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YKIS2018STATUS IN NUCLEAR PHYSICS

• Beam Power : reached at 50 kW,  
many thanks to the Accelerator people. 

• Next target: waiting for a 90-kW target;  

• Essential for E70 (Ξ Hyp.), E03 (Ξ atom X), E57 (KdX), 

E42(H), …  High-Intensity Kaon Era !! 

• Role of Strangeness in High-density matter 

• GW170817: Binary NS merger ! (finally)
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Indirectly water-cooled fixed target
• Gold target with copper cooling block is turned over and stacked on another gold target.

• Each of the gold targets has almost same structure as current target.

• Size of gold is optimized for secondary-beam yield and cooling efficiency.

• 90 kW proton beam can be accepted.

• Fabrication process is already established.

Ready to manufacture

View from upstream

beam
beam

Gold

Copper

Stainless-steel tube

Gold, copper, 
and stainless-
steel tubes were 
bonded by HIP

RBNS=1540+3200/-1220 Gpc-3yr-1 

6-120 BNS mergers/yr 
Rather high rate !

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

On August 17, 2017 at 12∶41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per
8.0 × 104 years. We infer the component masses of the binary to be between 0.86 and 2.26 M⊙, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in
binary neutron stars, we find the component masses to be in the range 1.17–1.60 M⊙, with the total mass of
the system 2.74þ0.04

−0.01M⊙. The source was localized within a sky region of 28 deg2 (90% probability) and
had a luminosity distance of 40þ8

−14 Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the γ-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short γ-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics, dense matter, gravitation, and cosmology.

DOI: 10.1103/PhysRevLett.119.161101

I. INTRODUCTION

On August 17, 2017, the LIGO-Virgo detector network
observed a gravitational-wave signal from the inspiral of
two low-mass compact objects consistent with a binary
neutron star (BNS) merger. This discovery comes four
decades after Hulse and Taylor discovered the first neutron
star binary, PSR B1913+16 [1]. Observations of PSR
B1913+16 found that its orbit was losing energy due to
the emission of gravitational waves, providing the first
indirect evidence of their existence [2]. As the orbit of a
BNS system shrinks, the gravitational-wave luminosity
increases, accelerating the inspiral. This process has long
been predicted to produce a gravitational-wave signal
observable by ground-based detectors [3–6] in the final
minutes before the stars collide [7].
Since the Hulse-Taylor discovery, radio pulsar surveys

have found several more BNS systems in our galaxy [8].
Understanding the orbital dynamics of these systems
inspired detailed theoretical predictions for gravitational-
wave signals from compact binaries [9–13]. Models of the
population of compact binaries, informed by the known
binary pulsars, predicted that the network of advanced
gravitational-wave detectors operating at design sensitivity

will observe between one BNS merger every few years to
hundreds per year [14–21]. This detector network currently
includes three Fabry-Perot-Michelson interferometers that
measure spacetime strain induced by passing gravitational
waves as a varying phase difference between laser light
propagating in perpendicular arms: the two Advanced
LIGO detectors (Hanford, WA and Livingston, LA) [22]
and the Advanced Virgo detector (Cascina, Italy) [23].
Advanced LIGO’s first observing run (O1), from

September 12, 2015, to January 19, 2016, obtained
49 days of simultaneous observation time in two detectors.
While two confirmed binary black hole (BBH) mergers
were discovered [24–26], no detections or significant
candidates had component masses lower than 5M⊙, placing
a 90% credible upper limit of 12 600 Gpc−3 yr−1 on the rate
of BNS mergers [27] (credible intervals throughout this
Letter contain 90% of the posterior probability unless noted
otherwise). This measurement did not impinge on the range
of astrophysical predictions, which allow rates as high as
∼10 000 Gpc−3 yr−1 [19].
The second observing run (O2) of Advanced LIGO, from

November 30, 2016 to August 25, 2017, collected 117 days
of simultaneous LIGO-detector observing time. Advanced
Virgo joined the O2 run on August 1, 2017. At the time of
this publication, two BBH detections have been announced
[28,29] from the O2 run, and analysis is still in progress.
Toward the end of the O2 run a BNS signal, GW170817,

was identified by matched filtering [7,30–33] the data
against post-Newtonian waveform models [34–37]. This
gravitational-wave signal is the loudest yet observed, with a
combined signal-to-noise ratio (SNR) of 32.4 [38]. After
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HIGH DENSITY HADRONIC MATTER
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Observation of 2M○ NS

Nature 467 (2010) 1081-83.
Science 340 (2013) 6131.

Hyperon Puzzle !

Astronomical Observation challenges 
the Standard Nuclear Physics.

Mmax>2M○Mmax<1.5M○

Nuclear Many-Body 
Theory 

 
Hypernuclear Data 

∆E=1 MeV 

YN Scattering Data 

Limited statistics

Core of Neutron Star (NS)  
||

Test ground of High Density Matter

Hyperons should appear !

 
？



S=-1 SYSTEMS
Λ(1405) and Kaonic Nuclei,  
Λ-Hypernuclear γ-rays,  
Σp Scattering



YKIS2018E15+E31:Λ(1405) IN VACUUM  
                   AND IN MEDIUM
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E31: STRUCTURE OF Λ(1405),  
QQQ BARYON OR KBARN MOLECULE ?
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L(1116), 1/2+

L(1405), 1/2-

L(1520), 3/2-

S*(1385), 3/2+

S(1192), 1/2+

`KN(1432)

-27 MeV

Λ(1405) : Double pole ?

`��
pS

• Σ" mass spectrum below #$%& reveals its structure. 

!" #

1 GeV/c

$L(1405) ~1.25 GeV/c
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E31 1st Run Results
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* The 2nd Run has just finished with 3 times more KOT.2nd Run finished with 3 times more 
statistics.



E15: K-+3He→n+Λp

• Kaonic Nuclei
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YKIS2018
E13:γ-ray spectroscopy
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A peak observed at 

1406�2�2 keV

4
LHe (0+ + 1+)

g-ray energy (keV)

4He(K-,p-) missing mass

K�

p-
(2.5 T)

Ge array
“Hyperball-J”

K1.8 beam line

4
LHe, 19

LF 
T.O. Yamamoto et al., Phys. Rev. Lett. 115 (2015) 222501.



Bedjidian et al.
PLB 83 (1979) 252
etc.

CSB (Charge Symmetry Breaking) in A=4 hypernuclei 

Old emulsion data
M. Juric et al. NPB 52 (1973) 1

4
LHp

n

L
4
LHe

T.O. Yamamoto et al.,
PRL 115 (2015) 222501A. Esser et al., 

PRL 114 (2015) 12501

A large CSB effect in LN force (pL ≠ nL)  confirmed.
Spin dependence in CSB effect

All the previous theoretical works failed to understand it. 
Recent suggestion: S-L coupling is a key to solve the puzzle.

A. Gal, PLB 744 (2015) 352,  D. Gazda and A. Gal, PRL 116 (2016) 122501

cf. B(3H) - B(3He) – EM effect ~70 keV



Hypernuclear Gamma-rays
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by H. Tamura

NPA835 (2010) 422 

   Hypernuclear J-ray data (2012) 

6.041 1- 

2- 3/2- 

M1 

   Hyperball 1998~ 



ΛN Effective Interaction
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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



19ΛF:First sd-shell hypernuclei
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slow

16O core

n
p

L

sd orbit

n
p

L

split by 
LN spin-spin
interaction

Measured splitting energy 
is well reproduced by 

theoretical calculations.

We understand LN 
interaction and structure of 
not only s, p-shell  but also 

heavier hypernuclei.

S. Yang et al., submitted to PRL

19F (K-,p- g) 19
LF 

S.B. Yang et al., Phys. Rev. Left. 120 (2018) 132505.



E40: Σ±p scattering
• dσ/dΩ for 10,000 events 

• Σ+p elastic 

• Σ-p elastic+inelastic 

• Understanding  
the Repulsive core at short distance
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Kinematical Identification with LH2 target  
and Large acceptance detector(CATCH)

π±p→K++Σ±, Σ±p→Σ±p

Ready for Run in 2018 !!

Quark Pauli Effect in Σ+p channel ??



REPULSIVE CORE AT SHORT DISTANCE
• Meson Exchange Model: 

• Successful in Long-range  
Attraction. 

• Phenomenology for  
Short-range 

• Quark Picture: 

• Quark Pauli Effect 

• Color-Magnetic Force
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Meson Exchange

Baryon-Baryon Distance (fm)

Attraction from Color-Magnetic Interaction (H dibaryon?)

Large Repulsion in Σ+p(S=1) 
（Quark Pauli Effect）

Repulsive CoreNS

Sun

Σ+p (S=1)



• Σ	production
– π±p→K+Σ±

• 1.3	GeV/c	π−	
• 1.4	GeV/c	π+	

• Σ	momentum	range
– 0.4	~	0.8	GeV/c

2015/6/19	CYRICセミナー

π+

Two	successive	two-body	reactions

Detection	of	Σp	scattering	event	
by	CATCH	detector

E40 experimental Setup 
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S=-2 SYSTEMS
Ξ　hypernuclei 
Double-Λ Hypernuclei 
H dibaryon



S=-2 WORLD
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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

K. Nakazawa et al., PTEP 
(2015) 033D02J.K. Ahn et al., PRC 88 (2013) 

014003.

❖ Double-Λ hypernuclei

❖ Nagara Event; ΛΛ6He

❖ ∆BΛΛ=0.67±0.17 MeV

❖ Kiso Event; Ξ-14N

❖ Ξ-+14N→10ΛBe+5ΛHe

BΞ=1.03 or 3.87 MeV ±Γ/2

KEK E373

well beyond the atomic binding of 0.17 MeV



❖ 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)

BNL E885 12C (K-, K+)

ΔMexp = 14 MeV 

       (F
WHM)



YKIS2018
E05: 12C(K-,K+)12ΞBe

❖ K1.8 beam line with SKS’ (110 msr)

❖ AC + LC for π+, p veto in trigger

❖ CH2(K-,K+) 9.54g/cm2 →　∆E=5.4 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 - at 1.8 GeV/c

K+

❖ 600k K-/spill was achieved for 39 kW beam power.  



❖ 600k K-/spill was achieved for 39 kW beam power.  

❖ Integrated K- intensity reached 100 G !!

K- beam intensity



K-P→K+Ξ
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CH2(K-,K+)

❖ Ξ- at J-PARC !!

❖ 6000 Ξ/day

ΔE~5.4 MeV fwhm
Target energy loss straggling limited.

10 MeVFWHM at BNL



OPTIMUM MOMENTUM

 25

❖ 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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T. Iijima et al. (1992)
J.P.Berge et al. (1966)
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Eyeball fit (C.B.Dover et al.)

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



ANGULAR DISTRIBUTION OF  
K-P→K+Ξ
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K-p→K+Ξ- at 1.8 GeV/c

❖ Differential cross section 
at 1.8 GeV/c
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PEAK FITTING
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COMPARISON WITH BNL E885
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∆E=14 MeV
∆E=6 MeV
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Two peak fit with ∆E=14 MeV



S-2S spectrometer
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1.37 GeV/c

1.8 GeV/c

❖ SKS’ in the pilot run →       S-2S 
  110 msr, 5.4 MeV                55 msr, 2 MeV



E70
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Run Conditions E05 E70

K- intensity (M/spill) 0.6 1.31

MR beam power (kW) 39 85

Spill cycle (s) 5.52 4.7

Target thickness (g/cm2) 9.3 10

Spectrometer acceptance (msr) 110 55

Missing-mass resolution (FWHM) 6 < 2

Signal events/days of running 40/10 days ~110/20 
days

 / ndf 2χ  33.34 / 22
Prob   0.05728
p1        0.216± 4.709 
p2        0.3174± 0.3259 
p3        0.092± 0.894 
p4        4.24± 24.23 
p5        0.13± -9.19 
p6        3.11± 17.16 
p7        0.219± -2.252 
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p1        0.682± 2.103 
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p4        1.282± 6.124 
p5        1.41± -9.31 
p6        1.158± 4.798 
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E07: Hybrid Emulsion experiment

• Beam Exposure completed  
in June, 2017. 

• Photographic Development  
completed.
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K-

K+

KURAMA spectrometer

K+
Ξ-

diamond 
target

SSD Emulsion

K- 

Hybrid emulsion method

stack Ξ- event Ξ- stop 
(simulation)

2016 18 27.9 k 1.13 k
2017 100 216 k 11.9 k

Ξ- statistics in spectrometer analysis

K+ 

Ξ- 

∆E in SSD



Scanning in progress
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5

mod013v10pl04
910084073312-0

mod013v10pl03
910165818192-0

mod013v10pl03
910167922480-0

Sigma stops with HF 3events

5

mod013v10pl04
910084073312-0

mod013v10pl03
910165818192-0

mod013v10pl03
910167922480-0

Sigma stops with HF 3events5

mod013v10pl04
910084073312-0

mod013v10pl03
910165818192-0

mod013v10pl03
910167922480-0

Sigma stops with HF 3events

3 vertex event

Ξ-

2 vertex events
production 
vertex

decay 
vertex1

decay 
vertex2

event 1 event 2

event 3 event 4

event 1

Several Hyper-fragments have been observed. 
1 year for fast scanning of all the emulsions.
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SπK spectroscopy
• Supra-precision (π,K) spectroscopy to probe 3-body YNN 

force  with ∆E~0.1 MeV
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~60 days @ 3M π+/spill ~30 days @ 180M π+/spill

KEK-PS E369 with SKS Expected at HIHR beam line
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Verification of 3-body repulsion can be 

a solution to the Hyperon Puzzle.
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25/10/17 Padova 12

GW170817: mass estimation

Moreover, although a neutron star–black hole system is not ruled out, the consistency of 

the mass estimates with the dynamically measured masses of known neutron stars in 

binaries, and their inconsistency with the masses of known black holes in galactic binary 

systems, suggests the source was composed of two neutron stars.

Source-frame chirp mass M = 1.188+0:004
 -0.002

M
sun

The total mass of the system is between 2.73 and 3.29M
sun

 

The individual masses in 0.86- 2.26M
sun

This suggests a BNS as the source of the gravitational-wave signal

post-Newtonian 

(PN) theory

numerical solution 

available 

ringdown perturbation theory or 

numerical solution available 

Chirp Mass estimated from gravitation-

phase (3000 cycles in frequency range 

considered)

Λ、Σハイパー核Λ, Σ Hypernuclei

Science Goal
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→　New era of Dense matter physics

• New insight on Λ(1405) in E31.

• Large Charge-Symmetry Breaking in A=4 hypernuclei

• 19ΛF γ-rays are measured in sd-shell, for the first time.

• Strong evidence for Ξ-Hypernuclei in E05 together with the “Kiso” event.

• E07 completed the emulsion exposure in 2017, and under scanning.

• Data taking on E31, E40, are on-going in 2018 with 50 kW.

• New 90 kW target to be installed in 2019 for conducting S=-2 experiments.

• Hadron Hall Future Plan: cost reduction and staging options are in discussion, 
focusing on Dense matter physics.
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