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Why

+ Only palpable evidence beyond
the Standard Model of
elementary particles

+ Guarantee the breakth rOUghS: ICISE July 17th 7.,\xor Signing. From right 1o eft: Prof. Makota Miura (ICRR, Univ. =
CP violation, neutrino mass Touyou Kakaya (Kyoto Usie. Jeam T. . Vi (CISE diveciny, Pro. Nguyea T. . Y Group photo July 2018
h' h d (IFIRSE & 10P), Dr. Cao V. Son(Kl;.Kn’l»P:\RC.IIWRSE;AMIWIMD L. . .
lerarchy and more —_— Visit: https://ifirse.icise.vn/nugroup/
+ International roadmap is clearly . Super s —— @
Kamiorande ==
defined for at least 20 years ’0 -w- Te 8 As T2K collaborator
o] 3 E S
- I ST :
W hy T2K experlment? = We officially joined T2K in Oct. 2017
......................................................... : §8 as 12th country
. . . N
* Flagship in neutrino experiments © &+ What do we involve: Neutrino event
+ Breakthrough prize in 2016 "= generator, Neutrino oscillation

Something
ditferent..?

+ Provide first hint on CP violation @ EELBEEE 2l el 1A el o= N EET

. ) -
in the neutrino sector detecto

i Innearfuture, we will seamlessly
i join Hyper-Kamiokande, next
4 generation of neutrino experiment

+ Extension proposed up to 2026

for CP violation measurement

Why joining us?

Lab building at ICISE

+ Enjoy T2K physics with ~500
collaborators from 12 countries + We have test bench for studying the
Multi-pixel Photon Counter (MPPC)
and scintillation materials for

neutrino and dark matter detector

+ We are young, dynamic,
ambitious, curiosity-driven

+ Strong support from ICISE,

Japan, International scientific + Along-term project to build a real

lab at ICISE

committee -
Wanna to enjoy

neutrino physics, &
beach life in ICISE §
& Sakura in Japan? B
Join US now!!!

W e w0 e up M. w0 we 1 10

We need you to build sometbmgmmb bigger!!!

Contact: nhvan@ifirse.icise.vn cvson@ifirse.icise.vn

https://ifirse.icise.vn/nugroup/
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Adapted “The Growing Excitement of Neutrino Physics ”
by APS

T2K hints on leptonic CP violation

IceCUBE observes extragalactic v

* 1930: On-paper appearance as “desperate” remedy by W. Pauli Nobel prize & Breakthrough prize
* 1956: Anti-ve first experimentally discovered by Reines & Cowan for v oscillation G5
¢
* 1962: v, existence confirmed by Lederman et al T2K observe v.appeared from v,
% 1986: Existence of v, was established (see Gary Feldman’s talk) Daya Bay observe anti-v. disappeared
* 1998: Atmospheric v oscillations discovered by Super-K K2K confirm atmospheric v oscillation
* %fﬂwémem KamLAND confirms solar v oscillation
% 2001: Solar v oscillations detected by SNO (KamLAND 2002) Nobel prize for v astrophysic: \:4%.
* 2011:v,— v, transitions observed by OPERA SNO observe solar v oscillation to
active flavor
* 2011-13: v,— ve observed by T2K and anti-ve» anti-ve by Daya Bay Super-K confirms solar v deficit
* 2015: Nobel prize for v oscillations, Breakthrough prize (2016) and images the sun
Super-K observes v oscillation
* 2018: T2K hints on leptonic CP violation Nobel Prize f _ %
iobel Prize Tor v, discovery @8 )
v
Kamioka-ll/ IMB observe supernova v
PaL_'" Fermi’s Reines SAGE/Gallex observe the solar v deficit
predicts theory &.Cowan mupn S°'?' LEP shows 3 active flavors
the of weak discover neutrinos neutrino . ) .
Neutrino interactions (anti)neutrino discovery anomaly Kamioka-ll confirms solar deficit I

~25 xea rs
e -1

Nobel Prizes for neutrino research

1. In 1988, “for the neutrino beam method and the demonstration of the doublet structure of the leptons
through the discovery of the muon neutrino”, Leon M. Lederman, Melvin Schwartz and Jack
Stecinberger shared the first Nobel Prize relating to neutrino research

2. In 1995, Frederick Reines was received the Nobel Prize for detecting the first neutrino in 1956

3. In 2002, Raymond Davis Jr. and Masotoshi Koshiba shared the Nobel Prize for detecting cosmic
neutrinos

4. In 2015, Takaaki Kajita and Arthur B. Mc Donald have received the Nobel Prize for discovery of

neutrino oscillation, showing that neutrinos have mass.



Introduction



Big problems in Particle Physics

Unification: Unification of forces [and particles]
Origin of neutrino mass
Family structure (3 families in quarks and leptons)

Imbalance between matter and anti-matter (almost no anti-
matters in our universe) # papers

Courtesy Mark Messier at NNN18
2000

Dark Matter Nt\

1500

Accelerating Universe (Dark Energy) ¢

“Dark Matter”

N

1000

Inflation

Number of Pap

500

1995 2000 2005 2010 2015

= Unknown the new energy scale! Year of publication

6 Data based on INSPIRES search “find ti Neutrino and date 2000”, &



Explore New Physics

(Vg
T O
| G
=
< ¢
= =

—> Jevatron
-ttt r t >
102 10* 106 108 10'© |0'2 10'4 |0'6 |0'8
experimental reach [GeV]

(with significant simplifying assumptions)

courtesy Zoltan Ligeti




- Atmospheric v
- Accelerator v




Kamioka
3rd generation water Cherenkov detectors

N RO
o

Kamiokande Super-Kamiokande Hyper-Kamiokande
(1983-1996) (1996 - ongoing) (start operation in 2027)

* Extended search for proton
decay

* Precision measurement of
neutrino oscillation including
CPV and MO

* Neutrino astrophysics

* Atmospheric and solar  «  Proton decay: world best-limit

neutrino “anomaly” * Neutrino oscillation (atm/solar/
* Supernova 1987A LBL)

> All mixing angles and
A m?s

Birth of neutrino Discovery of neutrino
astrophysics oscillations Explore new physics



Neutrino Beams

Gigantic detectors with the world-most intense neutrino beam
Super-K

{

L
Kamiokagy ;;‘-fi‘rokéi

- 500 kW (today)
~TMW (2023)
- 1.3 MW (2026)

22.5 kton (Super-K, ~2027)

- 190 kton (Hyper-K, 2027~)
10
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UPMNS ~

Neutrino Oscillations

(
=UPMNS

\
(

UPMNS =
\

[ 038
—0.4

\ 04

v
W,
W, ) Atmospheric, Accelerator
R Sy = SIN0,, ¢ = oS,
4 —id
I 0 O c; 0 s;e
0 ¢, 9,5 O 1 O
id
O _523 623 { S13e 0 Cl3
L 1 S .
Atmospheric Accelerator
Accelerator Reactor
0.55 0.15 | Atmospheric
0.6 0.7 U, ~
0.6 0.7 )
o~-1/2 ?

-,

-VH

-VT

~2.4x103eV?2

[ 0.97
0.23

\ 0.008

Unknown in Neutrino oscillations

023 0.004

0.97
0.04

0=60°

Mass Hierarchy : mi <ms3 or mi <ms
- CP violation :

O cP

0.04
~1

/
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https://youtu.be/KJj2PusnkaQ
https://youtu.be/KJj2PusnkaQ

Super-Kamiokande detector

Upper dome of Super-K

1

LINAC for
calibration

41.4m | [

Pure water
target

for v and

p decay

2016/7/4 39.3m

Electronics hut

Control room

Water and air
purification system

1,000 m under the Ikenoyama-Mt.
50 kton of pure water

22.5 kton of fiducial mass
~11,100 inner detector (ID) PMTs (207)

1,885 outer detector (OD) PMTs (8”)

direction/particle ID based on pattern
3



Kamioka Observatory, ICRR, Univ. of Tokyo, Japan INFN Roma, ltaly

RCCN, ICRR, Univ. of Tokyo, Japan Kavli IPMU, The Univ. of Tokyo, Japan
University Autonoma Madrid, Spain Keio University, Japan

BC Institute of Technology, Canada KEK, Japan

Boston University, USA King's College London, UK

University of California, Irvine, USA Kobe University, Japan

California State University, USA Kyoto University, Japan

Chonnam National University, Korea University of Liverpool, UK

Duke University, USA LLR, Ecole polytechnique, France
Fukuoka Institute of Technology, Japan Miyagi University of Education, Japan
Gifu University, Japan ISEE, Nagoya University, Japan
GIST, Korea NCBJ, Poland

University of Hawaii, USA Okayama University, Japan

Imperial College London, UK University of Oxford, UK

INFN Bari, Italy Queen Mary University of London, UK
INFN Napoli, Italy Rutherford Appleton Laboratory, UK
INFN Padova, ltaly Seoul National University, Korea

16

The Super-Kamiokande Collaboration

=Ty T I S e | e

~190 collaborators from 49 institutes in 10 countries

University of Sheffield, UK

Shizuoka University of Welfare, Japan
Sungkyunkwan University, Korea
Stony Brook University, USA

Tokai University, Japan

The University of Tokyo, Japan
Tokyo Institute of Technology, Japan
Tokyo University of Science, japan
University of Toronto, Canada
TRIUMF, Canada

Tsinghua University, Korea
University of Warsaw, Poland
Warwick University, UK

The University of Winnipeg, Canada
Yokohama National University, Japan



How to find
neutrinos

How do you
find neutrinos?
It's difficult to
find them
because they
go through
everything...

| prepare ultrapure water
in big tank.

Neutrinos collide
electrons and
nuclei in water
molecules,

so electron

or muon escapes.

When electrons

and muons

are traveling in water,
Cherenkov radiations
are generated.

| can find 20-30 neutrinos
in a day by using

50,000 tons of water

and 10,000

light sensors.

It's my
special

Cherenkov
radiations

| find them by
using light sensors
on the walls

of my tank.
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Eves of Super-Kamiokande

50cm PMT




by, M. Nakahata@WIN2019

History of Discoveries at Super-K

SK
Start

K2K
start

19 [ 19 20 | 20
97 | 98 07 | 08
1T ]

N\

T2K

Discovery

Discovery of solar

v oscillation

oscillatory
signature
(atm.v)

Discovery of

atmospheric v

of

Start

1.8 ——rrm

—~ 16
@
o 14

212

2 osl FT
2 o6k
EOAS
8 04F
©

0 o02F
0

0
L/E (km/GeV)

aul A
10°

20 20
13 17

SK- Gd

Hope more
discoveries

Discovery of
day/night effect

N
o

Flux (x10%cm?/s)
N
o

N
'S
T

N
w

N
N

Discovery of v,

Discovery of v_
appearance

o ' appearance by T2K
oscillation Discovery of v PP y
T — oscillation by s | o +om
% 200; (b) FC p-like + PC X (shape) K2K § 3 ;j?%ccgc
E‘lso ;_ e = 30/4 dof i“ % 1 I NC
gwo ?mm ) Ut +0.06 " E
£ % maostnst L 3 .
= L 10
0 137 N (6.20‘ . 5 ‘
-1 1 o0 g £
s ® ' S kel
‘ z2 S o
2 0 1000 2000 3000
o Reconstructed v energy (MeV)

0 05 1 15 2 25 3 35 4 45 5
o~ MGeVN

50—

(atm.v)

.......................................

c-1 -0.8-06-04-02 0 0.2 04 06 08 1
cos(0)

T ————————————————mmmwee



NEUTRINER FB/‘&N
KOSMISK STRALNING

LN

l

NS

KOSMISK \
STRALNING
N .t
\ ":"
—
SUPER-

% \KAMIOKANDE

MYON-
NEUTRINO

SUPER-

KAMIOKANDE
KAMIOKA, JAPAN

1000 m

Myonneutriner

ger signaler

| vattentanken.
Myonneutrino
direkt fran e
atmosfaren.
Ljusdetektorer ¥*.
som ser Tjerenkov-
stralning. *R

I

TJERENKOV-
STRALNING

Illustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences

20

SKYDDANDE
BERG

40 m

Myonneutrino
som passerat
genom jorden.




Discovery of Neutrino Oscillation (1998)

sub-GeV

| e-like

200 } P<0.4GeV/c

| p-like

160 } P<0.4GeV/c

120

b

80-

40 ¢

L 1

1

1

-06 -02 02 06

cose

1

250

| e-like

200k P> 0.4 GeV/e

50

150
100 EE:EE‘

300

| p-like

240F P> 0.4 GeV/c

180
120

60

i

1 i

0.1

-0.6

02 0.2
coso
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multi-gev

| e-like
40 F P<25GeV/c

=
e
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06 -02 02 O
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| e-like
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0 L t [\ | 5
125 - .
| Partially Contained |
100 -
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Latest oscillation measurements (2020)
AmZ23> vs sin2023 constraints

| I | | | | | | | | | | | | | | | | | |
0.0035 — Normal Hierarchy, 90% C.L.
- Super-K 2020 (Preliminary)
- Super-K 2018
— e T2K 2019
- == NOVA 2019
& 0003 — T - lceCube 2018
> . -------- MINOS
2, i
oL N
£ — .- R, S
< 0.0025 |- T e TN LT s
u E ’,
~"\'.'__.. _________‘;?"
0.002 [— | | | | |
0.3 0.4 0.5 0.6 0.7
- 2
sin” 0,,

22



News in 2020

Super-Kamiokande Gadolinium Project (SK-Gd)

» Dissolving Gd to Super-Kamiokande to significantly enhance
detection capability of neutrons from v interactions

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110

* Aiming for the first observation of Diffuse Supernova

Neutrino Backgrounds

* Also aiming for:

* Improving pointing accuracy for galactic supernova

* Precursor of nearby supernova by Si-burning neutrinos

vewnaiinalgoal ...
» Reducing proton decay background 522 :
* Neutrino/anti-neutrino discrimination (Long-baseline and ) s o 1322 Initial loading
atmospheric neutrinos) I I siod il
p o) !
* Reactor neutrino measurements \‘5 rf . Hﬂ Sig
e 0
« As the first step, loading 0.02% of Gd2(SO4)3 in 2020 éfg
o
~50% n-capture on Gd 0

0 0 0.02 02
Gadolinium sulfate concentration [%]

by Y. Nakajima@Neutrino2020
23
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T 2K\ Accelerator Neutrino Experiments

P ND(E,)

Gigantic detector (I)vSK(Ev) _ _ Intense Beam
High resolution

T, 70, 7T, 76, K
vV, V,V,V 2T Proton
Q § Beam

| Oscillation

Credit: J-PARC

Credit: Super-K collaboration




The T2K Collaboration (2020)

A B T &

Americas

Japan 114 Canada 26
Vietnam 3 USA 70

JAN 2020

France
8%

Europe 262

Switzerland
France 40 7% 1200
——all (total)
Germany 5 1000 —-all (current)
Russia i ——authors (current)
o ietham
Italy 24 4% 1% 800 ——postdocs (current)
Spain Canada students(current)
POIand 27 3% 5% 600
RUSS|a 1 9 Poland 400
6%

c 200

Spain 14
e —/("‘-‘.-’—/—'

SW|tzer|and 34 (jul-98 Apr-01 Jan-04 Oct-06 Jul-09 Apr-12 Dec-14 Sep-17 Jun-20
UK 99 UK

21%



@ 3500 — 0o, = 0.0°
v beam iz
> — 0,, = 2.5°
g 2001 _ e§2= 3.0°
X 2000
Target 4+ remote handling system E :::: OA2.5 °
500
ﬂ_ --m ) ——— et e
p . - Lo SuperK & olf — -
R g R Ty AU » ‘& osf Oscillation probability
______ ) 7] 0.7 F 2 -3 2
025 N8 2 o Am? = 2.5x10° eV
et 05 F
, & o5k L = 295 km
| | u monitor |NGR|D§\. D. o3 |
] 01k
0 118 m .~280 m ° 35 4
E_(GeV)

¢ 30 GeV ~2x1014 protons extracted every 2.5 sec. Secondary
mtt(and K+) focused by three electromagnetic horns
e v, from mainly st+—p++vy

. —
*v. in the beam come from K and p decays 4o T2K Run 1-7c preliminary
35
o Off-axis (2.5 °) vy beam ot} - No oscillation
®|ntense, low energy narrow-band i = Best-fit
®Peak E, tuned for oscillation max. (~0.6 GeV) LoE
e Reduce BG from high energy tail Oy ¥ TSI e T

Reconstructe

e Small ve fraction (~1%) o3 T2K 2016 v,, disappearance




Neutrino oscillation
measurements in T2K

V . disappearance
sin22 6 23, | AmZaz2|
Ve appearance

sinZ @ 23, Sin22 6 13
, Am23; -

- CP violation by #ve

~+20% Iin maximum

Osc. Prob.

Osc. Prob.

Neutrino Flux

0.8

|||||||||||||||||||||||||||||||||||

.2
sin 623=O S

Am2,=2.5x107 eV?

0.6}

02 e

0.4

.2
sin 2613=0 085

0.1

 H, 8, = </2

v,: NH, 8, = /2
v,: IH, 8, = /2

v Mode, SK Vo No Osc.

v Mode, SK VM, No Osc.




ND280

Near Detector @ 280m from the target

=i
1))

UA1 Magnet Yoke

|« INGRID @ on-axis (0 degree)
* v beam monitor [rate, direction, and

stability]
—— * ND280 @ 2.5 degree off-axis
1+ Normalization of Neutrino Flux
WY | * Measurement of neutrino cross sections.
¢ *Dipole magnetw/ 0.2T

* POD: nt¥ Detector

. +TPC: Target + Particle tracking
- * EM calorimeter
3¢ ¢ Side-Muon-Range Detector



T2K-Far Detector: Super-Kamiokande

» Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial
volume) located at 1km underground

Good performance (momentum and position resolution, PID, charged
particle counting) for sub-GeV neutrinos.

[Typical] 61% efficiency for T2K signal ve with >95% NC-110 rejection
o Inner tank (32 kton) :11,129 20inch PMT

o Outertank:1,885 8inchbMT
80 : —$— T2K data - v, and 7, charged current

o Dead-time-less DAQ | R+, a7, crarged curent. I Neutral crrn

e GPS timing information is recorded |- ;_ff4 : st
— real-time at every accelerator spill !
39.3m o T2K recorded events: All interactions
within a £500psec window centered 20:

2
&
®
5 40
g

vu-llke

on the the neutrino arrival time.

-2,000 -1,000 0 1,000 2,000

Electron or muon PID discriminator

Y T Capank m; 31




Accumulated POT

Data (proton beams) taken to date

0

Runl Run2 Run3 Run4 Run5 Run6é Run7 Run$8 Run9 RuréllO_

POT: Protons on Target

Total Accumulated POT for Physics

v-Mode Accumulated POT for Physics

V-Mode Accumulated POT for Physics
20 o v-Mode Beam Power
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SK v (and anti- v 1) event samples

- Two samples with u-like rings (one in v -mode,

one in v -mode)

v-mode p-ring
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SK ve (and anti-ve) event samples

* Three samples with e-like rings

- Two with e-ring only in v-mode and v -mode targeting CCOx events

- One with Michel electron from = decay targeting CC1x events

v-mode e-ring v-mode e-ring v-mode e-ring w/ e from pion decay
FHC 1Re RHC 1Re FHC 1Reld.e
S 14f o
2 94 events °F 16 events | 14 events
w F s 4
T 12 i
()] - T :
o 1F e 3
8- fi_’_\_l_ 3 -+ -
6 |_ H E 2 T
=T 25 T T B
4 - iy .
- n T i1 H |+l T
- LT - - L L]
it N il i Pht-
0_.r.|...|... L TERETEEE S AN P 0_ o il A PO AP PO IR | | PR O I R A A A e 0_ |._.l||||||||||||I||||l....l....l....l||
) = 25F= 251
§ 1122— 20F- 20
> T I I +
- 8E - = C
e 3 b1 gL |
= 4E : = 56
g 2 'H"_L+ "H-—]— i ) ANt .-l-l AR S N e ALt
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2 %.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

ﬁeconsfructed .Neutrin.o Energy [GeV] Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]
34



Oscillation Analysis

Neutrino Interactions Neutrino Beam Flux
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Oscillation Measurements in SK
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1D Ocp

- 35% of values excluded at 30 marginalized across hierarchies

- CP conserving values (0,7) excluded at 90% but = not quite at 20

25

20

15

10

—— Normal ordering

Inverted ordering

1o CL
90% CL
7] 20CL
[ J3ecCL

IIIIIIITIIIIIIIIIIIIII

bedd”| 1 |

LI L1

“Z\. 107 _I ! | | | | | | | | | | | | | | | | I_
z [0 30 Credible Interval -
2 - B 20 Credible Interval 7
> 10° Bl 00% Credible Interval
= - I 1o Credible Interval 3
e _ .
.-8 10° E —
o — 3
H [ —
o, N
i
2
P
)
7
o
al

1 | llllll|

37



(NO) / |Am3,| dO) [eV?]
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Posterior probability

sin? Oy < 0.5 sin? f53 > 0.5 | Sum
NH (AmZ, > 0) | 0.195 0.613 | 0.808
IH (Am2, < 0) 0.034 0.158 | 0.192
Sum 0.229 0.771 1.000
sin? B3 Am2,(x107%)eV?
2D best fit 0.546 2.49

68% C.I. (1) range | 0.50 — 0.57 2.408 — 2.518
90% C.I. range 0.460 — 0.587 | —2.596 — —2.452 & 2.368 — 2.592




I

e/ 1gApri

Anindication of matter-antimatter
‘symimetry,violationin néutrinos +

Wi G20, Mg 7803
£16.00 namure com

39



Hyper-Kamiokande

(now under construction, and operation in 2027)




Hyper-Kamiokande Proto-Collaboration..

O B B L] B =R B [t + > <
| 8 countries, 82 institutes, ~390 people

As of June 2020
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PhYSlCS ln The Sun in Neutrinos
Hyper—Kamlokande £

Solar neutrinos s

'é-‘i'neutrmo.s - gy \\’

Proton decay
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Neutrino astrophysics -Supernova - s
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Proton decay search RPN
<-—_° / i

* One possible approach to reach GUT energy sc FoPg \

* Extend proton decay search by one order of magnitude beyond the current limits
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Detector R&D tor Hyper-Kamiokande

Outer detector:
ID mockup at ICRR Underwater
PMT + WLS plate (UK) \ | electronics:
| Case design and
fee@l@h{&)ugh

241«' PMI cable Feedth rvugh:
- | for Comm. cable Feedthrough
l auxil

Master clock generator TDC-QTC prototype

Sync and
clock system
test bench at
TokyoTech

3-inch water proof PMT PMT covér

in Spain



Hyper-Kamiokande schedule
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FY2020 FY2(21 FY2022 FY2023 FY2024 FY2025 F/2026 FY2027 FY2028

- L _ ]
‘ Access/‘ . . PMT

Geo. Cavern Tank :
Cavern . installa
survey excavation const.

design I‘ tion
. . N
PMT production

Power line to
entrance yard
PMT cases, mirrors, electronics etc.

Entrance
< yard

S Upgrade of J-PARC accelerator and neutrino beamline

are | AN

Near detector facility, R&D, production ND construction

o

—

Operation




Summary

- Challenging and Interesting problems in particle
physics

- Growing excitements of neutrino physics

- We have a tradition of neutrino physics in Japan.
- Two Nobel prizes in neutrino physics

- On-going activities with Super-Kamiokande

- Future projects with Hyper-Kamiokande

The neutrino group at ICISE in Vietham is launched
in good collaboration with Japanese physicists.
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https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN.pdf
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HYPER-KAMIOKANDE PROTO-COLLABORATION

Hyper-Kamiokande Proto-Collaboration
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17 countries, 82 institutes,

TKAE (B #7K)

~300 people
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