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核⼒の研究

• ストレンジネスを含むバリオン-バリオン間の相互作⽤
• 実験の研究対象

• ハイパー核分光実験
• 数多くの実験データ

• Λ𝑁散乱実験
• Λ𝑝:統計量の少ない、限られた実験データ
• Λ𝑛:測定されたデータがなし

• ハイパー核4体系における荷電対称性の破れ
• 4ΛHと4

ΛHeの質量の違い
• Λ𝑛とΛ𝑝間の相互作⽤は同じ性質なのか?

ST2-2022 at Fukushima
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𝚲𝑵相互作⽤におけるCSB

• 実験データの𝚲𝑵 CSB       
~ 0.35 MeV 
• 理論計算 ~ 0.05 MeV
• 𝑵𝑵 CSB ~ 0.07 MeV[4]

[1]	A.	Esser,	S.	Nagao,	F.	Schulz	et	al.,	PRL	114	(2015)	232501	
[2]	T.O.	Yamamoto	et	al.,	PRL	115	(2015)	222501
[3]	E.	Hiyama et	al.,	PRC	65	(2001)	011301
[4]	R.A.	Brandenburg	et	al.,	PRC37	(1988)	781	

[1,2] [3] [1,2] [3]
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𝚲𝑵相互作⽤の測定

• ハイパー核分光実験
• ハイパー核のエネルギー準位からポテンシャルを構築

• Λ𝑁散乱実験
• 散乱実験は2体の相互作⽤を調べるのに効果的な⼿法
• 実験実施が⾮常に困難

• ハイペロンの寿命が⾮常に短い。⾶⾏距離も数cm程度
• 実験データが乏しい

• データより散乱⻑や有効距離を決められない
• J-PRAC E40の成功により⾼統計Λ𝑝散乱実験が可能

ST2-2022 at Fukushima
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𝚲𝒏終状態相互作⽤測定
• 終状態相互作⽤ (Final State Interaction: FSI) 測定実験

• 散乱実験に代わる直接反応による⼿法
• ⽣成反応後のΛと中性⼦の相互作⽤
• FSIによる断⾯積の変化を測定

• 提案されている反応
• 𝛾𝑑 → 𝐾!Λ𝑛

• H. Yamamura, K. Miyazawa et al., PRC 61 (1999) 014001 
• Background: 𝑒"𝑒# pair production and pion production 

• 𝐾"𝑑 → Λ𝑛𝛾
• W. R. Gibbs, S.A. Coon, H.K. Han, and B.F. Gibson, PRC 61 

(2000) 064003
• BNL-AGS E811→PRC 42 (1990) R475

• 𝐾"𝑑 → Λn𝜋# (𝐾"𝑑 → Λ𝑝𝜋")
• Y. Iizawa, D. Jido, and T. Ishikawa, PRC 106 (2022) 045201
• Background: 𝐾#𝑑 → 𝑌𝑁𝜋, 𝜋#𝑑 → 𝑛𝑛𝛾, neutron in photon detector

ST2-2022 at Fukushima

← ELPHで計画している実験
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𝚲𝒏 FSIの反応模式図

• 𝛾𝑑反応における𝐾*Λ⽣成のFSI効果

Λ𝑛終状態相互作⽤

断面積が変わる
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ELPH BM4光⼦ビームライン

• 東北⼤学電⼦光理学研究センター
(ELPH) 第⼆実験室

• BM4光⼦ビームライン
• 0.73-1.25 GeVの標識化光⼦
• 標識化光⼦レート: 1~3 MHz
• 時間分解能 𝜎 ~ 60 ps
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NKS2実験

• NKS2 (Neutral Kaon 
Spectrometer 2)

• 磁気スペクトロメータ
• 中⼼磁場 0.42 T
• 半径 0.8 m

• 液体⽔素・重⽔素標的
• アクセプタンス ~1𝜋 sr
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NKS2の検出器

• 粒⼦のトラッキング
• 2つのMWDC (CDC, VDC)
• 荷電粒⼦の運動量、⾶跡

• 粒⼦の⾶⾏時間測定
• 2つのHodoscope (IH,OH)
• 運動量の情報と組み合わせて

粒⼦識別
• バックグランドの除去

• 電⼦・陽電⼦Veto検出器
（EV）

• 光⼦ビーム由来の𝛾 → 𝑒!𝑒"を
veto
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NKS2実験下の𝚲𝒏 FSI効果

• 理論計算
• 髙橋 謙太さんの修⼠論⽂ (岡⼭理科⼤ 宮川研究室の学⽣)

• 𝛾𝑑 → 𝐾!Λ𝑛における𝐾!の断⾯積の計算
• 𝐸" = 0.95 − 1.25 GeV
• ビーム軸に対する散乱⾓ 𝜃# = 0∘ − 20∘

• 実験室系での𝑑𝜎/𝑑𝑝#
• YNポテンシャルは、soft-core OBEポテンシャルであるNSC97f

ST2-2022 at Fukushima
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𝑲!断⾯積におけるFSIの効果
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ΛΧόʔ͍ͯ͠ΔɻͦͷͨΊ NKS2Ͱ͸ɺΛn૬ࡉৄ͍ͯͭʹ༺࡞ޓͳ͕ڀݚՄೳͰ͋Δɻ
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ऴঢ়ଶ૬࡞ޓ༻ʹΑΔੜ੒அ໘ੵͷมԽʹ͍ͭͯ͸ɺԬࢁཧՊେֶͷٶ઒ࢯͷཧ࿦άϧʔϓʹܭ

ܭ࿦จʹ৐ͤΒΕ͍ͯΔ࢜ͷमࢯଠ݈ڮߴɻҎԼͰ͍ࣔͯ͠Δਤ͸ɺ2016೥౓ͷ͍ͨ͠ئΛ͓ࢉ

ΔͨΊʹ༻͍ΒΕͨ͢ࢉܭ੒ͨ͠΋ͷͰ͋Δɻ࡞Ռ͔Β݁ࢉ NN ϙςϯγϟϧ͸ Nijmegen93 [7]ɺ

YN ϙςϯγϟϧ͸ NSC97f [8]Ͱ͋Δɻ

ਤ 2͸ɺೖࣹΨϯϚઢͷΤωϧΪʔΛɺ1.25, 1.15, 1.05, 0.95 GeVʹݻఆͨ͠΋ͷʢ޲ํߦʣʹ

ର͠ɺΨϯϚઢϏʔϜ࣠ʹର͢Δ K+ ͷࢄཚ֯ = θK Λ 0-5◦ɺ5-10◦ɺ10-15◦ɺ15-20◦ ͷൣғͰੵ෼

4

計算:髙橋 謙太 修⼠論⽂ 岡⼭理科⼤ 2016
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𝑲!断⾯積におけるFSIの効果
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𝑲!断⾯積におけるFSIの効果
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断⾯積におけるFSIの効果

• ハイペロンの⽣成閾値あたりでFSIの効果が現れる
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ਤ 2 γ + d → K+ + Λ + n൓Ԡʹ͍ͭͯɺK+ ͷӡಈྔʹର͢Δඍ෼அ໘ੵɻߦ͸্͔ΒɺΨϯ
ϚઢͷΤωϧΪʔ͕ɺ1.25, 1.15, 1.05, 0.95 GeVʹର͢Δ΋ͷͰ͋Γɺྻ͸ K+ ͷ֯౓ΛͦΕͧ
Εʹࣔͨ͠ྖҬʹରԠ͢ΔɻK+ ͷӡಈྔɾ֯౓ͱ΋ʹɺ࣮ܥࣨݧͷ஋Ͱ͋Δɻ఺ઢͰࣔ͞Εͨ
΋ͷ͕ऴঢ়ଶ૬࡞ޓ༻͕ͳ͍৔߹ɺ࣮ઢ͕ Λnऴঢ়ଶ૬࡞ޓ༻Λྀͨ͠ߟ৔߹ͷ΋ͷͰ͋Δɻ

͸ϏʔϜ࣠લํํʹڀݚͷ༺࡞ޓΕ͍ͯΔɻΛnऴঢ়ଶ૬͞ܭΑ͏ઃͭ࣋ӡಈֶྖҬΛ͍޿

ͰΔʹ޲ K+(Λnͷ૬ରӡಈྔ͕খ͘͞ͳΔ)ଌఆ͕ඞਢͰ͋Δ͕ɺNKS2͸·͞ʹ͜ͷྖҬ

ΛΧόʔ͍ͯ͠ΔɻͦͷͨΊ NKS2Ͱ͸ɺΛn૬ࡉৄ͍ͯͭʹ༺࡞ޓͳ͕ڀݚՄೳͰ͋Δɻ

2 Λnऴঢ়ଶ૬࡞ޓ༻ʹؔ͢Δੜ੒அ໘ੵͷੵݟ΋Γ

ऴঢ়ଶ૬࡞ޓ༻ʹΑΔੜ੒அ໘ੵͷมԽʹ͍ͭͯ͸ɺԬࢁཧՊେֶͷٶ઒ࢯͷཧ࿦άϧʔϓʹܭ

ܭ࿦จʹ৐ͤΒΕ͍ͯΔ࢜ͷमࢯଠ݈ڮߴɻҎԼͰ͍ࣔͯ͠Δਤ͸ɺ2016೥౓ͷ͍ͨ͠ئΛ͓ࢉ

ΔͨΊʹ༻͍ΒΕͨ͢ࢉܭ੒ͨ͠΋ͷͰ͋Δɻ࡞Ռ͔Β݁ࢉ NN ϙςϯγϟϧ͸ Nijmegen93 [7]ɺ

YN ϙςϯγϟϧ͸ NSC97f [8]Ͱ͋Δɻ

ਤ 2͸ɺೖࣹΨϯϚઢͷΤωϧΪʔΛɺ1.25, 1.15, 1.05, 0.95 GeVʹݻఆͨ͠΋ͷʢ޲ํߦʣʹ

ର͠ɺΨϯϚઢϏʔϜ࣠ʹର͢Δ K+ ͷࢄཚ֯ = θK Λ 0-5◦ɺ5-10◦ɺ10-15◦ɺ15-20◦ ͷൣғͰੵ෼

4

𝜃$ = 0∘ − 5∘
𝐸& = 1.25 GeV
YN pontential: NCS97f

• Λ𝑛
• 𝐸$ > 1.05 GeV, 𝜃% = 0∘ − 20∘ で~ 10 nb
• 𝐾!の運動量で10 MeV/cの幅で断⾯積のエンハンスが⾒られる

• Σ𝑛
• 𝐸$ > 1.05 GeV, 𝜃% = 0∘ − 10∘ で~ 数 nb
• カスプが⾒える
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𝑲!断⾯積分布のカスプ

• Ref.[1]によると
• Λ𝑁 − Σ𝑁結合の効果

• Σ𝑁閾値周辺のS⾏列のpoleの
位置
• NSC97fとNSC89の

エンハンスの差
• Poleの位置はYN potential

を特徴付ける重要なもの

• 実験データより実際の位置を
決めたい

investigated various new versions of the YN forces devel-
oped by the Nijmegen group !9". Only the NSC97f force
binds the hypertriton correctly. The deuteron wave function
is generated by the Nijmegen93 potential !17". The value
jmax up to which FSI had to be taken into account turned out
to be jmax!2. The results presented below are given at a
photon energy E#!1.3 GeV. In Fig. 2, we compare the in-
clusive cross sections for d(# ,K") in plane wave impulse
approximation $PWIA% with calculations that include FSI. In
order to obtain the largest cross section we have chosen &K
!0°. The two pronounced peaks around pK!945 and
809 MeV/c can be understood in PWIA. They are due to
quasifree processes, where one of the nucleons in the deu-
teron is a spectator and has zero momentum in the lab sys-
tem. This then leads to a vanishing argument q!0 in the
deuteron wave function, which causes the peaks. Under this
condition the kinematics of the #-induced process on a single
nucleon fixes the peak positions for pK in the lab system.
We see deviations between the plane wave result and the

results with FSI based on the NSC89 and NSC97f hyperon-
nucleon forces. Near the K"'N threshold FSI enhance the
cross section by up to 86%. Near the K"(N threshold the
effects are also of interest. While NSC89 has hardly any
effect, NSC97f leads to a prominent cusplike structure. The
neighborhood of the K"(N threshold is shown again en-
larged in Fig. 3. The two YN potentials lead to predictions
which differ by up to 35%. Different predictions of the two
potentials are also seen in the total elastic 'N cross section
as depicted in Fig. 4. The peak for NSC97f is significantly
higher near the (N threshold than for NSC89. As worked
out in Ref. !5", this can be traced back to the location of the
S-matrix pole for the 'N-(N system around the (N thresh-
old. We show in Fig. 5 the complex plane of the relative (N
momentum p(N . Each of the two YN potentials generates a
pole in the state 3S1– 3D1 near p(N!0. The potential
NSC89 leads to a pole position which in a single channel

case would be called a virtual state $in this case it would lie
exactly on the imaginary axis%. The coupling of the ' and (
channels moves the pole for the NSC97f force away from the
positive imaginary axis into the second p(N quadrant. In a
time-dependent description the energy related to that pole
position leads to a decreasing amplitude. In the literature,
this sort of pole is sometimes referred to as an ‘‘unstable
bound state.’’ Apparently, the actual pole position depends
on the details of the YN force. The pole positions are an
inherent property of the YN forces and the actual location
chosen by nature should be determined with the help of ex-
perimental measurements.
Another interesting insight into the inclusive cross section

is shown in Fig. 6 for the PWIA calculation. The inclusive
cross section is formed additively by the contributions for
'n , (0n , and (#p production. Above the K"(N threshold

FIG. 2. The inclusive #(d ,K") cross section as a function of lab
momenta pK for &K!0° and photon lab energy E#!1.3 GeV. The
plane wave result is compared to two YN force predictions. The FSI
effects are especially pronounced near the K"'N and K"(N
thresholds, the locations of which are indicated by the arrows.

FIG. 3. The results of Fig. 2 enlarged around the K"(N thresh-
old.

FIG. 4. The total 'N elastic cross section as a function of the '
lab momentum around the (N threshold indicated by the arrow.
The NSC97f prediction leads to a more pronounced peak structure
than the NSC89 prediction.

H. YAMAMURA et al. PHYSICAL REVIEW C 61 014001
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Ref.[1]: PRC 61 (1999) 014001

𝛾 𝑑, 𝐾" 𝑌𝑁
𝜃$ = 0∘
𝐸& = 1.3 GeV
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まとめ

• ストレンジネスを含む核⼒の研究
• Λ𝑁相互作⽤における荷電対称性の破れ

• ハイパー核の構造研究だけでなく直接反応を⽤いた研究を展開
• Λ𝑁終状態相互作⽤測定の実施

• ELPHにおいてΛ𝑛終状態相互作⽤実験を計画
• ELPH第⼆実験室に設置されているNKS2を⽤いて実施
• 𝛾𝑑 → 𝐾!Λ𝑛反応のΛ𝑛 FSIによる𝐾!断⾯積の変化
• NKS2実験下での理論計算

• 髙橋 謙太さん (岡⼭理科⼤)のsoft-core OBEモデル NSC97f        
を⽤いた計算

• Λn, Σn FSIにより断⾯積のエンハンス、ΣnではΛ𝑁 − Σ𝑁結合による
カスプが測定可能

ST2-2022 at Fukushima


