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with Strangeness

Hypernuclei : Hyperons(Λ, Σ, Ξ) in Nuclei
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What’s in the Neutron Star Core ?

By F. Weber

Strangeness is the Key
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NN

YN

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

Λ+p, Σ++p, Σ−+p and Ξ−+p scattering

Need hi gh quali ty data w ith high  stati stics

Hyperon-Nucleon 
Scattering

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

n Asymmetry in Λp and 
Σ+p elastic scattering

Σ±p, Λp: only 38 data points
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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 ?



Modern Picture of Baryon-
Baryon Interactions

Nuclear Force from Lattice QCD

Long-range attraction
+

Repulsive Hard-core
N.Ishii, S.Aoki, T.Hatsuda, Phys.Rev.Lett.99,022001 (2007).

Central and tensor ΛN potentials from lattice QCD Hidekatsu Nemura

-50

-40

-30

-20

-10

0

10

20

30

40

50

0.0 0.5 1.0 1.5 2.0

V 
(M

e
V

)

r (fm)

VC(mπ ≅ 414 MeV)
VC(mπ ≅ 699 MeV)
VT(mπ ≅ 414 MeV)
VT(mπ ≅ 699 MeV)

-10

0

10

20

30

0.0 0.5

r2
 V

 (
M

e
V
·fm

2 )

r (fm)

Figure 1: The central and the tensor potentials in 3S1−3D1 channel in 2+ 1 flavor QCD as a function of r
at mπ ≃ 414 MeV (red and blue) and 699 MeV (green and magenta).

-50

-40

-30

-20

-10

0

10

20

30

40

50

0.5 1.0 1.5 2.0

V 
(M

e
V

)

r (fm)

mπ ≅ 414 MeV
mπ ≅ 699 MeV

-10

0

10

20

30

0.0 0.5

r2
 V

 (
M

e
V
·fm

2 )

r (fm)

Figure 2: The central potential in 1S0 channel in 2+1 flavor QCD as a function of r at mπ ≃ 414 MeV (red)
and 699 MeV (green).

4.2 Quenched QCD

Figures 3 and 4 show the ΛN potentials with (mπ ,mK) ≈ (512,606) and (407,565) MeV, in
quenched QCD at the time-slice t− t0 = 7. Fig. 3 shows the VC(J = 1) and VT , while the Fig. 4
shows the VC(J = 0). We find that the qualitative behaviors of the ΛN potential in quenched QCD
are more or less similar to those in full QCD in both J = 1 and 0 channels: Namely, the attractive
pocket of the central potential moves to longer distance region as the quark mass decreases, and
the quark mass dependence of the tensor potential seems to be small.

4.3 Scattering lengths

Figure 5 shows the scattering lengths as a function of m2π , which are calculated through the
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ΛN

H. Nemura et al. / Physics Letters B 673 (2009) 136–141 139

Fig. 1. (Left) The radial wave function of pΞ0, in 1S0 (circle) and 3S1 (triangle) channels, obtained at t − t0 = 6. The Green’s functions G(r⃗,k2) with r⃗ = (r,0,0) in 1S0 (solid
line) and 3S1 (dotted line) are also shown. The inset shows its enlargement. (Right) The effective central potential for pΞ0, in the 1S0 (circle) and 3S1 (triangle), obtained
from the wave function at time slice t − t0 = 6. The inset shows its enlargement.

Fig. 2. The t dependence of the potential in the 1S0 channel (left panel) and the 3S1 channel (right panel) for several values of r. The horizontal lines denote the central
values at t − t0 = 6 which are adopted for the potential in Fig. 1 (right). The results indicated by [6− 10] are obtained by a constant fit to the data for t − t0 = 6− 10 with a
single-elimination of the jackknife method.

G(r⃗,k2) = 1
L3

∑

p⃗∈Γ

1
p2 − k2

ei p⃗·r⃗,

Γ =
{
p⃗; p⃗ = n⃗

2π
L

, n⃗ ∈ Z3
}
, (13)

which is the solution of ($+k2)G(r⃗,k2) = −δL(r⃗) with δL(r⃗) being
the periodic delta function [12,24]. Results of the fit in the range
(12 ! x ! 16, 0 ! y ! 1, z = 0) are shown in the left panel of
Fig. 1. The fitting range is determined so that it is outside the
range of the interaction (see the right panel of Fig. 1). The non-
relativistic energy thus obtained in the 1S0 (3S1) channel becomes
E = −0.4(2) MeV (E = −0.8(2) MeV). We have checked that the
results of the fit in different ranges 11 ! x ! 16 and 13 ! x ! 16
introduce systematic errors only less than half of the statistical er-
rors for E . Note that E can be negative for the scattering state in a
finite box if the interaction is attractive.

The effective central potentials for pΞ0 system obtained from
Eq. (9) with the wave function φ and the energy E at t − t0 = 6
are shown in the right panel of Fig. 1 for the 1S0 and 3S1 channels
at mπ ≃ 368 MeV. In order to check whether the ground state sat-
uration of the pΞ0 system is achieved in the present results, we
plot the t-dependence of the potential at distances r = 0.14, 0.20,
0.71, 1.42 and 2.27 fm in Fig. 2. The fact that the potential is sta-
ble against t for t − t0 " 6 within errors indicates that the ground

state saturation is indeed achieved at t − t0 = 6. This is the rea-
son why we adopted the values at t − t0 = 6 in the right panel
of Fig. 1. Note that a constant fit to data for t − t0 = 6–10 with a
single elimination of the jackknife method does not introduce ap-
preciable change of the final values and the errors of the potential
as shown in Fig. 2.

In the right panel of Fig. 1, the potential in the NΞ system
shows a repulsive core at r # 0.5 fm surrounded by an attractive
well, similar to the NN system [16,17]. In contrast to the NN case,
however, one finds that the repulsive core of the pΞ0 potential in
the 1S0 channel is substantially stronger than that in the 3S1 chan-
nel. Such a large spin dependence is also suggested by the quark
cluster model [6]. The relatively weak attraction in the medium
to long distance region that (0.6 fm # r # 1.2 fm) is similar in
both 1S0 and 3S1 channels. As the energies determined above and
scattering lengths given later indicate, the present potentials are
weakly attractive on the whole in both spin channels in spite of
the repulsive core at short distance. Also, the attraction 3S1 chan-
nel seems a little stronger than that in the 1S0 channel.

4.3. Quark mass dependence

Fig. 3 compares the pΞ0 potential at mπ ≃ 368 MeV with
that at mπ ≃ 511 MeV in the 1S0 channel (left) and in the 3S1

By H. Nemura et al.

pΞ0



World Facilities in the 21st 
Century

J-PARC
JLab

DA NE

GSI/FAIR
Mainz

(e,e’K+)

(e,e’K+)

(K-,K+), (K-,π-)

(K-,π-)

HI, anti-p

For Strangeness Nuclear Physics



11Photo in July of 2009

J-PARC Facility
(KEK/JAEA）

South to North

Neutrino Beams　
(to Kamioka)

  JFY2009 Beams

Hadron Exp. 
Facility

Materials and Life 
Experimental 

Facility
50 GeV Synchrotron
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3 GeV 
Synchrotron

 CY2007 Beams

Linac



Hadron Experimental Hall
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High p (not yet)
SKS

K1.8BR
K1.1

First beam in Feb. 2009

World highest intensity Kaon beams !
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(π+,K+) Spectroscopy
Λ single-particle energy
→UΛ=28 MeV

H.Hotchi et al., PRC 64, 044302(2001)

SKS

Figure 3: DDRH Λ single particle spectra compared to the world data.
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Hypernuclear Gamma-rays

by H. Tamura

NPA835 (2010) 422 

   Hypernuclear J-ray data (2012) 
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ΛN Effective Interaction

Shell-model structure of light hypernuclei

John Millener

Brookhaven National Laboratory

Source # γ-rays # doublets

Ge Hyperball ∼ 22 9

NaI 13
ΛC 3 1

NaI 4
ΛH/4

ΛHe 2 2

Parameters in MeV

∆ SΛ SN T

A = 7− ? 0.430 −0.015 −0.390 0.030

A = 11 − 16 0.330 −0.015 −0.350 0.024

1

V eff
�N = V0(r) + V�(r) �s� �sN + V�(r)���N �s� + VN (r)���N �sN + VT (r)S12

∆ SΛ TSN

by D.J. MillenerVery small LS



JLab: (e,e’K+)
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One bound state observed: 4ΣHe

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

Σ-Hypernuclei



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



Repulsive in Medium-
Heavy Nuclei

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.

T. Harada and Y. Hirabayashi, NPA 759 (2005) 143.

28Si(π-,K+)



Gamma-ray Spectroscopy 
of Light Hypernuclei

Spin-flip B(M1) measurement for gΛ in nuclei
7Li(K-,π-γ)7ΛLi at 1.5 GeV/c: M1(3/2+→1/2+)

ΛN interaction in sd-shell hypernuclei
19ΛF: easiest in sd-shell

ΛN interaction in p-shell hypernuclei
10ΛB

etc.

Hyperball-J
Ge Detector           PWO

Pulse-tube 
ref.

J-PARC E13
H. Tamura et al.

Ge x32; ε~5.8% at 1 MeV
→  γ-γ coincidence



Neutron-rich Hypernuclei
with (π-,K+) reaction J-PARC E10

A. Sakaguchi et al.

ordinary nuclei
DCX: (K−,π+), (π−,K+) reaction

DCX

SCX: (e,e’K+), (K−,π0), (π−,K0) reaction

SCX

NCX: (K−,π−), (π+,K+) reaction

NCX

Λ-hypernuclei

“Hyperheavy hydrogen”: deeply bound

Akaishi:
Glue-like role of Λ 

(BΛ=4.4 MeV)
 +  

ΛNN coherent
coupling ( +1.4 MeV)

Λp
n

unbound

6
ΛH5H

n

n

n

p
n
n n
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Double-Λ Hypernuclei
“Nagara” event; ΛΛ6He

Uniquely identified

∆BΛΛ=1.01±0.02+0.18/-0.11 MeV

smaller than before (~4 MeV)

H. Takahashi et al., PRL87, (2001) 212502.

KEK E373

0.67±0.17 MeV
(updated by Nakazawa@Hyp-X)



S=-2 World



P.Khaustov et al., PRC61(2000)054603

12C (K-, K+)

ΔMexp = 14 MeV

       (F
WHM)

Ξ-‐hypernuclei	  :
previous	  measurement

Previous experiment : BNL-E885
not clear evidence of Ξ-hypernuclear 
bound state.

because of limited mass resolution
suggest weakly attractive potential of 
-14 MeV depth.

by shape analysis and counts in bound 
region, compared with DWIA calc.

89±14 nb/sr (<8deg.); 42±5 nb/sr 
(<14deg.)



Spectroscopic Study of Ξ-Hypernucleus, 
12ΞBe, via the 12C(K-,K+) Reaction

Discovery of Ξ-hypernuclei

Measurement of Ξ-nucleus potential depth and width 
of 12ΞBe

J-PARC E05
T. Nagae et al.

S=-1                S=-2 (Multi-Strangeness System)



E05 Phase 2 with S-2S
Grant-In-Aid for Specially promoted research: 2011 – 
2015
60 msr, ∆p/p=0.05% → ∆M=1.5 MeV
Construction of S-2S(QQD): ~3 years

Installation in 2014
Data taking in 2015 with > 150 kW !!

2.9x1010 K-/day
∆M< 2 MeV



�12C (K�,K�)Ξ12Be 

T. Motoba and S. Sugimoto, Nucl. Phys. A 835, 223 (2010)  



p

n
Λ

J-PARC E07: Hybrid-Emulsion Exp.
＊Detection of double hypernuclei
・  10 times’ statistics of E373 (KEK-PS) ó 104 Ξ-stop
          è ~102 double hypernuclei,
                ~10 identification of nuclide.

Beam Line 
Spectrometer

KURAMA 
Spectrometer

Emulsion
SSD
Ge array

Diamond 
Target

QQDQ
magnets
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magnetcollimator
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H search at J-PARC
(K-,K+) reaction

E42 
by J.K. Ahn & K. Imai et al.

The H-dibaryon Search at J-PARC

Experimental Setup

Hyperon Spectrometer + K+ Spectrometer

Jung Keun Ahn (Pusan) P42 : Search for H-Dibaryon January 13, 2012 15 / 28

2 Experiment

2.1 The goal of the proposed experiment
The first goal of the experiment is to conclude whether the previously observed enhancement
near the ⇤⇤ threshold is due to the existence of the H-resonance or not. The observed enhance-
ment provided the central value of the mass (2250 MeV) and the production cross section of
about 1µb/sr for the possible H-resonance. With the proposed experimental apparatus we
simulated ⇤⇤ production assuming that the production yield of the H-dibaryon resonance is
of the same order of the observed enhancement. The simulated ⇤⇤ invariant-mass spectrum
was shown in Fig.5, where the momentum resolution (�p/p) of decay particles from the ⇤
decay is assumed to be 3% at p = 300 MeV/c and the intrinsic H width is assumed to be zero
in the simulation. Experimental details will be described in the following section.

Figure 5: Simulated ⇤⇤ invariant spectrum expected in the proposed experiment assuming the
H-dibaryon resonance (m = 2250 MeV/c2 and � = 0 MeV) produced with the production
yield corresponding to the peak structure observed in the previous experiment. The peak width
is then determined by detector resolutions.

The second goal is to provide more stringent upper limit for the production of H-dibaryon.
Many experimental results ruled out the H-dibaryon up to the mass of about 2200 MeV/c2

[12] as shown in Fig.6. The dashed and dotted lines indicate the theoretical calculation re-
sults predicted by Aerts and Dover [13] with different choices for elementary p(K�, K+)⌅�

reaction cross-section, respectively. However, there has been no successful experimental ap-
proach to explore the H-dibaryon mass range near the ⇤⇤ threshold because of a large tail of
quasi-free ⌅� production and other processes.

We are then in a position to explore the existence of the H-dibaryon assuming the produc-
tion cross section of about 0.2µb/sr for 3He target by Aerts and Dover [13]. The simulated

7

~200 H’s
for 1μb/sr



Kaonic Nuclei



Meson-Bayon Bound Systems
with Strangeness

S =0 NucleiS =-1 NucleiS =-2 Nuclei

0

100
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400
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Excitation Energy
(MeV)

A [Z] A [Z+1] A [Z+2]

π-⊗A [Z+1]
Λ ⊗  [Z]A-1

Σ ⊗  [Z+1]A-1-
Σ ⊗  [Z]A-10Σ ⊗  [Z-1]A-1+

K ⊗  [Z+1]A-K ⊗  [Z]A0_
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Ξ ⊗  [Z]A-10

ΛΛ⊗  [Z]A-2

K-,K+( )
K-, π+( ), π-,K+( )
K-, π-( ), π+,K+( )
K-,N( )



Kaonic Hydrogen X-ray

Figure 5: Comparison of experimental results for the strong-interaction 1s-energy-level
shift and width of kaonic hydrogen, KEK-PS E228 [9] and DEAR [13]. The error bars
correspond to quadratically added statistical and systematic errors.

14

Figure 4: A global simultaneous fit result of the x-ray energy spectra of hydrogen and
deuterium data. (a) Residuals of the measured kaonic-hydrogen x-ray spectrum after sub-
traction of the fitted background, clearly displaying the kaonic-hydrogen K-series transi-
tions. The fit components of the K−p transitions are also shown, where the sum of the
function is drawn for the higher transitions (greater than Kβ). (b)(c) Measured energy
spectra with the fit lines. Fit components of the background x-ray lines and a continuous
background are also shown. The dot-dashed vertical line indicates the EM value of the
kaonic-hydrogen Kα energy. (Note that the fluorescence Kα line consists of Kα1 and
Kα2 lines, both of which are shown.)

13

the realistic assumption of one order of magnitude lower intensities than that
of kaonic hydrogen [31] and predicted values of shift (−0.3 - −1.0 keV) and
width (∼ 1 keV) [34, 35, 36], the influence of a possible kaonic-deuterium
component on the kaonic-hydrogen shift and width values was found to be
negligible.

In the kaonic-hydrogen spectrum, the higher transitions to the 1s level,
Kγ and above, produce an important contribution to the total intensity.
The relative intensities of these lines, however, are only poorly known from
cascade calculations and the free fit cannot accurately distinguish between
them, since their relative energy differences are smaller than their width, as
seen in Fig. 4. As a result, fitting all the transitions at once, leads to large
errors on the shift and width of the 1s level. To minimize the influence of
the higher transitions, we adopted the following iterative fitting procedure.
In a first step, we performed a free fit of all the transitions, with the energy
differences between the kaonic-hydrogen lines fixed by their EM differences,
since the shifts and the widths of the levels higher than 1s are negligible. In a
second step, we fixed the energies and widths of the higher transitions to the
values found in the first step, and fitted leaving free all intensities and the
common shift and width for Kα and Kβ, which are well resolved transitions.
With the new values for shift and width we repeated the described procedure
until the values for the shift and width converged, meaning that all K-lines
had the same values for their shift and width, as it should be.

We performed two independent analyses, where the event selection, the
calibration method, the fit range and the detector-response function (as de-
scribed above) were chosen differently. The comparison of the shift and width
values gives a direct measurement of the systematic error from the use of dif-
fering procedures. The resulting shift values were consistent with each other
within 1 eV, however the width differed by ∼ 40 eV which comes mainly
from the use of different detector-response functions. For shift and width
we quote here the mean value of the two analyses and take into account the
difference as one of the sources of the systematic error.

As a result, the 1s-level shift ϵ1s and width Γ1s of kaonic hydrogen were
determined to be

ϵ1s = −283± 36(stat)± 6(syst) eV

and Γ1s = 541± 89(stat)± 22(syst) eV,

respectively, where the first error is statistical and the second is systematic.
The quoted systematic error is a quadratic summation of the contributions

8
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New FINUDA data 
on K-pp

First evidence of K-pp with 6Li+7Li+12C

Confirmed for 6Li only, with better statistics

Hyp-X ' Sep. 14 2009 ' Recent results on K- absorption by few nucleons and the Bound Kaonic Nuclear State Puzzle ' S.Piano ' INFN Trieste

FINUDA: 6Li(K-
stop

 
,�p)X

FINUDA Coll., PRL 94(2005)212303

New 
inv mass spectra 
compatible with 
published one

New data Old data

Same cuts applied

A=6Li,7Li,12C
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unphysical region

S. Piano@Hyp-X

FSI, ΣN→ΛN conversion cannot explain the new data

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

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



DISTO data on K-pp
p+p→K-pp + K+ at 2.85 GeV

M=2267±3±5 MeV/c2

Γ= 118±8±10 MeV T. Yamazaki et al., PRL 104 (2010) 132502.'���(�3��������4��
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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 pþ Kþ ! Xþ 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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FIG. 4 (color online). (a) Observed DEV spectra of %MðKþÞ
of events with LAP emission [j cos"cmðpÞj< 0:6] and (b) with
SAP emission [j cos"cmðpÞj> 0:6]. Both selected with large-
angle Kþ emission [$ 0:2< cos"cmðKþÞ< 0:4].
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K-pp: theoretical status
Methods Binding Energy (MeV) Width (MeV)

Shevchenko, Gal, Mares
  Faddeev 

50 - 70 ~100
Ikeda and Sato
  Faddeev 

60 - 95 45 - 80
Yamazaki and Akaishi
  Variational (ATMS)

48 61
Dote, Hyodo, Weise
  Variational (AMD)

20±3 40 - 70

•K-pp should exist as a bound state.
•Deep or Shallow ??
•Width could be 40 – 100 MeV
•Λ(1405)-p bound state ? (Arai, Oka, and Yasui)
•FSI effects ? (Magas, Oset, Ramos, Toki)



K-pp search experiments at J-PARC
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FIG. 1: The calculated inclusive spectra of the 3He(in-flight K−,n) reaction at pK− = 1.0 GeV/c
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W0)=(−300 MeV, −70 MeV). The vertical dashed line indicates the corresponding neutron mo-

mentum of pn = 1224 MeV/c at the K− emitted threshold. The contributions of partial-wave

angular momentum states with L = 0, 1 and 2 are also drawn.
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3He(K-,n) reaction at 1 GeV/c: E15

d(π+,K+) reaction at 1.5 GeV/c: E27



Preliminary	  Result	  :	  3He(K-‐,n)

w/#charged+track#
tag#in#the#CDS�



d(π+,K+) reaction Yamazaki & Akaishi, Phys. 
Rev. C76 (2007) 045201.



 d(π+,K+) inclusive spectrum;
     in simulation
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Range Counter System for E27

� 5 layers (1+2+2+5+2cm)

   of plastic scinti.

� 39 – 122 degrees (L+R)

� 50 cm TOF



]2Missing Mass[GeV/c
2.05 2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

co
un

ts
/2

M
eV

0

2000

4000

6000

8000

10000

12000

14000 Black=Simulation
Red=Data

)o-16o=2piK(Lab) eMissing Mass (

d(π+, K+) @1.7GeV/c

Λ

Σ+/0

Y*s

ΣN-ΛN Cusp 
@2.13 GeV

Mass shift for Y* 
by ~30 MeV



]2Missing Mass[GeV/c
2 2.1 2.2 2.3 2.4 2.5 2.6

C
ou

nt
s 

/ 6
M

eV

0
2000
4000
6000
8000

10000
12000
14000
16000
18000
20000

Hits exept for proton are required with RC

]2Missing Mass[GeV/c
2 2.1 2.2 2.3 2.4 2.5 2.6

C
ou

nt
s 

/ 6
M

eV

0

200

400

600

800

1000

1200

proton is required with RC

]2Missing Mass[GeV/c
2 2.1 2.2 2.3 2.4 2.5 2.6

C
ou

nt
s 

/ 6
M

eV

0
10
20
30
40
50
60
70
80
90

100
310×

inclusive

Coincidence study
Inclusive

Proton CoincidencePion Coincidence

“proton”=p>280 MeV/c

“pion”=π or 
          slow p

Y*s melt down



]2Missing Mass[GeV/c
2 2.1 2.2 2.3 2.4 2.5 2.6

R
at

io
 / 

6M
eV

0

0.1

0.2

0.3

0.4

0.5

Hits exept for proton are required with RC

Pion Coincidence Rate
� Rπ = (Pion coincidence spectrum)/(Inclusive spectrum)

� Rπ ∝ (π emission BR)x(π detection efficiency)

Rπ

QFΛ QFΣ

QFY*+πYN

K-pp??

One pion

Two pions

20%



]2Missing Mass[GeV/c
2 2.1 2.2 2.3 2.4 2.5 2.6

R
at

io
 / 

6M
eV

0
0.005

0.01
0.015
0.02

0.025
0.03

0.035
0.04

0.045
0.05

proton is required with RC

Proton Coincidence Rate

“K-pp”-like 
structure

Rp

ΣN-ΛN Cusp 
@2.13 GeV

2%



Summary
Baryon-Baryon Interactions ← Hypernuclear Spectroscopy
ΛN Interaction

BΛ = 28±1 MeV
Very small spin-orbit splitting
ΛΛ Interaction; ΔBΛΛ=0.67±0.17 MeV
ΣN Interaction

One bound state in 4ΣHe ←Isospin dependence
BΣ- ~ -30 MeV (Repulsive in medium-heavy nuclei)
ΞN Interaction

BΞ~14 MeV; weakly attractive ?
KN Interaction; Large attraction in I=0


