Nuclear physics in Japan
(hadron, high energy)

LEPS2/ELPH; Electrons and Photons,
PHENIX/ALICE; High-Energy Heavy lons,
J-PARC (Hadron/Neutrino); High Intensity secondaries,

Kazuhiro Tanaka
IPNS, KEK & NPD, J-PARC



LEPS2/ELPH
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RCNP Laser-Electron Photon Beamlines @ SPring-8

o Investigate the form of existence of hadrons with use of high energy photons.
o Elucidate the fundamental freedom of the hadron formation.
— How are hadrons built with quarks?
0 Study exotic hadrons like a pentaquark O,

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

Laser-Electron Photon (Laser Compton scattering y-ray) BL31LEP (L E PSZ)

O Small backgrounds from low energy photons

- enable to measure forward angles include 0 degrees
O highly polarized beam > parity filter for exchanged particles
O photoproduction of hadrons with strange quark(s)

BL33LEP (LEPS)
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Large Acceptance EM calorimeter BGOegg

‘Egg’-shape assembly of 1320 Bi,Ge;0,, crystals without supporting structures b/w crystals.

Each BGO covers ~6 °in (0,¢) with L., = 220 mm (20X,). There are 22 layers.
World-highest energy resolution in the energy region below 1 GeV. ( )
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‘ 3
Z N (c=14.4 MeV/c?)
Photon éwof
Beam  36° ]
ﬁ =200 : >
arget 102

O ‘ ‘ ‘ZC‘)O‘ ‘ ‘4C‘)O‘ ‘ ‘6C‘)O‘ ‘ ‘SC‘)O‘ ‘ "\OOO
2y invariant mass (MeV/c?)

1N’ (6=20.4 MeV/c?)

counts / 5 MeV

50

800 900 1000 1100 1200 1300 1400 1500
2y invariant mass (MeV/c?)




LEPS2/BGOegg Experiment for n’-mesic Nuclei Search
BGOegg

Upstream
Charge Veto
Counter

Drift Chamber (DC)
z=1.6m, 6<21°

Cylindrical Drift Chamber (CDC) Z=12.5 m, 6<6.8°
Inner Plastic Scintillator (IPS)

anomaly term

1000 — | effect [ erp) - =27 Gev Wo = -20 MeV
§ 3[(Opap)y @ P, A theoretical calculation based on
B NJL model predicts AM=-150 MeV
£C: 2 & deeply bound states.
Ngg | \ [H. Nagahiro et al., PRC74 (2006)
1 045203.]
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RHIC/PHENIX, ALICE
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Generation of Quark Gluon Plasma

r_-::(( Au+Au SNN=130IGeV % 4 AuAu Min. Bias x10°
central 0-10% ) 3 *  AuAu 0-20% x10®
m (h+h")/2 { E o = AuAu20-30% x10
2r ox Pb+Pb(Au) CERN-SPS 3 Y :+Pb_d | prcss
1 binary scaling
) _.-'hh:; ; L EE N ' +
et RHIC
pT (GeV/C) pT (GeVIC) ! 2 2 (Ge\:’c) ° ° !
Suppression of high-pt Hadrons Strong Elliptic Flow Thermal direct photons

= Production of high density QGP > QGP as perfect fluid - Very high Temp QGP

PHENIX Exp. played a central role for discovering QGP.



RHIC-Spin Today and Future

RHIC Cold QCD Plan arXiv:1602.03922

e Large fraction of proton CE T
spin carried by gluons! P e
8 Ph.D from Japanese Institutes I ]

* New generation
measurements of sea-quark

polarization via W production.
3 Ph.D from Japanese Institutes

PHENIX (f)SPHENIX EIC detector



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

ALICE at CERN LHC, and ALICE

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

: ———— - L
——

(raario | B IS
—

u ottes;c, Iargest, longest-lived quark-gluon fireball

- hucleus-nucleus collisions at world highest energy
m Pb+Pb at 5.02 TeV per nucleon-nucleon pair (\/sNN) in 2015

m strong commitments in detector/physics/upgrade

- 5 full member institutes and 2 associate in Japan
m http://www.alice-j.org/ for details

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



LHC—ALICE upgrade(2021-)

ALICE upgrade and ALICE-J contributions
e ITS (inner Si pixel trackers)
e GEM-TPC upgrade
 Forward Silicon pixel trackers

« 02 (DAQ-online—offline) upgrade

ACORDE

[EMCal } B g . Tracking
o — — WS Chambers
P o

Dipole
Magnet

e Forward calorimeter (under discussion)

/ Precision Science of
Quark—Gluon—Plasma
e 50kHz Pb—Pb Collisions from 2021-

at the LHC)
 x100 larger statistics compared to now

leptons

N

e Inspect all Pb—Pb collisions by ALICE (unique

* Precision measurements of hadrons, multi—
strangeness, heavy—flavors, jets, photons and

* Detailed understanding of medium properties
\ a function of temperature

e v

Technical design report of the ALICE
upgrade
(ITS, MFT, GEM-TPC, DAQ-02,

as Trigger & electronics)
- Endorsement by the LHCC (2012)
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J-PARC at Tokai—mura, Ibaraki—ken



e J-PARC

- . Japan Proton Accelerator Research Complex

Pl ™ ammm—ry

> 3GeV333uA | X
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Hadron Physics \ S
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Hypernuclear Physics (S=-2)

= High=p

Hadron Mass &
Charmed Baryons

L. | Hypernuclear
\ | Physics (S=-1)

_~ COMET

L to e conversion




Nuclear, Hadron, & Particle Physics at Hadron Hall

CP-Violation
K°L—> 0 vv

' Nangijty Nuclear Matter, Nucelar Force

Origin of Mass

Confinement

Quark
[ ] o

P a

6 +

' AAHe Pentaquark ®
Z c A

‘ Free quarks Bound quarks

Why are bound quarks heavier ?
Mass without Mass Puzzle

Implantation of
Kaon and the
nuclear shrinkage

K-

High Density
Nuclear Matter,
Nucelar Force

COMET
Beam line

p—e conversion

L W +HADDe +(AZD)

Xray

e

Kaonic atom Kaonic nucleus
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(Almost 2 years after the accident)

User operation restarted w
proton beam power of 24kW!
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Restart of Hadron Beam Operation
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Development of Beam Intensity

40 -+ [ Average Power (kW)

35 4+ %
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R R 2015/4/1 2015/6/1 2015/8/1 2015/}0/1 2015/12/1 2016/2/1 2016/4/1 2016/6/1
and intensity for HD Gsoydle < 5525 cycle

Feb, 2009 - May, 2013: 1.26x1076 spills, 560 kW*days <Before Hadron Incident
Apr, 2015 - Dec, 2015: 1.05x10”6 spills, 2338 kW*days <in JFY2015
May, 2016 - Jun, 2016: 0.33x1076 spills, 875 kW*days <in June 2016 Run



Hadron Exp. Hall &
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Beam time used for experiments

Iﬂ 2015 rUﬂ 319 hours
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Setup at K1.8 for E13-1

B Detect gamma-rays from hypernuclei

Pion
spectrometer
“SksMinus”
SKS magnet

Iron block (25T)
TOF —/f v

SDC3 .4

Ge array
“Hyperball-J” (5., , Q13

Q12 Various
PID counters

Mass slit o
\| a1 K1.8 Beamline
) Spectrormeter

0 5m
/\ BH1 | | 22




Hyperball J&SKS
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Charge Symmetry Breaking in AN interaction from
hypernuclear y-ray spectroscopy (E13)
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Development of Strangeness Nuclear Physics

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

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

S ' Hybrid Emulsion Experiments

KISO event (=nuclesu)

AS
-30 MeV
KEK 369 T T T T T
::: 89 (Tl: K ;30 208139 A Single Particle States = E_e:ﬁo i
AE=1.63 M4V, © ¥ ©n
140 e =
S F 1 NAGARA event
g - o . (AA nucleus)
o ; | AB,,=-0.7 MeV
O 0 15 20 25 30 0,‘25 &
Excitation Energy (MeV)
Hypernuclear Gamma ray Spectroscopy
7 .
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Toward
double strangeness
systems



J-PARC EQ7: S=-2 Systems by emulsion

~ 2 ~ i -
B Collect ~10% AA hypernuclear events from ~10* =, | Measure tracks

m AA interaction strength without nuclear effects by counters

B Measure = -atomic X-rays with Ge detectors

= productior}/

m Shift and width of X-rays -> E-nuclear potential 2 o K*
— . .pe . . A p
m Stopped = events identified from emulsion image /
—> no background (ol
K1.8 Beam Line @J-PARC
- : Diamond KURAMA _ t . ’
Emulsion =" atorme
X rays -
B8
E & — .
B 5 E absorption
i Ep—AA
_—é{: Emulsion Y Fragmentation | A
P SSD KURAMA ®\ O
}: ra'ﬁr i - Ge array Spectrometer il
a °
Weak decays N
Emulsion and all the counters are beam-tested and ready. p

T
Under switchover from SKS to KURAMA now ‘/.T_, N7, AN—NN
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=i Start of EQ7 (Emulsion exp) at K1.8

KURAMA (~260msr) installed at K1.8

momentum [GeV/c]

—%s

CHz target run

n;; =" production | E: “,:::
m—__ P
T : ~30 MeV/c*
. 3 Beam was exposed to the 18/118 emulsion
i R | stacks in June 2016.
10— | ._
Hl.i L L'J_-I.-’_lll.:-."'-.'._i'!z.‘.l.— s "i.li" i ilﬂ-}n - "I'If_'u dotaeg

mizzing mazs [Gal ]
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S-2S spectrometer for EQ0S

25(QQD): years

% Installation in
2016

% Data taking in
2017 with > 50
kw !

1000

A Magnets are ready’ d

2

2400

b

S-2S spectrometer
ver. 29Aug2014



Counts /2 MeV

b e e ek

* K1.8 beam line with SKS’ (110 msr)

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

Binding energy '2C(K", K*) (Carbon + CH2) SKS’ 110

. |U| nliln FJ.LJW T APATIE

EO5 Pilot Run

SKS

* AC + LC for it*, p veto in trigger
* CHa(K-,K*)9.54g/cm? — AE=5 MeVrwum K2

D4

* Detector tuning 1 day

* p(K,KH)E-@15-19GeV/c 2days ar

AQ
(msr) (
> 12C(K_,K+) 9_368/(:1112 10 days BNL ~b0

14

5 BHI:= =

S-2S 60 1.5

Two Gaussians
(fixed width=5.4 MeV)

* Bs=9.1 MeV and 2.1 MeV

& Re(UE) > 14 MeV (BE~4.5 MEV).

~70 —60 —50 —40 —30 —20 10 0 10 20

_BE.[MeV]



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/¢), 108 per spill

Primary Proton Beam (8GeV) for COMET
Heavy lon Beam (Future Plan)

The new beam line will be operated
in 2019.

_ ‘New Beam Line 7, oIS _%‘:
Physics D —

Vector mesons in nucleus : N
Charmed Baryon and hadron structure
mu-e conversion (COMET)

High density baryonic matter (Future)

32



Construction Status of the beam line

Lambertson Magnet

vacuum chamber

yoke

cail
BUVETTIN
field free hole| —— @ bendi
SO0~
proto

beam

Lambertson (Design)

/ Branching point

New Line

Existing

A-Line

COMET & |+
Control room

Spectrometer
Magnet




First Experiment (J-PARC E16)

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)

Expected Spectrum

Pb 11020

Nucleus

as a QCD medium Vector meson as a
probe of the medium

Chiral properties

are characterized /
By <qg>"

:%

)

_|_
IIIIIIIIIIIIIIIII

condensates ~35MeV 1 Proton
®c
Electron-Positron
decays to avoid FSI.
Clear Mass modifications of vector mesons 0.9 D95 1 103 11

in nucleus will be measured soon Invariant Mass of ete-
34



-xperiments in (near) future

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

Light quark baryon

Di-quark correlation in a

baryon are Suggested_ Fig: K. Fukushima andl . Hatsuda

Quark-Gluon Plasma

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.

Temperature T
[»]

uarkyonic

Hadronic Phase Matter

%'\ Matter
a -

=

v
Liguid-Gas 1

y
A
W

-~ GolorSuperconductors

Baryon Chemical Potential u

Charmed baryon excited states

Following two excitation will be distinguished.

Di-quark excitation /

Charm — gqg excitation —

Detailed study of level structure is a key measuremen

High momentum and high intensity secondary beam and missing
mass spectroscopies are one of the most promising methods 7



Summary 1

* Physics experiments re-started
Facility (HEF) of J-PARC.

e Beam Intensityis now ~50kW.
»

beam power up to 80kW. |

| i=.

* Main nuclear physics experirpe:ﬁ ',
S=-2 hypernuclei! iTHE .

the Hadron Experimental

are ready to increase

s at HEF are now gging to

v
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Hadron Hall Extens

Next Step




Next Step: Hadron Hall Extension

Both Nuclear Physics community and Hypernucleus Microscope

H.Igh Er_‘er.gy Physllcs co_mmumty gave HIHR: Very Precise spectroscopy with high—
high priority to this project. resolution and high—intensity secondary beams

Hypernucleus Factéky (S=-1, -2)

K1.1, 1.8: Ultimate research of oo 1
S=-1 and -2 hypernuclei with \ > P ' S

high=intensity Kaon beams CP Violation: from Discovery

to Measurement
s

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

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

COMET: Search for pu—e conversion with
the world—best precision of less than 10716



HI Accelerator scheme in J-PARC

(preliminary)
66+ |86+ proton (existing)
U3-+ 61.8 AMeV ——— HI (under planning)
20 AMeV ..., SUiPPING Figures: Not to scale

HI Linac

strippin -
U35+9 U66+
20 2 67 AMeV

&

+0.4 > 3GeV ¥ -
: stripping

& -
3 ¥
86+ [ ]92+ %%
){%’Cfa{-ﬂ"fﬂ*‘ﬁx/\/\/\x (l)J 727?5‘% V 4
186+ ' © Lt

61.8 = 735.4 AMeV U232+

In the RCS, more than 101! U2¢* jons can be 0.727 = 11.15 AGeV
achieved without any significant beam losses.

H- Linac: 0.4 GeV
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Backup (Neutrino)



T2K (Tokai—to—Kamioka) Experiment

e \PARC Main Ring
Super-Kamiokant et va-Ll 3 & Toka|
(ICRR, Univ. Tokyo)d " SR Ve e | ) . ;

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.




Neutrino changes its species while

Super-Kamiokande | trayelling 295km from J-PARC to SK.
to measure property

Near Detector to
measure property
just after production

1 T
? 0.5 sin*26,, = 1.0 E *JJ'J_IJ*ET-' /__'::’Jg'flz._xj'_)n NFOB R k. Ak o ) BT
= Ami, =24x 10°eV? ] o\ S — -
: L« ——.
e S e e S I 1 . B ——— _--——--—;—.‘ - |
MLOA00° - i {6 5 H 58
%2 0A2.0° e W
i: WOA2S 295km (( 280m {/{/ 120m om
Y k : : : .
Off-axis configuration generates neutrino beam
‘|||||||||||||||||||||i of quasi-monochromatic energy which peaks at

> the oscillation-maximum energy of ~0.6GeV.

E, (GeV)



Accumulated POT

Beam Power and POT Accumulation

Total Accumulated POT for Physics

. v-Mode Beam Power

x 10%° o V-Mode Beam Power
18]2‘Un1—R’UTI‘Z—RUTB—RUm—RTIﬁ5_RUTT6—RIEﬂ500 <
16 | 2
14 400 ©

- <
12;— A &)
10;— ] —300 g
8F . Q

- . - —200 @
6 i i

- “ ]
N R : 100
o8 .

2010 2012 2012 2013 2014 2016

Dec/31 Jan/01 Dec/31 Dec/31 Dec/31 Jan/01

As of 27 May 2016 (before summer shut-down)

- Accumulated POT total = 1.51 X 10%!

- Achieved Beam Power = 425kW

After summer maintenance, beam operartion resumed on 10/26.




Vu Disappearance Result

o -

!

———————————

—> Ve

1 0 0

—_ VH E measures decrease of Vpu flux and gives 023 of the mixing matrix.

+cy, 0 +s,e\+c, +s, O

Upis = 0 A 0 1 0 -8, +c¢, O
0 —s5€° 0 +cpy 0 0 1

(¢; =cos

0;,s; =sind,)

270

T2K best fit result is consistent to the maximal mixing, while NOVA prefers

1 (107 eV

2
32

IA m

3.6
34
3.2
3
2.8
2.6
24
2.2
2
1.8

@)

_I LI | T T 1T | LI LI | LI | LI | LI | LI | T I_
F - 68%CL : -
- — 90%CL Normal Hierarchy -
— (* T2K best-fit -
= NOVA (2016) Super-K
- T2K Runl-7c¢ preliminary MINOS+ J
_I | - | 111 | | | 111 | 11| | 11| | 111 | | | 1 I_
3 035 04 045 05 055 06 065 07

.2
sin 623

!

non-maximal mixing.

Daya Bay:
|AmZ,| = (2.45 £ 0.08)x10 eV?
90% CL (NH)

K.lwamoto @ ICHEP2016



Ocp (radians)

Ve Appearance Result and CP constraint

VM —_— Vl"t Upis =10 +c55  +5,5 0 1 0 -8, +¢, O
0 —s5,, +cph 0 +cp; 0 0 1
I _“-3_“\/“’_[“\ (c; =cosb,,s, =sinb;)
1
—> Ve | measures appearance of Ve flux and gives €13 of the mixing matrix.
J

By 13 measurement of T2K and constraint with reactor measurements,
CP parameter Ois obtained. Non-0 Ois preferred as below.

3 ST T T T T T T |y 25 —— T T
C ) ] = B o
- T2K Runl-7c preliminary = i T2K Runl-7¢ preliminary

P 11 20f ‘
- 68.27%CL ] - — Normal Hierarchy 1
1 — 90%CL -] , — Inverted Hierarchy
n * Best-fit - 154 -
N PDG 2015 3 T

0 ~ i
1:_ —— Normal Hierarchy B
: —— Inverted Hierarchy B

2F —

- Fixed Mass Hierarchy -
‘3__| 1 1 I“; ! "1 L 1 1 | 1 ! 1 | 1 1 1 I__
0 0.02 0.04 0.06 0.08 0.1
sin’ 0,5 ‘ Op (radians)




