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Double-Λ Hypernuclei
“Nagara” event; ΛΛ6He 

Uniquely identified 

∆BΛΛ=0.67±0.17 MeV 

smaller than before (~4 MeV)

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

KEK E373

J.K. Ahn et al., PRC 88 (2013) 014003.



Double-Λ predicted by 
Hiyama
108c E. Hiyama et al. / Nuclear Physics A 754 (2005) 103c–109c

Fig. 3. Calculated energy levels of A = 7–10 double Λ hypernuclei.

ground state of double Λ hypernuclei, the spin-averaged value B̄Λ of a spin-doublet BΛ

values has to be used. The spin-averaged "B̄ΛΛ is then defined by [8,10]

"B̄ΛΛ

(
A

ΛΛZ
)
≡ BΛΛ

(
A

ΛΛZ
)
− 2B̄Λ

(
A − 1

ΛZ
)
. (4)

In Fig. 4, the solid bars illustrate "B̄ΛΛ. Though "B̄ΛΛ is free from the effect of

the ΛN spin–spin interaction, its magnitude for A = 7–10 deviates significantly from

"B̄ΛΛ( 6
ΛΛHe) = 1.01 MeV. The deviation comes from the effect of the dynamical change

in the core-nucleus structure due to the interaction of the Λ hyperons, and turns out to be

a maximum in the case of 10
ΛΛBe. We emphasize that, even if one employs "B̄ΛΛ, it is im-

possible to extract any constant value of the ΛΛ bond energy from Fig. 4 in which "B̄ΛΛ

scatters in a range of a factor of 2.

4. Summary

We have carried out structure calculation for A = 7–10 double Λ hypernuclei within

the framework of an α + x + Λ + Λ four-body model, where x = 0, n,p, d, t, 3He and α,

respectively. Here, the two-body interactions of α–x, Λ–x and Λ–Λ well reproduce the

observed binding energies of Λ–x systems and α + x + Λ systems. In 10
ΛΛBe, it is striking

that the calculated BΛΛ of the 2
+ excited state agree with the observed value. We therefore,

interpret this event as the observation of the 2+ state. This agreement suggests that our

E. Hiyama et al. / Nuclear Physics A 754 (2005) 103c–109c 109c

Fig. 4. Calculated values of !B̄ΛΛ.

systematic calculations are predictive. In the future, J-PARC and GSI facilities, we hope to

observe many states of many double Λ hypernuclei.
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Ξ-Nucleus potential ?

UΣ>0, UΞ<0

UΣ<0, UΞ<0
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Experimental situations before 1990
Ξ-’s binding energy
8
ΞHe: 5.9 ± 1.2 MeV[1]

11
ΞB: 9.2 ± 2.2 MeV[2]

13
ΞC: 18.1 ± 3.2MeV[3]

15
ΞC: 16.0 ± 4.7MeV [4]

17
ΞO: 16.0 ± 5.5 MeV[4]

28
ΞAl: 23.2 ± 6.8 MeV [4]

[1]D.H.Wilkinson et al., PRL 3 (1959)8
[2]J.Catala et al., Proc. Int. Conf. on Hypernuclear Physics, 
Argonne, Illinois vol.2, p.758 (1969)
[3]A.S.Mondal et al., Nuovo Cimento 54A(1979)3
[4]A.Beckdolff et al., PL26B(1968)3

𝑉𝑉0Ξ = 24 ± 4 MeV (𝑟𝑟0 = 1.1 fm)
𝑉𝑉0Ξ = 21 ± 4 MeV (𝑟𝑟0 = 1.25 fm)

C.B.Dover and A.Gal (1983)

𝑉𝑉0Ξ = 22MeV
G.A.Lalazissis et al. (1989)



KEK E224
Counter experiment at KEK

1. Differential cross section (EΞ<7 MeV) 
comparison with theory

2. Distribution shape analysis.

T.Fukuda et al., PRC 58 (1998) 2 

( The direct measurement in the missing mass spectrum. )

FWHM ≅ 22 MeV

Bound region

12C(K-,K+)12
ΞBe

210 ± 70 nb/sr
(EΞ < 7 MeV)

𝑉𝑉0Ξ < 20 MeV
Consistent with KEK E176 !!

KEK E224



BNL E885

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

12C (K-, K+)

ΔMexp = 14 MeV 

       (F
WHM)

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.)



BNL E885

P.Khaustov et al,  
PRC61(2000)0546 

PK=1.8 GeV/c 
ΔM=9.9 MeV/c2 (FWHM) for p(K�,K+)Ξ�#
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FIG. 1. Detector configuration for E885. The drift chambers ID1-3 determine the incident K−

trajectory and, combined with the beam line hodoscope MP (not shown here), the K− momentum.
The drift chambers FD0-3 and BD1-2 determine the K+ trajectory through the 1.4 T 48D48 dipole.
Scintillators IT and BT determine the K+ time-of-flight. Hodoscopes FP and BP determine the

spectrometer acceptance. Aerogel Cherenkovs IC, FC, and BC reject pions, while FC0 rejects
protons. Above and below the target are scintillating fiber detectors. On the left and right of
the target are neutron detectors. The fiber detectors and neutron detectors were not used in this

analysis.
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Kiso Event in E373
KISO event (2014)

Overall scanning for old emulsion 
Æ was uniquely identified[1] !!

[1] 仲澤和馬、新学術研究領域「実験と観測で解き明かす中性子星の核物質」第3回研究会

BΞ = 1.11-4.38 MeV



“KISO” event
• deeply bound Ξ-14N system 

• Ξ-+14N→10ΛBe+5ΛHe 

• BΞ=1.11~4.38 MeV ±Γ/2 

• Well beyond the atomic binding of 0.17 MeV

K. Nakazawa et al., KEK E373
KISO event (2014)

Overall scanning for old emulsion 
Æ was uniquely identified[1] !!

[1] 仲澤和馬、新学術研究領域「実験と観測で解き明かす中性子星の核物質」第3回研究会



• Ξ hypernuclei do exist ! 

• Urgency :  

• Measurement of Re(VΞ) 

• ΓΞN-ΛΛ ?



Entrance to the S=-2 World
n Doorway Reaction: 

K-+p→K++Ξ-  
   at 1.8 GeV/c



The (K-, K+) reaction to produce S=-2 nuclei 

𝐴𝐴𝑍𝑍 Ξ
𝐴𝐴𝑍𝑍 − 2

ΛΛ
𝐴𝐴𝑍𝑍 − 2

𝐴𝐴𝑍𝑍

Ξ- hypernucleus

Double Λ
hypernucleus



How to produce S=-2 
hypernuclei ?



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

Discovery of Ξ-hypernuclei as a peak(s) 

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

J-PARC E05 
T. Nagae et al.

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



Purpose of E05

ΞN Interaction: almost no information 

Attractive of Repulsive ?   → Potential depth 

ΞN→ΛΛ conversion ?   →Conversion width 

Isospin dependence ?



S-2S
(K-,K+) Spectroscopy ＠J-PARC 

K-+p→K++Ξ-　＠~1.8 GeV/c 
S-2S: (2010-2015) 

Acceptance~60 msr 
∆p/p<5x10-4(FWHM) 
∆E=1.5 MeV

Acceptance 
∆Ω (msr)

Energy Resolution 
∆E (MeV)

BNL 19 14

SKS+ 25 3

S-2S 60 1.5 1m�

TOF�

���

�	��� ��

Q1: vertical focus�

Q2: horizontal focus 

D1: 70 deg. bend 

Tracking 
Detector 1,2�

Tracking 
Detector 3,4�

Aerogel Cherenkov�

Water Cherenkov�

S-2S Spectrometer



Expected 12
ΞBe Spectrum

VΞ= -20MeV

VΞ= -14MeV
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ΔEmeas. = 3 MeVFWHM



UΞ in Recent Nijmegen 
Models

EPJ Web of Conferences

indications from hypernuclear data. The contributions to
UΛ from S -state spin-spin components can be seen quali-
tatively in values of Uσσ = (UΛ(3S 1)−3UΛ(1S 0))/12. Var-
ious analyses suggest that the reasonable value of Uσσ(ρ0)
is between those of NSC97e and NSC97f, which are 1.05
and 1.70 MeV, respectively [2]. The obtained values for
ESC08a and ESC08b are 1.32 and 1.44 MeV, respec-
tively: It turns out that the S -state spin-spin components
of ESC08a/b are of nice strengths.

7DEOH �� UΣ(ρ0) and partial wave contributions.

T 1S 0 3S 1 1P1 3P D UΣ
08a 1/2 11.3 −23.9 2.3 −6.0 −0.7

3/2 −11.7 44.8 −7.2 4.9 −0.2 +13.4
08b 1/2 10.3 −26.2 2.5 −7.4 −0.8

3/2 −10.6 52.7 −6.2 6.3 −0.1 +20.3
04a 1/2 11.6 −26.9 2.4 −5.7 −0.8

3/2 −11.3 2.6 −6.8 −1.5 −0.2 −36.5
97f 1/2 14.9 −8.3 2.1 −1.6 −0.5

3/2 −12.4 −4.1 −4.1 1.1 −0.1 −12.9

In Table 2 we show the potential energies UΣ(ρ0) and
the partial wave contributions. It should be noted here that
the strongly repulsive values of UΣ can be obtained for
ESC08a/b. Contrastively, the UΣ values for all NSC and
ESC models are attractive [1] [2]. In the case of the quark-
cluster models, the repulsive nature of UΣ is due to the
existence of almost Pauli-forbidden states in T = 1/2 1S 0
and T = 3/2 3S 1 states, where the latter contribution with
the large statistical weight is distinctly important for the
repulsive value of UΣ . On the other hand, in the conven-
tional Nijmegen soft-core models (NSC, ESC), the repul-
sive cores are given by pomeron and ω meson exchanges
etc., which are of similar strengths in all channels. In the
case of ESC08 modeling, the above excellent feature of
the quark-cluster model is taken into account phenomeno-
logically by strengthening the pomeron coupling in these
states. Then, it should be noted that the contributions in the
T = 3/2 3S 1 states for ESC08a/b are remarkably repul-
sive contrastively those for ESC04a and NSC97f, as found
in Table 2. Experimentally, the repulsive Σ-nucleus poten-
tials are suggested in the observed (π−,K−)spectra [4]. It
is quite interesting that the repulsive values of UΣ can be
realized under the specific modeling for the core part of the
YN interaction.

In Table 3 we show the potential energies UΞ(ρ0) and
the partial wave contributions for ESC08a/b and ESC04d,
where the UΞ values are found to be substantially attrac-
tive in the cases of ESC08a/b and ESC04d. However, the
partial-wave contributions to UΞ are distinctly different
from each other: In the case of ESC08a/b (ESC04d), the at-
tractive contributions to UΞ are dominated by those in the
T = 1 (T = 0) 3S 1 state. As discussed in Ref.[1], the strong
T = 0 3S 1-state attraction in ESC04d is because the con-
tributions of vector and axial-vector meson exchanges are
strongly cancelled in this channel. The strong T = 1 3S 1-
state attractions in ESC08a/b are caused by the strong ΞN-

7DEOH ��UΞ(ρ0) and partial wave contributions. Conversion width
ΓΞ .

T 1S 0 3S 1 1P1 3P UΞ ΓΞ
08a 0 6.0 −1.0 −0.3 −2.1

1 8.5 −28.0 0.6 −3.8 −20.2 5.8
08a’ 0 5.6 −1.1 −0.3 −2.2

1 8.4 −21.5 0.6 −3.9 −14.5 7.0
08b 0 2.4 1.9 −0.6 −2.0

1 9.1 −37.8 0.6 −5.4 −31.8 1.2
04d 0 6.4 −19.6 1.1 −2.2

1 6.4 −5.0 −1.0 −4.8 −18.7 11.3

ΛΣ-ΣΣ coupling interactions, where these strengths come
from the pair terms dominantly. The ΞN-ΛΣ-ΣΣ triplet in
the T = 1 state belongs to the baryon-baryondecuplet-state
{10∗} together with the T = 0 np and T = 1/2 ΛN-ΣN pair.
It is interesting that the ΞN-ΛΣ-ΣΣ coupling tensor inter-
actions in ESC08a/b work similarly with the np and ΛN-
ΣN tensor interactions. If these coupling interactions are
switched off, the T = 1 3S 1-state contributions become re-
pulsive. The calculated values of conversion widths ΓΞ(ρ0)
are also given in Table 3, the contributions of which come
dominantly from the ΛΛ-ΞN-ΣΣ coupling interactions in
T = 0 1S 0 states. Here, it is found that the values of ΓΞ for
ESC08a/b are substantially smaller than that for ESC04d.

3 Some Ξ-bound systems

Though there is almost no experimental information for
ΞN interactions, the BNL-E885 experiment [5] indicates
that a Ξ single particle potential in 11B core is given by
the attractive Wood-Saxon potential with the depth ∼ −14
MeV (called WS14). It is found that the values of UΞ(ρ0)
for ESC08a/b in Table 3 are rather more attractive than
this WS depth, though the latter should not be compared
strictly with the former quantities. Here, we modify ESC08a
so as to be comparable to WS14 by weakening artificially
the ΞN-ΛΣ-ΣΣ coupling interaction in the T = 1 3S 1 state.
This version is denoted as ESC04a’ in Table 3. The UΞ
value −14.5 MeV for ESC08a’ is noted to be very simi-
lar to the depth of WS14. In the present calculations, the
results for ESC08a’ are compared with those for ESC04d.
Then, also ESC04d is modified so as to be consistent with
WS14 according to the way given in Ref. [6].

For applications to finite Ξ systems, the obtained com-
plex ΞN G-matrix interactions are represented as kF-
dependent local potentials

G(±)TS (r, kF) =
3∑

i=1
(ai + bikF + cik2F) exp (−r2/β2i ) , (1)

where kF is a Fermi momentum of nuclear matter. The suf-
fices (+) and (−) specify even and odd, respectively. The
interaction parameters (ai, bi, ci and βi) of the G-matrix in-
teraction for ESC08a’ are tabulated in Table 4. When this
G-matrix interaction is applied to finite Ξ systems, the kF

07007-p.2





�12C (K�,K�)Ξ12Be 

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



E05 with S-2S
★ Grant-In-Aid for 

Specially promoted 
research: 2011 ‒ 
2015,   Total ~$3M 

★ 60 msr, ∆p/p=0.05% 
→ ∆M=1.5 MeV 

★ Construction of 
S-2S(QQD): ~3 years 

★Installation in 2016 

★Data taking in 2017 
with > 100 kW !!

2.9x1010 K-/day 
∆M< 2 MeV



S-2S Construction

1.2 ~ 1.4 GeV/c 
~9m

∆p/p=5x10-4 

60msr 37 t, 8.7 T/m
12 t, 5.0 T/m86 t, 1.5T

Q2
D1:

Q1



E05 Pilot Run
• K1.8 beam line with SKS (E13 setup’) 

• Two AC’s(p,π+) at the entrance of SKS 

• CH2(K-,K+) 9.3g/cm2 →　∆M=5 MeVFWHM 

• Two weeks of beam time 

• Detector tuning                    1 day 

• p(K-,K+)Ξ-@1.5-1.9 GeV/c     2 days 

• 12C(K-,K+)                             >10 days

SDC3SDC3
SDC4SDC4

SDC2SDC2
SDC1SDC1

SKS

TOFTOF

AC1AC1
AC2AC2



Good acceptance and 
energy resolution

• ∆Ω=110 msr                 ∆E=5 MeVFWHM
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Comparison of 
Spectrometers

∆Ω 
(msr)

∆E 
(MeV)

BNL 19 14

SKS’ 110 5

S-2S 60 1.5



Background triggers
1. K- decay in flight (GEANT4) 

•Total 180 (K-→π-π-π+: 110) 

2. Reactions in target (JAM code simulation) 

•Total 300 (p: 230, π+: 30) 

•Total 160 (p: 115, π+: 3)

with AC1,2:  
p veto 50%, pion veto 90%

105 K-/spill, CH2 9.3 g/cm2



12C(K-,K+)
• Woods-Saxon type potential: V=-14 MeV
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12C(K-,K+)
• Theoretical Models 

• ESC08, ESC04, EHIME

∆M=5 MeVFWHM
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0 10 20 30
-BΞ [MeV]

Theoretical predictions by 
T.Motoba and S.Sugimoto, NPA 835 (2010) 223-230

SIMULATIONSIMULATION
SKS
1.12 [/(nb/sr)/2weeks]
FWHM = 5 MeV
9.3 g/cm2 CH2 target

1212C(KC(K-,K,K+)1212ΞBeBe

~50 events/two weeks



K-p→K+Ξ-

• Old Data in 60’s 

• 10~40 events at 
forward 

• Pilot Run 

• 900-1800 events 
at Five PK-



Yield Estimations
• 12C : 3x105 K-/spill,  6s cycle 

• dσ/dΩ~42 nb/sr, Ω=0.11 sr 

• → 3.4 /day  ~50 /two weeks 

• p : dσ/dΩ~35 μb/sr 

• →1,800/shift



S-2S



Kinematics of p(K-,K+)Ξ

Recoil Momentum�

K− AZ ! ΞA(Z-2) K+�

@1.8 GeV/c



    p’B 1×10�3� 1.67� 1.8�

    p'S 3×10�3� 3.74� 3.8�
p’B, p’S� 1.67� 3.74� 0.04� 4.1�

Missing Mass Resolution�

1H� 7Li� 12C� 89Y 

Beam 0.65� 0.90� 0.93� 0.96�

Scat� -0.63� -0.88� -0.91� -0.94�

Theta� -0.15� -0.03� -0.02� -0.002�

dp/p� Beam� Scat� θ� ΔM  
pB,pS  5×10�4� 0.84� 0.62� 0.04� 1.0� 1 MeV ! 3 g/cm2�

2 MeV ! 6 g/cm2�

3 MeV ! 10 g/cm2�

ΔEstrag ! Target thickness�

SKS limits ΔMM�

θ=5° 
Ehyp=0 MeV�

[MeV]�

Good!�

Current B.L. 
Performance�

SKSminus�

Δθ 2mrad�



Yield Estimation�

•  Notes
•  Efficiency = 0.7
•  Differencial cross section ! result of the BNL-E885 (Khaustov et al.)�

SKSminus� S-2S�

Acceptance� 110 msr� 55 msr�

K	
�survival rate� 0.6� 0.4�

Cross section� 42 nb/sr (θ<14deg)� 89 nb/sr (θ<8deg)�

Beam intensity� 4.5×105 /6s� 9×105 /4s�

Target 9.3 g/cm2 CH2� 3 g/cm2  12C�

Yield [/month] 140 events� 110 events�



S-2S @K1.8

Target�
K	
�

K��



Magnets�
•  Three normal conducting magnets
• Q1,D1 ! Newly constructed
• Q2 ! Modification of pole and coil from old magnet�

Q1 
Q2 D1 

Horizontal focus 
�8.5 m @1.37GeV/c 

1.37GeV/c±7.5% 



Q1 magnet�
• Vertical focus
•  2.4×2.4×0.88 m3

• Aperture 31 cm
•  Total weight 37 ton
•  8.7 T/m

Completed 2013.3�

Painted�

Build up�



Field Calculation�
•  3D electromagnetic analysis with Opera-3d/TOSCA 

Measurement 

Calculation 

Residual�

20 Gauss 



Q2 magnet�
• Horizontal focus
•  2.1×1.54×0.5 m3

• Aperture 36 cm
•  Total weight 12 ton
•  5.0 T/m (measurement)

Pole Cut�

Coil modification�

Completed in 2014.3�



D1 magnet�
•  1.5 T  = 70 deg. bend @1.37 GeV/c
• Gap 80×32 cm2

• Weight 86 ton

Painted�

2014.3�

Magnets in KEK 



Momentum Resolution�
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Position resolution (rms) [um]�
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w/ Multiple Scattering�

position resolution only�

Momentum resolution�Momentum resolution�
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Magnet condition 
Q1,Q2,D1 = 2500A (max)�



Momentum of scattered particle [GeV/c]
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.80

1
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Momentum Distribution at S-2S downstream

ALL 178events

Proton 151events

Kaon+ 1events
Pion+ 24events

Momentum Distribution at S-2S downstream

+DetectorCut�

Momentum of scattered particle [GeV/c]
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Momentum Distribution at S-2S downstream

ALL 286events

Proton 249events

Kaon+ 1events
Pion+ 34events

Momentum Distribution at S-2S downstream

Background Distributions�
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Timeline
Magnet�

Drift Chamber�

Trigger Counters�

Q1,Q2�
D1�

SDC1 

TOF 
AC 
WC 

SDC2 
SDC3,4 

Completed (’13/’14)�
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Fig. 3. Partial-wave decomposition of the calculated inclusive spectrum by the one-
step mechanism near the 14C + Λ + Λ threshold in the 16O(K −, K +) reaction
at 1.8 GeV/c (0◦). VΞ = −14 MeV and v0

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

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

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

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

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

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

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

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

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

2 (b̃qΞ )2)

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

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

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

∑

f

(dσ (2)
f

dΩL

)

0◦
≈ 2πξ

p2
π

〈
1
r2

〉(
α

dσ

dΩL

)K − p→π0Λ

0◦

×
(
α

dσ

dΩL

)π0 p→K +Λ

0◦
N pp

eff , (11)

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

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

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

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

∑

f

(dσ (2)
f

dΩL

)

0◦
≃ 0.06–0.04 µb/sr, (12)

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

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

4. Summary and conclusion

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

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

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

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

ΛΛC are on the order of 7–12 nb/sr depending
on the Ξ N–ΛΛ coupling strength and also the attraction in the
Ξ–nucleus potential. The Ξ− admixture probabilities are on the
order of 5–9%. The sensitivity to the potential parameters indicates
that the nuclear (K −, K +) reactions have a high ability for the
theoretical analysis of precise wave functions in the ΛΛ and Ξ
hypernuclei. New information on ΛΛ–Ξ dynamics in nuclei from
the (K −, K +) data at J-PARC facilities [3] will bring the S = −2
world development in nuclear physics.
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Decay in flight
• K- decay rate ~20% 
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UΞ in Recent Nijmegen 
Models

EPJ Web of Conferences

indications from hypernuclear data. The contributions to
UΛ from S -state spin-spin components can be seen quali-
tatively in values of Uσσ = (UΛ(3S 1)−3UΛ(1S 0))/12. Var-
ious analyses suggest that the reasonable value of Uσσ(ρ0)
is between those of NSC97e and NSC97f, which are 1.05
and 1.70 MeV, respectively [2]. The obtained values for
ESC08a and ESC08b are 1.32 and 1.44 MeV, respec-
tively: It turns out that the S -state spin-spin components
of ESC08a/b are of nice strengths.

7DEOH �� UΣ(ρ0) and partial wave contributions.

T 1S 0 3S 1 1P1 3P D UΣ
08a 1/2 11.3 −23.9 2.3 −6.0 −0.7

3/2 −11.7 44.8 −7.2 4.9 −0.2 +13.4
08b 1/2 10.3 −26.2 2.5 −7.4 −0.8

3/2 −10.6 52.7 −6.2 6.3 −0.1 +20.3
04a 1/2 11.6 −26.9 2.4 −5.7 −0.8

3/2 −11.3 2.6 −6.8 −1.5 −0.2 −36.5
97f 1/2 14.9 −8.3 2.1 −1.6 −0.5

3/2 −12.4 −4.1 −4.1 1.1 −0.1 −12.9

In Table 2 we show the potential energies UΣ(ρ0) and
the partial wave contributions. It should be noted here that
the strongly repulsive values of UΣ can be obtained for
ESC08a/b. Contrastively, the UΣ values for all NSC and
ESC models are attractive [1] [2]. In the case of the quark-
cluster models, the repulsive nature of UΣ is due to the
existence of almost Pauli-forbidden states in T = 1/2 1S 0
and T = 3/2 3S 1 states, where the latter contribution with
the large statistical weight is distinctly important for the
repulsive value of UΣ . On the other hand, in the conven-
tional Nijmegen soft-core models (NSC, ESC), the repul-
sive cores are given by pomeron and ω meson exchanges
etc., which are of similar strengths in all channels. In the
case of ESC08 modeling, the above excellent feature of
the quark-cluster model is taken into account phenomeno-
logically by strengthening the pomeron coupling in these
states. Then, it should be noted that the contributions in the
T = 3/2 3S 1 states for ESC08a/b are remarkably repul-
sive contrastively those for ESC04a and NSC97f, as found
in Table 2. Experimentally, the repulsive Σ-nucleus poten-
tials are suggested in the observed (π−,K−)spectra [4]. It
is quite interesting that the repulsive values of UΣ can be
realized under the specific modeling for the core part of the
YN interaction.

In Table 3 we show the potential energies UΞ(ρ0) and
the partial wave contributions for ESC08a/b and ESC04d,
where the UΞ values are found to be substantially attrac-
tive in the cases of ESC08a/b and ESC04d. However, the
partial-wave contributions to UΞ are distinctly different
from each other: In the case of ESC08a/b (ESC04d), the at-
tractive contributions to UΞ are dominated by those in the
T = 1 (T = 0) 3S 1 state. As discussed in Ref.[1], the strong
T = 0 3S 1-state attraction in ESC04d is because the con-
tributions of vector and axial-vector meson exchanges are
strongly cancelled in this channel. The strong T = 1 3S 1-
state attractions in ESC08a/b are caused by the strong ΞN-

7DEOH ��UΞ(ρ0) and partial wave contributions. Conversion width
ΓΞ .

T 1S 0 3S 1 1P1 3P UΞ ΓΞ
08a 0 6.0 −1.0 −0.3 −2.1

1 8.5 −28.0 0.6 −3.8 −20.2 5.8
08a’ 0 5.6 −1.1 −0.3 −2.2

1 8.4 −21.5 0.6 −3.9 −14.5 7.0
08b 0 2.4 1.9 −0.6 −2.0

1 9.1 −37.8 0.6 −5.4 −31.8 1.2
04d 0 6.4 −19.6 1.1 −2.2

1 6.4 −5.0 −1.0 −4.8 −18.7 11.3

ΛΣ-ΣΣ coupling interactions, where these strengths come
from the pair terms dominantly. The ΞN-ΛΣ-ΣΣ triplet in
the T = 1 state belongs to the baryon-baryondecuplet-state
{10∗} together with the T = 0 np and T = 1/2 ΛN-ΣN pair.
It is interesting that the ΞN-ΛΣ-ΣΣ coupling tensor inter-
actions in ESC08a/b work similarly with the np and ΛN-
ΣN tensor interactions. If these coupling interactions are
switched off, the T = 1 3S 1-state contributions become re-
pulsive. The calculated values of conversion widths ΓΞ(ρ0)
are also given in Table 3, the contributions of which come
dominantly from the ΛΛ-ΞN-ΣΣ coupling interactions in
T = 0 1S 0 states. Here, it is found that the values of ΓΞ for
ESC08a/b are substantially smaller than that for ESC04d.

3 Some Ξ-bound systems

Though there is almost no experimental information for
ΞN interactions, the BNL-E885 experiment [5] indicates
that a Ξ single particle potential in 11B core is given by
the attractive Wood-Saxon potential with the depth ∼ −14
MeV (called WS14). It is found that the values of UΞ(ρ0)
for ESC08a/b in Table 3 are rather more attractive than
this WS depth, though the latter should not be compared
strictly with the former quantities. Here, we modify ESC08a
so as to be comparable to WS14 by weakening artificially
the ΞN-ΛΣ-ΣΣ coupling interaction in the T = 1 3S 1 state.
This version is denoted as ESC04a’ in Table 3. The UΞ
value −14.5 MeV for ESC08a’ is noted to be very simi-
lar to the depth of WS14. In the present calculations, the
results for ESC08a’ are compared with those for ESC04d.
Then, also ESC04d is modified so as to be consistent with
WS14 according to the way given in Ref. [6].

For applications to finite Ξ systems, the obtained com-
plex ΞN G-matrix interactions are represented as kF-
dependent local potentials

G(±)TS (r, kF) =
3∑

i=1
(ai + bikF + cik2F) exp (−r2/β2i ) , (1)

where kF is a Fermi momentum of nuclear matter. The suf-
fices (+) and (−) specify even and odd, respectively. The
interaction parameters (ai, bi, ci and βi) of the G-matrix in-
teraction for ESC08a’ are tabulated in Table 4. When this
G-matrix interaction is applied to finite Ξ systems, the kF

07007-p.2
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Fig. 3. Partial-wave decomposition of the calculated inclusive spectrum by the one-
step mechanism near the 14C + Λ + Λ threshold in the 16O(K −, K +) reaction
at 1.8 GeV/c (0◦). VΞ = −14 MeV and v0

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

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

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

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

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

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

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

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

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

2 (b̃qΞ )2)

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

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

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

∑

f

(dσ (2)
f

dΩL

)

0◦
≈ 2πξ

p2
π

〈
1
r2

〉(
α

dσ

dΩL

)K − p→π0Λ

0◦

×
(
α

dσ

dΩL

)π0 p→K +Λ

0◦
N pp

eff , (11)

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

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

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

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

∑

f

(dσ (2)
f

dΩL

)

0◦
≃ 0.06–0.04 µb/sr, (12)

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

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

4. Summary and conclusion

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

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

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

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

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