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S=-2 World

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

❖ “Nagara” event; ΛΛ6He

❖ ∆BΛΛ=0.67±0.17 MeV

❖ “Kiso” event; Ξ-14N

❖ Ξ-+14N→10ΛBe+5ΛHe

K. Nakazawa et al., PTEP (2015) 
033D02

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

❖ BΞ=1.11 or 4.38 MeV ±Γ/2

❖ Well beyond the atomic binding of 0.17 MeV

Energy Spectrum of S=-2 systems

Ξ Hypernuclei

Double-Λ Hypernuclei
Λ-Λ Interaction

Ξ-N Interaction

Weak Decay

ΞN-ΛΛ Coupling

< 28 MeV

Mixing of 3 - 8%？

KEK E373

KEK E373



BNL E885
12C (K-, K+)

ΔMexp = 14 MeV 

       (F
WHM)

❖ 12C(K-,K+) at 1.8 GeV/c
❖ no clear evidence of Ξ-hypernuclear bound 

state.
❖ because of the limited mass resolution of 

14 MeVFWHM

❖ suggested weakly attractive potential of  
-14 MeV depth.          (BΞ~4.5 MeV)
❖ by shape analysis and counts in bound 

region, compared with DWIA calc.
❖ 89±14 nb/sr (<8deg.    42 events);  

42±5 nb/sr (<14deg.    67 events)

P. Khaustov et al., PRC 61 (2000) 
054603.



❖ Discovery of Ξ-hypernuclei as a peak(s)

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

❖ Coupling between Ξ-nucleus and ΛΛ-system

J-PARC E05 
T. Nagae et al.

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

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

D1, 86t, 1.5 T

Q1, 37t, 8.7 T/m

Q2, 12t, 5 T/m

S-2S Spectrometer ∆E=1.5 MeV(FWHM)



E05 Pilot Run
❖ K1.8 beam line with SKS’ (110 msr)

❖ AC + LC for π+, p veto in trigger

❖ CH2(K-,K+) 9.54g/cm2 →　∆E=5 MeVFWHM

❖ Two weeks of beam time ; Oct.26 - Nov.19, 2015

❖ Detector tuning                        1 day

❖ p(K-,K+)Ξ-@1.5-1.9 GeV/c     2 days

❖ 12C(K-,K+)   9.36g/cm2           10 days
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K- beam intensity
❖ 600k K-/spill was achieved for 39 kW beam power.  
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❖ Integrated K- intensity reached 100 G !! (J-PARC record)



Missing Mass (GeV)
1.3 1.3051.311.3151.321.3251.331.3351.341.3451.35
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❖ Ξ- at J-PARC !!

❖ 6000 Ξ/day

K-p→K+Ξ- production

ΔE~5.4 MeV fwhm

CH2(K-,K+)

Target energy loss straggling limited.
10 MeVFWHM at BNL



Optimum Momentum
❖ Yield maximum at 1.8 GeV/c suggested by Dover & Gal.

❖ New data from 1.5 to 1.9 
GeV/c.

❖ Two orders better 
statistics.

❖ Max. at 1.8 GeV/c is 
confirmed !

C.B.Dover and A.Gal, Ann. Phys. 146 (1983) 309.
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Carbon + CH2

❖ -20<-BE<0 (MeV) 
 T=S+B=55 counts 
 B=10.8 counts                S/∆S=5.5
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Peak Fittings
❖ QFΞ(linear)+Background(Flat)  

                      +

❖ One Gaussian (all free)

❖ BΞ=6.3 MeV, ∆BFWHM=15.7 MeV  
                       too broad !!
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Peak Fittings
❖ QFΞ(linear)+Background(Flat)  

                      +

❖ One Gaussian (all free)

❖ BΞ=6.3 MeV, ∆BFWHM=15.7 MeV  
                       too broad !!
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❖ QFΞ(linear)+Background(Flat)  
                      +

❖ Two Gaussians 
 (fixed width=5.4 MeV)

❖ BΞ=9.1 MeV and 2.1 MeV
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Peak Fittings
❖ QFΞ(linear)+Background(Flat)  

                      +

❖ One Gaussian (all free)

❖ BΞ=6.3 MeV, ∆BFWHM=15.7 MeV  
                       too broad !!
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❖ QFΞ(linear)+Background(Flat)  
                      +

❖ Three Gaussians  
 (fixed width=5.4 MeV)

❖ BΞ=16.4,  8.9, and 2.0 MeV  
too deep ?



Motoba’s calculations
❖ ΞN Interaction models: ESC08, ESC04, NHCD, Ehime

❖ Potential Depth : adjusted as B(11-)=4.5 MeV



Summary
❖ Peak structures corresponding to the Ξ-hypernucleus, 

12ΞBe, are observed in the E05 pilot run.

❖ Two peaks, at least, are resolved with ∆E=5.4 MeVFWHM, 
for the first time.

❖ BΞ: 9.1 MeV and 2.1 MeV.

❖ Re(UΞ) > 14 MeV (BΞ~4.5 MeV).

Need detail calculations considering  
Spin-Isospin dependence of ΞN interactions





Effect of Momentum Acceptance
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Angular Distribution of p(K-,K+) at 1.8 GeV/c
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❖ Two peaks: g1 18.4, g2 11.9, Bck 10.8 
   S/∆S= 30.3 / 7.2 = 4.2

❖ Three peaks: g1 5.6, g2 17.7, g3 11.5, Bck 10.8
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Physics beyond E05
❖ Spin dependence in light Ξ hypernuclei

❖ 7Li(K-, K+)Ξ7H; αnnΞ-       Lightest Ξ hypernucleus ?
❖ 10B(K-, K+)Ξ10Li; ααnΞ- 

❖ Heavy Ξ hypernuclei spectroscopy
❖ Coulomb-Assisted bound states   89Y(K-, K+)



(K-,K+) Spectroscopy

❖ 2 MeVFWHM resolution 
❖ ~6 events/day/MeV for 50 msr, 2g/cm2-thick Pb            

~20 days

Ξ-
 bound region

58Ni(K-,K+) 208Pb(K-,K+)

V0=-24 MeV

V0=-16 MeV

MHY-MA (MeV) MHY-MA (MeV)

Folding

Woods-Saxon

V0=-24 MeV

V0=-16 MeV

Folding

Woods-Saxon

Ξ-
 bound region



Unique bound state
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Coupling between Ξ hypernuclei  
and double-Λ hypernuclei

T.Harada, Y.Hirabayashi, A.Umeya,  
PLB 690 (2010) 363.

Theoretical Calculation for 16
ΛΛC,  

via Ξ- doorways 
in the 16O(K-,K+) reaction at 1.8 GeV/c

two-step process

one-step process

16O(K-,K+) 7 ~12 nb/sr

p   excited states of double-Λ hyp. 
p  sensitive to ΞΝ-ΛΛ coupling strength.

T. Harada et al. / Physics Letters B 690 (2010) 363–368 367

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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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
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Comparison of Energy resolution

(MeV) E05
Pilot run

BNL
E885

p(K-,K+)Ξ- 6 9.9

12C(K-,K+) 6.7 14

5.2
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