadening near 114 MeV!cis at-
tributed to the presence of more than a single contribution
and the peak at 104 MeV!c to a particular decay mode of
the doubly strange hypernucleus. We develop this argu-
ment as follows.

Consider the following possible sequences, some of
which are combinations of single-L decays. The decay
momenta, known from emulsion experiments to typically
better than 1 MeV!c, are near those of the correlated
peaks. These are listed below as processes (3) and (4),
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4
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ΛH + p + π−

4
ΛH → 4He + π−

5
ΛΛH → 5

ΛHe + π−

5
ΛHe → 4He + p + π−

≈ 99MeV/c

≈ 133MeV/c

From a point of view of 
decay pion spectroscopy, 

the decay mode on the left side 
is regarded  as a background process.

The distinction between 
the two decay modes 

are experimentally difficult.
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�27Novel method for            identification

5
ΛΛH → 5

ΛHe + π−

5
ΛHe → 3H+p+n

Decay pion spectroscopy with tagging a proton from NMWD 

FINUDA Collaboration / Nuclear Physics A 804 (2008) 151–161 159

Table 1
Rp values calculated by means of the relation (4). The reported errors are statistical only

Target Hypernucleus Rp (energy ! 15 MeV)
12C 12

ΛC 0.43 ± 0.07
6Li 5

ΛHe 0.28 ± 0.09
7Li 7

ΛLi 0.37 ± 0.09
7Li 5

ΛHe 0.21 ± 0.12

Weighted mean of 6Li and 7Li 5
ΛHe 0.25 ± 0.07

Fig. 7. (a) Dots: FINUDA proton spectrum from proton-induced NMWD for 5
ΛHe; triangles: result achieved for the

5
ΛHe at the KEK experiments; the two spectra are normalized to areas beyond 35 MeV. (b) Dots: experimental proton
spectra of 5

ΛHe; continuous histogram: theoretical calculation for the proton energy spectrum of 5
ΛHe performed with

the addition of the FSI contribution. The two spectra are normalized beyond 15 MeV.

underline the fact that we could safely use the very simple relationship (4) for the evaluation of
Rp thanks to the use of very thin targets and of a transparent detector. On the contrary, in previ-
ous experiments [2,3,6,7] thick targets were used to improve the statistics with the consequence
that many corrections had to be applied. The results are reported in Table 1. The errors reported
in Table 1 are the statistical ones. We estimated that the systematical error is lower than 5%.

Fig. 7(a) shows the comparison of our spectrum for 5
ΛHe with the one by Okada et al. [6]. The

two spectra were normalized beyond 35 MeV (the proton energy threshold of [6]). The (KS) test
applied to the two data sets provides a C.L. of 75%.

Fig. 7(b) shows the comparison of our spectrum with the theoretical one calculated by Gar-
barino et al. [22]. The two spectra were normalized beyond 15 MeV (our proton energy thresh-
old). The KS test applied to the two data sets provides a C.L. of 80%. We may conclude that there
is a disagreement between the two experiments and with the theory, even though not so severe.

The situation for 12
ΛC is completely different. Fig. 8(a) shows the comparison of our spectrum

with that by Okada et al. [6]: the two spectra were normalized beyond 35 MeV.
The KS test applied to the two data sets provides a C.L. of 20%. Fig. 8(b) shows the compari-

son of our spectrum with the theoretical one calculated by Garbarino et al. [22]. The two spectra
were normalized beyond 15 MeV. The KS test applied to the two data sets provides a C.L. of 5%.
The conclusion is that there is a strong disagreement between the two experiments and with the
theory.

Concerning the discrepancy between the two sets of experimental data, we may remark that
in [6] the proton energy was measured by a combination of time-of-flight and total energy de-

M. Agnello et al., Nucl. Phys. 804, 151 (2008)

25±7% of           (FINUDA)

5
ΛΛH

proton energy distribution

MWD

(1N-induced) NMWD

Λ → p+π− + 38 MeV

Λ + p → n+p+176 MeV

π−  carries away 
most of the released energy

5
ΛHe

(referred to as a “fast proton”)
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�28BG rejection with fast proton tagging

Double-L hypernuclear formation via a neutron-rich J state

Izumi Kumagai-Fuse and Yoshinori Akaishi
Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo 188, Japan

~Received 21 March 1996!

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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three processes with                                in the final state

[ 6
ΛΛH*] → 4

ΛH + Λ + n

(a)

(b)

(c)

slow Λ → p+π−

proton from MWD/no proton5
ΛΛH → 4

ΛH + (p + π−/n + π0)
4
ΛH → 4He + π−

A fast proton from NMWD has a larger kinetic energy  
than from MWD (including free Λ decay)

slow Λ → p+π−

slow Λ → p+π−

4
ΛH( → 4He + π−)
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Perspective
◆ Selective production of          in a counter experiment 

‣ Determination of ΛΛ bond energy 

‣ Lifetime measurement of  

‣ Constraint on branching ratios such as:

�29

7
Ξ− H → 5

ΛΛH + 2n
5

ΛΛH → 4
ΛH + p + π−

5
ΛΛH → 5

ΛHe + π−

5
ΛΛH

5
ΛΛH Only possible by 

a counter experiment
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�30
(1)

7Li(K−, K+) 5
ΛΛH + 2n cf. 12C(π+, K+)12

ΛC
6Li(π+, K+) 5

ΛHe + p

5
ΛΛH → 5

ΛHe + π−
(2-1) 5

ΛΛH生成を実証する方法について

(2-2) 崩壊パイ中間子分光による質量の決定

特定のダブルΛハイパー核 (          ) の生成

(3) J-PARC における実験計画 (from S=−1 to S=−2)

5
ΛΛH
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�31Experimental setup

0 3 m
Q13

Q12

D4

BH2
BC4
BC3

Q11
Q10

Q9
BH1

S-2S

SDC1
SDC2

SD
C

3
SD

C
4

TO
F

A
C

W
C

Target

requirements 
1. High resolution for (K-,K+) spectroscopy  

in order to distinguish             from QF events 
→ Sｰ2S will be the best option 

2. Decay π− and proton measurement 
→ a large-acceptance and compact 
     CDS (cylindrical detector system)

superconducting magnet (≧2Tesla)  
gaseous detector (drift chamber? TPC?) 
plastic scintillator hodoscopes 

J-PARC K1.8 beamline

7
Ξ−H
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パイロット実験 (phase-1)

1. 本測定と同じ条件で予備データ取得 (目標の数%) 
～バックグラウンドの理解～ 

2. シングルΛハイパー核に対する崩壊π中間子分光 

�32
7Li標的+ CDS + S-2S @ K1.8 beamline

7Li(π+, K+) 7
ΛLi(*) ⟹

7
ΛLi → 7Be + π−

6
ΛHe → 6Li + π−

4
ΛH → 4He + π−

3
ΛH → 3He + π−

cf. 5ΛHe は準二体崩壊 (5Li+π−)
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�337Li に対する崩壊π中間子分光
262 J. Sasao et al. / Physics Letters B 579 (2004) 258–264

Fig. 3. Scheme of γ transitions and mesonic weak decays of 7ΛLi.
The ground state of 7ΛLi decays into

7Be or 7Li through the π−

or π0 mesonic weak decays, respectively. When 7ΛLi decays into
the first excited states of 7Be or 7Li, γ -rays of 429 or 478 keV are
emitted, respectively.

of the 7Li(n,n′)7Li∗(478) reaction in the 7Li∗(478)
γ -ray yield in the bound region spectrum. If all the
7Be∗(429) γ -rays stem from the 7ΛLi weak decay, 85±
20 counts out of Nγ (478) = 121± 19 counts are at-
tributed to the 7Li(n,n′) reaction, considering the en-
ergy dependence of the Hyperball efficiency. From the
similar fit for the unbound region spectrum (Fig. 2(b)
inset), the upper limit of the 429 keV γ -ray yield,
which could be attributed to the 7Li(p,n)7Be∗(429)
reaction, was obtained to be 12% of the 478 keV γ -
ray yield by the 7Li(n,n′)7Li∗(478) reaction. There-
fore, by applying the same upper limit to the bound
region spectrum, the upper limit of the contamination
of the 7Li(p,n)7Be∗(429) reaction events in Nγ (429)
was estimated to be (85 + 20) × 0.12 = 13 counts.
Thus, the yield of the 429 keV γ -rays due to the 7ΛLi
weak decay is:

Nweak
γ (429) = 78± 16(stat)+0−13(contamination).

It is to be mentioned that the 429 keV peak has
a width of σ = 5.1 ± 1.2 keV in the Gaussian
fit, which is consistent with the expected Doppler
broadening width of ±7 keV (σ = 4 keV) for the
recoil velocity of 7Be∗ in the 7ΛLi→ π− + 7Be∗(429)
decay and the prompt γ -ray emission (the half life

of 7Be∗(429) is 0.13 ps) before slowing-down of the
recoil hypernucleus (stopping time is about 5 ps). The
observed larger width of the 7Li∗(478) γ -ray peak
(σ = 6.6± 1.0 keV) is understood by the larger recoil
motion in the (n,n′) reaction.
In order to extract the branching ratio of 7ΛLi →

7Be∗(429) + π− decay, we need to know the total
number of events of all the populated 7ΛLi bound sta-
tes which undergo weak decay from the 7ΛLi ground
state. As described in Ref. [3], we also observed two
γ -ray peaks at 3877 ± 7 keV and at 3186 ± 6 keV
in the Doppler-shift corrected spectrum. Since their
energy difference (691±6 keV) coincides with the
energy (692 keV) of the M1 transition between the
ground-state doublet members (3/2+,1/2+), they are
assigned asM1 transitions from the 1/2+(T = 1) state
to the ground-state doublet members. The observation
of these transitions, as well as the 3877 ± 7 keV
excitation energy of the 1/2+(T = 1) state slightly
lower than the 5

ΛHe + d decay threshold (3.94 ±
0.04 MeV), indicates that the 1/2+(T = 1) state is
bound and contributes to the weak decay of the 7ΛLi
ground state. On the other hand, the 5/2+(T = 1)
state, of which energy is expected to be much higher
than the 5ΛHe+ d threshold [20], does not contribute
to the 7

ΛLi weak decay. The total number of events
of all the 7ΛLi bound states, Nbs, was thus obtained to
be:

Nbs = (8.3± 0.3) × 104,
as the sum of the peak counts for the 1/2+, 5/2+, and
1/2+(T = 1) states integrated in the bound region gate
in Fig. 1.
In order to obtain the branching ratio from the

γ -ray yield, the absolute photo-peak efficiency of
all the Ge detectors should be precisely determined.
When the beam was off, we carried out calibration
measurements of the photo-peak efficiency with the
standard mixed source, which was located at several
points in the target region along the beam axis.
A simulation with the GEANT code was also carried
out in the same setup as the calibration measurements,
and the calculated efficiency agreed with the measured
one. Then the simulation was made again with the
target material and with the realistic source point
distribution taken into account. Then the off-beam
absolute efficiency was obtained as (3.27 ± 0.11) ×
10−2 at 429 keV.

J. Sasao et al. / Physics Letters B 579 (2004) 258–264 261

Fig. 2. γ -ray spectra measured in the 7Li(π+,K+) reaction (a) for the bound region (−10 < −BΛ < 2 MeV) and (b) for the unbound region
(−BΛ > 2 MeV) of 7ΛLi. The insets show the spectra expanded around 400–500 keV. The two peaks at 429 and 478 keV observed in (a) are
attributed to the transitions from the first excited states of 7Be and 7Li, respectively. In (b), only the 478 keV peak was observed. The region
around these peaks were fitted with three Gaussians and a linear background.

obtained as:

Nγ (429) = 78± 16,
Nγ (478) = 121± 19.
In the unbound-region spectrum (Fig. 2(b)), the 7Be∗
(429) peak was not observed at all but the 7Li∗(478)
peak was seen with a smaller S/N ratio. It is un-
derstood from the fact that the 7Li∗(478) state can
be also excited through the (n,n′) reaction by sec-
ondary neutrons produced in the (π+,K+) reac-
tion, while the production rate of 7Be∗(429) through
the 7Li(p,n)7Be∗(429) reaction by secondary pro-
tons is expected to be much smaller than that of

7Li∗(478). This is because the 7Li(p,n)7Be∗(429)
cross section is by a factor of 3–5 smaller than the
7Li(n,n′)7Li∗(478) (and 7Li(p,p′)7Li∗(478)) cross
sections [21,22], and the effective 7Li target thickness
for most protons is smaller than that for neutrons due
to the proton ranges (< 2 cm for < 30 MeV protons)
shorter than the target size (5.6× 4× 25 cm).
Here we estimate possible contamination of the

7Li(p,n)7Be∗(429) events in Nγ (429). Since 7Be and
7Li are mirror nuclei, the branching ratio of 7ΛLi →
7Li∗(478) + π0 to 7

ΛLi → 7Be∗(429) + π− should
be almost 1 to 2 due to the ∆I = 1/2 rule, while
the observed ratio of Nγ (478) to Nγ (429) is 1.6
to 1. This difference is ascribed to a contribution

FINUDA Collaboration and A. Gal / Physics Letters B 681 (2009) 139–146 143

Fig. 2. Kinetic energy spectrum of MWD π− for 7
ΛLi before acceptance correction.

The dot-dashed curve is the acceptance function, R , to be applied to the data.

In Fig. 2, the kinetic energy spectrum for 7
ΛLi, before applying

the acceptance correction, is reported. The acceptance correction is
represented by the dot-dashed curve. The errors are statistical only.
It is evident that the low energy π− spectrum is practically back-
ground free and that the 50–70 MeV contribution is negligible and
compatible with zero. This demonstrates the effectiveness of the
coincidence requirement. The small residual background, which is
similar also for the other targets, has been evaluated after accep-
tance correction and subtracted to calculate the decay ratio (see
next section). In the following only the 16–60 MeV region of the
MWD spectra will be shown.

3.1. 7
ΛLi

In Fig. 3 the acceptance corrected spectrum for 7
ΛLi is shown

in the upper part and compared with calculated decay ratios
(Γπ−/ΓΛ) to final 7Be states [18] shown in the lower part. These
calculated rates are close to those calculated by Motoba et al. [13].
The errors in the spectrum of the upper part are inclusive of both
the statistical and the acceptance contributions. Only major con-
tributions are shown in the lower part with a common, arbitrary
1 MeV width, although each of the two bars in Fig. 3 between 25
and 27 MeV stands for 7Be states spread over roughly 2–3 MeV.
The correspondence of the structures observed in the experimen-
tal spectra with the rates of decay to different excited states of the
daughter nucleus, assuming initial spin-parity 1/2+ , is clear. The
peak structure corresponds to the production of 7Be in its 3/2−

ground-state and in its only bound 1/2− excited state, at 429 keV.
Due to the FINUDA experimental resolution these close levels are
not resolved and the gaussian fit superimposed on the data points
yields a FWHM ∼ 4.5 MeV, compatible with the intrinsic resolu-
tion of the apparatus: $T /T ∼ 11% FWHM at 38 MeV. The part of
the spectrum at lower energies is due to three body decays.

The portion of the spectrum that cannot be measured due to
our experimental detection threshold (∼ 22 MeV) is negligible if
compared with the errors affecting the counts in the spectrum,
according to the calculated excitation spectra shown in [13]. The
same holds also for the other hypernuclei studied in this Letter. It
is then reasonable to compare the total area of the spectrum with
the decay rates summed over the whole excitation energy interval,
as done in the next section.

The shape of the spectrum confirms the spin assigned to the
hypernuclear ground state of 7

ΛLi [32]. Indeed, only a spin-parity
1/2+ for 7

ΛLi ground state, shown by red bars, reproduces the fit-
ted peak at ∼ 36 MeV due to the 7Be ground state and excited

Fig. 3. Upper part: kinetic energy spectrum of MWD π− for 7
ΛLi after acceptance

correction. The solid curve is a gaussian fit to the peak in the spectrum, to compare
with theoretical predictions in the lower part. Lower part: calculated major decay
rates to final 7Be states from [18], in red bars for 7

ΛLi ground-state spin-parity 1/2+ ,
and in blue bars for 7

ΛLi ground-state spin-parity 3/2+ (see text). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

state at 429 keV. A spin-parity 3/2+ for 7
ΛLi ground state would

imply a radically different spectrum shape [13,18], as indicated in
Fig. 3 by the blue bars, short of any peak about 7Be ground state
and its 429 keV excited state.

3.2. 9
ΛBe

In Fig. 4 the acceptance corrected spectrum for 9
ΛBe is shown

in the upper part and compared with calculated decay ratios
(Γπ−/ΓΛ) to final 9B states [18] shown in the lower part. The er-
rors in the spectrum of the upper part are again inclusive of both
the statistical and the acceptance contributions. Only major con-
tributions are shown in the lower part with a common, arbitrary
1 MeV width. In this case too, as for 7

ΛLi above, the calculated rates
are very close to those calculated by Motoba et al. [13].

In the 9
ΛBe spectrum our energy resolution does not allow a

separation between the two components predicted to dominate
the spectrum [13,18], the 9B ground-state 3/2− and the excited
state 1/2− at 2.75 MeV. As a consequence, the gaussian fit su-
perimposed on the data points yields a FWHM ∼ 7.5 MeV. The
correspondence between the experimental spectrum and the cal-
culated rates of decay to different excited states of the daughter
nucleus is clear. Our spectrum is consistent with the interpretation
from (π+, K +) reactions [25] according to which the 9

ΛBe ground
state is dominantly a 1s–Λ coupled to 8Be(0+) ground state.

494 T. Motoba and K. Itonaga" 

three-body ones become important: We note that the interesting features have been 
discussed elsewhere441' 451 for those systems. 
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Appendix 

In Ref. 27) the effective form of the Jr-nucleus optical potential, Eq. (2 ·16), was 
employed to calculate the Jr-decay excitation spectra of typical P-shell hypernuclei. 
In this paper we use the full form Ur.tuLL and take the consistent vertex renormaliza-
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Fig. A-1. Calculated strength function leading to the final nuclear states in the 1r--decay of 
=1/2+). In the right half is compared the spectrum obtained by assuming the doublet partner as 
the ground state. The numbers attached to the horizontal solid lines denote the decay rates in 
units of the free-A decay rate rA. The numbers in the square parenthesis are the decay rates 
calculated with the cluster modeJ.47l 
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�346ΛHe?

Here, the Gaussian range parameters are chosen to lie in a
geometric progression; this choice is known to be suited for
describing both short-range correlations and long-range tail
behavior of three-body systems @11–15#. Examples of the
angular momentum space and the Gaussian range parameters
are given in Ref. @3#.

III. CALCULATED E2 AND M1 STRENGTHS
IN L

7 He AND L
7 Li

For the A56 nuclei and A57 hypernuclei, the calculated
energies and intercluster distances are all listed in the tables
of Ref. @3#. In the present paper, we newly calculate the g
transition strengths for these systems. The calculated B(E2)
and B(M1) values are summarized in Fig. 2 for L

7 Li5(a

1L)1n1p and in Fig. 3 for L
7 He5(a1L)1n1n , respec-

tively, together with the energy spectra. The transition rates
T(E2) and T(M1) are listed in Tables I and II as well as the
g-ray energies. In the following subsections, we discuss the
results for E2 transitions between T51 states, those for M1
transitions, and those for E2 transitions between T50 states,
respectively.
From an experimental point of view, the yield of each g

transition to be observed is closely related to the formation
rates of the states in the production reaction. Thus we show
in the Appendix DWIA estimates of typical differential cross
sections for the 7Li(p1,K1)L

7 Li reaction at pp
51.05 GeV/c . In fact, these predictions have been refer-
enced in the proposal of the KEK-E419 experiment @4#. A
minor remark is that shell-model wave functions are em-
ployed in these cross section estimates.
Before discussing the results, we note the experimental

particle-decay thresholds which are relevant to Fig. 2. The
thresholds in 6Li are at Ex51.48 MeV and 3.70 MeV for
a1d(T50) and a1p1n , respectively. The lowest particle
threshold in L

7 Li is for L
5 He1d(T50) at 3.94 MeV. The

6Li1L(T50), L
6 He1p , and L

5 He1p1n thresholds are lo-
cated at 5.58 MeV, 5.99 MeV, and 6.16 MeV, respectively.
It is to be noted that, within the present L

5 He1N1N three-
body model, the calculated 1/21(T51) state is obtained
slightly ~by a few parts of 1 MeV! above the L

5 He1d(T
50) threshold and the 5/21(T51) state is above the L

6 He
1p and L

5 He1p1n thresholds. Here we like to remark that,
when a more sophisticated calculation within the a1N1N
1L four-body model is performed @9#, these states go down
further under the respective thresholds. Therefore, even in
the present framework, we list the calculated B(E2) and
B(M1) values for the g transitions from the T51 states in
L
7 Li, assuming that the values will not change significantly in
the four-body model calculation.

A. E2 transitions involving neutron- and
proton-halo states with T51

The 01(T51) ground state of 6He and the 01(T51)
state at Ex53.56 MeV in 6Li are known to have a neutron
halo @16# and a proton halo @17#, respectively. In our preced-
ing work @3#, it was shown that the addition of a L particle to
these A56 nuclear halo states stabilizes the system remark-
ably; the L particle even makes the next excited 21(T51)
states come down below the nucleon-emission threshold to
form new hypernuclear nucleon-halo states in the A57 hy-
pernuclei with the spin 3/21 and 5/21. Thus the E2 transi-
tion probabilities from these 3/21 and 5/21(T51) states in
L
7 Li are expected to be enhanced because of the extended tail
of a valence proton. In fact we obtain B„E2; 5/21(T51)
!1/21(T51)…54.58 e2 fm4 which is much larger than the
‘‘normal’’ transition rate between the corresponding T50
states: B„E2; 5/21(T50)!1/21(T50)…52.42 e2 fm4.
The calculated 3/21(T51) and 5/21(T51) states are lo-

cated above the L
5 He1d(T50) threshold. The decay from

these T51 states into the L
5 He1d channel requires some

isospin mixing, as discussed many years ago by Dalitz and
Gal @18#. In their shell-model study of L

7 Li, they concluded
that such isospin mixing would be sufficient to prevent the g

FIG. 2. Calculated B(E2) and B(M1) values for 6Li and L
7 Li.

The observed values for 6Li are in parentheses. The particle-decay
thresholds are 3.94 MeV (L

5 He1d), 5.58 MeV (6Li1L), 5.99
MeV (L

6 He1p), and 6.16 MeV (L
5 He1p1n).

FIG. 3. Calculated B(E2) and B(M1) values for 6He and L
7 He.

PRC 59 2353g TRANSITIONS IN A57 HYPERNUCLEI AND A . . .

Hiyama et al., PRC 59, 2351 (1999)

6
ΛHe + p

duce the low-energy aN scattering data. In the following
calculation, therefore, we employ the aN interaction of
Kanada et al. @23# proposed on the basis of a microscopic
a1N model calculation. This interaction reproduces pre-
cisely the aN phase shifts of the 3/22, 1/22, and 1/21 par-
tial waves at low energies; it is composed of parity-
dependent central and spin-orbit parts. The an and ap
interactions are the same except for the Coulomb term which
is constructed by folding the pp Coulomb potential into the
proton density of the a particle.

B. Results

The calculated energies of L
6 He and L

6 Li are summarized
in Table II. The observed L binding energies are well repro-
duced. Since the 12 ground state of L

6 He is bound only by
0.17 MeV with respect to the L

5 He 1 n threshold, the chan-
nel c51 is essentially important to describe the weakly
bound neutron. In fact, the energy calculated with the basis
functions of the channel c51 alone almost reproduces the
experimental value within a small angular-momentum space
of l ,L<1, whereas use of the channel c52 alone does not
give any bound state even if l and L are both extended to 2.
The binding energy of the valence neutron in L

6 He is
weak enough to show a halo structure. In order to demon-
strate it, we introduce the monopole density of the valence
neutron, rn(r2), as a function of the relative distance r2 from
the a particle ~cf. Fig. 1!, which is obtained by integrating
over the other Jacobian coordinate R2 and the angular part of
r2:

rn~r2!5E uC~ L
6 He!u2dR2d r̂2 /4p . ~2.7!

Let us define the rms distance of the valence neutron from
the a particle, r̄a2n , by

r̄ a2n5F4pE r2
2rn~r2!r2

2dr2G1/2. ~2.8!

Similarly, we give the density rL(r1) and the rms distances
r̄ a2L and r̄L2n .
The calculated densities rn and rL of L

6 He are illustrated
in Fig. 2 together with the density of a single nucleon in the
a core. In the same figure we also insert the density of the
valence halo neutron in 6He as a function of the distance
between the neutron and the a particle. It is remarkable to
find a clear halo of the valence neutron density rn(r2) in
L
6 He at the tail region. The extension of the neutron density
in L

6 He, namely, the neutron halo, is more evident than that
in 6He. To confirm the neutron halo structure, we list the rms
distances r̄a2n , r̄a2L , and r̄L2n in Table II. It is interesting
to note that the size of the valence neutron’s distribution
~5.22 fm! in L

6 He is larger than that in the 6He nucleus ~4.5
fm! @8,15#, which is a typical neutron halo nucleus. The den-
sity of the L particle is shorter ranged than that of the va-
lence neutron, but is extended significantly away from the
a core. We call it the L skin. We can say that there are three
layers of matter distribution in the hypernucleus L

6 He,
namely, the a core, a L skin, and a neutron halo.

C. L
5 He clusterization in L

6 He and L
6 Li

In the hypernuclei L
6 He and L

6 Li, the L particle is bound
to the a particle mostly in the 0sL orbit, while the valence
nucleon is very loosely coupled to the a1L subsystem. As
mentioned above, the role of the channels c52 and 3 has
been proved to be very small. In fact, in the ground state of
L
6 He (12), the probability of finding the a1L subsystem in
its ground state ( L

5 He! amounts to 95%. In addition, the cal-
culated rms distance between a and L in L

6 He is 2.57 fm,
showing that the a1L subsystem does not change greatly
from the free L

5 He, which has the a-L distance 2.79 fm.
Therefore it is a good approximation to consider that L

6 He
( L
6 Li! is composed of a L

5 He cluster and a loosely coupled
neutron ~proton!. On the contrary, it does not work satisfac-
torily to approximate the A56 L hypernucleus to be a di-
cluster system with a 5He (5Li! nucleus and a L particle.
The present investigation of the L

6 He ( L
6 Li! structure pro-

TABLE II. Calculated energies of the low-lying states of L
6 He

and L
6 Li together with those of the corresponding states of 5He and

5Li. The energies E are measured from the a1N threshold for the
A55 nuclei and from the a1L1N threshold for A56 hypernu-
clei. The energies in parentheses are measured from the L

5 He 1
N threshold. The rms distances r̄a–N , r̄a–L, and r̄L–N are also
listed for the bound state.

5He L
6 He 5Li L

6 Li
J 3/22 12 22 3/22 12 22

E ~MeV! 0.89 –3.37 –3.01 1.97 –2.54 – 2.15
~–0.25! ~0.11! ~0.58! ~0.97!

Eexpt ~MeV! 0.89 –3.29 1.97 –2.53
~–0.17! ~0.59!

BL ~MeV! 4.26 3.94 4.51 4.09
B L
expt ~MeV! 4.18 4.50

r̄ a–n ~fm! 5.22
r̄ a–L ~fm! 2.57
r̄ L–n ~fm! 5.54

FIG. 2. Density distribution of the valence neutron, rn , in the
ground state of L

6 He together with those of the L particle, rL , and
a single nucleon in the a core. The radius r is measured from the
c.m. of the a core.

2078 53HIYAMA, KAMIMURA, MOTOBA, YAMADA, AND YAMAMOTO

Hiyama et al., PRC 53, 2075 (1996)

αコア+Λスキン+中性子ハロー
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Figure 2: Statistical model predictions for the relative hyperfragmentation yields with subsequent two-body
p� decay from rest in 250 µm thick 6Li and 7Li targets as a function of the excitation energy of the compound
hypernucleus. The L binding energies BL(6

LHe) = 4.18 MeV and BL(7
LHe) = 5.36 MeV were considered as

the minimum available energy for the break-up process.

9Be target 7Li target 6Li target
A
LZ pp (MeV/c) 9

LLi⇤ 8
LLi⇤ 8

LHe⇤ 7
LHe⇤ 6

LHe⇤

3
LH 114.37±0.08 0.56 1.18 0.67 1.49 2.48
4
LH 132.87±0.06 3.56 3.74 7.51 12.61 8.81
6
LH 135.13±1.52 0.03 <0.01 0.23 0.10 –
6
LHe 108.47±0.18 2.44 1.25 1.47 3.53 –
7
LHe 114.97±0.15±0.17 2.12 0.44 1.35 – –
8
LHe 116.50±1.08 0.04 – – – –
7
LLi 108.11±0.05 1.54 1.68 – – –
8
LLi 124.20±0.05 0.85 – – – –

Table 3: Statistical model predictions for the excitation energy integrated probabilities in % of forming a
hyperfragment A

LZ with subsequent two-body p� decay at rest in the fragmentation of an excited hypersys-
tem. The decay momenta pp for possible hyperfragments are given with their known uncertainties. For the
fragmentation of beryllium target nuclei three possible scenarios were modeled: an excited 9

LLi⇤ compound
hypernucleus, an initial 8

LLi⇤ compound system after neutron knockout, and an initial 8
LHe⇤ system after

proton knockout. For the fragmentation of lithium target nuclei the predictions for direct L captures in 7Li
or 6Li nuclei are given. Note, that the predictions for 6�8

LHe have large uncertainties due to the unknown
two-body p� decay branching ratios.

Table 3 lists the excitation energy integrated production probability per compound nucleus in
percent. Because of the exceptionally large two-body branching ratio, 4

LH becomes the isotope
with maximum probabilities in all three scenarios. All other hypernuclei decays are produced with
at least a factor of two lower rates and, therefore, could not be detected with sufficient statistics in
the first experiments. According to these calculations, the production probability of hypertriton is
a factor of 3� 11 lower compared to 4

LH. This suggests, that simply increasing the running time
for the measurement will not be sufficient to observe hypertriton decays.

Note, that in addition to these hypernuclei from the fragmentation of excited compound hy-

6

PoS(Hadron2017)207

High-Precision Measurement of the Hypertriton Mass Patrick Achenbach and Josef Pochodzalla

Excitation energy (MeV)
0 20 40 60 80 100 120 140 160

Yi
el

d

-710

-610

-510

-410

-310

-210
 HΛ

3 

 HΛ
4 

He*Λ
6 

Excitation energy (MeV)
0 20 40 60 80 100 120 140 160

Yi
el

d

-710

-610

-510

-410

-310

-210
 HΛ

3 

 HΛ
4 

 HΛ
6 

 HeΛ
6 

He*Λ
7 

Figure 2: Statistical model predictions for the relative hyperfragmentation yields with subsequent two-body
p� decay from rest in 250 µm thick 6Li and 7Li targets as a function of the excitation energy of the compound
hypernucleus. The L binding energies BL(6

LHe) = 4.18 MeV and BL(7
LHe) = 5.36 MeV were considered as

the minimum available energy for the break-up process.

9Be target 7Li target 6Li target
A
LZ pp (MeV/c) 9

LLi⇤ 8
LLi⇤ 8

LHe⇤ 7
LHe⇤ 6

LHe⇤

3
LH 114.37±0.08 0.56 1.18 0.67 1.49 2.48
4
LH 132.87±0.06 3.56 3.74 7.51 12.61 8.81
6
LH 135.13±1.52 0.03 <0.01 0.23 0.10 –
6
LHe 108.47±0.18 2.44 1.25 1.47 3.53 –
7
LHe 114.97±0.15±0.17 2.12 0.44 1.35 – –
8
LHe 116.50±1.08 0.04 – – – –
7
LLi 108.11±0.05 1.54 1.68 – – –
8
LLi 124.20±0.05 0.85 – – – –

Table 3: Statistical model predictions for the excitation energy integrated probabilities in % of forming a
hyperfragment A

LZ with subsequent two-body p� decay at rest in the fragmentation of an excited hypersys-
tem. The decay momenta pp for possible hyperfragments are given with their known uncertainties. For the
fragmentation of beryllium target nuclei three possible scenarios were modeled: an excited 9

LLi⇤ compound
hypernucleus, an initial 8

LLi⇤ compound system after neutron knockout, and an initial 8
LHe⇤ system after

proton knockout. For the fragmentation of lithium target nuclei the predictions for direct L captures in 7Li
or 6Li nuclei are given. Note, that the predictions for 6�8

LHe have large uncertainties due to the unknown
two-body p� decay branching ratios.

Table 3 lists the excitation energy integrated production probability per compound nucleus in
percent. Because of the exceptionally large two-body branching ratio, 4

LH becomes the isotope
with maximum probabilities in all three scenarios. All other hypernuclei decays are produced with
at least a factor of two lower rates and, therefore, could not be detected with sufficient statistics in
the first experiments. According to these calculations, the production probability of hypertriton is
a factor of 3� 11 lower compared to 4

LH. This suggests, that simply increasing the running time
for the measurement will not be sufficient to observe hypertriton decays.

Note, that in addition to these hypernuclei from the fragmentation of excited compound hy-
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In recent years, the high-precision technique of decay-pion spectroscopy at the Mainz Microtron
(MAMI), using high-resolution magnetic spectrometers, contributed to the accurate determination
of the L binding energy of 4

LH. For the lightest hypernucleus, the hypertriton, the binding energy
is known only from measurements carried out with nuclear emulsions. An account is given on the
potential of observing the hypertriton with decay-pion spectroscopy from fragmentation of light
target nuclei. Statistical decay calculations suggest that lithium is the optimal target material to
observe hypertriton decays under relative clean conditions with only few other light hyperfrag-
ments being produced. Finally, a high-precision measurement of the hypertriton mass at MAMI
is proposed.
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7Li標的を用いると、6ΛHeが比較的多く生成される



/39

Hiroyuki Fujioka (Tokyo Tech.) / 728th ASRC seminar (JAEA) 2018.09.04

�363ΛH and 4ΛH

3
ΛH+α

3.9

6.9

～12

7
ΛLi

3
ΛH

(K-,π-) ΔL=0, ΔS=0
pn→pΛ substitutional

(K−,π−) ΔL=1, ΔS=0

1/2+;Τ=1

1/2+;Τ=0

1/2+;Τ=0

1/2+;Τ=1

3/2+;Τ=0

3/2−;Τ=1

～8

19.3

3/2−;Τ=0

α emission

3/2+;Τ=0

4
ΛH

1+;Τ=0
0+;Τ=0

3.88
0.69

Eex  (MeV)

4
ΛH+3He

6Li+Λ
5
ΛHe+d

}
5.6

4He + π−

3He + π−

7
ΛLi level structure and particle emission thresholds

sn→sΛ substitutionalL exchange from α to t
        “Λ” + t

Substitutional on “t” 

K- + α + t   ->     3He + Λ + t + π- 
                    ->       α  + 3ΛΗ  + π-  

7Li 4
ΛH

鵜養氏 第4回『ストレンジネス核物理を考える会』(2017.8.7) より

6
ΛHe + p
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H. Bando ̅, T. Motoba, J. Zofka, Int. J.Mod. Phys. A 5, 4021(1990)

O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653 585

Fig. 13. Excitation spectrum of 7
ΛLi measured in E336 by the (π+, K+) reaction with the SKS spectrometer

system.

Table 7
Excitation energies and cross sections of 7

ΛLi obtained in the (π+, K+) reaction by the E336 experiment

Peaks BΛ or EX FWHM Cross sections
(MeV) (MeV) σ2◦− 14◦ (µb)

# 1 BΛ = 5.22 ± 0.08 1.81 (fixed) 0.345 ± 0.032
# 2 EX = 2.05 (fixed) 1.81 (fixed) 0.486 ± 0.032
# 3 EX = 3.88 (fixed) 1.81 (fixed) 0.241 ± 0.033
# 4 EX = 5.61 ± 0.24 1.81 (fixed) 0.136 ± 0.050
# 5 EX = 7.99 ± 0.37 3.81 ± 0.81 0.398 ± 0.078

3.3.2. 7
ΛLi, 9

ΛBe and 10
ΛB hypernuclei

7
ΛLi

The 7
ΛLi excitation spectrum has been studied using both the in-flight and stopped

(K − ,π− ) reactions. The 7Li(π+, K +) 7
ΛLi spectrum was first measured in E336 as shown

in Fig. 13. The 7
ΛLi spectrum was fitted with five gaussians and a quasifree contribution.

The mass resolution of the first four peaks was fixed to 1.81 MeV FWHM, which was
determined from the 12

Λ C spectra taken during the experiment, correcting for the difference
of energy loss straggling in the 7Li and 12C targets. The excitation energies and the cross
sections are listed in Table 7. The observed Λ binding energy, BΛ = 5.22 ± 0.08(stat) ±
0.36(syst) MeV, agrees well with the emulsion data, BΛ = 5.58 ± 0.03 MeV [63].

O. Hashimoto and H. Tamura, PPNP 57, 564 (2006)
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Fig. 8. A-A binding energy ABAA v e r s u s  discrete pion momenta q~r- (solid lines), which are expected 
for the two-body 7r- decays of the AA-hypernuclei produced after the compound state formation reac- 

8 * 8 * tion 9Be(K-,  K + ) ---+ I aa He 'AA H ]compound +N. The vertical dashed lines indicate the characteristic pion 
momenta known for the two-body ~ -  decays of light single-A hypemuclei, with the numbers being monochro- 
matic q~r in MeV/c. In the figure are also included the continuum but very sharp pions from the three-body 
decays of A rile and 5,He (AqTr "~ 0.45 MeV/c and 1.7 MeV/c, respectively). 

AZ ~ (AzI-Jr-TT2, A-IAZt + N-+-~2) , AA 
a'7t  > ( A'z/t  A'--I z l l  a -- + ¢ r l ,  + N + ~ r j ) .  

(4.6) 
(4.7) 

In the process of Eqs. (4.6)-(4.7), we are concerned with the weak decays of single-A 
hypernuclei of 3'4H, 4'5'6~7He and 7Li in addition to the five double-A hypernuclei. The 
employed decay modes of them will be listed in Table 8. 

On the basis of the experimental A binding energies B(A 1) o f  these single-A hyper- 
nuclei, we display in Fig. 8 the monochromatic 7r- momenta which comes from the 
definite two-body decays, respectively. On the other hand, the single-A binding energy 
/~A in a double-A hypernucleus aAz is defined with the A-A bond energy ABAA by 

B A (  A A Z )  = B A (  A - 1 z )  EXP -Jr- ABAA . (4.8) 

Here  BA wi thou t  t i lde refers to the A binding energy in the s ingle-A hypernucleus.  
Then,  the m o n o c h r o m a t i c  pion m o m e n t u m  q is given as a funct ion o f  ABAA based on 
the e n e r g y - m o m e n t u m  relation: 

q2 
M a  - B 4  = M N  -- BN(.t') + ~ + O.)q, wq = ~ q- q2 , (4 .9)  
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結論

◆ 5ΛΛH の崩壊π中間子分光実験を計画中 

‣ 7ΞHの崩壊 or ダブルΛ複合核 経由で 5ΛΛH を生成 

‣ 娘ハイパー核 5ΛHe の NMWD 由来の陽子をタグ 

◆パイロット実験として 7Li(π+,K+) 反応による 
3,4ΛH, 6ΛHe, 7ΛLi の崩壊π中間子分光を検討中 

‣ J-PARC においてハドロンビームを用いた 
崩壊π中間子分光による束縛エネルギー決定の 
原理実証を兼ねる
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