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Spontaneous and explicit chiral symmetry breaking in low-energy QCD 
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π in nuclei - pioneered at FRS

RIKEN Nishina Center,   Kenta Itahashi

Present b1 precision

4

Vs-wave = b0 ρ + b1 (ρn − ρp) + B0 ρ2

ρe= 0.6 ρ0

1s

Calibration

K. Suzuki et al.,  
PRL92(04)072302. In-medium b1 is calculated based on deeply bound pionic 

states data combined with light spherical pionic atom data.

RIKEN Nishina Center,   Kenta Itahashi

Chiral symmetry at finite density

Tomozawa-Weinberg relation

Gell-Mann-Oakes-Renner relation

f� : pion decay constant

M. Gell-Mann et al., PR175(1968)2195.

Y. Tomozawa, NuovoCimA46(1966)707.!
S. Weinberg, PRL17(1966)616.
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Daisuke Jido, Tetsuo Hatsuda, Teiji Kunihro, Phys.Lett.B670:109-113,2008.!
Kolomeitsev, Kaiser, Weise, Phys. Rev. Lett. 90(2003)092501!

b1: isovector πN scattering length
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K. Suzuki et al., !
PRL92(04)072302.
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+ Si, Ne, O

In-vacuum b1
In-medium b1* 

b1

b1* still has a large error

In-medium b1 is calculated based on deeply bound pionic 
states data combined with light spherical pionic atom data.
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Present b1 precision

•Precision spectroscopy of pionic atoms 
  for different quantum states (1s, 2s, 2p...) and!
  to cover wide range of nuclear chart.
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Lattice QCD

Flavor singlet (H-Channel)Ξ−p (T=0)

Σ−p (S=0, T=1/2)Σ+p (S=1, T=3/2)

(27)

(10*)

(8s)

(10)

(8a)

(1)

Lattice QCD, 
T. Inoue et al. 
Prog. Theor. Phys. 124 (2010) 4

Strong 
repulsive 
core

Weak or  
attractive core
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Why strangeness?
Spontaneous and explicit chiral symmetry breaking in low-energy QCD 

• KN interaction 
• In-medium hadrons e.g., mass, magnetic moment, …? 
• KNN?  

Baryon-baryon interaction 
• 3-body force ΛNN 
• the origin/nature of repulsive core 

Role of strangeness in dense baryonic matter? 



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

Is this picture consistent with the ~2 M⊙ neutron star?

図 3: (左) F. Weberによる中性子星内部構造。どのような模型 (状態方程式)をとるかによって、コア
の物質形態は異なる。(右) GM1セットをもちいた平均場計算による中性子星物質中でのバリオン及
びレプトンの存在割合と密度の関係。ハイペロンのポテンシャルは−29 MeV(Λ), +30 MeV(Σ), −18

MeV(Ξ)で、Y Y 間相互作用は小さいと仮定している [2]。

3 これまでの進展
3.1 ハイペロン散乱実験

二体間核力 (NN 間相互作用)をもとに原子核構造を理解してきたように、ハイペロン核子間力 (Y N

間相互作用)は、ハイパー核構造を調べる上で非常に重要な基礎データである。しかし、散乱実験の
困難さからデータが非常に乏しいのが現状である。そのため、逆にNN 間核力から SU(3)f 対称性を
もとに拡張した理論模型を作り、多体系の計算を通じて、ハイパー核分光のデータと比較することに
より、Y N 間相互作用を決めてきた。
一方、乏しいながらも散乱実験のデータが存在し、Y N 相互作用に対する貴重な直接的情報を与え

ている。これらハイペロン核子散乱実験は 1970年代に水素泡箱を用いて行われた。効率的にハイペ
ロンビームを生成するためにK−ビームを水素泡箱中に静止させ、そこから生じるハイペロンと陽子
との散乱のトポロジーを画像解析することによって断面積を測定した。静止K−から生成したハイペ
ロンを用いたことから、ビーム運動量が 200 MeV/c以下の低エネルギー領域でのデータに限られて
いる。さらに泡箱ではトリガーが出来ないことやビーム強度を上げることが出来なかったために統計
が十分ではない。
近年に行われたKEK-PSの実験では、トリガー可能なシンチレーションアクティブ標的を用いて、

(π,K+)反応事象をスペクトロメータで同定し、散乱画像を記録する手法が開発された。KEK-PS E251

およびE289実験ではΣ+p, Σ−p 散乱事象に対して、400–800 MeV/cでの高運動量領域での散乱断面
積を初めて導出した [4]。また、KEK-PS E452実験では、Σ+pのスピン軌道 (LS)力を導出するため
に偏極した Σ+ビームから散乱された陽子の左右非対称度を導出した [5]。
大きな進展があったものの、ハイペロンの短い寿命による実験の困難さから統計が未だに不十分と

言わざるを得ない。今後の研究の進展が期待される。

4

J. Schaffner-Bielich, Nucl. Phys. A 804, 309 (2008).
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Strange atoms scattering length at threshold 
– K- atom ← room to improve 
– Σ- atom 

–Ξ- atom ← NEW (J-PARC & FAIR)

Many measurements so far
6

π- atoms K- atoms p atoms Σ- atoms

Strong Interaction Physics From Hadronic Atoms 
C.J. Batty, E. Friedman, A. Gal, Physics Reports 287 (1997) 385 - 445

shift & width as a function of atomic number Z

dot : expt data!
line : theo calc

Sh
ift 

[e
V]

W
idt

h 
[e

V]

Atomic number Z

C.J. Batty, E. Friedman, A. Gal, 
Physics Reports 287 (1997) 385 - 445 
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Hypernuclei missing mass, inv. mass, γ-ray, weak-decay 
–S=-1 (π+K+, K-π-, π-K+, ee’K+, p-induced, HI-induced…)

(2011 and near future)

N

Z

V52

10Be

heavy 
ion

H3

9He

6H

19F

図 7: これまでに確認、研究された Λハイパー核の核図表。生成や調べられた反応も図中に示してあ
る。6

ΛH,
9
ΛHe, 19

Λ Fについては近未来に測定が予定されている。

束縛されたΛ粒子の g-factorを、Λが spin-flipするM1遷移強度 (B(M1))を測ることにより、求め
ることが計画されている。弱結合模型によると、Λ核の Λの spin-flipによる Jup → JdownのB(M1)

は、コア核のスピンおよび g-factorを Jc, gc、Λの g-factorを gΛとすると、

B(M1) =
3

8
π
2Jlow + 1

2Jc + 1
(gc − gΛ)

2

となる。B(M1)は、ドップラーシフト減衰法により寿命を測定することで測定できる。J-PARC E13

では、7
ΛLi(3/2

+ → 1/2+)の測定を行う。他に 11
Λ B(7/2+ → 5/2+)、19

Λ F(3/2+ → 1/2+) などの可能性
も検討されている。
一方、J-PARC E16実験では、原子核中におけるφ中間子の電子対崩壊を測定することによって、媒

質中でのハドロンの性質を直接調べる。この実験はKEKPS-E325 実験で初めて得られた、φ中間子質
量スペクトラムの変化を、さらなる高精度かつ高統計で確立することが目標である。軽い陽子 (p)から
重い鉛 (Pb)等までの様々な原子核標的を用いて系統的な研究を進め、また、質量変化の運動量依存性
(分散関係) を導出する。さらには、E325実験で得ることの出来なかった詳細な電子対崩壊とK中間子
崩壊の比較を行うべく、K中間子スペクトロメーターの追加導入が現在考えられている。E16 実験は、
核物質効果の理論予想に対する決定力を向上させ、電子対測定によるベクトル中間子測定の決定的実
験となるであろう。その他、p̄A → φφX 反応を用いて φA束縛状態を探索する J-PARC E29実験や、
SPring-8 LEPS/LEPS2実験においては γA → φX反応を用いてφN相互作用を詳細に調べることが計
画されている。また、高温状態下でのハドロン性質は、引き続きBNL-RHIC/CERN-LHC/GSI-FAIR

などの重イオン衝突実験によってこれからも研究が進むことが期待されている。
ハイパー核の様々な生成・同定手法の確立

17

S=-1
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4H

6He

10Be 11Be 12Be

13B
Z

N

NAGARA MIKAGE
DEMACHIYANAGI (          )

Danysz 
et al.

10Be* E176

HIDA

E906

-Hypernuclear Chart

図 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 (6ΛΛHe)

のみである。

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)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 9) を E373実験の 10

倍にあたる 100事象を発見し、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+)反応を要求せずに全自動システムに
より、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。Ξ−原子X線測定では、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、ΞN 相互作用の情報を与える。
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、

20

S=-2
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Hidden strangeness 
–η, η’, … meson in nuclei 

Exotica 
–KNN, KKNN, … 
–anti-hyperon in nuclei



Facilities

3
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March 11, 2011 - Earthquake 

May 23, 2013, accident (target evaporation)
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Beam power of SX operation in May of 2013.�
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User operation (24 kW)�

Acc. Study (30 kW)�

The accident of the hadron hall�

The maximum delivered power before May of 2013: 15 kW  �

koseki, J-PARC
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Beam power of SX operation in May of 2013.�

Be
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User operation (24 kW)�

Acc. Study (30 kW)�

The accident of the hadron hall�

The maximum delivered power before May of 2013: 15 kW  �

koseki, J-PARC

S=-2 experiments need >100 kW
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Mid-term plan of MR�

JFY� 2011� 2012� 2013� 2014� 2015� 2016� 2017�

Li. energy 
upgrade�

Li. current 
upgrade�

FX power [kW] (study/trial)�
!
SX power [kW] (study/trial)�

150!
!
3 (10)�

200 !
!
10 (20)�

200 - 240 !
!
25 (30) �

200 –300     
(400)!
20-50�

750!
!
100�

Cycle time of main magnet PS!
New magnet PS for high rep. �


����)7�
�

	��
�)�
�

	����)�
�

��
�)�
�

Present RF system !
New high gradient rf system!

Install. #7,8� Install. #9�

Ring collimators�
Additional 
shields�

Add.collimato
rs and shields�
(2kW)�

Add.collimat
ors (3.5kW)�
�

Injection system!
FX system�

Inj. kicker�

SX collimator / Local shields� SX collimator�

Ti ducts and SX devices with 
Ti chamber�

SX septum 
endplate�

Beam ducts� Beam  ducts�
ESS"

R&D�
Manufacture 
installation/test�

R&D�

�"�# (����"$'(&, $ %*	
�� '*��$�%+!��*+( ��* )*�

�"�# (����"$'(&, $ %*	
����) '*+$	
����) '*��$�%+!��*+( ��* )*�

Local shields�

FX:The high repetition rate scheme is adopted to achieve the design beam intensity, 750 kW."
Rep. rate will be increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s and RF cavities.�
SX:After replacement of stainless steel ducts to titanium ducts to reduce residual radiation dose, 50 
kW operation for users will be started. Beam power will be gradually increased toward 100 kW 
carefully watching the residual activity. Local shields will also be installed if necessary. �

Manufacture 
installation/test�

koseki, J-PARC
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7 

CBM 

PANDA 
NuSTAR 

Super-
FRS 

“Strangeness”-capable facilities

from Pochodzalla 



Strange atoms

4
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Kaonic atom (KN at threshold)
strong-interaction shift and width
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Kaonic atom (KN at threshold)
strong-interaction shift and width

2 M.F.M. Lutz et al.

Thus, it is useful to review also in detail effective coupled-channel field theories
based on the chiral Lagrangian.

The task to construct a systematic effective field theory for the meson-baryon
scattering processes in the resonance region is closely linked to the fundamental ques-
tion as to what is the ’nature’ of baryon resonances. The radical conjecture10), 5), 11), 12)

that meson and baryon resonances not belonging to the large-Nc ground states are
generated by coupled-channel dynamics lead to a series of works13), 14), 15), 17), 16), 18)

demonstrating the crucial importance of coupled-channel dynamics for resonance
physics in QCD. This conjecture was challenged by a phenomenological model,11)

which generated successfully non-strange s- and d-wave resonances by coupled-channel
dynamics describing a large body of pion and photon scattering data. Of course,
the idea to explain resonances in terms of coupled-channel dynamics is an old one
going back to the 60’s.19), 20), 21), 22), 23), 24) For a comprehensive discussion of this
issue we refer to.12) In recent works,13), 14) which will be reviewed here, it was shown
that chiral dynamics as implemented by the χ−BS(3) approach25), 10), 5), 12) provides
a parameter-free leading-order prediction for the existence of a wealth of strange and
non-strange s- and d-wave wave baryon resonances. A quantitative description of
the low-energy pion-, kaon and antikaon scattering data was achieved earlier within
the χ-BS(3) scheme upon incorporating chiral correction terms.5)

§2. Effective field theory of chiral coupled-channel dynamics

Consider for instance the rich world of antikaon-nucleon scattering illustrated in
Fig. 1. The figure clearly illustrates the complexity of the problem. The K̄N state
couples to various inelastic channel like πΣ and πΛ, but also to baryon resonances
below and above its threshold. The goal is to bring order into this world seeking a
description of it based on the symmetries of QCD. For instance, as will be detailed
below, the Λ(1405) and Λ(1520) resonances will be generated by coupled-channel
dynamics, whereas the Σ(1385) should be considered as a ’fundamental’ degree of
freedom. Like the nucleon and hyperon ground states the Σ(1385) enters as an
explicit field in the effective Lagrangian set up to describe the K̄N system.

The starting point to describe the meson-baryon scattering process is the chiral
SU(3) Lagrangian (see e.g.26), 5)). A systematic approximation scheme arises due to a
successful scale separation justifying the chiral power counting rules.27) The effective
field theory of the meson-baryon scattering processes is based on the assumption

s1/2
KN

[MeV]

poles

thresholds
ΣηΛη

Λ
**(1520)

Λ
*(1405)Σ

*(1385)

Σ(1195)Λ(1116)

KN
ΣπΛπ

15001000

Fig. 1. The world of antikaon-nucleon scattering

KN
_

√

s [MeV]

Low-Energy  K N  Interactions
_

Chiral Perturbation Theory NOT applicable:
Λ(1405)resonance 27 MeV below          threshold

N. Kaiser,  P. Siegel,  W. W.  (1995)
E. Oset,  A. Ramos (1998)

Leading s-wave I = 0 meson-baryon interactions (Tomozawa-Weinberg)

0 ∞

1 GeVu,d s c

“light”  quarks “heavy”  quarks

0 ∞

1 GeVu,d s c

“light”  quarks “heavy”  quarks

K̄ N

π

Σ

0 ∞

1 GeVu,d s c

“light”  quarks “heavy”  quarks

K̄ N

π ΣK̄ N Σ

π

K̄NπΣ

channel coupling

Framework: Chiral SU(3) Effective Field Theory  . . .  but :

Non-perturbative 
Coupled Channels 

approach based on 
Chiral SU(3) Dynamics

Recent  Review:
T. Hyodo,  D. Jido 

  Prog. Part. Nucl. Phys. 67 (2012) 55

K−p

Λ(1405) below the threshold 
K-p interaction : attractive 
x-ray shift : repulsive



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

K-p x-ray - 1997-2011

MESON,#Cracow,#May#2014#

KpX,#PRL1997#
KEK#(K#beam)#
Gas#target#
Si(Li)#detectors#

DEAR,#PRL2005#
DAFNE#(e+#eQ#collider)#
Gas#target#
CCD#detectors#

SIDDHARTA,#PLB#2011#
DAFNE#(e+#eQ#collider)#
Gas#target#
SDD#detectors#

Experiments#on#kaonic#hydrogen#

Older#experiments#used#liquid#targets#
which#have#the#disadvantage#of#
lower#yields#(Stark#effect)#

by marton
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SIDDHARTA

KQp#result#SIDDHARTA#

MESON,#Cracow,#May#2014#

 ε1S=#−283#±#36(stat)#±#6(syst)#eV#

 Γ1S=#541#±#89(stat)#±#22(syst)#eV##

Physics#Leoers#B704#(2011)#113#
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Λ(1405) Chiral SU(3) 
Ikeda, Hyodo, Weise 
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Re a(K−p) = −0.65 ± 0.10 fm
Ima(K−p) = 0.81 ± 0.15 fm
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NEXT: accurate constraints from K
-
d threshold measurements 

complete information for both isospin I=0 and I=1 KN channels 

Kaonic hydrogen Kaonic deuterium 

Yield (Kα) estimates 3% →0.3% (depending on 2p 
state width) 

Energy (Kα) e.m. 6.5 keV 7.8 keV 

Shift (1s)  eV -283±36(stat)±6(syst) -800 ? (estimate) 

Width (1s) eV 541±89(stat)±22(syst) 800 ? (estimate) 
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NEXT: accurate constraints from K
-
d threshold measurements 

complete information for both isospin I=0 and I=1 KN channels 

Kaonic hydrogen Kaonic deuterium 

Yield (Kα) estimates 3% →0.3% (depending on 2p 
state width) 

Energy (Kα) e.m. 6.5 keV 7.8 keV 

Shift (1s)  eV -283±36(stat)±6(syst) -800 ? (estimate) 

Width (1s) eV 541±89(stat)±22(syst) 800 ? (estimate) 

J-PARC? 
DAΦNE?
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Ξ- atoms (J-PARC / FAIR)
Many measurements so far

6

π- atoms K- atoms p atoms Σ- atoms

Strong Interaction Physics From Hadronic Atoms 
C.J. Batty, E. Friedman, A. Gal, Physics Reports 287 (1997) 385 - 445

shift & width as a function of atomic number Z

dot : expt data!
line : theo calc
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Hypernuclei  
& J-PARC program

5



S=-1
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J-PARC 2014-2015

K1.8 + SKS 
・γ‐ray spectroscopy (E13)  
K1.8BR 
・ 3He(K-,n) K-pp (E15)  
・d(K-,n)Λ(1405) (E31)  
KL 
・ KOTO (E14) 
　K1.1BR + Toroidal 
・ Lepton Universality (E36) 

source, 18th J‐PARC PAC (May 2014) T. Takahashi 
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E10: Neutron rich hypernuclei via (π-,K+) reaction
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E10: Neutron rich hypernuclei via (π-,K+) reaction

),(),( +−+− KK ππ
Double Charge-Exchange (DCX)

J-PARC E10
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E10: Neutron rich hypernuclei via (π-,K+) reaction

),(),( +−+− KK ππ
Double Charge-Exchange (DCX)

J-PARC E10

Result (negative) 
PLB 729 (2014) 39

42 J-PARC E10 Collaboration / Physics Letters B 729 (2014) 39–44

Fig. 3. Mass squared vs. momentum plot of the scattered particles measured by the
SKS spectrometer in the 6Li(π−, K +) reaction. Two curves in the figure show the
momentum-dependent 2σ cut for the kaon selection.

−0.79 MeV/c at 0.8, 1.0, and 1.2 GeV/c, respectively. From these
values, the systematic uncertainty is estimated to be ±1.34 MeV/c.

We performed the measurement of the 6Li(π−, K +) reaction at
the beam momentum of 1.2 GeV/c. We used high intensity beams
of 1.2–1.4 × 107 pion/spill and the effective total number of beam
pions on the target was 1.4 × 1012 taking into account the DAQ ef-
ficiency. Since the (π−, K +) reaction has no physical background
and the cross section of the reaction is very small, contaminations
from the miss-identification of π+ and proton are the source of
the backgrounds. Fig. 3 shows the mass squared vs. momentum
plot of the particles measured by the SKS spectrometer. We se-
lected kaons by a momentum-dependent cut at ±2σ of the mass
squared resolution as indicated with curves in the figure. The con-
tamination of protons in the K + cut region is at 1% level in the
momentum range of 0.68–1.2 GeV/c, and the contamination of π+

is negligibly small.
For quantitative discussions of the 6Li(π−, K +) reaction, the

double differential cross section is derived from the following
equation,

d2σ

dΩ dM
= A

NAρx
nK

Nbeam%Ω%Mϵ
, (1)

where nK is the number of detected kaons in the missing-mass
interval %M . NA is the Avogadro number, and A and ρx are the
atomic mass and the thickness in g/cm2 of the target, respectively.
Nbeam is the effective number of beam pions on the target in-
cluding the DAQ efficiency. %Ω is the angular acceptance of the
SKS spectrometer. An acceptance map of SKS in the 2-dimensional
space of the momentum and the emission angle of K + is esti-
mated by a Monte Carlo simulation calculation based on geant4
package [28]. ϵ is the overall efficiency comes from detector and
analysis efficiencies estimated from experimental data. The differ-
ential cross section is also derived as follows,

dσ

dΩ
= A

NAρx
NK

Nbeam%Ωϵ
, (2)

where NK is the number of detected kaons, and NK = ∑
nK where

the summation runs over a spectral shape of signal events in the
missing-mass spectrum.

To confirm the validity of the procedure of the cross section
calculation, we estimated the cross section of the p(π−, K +)Σ−

reaction with the same method. Fig. 4 shows the estimated dif-
ferential cross section, dσcm/dΩ , in the center of mass frame (full

Fig. 4. Differential cross section of the p(π−, K +)Σ− reaction in the center of mass
frame as a function of the beam momentum. The open circles and the open box are
the cross sections reported by Good et al. [29] and Dahl et al. [30], respectively. The
full circle shows the present result.

Fig. 5. Missing-mass spectrum of the 6Li(π−, K +) reaction at 1.2 GeV/c. The ordi-
nate shows the double differential cross section averaged over the angular range
from 2 to 14 degrees. A magnified view around the Λ bound region is shown
in the inset. The arrow labeled as 4

ΛH + 2n shows the particle decay threshold
(5801.7 MeV/c2).

circle) in the angular range of cos θcm = 0.8–1.0 together with the
cross sections reported by Good and Kofler [29] (open circles) and
Dahl et al. [30] (open box). The differential cross sections gradu-
ally decrease with the increase of the beam momentum, and the
present result is consistent with the general trend.

Fig. 5 shows the missing-mass spectrum of the 6Li(π−, K +) re-
action. The vertical axis shows the double differential cross section
in the laboratory frame averaged over the scattering angle from
2◦ to 14◦ , d2σ̄lab/dΩ/dM in a unit of nb/sr/(MeV/c2). The es-
timation of the spectrometer acceptance has small ambiguity in
the selected angular range. The uncertainty of the missing-mass
scale is ±1.26 MeV/c2 which is estimated from the beam mo-
mentum uncertainty ±1.34 MeV/c. The continuum of the unbound
Λ formation reaction and the component of the Σ− quasi-free
production reaction are observed in the missing-mass regions of
5810–5880 MeV/c2 and above 5880 MeV/c2, respectively. A mag-
nified view in the missing-mass range of 5795–5830 MeV/c2 is
shown in the inset. Around the 4

ΛH + 2n particle decay threshold



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

so-called “K-pp”

T.Yamazaki et al.,  
PRL 104, 132502 (2010)

M.Agnello et al.,  PRL 94, 212303 (2005)

K- + p + p ~ 2.37GeV/c2
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so-called “K-pp”

T.Yamazaki et al.,  
PRL 104, 132502 (2010)

M.Agnello et al.,  PRL 94, 212303 (2005)

K- + p + p ~ 2.37GeV/c2

J-PARC experiments - ongoing - some hints 
HADES: PWA fit - no new signal needed 
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E15: search for “K-pp”
from Iwasaki
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E27 d(π+,K+)X
from Ichikawa, E27
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E27 preliminary

N 
Cusp 1P coin 

/ Inclusive

 from Ichikawa, E27

N 
Cusp 1P coin 

/ Inclusive
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E13: Hypernuclear γ-ray
4
ΛHe, 19

ΛF, 7ΛLi,...
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E13: Hypernuclear γ-ray
4
ΛHe, 19

ΛF, 7ΛLi,...

• 4
ΛHe: Charge symmetry breaking in ΛN interaction? 

compare the mirror: 4ΛHe and 4ΛH
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E13: Hypernuclear γ-ray
4
ΛHe, 19

ΛF, 7ΛLi,...

• 4
ΛHe: Charge symmetry breaking in ΛN interaction? 

compare the mirror: 4ΛHe and 4ΛH

• 19
ΛF: First γ-ray measurement on sd-shell hypernuclei 

How effective interaction changes compared to p-shell?



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

E13: Hypernuclear γ-ray
4
ΛHe, 19

ΛF, 7ΛLi,...

• 4
ΛHe: Charge symmetry breaking in ΛN interaction? 

compare the mirror: 4ΛHe and 4ΛH

• 19
ΛF: First γ-ray measurement on sd-shell hypernuclei 

How effective interaction changes compared to p-shell?

• 7
ΛLi: Magnetic moment of Λ in hypernuclei from B(M1)
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E13: Hypernuclear γ-ray
4
ΛHe, 19

ΛF, 7ΛLi,...

• 4
ΛHe: Charge symmetry breaking in ΛN interaction? 

compare the mirror: 4ΛHe and 4ΛH

• 19
ΛF: First γ-ray measurement on sd-shell hypernuclei 

How effective interaction changes compared to p-shell?

• 7
ΛLi: Magnetic moment of Λ in hypernuclei from B(M1)



S=-2
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K1.8  
・Emulsion Exp. (E07) 
・X‐ray from Ξ‐atom (E03)  
・… 

K1.8BR 
・ 3He(K-,n) K-pp (E15) 
・d(K-,n)Λ(1405) (E31)  
KOTO@KL  
E16@High‐p (φ in nuclei) 
E21@COMET  

J-PARC 2016-?

source, 18th J‐PARC PAC (May 2014) T. Takahashi 



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

E05: Missing mass spectroscopy of 12C(K−,K+)
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E03: Ξ-atomic X ray
Ξ- produced by Fe(K-,K+) → stopped Ξ- → X-ray emission

K- K+
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calculation
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E07: Hybrid emulsion ΛΛ

Goal:  
• 10000 stopped Ξ− in emulsion 

• 100 or more Λ Λ HN events
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in-medium η’ (at FAIR)

D. Jido EXA2014

!' meson in chiral symmetry

12

in order that UA(1) anomaly affects the η’ mass, chiral symmetry is 
necessarily broken spontaneously and/or explicitly.

the mass gap of η' and η is generated by chiral symmetry breaking
through UA(1) anomaly 

ChS manifest ChS broken dynamically
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D. Jido EXA2014

!’ meson in nuclear matter

15

we expect strong η’ mass reduction Δmη’ ~ 100 MeV @ ρ = ρ0

partial restoration of ChS takes place with 35% at ρ0

a simple order estimation
linear dependence of quark condensate on η’-η mass difference (400 MeV)

the mass gap of η' and η is generated by chiral symmetry breaking

NAGAHIRO, TAKIZAWA, AND HIRENZAKI PHYSICAL REVIEW C 74, 045203 (2006)

TABLE I. Input parameters determined in Ref. [59] and calcu-
lated results in vacuum in three-flavor NJL model.

Input parameters Calculated results [MeV]

! = 602.3 [MeV] Mu,d = 367.6 fπ = 92.4
gS!

2 = 3.67 Ms = 549.5 mπ = 135.0
gD!5 = −12.36 ⟨ūu⟩1/3 = −241.9 mη = 514.8

mu,d = 5.5 [MeV] ⟨s̄s⟩1/3 = −257.7 mη′ = 957.7
ms = 140.7 [MeV]

q2-dependence, θ cannot be interpreted as the η − η′ mixing
angle. The origin of the q2-dependence is that the η and η′

mesons have the internal structures.
We obtain the dynamical quark and meson masses in

vacuum as compiled in Table I with the input parameters de-
termined in Ref. [59]. In Ref. [59], the four model parameters,
namely, cutoff !, four-quark coupling constant gS , six-quark
coupling constant gD and the current s-quark mass ms have
been fixed so as to reproduce the observed values of the pion,
kaon, η′ masses and the pion decay constant, while the current
u, d-quark mass has been fixed at 5.5 MeV, which has been
taken from the results of the chiral perturbation theory and
QCD sum rule approaches. This parameter set gives an η
mass of mη = 514.8 MeV, which is about 6% smaller than the
observed value mη = 547.75 MeV. One is able to fit the mass of
η instead of the η′. The reason why we have used the present
parameter set is just we are more interested in the η′-mesic
nucleus than the η-mesic nucleus in this article because we
consider that the former is more suitable for observing the
finite density effect of the UA(1) anomaly.

In this paper, we investigate the finite density effects on
the meson mass spectra for the following three cases with the
different strengths gD of the determinant KMT interaction as

(a) gD(ρ) = gD

(b) gD(ρ) = 0 (19)

(c) gD(ρ) = gD exp[−(ρ/ρ0)2],

where gD is the vacuum strength of the determinant interaction
as shown in Table I. The gD(ρ) has no density dependence for
cases (a) and (b). In case (a), the meson vacuum properties
are well reproduced as shown in Table I, while there are no
anomaly effects in case (b). For gD = 0 case, we use slightly
different parameter set as shown in Table I in Ref. [60] to
reproduce the meson masses and the pion decay constant in
vacuum without anomaly effect. In case (c), we simply assume
the density dependence of gD as this form in order to examine
the medium effect due to density dependence of gD itself on
the meson mass spectra in finite density.

Here it may be interesting for our study to notice that there
are theoretical suggestions about possible density dependence
of gD [61,62]. In Ref. [62], the effective coupling constant
of the instanton-induced interaction is suggested to have
chemical potential dependence for Nf = 2 systems. For Nf =
3 systems, we can expect to have the similar µ dependence,
though it is not easy to show explicitly. We are interested in
studying the effect of such density dependence discussed in
Ref. [62] on meson mass spectra as future works.

(a) (b) (c)

FIG. 1. Density dependence of the quark condensates in the
SU(2) symmetric matter, ρu = ρd and ρs = 0, where ⟨ūu⟩ = ⟨d̄d⟩.
Three panels correspond to the cases (a), (b), and (c) defined in
Eq. (19), respectively. The nucleon density ρ is defined in Eq. (7) and
ρ0 is the normal nuclear density ρ0 = 0.17 fm−3.

In Fig. 1, we show the calculated quark condensates as
functions of density for three types of gD(ρ) defined in
Eq. (19). In case (b), we have switched off the effect of the
instanton-induced flavor mixing interaction and therefore the
s-quark condensate has not changed in the SU(2) symmetric
matter. The absolute values of the u,d-quark condensate
decreases significantly faster in case (c) than in case (a) when
the density goes up. It means that the contribution of the
instanton-induced interaction on the u,d-quak condensate is
sizable.

In Fig. 2, we show the calculated density dependence of the
meson mass spectra for three cases defined in Eq. (19). In the
case of constant gD (a), we find that the mass of η′ decreases
rapidly as a function of the density, while the masses of π and η
gradually increase. The instanton-induced interaction is repul-
sive for the flavor singlet q̄q channel and the effective coupling
strength is gD(⟨ūu⟩ + ⟨d̄d⟩ + ⟨s̄s⟩)/3. Since the absolute val-
ues of the quark condensates decrease as the density increase,
the effective repulsive interaction in the flavor singlet q̄q chan-
nel becomes small as the density increases. That is the reason
why the η′ mass decrease. In Fig. 2(b), we find that π and η are
degenerate completely and their masses increase gradually as
density, and the mass of η′ has no density dependence without
the UA(1) anomaly effects. Without the UA(1) anomaly effects,

(a) (b) (c)

FIG. 2. Density dependence of the meson mass spectra. Three
panels corresponds to the cases (a), (b), and (c) defined in Eq. (19),
respectively. The nucleon density ρ is defined in Eq. (7) and ρ0 is the
normal nuclear density ρ0 = 0.17 fm−3.
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functions of density for three types of gD(ρ) defined in
Eq. (19). In case (b), we have switched off the effect of the
instanton-induced flavor mixing interaction and therefore the
s-quark condensate has not changed in the SU(2) symmetric
matter. The absolute values of the u,d-quark condensate
decreases significantly faster in case (c) than in case (a) when
the density goes up. It means that the contribution of the
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sizable.

In Fig. 2, we show the calculated density dependence of the
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case of constant gD (a), we find that the mass of η′ decreases
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η’-nucleus: an attempt at GSI
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future of η’ at Super-FRS @ FAIR
Future plan at FAIR

Tagging proton in!
coincidence with deuteron

!
 - η′N → ηN or πN!
 - η′NN → NN

missing-mass 
measurement w/ S-FRS 　
decay of η’ mesic nuclei : 

 　
→ S/N ratio can be improved

!
1st Step : Inclusive measurement of (p,d) reaction with FRS at GSI!
!
!
2nd Step : Semi-exclusive measurement of (p,dp) with Super-FRS at FAIR
　　

η′ mesic nuclei
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signal 
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Open strangeness at 
FAIR

7



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

ΛΛ-Hypernuclei at PANDAThe HYP setup at PANDA 

p 

Primary target 
and tracking für 
pions from 
weak decay 

Triple Ge- 
cluster array 

from Pochodzalla  
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ΛΛ-Hypernuclei at PANDA
from Pochodzalla  

Ξ- capture:  
Ξ- p → ΛΛ + 28 MeV 

 
Ξ- 

3 GeV/c 

Kaons _ 
Ξ 

/ 
/ 

trigger 

p 
_ 

2.  
Capture  
of Ξ− in 

secondary 
target nucleus 

1. 
Hyperon- 

antihyperon 
production 
at threshold 

+28MeV 

γ 

3.  
γ-spectroskopy 

with Ge-detectors 

γ 

Production of Double Hypernuclei 

PANDA – a factory for tagged hyperons 

Low multiplicity events 
Moderate particle energies 
Close to threshold: exclusive conditions 

effective capture of hyperons in nuclei (Ξ-) 
re-scattering of tagged hyperons and and even charmed baryons   
(anti)hyperon potentials (see e.g. PLB 669 (2008) 306) 
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ΛΛ-Hypernuclei at PANDA
from Pochodzalla  

Ξ- capture:  
Ξ- p → ΛΛ + 28 MeV 

 
Ξ- 

3 GeV/c 

Kaons _ 
Ξ 

/ 
/ 

trigger 

p 
_ 

2.  
Capture  
of Ξ− in 

secondary 
target nucleus 

1. 
Hyperon- 

antihyperon 
production 
at threshold 

+28MeV 

γ 

3.  
γ-spectroskopy 

with Ge-detectors 

γ 

Production of Double Hypernuclei 

PANDA – a factory for tagged hyperons 

Low multiplicity events 
Moderate particle energies 
Close to threshold: exclusive conditions 

effective capture of hyperons in nuclei (Ξ-) 
re-scattering of tagged hyperons and and even charmed baryons   
(anti)hyperon potentials (see e.g. PLB 669 (2008) 306) 

Competition with J-PARC experiments
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Nuclei with antihyperons: unique at PANDA
/ Potential (in neutron matter)   

exclusive p+p(A) o Y+Y close to threshold within a nucleus 
Λ and / that leave  the nucleus will have different asymptotic 
momenta depending on the respective potential 
 
 
 
 
 
 
 
 
 

 
⇒ transverse momentum                                                                   
close to threshold of                                                                                
coincident YY  pairs 

J.P., PLB 669 (2008) 306 

( ) ( )
( ) ( )

p p
p p

α ⊥ ⊥
⊥

⊥ ⊥

Λ − Λ
=

Λ + Λ
p

p 

ΛΛ
20Ne 

Y Ypp = −
G G

2 2Y Y Y Yp p U m= −� 2 2Y Y Y Yp p U m= −�

from Pochodzalla  



Promising future of 
HypHI
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HypHI

projectile
target

participant
Λ

projectile 

fragment


relativistic hyperfragment
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HypHIDetection principle

Tables of kinematical relations (from simulations) 
Programmed in fast online hardware (FPGA) 

   Displaced vertex trigger

Time-of-Flight detectors 
Trackers 

Magnet

n

Residues 

p, π

Λ-Hypernucleus
target

X
Trigger

C. Rappold, PhD thesis
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Possible reach (but nontrivial reconstruction)

Known hypernuclei

104 /week

103 /week

With hypernuclear separator

Magnetic moments



some puzzles posed 
by HypHI
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Why 3ΛH lifetime so short?
p+π- for Λ 3He+π- for 3ΛH 4He+π- for 4ΛH

262      ps+56
-43 183      ps+42

-32 140      ps+48
-33

p
n

Λ
BΛ = 130 keV

Theoretically,  
τ(3ΛH) ~ τ(Λ)
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Why 3ΛH lifetime so short?
p+π- for Λ 3He+π- for 3ΛH 4He+π- for 4ΛH

262      ps+56
-43 183      ps+42

-32 140      ps+48
-33

p
n

Λ
BΛ = 130 keV

Theoretically,  
τ(3ΛH) ~ τ(Λ)

STAR & ALICE also report short lifetimes
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3Λn  (nnΛ) ??
d+π-

t+π-
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3Λn  (nnΛ) ??
d+π-

t+π-
theorists say 3Λn is unlikely to exist



this must be re-checked
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HypHI at FRS is being planned

σ = 0.8 MeV

(was 4.7)

Δp/p(π-)=1.0%, Δp/p(d)=0.1%

improve invariant mass resolution 



and also
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HypHI at Super-FRS is being considered

RMS: 

0.85 MeV



but I think (and Take Saito agrees) 
it makes sense to consider …
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HypHI @ CBM
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HypHI @ CBM
HypHI can be done @ CBM  
with no or little modifications  
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HypHI @ CBM
• Unique - new species, relativistic, 

 (no competition with the J-PARC experiments)

• Use light relativistic ions (easier reconstruction)

• Measure polarization (Λ weak decay asymmetry wrt reaction 
plane)

• Direct measurement of hypernuclear magnetic moment(s) 
(spin precession in the CBM’s target dipole)



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

HypHI @ CBM



Ryu Hayano, Int. Conf. on Science and Technology for FAIR in Europe, Worms, Oct 14, 2014    

HypHI @ CBM

spin precession in this 
magnet observable?
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HypHI @ CBM

spin precession in this 
magnet observable?

This is worth further study
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Summary
• Strange quark - not light, not heavy
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Summary
• Strange quark - not light, not heavy

• J-PARC’s emphasis is on S=-2,  
but high intensity (>100 kW) necessary

• Atomic x-ray experiments are also important

• Anti-hyperon experiments @ PANDA are unique

• HypHI @ CBM (µΛ in particular) worth pursuing


