
Nuclear physics in Japan 
(hadron, high energy)

LEPS2/ELPH; Electrons and Photons,

PHENIX/ALICE; High-Energy Heavy Ions,

J-PARC (Hadron/Neutrino); High Intensity secondaries,

Kazuhiro Tanaka

IPNS, KEK & NPD, J-PARC



LEPS2/ELPH



ELPH



SPring-8 
8GeV e- 100mA

LEPS2 Laser Room
LEPS Experimental Hutch

LEPS2 Experimental 
Building

Linac: 1 GeV

Booster Synchrotron

New SUBARU

457 m

Operated by RCNP, Research Center for Nuclear Physics, Osaka University



RCNP Laser-Electron Photon Beamlines @ SPring-8

BGOegg calorimeter 
(developed by ELPH)

 Parallel injection of four high power

UV (or DUV) lasers.

 Large 4p spectrometer using BNL-

E949 solenoid magnet.

 Strong collaboration with ELPH,

Tohoku University.

LEPS forward spectrometer

 Investigate the form of existence of hadrons with use of high energy photons.

 Elucidate the fundamental freedom of the hadron formation.

→ How are hadrons built with quarks? 

 Study exotic hadrons like a pentaquark Q+.

→ give a new knowledge on quark correlations (e.g., di-quark) inside the hadron.

Laser-Electron Photon (Laser Compton scattering g-ray)

 Small backgrounds from low energy photons

 enable to measure forward angles include 0 degrees

 highly polarized beam  parity filter for exchanged particles

 photoproduction of hadrons with strange quark(s)

Result of Q+

(Few Body Syst. 54, 1245(2013))

BL31LEP (LEPS2)

BL33LEP (LEPS)

Increase beam 
intensity

Extend detector
acceptance
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Photon
Beam

target

Large Acceptance EM calorimeter BGOegg

• ‘Egg’-shape assembly of 1320 Bi4Ge3O12 crystals without supporting structures b/w crystals.

• Each BGO covers 6 in (,) with Lcrystal = 220 mm (20X0). There are 22 layers.

• World-highest energy resolution in the energy region below 1 GeV. (1.3% @ 1 GeV)
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LEPS2/BGOegg Experiment for ’-mesic Nuclei Search

Upstream
Charge Veto
Counter

Inner Plastic Scintillator (IPS)

Drift Chamber (DC)
z=1.6m, <21

Cylindrical Drift Chamber (CDC)

Resistive Plate Chamber (RPC)
Z=12.5 m, <6.8forward proton

(TOF & angle 
4-momentum)

BGOegg
Carbon Target :
C(g,p)’B reaction Nuclear Absorption Signal

1NA (’NN), 2NA(’NNNN)

2 m

0

A theoretical calculation based on 
NJL model predicts M=150 MeV
& deeply bound states.
[H. Nagahiro et al., PRC74 (2006) 
045203.]



RHIC/PHENIX, ALICE



jet

p p

Au Au

RHIC at BNL

PHENIX experiment
STAR experiment

from high-temperature
to high-density phase 

Elliptic Flow

Jet quenching

Quark Gluon Plasma at 
Relativistic Heavy-Ion Collider

a new state of matter



Generation of Quark Gluon Plasma

PHENIX Exp. played a central role for discovering QGP.

Suppression of high-pt Hadrons

 Production of high density QGP

Strong Elliptic Flow

 QGP as perfect fluid

Thermal direct photons

 Very high Temp QGP



RHIC-Spin Today and Future 
• Large fraction of proton 

spin carried by gluons!

• New generation 
measurements of sea-quark 
polarization via W production.

RHIC Cold QCD Plan arXiv:1602.03922

8 Ph.D from Japanese Institutes

3 Ph.D from Japanese Institutes

PHENIX (f)sPHENIX EIC detector

20252022

Detector evolution for future hadron structure study

today

2000- 2016

https://arxiv.org/list/nucl-ex/recent


 the nucleus-nucleus collision experiment at LHC
 42 countries; 174 institutes; ~1,800 members

 hottest, largest, longest-lived quark-gluon fireball

– nucleus-nucleus collisions at world highest energy

 Pb+Pb at 5.02 TeV per nucleon-nucleon pair (sNN) in 2015

 strong commitments in detector/physics/upgrade

– 5 full member institutes and 2 associate in Japan

 http://www.alice-j.org/ for details

ALICE at CERN LHC, and ALICE

Japan

2016/11/15 ALICE and ALICE Japan – K.Shigaki 12



LHC-ALICE upgrade(2021-)

• 50kHz Pb-Pb Collisions from 2021-
• Inspect all Pb-Pb collisions by ALICE (unique 

at the LHC)
• x100 larger statistics compared to now 

ALICE upgrade and ALICE-J contributions
• ITS (inner Si pixel trackers)
• GEM-TPC upgrade
• Forward Silicon pixel trackers
• O2 (DAQ-online-offline) upgrade
• Forward calorimeter (under discussion)

4 1  

ALICE実験高度化の現状 

• 2 0 12 -20 13に5編のTDRの提出.  LHCCに
よるエンド ース .  公式なプロジェ ク ト .   
• ITS/M FT/TPC/electronics/DAQ 

• 2 0 16 :  数年に亘るR& Dから マスプロへ 

Technical design report of the ALICE
upgrade
(ITS, MFT, GEM-TPC, DAQ-O2, 
Trigger & electronics)
 Endorsement by the LHCC (2012)

• Precision measurements of hadrons, multi-
strangeness, heavy-flavors, jets, photons and 
leptons

• Detailed understanding of medium properties as 
a function of temperature

Precision Science of 
Quark-Gluon-Plasma



J-PARC at Tokai-mura, Ibaraki-ken

J-PARC Japan Proton Accelerator Research Complex
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Japan Proton Accelerator Research Complex



Hadron Mass & 
Charmed Baryons

Hypernuclear Physics (S=-2)

Hadron Physics

Kaon Rare DecayTest Exp. Test Exp. 

m to e conversion

Hypernuclear
Physics (S=-1)

T1 Target T1 Target 



Kaonic nucleusKaonic atom

Ｘray

Ｋ−

Implantation of
Kaon and the 
nuclear shrinkage

K-meson

High Density 
Nuclear Matter,
Nucelar Force

Nuclear, Hadron, & Particle Physics at Hadron Hall

K1.8

KL

SK
S

K1.8BR
K1.1
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Why are bound quarks heavier？
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Restart of Hadron Beam Operation
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Jan.
6
7
8

Apr.
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

User operation restarted with the 
proton beam power of 24kW!

(Almost 2 years after the accident)
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5.52s cycle6s cycle

Development of Beam Intensity

Feb, 2009 - May, 2013: 1.26x10^6 spills, 560 kW*days ←Before Hadron Incident
Apr, 2015 - Dec, 2015: 1.05x10^6 spills, 2338 kW*days ←in JFY2015
May, 2016 - Jun, 2016: 0.33x10^6 spills, 875 kW*days ←in June 2016 Run

Accumulated beam time 
and intensity for HD

41.6 kW

24 kW
@resumption

Average Power (kW)

Accumulated Power (kW/day)

Average Power (kW)
Accumulated Power (kW/day) 



K1.1BR

Beam dump

K1.8&

SKS

Hadron Exp. Hall &

Experimental Setup

T1 Target



Beam time used for experiments 
in 2015 run
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この数字は割当時間なので、
実際に使った時間に直す

ホールの絵

E14 KL->π0νν Experiment 1509 hours
E36 Measurement of Γ(K+->e+ν)/Γ(K+->μ+ν) 1504 hours

E15
search for deeply-bound kaonic nuclear 
states 708 hours

E05 Spectroscopic Study of Ξ-Hypernucleus 319 hours

E07
Systematic Study of Double Strangeness 
System with an Emulsion-Counter Hybrid 
Method 

42 hours

E13 γ-ray spectroscopy of light hypernuclei 435 hours

K1.8

KL

K1.8BR

K1.1BR
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Setup at K1.8 for E13-1
Detect gamma-rays from hypernuclei



Hyperball-JとSKS



Charge Symmetry Breaking in N interaction from 

hypernuclear g-ray spectroscopy (E13)



Development of Strangeness Nuclear Physics
For the understanding of Nuclear Force between Baryons and high density nuclear Matter

KISO event (Ξnuclesu)

NAGARA event 
( nucleus)
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Λ Single Particle States
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FIG . 11 (color online) . Energy levels of the Λ single-particle

major shells in AΛ Z hypernuclei as a function of A
− 2/3 . T he

curves are obtained from a standard W oods-Saxon potential
VSW representing the Λ-nucleus interaction (M illener et al. ,

1988) with depth V0= −30.05 M eV , radius R = r 0A
1/3 , where

r 0= 1.165 fm , and diffusivity a = 0.6 fm .

two essential features of the setup were the placement of
superconducting septum magnets before each spectrom-
eter to be able to take data at 6◦ and a ring-imaging
Cherenkov detector to provide unambiguous K + identi-
fication. Data were taken using targets of 12C (Iodice
et al. , 2007) , 16O (Cusanno et al. , 2009), and 9Be (Urci-
uoli et al. , 2015). I n particular, BΛ = 13.76±0.16 M eV
was determined for 16ΛN by using the Λ and Σ 0 peaks
from the elementary (e, e′K + ) reaction on the hyprogen
in a waterfall target.

6. Single-particle structure

Taking the positions of the Λ major shells as observed
in the (π+ , K + ) and other reactions, the Λ single-particle
energies show a very smooth A-dependence, which can be
reproduced by a simple W oods-Saxon potential VSW , as
shown in Fig. 11 for a data set that includes informa-
tion up to 208Λ Pb (Hasegawa et al. , 1996) . The data used
in the construction of Fig. 11 is given in Table IV . Be-
cause the BΛ values in Table IV differ in several respects
from the values given in the original papers and reviews
(e.g. , (Hashimoto and Tamura, 2006)), some explanation
is needed.

The most important overall change in the tabulated
BΛ values arises from the fact that the K EK (π

+ , K + )
data were all normalized to the emulsion value of 10.76
M eV for 12ΛC (Hasegawa et al. , 1996). This dif fers con-
siderably from the emulsion value of 11.37 M eV for 12ΛB
that is based on a substantial number of events for the
characteristic π− + 3α decay mode. I t is generally ac-
cepted that one should not trust the emulsion BΛ values
for 12ΛC and beyond because of the dif f iculty of identify-
ing uniquely the decaying hypernucleus and the fact that

TABLE IV B Λ values from a variety of sources for Λ single-
particle states.

Hypernucleus sΛ pΛ dΛ f Λ gΛ
(π+ , K + )

208
ΛPb 26.9(8) 22.5(6) 17.4(7) 12.3(6) 7.2(6)

139
ΛLa 25.1(12) 21.0(6) 14.9(6) 8.6(6) 2.1(6)
89
Λ Y 23.6(5) 17.7(6) 10.9(6) 3.7(6) −3.8(10)
51
ΛV 21.5(6) 13.4(6) 5.1(6)
28
ΛSi 17.2(2) 7.6(2) −1.0(5)
16
ΛO 13.0(2) 2.5(2)
13
ΛC 12.0(2) 1.1(2)
12
ΛC 11.36(20) 0.36(20)
10
ΛB 8.7(3)

(e, e′K + )
52
ΛV 21.8(3)
16
ΛN 13.76(16) 2.84(18)
12
ΛB 11.52(2) 0.54(4)
10
ΛBe 8.55(13)
7
ΛHe 5.68(25)

Emulsion
13
ΛC 11.69(12) 0.8(3)
12
ΛC 11.37(6) 0.32(5)
8
Λ Li 6.80(3)
7
ΛBe 5.16(8)

(K − , π− )
40
ΛCa 11.0(5) 1.0(5)
32
ΛS 17.5(5) 8.2(5) −1.0(5)

there are very few events in each case (Davis, 1991). I n
fact, the best determined BΛ value for

12
ΛC is 0.14(5) M eV

based on proton emission from what is interpreted as a
0+ with a dominant 11C(gs)×p3/2Λ configuration (Davis,

2008) . The same analysis gives two 2+ states 0.06 and
0.80 M eV below the 0+ state. These 2+ states should
be seen in the (π+ , K + ) spectrum with the upper one
dominant. The unresolved pΛ peak from K EK E336 is
11.00(3) M eV above the ground-state peak (Hashimoto
and Tamura, 2006). Adding 0.14 M eV and 0.23 M eV
for the difference between the 0+ state and the 2+ cen-
troid gives 11.37 M eV, the same as the BΛ value for

12
ΛB.

Taking into account the fact that different pΛ states are
populated in different reactions, one gets similar values
from the (e, e′K + ) ( Iodice et al. , 2007; Tang et al. , 2014)
and (K −

stop , π
− ) (Agnello et al. , 2005b) reactions. Ta-

ble V shows that adding 0.6 M eV to (π+ , K + ) BΛ values
from K EK E336 (Hashimoto and Tamura, 2006) gives
better agreement with the emulsion values. However, for
16
ΛO there is stil l a discrepancy with BΛ = 13.76±0.16
M eV for 16ΛN (Cusanno et al. , 2009).

Hasegawa et al. (Hasegawa et al. , 1996) state in their
Section I I .F that they shift the K + momentum to get the
12
ΛC ground-state peak at BΛ = 10.76 M eV. The relation-
ship between pK and BΛ is linear and nearly independent
of the target mass. Therefore, the energy shift applied
to 12ΛC applies elsewhere. The numbers for

28
ΛSi,

139
ΛLa,

and 208ΛPb in Table IV are from Table 13 of (Hashimoto
and Tamura, 2006); a reanalysis of the K EK E140a data

Hypernuclear Gamma ray Spectroscopy

Spectroscopy of heavy hyper nuclei via  (π,K) reactions 

VΛ=
-30 MeV

∆BΛΛ= -0.7 MeV

BΞ= 1~4 MeV

Via Hyperball Ge detector Alley

Hybrid Emulsion Experiments

Hyper Ball



Toward 

double strangeness

systems



Measure tracks

by counters

J-PARC E07: S=-2 Systems by emulsion

p-

→ Np,  N→NN

Fragmentation

X production

X absorption

Weak decays

p

 Collect ~102  hypernuclear events from ~104 X-
stop

  interaction strength without nuclear effects

 Measure X- -atomic X-rays with Ge detectors

 Shift and width of X-rays -> X-nuclear potential

 Stopped X- events identified from emulsion image 

–> no background

Emulsion and all the counters are beam-tested and ready.
Under switchover from SKS to KURAMA now



Kurama for hybrid emulsion exp.1



Start of E07 (Emulsion exp.) at K1.8

KURAMA (260msr) installed at K1.8
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K+ 

Beam was exposed to the 18/118 emulsion 
stacks in June 2016.
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★ 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 > 50 
kW !!

2.9x1010 K-/day
∆M< 2 MeV

S-2S spectrometer for E05

Magnets are ready!





New Beam Line @ J-PARC
Construction of New Beam Line is under way. 
Characteristics of the beam line is following.

Primary Proton Beam (30GeV),  1010 per spill
High Momentum un-separated secondary beam (< 20GeV/c), 108 per spill
Primary Proton Beam (8GeV) for COMET
Heavy Ion Beam (Future Plan)

The new beam line will be operated 
in 2019.

Physics
Vector mesons in nucleus 
Charmed Baryon and hadron structure
mu-e conversion (COMET)
High density baryonic matter (Future)

32

New Beam Line



Construction Status of the beam line
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Branching point

Lambertson Magnet Lambertson (Design)

New Line Existing 
A-Line 

Beamline magnets

Spectrometer 
Magnet

COMET & 
Control room

In SY-HD Wall



First Experiment (J-PARC E16)

34

Measurements of invariant mass spectra of electron-positron pairs in   meson 
mass region to investigate chiral properties of nucleus

Mass spectrum of vector mesons strongly relates with quark condensates 
in a QCD medium. (Hatsuda and Lee, Phys. Rev. C46 (1992) R34)

Nucleus 
as a QCD medium

, , w

Electron-Positron 
decays to avoid FSI.

Chiral properties 
are characterized
By <qq>n

condensates 

Vector meson as a 
probe of the medium

e+

e-

Pb

Proton

Expected Spectrum 

Invariant Mass of e+e-
Clear Mass modifications of vector mesons 
in nucleus will be measured soon



Experiments in (near) future

35

Di-quark correlation in a 
baryon are suggested. 

Light quark baryon

Experimental information, 
such as Regge trajectory, 
supports di-quark. However, 
it is difficult to study di-quark 
in light quark baryons due to 
other effects.

Charmed baryon excited states

High momentum and high intensity secondary beam and missing 
mass spectroscopies are  one of the most promising methods

Following two excitation will be distinguished.

Di-quark excitation
Charm – qq excitation

Detailed study of level structure is a key measurement.

Future Heavy Ion beam is under discussions 
to explore a high density matter

J-PARC HI

Fig: K. Fukushima and T. Hatsuda



April 28, 2015

• Physics experiments re-started at the Hadron Experimental 
Facility (HEF) of J-PARC.

• Beam Intensity is now ~50kW. We are ready to increase 
beam power up to 80kW.

• Main nuclear physics experiments at HEF are now going to 
S=-2 hypernuclei!  

Summary 1



Next Step: Hadron Hall Extension



HIHR: Very Precise spectroscopy with high-
resolution and high-intensity secondary beams

Hypernucleus Microscope

Multi-Strangeness / Charmed Nucleus

KL: Measurement of 100 CP 
violating events to tackle a 
quest on the matter–dominated 
universe

Discovery of Lepton Flavor Violation

K10: Nuclear matter with an extreme condition 
with high-momentum separated secondary 
beams (Kaons and Antiprotons)

Both Nuclear Physics community and 
High Energy Physics community gave 
high priority to this project.

COMET: Search for m-e conversion with 
the world-best precision of less than 10-16

CP Violation: from Discovery 
to Measurement

K1.1, 1.8: Ultimate research of 
S=-1 and -2 hypernuclei with 
high-intensity Kaon beams

Hypernucleus Factory (S=-1, -2)

Next Step: Hadron Hall Extension



RCS

(H-
 p)

0.4  3 GeV

MR

330 GeV (p)

H- Linac: 0.4 GeV

MLF

p to NU

proton (existing)

p to HD

U86+

61.8  735.4 AMeV

U86+→U92+

0.727 AGeV

stripping

U92+

0.727  11.15 AGeV

p/HI to HD

HI (under planning)
Figures: Not to scale

HI 
booster

U35+→U66+

20  67 AMeV

U66+→U86+

61.8 AMeV

stripping

stripping

HI Linac

U35+

20 AMeV

HI Accelerator scheme in J-PARC 
(preliminary)

In the RCS, more than 1011 U86+ ions can be 
achieved without any significant beam losses.



HI linac

& 

Booster
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Backup (Neutrino)



T2K (Tokai-to-Kamioka) Experiment 

Purpose of the T2K experiment ;

Generate intense neutrino beam at J-PARC and shoot Super-Kamiokande detector,

measure neutrino properties at SK to explore neutrino oscillation parameters, 

and eventually detect CP violation in the neutrino sector.



Off-axis configuration generates neutrino beam 
of quasi-monochromatic energy which peaks at 
the oscillation-maximum energy of ~0.6GeV.

Neutrino changes its species while 
travelling 295km from J-PARC to SK. J-PARC

Near Detector to 
measure property 

just after production

Super-Kamiokande
to measure property 

after 295km-flight



Beam Power and POT Accumulation

As of 27 May 2016 (before summer shut-down)
- Accumulated POT total = 1.51×1021

- Achieved Beam Power = 425kW
After summer maintenance, beam operartion resumed on 10/26.



nm Disappearance Result

K.Iwamoto @ ICHEP2016

T2K best fit result is consistent to the  maximal mixing, while NOvA prefers
non-maximal mixing.

nm nm

nt

ne

measures decrease of nm flux and gives 23 of the mixing matrix.
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ne Appearance Result and CP constraint

By 13 measurement of T2K and constraint with reactor measurements, 

CP parameter  is obtained. Non-0  is preferred as below. 

nm nm

nt

ne measures appearance of ne flux and gives 13 of the mixing matrix.
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