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OUTLINE
2

▪︎ Baryon-Baryon Interaction in SU(3) 

▪︎ UPDATE of YN scattering measurements 

▪︎ Σ±p scattering ←J-PARC E40;  Λp scatt. (CLAS group) 

▪︎ FEMTOSCOPY analysis for Ξp, ΛΛ 

▪︎ Emulsion data ←J-PARC E07 (Ξ-, ΛΛ-hyp) 

▪︎ E70: Bound States of Ξ-HYP. 12C(K-, K+)12ΞBe 

▪︎ Status of S-2S spectrometer 

▪︎ E94: natLi(π+,K+) ; ∆E< 1MeV

HADRON 2023/ T. NAGAE
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B-B INTERACTIONS IN SU(3)
3

▪︎ ΛN VΛ~30 MeV(attraction),  VΛSO<a few % of VNSO  ←γ ray Spectroscopy 

▪︎ ΣN > ~20 MeV (repulsive) 

▪︎ ΣN scattering ←J-PARC E40 

▪︎ ΞN：~14 MeV (Attraction) ← BNL-E885  12C(K-, K+)12ΞBe 

▪︎ How much deep ? ←　Kiso Event, Ibuki Event, 

▪︎ How about couplings←　 ΞN→ΛΛ?   Kinka Event, IRRAWADHI event

HADRON 2023/ T. NAGAE

Basic Questions to be Answered
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Fig. 24: Derived differential cross sections of the Σ+p scattering for the three momentum

regions. The error bars and boxes show the statistical and systematic uncertainties, respec-

tively. The red boxes and blue triangles represent the data of past measurements, KEK

E251 [33] and KEK E289 [32], respectively. The blue dotted and dot-dashed lines show the

calculations from FSS and fss2 [6], respectively. The green-solid lines and black-dashed lines

show the calculations from the Nijmegen NSC97f [8] and ESC08 [15] models, respectively.

The orange and red dot-dashed lines show the calculations from the χEFT NLO models [19]

[20].

the differential cross section. However, the predictions by FSS and fss2 are much larger than

the present data, indicating that the repulsive forces in FSS and fss2 are too large and

unrealistic.

The green solid and black-dashed lines show the predictions from the Nijmegen NSC97f

[8] and ESC08 [15] models, respectively, based on the boson-exchange picture. Historically,

in the Nijmegen models, it has been difficult to describe the repulsive nature of the ΣN(I =

3/2,3 S1) channel. Although NSC97f agrees well with our data in terms of the differential

cross sections, it predicts an attractive Σ+p interaction, which does not agree with the

current common understanding of the ΣN interaction. In ESC08, additional repulsive effects,
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RECENT TOPICS ON S=-2
4

▪︎E07 (+E373)  K. Nakazawa, K. Imai, H. Tamura et al. 

▪︎Double Λ 

▪︎Nagara event 6ΛΛHe; s-orbital;  BΛΛ=0.67±0.17 MeV 

▪︎Mino event  ΛΛ11Be;  Not well-identified. 

▪︎Ξ-hypernuclei 

▪︎Kiso and Ibuki events Xi-14N  : 

▪︎ Kinka & IRRAWADHI events :

E07 / T. NAGAE

Deeply-bound Ξ state

Coulomb Assisted— Ξ state



E373 : HYBRID EMULSION 
EXPERIMENT

5

▪︎ K. Nakazawa, K. Imai, 
H. Tamura et al.

E373/ T. NAGAE

IFCl

TI
i

kfe w*
Tmcter

§11

mBVACJPAC

unmm

ThinPtatB(1)
Thtok No. !

Thickness
(l« 70«»tor

Thick No. 1 1

2 tA
-

Fig.2 Around target area and the emulsion stack.Fig.l A schematic drawing of the
experimental setup.

The beam has been successfully exposed to 100 emulsion stacks (~10liters emulsion
volume[10]) in '98, '99 and 2000. The number of accumulated (K~,K) reactions is
9xl04 after the spectrometer data analysis. The image data from the SCIFI detectors
are scanned to pick up the H~~ tracks, and the analyses of the E~ capture events in the
emulsion have been done for ~ 8% in all (K~,K+) reactions. The statistics of the E~~
stopping event have been almost the same as those of the previous El76 and we have
succeeded to obtain the planned number of events.

EVENTS WITH DOUBLE STRANGENESS

Twin single - A hypernuclei

The twin single-A hypernuclei event is shown in Fig.3a) for the emulsion image, and
in Fig.3b) with a schematic drawing. The analysis of the event is discussed in ref.[l 1] in
detail. The E~ has stopped at the point A. From this point, one stable nucleus and two
single-A hypernuclei have been emitted. Two single-A hypernuclei have decayed at the
points B and C, respectively. One particle from B is identified as a proton by its energy

183

E373 12C(K-, K+) 
    Diamond+SciFi+Emulsion

Fruitfull events observed !

pK-=1.66 GeV/c 

Nagara event : Ξ-+14N→ 
+4He+t, →5ΛHe+π-+p,  

5ΛHe→p+d+2n 

6
ΛΛHe

6
ΛΛHe

KURAMA 
Spectrometer
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FIGURES
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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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BNL AGS E885

106/K-/spill,    K-/π-=1

12C(K-, K+) @ 1.8 GeV/c

∆M=14 MeVFWHM

P. KHAUSTOV ET AL., PRC 61 (2000) 054603.

D6



ESTIMATES ON THE ΞA POTENTIALS
7 BNL-E906 / T. NAGAE

T. Harada, Y. Hirabayashi, PRC 103, 024605 (2021)

𝑉𝑉0Ξ = −17 ± 6 MeV

9/21

9Be(K-,K+) 
QF scatt.
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be found in the recent references !2,9" in which the
(K!,K") cross sections for the 12C and 16O targets have
been estimated for pK!#1.6 GeV/c .
The calculation was performed for 0°$#K"$16° and a

series of Woods-Saxon $! well depth parameter values:
V0$#12, 14, 16, 18, and 20 MeV. The radius and skin depth
of the $ potential were fixed at R#1.1A1/3 fm and a$
#0.65 fm. The proton wave function in the 12C target was
generated using a Woods-Saxon potential with V0N
#50 MeV, R#1.1A1/3 fm, and aN#0.65 fm. The elemen-
tary $! production cross section was set to 35 %b/sr to be
compatible with the normalization of our experimental data.
The kinematic factor & , which accounts for the transforma-
tion between the two-body and A-body frames, was set to
0.73.
As a typical example of the angular dependence of the

differential cross section, the dashed line in Fig. 3 shows the
case of the ground state for V0$#14 MeV. In order to make
a comparison between the theory and the data, we calculate
the angle-averaged differential cross sections,
'(d2(/d)dE)(E)* and fold the results with the experimen-
tal resolution. However, we first present theoretical
12C(K!,K")$

12Be spectra which have not been folded by the
experimental energy resolution but have been angle-
averaged over 0°$#K"$14°. As shown in Fig. 5, the result
for V0$#20 MeV +dashed line, has two bound-state peaks,
corresponding to the $!s- and p-orbitals. The widths of
these peaks are determined using a one-boson-exchange
model to estimate the rate for the $N→-- conversion. For
the case of V0$#14 MeV, the p state is not bound but it is
calculated as a resonance state in the continuum; therefore a
sudden rise is seen just above the threshold in Fig. 5.
Figure 6 shows experimental excitation energy histograms

for 12C(K!,K")X for two different limits on the scattering
angle of the outgoing K", #K"$14°, and #K"$8°. The data
clearly show an enhancement around zero excitation energy
when compared to a Monte Carlo simulation based on qua-
sifree $ production which has been normalized to the total
number of 12C(K!,K")X events +curve QF,.

In the same figure, the $
12Be production theoretical curves

for several $ potential well depths, folded with the 6.1 MeV
rms experimental resolution, are shown for comparison with
the data. The expected location of the ground state of --

12 Be
+assuming a total binding energy of the -’s, B-- , of 25
MeV, and the thresholds for -

11 Be"- and 11B"$! pro-
duction are indicated. The normalization calculation for the
case #K"$8° is less sensitive to the model of angular de-
pendence because the spectrometer acceptance is fairly flat
over this region but drops rapidly for #K"%8° as shown in
Fig. 3; we present the results for both the entire acceptance
and for #K"$8° in Fig. 6.
Visual inspection shows that the theoretical curve for the

value of the $-nucleus potential well depth V0$#14 MeV
agrees with the data reasonably well in the region of excita-
tion energy !20 MeV$E$0 MeV and much better than
the curve for V0$#20 MeV. If any of the observed signal
results from direct two-- production without an intermediate
$
12Be state, the discrepancy between the V0$#20 MeV re-
sults and the remaining experimental signal becomes even

FIG. 5. Results of DWIA calculations, before folding by the
experimental energy resolution, for the 12C(K!,K")$

12Be reaction
for V0$#14 MeV and 20 MeV. The cross section has been aver-
aged over the kaon angular range 0$#K"$14°.

FIG. 6. Excitation-energy spectra from E885 for 12C(K!,K")X
for #K"$14° +top figure, and #K"$8° +bottom figure, along with
$
12Be production theoretical curves for V0$ equal to 20, 18, 16, 14,
and 12 MeV. The results of a quasifree $ production calculation
are also shown +curve QF,. The expected location of the ground
state of --

12 Be and the thresholds for -
11 Be"- and 11B"$! pro-

duction are indicated with arrows.

EVIDENCE OF $ HYPERNUCLEAR PRODUCTION IN . . . PHYSICAL REVIEW C 61 054603

054603-5

VΞ=14 MeV

BΞ=0
Weakly  Attractive

FIRST EVIDENCE OF Ξ-NUCLEUS8

▪︎KISO Event

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=1.03±0.18 or 3.87±0.21 MeV ±Γ/2

❖ Well beyond the atomic binding of 0.17 MeV

BΞ=4.5 MeV

Ξ-NUCLEUS POTENTIAL 
ATTRACTIVE !



J-PARC E07
9 CLUSTER/ T. NAGAE

Table 16 Value of B⌅� of ⌅�–14N for all twin hypernuclei found in the E373 and the E07

experiments. The E373-T1 reflects the updated mass of the ⌅� hyperon.

Experiment Event Daughters B⌅� [MeV]

E373 T1 [42] 5
⇤He+

5
⇤He+

4He+n �2.2 ± 1.2

E373 T2 KISO [25] 10
⇤ Be + 5

⇤He 3.87± 0.21 or 1.03± 0.18

E07 T006 IBUKI [26] 10
⇤ Be + 5

⇤He 1.27± 0.21

E373 T3 KINKA 9
⇤Be+

5
⇤He+n 8.00± 0.77 or 4.96± 0.77

E07 T007 9
⇤Be+

5
⇤He+n �1.04± 0.85

E07 T010 IRRAWADDY 5
⇤He+

5
⇤He+

4He+n 6.27± 0.27

E07 T011 5
⇤He+

5
⇤He+

4He+n 0.90± 0.62

Fig. 7 B⌅� of ⌅�–14N system of the E373-T1 [42], KISO [25], IBUKI [26] events, the

present results, theoretical calculations with the WS and Coulomb potential, and theoretical

calculations reported in [33, 34, 36].

23

M. Yoshimoto et al., PTEP 2021 (2021) 7, 7  
doi:10.1093/ptep/ptab073 

First Observation of a nuclear s-state of a Ξ hyper nucleus, 15ΞC

V0Ξ deep ?
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S-2S



OUR STRATEGY TOWARDS S-2S
11

▪︎E05 : The Day One experiment for the J-PARC Hadron Hall 

▪︎ Low K- beam intensity at K1.8 

▪︎π beam physics : E19 p(π-, K-)Θ+,  E10 6Li(π-, K+)6ΛH ,  E27 d(π+,K+) 

▪︎K- beam physics: E07  hybrid emulsion, E40 Σ±p scattering, E42 H-dibaryon, … 

▪︎S-2S Construction with a special Grant-In-aid 

▪︎                                Q1, Q2 construction (2012)  

▪︎                               D1 (2015) Field mapping (2016) at Tsukuba 

▪︎                             →　All the magnets moved to J-PARC (2022) 

E70 / T. NAGAE

SKS Spectrometer 
(∆E=1.4 MeV, 
∆E=3.4 MeV)

KURAMA Spectrometer

S-2S(∆E=1-2 MeV)



E70: (K-,K+) MISSING-MASS 
SPECTROSCOPY WITH S-2S 

12 E70 / T. NAGAE

p𝐾𝐾−

Ξ−

𝐾𝐾+

𝒑𝒑𝑩𝑩

𝒑𝒑𝒔𝒔

𝒎𝒎𝑯𝑯

Ξ
12Be

12C

7/21

1.8 GeV/c

1.37 GeV/c1.37 GeV/c

1.8 GeV/c



E70 : S-2S
13

▪︎ 12C(K-, K+)12ΞBe @ 1.8 GeV/c 

▪︎ ΞＮ-ΛΛ　: 28 MeV apart

E70/ T. NAGAE



COUPLING BETWEEN ΞN AND ΛΛ
14 E70 / T. NAGAE

T. Harada, Y. Hirabayashi, A. Umeya, NPA 914, 85—90 (2013)

Ξ
HN

ΛΛ
HN

11/21

ΛΛ hypernuclei 
may be observed

coupling with the same spin&parity



FULLY EXPLORE THE S=-2 WORLD WITH S-2S
15 CLUSTER / T. NAGAE

KISO
IBUKI
KINKA
IRRAWADDY

E70

E75

21/21



A LOT OF QUESTIONS TO BE ANSWERED !
16

▪︎ΞN interaction  ~  ΣN interaction 

▪︎ I=1/2                   　I=1 

▪︎ΞN→ΛΛ　　　　　ΣN→ΛＮ 

▪︎How deep the Ξ ground state energy ? 

▪︎How much absorptive the imaginary potential ? 

▪︎What about the couplings ?

CLUSTER / T. NAGAE

ΛN ΣN ΞN

I=0 I=1 I=1/2

ΛN→ΣN ΣN→ΛN ΞN→ΛΛ▪︎ pK=1.8 GeV/c 

▪︎ Beam Intensity : 0.8 M/spill 

▪︎ S-2S + Active Fiber + Ge Array

Coupling



17 E05 / ELEMENTARY PROCESS
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Fig. 5 (LEFT) Momentum dependence of the angle-averaged differential cross section for

the p(K−,K+)Ξ− reaction. (RIGHT) Angular distribution for the p(K−,K+)Ξ− reaction

at 1.8 GeV/c in the lab. system.
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Fig. 6 Missing-mass spectrum for the 12C(K−,K+)X reaction at 1.8 GeV/c in a wide

energy range. Angular range 3◦ < θ < 7◦.

binding energy of 11Λ Be to be about 10 MeV, typical in this mass-number single Λ hypernuclei.

No other physical processes should exist beyond this binding energy. Therefore, we think

the events in the overbound region should be the background, mostly coming from Kaon

decay-in-flight and having almost flat distribution (X counts/ 2 MeV). In order to reduce

the background, it was effective to put constraints on the hit positions estimated from the

tracking at the TOF counter wall with the hit positions along the TOF counter segment

obtained from the time difference at both ends.

As shown in red in Figure 7-(TOP/LEFT), we observed a significant event excess of about

55 events in the binding energy region between 0 and 15 MeV (−15 MeV≥ −B.E.≥0 MeV).

This is the same level of statistics obtained by the BNL E885 (42–67 events). Above the

9/12

p(K-,K+)Ξ-
角分布@1.8 GeV/c  dσ/dΩPK- dependence
1.8 GeV/c



DETECTORS AT THE END OF THE BEAM 
LINE

18 S-2S ENTRANCE / T. NAGAE

BH2

π/K- BeamElectro- 
Static  

Separators



S-2S VIEWED FROM Q1 ENTRANCE
19 Q1 ENTRANCE /S-2S



TARGET AREA
20 E70 / S-2S TARGET AREA

SDC1-2

K- Beam



S-2S DOWNSTREAM
21 E70 / S-2S

TOF

AC
WC



S-2S VIEWED FROM THE BACK
22

▪︎ S-2S Magnets

EYEBROW / CAPLINE HEADER

SDC3-5
Q1

D1Q2Q1:12 tons
Q2:37 tons
D1:86 tons



TOF,  
AC, SDC

23 E70 / T. NAGAE

TOF
AC



DRIFT CHAMBERS 
INSTALLATION(JUNE, 2022)

24 T. NAGAE/SDC’S

AeroGel Cherenkov



ACTIVE FIBERS TARGET Φ3 X 900
25 E70 / T. NAGAE

SIZE: 5 CM X  
10 CM X 10CM 
9G/CM2 THICK



E94 
NEW GENERATION Λ HYPERNUCLEAR 
SPECTROSCOPY WITH THE (Π+, K+) 
REACTION BY S-2S

26 E94/ T. NAGAE

T. Gogami (Kyoto Univ.) et al.

∆M=2 MeV at  1.35 GeV/c   (K-,K+) 

∆M=1 MeV at 0.72 GeV/c   (π+,K+)



E94 : (Π+,K+) SPECTROSCOPY WITH 
S-2S ULTIMATE GOAL

27 E94 / T. NAGAE

Expected BΛ spectrum in 20 days of  
beam time on 1 g/cm2 thick 51V target.



E94 : (Π+,K+) SPECTROSCOPY WITH 
S-2S

28 CLUSTER / T. NAGAE

Missing mass 

(Same as E70)

𝑴𝑴𝑯𝑯 = 𝐸𝐸𝐻𝐻2 − 𝑝𝑝𝐻𝐻
2 = 𝑬𝑬𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 +𝑀𝑀𝑡𝑡 − 𝑬𝑬𝒔𝒔 2 − 𝒑𝒑𝑩𝑩 − 𝒑𝒑𝒔𝒔 2

Î 𝐵𝐵Λ = 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +𝑚𝑚Λ −𝑴𝑴𝑯𝑯

Great resolution!
Δ𝑀𝑀𝐻𝐻 ∼ 1 MeV 

E94, T. Gogami (Kyoto Univ.)

11/22

Great resolution of 
∆M~1 MeV



29 EYEBROW / CAPLINE HEADER

Λ
7Li Λ

10B Λ
12C

1- (g.s.)

Statistical error for the first peak: 
Δ𝐵𝐵Λ𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡. < 0.04 MeV

17/22

E94, T. Gogami (Kyoto Univ.)

112 hours 36 hours80 hours

SIMULATED SPECTRA

Unprecedented Precision in (π+, K+)



SUMMARY
30

▪︎ S-2S spectrometer is ready for data taking. 

▪︎ Several emulsion data and L-QCD data, strongly suggest attractive ΞN potential 

▪︎ A series of experiments are waiting for New data to confirm it. 

▪︎ E70 : 12C(K-, K+) 

▪︎ E96 : Ξ-atom x-rays.　at the same time to E70 

▪︎ E75 : 6Li(K-, K+)  just after the E70 commissioning runs 

▪︎ 10B(K-, K+), … 

▪︎ E94 : Ultra-resolution Λ spectroscopy,  A(π+, K+) ; ∆E<1-2 MeV  

▪︎ , A=6, 10, 12, …           

HADRON2023/ T. NAGAE


