
クォークと原子核
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クォークとレプトン　点状粒子

物質を構成するのは、u, d, e, (νe)
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低質量ハドロン

w バリオン 
n ハイペロン（Λ、Σ、Ξ） 

l ストレンジネス量子数を持つバリオン
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w メソン（擬スカラ、ベクトル）
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µ�νµ(64%)
2π(~100%)
3π(34%)

493.6
497.7
497.7

η
η’

���•�����

���•�����
3π(56%),2γ(39%)
ππη(65%),ργ(30
%)

547.4
957.8

Lifetims[s] Main
Decay channels

Mass
[MeV/c2]

ρ ���•����� 2π(~100%) 769.9

�± ���•����� Kπ(~100%) 896.1(0)
891.6(-)

ω 	�
•����� 3π(89%) 781.9
φ ���•����� 2K(84%),ρπ(13%

)
1014.9



電子散乱の実験  
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電子と陽子の散乱
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ローゼンブルースの公式

電気構造因子 
磁気構造因子

陽子の平均２乗半径=0.81 fm



非弾性散乱の運動学
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e-    (E, p) e-    (E’, p’)

q = (E-E’, p-p’)

p    (M, 0) W

Wmp mΔ mN*

d2σ/dΩdW

陽子 ハドロン粒子



電子散乱のデータ: 高エネルギー 698

a.

Physics 1990

(b) The quantity F, = v W2(o).  The “nesting” of the data observed here was the first evidence of
scaling. The figure is discussed further in the text.

Deep 
Inelastic 
Sattering 

(深部非弾性 
散乱）

核子の 
励起状態 
Δ, N*

エネルギー損失 (GeV)



電子散乱のデータ (つづき) 
点電荷との散乱 
（パートンの発見）

716 Physics 1990

II II II

in GeV-‘, vs. q* for W = 2, 3 and 3.5 GeV. The lines drawn through
the data are meant to guide the eye. Also shown is the cross section for elastic e-p scattering
divided by ffMMo,,. (da/dQ)/uMot,. calculated for 0 = 10°, using the dipole form factor. The
relatively slow variation with q* of the inelastic cross section compared with the elastic cross
section is clearly shown.

dence arising from the photon propagator. The q* dependence that remains
is related primarily to the properties of the target system. Results from 10°
are shown in the figure for each value of W. As W increases, the q 2

dependence appears to decrease. The striking difference between the be-
havior of the deep inelastic and elastic cross sections is also illustrated in this
figure, where the elastic cross section, divided by the Mott cross section for
e= 10°. is shown.
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dEdΩ
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Δ, N* の大きさ
( 構造因子 )

点状粒子（パートン）
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Electron

Low Energy

~100 MeV

Nucleus : 5 fm

~1 fm

Nucleon : 0.8 fm

~0.1 fm

Electron

High Energy

~1,000 MeV

Quark : point

< 0.01 fm

Electron

Very High Energy

>10,000 MeV



E, P
xE, xP

(1-x)P
 

パートン模型
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陽子 パートン

エネルギー E xE

運動量 pL xpL

pT=0 pT=0

質量 M xM
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全クォークが担う運動量～半分 
残りの半分はグルーオンが担う

14 19. Structure functions
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Figure 19.5: The bands are x times the unpolarized (a,b) parton distributions
f(x) (where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0
global analysis [56] at scales µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with
αs(M2

Z) = 0.118. The analogous results obtained in the NNLO MMHT analysis can
be found in Fig. 1 of Ref [55]. The corresponding polarized parton distributions
are shown (c,d), obtained in NLO with NNPDFpol1.1 [15].
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パートン=クォーク？
• スピン1/2 : Callan-Gross関係式　 

2xF1=F2 

• 分数電荷: -1/3e, +2/3e

734 Physics 1990

from Gargamelle data, shows a comparison of FvN(x) and 18/5 F”;y, where
FF” and flN each represents an average of proton and neutron structure
functions, and Fig. 11 shows the ratio of the integrals of the two structure

Mean Square Charge of lnteracting Constituents ( S =O )

Fig. 11: Comparison of the ratio of integrated electron-nucleon and neutrino-nucleon  structure
functions to the value 5/ 18 expected from quark charges. The open triangle data point is from
Gargamelle and the tilled-in circles are from the CIT-NAL Group. From Ref. [45]. The quantity
Q2) is the mean square charge of the quarks in a target consisting of an equal number of
protons and neutrons.

functions as a function of neutrino energy calculated from Gargamelle and
CIT-NAL data. In addition, the Gargamelle group evaluated the Gross-
Llewellyn Smith sum rule46 for the F3 structure function, which uniquely
occurs in the general expressions for the inelastic neutrino and antineutrino
nucleon cross sections as a consequence of parity non-conservation in the
weak interaction. This sum rule states that

H. W. Kendall 703

b.

Fig. 18. The Callan-Gross relation: K0 vs q2, where K0 is defined in the text. These results
established the spin of the partons as l/2.

704 Physics 1990

of such models. For spin l/2, R was expected to be small, and, for the naive
parton model, where the constituents are assumed unbound in the Bjorken
limit, R = q2/v2 (ie, F2 = xF1). More generally, for spin l/2 partons, R =

g(x)(q2/v2). This is equivalent to the scaling of vR.
Spin zero or one partons led to the prediction R ≠  ≠  0 in the Bjorken limit,

and would indicate that the proton cloud contains elementary bosons. Small
values of R were found in the experiment and these were totally incompati-
ble with the predictions of Vector Meson Dominance. Later theoretical
studies (Reference 50) showed that deviations from the general Callan-
Gross rule would be expected at low x and low q2. A direct evaluation of the
Callan-Gross relation for the naive parton model may be found from

which vanishes when the relation is satisfied. K0 is shown in Figure 18, as a
function of q2. Aside from the expected deviations at low q2, K0 is consistent
with zero, establishing the parton spin as l/2.

VII Epilogue

After the initial inelastic measurements were completed, deuteron studies
were initiated to make neutron structure functions accessible. Experiments
were made over a greater angular range and statistical, radiative, and
systematic errors were reduced. The structure functions for the neutron
were found to differ from the proton’s. Vector Meson Dominance was
abandoned and by 1972 all diffractive models, and nuclear democracy, were
found to be inconsistent with the experimental results. Increasingly detailed
parton calculations and sum rule comparisons, now focussing on quark
constituents, required sea quarks - virtual quark-antiquark pairs - in the
nucleon, and, later, gluons - neutral bosons that provided the inter-quark
binding.

On the theoretical front, a special class of theories was found that could
incorporate asymptotic freedom and yet was compatible with the binding
necessary to have stable nucleons. Neutrino measurements confirmed the
spin l/2 assignment for partons and that they had fractional, rather than
integral electric charge. The number of “valence” quarks was found to be 3,
consistent with the original 1964 assumptions.

By 1973, the picture of the nucleon had clarified to such an extent that it
became possible to construct a comprehensive theory of quarks and gluons
and their strong interactions: QCD. This theory was built on the concept of
“color,” whose introduction years before (Reference 51) made the nu-
cleons’ multi-quark wave functions compatible with the Pauli principle, and,
on the assumption that only “color-neutral” states exist in nature, ex-
plained the absence of all unobserved multi-quark configurations (such as
quark-quark and quark-quark-antiquark) in the known array of hadrons.
Furthermore, as noted earlier, QCD was shown to be asymptotically free
(Reference 52).



陽子の内部構造
2個のuクォーク＋1個のdクォーク 

グルーオン～50% 

海クォーク(qq) 

“色”がひしめき合う世界 

→外部は”白”
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原子核のクォークによる記
述は可能か？
原子核は、Z個の陽子とN個の中性子から構成される(A=Z+N)。 

原子核は、3A個のクォークから構成される。

これまでのところ、そうでなければ説明できない現象は見つ
かっていない。
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QCDの諸様相
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������� Frontiers in 
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(1985) 

Nuclear Force from QCD

N. Ishii, S. Aoki & T. Hatsuda,
�������
��������
������������
��
�����
Phys. Rev. Lett. 99 (2007) 022001

NN potential from
Nambu-Bethe-Salpeter amplitude

More dense..

Nucleons start overlapping.

Boundary of nucleon vanishes,
and quark Fermi-sea is formed.

Quarks highly degenerate.A=1 
クォーク閉じ込め

A=2 
バリオン間相互作用（核力）

A=∞ 
高密度核物質：QCD相転移

q

g

√αs
クォーク・グルーオンの力学 
摂動論的QCD←漸近的自由性

SU(3)Fへの拡張

マルチ・ストレンジネスの世界

クォーク多体系の世界 
非摂動論的QCD



 

EMC効果
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原子核に束縛された陽子の 
運動量分布は真空中と同じか？

1994年 
European Muon Collaboration



ハドロンと原子核
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バリオン族
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寿命＞10-10秒

ハイペロン
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Hypernuclei
A Nucleus with Hyperons

S Lifetimes[s] Main
Decay channels

Mass
[MeV/c2] Isospin

0 p: uud
n: udd

Stable(?)
887 pe-νe(100%)

938.3
939.6

1/2

-1 Λ: uds 2.63x10-10 pπ-(64%), nπ0(36%) 1115.7 0

-1

Σ+: uus 
Σ0: uds 
Σ-: dds

0.8x10-10

7.4x10-20

1.48x10-10

pπ0(52%), nπ-(48%)
Λγ(~100%)

nπ-(99.8%)

1189.4
1192.6
1197.4

1

-2
Ξ0: uss 
Ξ-: dss

2.9x10-10

1.64x10-10

Λπ0(~100%)

Λπ-(~100%)

1315
1321

1/2



World of  
Strangeness Nuclear Physics

~300 stable nuclei
>3000 unstable

Λ-hypernuclei ~38
Σ-hypernuclei     1



Normal Nuclei
Many-Body systems composed of proton(uud)& neutron(udd)

Quark many-body systems with u & d quarks only

Saturation Density: ρ0=2.5x1014 g/cm3

Binding Energy: 8 MeV/nucleon  
←Pauli Blocking, Repulsive core
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Hypernuclei
Λ(uds)-Hypernuclei, Double-Λ Hypernuclei

Quark many-body systems with u, d, & s quarks 
 
 
 
 

Implant s quark(s)  
with u, d quarks

No Pauli Blocking 
→Higher Density

u

u

u

u

uu

d

d

d
d

d
d

u

d
s

u

d
s

H.Takahashi et al., PRL 87, 212502(2001)



1x1015 2x1015

1x1012

2x1012

3x1012

4x1012

0
0

Density （g/cm3）

Te
m
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 （
K）
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ene
ss

Quark-Gluon
Plasma

Hadron Gas

Big Bang

Neutron Star
Normal Nuclei

Λ Σ Ξ
ΛΛ

Ｋ
ΛΛΛΛ
Ｋ Ｋ u

d
s ud su

ds

Strangeness Degrees of Freedom 
Something beyond the “standard” Nuclear Physics



Neutron Star core ?

N+e
N+e+n
n,p,e,µ

sup
erco
nducting protons
u,d,s
quarks

Σ,
Λ,
Ξ,
Δ

π-

K-
absolutely stable
  strange quark
              matter

crust

n,p,e,µ

R～10 km
M～1.4 M

u d sµ
ms

quark-hybrid star
traditional neutron star

neutron star with
pion condensate

neutron star with
kaon condensate

hyperon star

strange quark star

n superfluid

Fe
106 g/cm3

1011 g/cm3

1014 g/cm3

H



Brief history of Hypernuclear 
spectroscopy

Discovery of Hyperfragments (1953) by M. Danysz and J. 
Pniewski

Λ ~ p, n 

Discovery of  V particles (1947) by G. Rochester and C. Butler

ACTA PHYSICA POLONICA B 35 (2004) 
901-927.



Early days - 1950s~1960s

Stopped K- reactions in Nuclear emulsion and He bubble 
chamber

High efficiency for Hyperfragment formation

Identification of Light Hyperfragments
3
ΛH ～ 15

ΛN 

Binding energies of ground states

Spin assignments for several ground states



Stopped K- on 4He
Λ emission ~70%

Σ emission ~30%

Non-pionic ~17%



Hypernuclear Production 
by stopped K-

o(10-3) per stopped K- ; ... not so bad

! HYPERNUCLEAR PRODUCTION IN ( . . . PHYSICAL REVIEW C 82, 024609 (2010)

TABLE IX. Calculated capture rates per stopped K− (in units of 10−3) for production of 1s!

states (1− transition) and 1p! states (0+ and 2+ transitions) and selected experimental rates.

Transition Input 12
! B [3] 12

! C [2] 16
! O [2]

1− [Kχ ] 0.203 0.425 0.219
[KDD] 0.060 0.125 0.055

Experimental rates 0.28 ± 0.08 0.98 ± 0.12 0.43 ± 0.06
0+ [Kχ ] 0.096 0.216 0.134

[KDD] 0.011 0.021 0.020
2+ [Kχ ] 0.547 1.052 0.872

[KDD] 0.192 0.410 0.330
0+ + 2+ [Kχ ] 0.643 1.268 1.006

[KDD] 0.203 0.431 0.350
Experimental rates 0.35 ± 0.09 2.3 ± 0.3 1.68 ± 0.16

the measured ones; the deeper the K− potential, the smaller is
the capture rate. Since the absolute normalization of capture
at rest experimental rates is a delicate matter, we suggest to
focus on the A dependence of the measured rates, expecting
it to be largely free of the absolute normalization of the data.
The calculated capture rates for a given K− optical potential
decrease as a function of A, with the fractional difference
between the rates calculated for the two extreme K− optical
potentials, the shallow [Kχ ] and the deep [KDD], increasing
steadily with A. We find other dependencies of the calculated
capture rates to be secondary to the dependence on the K−-
atomic w.f. in the range studied here. We argue that a dedicated

experimental study of 1s! capture rates in p-shell targets,
such as reported recently by the FINUDA Collaboration in a
preliminary form [6], could yield useful information on the
depth of the threshold K− optical potential by comparing
the measured A dependence with the A dependence of the
calculated capture rates listed in Table VI.
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In-flight (K-,π-) in 1970s

Heidelberg-Saclay group

“Magic momentum” - Recoilless condition

Population of Substitutional States:

Spectroscopic information on Excited states

Small Spin-Orbit splitting in Λ hypernuclei
€ 

(pn
−1, pΛ )



Recoil Momentum of 
Hyperon



Data in the (K-,π-) reactions

16
ΛO

δp=0.8±0.7 MeV → VLS=4±2 MeV 

V0=30 MeV

For ordinary nuclei: 
V0~50 MeV,VLS=20 MeV

U⇤ = V ⇤
0 f(r) + V ⇤

LS

✓
~

m⇡c

◆2 df(r)
rdr

~̀ · ~s, f(r) = {1 + exp[(r �R)/a]}�1



BNL-AGS & KEK-PS in 1980s ~ 
1990s

Σ hypernuclei in (K-,π-) 

narrow states → not reconfirmed 

one bound state       →confirmed 

Success of (π+,K+) Spectroscopy 

Success of Hypernuclear γ Spectroscopy 

H-particle search, Double-Λ hypernuclei€ 

Σ
4He



in the 21st century

(e,e’K+) at JLab

∆E~0.9 MeV               0.3 MeV

(K-
stop, π-) at DAFNE/FINUDA

∆E~0.7 MeV 

J-PARC, GSI, Mainz, ...



ハイパー核
の作り方



How to produce hypernuclei ?

Strangeness exchange reactions: (K-, π-)

Large cross section ~ mb/sr at 0 deg.

K- intensity limited

u
s

K-

u
d
d

n

u

s

π-

u
d

d

Λ

K-+n → π-+Λ



Associated production:    (π+, K+),  (e,e’K+)

Smaller cross sections: ~10μb/sr, ~1nb/sr

High intensity beams:  >106 π+,  >1013 e-

u
s

K+

u
d
d

n

u

s

π+

u
d

d

Λ

π++n → K++Λ



生成反応とその収量
(K-,π-) (π+,K+) (e,e’K+)

pBEAM (GeV/c) ~0.7 1.05 1.8

dσ/dΩ(µb/sr) 1000 10 10-3

IBEAM  (s-1) 10+5 10+6 >10+13

∆Ω (msr) 20 100 20

nx (g/cm2) 3 3 0.1

∆E (MeV) 3 2 0.2

Relative Yield 2 1 >3



反応機構
DWIA (Distorted Wave Impulse Approximation)

Impulse Approx. : pinc→high, λ=h/p→small « 1fm

核内での遷移振幅 ~ 自由散乱の遷移振幅

+ + +

1回散乱 2回散乱 3回散乱 ...



1 + “2” →3 + “4”

tj : 素過程反応

  　　　　　  :  平面波(PWIA)、or 歪曲波(DWIA)

�
d2�fi

d�3dE3

�

lab

=
p3E3

(2�)2v1
|Tfi|2�(� � E1 + E3)

Tfi = ��(�)
3 |�f |

�

j

tj |i�|�(+)
1 �

�(�)
3 , �(+)

1



�(�)�
3 (r)�(+)

1 (r) = exp{iq · r � 1
2
�eff

� �

��
�(b, z�)dz�}

Distorted Wave
Eikonal Approximation: E » U, pR »1

b
z

�(+)(b, z) = eipz�(b, z)

[��2 + µ2 � �2]�(+)(b, z) = �2�U�(+)(b, z)

� = exp{�iv�1

� z

��
U(b, z�)dz�}

2�U(b, z) = p�tot�(b, z)

Mean free path = 1/ρσ=1/(4 fm2)(0.15 fm-3)=1.6 fm,  σ=40 mb

→核表面での反応が支配的



Effective nucleon number
素過程(1+2→3+4)での微分断面積を使う
�

d2�fi

d�3dE3

�

lab

= �

�
d�

d�3

�

lab

Neff (�lab; i� f)�(� + E3 � E1)

� =

�
1 +

E(0)
3

E(0)
4

p(0)
3 � p1 cos �lab

p(0)
3

�
p3E3

p(0)
3 E(0)

3

２体系((0))から多体系への運動学因子



Spectroscopic 
Information

Mass→Binding Energy

Missing Mass measurement in in-flight reactions

Weak decays of Hyperfragments

Spin Assignment

Weak Decay

Gamma Decay



208Pb(e,e’p)
ZAN(e,e’p) Z-1A’N: nucleon hole state

Deep Hole States → Large Spreading Width > a few MeV





Excited levels  
of Λ-hypernuclei



Monochromatic Peak
Mesonic decay of Hyperfragments

4ΛH→π- + 4He; pπ = 132.9 MeV/c

v

L5

W 0.05

0.10

T. Motoba et al. / Continuum pion spectra

Calculated 7r-mesonic decay rate 1 ' ( ; H) and various ratios . Al l decay rates are in units of the free- , j
decay rate I ' , = I ' ' ) , , '+ I ' ' , ° ' (cf . eq. (2 .26)) except the l i fetime r given in 10 - '"s . Two kinds of the adopted
.1-wave functions are headed by ORG and YNG, respectively . DW and Free denote the pion wave with

and without distortion due to the optical potential . Trial estimates of the non-mesonic and total decay
rates are l isted

Final state

 

46, (ORG)

 

6, (YNG )
vDW [Free] 7rDW [Free]

;H(o +) -o 3H+n+~~

 

0.150 [0.1151 0 .172 [0.135]1
- (A) 4 He(0G)+7r - 0.525 [0.5601 0 .418 [0.445]
->(B) `H+p+ir -
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[0.2461
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[0.3571

 

0.720

 

[0 .5531

 

0 .33 ") , 0.43 ® )
(7r - ; sum)
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[0.7601
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10 .6911
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0.891

 

10.8261
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0 .20~0.10

 

0 .19~0.09
1 .13
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1 .46 +1)85 ) , 1 .32 ±0.
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(2 .33)

 

(2.44)

 

(1 .8± ' i .â)6) , (2.Ot0.8)~) ,
(2.68- ;_na) h)

a ) The non-mesonic decay rate is evaluated by the above r- ' and the observed ratio Q - l ' , , , , , , / l '= =
0.26 +_ 0.13 by Keyes et aL 22 ) , 1 / s =

 

= r, , , + 1 ' , , +r ..
h ) Bertrand et aL ' 9 ) .

 

`) Davis 33) .

` ' ) Ammar et at '4).

 

e) Block et al. 56).

` ) Prem and Steinberg ' 5 ) .

 

9 Murphy 16) .

h ) Phi l ips and Schneps 57) .

TABLE 3

1191 103.1 100.5 97.2 95.5 90.3

4H- - .3H + p + Ic

Exp .

A :YNG

x : DW
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Fig . 9. The theoretical ir - decay spectrum F. , - (AH) / l , , as a function of the proton- 3 H relative
energy E . .



Quasi-monochromatic
5ΛHe→π- +p+4He; pπ = 99.9 MeV/c, ∆p~1.4 MeV/c

3

T. Aiotoba et at / Continuum pion spectra
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e theoretical . - decay spectrum F.. , - ( ;1- le) /T, with YNG drawn as a function of the pa
relative energy E, . is compared with the observed - ,r - decay spectrum taken in the emulsion
experiment

 

The calculated .a - decay rate is compared with the experimental values ` ` ' , ` °) in
table 1 and f ig . 5 .

detai ls, however, the theoretical strength in this PI /2 region seems to be a l ittle
underestimated in comparison with the observed probabi l ity .

As concerns the total zr - decay rate of , He, the YNG theoretical value is closer
to the recent experiment ' 2 ) than the ORG one :

 - ( )cal / T, =0.321 (ORG) , 0 .393 (YNG) vs. 0.44t0.11 (exp . ) [ref. ' 2 ) ] .
(3 .4)

From the emulsion data, Bohm et al . ' °) deduced a l ittle smal ler but comparable
decay rate (0.26-0 .42T, ) from the observed l i fetime r( ; He) combined with the ratio
Q - ( ; He) [ref . ' )] . As displayed in f ig . 5, the YNG(A N) interaction gives larger
ir-decay probabi l it ies for ; He than the ORG interaction . This is because the p-state
nucleon wave function in the f inal a + N state has a larger overlap with the YNG
A -wave function which extends more outside than the ORG one (cf . f ig . 2) . Thus,
when the experimental resolution is improved, the weak decay pion wi l l play an
important probe to know the A behavior in the nucleus and hence the A N interaction .
The ORG and YNG interactions lead to almost the same 7r ° / ir - ratio 0 .55 . Dal itz
and Liu predicted the simi lar ratio =0.5 in the simpl i f ied treatment 4 ) .

Kurihara et al. 39 ) have calculated T, ( ; He) without the f inal -state interaction and
the pion wave distortion . The decay rates with a f ixed 9, are close to our FREE
values, but they are sensit ive to the g, employed . Moreover, the present conclusion



Mesonic Decay Rate
Γπ/ΓΛ~0.4 - 0.6 for light fragments610

 

T. Motoba et al. / Continuum pion spectra

ESONIC DECAY

 

o CAL-ORG

 

%CAL-YIVG

l , -e

8

Fig. ; . Summary of the theoretical =-decay rates in units of l ' , . The open circle and the cross correspond
to ORG and Y~G, respectively.

 

e -.7 - decay rates of , , He in the case of the F® .1 .1 interaction are
also shown . The experimental values for

 

He are taken from refs.

4, st t

 

functions for the ; , ; f ie

 

ionic decay

en one of the two A 's in , ; He decays by emitting a pion, the f inal states
consist of e+ N+ ar i f the excitation of ax itsel f (as ; He*) is reasonably neglected
here . Then the hypernucleus 'He= a + A is treated to play a role of the core (C)
in the formulae in sect. 2 . Considering two A 's, a factor of 2 is necessary in applying
the formulae for the decay rate .

As described in sect . 2 .1, f irst we employ in sect . 4 .1 the A -wave function derived
from the reduced width ampl itude based on the three-body calculation with the
"standard" (STD) attractive AA interaction 45) which is based on the Ni jmegen
Model -E force 49 ) . This solution corresponds to the "standard" A -binding energy
B, ( , 'He) = 7 .8 MeV deduced from B_, . , ( .16 He)exP =10 .9 t 0 .5 MeV [ref. 46 )] with
B, ( He)" ' = 3 .12 t 0 .02 MeV, and hence it corresponds to AB, , = 4 .7 MeV.

Recently the new experimental f inding of . ; , Be or ; ; B was reported from KEK
(E176 ; ' ' ) . As for the AA interaction, the latter candidate is consistent with the
previous data giving attractive AB. , , = 4 .3 f 0 .4 MeV [refs . 23,47)] , whi le the former
leads to a possibi l ity of the repulsive AA interaction AB, , . , = -4 .9 t0 .7 MeV . Starting
from the Ni jmegen Model -F potential 49) Yamamoto et al. 48 ) tr ied a theoretical
analysis, showing that the YYG(AA) -FO parametrization (r, = 0.6 fm) gives rise to
the repulsive AA interaction . The a + A + A three-body calculation was repeated
by employing this FO AA interaction in addit ion to the A N interaction (QRG or
YIN) , which leads to the prediction AB . , , , = -0 .60 MeV for .1 .6, He . Therefore it is
interesting to try the new A wave function corresponding to this smal l A binding
energy B, , ( .  He) = B, ( , ; He) + AB, , , , = 2 .5 MeV.



γ-ray spectroscopy
624 O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653

Fig. 44. Production of hyperfragments from stopped K− reactions and their γ spectroscopy. Here, γ – γ and γ – π

coincidence methods are useful for identifying hypernuclei. Taken from [105].

particular, it is known that hyperfragments are produced abundantly from stopped K −

absorption; the production rate for any hypernucleus is measured to be about 10% per
stopped K − for the light (C, N, O) target nuclei in emulsion and about 50% for the heavy
(Ag, Br) target nuclei in emulsion [108]. In this method, various hypernuclear species
including neutron-rich and proton-rich hypernuclei can be produced and their γ transitions
can be observed as shown in Fig. 44, although the production rates of neutron- and proton-
rich hypernuclei are much lower than others.

Since the production of hypernuclei is not tagged in this method, it suffers from
backgrounds from normal nuclear γ rays and neutrons, and particularly from backgrounds
due to fast-neutron induced γ rays from surrounding materials. In addition, a Doppler shift
correction is impossible when the stopped K − is used, since information on the recoil of
produced hypernuclei cannot be obtained. Identification and assignment of hypernuclear
γ rays are not straightforward, but they are possible by using the γ – γ coincidence with
another transition in the cascade γ decay or with γ rays emitted in the daughter nuclei after
weak decay [109]. One can also measure a coincidence with pions from weak decay [34,
35], as illustrated in Fig. 44. Target dependence of the γ -ray yield is also helpful for
assigning the hypernuclear species (see Section 5.11).

This method was used in early experiments with NaI detectors, and even in the first γ -
spectroscopy experiment [18], but only the A = 4 hypernuclear transitions were observed.
Recently, it was revived with Hyperball (KEK E509), by taking advantage of the excellent
resolution of Ge detectors, as described in Section 5.11.

by H. Tamura



Charged-particle Spectroscopy

magnetic spectrometer: ∆p/p > 10-4

∆E = 0.3 ~ 2 MeV

Absolute Energy Level

selectivity for produced states

Gamma-ray Spectroscopy: Low detection efficiency

NaI(~100 keV), Ge( 2-3 keV): Excellent Resolution

Energy level separation

Low-lying states below particle-emission threshold



Sticking probabilities

(K-,π-): q<100 MeV/c→∆ℓ=0 dominant

Sk(q;nN lN , nY lY ) =
����HO

nY lY (r) |jk(qr)| �HO
nN lN (r)⇥

��2



Angular Distributions
∆ℓ = 0

sN→sΛ 

p1/2N→p1/2Λ 

∆ℓ = 1

p3/2N→s1/2Λ  

∆ℓ = 2
p1/2N→p3/2Λ



(K-,π-) on 12C&16O
a a

b b



Angular distribution in (π+,K+)

T.Takahashi et al., Nucl. Phys. A670 (2000) 265c.
Cal. by K.Itonaga et al., Phys. Rev. C49 (1994) 1045.

Small change of q
12ΛC: good agreement with a DWIA cal.



Spin of 4ΛH (1)

4ΛH=3H(1/2)+Λ(1/2) 

Initial State: J=0 or 1 

Final State:π(0-), 4He(0+) 

s-wave(J=0) or p-wave(J=1) 

isotropic or cosΘ2

4
�H� �� +4 He



R4 = (4ΛH→π-+4He)/(all π- decays of 4ΛH)

v.s. p2/(s2+p2)

Spin of 4ΛH (2)

4
�H 4He

n  n  p Λ n  n  p p

0+       →        0+

n  n  p Λ n  n  p p

1+       →        0+

s-wave

p-wave

R4

p2

s2 + p2



Motivations of  
Hypernuclear Spectroscopy

Extract YN and YY interactions

difficulties in YN and YY scattering measurements

Hyperon as an impurity

structure change, new symmetry, etc.

Hyperon in nuclei

effective mass, magnetic moment, etc.



Realistic Nuclear Force
Based on a lot of pp & pn scattering data:

~5900 dσ/dΩ, >2000 Pol., +1700 data
PWA-93
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1

10

100

1000

PWA93 Berdoz et al., SIN(1986)
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pp observable d!/d% at Tlab = 50.06 MeV

Th.A. Rijken University of Nijmegen KYOTO08: YN and YY Interactions – p.17/84
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Th.A. Rijken University of Nijmegen KYOTO08: YN and YY Interactions – p.18/84



NN

YN

from Dover & Feshbach Ann.Phys.198(90)321

Λ+p, Σ++p, Σ−+p and Ξ−+p scattering

������	 ������
	 
����
��� 	
�� �	�� ��
�
	 �
	��

Hyperon-Nucleon 
Scattering

n Ξ-p elastic scattering 
and Ξ-p→ΛΛ reaction

n Asymmmetry in Λp and 
Σ+p elastic scattering

Σ±p, Λp: only 38 data points



Baryon-Baryon Interaction
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Baryon-Baryon Systems in SU(3)

Understanding of the flavor SU(3) 
baryon-baryon interaction 

Y-N, Y-Y < N-N ? 
Repulsive or Attractive ? 

Repulsive cores in Y-N/Y-Y ?  
What’s the origin ? 

Spin-dependent forces in Y-N/Y-Y. 

Dibaryons

H Dibaryon ?



Short-range forces (=repulsive core, LS force) determine the 
“basic properties of nucleus” (=saturation, magic number).

  
 ・NN repulsive core 
   Δ-N mass difference 

                        　      　　 ↓ 
　　　H dibaryon (SUf(3)xSUf(3) singlet) 
        = Attractive core in ΛΛ-ΞN channel   

　 
 ・ΣN (I=3/2,S=1) strongly repulsive core  
                                       ← quark Pauli blocking 
 ・ LS force → quark gluon exchange 
          →    Λ : very small 

                 Σ : as large as N 

→ color magnetic int.　

[u↑u↓d↑d↓s↑s↓]

 from textbook by Tamagaki

Quark Cluster Model

Do we understand the Nuclear Force ?

Hard Core

LS Force

π

ρ,ω

π
π
σ

meson exchange picturequark-gluon picture



Introduction: Competing BB-models

Theory Interest in Flavor Nuclear Physics

• Recent Model building:

1. Nijmegen models: OBE and ESC Soft-core (SC)

Rijken, Phys.Rev. C73, 044007 (2006)

Rijken & Yamamoto, Phys.Rev. C73, 044008 (2006)

Rijken & Yamamoto, arXiv:nucl-th/060874 (2006)

2. Chiral-Unitary Approach model

Sasaki, Oset, and Vacas, Phys.Rev. C74, 064002 (2006)

3. Jülich Meson-exchange models

Haidenbauer, Meissner, Phys.Rev. C72, 044005 (2005)

4. Jülich Effective Field Theory models

Polinder, Haidenbauer, Meissner, Nucl.Phys. A 779, 244 (2006)

5. Quark-Cluster-models: QGE + RGM
Fujiwara et al, Progress in Part. & Nucl.Phys. 58, 439 (2007)

Valcarce et al, Rep.Progr.Phys. 68, 965 (2005)

Th.A. Rijken University of Nijmegen KYOTO08: YN and YY Interactions – p.4/84

Th.A. Rijken



QCd-world I
QCD-world I: mesons and baryons

u d s
c b t

g
Colored Quarks and Gluons⇔

⇐= Out-integration c,b,t

u d s
g

EFT I, scale Λ >> 1 GeV/c2

weak-coupling g << 1
⇔

⇐= Low-Energy world

mesons, baryons, glue-balls

Chiral-Quark-Model:
scale Λ ≈ΛχSB ≤1 GeV/c2

strong-coupling g ≈1
⇔

⇕

⇐ Lattice-QCD
Flux-tubes, string-states
QQ̄- and QQQ- bound-states
QQ̄-dressing Baryons, Mesons

Th.A. Rijken University of Nijmegen KYOTO08: YN and YY Interactions – p.6/84

Th.A. Rijken



QCD-world II
QCD-world II: Baryon/Meson-baryon Interactions

 baryons,
mesons

quarks, 
gluons 

N, Λ,Σ, Ξ
π,K, η, η′

Goldstone-boson exch.
+ contact-terms
Chiral Pert. Models:
Van Kolck, Epelbaum,
Bonn-Jülich, Barcelona, etc.

Baryons,mesons,
M ≤ 1.5 GeV/c2

Meson-exchange models
Nijmegen NSC97, ESC04,
Ehime, Jülich, etc.

Quark-Cluster
RGM-approach

Quark-Gluon-
+ OBE-exchange
Tokyo, Kyoto-Niagatta,
Tübingen, Salamanca,
Nanjing, etc.

Th.A. Rijken University of Nijmegen KYOTO08: YN and YY Interactions – p.7/84

Th.A. Rijken



Quark Pauli principle
(0s)6 is not allowed for [51]

n: -|ddu>{2|++->-|+-+>-|-++>}/3√2

Σ-: |dds>{2|++->-|+-+>-|-++>} /3√2

Short-range Phenomenology-3

SU(6)fs-contents of the various potentials

on the isospin,spin basis.

(S, I) V = aV[51] + bV[33]

NN → NN (0, 1) VNN (I = 1) = 4
9V[51] + 5

9V[33]

NN → NN (1, 0) VNN = 4
9V[51] + 5

9V[33]

ΛN → ΛN (0, 1/2) VΛΛ = 1
2V[51] + 1

2V[33]

ΛN → ΛN (1, 1/2) VΛΛ = 1
2V[51] + 1

2V[33]

ΣN → ΣN (0, 1/2) VΣΣ = 17
18V[51] + 1

18V[33]

ΣN → ΣN (1, 1/2) VΣΣ = 1
2V[51] + 1

2V[33]

ΣN → ΣN (0, 3/2) VΣΣ = 4
9V[51] + 5

9V[33]

ΣN → ΣN (1, 3/2) VΣΣ = 8
9V[51] + 1

9V[33]

Th.A. Rijken University of Nijmegen KYOTO08: YN and YY Interactions – p.43/84

Quark Cluster Model of Baryon-Baryon Interaction 11

One can interpret the above feature in a slightly different way. By multiplying
⟨∆++∆++ δ(R − S)| from the left of Eq. (3.6), one obtains

⟨∆++∆++ δ(R − S)|A|∆++∆++ χ0s(R)⟩ =
∫

N (S, S′)χ0s(S′) dS′

= eχ0s(S), (3.7)

where N (S, S′) is the normalization integral kernel defined by Eq. (3.5) and e is the
eigenvalue of N associated with the eigenstate χ0s. The forbidden state yields e = 0,
while one obtains e = 1 if no antisymmetrization (A = 1) is considered. In general,
the eigenvalue e gives a good indication of the nature of the short-distance interaction
of two baryons. Namely, if e < 1 then the channel has a partially forbidden state
and the baryonic potential has a repulsion at short distances. If instead e > 1, then
the potential will have no repulsion due to the Pauli principle.

Table I shows various baryon-baryon channels with L = 0 and the corresponding
eigenvalue e for χ0s(S) of the normalization kernel. The above illustrative example
corresponds to ∆∆(2, 3) channel.

It is also interesting to note that the above argument can be placed in the group
theoretical terms. We consider the symmetry group for the six quarks, S6. The total
wave function should have [111111] = [16] symmetry, which is the internal product
of the orbital, spin, flavor and color symmetries. The color symmetry must be [222]
so that the whole system is color SU(3)c singlet. The spin symmetry is given by
[33] for S = 0, [42] for S = 1, [51] for S = 2 and [6] for S = 3. The same for the
isospin, if we consider only nonstrange systems. The combination of the spin and
flavor symmetries give representations for the spin-flavor SU(6)sf symmetry. As the
ground state baryons belong to the 56-dimensional or [3] symmetric representation of
SU(6)sf , two baryon system is classified by [3]⊗ [3] = [6]⊕ [51]⊕ [42]⊕ [33] symmetric
representations. Among them, [6] and [42] are symmetric under the exchange of two
[3] and [51] and [33] are antisymmetric. We need the antisymmetric combinations
for the S-wave two baryon systems so that the whole wave function is antisymmetric
under the exchange of the baryons. Thus, [51]sf and [33]sf are relevant for L = 0
BB′ states, where B and B′ are the ground state baryons. It is, however, easy to see
that the [51]sf symmetric SU(6)sf state cannot have the totally symmetric orbital
wave function because the color [222]c and the spin-flavor [51]sf symmetries do not
form the totally antisymmetric state: [222]c × [51]sf × [6]o ̸= [16]. Thus we find that
the totally symmetric orbital state such as (0s)6 is not allowed for the [51] symmetric
SU(6)sf systems. This corresponds to the forbidden state discussed above. We find
that SU(6)sf [51] state has e = 0, while [33] state has e = 2 (maximum symmetry).

Table I shows the classification of the BB′ states in terms of the SU(6)sf repre-
sentations. As the spin-spin interaction breaks the SU(6)sf symmetry (as seen from
the N -∆ splitting) the BB′ states, such as NN , NΛ, etc., do not belong to an irre-
ducible representation of SU(6)sf. Thus the eigenvalue e for each state designates
how much the state contains the [51] component. The larger is the [51] components,
the stronger the repulsion is due to the quark Pauli principle.



Hypernuclear structure and  
ΛN interaction
✔VΛN=U0+VsσN•σΛ+VΛlNΛ•σΛ+ VNlNΛ•σN+VTS12

U0

M,*

VLS

Central Attraction Only Central + Spin-Orbit Force(a) (b)

p: M=1

s: M=0

d: M=2

f: M=3



Glue-like role
Energetical stabilization 
Resonant states in neutron-rich nuclei 
→Bound states in Λ-hypernuclei 

Impurity Effect -1



Impurity Effect -2
Structure Change

Shrinkage of nuclear clusters

B(E2) ∝|<f| e r2 Y2 |i>|2  

          ∝R4  or  (β<r2>)2



New symmetry: 
Supersymmetric state or 

Genuine hypernuclear state

α αΛ

s
[(αα)⊗sΛ]      8Be-analog

α αΛ

p⊥

[(αα)⊗p⊥Λ]      9Be-analog

α αΛ

p//

[(αα)⊗p//Λ]      Genuine hypernuclear

Be9
Λ

9Be(⇡+,K+)9⇤Be

Impurity Effect -3



(π+,K+) Spectroscopy
Merits

Large momentum transfer  q~350 
MeV/c

Efficiently produces deeply-bound 
states

Low backgrouds: γ, n

Demerits

No difference in angular distributions

(K-,π-)

(K-stop,π
-)

(π+,K+)



(π+,K+) Spectroscopy
❚ Reaction mechanism:  

❚ Dover, Ludeking, Walker, Phys. Rev. C22(1980) 2073. 

❚ Success at BNL(1985, 1988) 
❙ ∆E~3 MeV 
❙ Up to 89ΛY 

q~350 MeV/c

natural-parity stretched states 

[(lNjN)-1(lΛjΛ)] with J=lN+lΛ

Textbook 
Example !



Superconducting 
Kaon 
Spectrometer 
for the (π+,K+) 
reactions 
Constructed by INS, 
Univ. of Tokyo,  
from 1987 to 1990 
In operation since 1992 

Bmax=3T(500A) 
Pole Gap=50 cm 
10.6 MJ stored 
Cold Mass ~4.5 t 
~280 tons

SKS spectrometer at KEK-PS



Design Specifications of the 
SKS

• Momentum resolution:  
0.1%(FWHM) at 720 MeV/c 

• Solid angle: 100 msr 
• To get enough yields 

• Short Flight Path: ~5 m 
• To reduce K+ decays 

• Initial Goal of Energy Resolution: 
2 MeV(FWHM)



K6 Beam Line for the SKS
• Momentum range: 0.5~2.0 GeV/c 

• Momentum bite: ±3% 

• Momentum resolution: 0.1%
(FWHM) 

QQDQQ system 

• Acceptance: 1.9 msr 

• Channel length: 30 m 

• ~2x106 π+/spill 

          at 1 GeV/c



Challenges in the SKS

• Good Energy Resolution: <2 MeV(FWHM) 

• Magnetic Field Mapping: ∆B/B<10-3 
• Fully automated 3D positioning system 

• (120,000points x 7excitations) in 1.5 months  

• Very careful calibrations 

• 3 T magnet with very low heat leak 
• He transfer line with rotation capability



Momentum resolution

K6 Beamline

Matrix representations 
for magnets

<x’|θ>~0

Resolution in 1st order

€ 

QQDQQ =

" x x " x y " x ϑ " x ϕ " x δ
" y x " y y " y ϑ " y ϕ " y δ
" ϑ x " ϑ y " ϑ ϑ " ϑ ϕ " ϑ δ

" ϕ x " ϕ y " ϕ ϑ " ϕ ϕ " ϕ δ
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! 
" x out = QQDQQ

! 
x in

! 
x = x,y,θ ≡ dx /dz,ϕ ≡ dy /dz,δ ≡ (p − p0) / p0( )
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" x x σ x

" x δ



(π,K+) experiments with 
SKS

E140a: 10B, 12C, 28Si, 89Y, 139La, 208Pb
Phys. Rev. C 53 (1996) 1210.

E336: 7Li, 9Be, 13C, 16O 
Nucl. Phys. A 639 (1998) 93c, Nucl. Phys. A 691 (2001) 123c.

E369:  89Y, 51V,  12C in high-resolution
Phys. Rev. C 64 (2001) 044302.

E521: 10B(π-, K+)
Phys. Rev. Lett. 94 (2005) 052502.



E140a: 
First (π+,K+) exp. with the SKS

Targets:10B, 12C, 28Si, 89Y, 139La, 208Pb 
 12ΛC: First observation of core-excited states 

Confirmed Λ Shell Structures up to 208ΛPb

T.Hasegawa et al., Phys. Rev. C53 (1996) 1210

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

Fig. 27. Missing mass spectrum of 139
Λ La and 208

Λ Pb measured in E140a [23].

neutron hole configurations, h−1
11/2, g−1

7/2, g−1
5/2, are expected to contribute to the excitation

spectrum with considerable strength and for 208
Λ Pb, two configurations, i−1

13/2 and g−1
9/2,

are important. The spectra were fitted taking into account these neutron hole excitations
as labeled in Fig. 27. For simplicity of analysis, the spectral shapes for each series of
neutron hole excitations were fixed but the relative strengths were allowed to vary. The
energy difference between the major and sub-major hole series were also fixed to averaged
experimental values. Eg9/2− − Eh11/2− = 3.44 MeV and Eg7/2− − Eh11/2− = 8.92 MeV for
139
Λ La and Eh9/2− − Ei13/2− = 2.48 MeV for 208

Λ Pb. The fits to the spectra based on these

assumptions are presented in Fig. 27. The binding energies of a Λ hyperon in 139
Λ La and

208
Λ Pb were then inferred assuming they correspond to the peak centroids of the bumps.
Although the binding energies may depend on details of the bump structures that are
not known experimentally and theoretically, the centroid values can be reasonably well
deduced from the fitting. The results are listed in Table 13. Values of binding energies for
28
Λ Si and 89

Λ Y are also given in the table, assuming the weighted center of the doublets seen
for each l represents the Λ orbits.

The observed spectra are significantly smoother than those expected from the DWIA
calculation and the experimental energy resolution. Possible sources of this smoothness
are: (1) larger spreading widths of high-l neutron hole states of the core nucleus, (2) greater
contributions from various deeper neutron hole states and core excited states, and (3) other
reaction mechanisms not taken into account in the shell model + DWIA calculation.

Therefore, it is of vital importance to perform precision spectroscopy of medium-heavy
Λ hypernuclei with mass resolution comparable to or better than the energy differences of
core excited states, in order to further investigate the structure of the Λ hyperon deeply

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

Fig. 29. Hypernuclear mass dependence of a Λ hyperon binding energy in various orbits.

In general, a Λ hypernuclear potential can be expressed using the Woods–Saxon form
as

UΛ = V Λ
0 f (r) + V Λ

L S

(
!

mπc

)2 1
r

d f (r)

dr
ls (8)

f (r) = [1 + exp((r − R)/a)]−1. (9)

Assuming the Woods–Saxon functional form of the Λ hypernuclear potential, the
depth and diffuseness were obtained by fitting the binding energy data for 12

Λ C, 89
Λ Y,

139
Λ La and 208

Λ Pb with no spin–orbit splitting. The fitted values for this particular data
set are V Λ

0 = −31 MeV and aΛ = 0.84 fm, with the radius of the potential R =
R0(A − 1)1/3 (R0 = 1.1 fm). If we take standard parameters for the Woods–Saxon
potential as V Λ

0 = −30 MeV, aΛ = 0.6 fm and V Λ
L S = 2 MeV [47], the result also explains

the A dependence satisfactorily. Since a single potential with the above mass dependence
describes the binding energies consistently in the wide mass region, it can be said that the
single-particle nature of a Λ hyperon persists to first order even for deeply bound orbits of
Λ hypernuclei as heavy as A = 208 [23].

There have been a number of theoretical discussions on the Λ single-particle potentials.
Millener et al. discussed the density dependence and non-locality of the potential [71]
and Yamamoto et al. studied three-body ΛN N forces and Λ effective mass in the Skyrme
Hartree–Fock approach [72] using the data up to 89

Λ Y. Later, the Skyrme–Hartree–Fock
treatment was extended taking into account both the published and unpublished data up to
208
Λ Pb presented here [73].

An interesting question was raised by Dover about the distinguishability of a Λ hyperon
as a hyperon in a nucleus [74]. It was suggested that the mass number dependence of
the binding energies could differ depending on whether a hyperon keeps its identity as
a baryon in a nucleus or not. In other words, the quark picture and the baryon picture
of Λ hypernuclear states would yield different hypernuclear mass dependences of the Λ
binding energies. Although it may be claimed that the argument is too simplified, precision



E369: Λ12C

 Best energy resolution 
 ∆E(FWHM)  
=1.45 MeV 
 
 

   2.0 MeV



Core-excited states of Λ12C
•  New states are resolved. 

Effects of ΛN spin-dependent forces
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Parity-mixing intershell 
coupling
• T. Motoba, in HYP97(Nucl. Phys. A 639 (1998) 135c.)

Λ
12C;J + = s4p7[ ]

−
⊗1pΛ + s 4p6 (sd)1[ ]

+
+ s3p8[ ]

+{ }⊗1sΛ



E336: 9ΛBe
Observation of “genuine” hypernuclear 
states or “Supersymmetric” states

T.Motoba, Il Nuovo Cim. 102A (1989) 345.

O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653 587

Fig. 14. Calculated energy levels of 9
ΛBe for three cluster configurations. A band corresponding to genuine

hypernuclear states appears as an α − α − Λ(pΛ) configuration. The 9
ΛBe spins before the Λ spin is coupled are

shown [3].

Fig. 15. Excitation spectrum of 9
ΛBe measured using the (π+, K+) reaction with the SKS spectrometer system.

p∥
Λ hyperon to the core of 8Be 1− and 3−. Previously, the BNL exploratory 9

ΛBe spectrum
suggested the excitation of the predicted genuine hypernuclear states [20]. The present
spectrum confirms and clearly establishes the existence of these states.

In addition, structure is observed at about EX = 15 MeV. It can be considered as an α

cluster excitation of the core nucleus, as was predicted in the recent cluster calculations of



E336:Λ7Li ,Λ13C, Λ16O
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].
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Table 9
Excitation energies and relative hypernuclear yields of 10

Λ B measured in the KEK E140a experiment [23]

Peaks BΛ or EX FWHM Relative yield
(MeV) (MeV) (arbitrary)

# 1 BΛ = 8.1 ± 0.1 2.2 (fixed) 0.17 ± 0.02
# 2 EX = 2.5 ± 0.2 2.2 (fixed) 0.20 ± 0.02
# 3 EX = 6.2 ± 0.3 2.2 (fixed) 0.16 ± 0.05
# 4 EX = 9.5 ± 0.3 4.8 ± 0.8 0.57 ± 0.14

The quoted errors are statistical.

Fig. 17. High-statistics excitation spectrum of 13
Λ C obtained by E336 using the 13C(π+, K+) 13

Λ C reaction (top),
and the calculated spectrum [52] (bottom).

above the threshold. The spectrum was fitted assuming seven gaussian peaks and a
quasifree contribution, and the results are summarized in Table 10. The binding energy
was determined as BΛ = 11.38±0.05(stat)±0.36(syst) MeV, which agrees well with the
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Fig. 20. High-statistics excitation spectrum of 16
Λ O from E336 (top) and the calculated spectrum [52] for the

16O(π+, K+) 16
Λ O reaction (bottom).

region of the excitation spectra measured using the (π+, K +) and (K −,π−) reactions.
These states are expected to have configurations of [νp−1

1/2 ⊗Λs1/2]1−
1 , [νp−1

3/2 ⊗Λs1/2]1−
2 ,

[νp−1
1/2 ⊗ Λp3/2,1/2]2+

1 , 0+
1 and [νp−1

3/2 ⊗ Λp3/2,1/2]2+
2 , 0+

2 . The 16
Λ O spectrum was fitted

using the same procedure as was applied to the other (π+, K +) spectra and the results
are summarized in Table 11. The binding energy was determined as BΛ = 12.42 ±
0.05(stat) ± 0.36(syst) MeV. The angular distributions of the four peaks measured in the
(π+, K +) reaction are also presented in Fig. 21 and compared with the DWIA calculation.
The close agreement between the measured and calculated spectra supports the choice of
major configurations used in the calculations. The level structure of 16

Λ O is compared with
that of the core nucleus, 15O, and the recent theoretical calculations in Fig. 22.



E369: Λ89Y

• BΛs=23.1±0.1 MeV 

• Energy Splitting 
• ∆Ef=1.70±0.10 MeV 
• ∆Ed=1.63±0.14 MeV 
• ∆Ep=1.37±0.20 MeV 

• Peak Ratio 
• R/Lf=0.99±0.07 
• R/Ld=0.69±0.06 

• Extra n-hole at +4.1±0.1 
MeV, width=3.2±0.2 MeV



Single-particle motion of Λ  
in heavy hypernuclei
• U0=-30.5 MeV 

• MΛ*=0.7~0.8xMΛ 

                        by Y.Yamamoto



E369: Λ51V

• Splitting in d-(and p-) orbit(s) 

•  BΛs=(20±0.13)+0.56 MeV 

•  Width=1.95 MeV 
•  Peak Ratio=1(fixed) 

• Extra n-holes 

•  At +3.3±0.2 MeV,  
width=1.95 MeV 

• At +6.6±0.2 MeV, 
width=3.46 MeV



Heavy Λ-Hypernuclei

n A bridge to strange matter
n 2-body Y-N interaction

n Baryon-baryon interactions in SU(3)f
n Short range part: meson picture or quark picture ?

n Light hypernuclei (A<~20)
n Fine structure              Spin-dependent interactions
n Cluster structure

n Heavy hypernuclei (A>~80)
n Single-particle potential: U0(r), mΛ*(r), VΛNN, ...

n Neutron star (A~1057): ρ > 5 ρ0

n Hyperonization            Softening of E.O.S.
n Superfluidity



E521: Production of neutron-rich Λ hypernuclei 
           by the (π-,K+) double-charge-exchange reaction

A pilot experiment for spectroscopic studies of 
            the neutron-rich Λ hypernuclei via the (π-,K+) reaction

Production cross section/ Background (sensitivity)
       ⇒ Understanding of the Reaction Mechanism

Akaishi et al. 
PRL 

84(2000)3539



Λ-Σ coherent coupling in A=4 hypernuclei 
 …solved an underbinding problem,  

              known as an overbinding problem in 
5ΛHe

In the (π-,K+) reaction… 
(KEK-E521, Fukuda et al.)

n p
n

p
Σ-

Λ

10B

10ΛLi

Two-step

Coherent coupling

Y. Akaishi et al., PRL84(2000)3539

To be confirmed/examined in other examples



Superheavy hydrogen

“Hyperheavy hydrogen”
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Reaction mechanism 
 Tretyakova, Akaishi et al. 

10B(π-,K+)10ΛLi
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FIG. 1. Diagrams for DCX nuclear (π−, K+) reactions, leading
to production of " hypernuclear states: (a) a two-step mechanism,
π−p → π 0n followed by π 0p → K+", and (b) a one-step mecha-
nism, π−p → K+#− via #− doorways caused by the #−p ↔ "n

coupling.

Now let us consider the DCX (π−,K+) reaction on the 10B
target within the DWIA. To fully describe the one-step process
via #− doorways, as shown in Fig. 1(b), we perform a "-#
coupled-channel calculation [16], evaluating the production
cross section of " hypernuclear states in 10

"Li. We assume a
two-channel coupled wave function for simplicity, which is
given by

|10
"Li⟩ = ϕ"(r)|9Li ⊗ "⟩ + ϕ#(r)|9Be∗ ⊗ #−⟩, (1)

where ⟨ϕ"|ϕ"⟩ + ⟨ϕ#|ϕ#⟩ = 1 and r denotes a relative
coordinate between the core-nucleus and the hyperon. The
probability of the #− admixture in the " hypernucleus can
be obtained by P#− = ⟨ϕ#|ϕ#⟩. It should be noticed that
the core-excited state (9Be∗) in the #− channel is assumed
to be an effective state that can be fully coupled with
the 9Li core state via the "-# coupling, rather than the
9Be( 3

2
−

; 1
2 ) ground state. Thus, we assume %M = 80 MeV

effectively for the threshold-energy difference between 9Li +
" and 9Be∗ + #− channels. The mixed #−-hyperon in 10

"Li
is regarded as a deeply bound particle in the nucleus, where
the π−p → K+#− transition takes place under an energy-
off-shell condition.

To calculate the nuclear (π−,K+) spectrum, we employ
the Green’s function method [17], which is one of the most
powerful treatments in a calculation of the spectrum that
includes not only bound states but also continuum states
with an absorptive potential for spreading components. The
complete Green’s function G describes all information con-
cerning (9Li ⊗ ") + (9Be∗ ⊗ #−) coupled-channel dynam-
ics. We obtain it by solving the following equation with the
hyperon-nucleus potential U numerically:

G = G(0) + G(0)U G, (2)

where

G =
(

G"" G"#

G#" G##

)

, U =
(

U"" U"#

U#" U##

)

, (3)

and G(0) is a free Green’s function. By the complete Green’s
function, the inclusive K+ double-differential laboratory cross
section of " production on a nuclear target with a spin Ji (its
z-component Mi) [16] by the one-step mechanism, π−p →
K+#− via #− doorways, is given by

d2σ

d'KdEK

= β
1

[Ji]

∑

Mi

(−)
1
π

Im
∑

αα′

〈
F

α†
# Gαα′

##F α′
#

〉
, (4)

where a production amplitude

F α
# = f̄π−p→K+#−χ (−)∗

pK
χ (+)

pπ
⟨α|ψ̂p|i⟩, (5)

[Ji] = 2Ji + 1, and the kinematical factor β expresses the
translation from the two-body π−-p laboratory system to the
π−-10B laboratory system. f̄π−p→K+#− is a Fermi-averaged
amplitude for the π−p → K+#− reaction in nuclear medium,
and χ

(−)
pK

and χ
(+)
pπ

are the distorted waves for outgoing K+ and
incoming π− mesons, respectively, taking into account the
recoil effects [18]. ⟨α|ψ̂p|i⟩ is a hole-state wave function for a
struck proton in the target, where α denotes the complete set of
eigenstates for the system. The inclusive " spectrum in Eq. (4)
can be decomposed into different physical processes [16,17]
by using the identity

Im(F †
#G##F#) = F

†
#'

(−)†(ImG
(0)
"

)
'(−)F#

+F
†
#G

†
#"(ImU")G"#F#

+F
†
#G

†
##(ImU#)G##F#, (6)

where '(−) is the Möller wave operator.
The diagonal (optical) potentials for U in Eq. (3) are given

by the Woods-Saxon (WS) form:

UY (r) = (VY + iWY g(E"))f (r) (7)

for Y = " or #−, where f (r) = [1 + exp ((r− R)/a)]−1

with a = 0.6 fm, r0 = 1.088 + 0.395A−2/3 fm, and R =
r0(A − 1)1/3 = 2.42 fm for the mass number A = 10 [19].
Here we used V" = −30 MeV for the 9Li ⊗ " channel and
assumed V# = 0 MeV to describe the effective # state of
the 9Be∗ ⊗ #− channel. The spreading imaginary potential,
ImUY , can describe complicated excited states for 10

"Li; g(E")
is an energy-dependent function that linearly increases from
0 at E" = 0 MeV to 1 at E" = 60 MeV, as often used in
nuclear optical models. The strength parameter WY should
be adjusted appropriately to reproduce the data. The coupling
"-# potential U#" in off-diagonal parts for U is written by

U#"(r) = ⟨9Be∗ ⊗ #−| 1√
3

∑

j

v#"(rj , r)τ j · φ|9Li ⊗ "⟩,
(8)

where v#"(rj , r) is a two-body "N -#N potential including
the spin-spin interaction, τ j denotes the j th nucleon isospin
operator, and φ is defined as |#⟩ = φ|"⟩ in isospin space [20].
Here we assumed U#"(r) = V#"f (r) in a real potential for
simplicity, where V#" is an effective strength parameter.

014603-2

Two-step process:

Single-step process



Experiemntal Results

error arising from energy-loss corrections for the incom-
ing and outgoing mesons in the target (!0:15 MeV) and
other small effects, such as the linearity of the SKS
(<! 0:1 MeV). The experimental energy resolution was
obtained by fitting the g.s. peak of the 12

! C, which was
2.5 MeV in FWHM. We found that the cross sections of
the "!# ; K # $ reaction on both 10B and 12C targets at
1:05 GeV=c reproduced previous measurements done
with SKS [3,4] within errors, whereas the cross sec-
tion at 1:2 GeV=c on 12C provided new experimental
information.

As is already seen in Fig. 3, as well as in an expanded
view in the figure, there are significant yields below the
10
! Li production threshold (% B! & 0). We did not take an
empty target run in the present experiment, but we ob-
served a smaller cross section by 2 orders of magnitude
than the target-in run in a previous experiment with the
same experimental setup in the "!% ; K # $ reaction with a
1:2 GeV=c incident momentum [18]. Hence all the ob-
served events are considered to come from the target. If
we assume all the events for % 20 ' % B! ' 0 MeV be-
long to the 10

! Li signal, the production cross section is
12:2 nb=sr. We estimate the background in the signal
region, i.e., for % 20 ' % B! ' 0 MeV, to be 0:9 nb=sr,
by assuming a constant background, which was deduced
from the events below % B! & % 20 MeV. Then the 10

! Li
signal is 11:3! 1:9 nb=sr. The tail from the quasifree
events does not contribute much to the yields because of
the good energy resolution (2.5 MeV in FWHM), as can be
seen in case of 12

! C production at 1:2 GeV=c (Fig. 4). If we
extrapolate the quasifree components linearly to the bound
region, we obtain a lower limit of the cross section to be
9:6! 2:0 nb=sr. Unfortunately, no significant discrete
peaks were observed, which may be due to the limited
statistics, the experimental resolution and a possible com-
plicated nuclear structure. Note that Akaishi calculated the

ground-state energy to be around % 12 MeV [14], which is
not inconsistent with the present data.

The experimental hypernuclear production cross sec-
tions are summarized in Table I, where the total cross
sections for the bound region (% B! ' 0 MeV) averaged
over the scattering angle from 2( to 14( are listed. The
theoretical predictions based on the two-step mechanism
shows 45 nb=sr and 23 nb=sr for 1:05 GeV=c and
1:2 GeV=c incident momentum, respectively. Note that
the theoretical values are only for the ground-state doublet
and the momentum dependence is given by Ref. [19]. It is
found that the observed production cross section is smaller
than the calculated one and that the incident momentum
dependence of the cross section shows an opposite trend to
that found in the calculation. Concerning the single-step
process via a "% admixture in the ! hypernuclear state
appearing due to the "% p $ !n coupling, the cross sec-
tion will depend on the mixing probability, p". In Ref. [12],
there is no calculation of p", but it is quite interesting to
notice a large probability, p", for the present 10

! Li case
in Ref. [14], i.e., 3:1 ) 10% 3. A theoretical calculation of
the cross section via a single-step process for both inci-
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12C target at 1:2 GeV=c. The horizontal axis shows the binding
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TABLE I. Hypernuclear production cross sections for the
bound region averaged over the scattering angle from 2( to
14(. The cross section with an asterisk shows a lower limit by
extrapolating the quasifree components linearly. The quoted
errors are statistical.

Reaction Cross Section
1:05 GeV=c 1:2 GeV=c

12C"!# ; K # $12! C 18:0! 0:7 "b=sr 17:5! 0:6 "b=sr
10B"!# ; K # $10! B 7:8! 0:3 "b=sr
10B"!% ; K # $10! Li 5:8! 2:2 nb=sr 11:3! 1:9 nb=sr

9:6! 2:0* nb=sr
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FIG. 3. Missing-mass spectrum of the "!% ; K # $ reaction on a
10B target at 1:2 GeV=c. The horizontal and vertical axes are the
same as Fig. 2. An expanded view near the ! bound region is
shown in the inset.
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cess depends on the probability of the !! admixture, p!,
e.g., 0:01–1:4 nb=sr with p! " 7:1# 10!6 ! 5:1# 10!4

for the 12
" Be or 16

" C case in Ref. [12].
Our primary motivation is to produce the neutron-rich

" hypernuclei by any means and also to obtain informa-
tion on the production mechanism for a future study of
more exotic neutron-rich hypernuclei like 6

"H. We selected
a 10B target because the theoretical calculation shows the
maximum cross section by the two-step mechanism. In
addition, the 10B target is favorable because 10

" Li is re-
garded as !$ 6

"H and the !! admixture probabilit , p!,
will be large [14].

The present experiment (KEK-PS-E521) [15] was per-
formed at the K6 beam line of the KEK 12-GeV proton
synchrotron (PS) together with the superconducting kaon
spectrometer (SKS) system [16]. The total beam time
was 30 days, in two cycles of calendar years 2002 and
2003. The experimental target, 10B, was 3:5 g=cm2 in
thickness. We started with an incident beam momentum
of 1:05 GeV=c, where the production cross section was
expected to be maximum. The SKS was excited to 272 A
(2.2 T), in which the central momentum was 0:72 GeV=c.
The separated "! beam intensity at the experimental target
was typically 4# 106=spill%4:0 sec&. In an off-line analy-
sis, incident "! and outgoing K $ momenta were obtained
particle by particle by using the beam line and the SKS
spectrometer, respectively. Figure 1 shows the recon-
structed mass spectrum of the scattered particles with a
scattering angle of larger than 2'. We clearly identified
scattered kaons well separated from both pions and pro-
tons. Then, by selecting good kaons as indicated in Fig. 1,
the missing-mass spectrum was obtained, as shown in
Fig. 2. The horizontal axis shows the binding energy of a
" particle ( ! B") in MeV. The vertical axis is the aver-
aged cross section for the scattering angle from 2' to 14' in
the laboratory, which was obtained in the same way as
Ref. [4] by taking into account the experimental and analy-
sis efficiencies, as well as the SKS acceptance, calculated

by a Monte Carlo simulation code, GEANT [17]. (Details of
the calibration of two axes will be discussed later.) The
total number of "! beam injections in this setting was
440# 109 but only 7 counts were found in the bound
region, whereas quasifree (QF) events were 138 counts.
Even if all the counts in the bound region are the signal for
10
" Li hypernuclear formation, the cross section in the bound
region is 5:8 ( 2:2 nb=sr, which is much smaller than the
theoretical estimate for the ground-state doublet based on
the two-step mechanism, 45 nb=sr.

The beam momentum was raised to 1:2 GeV=c, where
the !! production channel is open, with expecting another
mechanism of single-step process via a !! admixture in
the " hypernuclear state. The SKS was excited to 395 A
(2.6 T), where the central momentum was 0:88 GeV=c. We
took data for 455# 109 and 625# 109 "! injections in the
calendar years 2002 and 2003, respectively. The missing-
mass spectrum in year 2003 was found to be almost iden-
tical in shape to the one obtained with the data collected in
2002, and the yields were also very consistent with each
other. Figure 3 shows the missing-mass spectrum on 10B at
1:2 GeV=c, after adding the two data sets. We obtained
47 counts in the bound region, whereas the QF events were
3064 counts.

In order to calibrate the horizontal axis, as well as to
check the accuracy of the cross section in the present
experiment, we measured the %"$; K $& reaction on the
10B and 12C targets of the same thickness (3:5 g=cm2).
The %"$; K $& reaction on 12C target was measured at both
1.05 and 1:2 GeV=c incident momenta. The calibration of
the horizontal axis was checked by reproducing the known
ground-state (g.s.) energy of the 12

" C (!10:76 MeV),
which was successfully done, as shown in Fig. 4 for the
data at 1:2 GeV=c. The precision of the horizontal axis was
obtained to be ( 0:23 MeV by taking into account the error
in the peak fitting of the g.s. energy (( 0:15 MeV), the

FIG. 1. Reconstructed mass spectrum of scattered particles
from the 10B target in the %"!; K $& reaction at 1:05 GeV=c.
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FIG. 2. Missing-mass spectrum of the %"!; K $& reaction on a
10B target at 1:05 GeV=c. The horizontal axis shows the binding
energy of a ", whereas the vertical axis shows the cross section
in terms of nb=sr=MeV.

PRL 94, 052502 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
11 FEBRUARY 2005

052502-2

@1.05 GeV/c@1.2 GeV/c

P.K. Saha et al., PRL 94 (2005) 052502.



Ratio of the Λ production cross 
section (π-,K+)  to  (π+,K+)  

error arising from energy-loss corrections for the incom-
ing and outgoing mesons in the target (!0:15 MeV) and
other small effects, such as the linearity of the SKS
(<! 0:1 MeV). The experimental energy resolution was
obtained by fitting the g.s. peak of the 12

! C, which was
2.5 MeV in FWHM. We found that the cross sections of
the "!# ; K # $ reaction on both 10B and 12C targets at
1:05 GeV=c reproduced previous measurements done
with SKS [3,4] within errors, whereas the cross sec-
tion at 1:2 GeV=c on 12C provided new experimental
information.

As is already seen in Fig. 3, as well as in an expanded
view in the figure, there are significant yields below the
10
! Li production threshold (% B! & 0). We did not take an
empty target run in the present experiment, but we ob-
served a smaller cross section by 2 orders of magnitude
than the target-in run in a previous experiment with the
same experimental setup in the "!% ; K # $ reaction with a
1:2 GeV=c incident momentum [18]. Hence all the ob-
served events are considered to come from the target. If
we assume all the events for % 20 ' % B! ' 0 MeV be-
long to the 10

! Li signal, the production cross section is
12:2 nb=sr. We estimate the background in the signal
region, i.e., for % 20 ' % B! ' 0 MeV, to be 0:9 nb=sr,
by assuming a constant background, which was deduced
from the events below % B! & % 20 MeV. Then the 10

! Li
signal is 11:3! 1:9 nb=sr. The tail from the quasifree
events does not contribute much to the yields because of
the good energy resolution (2.5 MeV in FWHM), as can be
seen in case of 12

! C production at 1:2 GeV=c (Fig. 4). If we
extrapolate the quasifree components linearly to the bound
region, we obtain a lower limit of the cross section to be
9:6! 2:0 nb=sr. Unfortunately, no significant discrete
peaks were observed, which may be due to the limited
statistics, the experimental resolution and a possible com-
plicated nuclear structure. Note that Akaishi calculated the

ground-state energy to be around % 12 MeV [14], which is
not inconsistent with the present data.

The experimental hypernuclear production cross sec-
tions are summarized in Table I, where the total cross
sections for the bound region (% B! ' 0 MeV) averaged
over the scattering angle from 2( to 14( are listed. The
theoretical predictions based on the two-step mechanism
shows 45 nb=sr and 23 nb=sr for 1:05 GeV=c and
1:2 GeV=c incident momentum, respectively. Note that
the theoretical values are only for the ground-state doublet
and the momentum dependence is given by Ref. [19]. It is
found that the observed production cross section is smaller
than the calculated one and that the incident momentum
dependence of the cross section shows an opposite trend to
that found in the calculation. Concerning the single-step
process via a "% admixture in the ! hypernuclear state
appearing due to the "% p $ !n coupling, the cross sec-
tion will depend on the mixing probability, p". In Ref. [12],
there is no calculation of p", but it is quite interesting to
notice a large probability, p", for the present 10

! Li case
in Ref. [14], i.e., 3:1 ) 10% 3. A theoretical calculation of
the cross section via a single-step process for both inci-
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TABLE I. Hypernuclear production cross sections for the
bound region averaged over the scattering angle from 2( to
14(. The cross section with an asterisk shows a lower limit by
extrapolating the quasifree components linearly. The quoted
errors are statistical.

Reaction Cross Section
1:05 GeV=c 1:2 GeV=c

12C"!# ; K # $12! C 18:0! 0:7 "b=sr 17:5! 0:6 "b=sr
10B"!# ; K # $10! B 7:8! 0:3 "b=sr
10B"!% ; K # $10! Li 5:8! 2:2 nb=sr 11:3! 1:9 nb=sr
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FIG. 3. Missing-mass spectrum of the "!% ; K # $ reaction on a
10B target at 1:2 GeV=c. The horizontal and vertical axes are the
same as Fig. 2. An expanded view near the ! bound region is
shown in the inset.
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Σ mixing ?
T. Harada et al., PRC 79 (2009) 014603.

FEASIBILITY OF EXTRACTING A !− . . . PHYSICAL REVIEW C 79, 014603 (2009)

We will attempt to determine the values of W! and V!"

phenomenologically by fitting to a spectral shape of the
experimental data.

For the 10B(3+; 0) target nucleus, we use single-particle
wave functions for a proton, which are calculated by a WS
potential [21] with V N

0 = −61.36 MeV fitting to the charge
radius of 2.45 fm [22]. Because of the large momentum
transfer q ≃ 270–370 MeV/c in the (π−,K+) reaction, we
simplify the computational procedure for the distorted waves,
χ

(−)
pK

and χ
(+)
pπ

, with the help of the eikonal approximation.
To reduce ambiguities in the distorted waves, we adopt the
same parameters used in calculations for the " and !−

quasifree spectra in nuclear (π∓,K+) reactions [18]. Here we
used total cross sections of σπ = 32 mb for π−N scattering
and σK = 12 mb for K+N , and we used απ = αK = 0, as
the distortion parameters [18]. The Fermi-averaged amplitude
f̄π−p→K+!− is obtained by the optimal Fermi-averaging for
the π−p → K+!− t-matrix [18]; we used 20µb/sr as the
laboratory cross section of dσ/d' = |f̄π−p→K+!− |2.

Now let us examine the dependence of the spectral shape
on two important parameters, W! and V!", by comparing
the calculated inclusive " spectrum for 10

"Li with the data of
10B(π−,K+) experiments at KEK [4]. The cross sections of
the data are three orders of magnitude less than those for 10

"B
in 10B(π+,K+) reactions. In Fig. 2, we show the calculated
spectra by the one-step mechanism at pπ = 1.20 GeV/c (6◦)
for the several values of −W! when we use V!" = 11 MeV,
which leads to the !−-mixing probability of P! = 0.57%
in the 10

"Li bound state. We have the peak of the bound
state with a [0p−1

3
2

s"
1
2

]2− configuration at E" ≃ −10.0 MeV,

and the peaks of the excited states with [0p−1
3
2

p"
3
2 , 1

2
]3+,1+

configurations at E" = 1–3 MeV. Because the non-spin-flip
processes with the large momentum transfer q are known to

10
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50

40

FIG. 2. Calculated inclusive " spectra obtained by the one-step
mechanism in the 10B(π−,K+) reaction at pπ = 1.20 GeV/c (6◦),
together with the experimental data [12]. The solid curves denote
the K+ spectra by −W! = 10, 20, 30, 40, and 50 MeV when
V!" = 11 MeV (P! = 0.57%), with a detector resolution of
2.5 MeV FWHM. The dashed curve denotes the inclusive " spectrum
obtained by the two-step mechanism.

dominate in the π−p → K+!− reaction at 1.20 GeV/c, these
spin-stretched states are mainly populated. We find that the
value of −W! significantly affects a shape of the " spectrum
for the continuum states that can be populated via !−p → "n
processes in 9Be∗ together with the core-nucleus breakup; this
" strength mainly arises from a term of G

†
!!(ImU!)G!!

in Eq. (6). We recognize that the calculated spectrum with
−W! = 20–30 MeV can reproduce the shape of the data in the
continuum region [12], and these values of −W! are consistent
with the analysis of !− production by the (π−,K+) reactions
[18]. Obviously, the parameter W! does not contribute to
the spectrum of the bound state. It should be noticed that
the contribution of the two-step processes in the continuum
spectrum is rather small (see the dashed curve in Fig. 2).

On the other hand, the "-! coupling potential plays an
essential role in the formation of the " bound state. In
Fig. 3, we show the dependence of the cross section for
the bound state in 10

"Li on the values of V!" when −W! =
20 MeV. We find that the calculated spectrum for the bound
state is quite sensitive to V!"; when we use V!" = 4, 8, 10,
11, and 12 MeV, the probabilities of the !− admixture in the
2− bound state are P!− = 0.075, 0.30, 0.47, 0.57, and 0.68%,
respectively. The positions of the peaks for 10

"Li are slightly
shifted downward by (E" ≃ −⟨U!"⟩2/(M ≃ −(M · P!− ,
e.g., −456 keV for V!" = 11 MeV, which is about 4–5 times
larger than that of 7

"Li [23]. For the order of V!" = 10–
12 MeV (P!− = 0.47–0.68%), the calculated spectra can fairly
reproduce the data, whereas it is not appropriate for a detailed
study of the structure of 10

"Li because of the simple single-
particle picture we adopted here. Such a !− admixture seems
to be consistent with recent microscopic calculations [7,8,24].
This consistency of V!" considerably enhances the reliability
of our calculations. Consequently, the calculated spectrum by
the one-step mechanism explains the 10B(π−,K+) data. This
fact implies that the one-step mechanism dominates in the
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12

11

FIG. 3. Calculated inclusive " spectra obtained by the one-step
mechanism near the " threshold in the 10B(π−,K+) reaction at
1.20 GeV/c (6◦), by changing V!" for the "-! coupling potential.
The experimental data are taken from Ref. [12]. The solid curves
denote V!" = 4, 8, 10, 11, and 12 MeV when −W! = 20 MeV, with
a detector resolution of 2.5 MeV FWHM.
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Summary  
on (π,K) spectroscopy

The (π,K) Spectroscopy has been successful.

Gross feature of Single-particle levels of Λ

Effective for Heavy Λ hypernuclei

High-resolution spectroscopy (∆E~0.2 MeV) will 
be interesting

Possibility to study neutron-rich 

hypernuclei with (π-,K+) 



テンソル力　Ｔ

・Low-lying levels of Λ hypernucleus        

・2-body ΛN effective interaction

γ spectroscopy



Hypernuclear γ-rays  
before Hyperball
4
ΛH, 

4
ΛHe 1.10±0.04 MeV NaI

7
ΛLi 2.034±0.023 MeV NaI

9
ΛBe 3.079±0.04 MeV NaI

10
ΛB not observed Ge628 O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653

Fig. 47. All the hypernuclear γ transitions observed and identified to date for 4
ΛH [34], 4

ΛHe [35], 7
ΛLi [36,26],

9
ΛBe [36,40], 10

Λ B [94,42], 11
Λ B [44], 15

Λ N [42], and 16
Λ O [41]. The level schemes of these hypernuclei with the

energies (in MeV) and the assigned spins and parities are shown together with the reactions used to populate the
excited states in γ spectroscopy experiments.

5.6.1. 7Li(π+, K +γ ) 7
ΛLi experiment (KEK E419)

In the first experiment with Hyperball (KEK E419), the 7
ΛLi hypernucleus was studied

at the 12 GeV PS in KEK.
The experimental set-up is depicted in Fig. 46. Bound states of 7

ΛLi were produced
via the 7Li(π+, K +) reaction with 1.05 GeV/c pions, employing the K6 beam line and
the SKS spectrometer, and γ rays were detected with Hyperball installed surrounding the
target. In this experiment, the large acceptance of the SKS spectrometer played an essential
role in permitting the experiment to observe hypernuclear γ rays with a small yield.
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n   Large acceptance for small 
    hypernuclear γ yields 

       Ge (r.e. 60%) x 14 
           ∆Ω ~ 15% 

           ηpeak~ 3% at 1 MeV 

n  High-rate electronics  
   for huge background 
       1 TeV/sec,  100 kHz 

  

n  BGO counters for π0 and 
   Compton suppression 

Resolution of hypernuclear   
spectroscopy 
   1 MeV → 2 keV  FWHM 

             Hyperball    (Tohoku/ Kyoto/ KEK, 1998) 
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Fig. 45. Schematic view of Hyperball.

5.4.3. Detectors — Hyperball
Hyperball is a large-acceptance germanium (Ge) detector array dedicated to

hypernuclear γ -ray spectroscopy. Details of Hyperball are described in Ref. [110,111].
Figs. 45 and 46 (right) show schematic views of Hyperball. It consists of fourteen n-type
coaxial Ge detectors, each of which has a crystal of about 70 mmφ × 70 mm and has
a photo-peak efficiency of 60% relative to a 3′′φ × 3′′ NaI detector. Each Ge detector is
equipped with fast electronics, including low-gain transistor-reset preamplifiers and fast
shaping amplifiers with gated integrators. They enabled operation of the Ge detectors
in the presence of the severe radiation backgrounds in hypernuclear experiments using
high-energy meson (K − or π+) beams. The most serious radiation is caused by high-
momentum (∼1 GeV/c) charged particles, such as beam particles that scattered in a thick
(∼10 g/cm2) target or beam line components, and decay particles (pions or muons) from
beams, penetrating a Ge detector and depositing a large (∼50 MeV) amount of energy.
Each Ge detector is located at a distance of 10–15 cm from the beam axis to the Ge crystal
surface; the distance can be varied depending on experimental conditions. In a typical set-
up at 15 cm, the Ge detectors cover a solid angle of about 15% of 4π sr in total and have a
photo-peak efficiency of 2.5% at 1 MeV for a point source.

Each Ge detector is surrounded by six BGO (bismuth germanate) scintillation counters,
used to suppress background events such as high-energy γ rays from π0, high-energy
charged particles penetrating the Ge detectors, and Compton scattering events. The use of
the BGO counters is essential to detect the weak γ -ray signals from hypernuclei under
these background conditions.

In the direct reaction method, data from all of the detectors in Hyperball are recorded
by the (π+, K +) or (K −,π−) trigger provided by the magnetic spectrometer system.



E419: γspectroscopy of 7ΛLi
 First exp. with Hyperball 

 B(E2) → shrinking effect 

 Spin-flip M1→ ΛN spin-spin force



Tamura et al., PRL 94(2000) 5963

SKS only (E336)

Excitation Energy

First observation of well-identified hypernuclear γ rays with Ge.

E419: SKS+Hyperball
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Fig. 50. Level scheme and γ transitions of 7
ΛLi obtained from the 7Li(π+, K+γ ) experiment (KEK E419). Thick

arrows show transitions observed, and “present” shows level energies measured in the experiment. Transitions
from 1/2+(T = 1) to the ground-state doublet members were observed with less statistical significance.
σ (θ = 0◦–15◦) shows calculated production cross sections for the (π+, K+) reaction at 1.05 GeV/c and
integrated for 0◦–15◦ (∼ SKS acceptance) [100]. Taken from Ref. [26].

5.6.2. Spin-flip M1(3/2+ → 1/2+) transition and ΛN spin–spin interaction
Since the ground state of the core nucleus 6Li(1+) has an almost pure S = 1, L = 0

configuration, the energy spacing of the 7
ΛLi ground-state doublet (3/2+, 1/2+) is a good

measure of the strength of the spin–spin interaction. Before the Hyperball experiments,
the hypernuclear doublet spacing, which is sensitive to the spin–spin interaction strength,
was measured only for the A = 4 hypernuclei (the (1+, 0+) spacing for 4

ΛH and 4
ΛHe).

However, since this spacing is expected to contain a large effect of the three-body ΛN N
force [102,103], measurement of the hypernuclear doublet spacing in p-shell hypernuclei,
such as 7

ΛLi in particular, was long awaited. In the phenomenological approach [7,8] a shell
model calculation predicted the spacing to be 610 keV [8] using a spin–spin interaction
parameter of ∆ ∼ 0.5 MeV, which was estimated from the 1.1 MeV A = 4 doublet spacing
and the ground-state binding energies of various p-shell hypernuclei. Another shell model
calculation by Fetisov et al. [99], in which the parameter of ∆ = 0.3 MeV was chosen to
explain the 10

Λ B result [94] rather than the A = 4 doublet spacing, gave 440 keV.
The Hyperball experiment (KEK E419) measured the ground-state doublet spacing of

7
ΛLi to be 691.7 ± 0.6(stat) ± 1.0(syst) keV. Since the 7

ΛLi doublet spacing is given by
3
2∆ in the LS coupling limit of S = 1, L = 0, the experimental result corresponds to
∆ ∼ 0.5 MeV. In a recent shell model calculation by Millener [53], the spacing is written
as

E(3/2+) −E(1/2+) = 1.444∆ + 0.054SΛ + 0.016SN −0.271T, (17)

and the parameter ∆ was determined as 0.48 MeV as described in Section 5.10. The value
was modified later to ∆ = 0.43 MeV by Millener [101], who took into account the
ΛN–ΣN coupling effect, which gives a +0.071 MeV contribution to the spacing (see
Section 5.10).



Doppler shift attenuation method

τγ-decay ～ τstopping 

   5.8 ps           13 ps 

mixture of a sharp peak and a 
broad peak

π+
K+

7
ΛLi*

7
ΛLi* in motion

Doppler Broadened

7
ΛLi* at rest

Sharp peak
τγ-decay τstopping～

Eγ’ =Eγ/γ(1-βcosθ)



Lifetime and B(E2)
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Predicted by Motoba et al., 
Prog.Theor.Phys. 
70 (1983) 189.

shrinking effect
 spin-spin interaction  
        ∆ = 0.50 MeV 

Tanida et al., PRL 86(2001) 1982

B(E2) ∝|<f| e r2 Y2 |i>|2  

          ∝R4  or  (β<r2>)2

N- LS interaction  
SN~ -0.4 MeV 

Summary on  7ΛLi



BNL E930-1

ΛN spin-orbit force

9Be (K-, π- γ) 9ΛBe 
     13C (K-, π- γ)  BNL E929 

               w/ NaI array

Ajimura et al., PRL 86 (2001) 4255 



p1/2, p3/2 single-particle level splitting 

E(1/2-)-E(3/2-) =152±54±36 keV 

13
ΛＣ

-forward 
 (p1/2,n

-1,p1/2,Λ) ∆L=0

-backward 
 (p1/2,n

-1,p3/2,Λ) ∆L=2



Revised

 Hiyama et al: PRL 85 (2000)   270 

                          E(3/2+)-E(5/2+) 
Meson exch.   0.08 - 0.20 MeV  
quark  　  0.035 - 0.040 MeV 

・Millener: 

E(3/2+)-E(5/2+)  
= -0.035 ∆ - 2.465SΛ + 0.936T 

            SΛ=  -0.02 MeV
Consistent with  
very small LS splitting in 13ΛC

9
ΛBe



16ΛO
O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653 639

Fig. 56. 16
Λ O γ -ray spectra measured in the 16O(K−,π−) reaction at the BNL-AGS (E930(’01)). (a) Highly

unbound region (−BΛ > 50 MeV) is selected and the Doppler shift correction is not applied. (b) Bound-state
region (−17 < −BΛ < 3 MeV) is selected and the Doppler shift correction is not applied. A bump structure
is observed around 6.55 MeV. (c) Spectrum (b) with a Doppler shift correction. A bump in (b) has turned into
a twin-peak structure, which is ascribed to γ rays from 16

Λ O. (d) Simulated peak shapes for a fast γ transition

before and after the Doppler shift correction. (e) The structure around 6.55 MeV in the 16
Λ O γ -ray spectrum (c)

was fitted with two peaks of the simulated peak shape after the Doppler shift correction was applied.

which results in a large tensor interaction between nucleons, is forbidden between a Λ
hyperon and a nucleon, the ΛN tensor interaction is naively expected to be small. However,
kaon exchange and two-pion exchange through the ΛN–Σ N coupling are expected to
make a significant contribution. It is interesting to examine whether the ΛN tensor
interaction can be explained by meson-exchange models of baryon–baryon interactions.

5.8.1. 16
ΛO and the ΛN tensor interaction (BNL E930(’01))

In 2001, 16
Λ O and 15

Λ N were studied with Hyperball using the 16O(K −,π−) reaction
(BNL E930(’01)). See Ref. [41] for details. The set-up is almost identical to that of the
previous 9

ΛBe experiment. Fig. 56 shows the γ -ray spectrum of 16
Λ O. When the bound-state

region of 16
Λ O is selected, the γ -ray spectrum exhibits a broad bump at 6.55 MeV as shown

in Fig. 56(b), while it is not seen in the spectrum for the highly unbound region (Fig. 56(a)).
The bump becomes sharp peaks after event-by-event Doppler shift correction as shown in
Fig. 56(c). In this reaction, only the 6 MeV-excited 1− state and the 1− state in the ground-
state doublet are expected to be populated in the 16

Λ O bound states. Therefore, the observed
6.55 MeV peaks are attributed to the M1(1−

2 → 1−
1 , 0−) transitions of 16

Λ O. The width of
the bump before the Doppler shift correction is consistent with the fully Doppler broadened
peak width (Fig. 56(d)) which is expected for fast γ -ray emissions before the recoiling
hypernucleus slows down. As shown in Fig. 56(e), the peaks in the Doppler corrected
spectrum are fitted well with the simulated peak shape for fast transitions (Fig. 56(d)). This
is also consistent with the expected short lifetime for a 6 MeV M1 transition (∼10−15 s).

The γ -ray energies obtained from the fitting were: 6534.3±1.2(stat)±1.7(syst) keV and
6560.4±1.1(stat)±1.7(syst)keV. The spacing of the ground-state doublet was determined
as 26.1 ± 1.4(stat) ± 0.6(syst) keV. The excitation energy of the 1−

2 state was found to be

∆E = 26.1±1.4±0.6 keV 

Some of  
Meson Exchange model 
predictions agree

E(1-)-E(0-)  =  -0.39 ∆ + 1.4 SΛ - 0.005 SN + 7.8 T + LS  

                                                                               ( Millener, 2001 )
  <-  ∆ = 0.46 MeV,   SΛ = -0.01 MeV  

        ND    NF   NSC89  NSC97f 
 T     18      33       36        54  (keV) 

→   T = 26 -32 keV   First info. on T



Summary of p-shell levels
∆=0.48 MeV, SΛ=-0.01 MeV, SN=-0.43 MeV, T=0.03 MeVO. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653 643

Table 18
Energies of the four hypernuclear level spacings that are described in terms of the spin-dependent ΛN interaction
parameters obtained by Millener’s shell model calculations [101]

Hypernuclear levels Shell model calculation by Millener ΛΣ (MeV) Exp. (MeV)

7
ΛLi E(3/2+) − E(1/2+) 1.444∆ + 0.054SΛ + 0.016SN − 0.271T +0.071 0.692
7
ΛLi E(7/2+, 5/2+) −0.05∆ + 0.07SΛ + 0.70SN − 0.08T 1.858

−E(3/2+, 1/2+)a +!Ecore
b

9
ΛBe E(3/2+) − E(5/2+) −0.037∆ − 2.464SΛ + 0.003SN + 0.994T −0.008 0.043
16
ΛO E(1−) − E(0−) −0.382∆ + 1.378SΛ − 0.004SN + 7.850T −0.014c 0.026

Experimental energies obtained by the Hyperball experiments are also shown. The effect of the Λ–Σ coupling
estimated by Millener is listed as ΛΣ .

a E(J1, J2) = [(2J1 + 1)E(J1) + (2J2 + 1)E(J2)]/(2J1 + 2J2 + 2) denotes the center of gravity energy for
the doublet (J1, J2).

b !Ecore = E(6Li; 3+) − E(6Li; 1+) = 2.186 MeV.
c A small 1− mixing effect of 0.016 MeV is added to a Λ–Σ coupling effect of −0.030 MeV.

NSC97f interaction, which reproduces the s-shell hypernuclear level energies well [103].
This Λ–Σ coupling effect was found to be small for the p-shell hypernuclear levels as
shown in Table 18. The parameters in Eq. (24) were derived without considering the Λ–Σ
coupling effect, but when taking this effect into account, only the parameter ∆ needs to be
slightly modified (from 0.48 to 0.43 MeV) and the others are almost unchanged.

5.10.2. Spin–spin interaction
Let us compare these parameter values with theoretical predictions by various versions

(ND, NF, NSC89, NSC97, etc.) of the Nijmegen meson-exchange interaction models
through G-matrix calculation [88]. The Nijmegen models cannot predict the spin–spin
interaction; the NSC97 interaction was modified into various versions (NSC97a–f) so as
to give different strengths of the spin–spin interaction. The experimental value of ∆ is
between the values for NSC97e and NSC97f. This result is consistent with the conclusion
given by comparison between few-body calculations and experimental data for s-shell
hypernuclei [103].

5.10.3. Spin–orbit interaction
It is found that the ΛN spin–orbit interaction cannot be explained by meson-exchange

models. In terms of SΛ and SN , the Nijmegen meson-exchange model interactions give
−0.18 < SΛ < −0.13 MeV and −0.29 < SN < −0.26 MeV, values that are inconsistent
with the experimental values in Eq. (24). This conclusion is also derived from the cluster
model calculations of Hiyama et al. [117], which predicted a spacing of 80–200 keV
for 9

ΛBe(3/2+, 5/2+) and 0.39–0.96 MeV for 13
Λ C(1/2−, 3/2−) using several versions of

the Nijmegen potential. In both cases, the meson-exchange models predict level spacings
several times larger than the observed value.

The very small value of |SΛ| and the large value of |SN | indicate that the symmetric
LS force (∝ lΛN (sΛ + sN )) and the antisymmetric LS force (∝ lΛN (sΛ − sN )) between
a Λ hyperon and a nucleon have comparably large magnitudes but opposite signs, and



 < 100 keV    δ ~ 200 keV  from ∆ = 0.5 MeV

Confirmed 
Chrien et al., Phys. Rev. C 41 (1990) 1062.

2-

1-

10ΛB
9B

No γ-ray peak observed. 
 (Upper limit to be determined.)

(K-, π-)

10B (K- , π-) 10ΛB  

γ spectrum of  10ΛB    (E930-2)

9ΛBe + p1.8 MeV



Summary of Hypernuclear 
γ rays

by H.Tamura



n Ge (single, r.e.~60%) x ~32 
        à peak efficiency  ~6% at 1 MeV　 
       ( x ~3 of Hyperball) 
　  

n Mechanical cooling  
  -- Lower temp. for less radiation damage 
  -- Save space for flexible arrangement 

n PWO background suppression counters 
replaced from BGO for higher rate 

     

Hyperball-J

n Waveform readout (under development) 
  => Rate limit ~2x107 particles /s   
               (x5 of Hyperball) 
       

Lower half

Ge Cooler



Best K- beam momentum

pK = 1.1 GeV/c :  K1.1 + “SKS” (ideal) 
 pK = 1.5 GeV/c :  K1.8 + SKS (realistic) 

Both spin-flip and nonflip states should be produced. 
                     →  pK = 1.1  or 1.5 GeV/c 

 

K-  + n → Λ + π-

High K/π ratio to minimize radiation damage to Ge detectors 
       → Double-stage separation. K1.8BR is not good. 



1.5 GeV/c

Beam and Setup

n Beamline:   K1.8 
   0.5x106 K-/spill at 1.5 GeV/c (9µA) 
   K/π >> 1

n Spectrometer: SksMinus  
           Δp ~ 4 MeV (FWHM)  
           Ω  ~ 110 msr   

n Hyperball-J    
          ε ~ 6% at 1 MeV              

π-

K1.8

K-

1.4 GeV/c

(K-,π- γ) at  pK = 1.5 GeV/c
Both spin-flip and nonflip states produced 
Spin assignment from angular distribution



n  Preliminary data (statistical error only) 
from 7ΛLi (3/2+->1/2+) (BNL E930)

g factor of Λ in nucleus

n B(M1) of Λ-spin-flip M1 transition -> gΛ

  gΛ(free) = - 1.226 µN ->  < 5% accuracy at J-APRC

 Can be investigated using a Λ in 0s orbit 
µΛ in nucleus -> medium effect of baryons 

Reduction of constituent q mass? 
Swelling?

n Motivation

Doppler Shift Attenuation Method :~100%Doppler-shift attenuation method :
n How to measure

applied to “hypernuclear shrinkage”  
in 7ΛLi (5/2+->1/2+) from B(E2)  

PRL 86 (’01)1982                                            

gΛ = -1.1         µN+0.6
- 0.4



Proposed B(M1) measurement

To avoid ambiguities, we use the best-known hypernucleus, 7ΛLi. 
n  Energies of all the bound states and B(E2) were measured, 
n  γ-ray background level was measured,  
n  cross sections are reliably calculated. 
n τ = 0.5ps,  tstop = 2-3 ps for 1.5 GeV/c (K-,π-) and Li2O target

Calc. by Motoba

(K-,π-)

 Difficulties in B(M1) measurement  
n Doppler Shift Attenuation Method works only when  τ < tstop  

n τ is very sensitive to Eγ because B(M1) ∝ 1/τ ∝Eγ
3. But Eγ is unknown. 

n Cross sections and background cannot be accurately estimated. 
  Previous attempts: 10

ΛB , 11
ΛB  (Eγ too small → τ >> tstop ),   7ΛLi (by product: indirect population)

~

PRL 84 (2000) 5963 
PRC 73 (2006) 012501 



Expected yield and sensitivity
   Yield estimate 
NK = 0.5 x 106 /spill

Target (7Li in Li2O)  = 20cm x  2.0g/cm3 x 14/30 x 0.934 / 7 x 6.02x1023

∫dσ/dΩ(1/2;1) ΔΩ  x BR(1/2+;1→3/2+)  = 0.84 µb x 0.5

ε(Ge) x ε (tracking) = 0.7 x 0.6 

→ 

Yield (3/2+→1/2+) = 7.3 /hr(1000 spill)

                               = 3600 / 500 hrs 
Background estimated from E419 7ΛLi spectrum

 Fitting result: 0.478±0.027 ps 
          

nSyst. error < 5% 
 mainly from stopping time 
 

nStat. error  Δτ/τ = 5.4% 
                           Δ|gΛ-gc|

|gΛ-gc|
~ 3%



Σ 
Hypernuclei



History of Σ Hypernuclei
• Σ- atom X-ray：Level shifts, widths

• CERN(‘75), RAL(‘78), BNL(‘93)
• 12C~208Pb, 23 data points
• Vopt(r)=teff•ρ(r) (C.J.Batty, Nucl. Phys. A372 (81) 433)

• -Re Vopt(0) ~ 25-30 MeV, Attractive
• -Im Vopt(0) ~ 10-15 MeV, Absorptive

• ΣN→ΛN conversion (strong interaction)
• Σ hypernuclei may exist, but the widths are broad 
• No SpectroscopyΓ~2ImV



404 C.J. Batty et al. /Physics Report’s 287 (1997) 385-445 

-1 
10 

-2 
10 

20 30 40 5-O 60 70 80 90 
z 

Fig. 9. Shift and width values for sigma atoms. The continuous lines join points calculated with the best-fit optical potential 
discussed in Section 6.2. 

yields which give width values for the ‘upper’ levels. The measurements cover a total of 6 atomic 
levels, from the 3d level in C to the 101 level in Pb, and 11 different nuclei. It should be noted, 
however, that the data are relatively inaccurate, reflecting the difficulty in making measurements of 
strong interaction effects in EC- atoms where most of the X-ray lines are relatively weak and must 
be resolved from the much stronger K- atomic X-ray transitions. Out of a total of 23 measurements, 



Σ-Nucleus potential
• Σ-atom X-ray 

C.J.Batty et al., NP A372(81)433.  

• DWIA analysis: Green Function method 
Morimatsu and Yazaki, NP A483(88)493, 
R.S.Hayano, NP A478(88)113c. 

  

V(r) + iW(r) = −
4πh2
2µ
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µ
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' 
( a ρ(r)

= − 28 + i15( )MeVρ(r)/ ρ0

a = 0.35 + i0.19 : scattering − length ,
µ : reduced − mass



Narrow width problem in 
1980s
• 9Be(K-,π-) at CERN(1980)

• Narrow peak(~7 MeV) in unbound region 

• BNL, KEK



BNL E887

600 MeV/c
4 degrees

No Peaks !!
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E887 vs. CERN Data 
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FIG. 3. Excitation spectra and cross sections obtained for tar-
gets of 4He, 6Li, and 9Be. Note the similarities and trends with
mass number in these spectra.

were fit to a phenomenological function consisting of the
form erf 3 !1 2 erf ", and the !K2, p2" spectra were fit
with the same function with an added Gaussian to represent
the enhancement evident for all targets. These functions
were used to extend the integration over regions in the
tails of the acceptance, where corrections would have been
larger than a factor of 2.5. The enhancement is included
in the integrated cross section of the table. According to
the global fits of Gopal et al. [13], the ratios of the cross
sections for the two channels would be expected to be
about 1.4 compared to the values 1.1, 1.6, and 1.8 for our
4He, 6Li, and 9Be data, respectively. An error of 30% has
been assigned to these integrated cross sections.
The plots show a consistent picture for the trends of S

production in A ! 4, 6, and 9. They constitute a data-
base for incorporation into the various models of the fun-
damental hyperon-nucleon interaction. The characteristic
features of these spectra are remarkable. To show these
in more detail, the spectra are replotted and superposed in
the region of the threshold for the two reaction channels in
Fig. 4.
First, there is an obvious isospin dependence evident in

the comparison of the !K2, p2" and !K2, p1" spectra.
Second, there is a progressive shift in the appearance of an
enhancement in the !K2, p2" spectrum with mass number,

TABLE I. The measured cross sections integrated over the
excitation energy between 220 and 80 MeV.

Target Reaction !mbarns#sr" at 0±

4He !K2, p2" 735 6 220
4He !K2, p1" 702 6 210
6Li !K2, p2" 1530 6 460
6Li !K2, p1" 970 6 290
9Be !K2, p2" 1520 6 460
9Be !K2, p1" 843 6 260

ranging from 210 MeV for 4He to 14 MeV for 9Be. Fi-
nally, there is a progressive broadening and shift to higher
energies of the !K2, p1" spectrum. It should be noted that
the presence of s-shell nucleon-hole components results in
a shift of the continuum excitation in the !K2, p2" spectra
for 6Li and 9Be, as compared to that for 4He.
An important contribution to the understanding of 4

SHe
has been made by Harada [14], who has published a de-
scription of the entire 4He spectrum from the L thresh-
old into the S continuum region. Any theoretical analysis
must, of course, take into account the interference between
L and S amplitudes in a coupled-channel calculation for
the !K2, p2" reaction. As has been previously pointed
out [8], the results indicate a very large isospin depen-
dence in the S-nucleus potential. Bearing in mind that
T ! 1#2 cannot contribute to the !K2, p1" reaction, the
comparison of the two reaction channels for production
in 4He indicates a practically pure T ! 1#2 bound state
for 4He.
The presence of an isospin dependence in reaction the-

ory is characterized by a “Lane” term [15]. Harada sug-
gests that there is such a term in the S-nucleus potential.
The 1#A dependence of that term reduces the likelihood of
observing bound states for A . 5. The data further sug-
gest a strong repulsive potential in the T ! 3#2 channel.
This large isospin dependence is indicated in the dramatic
differences between the !K2, p2" and !K2, p1" reactions
indicated in Figs. 3 and 4.
In examining Figs. 3 and 4, one is tempted to interpret

the targets in terms of an alpha particle cluster model which
provides a common basis for understanding the continuum
region. Either a cluster model or a continuum shell model
is needed to explain these data, which are not describable
in terms of the usual quasifree models using the impulse
approximation incorporating Fermi broadening.

FIG. 4. A detailed comparison of the threshold regions of the
targets and reaction channels of the present experiment. The
upper portion shows the !K2, p2" and the lower portion shows
the !K2, p1" reactions. The solid lines describe 4He, the dashed
lines describe 6Li, and the dotted lines describe 9Be. This fig-
ure facilitates comparison of the systematic features for these
reactions.

5240

S. Bart et al., PRL 83 (1999) 5238. 



束縛状態の問題
• ポテンシャルの実部の深さ？ 

• Σ原子のX線データの密度依存型ポテンシャル
による再解析
• 弱い引力：原子核外部の長距離 
• 強い斥力：原子核内部 

• 軽い核を除いて、束縛状態は存在しない!?
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Repulsive ??
• C.J.Batty,E.Friedman,A.Gal,  

Phys.Lett.B335(94)273; 
PTP Suppl.117(94)227.

• J.Mares et al., NP A594(95)311.

RMF potential in Pb

DD potential



Existence of any 
bound states ?
• Only candidate 

• 4He(K-stop,π-)：R.S.Hayano et al.

• predicted by Harada and 
Akaishi 

• Definitive evidence ? 
• Large bakcground 
• K- orbit

• S or P ? BΣ=2.8±0.7 MeV
ΓΣ=12.1±1.2 MeV

R.S. Hayano et al., PL B231 (1989). 
H.Outa et al., Prog. Theor. Phys. Suppl. 117 (1994) 177.



BNL E905: In-flight 
(K-,π-)

600 MeV/c, 4 deg.
Simple analysis: DWIA 
Established the existence 
of a bound state 

BΣ：4.4±0.3±1 MeV 

Width：7±0.7+1.2/-0.0 
MeV(FWHM)

T. Nagae et al., PRL 80 (1998) 1605.



Harada and Akaishi

• Strong Isospin dependence 
• Lane term

• UCΣ=U0 + UtTC•tΣ/A

• T. Harada et al., Nucl. Phys. A507(1990) 715.
• T. Harada, PRL 81 (1998) 5287.

T=1/2; U0 - Ut

T=3/2; U0 + 1/2Ut

repulsive

attractive



E438: Study of Σ-nucleus potential
       by the (π-,K+) reaction on heavy nuclei

Inclusive spectrum tells the Σ potential…

UΣ = VΣ + i WΣ No Σ-hypernuclear bound states, but 4ΣHe



Measured Inclusive (π-,K+) Spectra 
on C, Si, Ni, In, & Bi

- Similar Shape
- No peak in -BΣ- <0 MeV
- Maximum @ -BΣ- >120 MeV

P.K. Saha et al., Phys. Rev. C 70 (2004) 044613.



based on the Nijmegen model-D (ND), F, and Softcore
(NSC) YN potentials [35]. Among them, the ND-based po-
tential is the most attractive, and the NSC-based one is
weakly attractive. The NF-based potential has a repulsive
core with a height !30 MeV and an attractive pocket at the
nuclear surface. The sizes of the imaginary potentials for
ND, NF, and NSC are W0

!!−3.5 MeV, −7.4 MeV, and
−15 MeV. The !-nucleus potential suggested from the
present measurement and the fitting analysis is more repul-
sive than those based on ND, NF, and NSC. A ! single-
particle potential has also been calculated [32] using the
quark-model-based hyperon-nucleon interaction, model FSS
proposed by the Kyoto-Niigata group [37]. The ! potential
turns out to be 20.4 MeV repulsive, since the !N"I=3/2#3S1
state shows a strongly repulsive nature due to the Pauli-
exclusion effect between the quarks.
A repulsive !-nucleus potential has been derived so as to

reproduce the !−-atomic x-ray data by employing a phenom-

enological density-dependent (DD) potential [38,39] or the
relativistic mean-field (RMF) theory [39]. The DD potential
shows a strongly repulsive core having a height of !95 MeV
at the nuclear center with a shallow attractive tail outside of
the nucleus; the imaginary potential is as deep as W0

!!
−35 MeV. The RMF approach was used to construct a
Schrödinger-equivalent !-nucleus potential from the scalar
(attractive) and vector (repulsive) Dirac potentials, while fit-
ting the experimental !−-atomic x-ray shift and width. This
approach shows a change of the !-nucleus potential from
attractive to repulsive in the nuclear interior along with an
increase of "# from 1/3 to 1, where "# is the vector-meson
coupling ratio. The fitting is better when "# increases. In the
case of Si, the real and imaginary potentials are, respectively,
about 30–40 MeV and as deep as 40 MeV in the nuclear
interior. The !-nucleus potential derived by fitting the
!−-atomic data seems qualitatively close to that obtained
from the present analysis of the "$− ,K+#spectra. However,
the calculated Si"$− ,K+#spectrum with the DD potential
within the present framework did not fit the measured spec-
trum very well, as shown in Fig. 23. This does not show that
the volume of the DD potential is strongly repulsive. Since
the x-ray data suggest an attractive potential in the atomic
orbital region, the present Woods-Saxon-type repulsive po-
tential does not reproduce the x-ray data. Therefore, further
studies of the !-nucleus potential would be required to ex-
plain the present measurements and the x-ray data, where
more careful choices of the nuclear and !-nuclear radii and
the figure of the !-nucleus potential at the nuclear surface
and outside the nucleus would be necessary.
The hyperon constituents of neutron star cores are closely

related to the hyperon single-particle potential in dense
nuclear matter and hence are discussed based on the results
from hypernuclear studies [13,15,36,40]. However, discus-
sions concerning hyperons other than % are ambiguous, par-
ticularly for !, because the interactions of the hyperon to
nucleon and other hyperons are not well established. The !−

appearance in dense neutron matter is sometimes discussed
based on an attractive !-nucleus potential in nuclear matter
of normal density [13,15,40]. On the other hand, the hyperon
mixing in dense neutron matter is discussed based on the
repulsive !-nucleus potential derived from the !−-atomic

FIG. 19. Same as Fig. 17, but the curves in (a) are for V0
!

=10–150 MeV every 20 MeV fixing at W0
!=−40 MeV, except for

the case of "V0
! ,W0

!#="−10 MeV,−10 MeV#. Curves in (b) are for
W0

!=−60 to −10 MeV every 10 MeV fixing at V0
!=90 MeV. The

potential parameters used for the calculation are listed in the third
column of Table X.

FIG. 20. Same as Fig. 18, but the potential parameters used for
the calculation are listed in the third column of Table X.

SAHA et al. PHYSICAL REVIEW C 70, 044613 (2004)

044613-16

V0=+90 MeV,   W0=-40 MeV



Theoretical analysis  
by Harada & Hirabayashi

V0=+30 MeV,  W0=-40 MeV

T. Harada, Y. Hirabayashi / Nuclear Physics A 759 (2005) 143–169 165

Fig. 13. A comparison with the calculated spectra of the 28Si(π− ,K+) reaction at pπ = 1.20 GeV/c (6◦),
(a) near theΣ− threshold, and (b) including theΣ− QF region, together with the data at KEK-E438 experiments.
The dashed curves denote for the WS potentials with the strengths of V Σ

0 = −10, 0, +30, +60 and +90 MeV
in the real part and WΣ

0 = −40 MeV in the imaginary part. The solid and long-dashed curves denote the spectra
with the potentials for DD and WS-sh, respectively, as a guide. See also the caption in Fig. 11.

for WS-sh given by (V Σ
0 ,WΣ

0 ) = (−10 MeV, −9 MeV). As seen in Fig. 3, the volume
integrals per nucleon with (V Σ

0 ,WΣ
0 ) = (+20 MeV, −20 MeV) amount to (JR,JI ) ≃

(157 MeVfm3, −157 MeV fm3), which are fairly similar to those for DD.

T. Harada, Y. Hirabayashi / Nuclear Physics A 759 (2005) 143–169 163

Fig. 12. Real (upper) and imaginary (lower) parts of the WS potentials UΣ for Σ−–27Al, with various strengths
of V Σ

0 and WΣ
0 . The parameters of a= 0.67 fm and R = 1.1(A − 1)1/3 = 3.30 fm are used. The solid curves

are drawn for the DD potential, as a guide.

Moreover, the shape and magnitude of the Σ− QF spectrum would be affected by the
meson-distortion of π− and K+ in nuclei. Motoba et al. [49] have discussed that Λ-
hypernuclear cross sections for the stretched states are enhanced much more by meson
distorted waves in the (π+,K+) reaction within a full eikonal approximation. If the dis-
tortion in the spectrum for DD is switched off, i.e., a plane-wave approximation, a higher
χ2/N value for ω = 220–470 MeV is 1.53, and its absolute spectrum is about 5 times
larger than that of the data (fs = 0.22). Thus the meson distortion improves significantly
the shape of the spectrum.



Summary on Σ 
hypernuclei

No narrow states in unbound region

One bound state in 4
ΣHe

7
ΣLi ? Nucl. Phys. A 547 (1992) 175c.

Σ-Nucleus potential is repulsive in 
medium-heavy system.



S=-2 Systems



Hybrid 
Emulsion 

Experiments

by K. Nakazawa



KEK E176
p

n
Λ
Results of KEK-E176  no.1

S.Aoki et al., NP. A828 (2009) 191-232

Ξ -

14N + Ξ - => 13 B + p + n
13 B => 13C* + π-ΛΛ
ΛΛ Λ

BΛΛ = 23.3 +/- 0.7 MeV
∆BΛΛ =   0.6 +/- 0.8 MeV

[Assumption]
BΞ- = 0.17 MeV (atomic 3D in 14N-Ξ -)

1. select Q.F. (K-,K+) reaction & reconstruct K+.
2. following up K+ meson in emulsion.
3. following down Ξ- cand. track.
4. check seq. topology of DHY at end point.

� Ξ - stops : 77.6 +/- 5.1 events
captured by

light elem.   (C,N,O) : 42.3      %
heavy elem. (Ag, Br): 57.7      %

+4.5
−9.6
+6.1
−9.6

13 BΛΛ

most probable case

: Ex = 4.9 MeV

4 / 17
at HYP-X

Introduction of experimental method

S. Aoki et al, NP A 828 (2009) 191.



KEK E373
p

n
Λ
Results of KEK-E373

“ the most significant result of 
the past 5 years 

in hypernuclear physics. ”
Final Report of the 2004 KEK PS External
Review Committee (August 30, 2004),p5.

for NAGARA event

1. select Q.F. (K-,K+) reaction,
2. reconstruct Ξ- cand. track,
3. following down Ξ- cand. track,
4. careful analysis of the vertex.

==> ~103 Ξ - stops

6 / 17
at HYP-X

In E373, we changed the target 
Emuslion (E176) ==> Diamond,

used SciFi-Blcok and -Bundle.



Nagara Event

p

n
Λ

1. From Consistency in A & B :  B Ξ− < 1.86 MeV
2. By kinematical fitting : 

if we take into account B Ξ− = 0.13 MeV [atomic 3D : 12C- Ξ− ]

cf. in the paper PRL(2001) BΛΛ = 7.25 +/- 0.19 MeV, ∆BΛΛ = 1.01 +/- 0.20 MeV
This discrepancy was come from the mass change of Xi- hyperon in PDG.

� NAGARA event (2)
Decay point B (kinematic analysis) Production point A (kinematic analysis)

Possible modes are listed above.
(A)∆BΛΛ - B Ξ− < 20 MeV, (B)∆BΛΛ >-20 MeV

inconsistent

Unique assignment

BΛΛ = 6.79 + 0.91 B Ξ− (+/- 0.16) MeV
∆BΛΛ = 0.55 + 0.91 B Ξ− (+/- 0.17) MeV

BΛΛ = 6.91 +/- 0.16 MeV, ∆BΛΛ = 0.67 +/- 0.17 MeV6 HeΛΛ

8 / 17
at HYP-X

H. Takahashi et al., PRL 87 (2001) 212502.



Summary of Emulsion 
events

p

n
Λ

Summary and perspective (1)

B Ξ− (atomic 3D) = 0.13 MeV [12C- Ξ−], 0.17 MeV [14N- Ξ−], 0.23 MeV [16O- Ξ−].

11 BeΛΛ

10 Be*ΛΛ

6 HeΛΛ

6 HeΛΛ

13 BΛΛ

NAGARA

MIKAGE
DEMACHI-

YANAGI
HIDA

E176

A ZΛΛ
Ξ -

Captured

12C

12C
12C

14N

16O

BΛΛ - B Ξ− ∆BΛΛ - B Ξ−

[MeV]            [MeV]
BΛΛ = 6.79 + 0.91B Ξ− (+/- 0.16)
∆BΛΛ = 0.55 + 0.91B Ξ− (+/- 0.17)
B Ξ− < 1.86  

20.26
+/- 1.15

2.04 
+/- 1.23

9.93
+/- 1.72

3.69
+/- 1.72

11.77
+/- 0.13

-1.65 
+/- 0.15

------ -------

3D

3D

3D

3D

Assumed
level

3D

BΛΛ ∆BΛΛ
[MeV]       [MeV]

23.3
+/- 0.7

0.6
+/- 0.8

11.90
+/- 0.13

-1.52 
+/- 0.15

20.49
+/- 1.15

2.27 
+/- 1.23

10.06
+/- 1.72

3.82 
+/- 1.72

6.91
+/- 0.16

0.67 
+/- 0.17

12 BeΛΛ
22.06

+/- 1.15 ------ ------3D 22.23
+/- 1.15

M.Danysz et al., PRL.11(1963)29;
R.H.Dalitz et al., Proc. R.S.Lond.A436(1989)1

10 BeΛΛ
9 Be*Λ-> ------ ------- not

checked,
yet.

13 C*Λ->
14.7

+/- 0.4
1.3

+/- 0.4Ex = 3.0

Ex = 4.9

cf. Ex = 3.0 cf. Ex = 3.0

By checking consistency of ∆BΛΛ (NAGARA) within 3 STD. errors,

15 / 17
at HYP-X



J-PARC	E07

145

ｎ
ｎ
ｐ
ｐ
Λ
Λ

ΛΛ	hypernucleus

Systematic	study	of	double	strangeness	nuclei	
with	Hybrid	emulsion	method

ｎ
ｎ

ｐ
ｐ
ｎ Ξ-

Ξ	hypernucleus X-ray	from Ξ−	atom

Ξ-
Ag	or	Br
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Subjects:	S=-2	systems Physics:	baryon-baryon	interaction

ΛΛ	S-wave	interaction

ΞN	interaction

ΛΛ-ΞN	coupling

Production,	structure,	and	decay	
of	S=-2	systems

spectroscopy	of	ΛΛ hypernuclei	(A	=	6	~17)

Ξ hypernuclei	(Ξ13B,	Ξ15C,	and	Ξ17N)

X-ray	from	Ξ-atoms	(Ξ−+Ag,	or	Ξ−+Br)	

ΛΛ hypernuclei	in	excited	state

s-shell	ΛΛ hypernuclei:	ΛΛ4H,	ΛΛ5He,	and	ΛΛ5H

ΛΛ	P-wave	interaction

Physics	motivations

	 	 KEK-PS	E373	 J-PARC	E07	(in	proposal)	
Emulsion	gel	 0.8	tons	 	 2.1	tons	
Purity	of	K-	beam	 25%	 	 ~85%	
Ξ−	stop	yield	 ~650	 	 10k	
S=-2 hypernuclei	 9	 	 ~102

Concept:	10k	Ξ−	stop	events,	which	is	10	times	statistics	more	than	that	of	KEK-PS	E373



Ξ- atom X-ray spectroscopy at J-PARC (E07)

Select (K-, K+) reaction by spectrometers
Hybrid emulsion method

 Ξ stop (σ stop)

Ξ-

Select Ξ- stop event by emulsion image

Energy

w/o strong int.

Level scheme of Ξ-  atom

w/ strong int.

absorption

Energy shift
X ray

Hyperball-X Ge detector array
for X-ray measurement

Analysis status

Coincidence with Hyperball-X data

Ξ- C atom data  (from the diamond target) 
  →   On going

Ξ- Ag atom , Ξ- Br atom data (from the emulsion) 
  →   20% coincidence analysis is finished 



118	emulsion	modules

Year Beam	power	
[kW]

K-	intensity	
[/spill]

K-	purity Time	
[h/mod.]

2016 42 260k 81% 6.5
2017 44 310k 83% 5.6
2017 37.5 280k 82% 6.0
2017 10	-	35 120k	–	270k 50%	-	82%	 6.5	–	9.0

Jul.	1st	2017,	Run	end	photo	@K1.8	counting	room

Beam	exposure

May-Jun.	2016	
		KURAMA	Commissioning	:	5.0	days	 	
		Physics	:	4.9	days	

4/15	-	4/19,	2017	(44kW)	
		Emulsion	exposure	:	50	h	
		calibration	:	19	h	

5/25	-	6/29,	2017	(10	-	37.5kW)	
		Emulsion	exposure	:	23.4	days	
		calibration	:	8.5	h

148Photographic	processing:	completed	in	Feb.	2018	in	Gifu-U.
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K
+

Scattered	particles
K+

Ξ-

target
SSD SSD2

Emulsion	sheets

Missing	momentum	vector	vs	Ξ-	track	

No	hit	

momentum

High	dEVertex	residual

Charge*mass[GeV/c2]

m
om

[G
eV
/c
]

Ξ-	selection	from	the	(K-,	K+)	reaction	by	off-line	analysis	

for	selection

by	simulation	for	118	modulesCriteria	for	Ξ-	track	selection
Level	 Ξ-	stop	 		prediction/mod.	
1	 9k	 			~440	 	 High	S/N	&	stop	ratio	
2	 1k	 			~850	 	 Realistic	selection	
3	 1k	 			6.2k	 	 All	Ξ-	stop	
4								negligible	 			16k	 	 All	combination

1st	priority

K-
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*	Disassembling	
*	Photographic	developing

~440	predictions	of	Ξ-	tracks	
per	module	

Beam	direction

volume	for	readout

0.4mm	Thin-type

1.0mm	Thick-type	

1.0mm	Thick-type	

~(+-200µm)2

~(+-10µm)2

Track	following	for	Ξ-	stop	event

emulsion	module	(13	emulsion	sheets)

Automated	Track	Following	(Sample	Movie)	
https://youtu.be/3fiWI5tDx2U

stop,	decay,	etc.…
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	 	 	 	 KEK-PS	E373	 E07	(current)	
Ξ-	stop	with	nuclear	fragment	 430	 	 	1.6k				(	1.6k/430	=	3.8)
S=-2	system	 		 	 9		 	 	26

2019	May	
So	far,	70%	of	emulsion	sheets	has	been	scanned	at	least	once.	

11	double	Lambda	events 8	twin	events 7	others
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11	double	Lambda	events 8	twin	events

ΛΛBe

(ΛΛC	)

(14N	+	Ξ−)
in	progress

Found	
recently

(ΛΛC	)

ΛΛ
8Li	
or	

	ΛΛ10Be

(ΛΛC	)

*	Nuclear	species	of	some	event	are	identified.		
*	BΞ-	or	ΔBΛΛ are	measured	quantitatively	in	several	events	(red	framed).

Ξ
15C16O	+	Ξ−

	atomic

(14N	+	Ξ−)
in	progress

ΛΛLi
or	

	ΛΛBe
(12C	+	Ξ−)
in	progress

Many	
candidates

Many	
candidates

Many	
candidates

Many	
candidates

Many	
candidates

Many	
candidates

Found	
recently

	 	 	 	 KEK-PS	E373	 E07	(current)	
Ξ-	stop	with	nuclear	fragment	 430	 	 	1.6k				(	1.6k/430	=	3.8)
S=-2	system	 		 	 9		 	 	26

2019	May	
So	far,	70%	of	emulsion	sheets	has	been	scanned	at	least	once.	

7	others

IBUKI

MINO
π-

π- π-

T001	104-3

T002	117-7

T003	75-7

T004	62-11

T005	61-7

T006	47-10

T007	43-4 T008	43-7

D001	98-4 D002	42-10 D003	90-6

D004	112-7 D005	48-5 D006	32-9

D007	69-7 D008	87-4 D009	30-6

D010	37-2 D011	79-2

2018/11/12	
77-7

2018/11/19	
43-5	
DoubleCenterd

2018/12/04	
68-12	

2018/12/09	
45-11	
2v+kink

2019/01/14	
37-6	
DoubleL?

2019/01/16	
35-3	
DoubleCenterd

2019/03/04	
39-5	
Twin?
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Λ
5He	→	4He	+	p	+	π-

4He

p
π-

16O	+	Ξ-	→	ΛΛBe	+	4He	+	H

Ξ-

ΛΛBe

4HeH

ｎ
ｎｐｐ

ｎΛΛ

Double-Λ Hypernucleus MINO  event

Λ
5He

p

ΛΛBe	→	Λ5He	+	H	+	p	+	xn

Possible	interpretations	  BΛΛ	[MeV]	 	 ΔBΛΛ	[MeV]														kinematic	fitting	χ2			p-value[%]	
Ξ-	+	16O	->	ΛΛ10Be	+	4He	+	t	 	15.05	+-	0.11	 1.63	+-	0.14										11.5	 										0.9	
Ξ-	+	16O	->	ΛΛ11Be	+	4He	+	d	 	19.07	+-	0.11	 1.87	+-	0.37												7.3	 										6.4	
Ξ-	+	16O	->	ΛΛ12Be*	+	4He	+	p	 	13.68	+-	0.11	+	Eex	 -2.7	+-	1.0	+	Eex				11.3	 										1.0

where,	BΞ-	=	0.23	MeV,	3D	orbit	of	16O
ΛΛ

11Be	is	most	probable	by	kinematic	fittng	χ2		(DOF=3)

In	a	new	nuclide	event	of	ΛΛBe,		a	ΔBΛΛ,	ΛΛ	interaction	energy,	has	been	obtained	successfully.	

Λ
10Be

Λ
r r

ΛΛ

ΛΛ
11Be

BΛ
BΛΛ

M(9Be)	+	MΛ	-	BΛ	 M(9Be)	+	2MΛ	-	BΛΛ	

ΔBΛΛ

ΔBΛΛ	:	ΛΛ	interaction	energy

H.	Ekawa	et	al.,Prog.	Theor.	Exp.	Phys.	2019,	021D02



154*	Multiple	candidates	of	Ξ	hypernucleus	with	BΞ-	beyond		3D	atomic	level	in	Ξ--14N	systems	
*	We	expect	more	examples	through	further	analysis	in	E07.

0.174	MeV:3D	atomic	state	
Prog.	Theor.	Phys.	105	(2001)	627.	

KISO  
  event 
(KEK-E373)

KINKA 
   event 
(KEK-E373)

IBUKI 
  event 
(J-PARC E07)

0 

1 

2 

3 

4 

5 

6 

7 

8

KI
SO
  e
ve
nt

KI
N
KA
 e
ve
nt

IB
U
KI
 e
ve
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 g.s.

* 
1st. ex

 g.s.

* 
1st. ex

 g.s.

B Ξ- (Ξ- +14N)

B Ξ-  
(MeV)

1.03 ± 0.18 
           or 
3.87 ±  0.21

5 or 8

1.27 ± 0.21

E.Hiyama, K. Nakazawa, Annu. Rev. Nucl. Part. Sci. 2018.68.131

(M
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)

B Ξ-  
(MeV)

B Ξ
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#1
#2
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D

Ξ
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e-

#2 #1

#2
#1

S. Hayakawa, PhD thesis (2019) Osaka Univ., Unpublished
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Deeply bound Ξ--14N systems
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Search for Double-Λ with 
Sequential Weak Decay 

Large Branch of Mesonic Weak Decay in Light 
hyperfragments

Characterisitc π- emission



5
ΛΛH → 5ΛHe+πｰ 

P πｰ~130 MeV/c

Γπ/Γtot    ~0.21

→ 4He+p+πｰ
P πｰ=99.2 MeV/c
Width   =1 MeV/c
Γπｰ/Γtot    ~0.39
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T. Motoba et al. / Continuum pion spectra

^e-~nHe+P+jr -

2

03 04 0.5 0.6 07 08

Fig . 7. The theoretical ir - decay spectrum l ' , r - ( . , , He) / l ' , with YNG is drawn by sol id l ine as a function
of the proton- 5 He relative energy E - - - Es, , , . The shal low A -binding energy case described in sect. 4.2
results in the dotted curve in which case the pion momentum and energy should be shi fted (cf . f ig . 8) .

It is seen also in the , ,A He weak decay that the YNG interaction results in larger
7r-decay rates than the ORG interaction, because the corresponding tI wave function
has larger overlap with the p-orbit nucleon wave function in the f inal state .

We thus expect that the weak decay of , ,A He provides monoenergetic 7r° and
almost monoenergetic 7r - with the momenta l isted above. As already shown in
sect. 3, the subsequent pionic decay of the intermediate products ( 5He, ; He) leads
also to the characteristical ly sharp peak in the pion spectrum . Therefore the correla-
t ion measurement of these sequential pions may be used as an indication of the
,AHe production .

4 .2 . RESULTS WITH A REPULSIVE AA INTERACTION

(eV /c )

-4 0.03
E

r
IT : D

 

10.02

613

The use of the new 11 wave functions results in the fol lowing predictions for the
decay rate :

T, ,O( , ,nHe) ca ' /T, , =0 .272 (ORG+FO) ,

 

0.335 (YNG+Fi ) ) ,

 

(4 .5)

T,r - ( AA He) c a ' /TA = 0 .639 (ORG + FO) ,

 

0.785 (YNG + FO) . (4 .6)

It is remarked that the strengths for the continuum three-body decay channels
become 34-65% larger than those obtained in sect. 4.1, whi le the stre,~ngth for the

614

(MeV)
10

5

0

T Alowha et al . / Continuum pion spectra

105 110

5. The strength functions for the

 

pionic decay

(MeV /c)

(MeV)
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2
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Fig . S.

 

e .1-binding energy B,1 , ; He) is plotted as a function of the weak decay pion momentum q, .
e corresponding .1 1 interaction matrix element .1B, , is also shown on the right scale . The hatch for

the - - decay indicates the predicted pion momentum width Jq = 0.45 MeV / c.

two-body :r" decay mode leading to the ; He bound state becomes 30-38% smal ler
cf . table 2) . This is because the A -wave function with smal l binding energy extends

more outside than that of deep binding and hence it has larger overlap with the
continuum nucleon wave function in the f inal state . These features are clearly
displayed in f igs . 6 and 7 by dotted l ine .

It should be noted, however, that the basic feature of the obtained pion spectra
having a discrete /sharp peak is not much di fferent from f igs . 6 and 7, respectively .
Therefore the monoenergetic pion peak can be uti l ized, even in the shal low A-
binding, to determine the mal A-binding energy in , ,He. The pion momentum to
be detected changes, of course, depending on 4B, , or B . , = B_, ( ; He) + ®B. , , . In
the present case of the new input of shal low I l -binding energy, the 7r ° momentum
(kinetic energy) at the discrete peak is qT° =107 .9 MeV /c ( T ; ,o = 37 .8 MeV) and, at
the -; r - sharp peak, q, , - =103 .0 MeV / c (T ' - = 33 .9 MeV) . These values should be
compared with those of eqs . (4 .1) and (4 .3) , respectively . The relation between q,
and ®B, , . , is displayed in f ig . 8, which shows the clear mutual dependence to be
helpful in future experiments . Thus the high resolution measurement of the weak
decay pion momentum is crucial and it wi l l open new and wide possibi l it ies in n -
and AA-hypernuclear spectroscopy .

The calculated 7r-mesonic decay rates are summarized in table 3 for the ORG
and YNG A N interactions, and the 7r - decay strength function for YNG is displayed
in f ig . 9 .

Since the proton Os,1 2 state is vacant in the core nucleus 3 H, the 1r - decay of ; H
can populate the ground state of 4 He, which leads to the emission of the characteristic



BNL E906
• 1998 Run Summary

– 0.9 x 1012 K-  (1.8 GeV/c) was irradiated
– Target was a 9Be plate (6“x 2”x1/2“ high)

• 1.1x105 (K-,K+) reactions were 
identified by 48D48 spectrometer, which 
covers 2-10 deg.

48D48 spectrometer system and CDS



Cylindrical Detector System
• Large solid angle      72% of 4π
• Momentum resolution for 100MeV/c π 9-10MeV/c(FWHM)

– Solenoid magnet Uniform field variation less than 0.5%
– Cylindrical Drift Chamber (CDC)  
               Low Z materials  
               gas ; He:C2H6=50%:50%  
               field-wire ; gold plated aluminium 

  12 layers ; 6 stereo layers, 6 axial layers, 576 cells
– Z-Chamber 5.5mm pitch Cathode strip readout-MWPC
– Hodoscope Finemeshed-PMT  in Magnetic field



Consistent with known single Λ hypernuclei

⇒

133 MeV/c

114 MeV/c

114 MeV/c

104 MeV/c

Phys. Rev. Lett. 87, 132504 (2001)

3
ΛH + 4ΛH

Candidate for ΛΛ hypernucleus decay

new interpretation by S. Randeniya: 7ΛΛHe



Suggested decay mode of 4ΛΛH and limits on ∆BΛΛ

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

3ΛH + p
}? 3ΛH

(7.75 MeV)

4ΛHe

3He

π− (104 MeV/c)

 p

π− (114.3 MeV/c)

4ΛHe excitation(MeV)    ΔBΛΛ(MeV) 
        7.75                         1.8     

4ΛHe*

Search for two body decay mode  4ΛΛH → 4ΛHe(1+) + π-  
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Contents
❖ Past measurements on “K-pp”

❖ FINUDA, E549 : K-stopA reactions (K-pp)→Λp

❖ DISTO：pp→ΛpK+

❖ HADES, LEPS, E15 3He(K-,n)

❖ Recent measurements on “K-pp”

❖ J-PARC E27：  d(π+,K+pp)X

❖ J-PARC E15： 3He(K-, Λp)n in the first data taking in 2013
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Nuclear K̄ bound states in light nuclei
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The possible existence of deeply bound nuclear K̄ states is investigated theoretically for few-body systems.
The nuclear ground states of a K! in 3He, 4He, and 8Be are predicted to be discrete states with binding
energies of 108, 86, and 113 MeV and widths of 20, 34, and 38 MeV, respectively. The smallness of the widths
arises from their energy-level locations below the #$ emission threshold. It is found that a substantial con-
traction of the surrounding nucleus is induced due to the strong attraction of the I"0 K̄N pair, thus forming an
unusually dense nuclear medium. Formation of the T"0 K!

!
3He#K̄0!

3H state in the 4He !stopped K!, n)
reaction is proposed, with a calculated branching ratio of about 2%.

DOI: 10.1103/PhysRevC.65.044005 PACS number!s": 13.75.Jz, 21.10.Dr, 21.45.#v, 21.80.#a

I. INTRODUCTION

One of the most important, yet unsolved, problems in
hadron physics is how the hadron masses and interactions
change in the nuclear medium !see, for instance, Refs.
%1–3&". In the strangeness sector, the possibility of a drop-
ping K! mass in nuclei has been theoretically asserted
%4–7&. This problem is connected to an exciting issue of
whether strangeness condensation in nuclear matter could
occur. Despite the importance of studying in-medium hadron
masses, no clear experimental method for deducing in-
medium scalar masses has yet been established. It was
pointed out by the present authors %8& that the invariant-mass
spectroscopy, when applied to hadrons embedded in nuclei,
provides information not on the scalar mass itself but only on
the energy state !in a scalar # vector potential", which suf-
fers from collisional shifts and broadening in nuclei. Re-
cently, a new type of ‘‘in-medium hadron-mass spectros-
copy’’ has been carried out. The method involves producing
deeply bound states of a hadron from which the hadron-
nucleus potential, and subsequently the in-medium hadron
mass, can be deduced. The first successful example was the
observation of narrow 1s and 2p states of a $! in 207Pb
%9–12& and 205Pb %13&, which had been predicted to be pro-
duced by using suitable ‘‘pion-transfer’’ nuclear reactions
%14,15&. The effective mass shift of the $! in this nucleus
was deduced to be around #26 MeV %10,12,13,16&, from
which a partial restoration of chiral symmetry breaking was
indicated %17,18&. This type of nuclear spectroscopy is being
extended to search for ' and ( bound states in light nuclei
%19&. In this paper we consider the possible existence of dis-
crete nuclear bound states of a K̄ and how to populate such
exotic nuclear states.
Recently, definite information about the strong-interaction

level shifts of the kaonic hydrogen atom was obtained from
the experiment KpX at KEK %20,21&, which indicates a
‘‘repulsive’’-type shift of (!323$63$11)#i(407$208
$100) eV for the 1s orbit. For heavier nuclei, Batty et al.
%22,23& reanalyzed all of the existing data of K! atoms, in-
cluding a density-dependent term for the K!N scattering
length, and deduced an optical potential with a strongly at-

tractive real part (V0
atom"!183 MeV) and also a strongly

absorptive imaginary part (W0
atom"!70 MeV). The reason

for such a highly attractive potential, despite the fact that the
strong-interaction shifts appear to be negative !of ‘‘repul-
sive’’ type", comes from the assertion that the )(1405) state
is not an ‘‘elementary particle,’’ but the bound state of K̄
#N . From such a potential one expects deeply bound
nuclear states in heavier nuclei, but their widths are esti-
mated to be on the order of 100 MeV or more if their poten-
tial parameters are strictly applied, and thus such nuclear
states may not be identified as discrete states. On the other
hand, a number of narrow deeply bound atomic states are
expected in all nuclei, as studied theoretically by Friedman
and Gal %24&. Such atomic states are, however, not very sen-
sitive to the inner behavior of the asserted strong-interaction
potential. Certainly, direct knowledge about the potential
should be obtained from K̄ nuclear bound states, if they exist
as discrete states. In the following sections, therefore, we
seek possible narrow discrete nuclear states by examining the
K̄N interaction and treating few-body systems of relatively
simple structure. Short versions of the present study have
already been published %25,26&.

II. FORMALISM

A. K̄N interaction

First, we construct phenomenologically a quantitative K̄N
interaction model that is as simple as possible using free K̄N
scattering data %27&, the KpX data of kaonic hydrogen
%20,21& and the binding energy and width of )(1405), which
can be regarded as an isospin I"0 bound state of K̄#N .
Then, the I"0 and I"1 K̄N interactions are found to be

v K̄N
I

!r ""vD
I exp%!!r/0.66 fm"2& , !1"

v K̄N ,$#
I

!r ""vC1
I exp%!!r/0.66 fm"2& , !2"

v K̄N ,$)
I

!r ""vC2
I exp%!!r/0.66 fm"2& !3"
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Abstract

We propose to use the (K−,π−) and (π+,K+) reactions to produce deeply bound nuclear "K states in proton-rich systems,
in which an elementary formation of "(1405) and "(1520) plays the role of a doorway state. Exotic discrete "K bound systems
on unbound nuclei, such as K−pp, K−ppp and K−pppn, are predicted to be produced, where a high-density nuclear medium is
formed as a result of nuclear contraction due to the strong K−–p attraction.  2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Very recently we predicted the possible presence of
discrete nuclear bound states of "K in few-body nuclear
systems [1–3]. The "K-nucleus interaction was derived
from "KN interactions which were constructed so as
to account for the "KN scattering lengths, the K−p
atomic shift and the energy and width of "(1405).
In these systems the strong attraction of the I = 0
"KN interaction ("KNI=0) plays an important role. It
accommodates a deeply bound state, while contracting
the surrounding nucleus, thus producing an unusually
dense nuclear system. Since the binding energies
are so large that the main decay channel of the
I = 0 "KN to # + π is closed energetically (and
additionally, the channel to " + π is forbidden by the
isospin selection rule), these deeply bound states are

E-mail address: yamazaki@nucl.phys.s.u-tokyo.ac.jp
(T. Yamazaki).

expected to have small widths. Narrow bound states,
3
"KH(T = 0) ≡ K− ⊗ 3He + "K0 ⊗ 3H(T = 0) and
4
"KH ≡ K− ⊗ 4He, with "K binding energies of 108 and
86 MeV, respectively, were predicted. We studied a
4He(stopped K−,n) process to produce 3"KH(T = 0),
in which the ejected neutron is used as a spectator. Its
experimental feasibility has been discussed by Iwasaki
et al. [4]. Another type of reactions, in-flight (K−,N),
was discussed by Kishimoto [5]. In the present Letter
we propose an alternative method, namely, (K−,π−)
and (π+,K+) reactions, to produce more exotic "K
bound states.
In view of the situation that "(1405) is a bound

state accommodated in a calculated K−p potential,
as shown in Fig. 1, we readily recognize that a
nuclear"K system is nothing but “dissolved”"∗ states.
Therefore, the formation of a "∗ in a nucleus as a
“seed” will lead to the production of "K bound states.
In other words, the "∗ produced in a nucleus can
serve as a “doorway” toward "K bound states. The

0370-2693/02/$ – see front matter  2002 Elsevier Science B.V. All rights reserved.
PII: S0370-2693(02)01738 -0
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Abstract

Using a phenomenological K̄N interaction, we predict that few-body double-K̄ nuclei, such as ppK−K− and ppnK−K−, as
well as single-K̄ nuclei, are tightly bound compact systems with large binding energies and ultra-high nucleon densities. We
point out that these K̄ nuclear clusters can be produced as residual fragments in relativistic heavy-ion collisions, and that their
invariant masses can be reconstructed from their decay particles.
 2004 Elsevier B.V.

1. Introduction

Recently, exotic nuclear systems involving K̄ (K−

or K̄0) as a constituent have been investigated theoret-
ically [1–5] based on phenomenologically constructed
K̄N interactions (hereafter referred to as AY), which
reproduce low-energy K̄N scattering data [6], kaonic
hydrogen atom data [7] and the binding energy and
decay width of !(1405). They are characterized by a
strongly attractive I = 0 part, which essentially arises
from the deep bound state of !(1405), but is fully
reconciled with the “repulsive-like” low-energy scat-
tering lengths and kaonic hydrogen level shift. These

E-mail address: yamazaki@nucl.phys.s.u-tokyo.ac.jp
(T. Yamazaki).

empirically based bare K̄N interactions are consistent
with theoretical predictions based on a chiral SU(3)
effective Lagrangian [8–11].Whereas these bare inter-
actions lead to a shallow K− optical potential for con-
tinuum states in infinite nuclear matter [9–11], they
persist to be strong in isolated bound states of finite nu-
clei. The effective interactions derived in [1] were ex-
amined and tested by comparing with exact few-body
calculations using the bare interactions.
The strongly attractive K−–p interaction is ex-

pected to cause not only enormous binding of K− in
proton-rich nuclei, but also shrinkage of K̄-bound nu-
clei. The calculated bound states in ppnK−, ppnnK−

and 8BeK− lie below the "π emission threshold,
which is the main decay channel of K−N and, thus,
are predicted to have narrow decay widths. These few-
body treatments have been further extended to more

0370-2693 2004 Elsevier B.V.
doi:10.1016/j.physletb.2004.01.089
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Fig. 3. Cascade evolution of K̄ clusters as deep traps in heavy-ion
collisions. The calculated binding energies are shown.

HSD [28], can be extended so as to include the
K̄ cluster productions.

(B) Direct formation of K̄ clusters from QGP

In central collisions of relativistic heavy ions, a
dense and hot fireball is produced. When the temper-
ature of a primordial fireball exceeds a QCD transi-
tion temperature (T > 150 MeV) it is expected to be
in quark–gluon plasma (QGP). Since the K̄ clusters are
by themselves dense, and are likely to be in a decon-
fined quark–gluon phase, as in QGP, they will be spon-
taneously formed in a self-organized way, like clus-
terized islands, remaining in a cooling and expanding
hadron-gas medium throughout the freeze-out phase,
as schematically shown in Fig. 4. Here, the s-quarks
in a primordial QGP act as seeds for K̄ clusters. This
process is different from the cascade evolution process
considered above, and the probability of each s-quark
to proceed to a K̄ cluster (even to a double-K̄ cluster)
is expected to be high. The time for their formation as
well as the time for their decay are close to the freeze-
out time.
Recently, it was shown that particle emission data

including strange particles are well accounted for by
a hadro-chemical equilibrium model in terms of the
freeze-out temperature, the baryon chemical potential

Fig. 4. Quark–gluon plasma and its transition to evaporating hadron
gases with heavy and dense residues of K̄ clusters.

and the fireball volume as parameters [18–20]. In this
model all particles (or states) are treated on equal
footing, and the yields of various K̄ clusters have been
calculated by Andronic et al. [26], as discussed in the
next section.

4. K̄-cluster invariant-mass spectroscopy

Eventually, the K̄ clusters formed in heavy-ion
collisions decay via strong interactions by their own
intrinsic decay modes. Whether these decays occur
inside or outside the nuclear collision volume, is a key
problem. The condition to observe the free decay of a
K̄ cluster with a decay width ΓK is

(11)τK = h̄/ΓK > τf ,

where τf is the freeze-out time. For the predicted
decay width of ΓK ≈ 20 MeV, τK ≈ 10 fm/c, which is
marginally longer than the calculated freeze-out time,
τf ∼ 5 fm/c [27–30]. Thus, most K̄ clusters formed in
(and before) the freeze-out phase are likely to survive
and undergo free decays.
The unique signature for K̄ cluster formation is a

clear peak to be revealed in the invariant-mass spectra
of its decay particles, if all of the decay particles with
their energies and momenta are correctly identified.
This method applies to limited cases, where K̄ clusters
can decay to trackable particles, such as

(12)(i) ppK− → # + p,
(13)(ii) ppnK− → # + d,



Bound States of Baryon number=2
❖ S=0 : One bound state 

❖ deuteron = p+n with T=0, JP=1+

❖ S=-1: No bound states ?

❖ Λ hypernuclei : A≥3 (3ΛH)

❖ Σ hypernuclei : A≥4 (4ΣHe)

❖ S=-2: ??

❖ ΛΛ-H dibaryon, ΞN

K-pp

∆∆, T=0, JP=3+



New type of Strange matter
❖ Strange meson (K-, Kbar) in Nuclei.
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KN Bound States
Prediction by Akaishi and Yamazaki 
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Formation of High Density State

total B.E. = 221 MeV
central density =  3.01 fm-3
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K interaction

KN interaction 
à strongly attractive in the isospin I=0 term  
(A. D. Martin, kaonic hydrogen X-ray @ KpX)

How about K-Nucleus interaction ?

Very deep attractive ?  (150—200MeV)

Shallow attractive ? (50—75MeV)

Ambiguity remains with kaonic atom data (ρ<< ρ0)



Hadronic Atoms
Klein-Gordon equation
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1. Introduction

1.1. Preview

In 1997, we published together with Chris Batty a Physics Reports review Strong Interaction Physics from Hadronic
Atoms [1] that has had a substantial impact on the progress made in the last decade on the study and understanding of
in-medium nuclear interactions for various hadrons at low energy. The most spectacular advance on the experimental
side has been perhaps the discovery and study of deeply bound pionic-atom states using the ‘recoil-free’ (d,3He)
reaction near the pion production threshold on isotopes of Sn and Pb at GSI. Another potentially promising advance,
very recently, concerns the as yet weak evidence for the existence of deeply bound antikaon-nuclear states gathered
from stopped K− reactions studied at KEK and at DA!NE, Frascati. These advances were triggered by, and have
stimulated related theoretical work in which low-energy in-medium hadronic properties were considered in terms of
a systematic chiral-perturbation expansion. This holds not only for pions, owing to their relatively small mass, but
also for antikaons where the dominant effect of the S = −1 subthreshold quasi-bound state " (1405) was treated
by a unitarized coupled-channel approach based on chiral-perturbation expansion. Significant advances in the study
of nuclear interactions of other hadrons at low energy, for kaons, antiprotons and # hyperons, have also been made.
A good evidence for the wide interest within the nuclear physics and hadronic physics communities in these subjects is
provided by the large number of recent topical reviews devoted to the overall theme of in-medium nuclear interactions
of hadrons, including energy regimes higher than considered here. A representative list of such Reviews during the
last 5 years covers the following subjects: chiral symmetry in nuclei and dense nuclear matter [2], pions in nuclei,
a probe of chiral symmetry restoration [3], chiral symmetry and strangeness at SIS energies [4], medium modifications of
hadrons—recent experimental results [5], kaon production in heavy ion reactions at intermediate energies [6], nucleon
and hadron structure changes in the nuclear medium and impact on observables [7].

In the present Review, we discuss and summarize the developments in understanding the in-medium properties of
several hadron–nucleon systems at low energy as unraveled by our recent phenomenological studies and related ones
by other authors in this field. This brief Preview subsection is followed by brief introductory subsections on wave
equations and optical potentials, on nuclear densities, and on in-medium interactions.

1.2. Wave equations and optical potentials

The interaction of hadrons in nuclear medium of density $ is traditionally described by a dispersion relation based
on the Klein–Gordon (KG) equation

E2 − p2 − m2 − %(E, p, $) = 0, % = 2EVopt, (1)

where %(E, p, $) is the hadron self-energy, or polarization operator and Vopt is the optical potential of the hadron in
the medium [8]. Here m, p and E are the rest mass of the hadron, its three-momentum and energy, respectively. For
finite nuclei, and at or near threshold as applicable to most exotic-atom applications, Eq. (1) gives rise to the following
KG equation:

[∇2 − 2&(B + Vopt + Vc) + (Vc + B)2]' = 0 (h̄ = c = 1), (2)

where & is the hadron–nucleus reduced mass, B is the complex binding energy and Vc is the finite-size Coulomb
interaction of the hadron with the nucleus, including vacuum-polarization terms, added according to the minimal
substitution principle E → E − Vc. A term 2VcVopt and a term 2BV opt were neglected in Eq. (2) with respect to
2&Vopt; the term 2BV opt has to be reinstated in studies of deeply bound states.

The simplest class of optical potentialsVopt is the generic t$(r)potential, which for underlying s-wave hadron–nucleon
interactions assumes the form:

2&Vopt(r) = −4(
(

1 + A − 1
A

&
M

)
{b0[$n(r) + $p(r)] + )zb1[$n(r) − $p(r)]}. (3)

Here, $n and $p are the neutron and proton density distributions normalized to the number of neutrons N and number
of protons Z, respectively, M is the mass of the nucleon and )z = +1 for the negatively charged hadrons considered in
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Fig. 2. Proton and neutron finite-range folded densities for 120Sn with ! = 0.85 fm. Neutron densities are calculated for " = 1.2 fm, see
Eqs. (8), (10).

Another sensitivity that may be checked in global fits is to the radial extension of the hadron–nucleon interaction
when folded together with the nuclear density. The resultant ‘finite range’ (FR) density is defined as

#F(r) =
∫

dr′#(r′)
1

$3/2!3 e− (r− r′)2/!2
, (10)

assuming a Gaussian interaction. Other forms such as a Yukawa function may also be used. Fig. 2 shows for example
FR folded proton and neutron densities in 120Sn, calculated using the three models listed above for generating neutron
densities. The difference between these three models becomes pronounced from about 8 fm on, a radial extent to which
p̄ atoms are particularly sensitive.

1.4. In-medium interactions

The t# form of the optical potential, where t is the two-body hadron–nucleon t matrix and # is the nuclear density
(more precisely, the nucleon-center distribution density), holds at high collision energy where most of the nuclear
medium effects such as the Pauli principle are negligible. At low energy, and particularly near threshold, nuclear
medium effects may and often do assume special importance. To demonstrate the scope of medium effects we use as an
example the case of K − nuclear interaction near threshold (

√
s ∼ mK − + Mp = 1432 MeV), for which the underlying

two-body K̄N system is strongly coupled to the $% and $& reaction channels, all in s waves. In particular, the interaction
in the I = 0 K̄N -$% coupled-channel system is so strong as to generate a subthreshold quasibound K̄N state about
27 MeV below threshold with a width approximately 50 MeV. This &(1405) is observed as a resonance in $% final-state
interaction spectra [23]. The K − nuclear optical potential in the large A limit, from Eq. (3), assumes the form:

2'Vopt(r) = − 4$
(

1 + '
M

)
[aK − p(#)#p(r) + aK − n(#)#n(r)], (11)

where

aK − p = b0 − b1, aK − n = b0 + b1 (12)

in the particle basis. The density-dependent effective scattering amplitudes aK − p(#), aK − n(#) are complex due to the
coupling to the reaction channels. For # → 0, the low-density limit asserts their limiting values aK − p, aK − n, respec-
tively, where the latter are (strictly speaking minus) the corresponding scattering lengths. Fig. 3 shows the density
dependence of the effective isoscalar threshold scattering amplitude aeff = 1

2 [aK − p(#) + aK − n(#)] for three cases:
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Fig. 3. Real (top) and imaginary (bottom) parts of the in-medium isospin-averaged K−N (effective) threshold scattering amplitude as function of
density, calculated in Ref. [24] including the effects of the Pauli principle (dashed lines), plus the effect of self-consistency for K− propagation
(dot-dashed lines), and also the effect of self-consistency for N propagation (solid lines).

(i) no medium effects beyond Pauli blocking are included (dashed line); (ii) a self-consistent calculation including
the K̄ self-energy (dot-dashed line); and (iii) including also the nucleon self-energy (solid line). The change of the
sign of Re aeff from negative to positive corresponds to the transition from an apparently repulsive free-space inter-
action to an attractive one in the nuclear medium. The underlying physics is that the Pauli principle suppresses the
contribution from Pauli forbidden intermediate states, thus weakening the in-medium t matrix which no longer sup-
ports a subthreshold quasibound state; thus, the !(1405) gets pushed up above threshold [25,26]. The inclusion of
K̄ and N (self-energy) medium modifications pushes this transition to a lower density, as first shown by Lutz [27],
but the free-space (" = 0) threshold scattering amplitude remains negative, reflecting the dominance of the ! (1405)
I = 0 subthreshold resonance. The figure shows that apart from the very low-density regime, the K− optical potential
Vopt = t (")" evaluated within such self-consistent models is well approximated over a wide range of densities by a teff"
form, where teff = −(2#/$)(1 + $/M)aeff = const. A genuine " dependence of teff appears only at very low densities.
The strength of Re aeff is seen to be reduced to about 50% of its initial value upon imposing self-consistency. This is
due to the suppressive effect of Im teff in the K− propagator of the Lippmann–Schwinger equation for t ("):

t = v + v
1

E − H
(0)
mB − t" − VN + i0

t . (13)

Here v and t are coupled-channel meson-baryon (mB) potential and t matrix, respectively, and H(0) is the corresponding
kinetic energy operator which depends implicitly on the density " through the imposition of the Pauli principle in K̄N

intermediate states. The K− optical potential t" and the nucleon potential VN act only in K̄N intermediate states.
A sizable Im t leads to an exponential decay of the propagator (E − H

(0)
mB − t" − VN + i0)−1, so that t ≈ v thus losing

the cooperative coupling effect to the #Y channels in higher-order terms of v.

Pauli principle

Self-consistency



K-p interaction 
    near threshold

Threshold branching ratios

K-p Scattering data

Kaonic hydrogen

114 E. Friedman, A. Gal / Physics Reports 452 (2007) 89–153

3.6. Conclusions

Pionic atoms form the oldest type of exotic atom of a strongly interacting particle and both experiment and theory
had achieved maturity already in the 1990s, with the nagging problem of anomalously enhanced repulsion in the s-
wave part of the potential essentially unresolved. The discrepancy between the in-medium b1 and its free !N value
became clearer with the ever improving accuracy of the experimental results on pionic hydrogen. In contrast, it seemed
that experimental X-ray spectroscopy of medium-weight and heavy pionic atoms reached a dead end without new
experiments in the last 20 years. The predicted existence of well-defined 1s and 2p states in heavy pionic atoms, due
to saturation of widths caused by the s-wave repulsion, prompted the pioneering (d,3He) experiments which supplied
strong interaction data unreached otherwise. Although the overall picture of pionic atom potentials has not changed
due to these new data, they gave added impetus to the study of medium effects in the pion–nucleus interaction at
threshold. The issue of the enhanced repulsion in the s-wave part of the potential appears to have been resolved with the
chiral-motivated b1(") of Eq. (26) which was shown to apply also at 21 MeV thanks to a recent dedicated experiment
on elastic scattering of !± by nuclei. It may be concluded that the dominant effect of the nuclear environment on the
real part of the pion–nucleus potentials close to threshold is given by Eq. (26). Note, however, that the absorption terms
quadratic in density remain largely phenomenological.

4. K̄-nuclear physics

4.1. Preview

The K̄-nucleus interaction near threshold is strongly attractive and absorptive as suggested by fits to the strong-
interaction shifts and widths of K−-atom levels [1]. Global fits yield ‘deep’ density-dependent optical potentials
with nuclear-matter depth Re VK̄("0) ∼ −(150 − 200) MeV [101,105–108], whereas in the other extreme case several
studies that fit the low-energy K−p reaction data, including the I = 0 quasibound state #(1405) as input for con-
structing self-consistently density-dependent optical potentials, obtain relatively ‘shallow’ potentials with Re VK̄("0)

∼ −(40 − 60)MeV [24,109–111]. For a recent update of these early calculations, see Ref. [112]. An example of a
chirally motivated coupled-channel fit to the low-energy K−p cross sections is shown in Fig. 17 from Ref. [24]. This
calculation is based on the free-space chiral coupled-channel amplitudes used in the in-medium calculations of Waas
et al. [26] following the earlier work of Kaiser et al. [113]. By imposing self-consistency in its nuclear part (solid
lines) the calculation [24] leads to a weakly density dependent shallow K̄-nucleus potential in terms of the effective
scattering length aeff(") of Fig. 3 in Section 1. As is shown below, ‘shallow’ potentials are substantially inferior to
‘deep’ones in comprehensive fits to K−-atom data. The issue of depth of Re VK̄ is reviewed below and the implications
of a ‘deep’ potential for the existence and properties of K̄-nucleus quasibound states are discussed. Since the two-body
K̄N interaction provides a starting point in many theoretical works for constructing the K̄ nuclear optical potential
VK̄ , we start with a brief review of the K̄N data available near the K−p threshold.

4.2. The K−p interaction near threshold

The K−p data at low energies provide a good experimental base upon which models for the strong interactions of the
K̄N system have been developed. Near threshold the coupling to the open !$ and !# channels is extremely important,
as may be judged from the size of the K−p reaction cross sections, particularly K−p → !+$−, with respect to the
K−p elastic cross sections shown in Fig. 17. Theoretical models often include also the closed %#, %$, K& channels
[114]. Other threshold constraints are provided by the accurately determined threshold branching ratios [115,116]

' = ( (K−p → !+$−)

( (K−p → !−$+)
= 2.36 ± 0.04, (38)

Rc = ( (K−p → !+$−, !−$+)

( (K−p → all inelastic channels)
= 0.664 ± 0.011, (39)

Rn = ( (K−p → !0#)

( (K−p → !0#, !0$0)
= 0.189 ± 0.015. (40)
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Fig. 17. Calculations from Ref. [24] of cross sections for K−p scattering and reactions. The dashed lines show free-space chiral-model cou-
pled-channel calculations using amplitudes from Ref. [26]. The solid lines show chiral-model coupled-channel calculations using slightly varied
parameters in order to fit also the K−-atom data for a (shallow) optical potential calculated self-consistently.

Additional sources of experimental information are the !" invariant mass spectrum in the I = 0 channel from various
reactions, and the K−p scattering length deduced from the recent measurements at KEK [34] and at Frascati [35] (the
DEAR collaboration) using a Deser-based formula [117]:

ϵ1s − i
#1s

2
≈ −2$3%2

K−paK−p(1 − 2$%K−p(ln $ − 1)aK−p), (41)

where $ is the fine-structure constant. The value of aK−p derived from the DEAR measurement using this expression,
aK−p = (−0.45 ± 0.09) + i(0.27 ± 0.12) fm, appears inconsistent with most comprehensive fits to the low-energy
K−p scattering and reaction data, as discussed by Borasoy et al. [118–121]. A dissenting view, however, is reviewed
recently by Oller et al. [122].

The K−p elastic, charge-exchange and reaction cross sections shown in Fig. 17 refer to energies above the K−p

threshold at
√

s=1432 MeV. However, by developing potential models, or limiting the discussion to phenomenological
K-matrix analyses, K̄N amplitudes are obtained that allow for analytic continuation into the non-physical region below
threshold. Using a K-matrix analysis, this was the way Dalitz and Tuan predicted the existence of the &(1405) !",
I = 0 resonance in 1959 [123]. Recent examples from a coupled-channel potential model calculation [119] based on
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Fig. 17. Calculations from Ref. [24] of cross sections for K−p scattering and reactions. The dashed lines show free-space chiral-model cou-
pled-channel calculations using amplitudes from Ref. [26]. The solid lines show chiral-model coupled-channel calculations using slightly varied
parameters in order to fit also the K−-atom data for a (shallow) optical potential calculated self-consistently.

Additional sources of experimental information are the !" invariant mass spectrum in the I = 0 channel from various
reactions, and the K−p scattering length deduced from the recent measurements at KEK [34] and at Frascati [35] (the
DEAR collaboration) using a Deser-based formula [117]:

ϵ1s − i
#1s

2
≈ −2$3%2

K−paK−p(1 − 2$%K−p(ln $ − 1)aK−p), (41)

where $ is the fine-structure constant. The value of aK−p derived from the DEAR measurement using this expression,
aK−p = (−0.45 ± 0.09) + i(0.27 ± 0.12) fm, appears inconsistent with most comprehensive fits to the low-energy
K−p scattering and reaction data, as discussed by Borasoy et al. [118–121]. A dissenting view, however, is reviewed
recently by Oller et al. [122].

The K−p elastic, charge-exchange and reaction cross sections shown in Fig. 17 refer to energies above the K−p

threshold at
√

s=1432 MeV. However, by developing potential models, or limiting the discussion to phenomenological
K-matrix analyses, K̄N amplitudes are obtained that allow for analytic continuation into the non-physical region below
threshold. Using a K-matrix analysis, this was the way Dalitz and Tuan predicted the existence of the &(1405) !",
I = 0 resonance in 1959 [123]. Recent examples from a coupled-channel potential model calculation [119] based on

a(K-p)=(-0.78±0.15±0.03)+(0.49±0.25±0.12)i fm
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illustrated in Fig. 21 by the ‘FB’ curve, obtained by adding a FB series to a ‘t"’ potential. Only three terms in the series
are needed to achieve a !2 of 84 and the potential becomes deep, in agreement with the other two ‘deep’ solutions.
The error band obtained from the FB method [11] is, nevertheless, unrealistic because only three FB terms are used.
However, an increase in the number of terms is found to be unjustified numerically.

The FD method for identifying the radial regions to which exotic atom data are sensitive is described in detail in
Section 3.4.4. This method was applied in Ref. [101] to the F and t" kaonic atom potentials and results are shown in
Fig. 23 where # is a global parameter defined by r = Rc + #ac, with Rc and ac the radius and diffuseness parameters,

40% C.J. Batty et al. IPhysics Reports 287 (1997) 385445 
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allowed to grow linearly with the quark mass (or pion mass
squared), m0 þ α0m2

π . The two parameters of the
Hamiltonian model, the bare mass, m0, and the rate of
growth, α0, are constrained [43] by the lattice QCD results.
The interaction entries describe the coupling of the

single-particle state to the two-particle meson-baryon states
[44–46]. The strength of the interaction is selected to
reproduce the physical decay width (to πΣ) of 50" 2 MeV
[47] for the Λð1405Þ in the infinite-volume limit. The
couplings for other channels are related by SUð3Þ-flavor
symmetry [12–14].
In solving the Hamiltonian model, one naturally obtains

important nonperturbative avoided level crossings in the
quark mass and volume dependence of the eigenstates, vital
to describing the lattice QCD results. The solid curves of
Fig. 1 illustrate the best fit of the Hamiltonian model to the
lattice QCD results.
The three heaviest quark masses considered on the lattice

correspond to a stable odd-parity Λð1405Þ, as the πΣ
threshold energy exceeds that of the Λð1405Þ. However,
as the physical pion mass is approached, the πΣ threshold
energy decreases and a nontrivial mixing of states asso-
ciated with an avoided level crossing of the transitioning πΣ
threshold occurs. At the lightest two quark masses con-
sidered, the Λð1405Þ corresponds to the second state of
the Hamiltonian model with a πΣ-dominated eigenstate
occupying the lowest energy position.
The eigenvectors of the Hamiltonian system provide the

overlap of the basis states with the eigenstates and thus
describe the underlying composition of the eigenstates. As
the first and second eigenstates are dominated by the
single-particle state and the two-particle channels πΣ and
K̄N, we illustrate these in Fig. 4 for each value of pion mass
considered in the lattice QCD simulations. A sum over all
two-particle momentum states is done in reporting the
probability of the two-particle channels.
At the lightest pion mass, mπ ¼ 156 MeV, the

Hamiltonian model eigenstate for the Λð1405Þ is domi-
nated by the K̄N channel in complete agreement with the
explanation of the observed, vanishing strange quark
contribution to the magnetic form factor. A small but
nontrivial role for the single-particle three-quark state
enables the excitation of this state in the lattice correlation
matrix analysis of three-quark operators. In contrast, the
lowest-lying eigenstate of the Hamiltonian model at
mπ ¼ 156 MeV is dominated by πΣ, with very small
single-particle content, which explains why it is missing
from the lattice QCD spectrum.
Having confirmed that the Λð1405Þ state observed on the

lattice is best described as a molecular K̄N bound state, it
remains to demonstrate the connection between the finite-
volume lattice eigenstates and the infinite-volume reso-
nance found in nature. The quark-mass behavior of the
Λð1405Þ energy in the infinite-volume limit can be recon-
structed from the finite-volume Hamiltonian model by

considering the principal-value continuum versions of
the loop integral contributions from all channels. A boot-
strap error analysis provides a resonance energy of
1.48þ0.17

−0.07 GeV. The distribution of the bootstrap analysis
is sharply peaked around the most probable value of
1.41 GeV in good agreement with experiment. Further
details may be found in Ref. [48].
In summary, the Λð1405Þ has been identified in first-

principles lattice QCD calculations through a study of its
quark mass dependence and its relation to avoided level
crossings in finite-volume effective field theory. The struc-
ture of the Λð1405Þ is dominated by a molecular bound state
of an antikaon and a nucleon. This structure is signified
both by the vanishing of the strange quark contribution to the
magnetic moment of the Λð1405Þ and by the dominance of
the K̄N component found in the finite-volume effective field
theory Hamiltonian treatment.
At the same time, the presence of a nontrivial single-

particle three-quark component explains why the state is
readily accessible in lattice correlation matrix analyses
constructed with three-quark operators. In the infinite-
volume limit, the Hamiltonian model describes a quark
mass dependence that is consistent with nature.

We thank PACS-CS Collaboration for making their
gauge configurations available and acknowledge the
important ongoing support of the ILDG. This research
was undertaken with the assistance of resources awarded
at the NCI National Facility in Canberra, Australia,
and the iVEC facilities at Murdoch University
(iVEC@Murdoch) and the University of Western
Australia (iVEC@UWA). These resources are provided

FIG. 4 (color online). The overlap of the basis state, jstatei,
with the energy eigenstate jEi for the Λð1405Þ, illustrating the
composition of the Λð1405Þ as a function of pion mass. Basis
states include the single particle state, denoted by m0, and the
two-particle states πΣ and K̄N. A sum over all two-particle
momentum states is done in reporting the probability for the two-
particle channels. Pion masses are indicated on the x axis with the
vertical dashed line separating the first state for the heaviest three
masses from the second state for the lightest two masses.

PRL 114, 132002 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
3 APRIL 2015

132002-4

K-pp
❖ KN : attraction in Isospin=0

❖ Kaonic hydrogen X-ray ; SIDDHARTA  
     M. Bazzi et al., NPA 881 (2012) 88-97.

❖ Low-energy scattering measurements + Branching ratios at threshold

❖ Λ(1405) below the K-p threshold

❖ Jπ=1/2- ; Moriya et al., Phys. Rev. Lett. 112 (2014) 082004.

❖ Antikaon-Nucleon Molecule from Lattice QCD  
     ; J.M.M. Hall et al., Phys. Rev. Lett.  114 (2015) 132002.

❖ Possible existence of “K-pp” : Y=1, I=1/2, Jπ=0-



Past Measurements on K-pp #1
❖ First evidence of K-pp with 6Li+7Li+12C 

by FINUDA

❖ A lot of back-to-back Λp pairs 
with small invariant mass

B=115+6/-5+3/-4 MeV 
   Γ= 67+14/-11+2/-3 MeV

M. Agnello et al., PRL94, (2005) 212303

When a K! interacts with two protons, one expects that
a hyperon-nucleon pair (!" p, "0 " p, or "" " n) is
emitted in the opposite direction, ignoring a final state
interaction inside the nucleus. The angular correlation
between a ! and a proton from the same point in the target
[Fig. 2(b)] clearly indicates the existence of this kind of
reaction. Even for heavy nuclei such as 27Al and 51V the
similar correlations were observed, which might suggest
the absorption would take place at the surface of a nucleus.

In the following analysis, we use the !-p pairs emitted
in the opposite direction ( cos!Lab<!0:8) only from the
light nuclear targets (6Li, 7Li, and 12C).

Since the back-to-back angular correlation between a !
and a proton is so clear, it is naturally expected that the two
particles are emitted from a ‘‘K!pp’’ intermediate system.
The angular correlation is smeared out due to the Fermi
motions of the two protons at the surface of a nucleus by
which the K! is absorbed after cascading down the atomic
orbits by emitting x rays. If the reaction process were
simply a two-nucleon absorption process, the mass of the
system should be close to the sum of a kaon and two proton
mass, namely, 2:370 GeV=c2. The initial motion of the two
protons does not affect the invariant-mass distribution.

The invariant-mass distribution of the !-p pairs is
shown in Fig. 3. A significant mass decrease of the
K!pp system with respect to its expected mass is ob-
served. It can be interpreted as a bound state composed
of a kaon and two protons, hereafter abbreviated as K!pp.

In the inset of Fig. 3, the acceptance corrected invariant-
mass distribution for events with two well-defined long-
track protons is shown. Since the trigger and detection
acceptance are monotonically increasing functions of
the invariant mass in this mass region, the peak fur-
ther shifts to a lower mass side. The binding energy
BK!pp # 115"6

!5$stat%"3
!4$syst% MeV and the width # #

67"14
!11$stat%"2

!3$syst% MeV are obtained from the fitting
with a Lorentzian function (folded with a Gaussian with

" # 4 MeV=c2, corresponding to the detector resolution,
estimated with a Monte Carlo simulation) in the region of
2:22–2:33 GeV=c2. Here, the systematic errors were esti-
mated by changing the event selections in the ! invariant
mass and the !-p opening angle cut as well as by taking
account of the detector acceptance change due to possible
systematic deviations in absolute momentum scale, reac-
tion vertex distributions, etc. Although we still have ambi-
guities on absolute normalization, a rough estimate on the
yield of K!pp ! !" p is of the order of 0.1% per
stopped K!. Consistency of the Monte Carlo simulation
used for estimations of the acceptance and the resolutions
was examined by producing the K!pp events according to
the obtained mass and width. The same simulation con-
ditions were applied to these events; the momentum dis-
tributions of !’s and protons, the !-p opening angle
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FIG. 3. Invariant mass of a ! and a proton in back-to-back
correlation ( cos!Lab<!0:8) from light targets before the ac-
ceptance correction. The inset shows the result after the accep-
tance correction for the events which have two protons with
well-defined good tracks. Only the bins between 2.22 and
2:33 GeV=c2 are used for the fitting.
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Past Experiments on K-pp #2
❖ DISTO data: p+p→pΛ(K-pp )+ K+ at 2.85 GeV

❖ M=2267±3±5 MeV/c2

❖ Γ= 118±8±10 MeV

❖ Not observed at 2.5 GeV
❖ small Λ* production cross section

T. Yamazaki et al., PRL 104 (2010) 132502. 
P. Kienle et al., Eur. Phys. J. A 48 (2012) 183.

Mðp!Þ # 2255 MeV=c2 of the K$pp candidate reported
by FINUDA [16].

The X production rate is found to be as much as the
!ð1405Þð¼ !&Þ production rate, which is roughly 20% of
the total ! production rate. Such a large formation is
theoretically possible only when the p-p (or !&-p) rms
distance in X is shorter than 1.7 fm [3,4], whereas the
average N-N distance in ordinary nuclei is 2.2 fm. The
pp ! !& þ p þ Kþ ! X þ Kþ reaction produces !&

and p of large momenta, which can match the internal
momenta of the off-shell !& and p particles in the bound
state of X ¼ !&-p, only if X exists as a dense object. Thus,
the dominance of the formation of the observed X at high

momentum transfer (#1:6 GeV=c) gives direct evidence
for its compactness of the produced K$pp cluster.
As shown in Fig. 4, the peak is located nearly at the "!

emission threshold, below which the N"! decay is not
allowed. The expected partial width of K$pp, #N"!, must
be much smaller than the predicted value of 60 MeV [2],
when we take into account the pionic emission threshold
realistically by a Kapur-Peierls procedure (see [20]). Thus,
#non-! ¼ #p! þ #N" ¼ #obs $ #N"! ( 100 MeV, which
is much larger than recently calculated nonpionic widths
for the normal nuclear density, #non-! # 20– 30 MeV
[7,21]. The observed enhancement of #non-! roughly by a
factor of 3 seems to be understood with the compact nature
of K$pp [4].
The observed mass of X corresponds to a binding energy

BK ¼ 103 ) 3ðstatÞ ) 5ðsystÞ MeV for X ¼ K$pp. It is
larger than the original prediction [2,8,9]. It could be
accounted for if the $KN interaction is effectively enhanced
by 25%, thus suggesting additional effects to be investi-
gated [4,22]. On the other hand, the theoretical claims for
shallow $K binding [10– 12] do not seem to be in agreement
with the observation. We emphasize that the deeply bound
and compact K$pp indicated from the present study is an
important gateway toward cold and dense kaonic nuclear
matter [15,23].
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Past Measurements on K-pp #3
❖ HADES

❖ p+p→K+pΛ　@3.5 GeV;   S/N<<1

❖ Bonn-Gatchina Partial Wave Analysis  
well reproduces the data

❖ K-pp production upper  
limit ~4 μb for Γ=70 MeV  
(2.22-2.37 GeV/c2)  
　⇅ 
Λ(1405) production ~10μb

G. Agakishiev et al., Phys. Lett. B 742 (2015) 242-248.

246 G. Agakishiev et al. / Physics Letters B 742 (2015) 242–248

Fig. 2. Two-particle mass distributions for the pK +Λ final state, within the detector acceptance, shown for the HADES (upper panels) and WALL data-sets (lower panels), 
respectively. Black dots are the experimental data with their statistical uncertainty while the gray band shows the four best solutions of the PWA and displays their systematic 
differences.

(right part) which were used as intermediate states. Their combi-
nation yields 120 different ansatzes that were fitted to the data. 
The goodness of a fit is characterized by the negative of the log-
likelihood value that has been minimized in the fitting procedure. 
To account for the systematic uncertainty on the choice of the 
included waves in the fit result, the four best solutions of this 
systematic variation were taken as the result of the fit. These so-
lutions are: Nos. 8/1, 8/3, 9/6, and 8/8 (Non-resonant/Resonant 
combination), of which solution 9/6 had the best log-likelihood 
value. The fact that these combinations describe the data equally 
well, although the resonances used in the ansatz of the PWA were 
different, shows that the two data-sets are not sufficient for the 
PWA to determine the unique resonance contributions to the con-
sidered final state. To exhibit the quality of the four PWA solutions, 
the theoretical differential cross sections, calculated within the 
HADES acceptance, are scaled to the experimental data in Figs. 1
and 2, which show several angle and mass distributions. The gray 
band includes the four best solutions and displays their system-
atic differences which are small despite their content differs quite 
strongly from one another. The agreement between data and the 
PWA solutions is excellent. To test effects that might bias the re-
sult of the PWA fit, several checks have been performed. These 
are discussed in Refs. [53,54]. One check shows that the fraction 
of background events in the data does not decrease the predictive 
power of the fit [53] and the other check was performed to test 
whether an unknown signal that is in the data might bias the re-
sult of the PWA [54].

4. The hypothesis tests and the upper limit

The four best PWA solutions were used as a null hypothesis 
H0 for the existence of the kaonic nuclear bound state with its 
decay into pΛ. A significant deviation of the data from the PWA 
results might indicate the presence of an additional signal, like the 
K N N . The discrepancy between the measured data and the null 
hypothesis as a function of the pΛ invariant mass was determined 
based on a local p0-value [54]. The combined result of this hypoth-

Fig. 3. The local p0 value and the equivalent significance for different masses of pΛ. 
It is calculated based on the mass spectra from the HADES and WALL data. The gray 
hatched range is due to the systematic uncertainty between the four best solutions 
of the PWA.

esis test including both mass spectra (HADES and WALL data) is 
shown in Fig. 3. The different p0-values of the four PWA solutions 
were combined to a gray band. The local p0-value and its accord-
ing equivalent significance, shown in units of nσ , reveals a good 
agreement between H0 and the data.2 In the possible mass range 
of the kaonic nuclear bound state 2054–2370 MeV/c2 the agree-
ment is always within 2σ . Hence, the data are consistent with 
H0 and we do not observe any significant contribution of a yet 
unknown signal, like the K N N , to the data. This conclusion does 
also hold for the separate local p0-values for the HADES and WALL 
data, as shown in Ref. [54].

In a next step the data were tested against several signal hy-
potheses to determine an upper limit of the K N N contribution 
to the data. For that purpose, the K N N signal has been included 
as a wave to the PWA solution. The K N N was parametrized as 

2 A correct hypothesis will produce p-values uniformly distributed between 0 
and 1. If the H0 hypothesis is false the p-values should be distributed more likely 
at very small values. This is a necessary condition for the presence of a new signal 
in the data.

ΛppK+

Sensitivity ?



Past Measurements on K-pp #4
❖ LEPS/SPring-8

❖ d(γ, K+π-) reaction (Eγ=1.5-2.4 GeV)

❖ Inclusive missing-mass  
        σm~10 MeV

❖ Background 
    K+Λ(1520), K+π-πY

❖ Upper limits:2.22-2.36 GeV/c2 
< 1.1-2.9 μb for Γ=100 MeV, 
9.9-26% of KπY productions

A.O. Tokiyasu et al., Phys. Lett. B 728 (2014) 616-621.

Sensitivity ?



Past Measurements on K-pp #5

❖ J-PARC E15

❖ 3He(K-,n) reaction @ 1 GeV/c

❖ Semi-inclusive missing-mass 
  σm:5-15 MeV

❖ K-pp production upper limit  
100-270 μb/sr for Γ=100 MeV  
(~5% of QF K-n elastic)

PTEP 2015, 061D01 T. Hashimoto et al.
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ACDS, and smeared by the missing-mass resolution, σMM. The folded Breit–Wigner function, F(x),
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The intrinsic shape of the K − pp bound state is assumed to be a Breit–Wigner function, f (x). In
the semi-inclusive spectrum, this intrinsic spectral shape is deformed by the CDS tagging acceptance,
ACDS, and smeared by the missing-mass resolution, σMM. The folded Breit–Wigner function, F(x),
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Theoretical calculations on K-pp
❖ Methods : Variational vs. Faddeev  

   → Almost same results by using the same interaction model

❖ KN Interaction Models :   
Chiral SU(3)-based (Energy dependent) → Shallow~20 MeV  
Phenomenological (Energy independent) → Deep~40-70 MeV

Dote,Hyodo,
Weise

Akaishi, 
Yamazaki

Barnea, Gal, 
Liverts Ikeda, Sato Ikeda, 

Kamano,Sato
Schevchenko
,Gal, Mares

Revai, 
Schevchenko

Maeda, 
Akaishi, 

Yamazaki

B (MeV) 17-23 48 16 60-95 9-16 50-70 32 51.5

Γ(MeV) 40-70 61 41 45-80 34-46 90-110 49 61

Method Variational Variational Variational
Faddeev-

AGS
Faddeev-

AGS
Faddeev-

AGS
Faddeev-

AGS
Faddeev-

Yakubovsky

Interaction
s

Chiral Phenom. Chiral Chiral Chiral Phenom. Chiral Phenom.

FSI effects ? (V.K. Magas et al.), Λ*N bound state (T. Uchino et al.)



Comparison between Theory and Exps.

❖ Binding energy
❖ Shallow case: B~20 MeV
❖ Deep case: B~40-70 MeV

❖ Observations: B~100 MeV
❖ Width

❖ agreement: Γ~30-100 MeV
By Y. Ichikawa



Lessons
❖ It looks hard to observe the K-pp signal in inclusive 

measurements. (LEPS, J-PARC E15 fwd “n”)

❖ Small and Broad signature ;   ~1  
   two-step reaction (two nucleons be involved)

❖ Large and Widely distributed QF background ;  >10~100  
   single-step reaction



Recent Measurements on K-pp 
J-PARC E27： d(π+,K+pp)X

J-PARC E15： 3He(K-, Λp)n



J-PARC E27
❖ d(π+, K+) reaction @1.69 GeV/c

Yamazaki & Akaishi, Phys. Rev. C 76 (2007) 045201. 

Missing mass

Y. Ichikawa et al., PTEP (2014) 101D03.
Y. Ichikawa et al., PTEP (2015) 021D01.



Experimental Setup
❖ K1.8 beam line spectrometer

❖ 1.69 GeV/c π+

❖ ∆p/p~2x10-3

❖ SKS spectrometer

❖ 0.8-1.3 GeV/c K+

❖ ∆p/p~2x10-3

❖ ∆Ω~100 msr

❖ Target : liquid deuterium(1.99 g/cm2)
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Expected Inclusive Spectrum
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p(π+,K+)Σ+/Σ* @1.69 GeV/c
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Measured d(π+,K+)X spectrum

PTEP 2014, 101D03 Y. Ichikawa et al.

(a) (b)

p++pÆK++S(1385)+
p++pÆK++L+p
p++pÆK++S+p

Fig. 2. (a) The missing-mass spectrum of the p(π+, K+) reaction in the "+(1385) mass region. The experi-
mental data are shown by black points with statistical errors. The spectrum was fitted with "(1385)+ (dashed
line), #π (dotted line), and "π (dot-dashed line) productions. (b) The differential cross sections of "+ pro-
duction at pπ+ = 1.69GeV/c. The present data and the referenced old data are shown by crosses with statistical
errors and open circles, respectively.

(a) (b)

Fig. 3. (a) The missing-mass spectrum (MMd ) of the d(π+, K+) reaction for the scattering angle from 2◦ to
16◦ (Lab) per 2 MeV/c2. The crosses and solid line show the experimental data and the simulated spectrum,
respectively. The result of the Y ∗ peak fitting is also shown with a dashed red line for the experimental data. (b)
The missing-mass spectrum (MMd ) in the 2.09 to 2.17 GeV/c2 region for the forward scattering angle from 2◦

to 8◦ (Lab) per 0.5 MeV/c2, which is shown by crosses. The fitting results are shown by solid and dashed lines
(χ2/ndf = 1.11). See details in the text.

we can find three major structures in the spectrum: quasi-free # component from the reaction (1),
quasi-free " component from the reaction (2), and quasi-free Y ∗ component from the reactions (3),
(4). The non-resonant phase space component from the reaction (5) constitutes a broad structure
under the quasi-free Y ∗ bump.

We made an attempt to reproduce the double differential cross section d2σ̄/d&/dM with a sim-
ulation by using the cross sections dσ/d& of each reaction obtained in the past experiments with
a smearing by the nucleon Fermi motion in a deuteron. Here, we used a deuteron wave-function
derived from the Bonn potential [20]. For the π+ + “n” reactions, we used the cross sections and
angular distributions of π− + p reactions in Ref. [9], assuming isospin symmetry. For the π+ + “p”
reactions, we used the values in Ref. [11,12].
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ΣN-ΛN Cusp 
@2.13 GeV

Mass shift for Y* 
by ~30 MeV

K-pp



Range counter for Proton tagging
❖ Range Counter Arrays (RCA)

❖ 5 layers(1+2+2+5+2 cm) of 
Plastic scinti.

❖ 39-122 deg. (L+R)

❖ 50 cm TOF → βp

PTEP 2015, 021D01 Y. Ichikawa et al.
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Fig. 1. (a) Schematic view of the range counter system. It was composed of six range counter arrays; three on
the left (Seg1 to Seg3) and three on the right (Seg4 to Seg6) of the beam axis. SDC1 and 2 were the tracking
drift chambers at the entrance of the SKS. (b) A scatter plot between the P I D parameter and 1/β. Protons are
clearly separated from pions.

system was installed surrounding the liquid deuterium target at laboratory angles between 39◦ and
122◦, on both the left and right sides from the beam axis, as shown in Fig. 1(a). The typical momentum
of the produced system around the missing mass M Md ∼ 2.27 GeV/c2 is about 0.6 GeV/c at the
scattering angle θπ K ∼ 0◦ and we have a large acceptance to detect charged decay particles. We had
three range counter arrays (RCAs) on each side and the assignment of the segment number is also
shown in Fig. 1(a).

Each range counter array had five layers of plastic scintillation counters; the thickness of each
scintillator was 1 cm, 2 cm, 2 cm, 5 cm, and 2 cm, respectively, with a height of 100 cm. The width of
each layer was 20 cm. The first two layers were segmented into two slabs; each slab had 10 cm width.
Therefore, we had seven (2 + 2 + 1 + 1 + 1) scintillation counters in one range counter array. Every
scintillation counter was read out from both sides (up and down) by photo-multiplier tubes (PMTs).

From each PMT, both hit timing and pulse height information were obtained. The discriminator
threshold for the timing information was set at less than the one-tenth level of the minimum ionizing
particles. The timing information from the first layer was used for the on-line trigger and the time-of-
flight analysis off-line. The distance from the liquid target center to the first layer was about 50 cm.
In the on-line trigger, the (π, K ) trigger in coincidence with range counter hits was generated by
requiring at least one hit among the 12 first-layer scintillators.

From a hit pattern of five layers, we can define the stopping layer, istop, for each range counter
array. Then, we set up a particle identification parameter, PID, as,

PID = (dEistop + dE(istop− 1))
α − (dEistop)

α, (1)

where d Ei shows the energy deposit in the i th layer of the plastic scintillators. The PID is a function
of particle mass when the parameter α(∼ 1.75) is properly adjusted.

The time-of-flight (TOF) of each particle was obtained with the hit timing in the first layer. The
flight path length was measured from the vertex position of the (π+, K +) reaction to the hit position
on the first layer. In this analysis, the horizontal hit position was assumed to be the center of the
scintillators and the vertical hit position was obtained from the time difference between the up and
down PMTs. Then, the velocity of the particle (β) was obtained as β = (path length)/(TOF · c),
which was adjusted by using the π+ produced from the %+ → π+n decay in the π+d → K +%+X
reaction.

3/8

K-pp Signal

QFY Background



Coincidence Study

❖ Proton mom. ≥250 
MeV/c

❖ QFΛ, QFΣ, QFY*s are  
suppressed as 
expected !!

❖ What’s left ?

❖ Y, Y* +N→p+X

Inclusive

Proton Coincidence



One-proton coincidence
❖ Coincidence Probability(MM)  

= One-proton coincidence(MM)/Inclusive(MM)

❖ Enhancement near  
the ΣN threshold 
(2.13 GeV/c2)

❖ Broad bump at  
~2.28 GeV/c2



Two-proton coincidence



Two-proton coin. & Decay mode
❖ Two-protons in the final state : 

K-pp→  Λp,    Σ0p,    Yπp  
            ppπ, ppπγ,  ppππ(γ)

❖ d(π+,K+pp)X

194

＋	Data		

ー	X	=	π		(FS:	Λp)	

ー	X	=	πγ	(FS:	Σ0p)	

ー	X	=	2π(γ)	(FS:	Yπp)	

ー	Sum

① ② ③

Λp

Σ0p

Λp
Σ0p

Yπp
Λp

Σ0p

Yπp

① ② ③

Kinematically almost-complete measurement !



Mass-acceptance for each decay mode

Λp�

Σ0p�

Yπp�



K-pp-like Structure
❖ Mass :

❖ Width :

❖ Binding EnergyPTEP 2015, 021D01 Y. Ichikawa et al.

Fig. 4. (a) Missing-mass spectrum of the d(π+, K +) reaction for two-proton coincidence and the "0 p decay
branch events. The mass acceptances of the RCAs are corrected. The spectrum was fitted with a relativistic
Breit–Wigner function (see text for details). We found a mass 2275 +17

−18 (stat.) +21
−30 (syst.) MeV/c2 and a width

162 +87
−45 (stat.) +66

−78 (syst.) MeV. (b) The coincidence probability of one proton for the middle segment of the
RCA, as in Fig. 2(c), together with the interpretation spectra shown as a colored line. See text for details.

histogram, shown in Fig. 4(b) as a plot colored in pink, which is calculated as

Rp(M Md) =
C × f (M Md) × η1p(M Md)

( d2σ
d%d M Md

(M Md))inclusive
, (3)

where C is the normalization constant, and η1p(M Md) is the detection efficiency of a proton in the
middle segments of the RCA (Seg2, 5). The blue line in Fig. 4(b) is an assumed flat component rep-
resenting the conversion processes and the contamination from the misidentification of π± in the
RCA. Red points with error bars in Fig. 4(b) are the sum of the pink points and blue line. The nor-
malization constant C and the amplitude of the flat component (blue line) were adjusted to minimize
the differences between the black and red points. Thus, the obtained one-proton coincidence prob-
ability spectrum of the broad enhanced region could be reproduced by the “K − pp” signal and flat
background.

What is the nature of the “K − pp”-like structure? It should have strangeness −1 and baryon number
B = 2 from the observed reaction mode, so that the hyper charge Y = 1. As for the spin of the
K − pp system, a K − is theoretically assumed to couple with a spin-singlet (S = 0) p–p pair in
an S-wave (L = 0), so that the J P = 0−, presumably. An alternative view of the system as a &∗ p
bound state [28] also predicts the bound-state spin to be 0. There is also a theoretical prediction of a
(Y, I, J P) = (1, 3/2, 2+) dibaryon as a π&N–π"N bound state [29].

4. Summary We have observed a “K − pp”-like structure in the d(π+, K +) reaction at
1.69 GeV/c with coincidence of high-momentum (> 250 MeV/c) proton(s) at large emission angles
(39◦ < θlab. < 122◦). A broad enhancement in the proton coincidence spectra is observed around
the missing mass of 2.27 GeV/c2, which corresponds to a binding energy of the K − pp system of
95 +18

−17 (stat.) +30
−21 (syst.) MeV and a width of 162 +87

−45 (stat.) +66
−78 (syst.) MeV. The branching fraction

between the &p and "0 p decay modes of the “K − pp”-like structure was measured for the first time
as (&p/("0 p = 0.92 +0.16

−0.14 (stat.) +0.60
−0.42 (syst.).
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(a) (b) (c)

Fig. 3. Missing-mass square spectra of X obtained in two-proton coincidence events in the
d(π+, K + pp)X reaction. Each spectrum shows the mass square of X for a different MMd region: the
left (a) shows the QF" region (MMd < 2.22 GeV/c2), the center (b) shows the “K − pp”-like structure
region (2.22 < MMd < 2.35 GeV/c2), and the right (c) shows the QFY ∗ region (MMd > 2.35 GeV/c2). The
spectra were fitted with three components of #p (dashed line), "0 p (dot-dashed line), and Yπp (dotted line)
decay modes.

two-proton coincidence events of the "0 p final state (ii) with the acceptance correction. According to
the simulation, the contribution of the "0 p → "0 p rescattering background is negligible because of
the two high-momentum proton coincidence. The spectrum was fitted with a relativistic Breit–Wigner
function:

f (MMd) = (2/π)MMdm0$(q)

(m2
0 − MM2

d)2 + (m0$(q))2
. (2)

The mass-dependent width was $(q) = $0(q/q0), in which q (q0) is the momentum of the
"0 and proton in the "0 p rest frame at mass MMd (m0). The obtained mass and width are
2275 +17

−18 (stat.) +21
−30 (syst.) MeV/c2 and 162 +87

−45 (stat.) +66
−78 (syst.) MeV, respectively. This cor-

responds to the binding energy of the K − pp system of 95 +18
−17 (stat.) +30

−21 (syst.) MeV and the
production cross section of the “K − pp”-like structure decaying to "0 p of dσ/d&K − pp→"0 p =
3.0 ± 0.3 (stat.) +0.7

−1.1 (syst.) µb/sr. The systematic errors of these values were estimated taking into
account uncertainties in the fitting ranges, the binning of the missing-mass spectrum, the detec-
tion efficiency of two protons in the RCA, and the Breit–Wigner shape by changing the Lorentzian
function folded with the missing-mass resolution. The differential cross section of the “K − pp”-
like structure of the #p decay mode (i) was also estimated from the fitting assuming the same
distribution of MMd . Thus, a branching fraction of the “K − pp”-like structure was obtained as
$#p/$"0 p = 0.92 +0.16

−0.14 (stat.) +0.60
−0.42 (syst.). This ratio was discussed from a theoretical point of

view and predicted to be 1.2 using the chiral unitary model in Ref. [27].
Next, we try to understand the ratio histogram (Fig. 2(c)) with the obtained K − pp mass distribution

of f (M Md). By using the mass distribution for the “K − pp”-like structure and the double-differential
cross section of the inclusive (π+, K +) process d2σ

d&d M Md
(M Md)inclusive, we can obtain the ratio
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Σ0p mode

Relativistic Breit-Wigner
162+87

�45(stat.)
+66
�78(syst.) MeV

2275+17
�18(stat.)

+21
�30(syst.) MeV/c2



Λp/Σ0p Branching Fraction
ΣN cusp +  

ΣN→ΛN conversion

d�

d⌦K�pp!⌃0p
= 3.0± 0.3(stat)+0.7

�1.1(syst)µb/sr

d�

d⌦⇤(1405)
= 36.9 µb/sr

�⇤p

�⌃0p
= 0.92+0.16

�0.14(stat)
+0.60
�0.42(syst)

Preliminary

d�

d⌦K�pp!⇤p/⌃0p
/
d�

d⌦⇤(1405)
⇡ 15.7%



E15: 3He(K-, pΛ)n
❖ Λp(ppπ-) in CDS.  

                σΛp~10 MeV

❖ “n” in missing-mass  
                   σn~40 MeV

Y. Sada et al., PTEP 2016, 051D01.PTEP 2016, 051D01 Y. Sada et al.

Fig. 1. Schematic diagram of detectors in the CDS and of the target system [22].

In this paper, we present a study of the K − + 3He reaction at pK − = 1 GeV/c focusing on the
!p invariant mass spectrum, in particular on the !pn final state for the May 2013 data.

2. The experimental apparatus Here, the experimental apparatus relevant to the !pn study
is briefly described. The ongoing experiment is being conducted at the J-PARC 30 GeV syn-
crotron (MR). In May 2013, typical beam intensity of the primary proton beam in MR was 30× 1012

per spill, where the spill length was 2 seconds with a 6 second repetition cycle. A high intensity proton
beam from MR impinges on a gold target, and 1 GeV/c K −s are selected by the K1.8BR beamline
spectrometer and purified with an electrostatic separator. The typical K −/π ratio was 0.45. At the
online trigger level, K −s are selected with an aerogel Cherenkov counter. The purity of the K − at
this level, determined by time-of-flight (ToF) analysis, was 99%, with an intensity of 1.5 × 105 per
spill. The momentum resolution of the beamline spectrometer is (2.0± 0.5) × 10−3 with an absolute
precision of 2 MeV/c at 1 GeV/c. A more detailed description can be found in [22].

Figure 1 shows a schematic diagram of the setup around the 3He target. A cylindrical target cell,
137 mm long and 68 mm in diameter, filled with liquid 3He, was placed at the final focus of the beam
line. The density of the target was 0.081 g cm−3 at a temperature of 1.4 K. Details of the target system
are given in [23]. To detect particles incident on the target, a small scintillator (DEF) was placed
in front of the target cell. The reconstructed beam track from the K1.8BR beam line spectrometer
was finally connected to the hit point on a drift chamber (BPC), installed just upstream of the DEF,
to improve reconstructed vertex resolution. To measure the K − reaction products, the 3He target
was surrounded by a cylindrical detector system (CDS), consisting of a cylindrical drift chamber
(CDC) and a cylindrical detector hodoscope (CDH) operating in a uniform ∼0.7 T magnetic field.
The secondary particle tracks are reconstructed by the CDC using a helix fitting method, and their
momenta are measured. Energy loss of each track, where major loss is mainly in the target region,
was evaluated and corrected by the Runge–Kutta method. The transverse momentum resolution (σPt )
is found to be 5.3%Pt ⊕ 0.5%/β, where Pt and β are the transverse momentum in GeV/c and the
velocity of the charged particle, respectively. Particle identification (PID) was performed based on

3/11

PTEP 2016, 051D01 Y. Sada et al.

(a) (c) (b)

Fig. 4. Inclusive spectra of the 3He(K −,!p) reaction and the global fit result of simulation with
multi-nucleon absorption processes. (a) !p invariant mass distribution. (b) Missing mass M(Xmiss.) spectra of
3He(K −,!p)Xmiss.. (c) Close-up view of (b) around the missing neutron region. In panel (c), 2NA(!pns) is
vertically scaled 20 times. The dashed vertical lines in (c) show n-window selection.

missing mass spectra, with simulated physics processes which might contribute to these two spec-
tra, namely multi-nucleon kaon absorption with multi-pion emission. We denoted each process as
2NA(Y N Ns + #nπ) and 3NA(Y N N + #nπ), where Y is a ! or #0, N is a nucleon, Ns is a spec-
tator nucleon, and #n is the number of pions. For simplicity, we haven’t taken into account the
final state interaction. In this simulation, we assumed that particles in the final state are distributed
proportionally to the phase space volume in the same way as given in Eq. 1.

d2σ(Y N N+#nπ)

dT CM
n d cos θ CM

n
∝ ρ3+#n (Y N N + #nπ). (3)

If there is a spectator nucleon, the Fermi momentum distribution is considered to reproduce the
3He(e, e′ p) result [25]. The generated events were converted to the event data format, and examined
with the same analysis routine applied for the real data. A list of physics processes taken into account
for the global fit is shown in Table 1, together with the relative yields obtained for each process to
the number of obtained events. The fit results are given as histograms in Fig. 4, and the two spectra
are described well by the processes listed in Table 1. The χ2 and DOF of the fit are 122 and 147,
respectively. Figure 4(c) shows a close-up view in the missing neutron region. As shown in the figure,
the !pn final state events can be selected by setting the neutron window to be 0.85 < M(Xmiss.) <

1.03 [GeV/c2]. For simplicity, we denote those events in the neutron window as “!pn events.” This
close-up view also indicates that the fit result of the relative !pn yield is weaker than the data (about
83% compared to the data). This implies that there could be an unidentified channel which contributes
to the yield of the !pn final state, other than 3NA(!pn) as discussed later. From the global fit, it is
expected that three channels, 3NA(!pn), 3NA(#0 pn), and 2NA(!pns), will remain in the neutron
window (n-window) at the ratio of 0.62 : 0.20 : 0.01 compared with the data in the n-window.

The !pn event distribution over the phase space in the CM frame is shown in Fig. 5(a) as a Dalitz
plot with kinetic energies of !, proton and neutron, normalized by the Q-value of the reaction. And
for reference, the detection efficiency of the CDS is plotted in Fig. 5(b). It shows that our detector
system has a fairly flat acceptance over the !pn phase space, except for the upper-left and the upper-
right corners. Acceptance reduction of these corners comes from a lower kinetic energy of the p and
! (below the detection threshold). There is, however, sufficient acceptance at the bottom, where
two-nucleon kaon absorption with a spectator neutron ns , K − + 3He → !p + ns , is expected.
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K-pp Production through Λ*
❖ K-+n→n+K- ; 1GeV/c → 0.2 GeV/c

❖ K-+p→Λ*, Λ*+p→(K-pp)→Λ+p

K-pp

p

p

K-

Λ* p

Λ

n n
K-

1 GeV/c

0.2 GeV/c

(CDS)

(FWD)



pΛ vs. “n”
❖ A uniform distribution  

in 3-body phase space ?!  
        +

❖ A structure  
near the K+p+p threshold.

❖ “n” in the very forward 
 

PTEP 2016, 051D01 Y. Sada et al.

(a)

(c)

(b)

Fig. 6. (a) Two-dimensional distribution of the !p invariant mass and the emission angle of the missing
neutron. The blue dashed lines show a crude CDS acceptance boundary for the !pn events. (b) !p invariant
mass with simulated spectra obtained by the global fit in the neutron window. (c) Angular distribution of the
missing neutron, kinematically reconstructed, as a function of cos θCM

n . The histograms show the contributions
of the three remaining channels in the n-window, whose yields are given by the global fit.

5. Discussion To explain the excess, the existence of a simple finite-size S-wave single-pole
structure over the three-body phase space which decays to !p in the final state is assumed. Thus, the
formation cross-section (σX ) of the pole can be written as:

d2σX

d Minv .!pdq!p
∝ ρ3(!pn) × (%X/2)2

(Minv .!p − MX )2 + (%X/2)2 ×
∣∣∣exp

(
−q2

!p/2Q2
X

)∣∣∣
2
, (4)

where Minv .!p is the invariant mass of !p, q!p is the momentum transfer of the reaction
(q!p = |p! + pp|), MX is the energy, %X is the decay width, and Q X is the form factor parame-
ter of the pole. The first term in the formula is the three-body Lorentz-invariant phase space of !pn,
the second the Breit–Wigner formula, and the third the square of the form factor, which can also be
interpreted as the sticking probability of a plane wave having q!p to a harmonic oscillator having
finite size ≈!/Q X .

We generated events according to Eq. 4 in the simulation. A χ2 comparative test was made
between the experimental data and the simulated pole together with the multi-nucleon absorption
processes. Thus, we fitted the spectra keeping the yield of 3NA(!pn) as a free parameter, because
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can be explained by a three-nucleon absorption channel, 3NA(!pn) uniformly spread over the kine-
matic limit, proportional to the phase space, and without any spectator nucleon. The existence of
this channel is already quite interesting, because it seems to follow simple phase space, so that the
reaction is “point-like” as in Eq. 1. In contrast, absorption by two nucleons is rather weak compared
to three nucleons. The ratio of 2NA(!pns)/3NA(!pn) is found to be 0.05 or less.

Apart from the widely distributed 3NA process, a peak structure is observed in the !p invariant
mass around the K̄ N N threshold in the low momentum-transfer region. The spectral shape has been
examined assuming a single-pole existence whose final state is !p. Fit results show that the pole has
MX = 2355+6

−8 (stat.) ±12 (syst.) MeV/c2, "X = 110+19
−17 (stat.) ±27 (syst.) MeV/c2, respectively,

with a Gaussian form factor parameter Q X = 400+60
−40 MeV/c, having a cross section of about 7 µb.

The form factor parameter Q X ∼ 400 MeV/c implies that the range of interaction is about 0.5 fm.

Acknowledgements

We gratefully acknowledge all the staff members at J-PARC for their invaluable contributions. We would like
to thank Professor Toru Harada and Professor Yoshinori Akaishi for valuable comments and discussions.
This work was supported by RIKEN, KEK, RCNP, Grants-in-Aid for Scientific Research on Priority Areas
[No. 17070005 and No. 20028011], a Grant-in-Aid for Specially Promoted Research [No. 20002003], a Grant-
in-Aid for Young Scientists (Start-up) [No. 20840047], a Grant-in-Aid for Scientific Research on Innovative
Areas [No. 21105003], a Grant-in-Aid for JSPS Fellows [No. 12J10213], and the Austrian Science Fund (FWF)
[21457-N16].

References
[1] A. D. Martin, Nucl. Phys. B 179, 33 (1981).
[2] M. Bazzi et al., Phys. Lett. B 704, 113 (2011).
[3] Y. Akaishi and T. Yamazaki, Phys. Rev. C 65, 044005 (2002).
[4] T. Yamazaki and Y. Akaishi, Phys. Lett. B 535, 70 (2002).
[5] Y. Ikeda and T. Sato, Phys. Rev. C 79, 035201 (2009).
[6] N. V. Shevchenko, A. Gal, and J. Mareś, Phys. Rev. C 76, 044004 (2007).
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Fig. 6. (a) Two-dimensional distribution of the !p invariant mass and the emission angle of the missing
neutron. The blue dashed lines show a crude CDS acceptance boundary for the !pn events. (b) !p invariant
mass with simulated spectra obtained by the global fit in the neutron window. (c) Angular distribution of the
missing neutron, kinematically reconstructed, as a function of cos θCM

n . The histograms show the contributions
of the three remaining channels in the n-window, whose yields are given by the global fit.

5. Discussion To explain the excess, the existence of a simple finite-size S-wave single-pole
structure over the three-body phase space which decays to !p in the final state is assumed. Thus, the
formation cross-section (σX ) of the pole can be written as:

d2σX

d Minv .!pdq!p
∝ ρ3(!pn) × (%X/2)2

(Minv .!p − MX )2 + (%X/2)2 ×
∣∣∣exp

(
−q2

!p/2Q2
X

)∣∣∣
2
, (4)

where Minv .!p is the invariant mass of !p, q!p is the momentum transfer of the reaction
(q!p = |p! + pp|), MX is the energy, %X is the decay width, and Q X is the form factor parame-
ter of the pole. The first term in the formula is the three-body Lorentz-invariant phase space of !pn,
the second the Breit–Wigner formula, and the third the square of the form factor, which can also be
interpreted as the sticking probability of a plane wave having q!p to a harmonic oscillator having
finite size ≈!/Q X .

We generated events according to Eq. 4 in the simulation. A χ2 comparative test was made
between the experimental data and the simulated pole together with the multi-nucleon absorption
processes. Thus, we fitted the spectra keeping the yield of 3NA(!pn) as a free parameter, because
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Remarks
❖ Λ(1405) production seems to be necessary,

❖  (OK for DISTO, HADES, J-PARC E27; △ for FINUDA, 　
? for E15)

❖ but, not enough !

❖ Need to understand the Λ*(E)p→K-pp dynamics

❖ →sensitivity of the measurements  
     7% of Λ(1405) in E27 ⇔ < 40% in HADES



Discussion on “K-pp”
❖ B(FINUDA)>B(DISTO)~B(E27) » B(E15)  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❖ We have two states ?

❖ Width is broad( > 70 MeV)

❖ ΓMesonic~50 MeV

❖ ΓNon-Mesonic > ΓMesonic ?
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What is the nature of the “K−pp”-like structure? Since we used the
π+ d → K+ “K−pp”, “K−pp” → Σ0(Λ) p reaction, the “K−pp”-like structure should
be strangeness −1 and baryon number B = 2, so that the hyper charge Y = 1. The
K−pp is theoretically considered as the JP = 0−, where a K− couple with a spin-singlet
(S = 0) p-p pair in S-wave (L = 0). The possible theoretical interpretation as a Λ∗p
bound state also predicted to be JP = 0− for the bound state [3]. There is also a the-
oretical prediction of a dibaryon as πΛN–πΣN bound state, whose quantum number is
(Y, I, JP ) = (1, 3/2, 2+) [2]. However, from the isospin point of view, the isospin of the
system should be 1/2 not 3/2, because we have observed the Λp mode.
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Figure 5.29: Comparison of the binding energy and width of the K−pp. The calculated
binding energy and width using the chiral SU(3)-based energy dependent potentials are
shown with circles and the ones calculated with the energy independent potentials are
indicated with triangles (same as Figure 1.15). The experimental values evaluated from
the FINUDA [43], DISTO [46] and OBELIX [49] experiments are indicated with red
squares. The values obtained from this data are shown with a magenta square. For the
experimental values, the statistical and systematic errors are shown with the blue and
green lines, respectively.

Our obtained mass corresponding to the K−pp binding energy of about 100 MeV
and broad width are not inconsistent with the values evaluated from the FINUDA and
DISTO experiment within the error as shown in Figure 5.29. However, theoretical calcu-
lation for the K−pp is difficult to reproduce such a deep binding energy about 100 MeV.
In this view, recently Maeda, Akaishi and Yamazaki reported an interesting study [114].
They studied some kaonic nuclei such as the K−pp with the phenomenological K̄N po-
tential [1, 40] using the Faddeev and Faddeev-Yakubovsky method. They conducted
an analysis on the effect of the partial restoration of chiral symmetry on the K̄N in-
teraction on the basis of the “clearing QCD vacuum” model of Brown, Kubodera and
Rho [115]. Finally, they pointed out that the renormalized interaction strength of K̄N
system due to the partial restoration of the chiral symmetry can reproduce such a large
K−pp binding energy about 100 MeV. There is also an interesting theoretical study,

E27
E15



Mysteries of K-pp

❖ Main decay mode is theoretically expected to be ΣπN channel.

❖ if B>100 MeV, ΣπN mode is closed.

❖ However …

❖ No observations in ΣπN channel.

❖ Signals are in non-mesonic (Λp, Σ0p).

❖ Binding energies: 

❖ Two states ?                 Shallow(E15) and Deep(E27, DISTO).

❖ Momentum Transfer    ~0.2 GeV/c             ~0.6 GeV/c



Role of Λ(1405) as a doorway
❖ ΓΛp/ΓΣp ~0.92 (E27),     
　　　=1.2　(ChUA)

❖ depends on gKN/gπΣ  »1.

❖ ΓMesonic : ΓNon-Meso.~7 : 3.

❖ Λ*→Σ*

❖ ΓΛp/ΓΣp »1

❖ ΓMesonic : ΓNon-Meso.~1 : 1.

T. Sekihara et al., PRC 86 (2012) 065205. 
PRC 79 (2009) 062201(R).
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Other possibilities
❖ Dibaryon as πΛＮ-πΣN bound states 

Y=1, I=3/2, Jπ=2+  
      

❖ Λ(1405)N bound state  
I=1/2, Jπ=0- ;     not so large binding

❖ A lower πΣN pole of “K-pp” 
a broad resonance near the πΣN threshold

❖ Enhanced KN interaction due to  
 Partial restoration of Chiral symmetry;  
 

H. Garcilazo, A. Gal, NPA 897 (2013) 167-178.

T. Uchino et al., NPA868 (2011) 53.

A. Dote, T. Inoue, T. Myo, PTEP (2015) 043D02.

S. Maeda, Y. Akaishi, T. Yamazaki, Proc. Jpn. Acad., B 89 (2013) 418-437.



Summary
❖ Two measurements suggest two bound states:  

Shallow(~20 MeV) and Deep(~100 MeV).

❖ At least, there exists a K-pp bound state.

❖ Whether both states co-exist ?

❖ Deep : K-ppgs,  and Shallow : K-ppexcited ?

❖             or

❖ Shallow : K-ppgs,   and Deep : πΣN bound state ?

❖ Measure the Spin-Parity and Isospin of K-pp !


