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Brief introduction of
Neutrino physics



What's neutrino?

Elementary particles in the standard model

(http://higgstan.com)
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Neutrinos:

- 3 flavors

 No electric charge

- Very small cross section
with matter

Purpose of the research:

- Reveal the mystery of
its characteristics

- Research for astronomy
and the earth, etc.



http://higgstan.com

Neutrino oscillation

v Assume that neutrinos have different masses - Am?
v Assume that the mass eigenstate and flavor eigenstate is mixed - 6

In the case of two neutrinos
A flavor eigenstate (Voc : Vﬁ) IS a mixture of mass eigenstate (vi,v2)

00
How much of a mixture can be written
as mixing angle 6 in the following equation:
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Neutrino oscillation
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Neutrino experiment

Large size of detector is required, Deep underground in order to
because the neutrino interaction with remove cosmic ray.
matter is very small cross section ~

! G2 A P
FS g
o = o~ -4 Soudan 2 ® Crouch World Survey, 1987
10k Minos v Crookes and Rastin, 1973 E
7-‘- g ¢ Bergamasco et al., 1971 ]
" 41 2 =~ 107 L * Stockel, 1969 .
(EV[GeV] )X1 O cm % * Castagnoli et al., 1965 ]
quite small cross section, S 4076 L * Avan and Avan, 1955 _=
. . . < = Randall and Hazen, 1951 E
e.g. a neutrino with 10MeV interacts g « Bollinger, 1950 :
after transverse 3x1021 cm in the water. 107 & A Clay and Van Gemert, 1939 -
9 (ref. 1 light year ~ 9.5x1017 cm) y s * Wilson, 1938 :
10_8 3 A ) 3
10_9 = \ E
- IMB
-10[
) 10 3 Gran Sasso 3
Neutrino detectors » rlomestake
10 = Super—-Kamiokande
[—_ -
Vg \;\ 1 - n,K-muons
) 10 3 n,K-muons + I;
— 10-13 |: =217x10 Bem % sr ! ]

= Y
- N
C 1 v b v by by oy by by | TR ! |

0 2 4 6 8 10 12 14 16 18
Depth (10 ° hgem )

16 May, 2019 INFIERI 2019



Three generations of
“Kamiokande”

Super-Kamiokande
(1996-)

Kamiokande

(1983-1995)
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Three generations of
“Kamiokande”

Kamiokande Super-Kamiokande Hyper-Kamiokande (~2027-)
(1983-1995) (19906-)
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Multi-purpose detector

Broad scientific program

with wide energy range
(MeV~TeV)

Not only neutrinos

- Proton decay

- Dark matter search
- etc.
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Super-Kamiokande



Super-Kamiokande collaboration
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Super-Kamiokande
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Super-Kamiokande

Kamioka mine

50000 tons of

== *f & " & m \
gk
(2700 mwe) . - L T
_ Fiducial vol. # of Energy
Ph Period
ase SHo (kton) PMTs |thr.(MeV)
11146
SK-l | 1996.4 ~ 2001.7 4.5
(40%)
22.3 5182
-1l [2002.10 ~ 2005.10 .
SK-I] 0% | 62
22.5 (>b.5MeV)
SK-IIl | 2006.7 ~ 2008.8 133 (<5.5MeV) 4.5

225 (>5.5MeV) | 11129
SK-IV | 20089 ~20185 |16.5 (45<E<55)| 400 | 3.5
8.9 (<4.5MeV)

' SK-V 2019.1 ~ just started!
: e . i i (coverag% (Kin. energy)
39.3 m . Running and improvements over 20 years
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Atmospheric neutrino



Atmospheric neutrino

Cosmic rays strike air nuclei and
the decay of the out-going hadrons

gives neutrinos.

v Primary cosmic rays isotropic about Earth
v v’s travel 10-10,000km before detection

v Both neutrinos and antineutrinos in the flux
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Super-Kamiokande

as an atmospheric neutrino detector

Neutrino interactions in SK

* (quasi-)elastic scattering : v+ N
* single meson production : v+ N

50000 tons of
|Water Cherenkov detector

e - -8 : - o TR
. "‘.,

parent neutrino spectra
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—4 I N
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* deep inelastic interaction : v + N —\| +\N’ + hadrons
* coherent pion production : v + 160 — |+ 160 + 11

Event topology
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single ring multi ring
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Super-Kamiokande

Cosmic ray muon Neutrino signal

SK Event Display

imiokande
Event 367257
32:58

1its, 5179 pE

£, B pE {in—time)
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E?:;:::::
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1] LS00 1000 1500 2000
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Neutrino
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in SK

Atmospheric neutrino

nd muon

electron MCM

sub-GeV

e-like

uuuuuu

PID likelihood

muon MC

.....

19
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Atmospheric neutrino in SK
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Atmospheric neutrino in SK

electron-like muon-like
: 1500 | Prediction _ 300 i
1000 - - [
+ L
_ m{]n;_-‘-_:d_l...ﬁé_'t 200
500 |- ) SK Data [
| 500FV.—V: . 100E
Sub-GeV e-like : Sub-GeV p-like ; [ Ugstn L
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' 0 ‘ -1 0 1 -1 -0.5 0
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= —ma| ! — === .
= 1 500f . -
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200 FF ;: e | |
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First evidence of neutrino oscillation in 1998
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Neutrino oscillation in future

Consider all the sub-leading effects (Amz221, matter)
- Mass hierarchy : resonance in multi-GeV veor Ve
=gl - Octant 023 : magnitude of the resonance
Ml - 5cr: interference btw two Am2 driven oscillation

Fractional change of upward ve flux (cos 0 zenith = -0.8)

cos© =-0.8  NH, sin®0,,=0.4, sin’0,,=0.025, 5=40°

cos© =-0.8  NH, sin®0,,=0.6, sin’0,,=0.025, 5=40°

1 ¢

e e term 0.8 [ (b)
' 06 sin20,3=0.4 or 0.6
M
0.2 h
‘:, 0 ' kLW i ‘ o AN ]
1 10

0.2 AT
0.4 |

;o Hierarchy is
NH or IH

=Tl

l}‘ M| Nu'-ll 11

Mk 1 mmuuA‘g g

Resonance in Ve
e W .| (not shown) in the
10 1 10 10 1 10 case of IH.
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Sensitivity in Hyper-Kamiokande

Mass hierarchy

Band for CP values

\/Ax2 Wrong Mass Hierarchy Rejection

lyears

—d

llllllllllllllllllllllllllllllllllll

o 1 1 l 1 | 1 | l 1 1 1 1 l | 1 1 1 l 1 1 1 1 l 1 1
0.4 0.45 0.5 0.55 0.6

sin’0,,
Determination possible by ~5 years (sin2 6 23=0.5)
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Solar neutrino



Super-Kamiokande

as a solar neutrino detector

Typical event

Super-Kamlokande
Run 1742 Event 102496

———————— 107:13:23

neutrino-electron elastic scattering

V+ e — vt+ie

S

v Find solar direction

O

103 hits, 123 pE
! 8, 0 pE (in-time)
Trigger ID: 0x03
= §.086 GIN=0.77 COSSUN= 0.949%
Solar Nesutrino

v Realtime measurements

Time(ns)
< 815

® 995-1015
1111111111

* 1055-1075
® 1075-1095
»1095

- day-night flux differences
- seasonal variation
v Energy spectrum

)

Illlll||lll|l

Ee = 8.6 MeV (kin.)
Cosesun =0.95
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Preliminary

Neutrino oscillation

~20 tension between solar global

2 )
and KamLAND in Am#r ~ [sin® 612 = 0.31670:03
R smHH 0034m019 ezsm’ + — +019
> [meatnen i 4D 10y, seDzBLwe Amyy = T.5475 13
Lo sin’(0,,)=0.31020.012  Am3,=(7.49*319) 10°eV? | § . 9
o |sin” 015 = 0.310 £ 0.014
15 |
£ 1| Am3; =4.827 520
N QN | '
5 o Solar+ sin? 015 = 0.310 & 0.012
) KamLAND
| KamLAND/ _______ Am21 — 7 49—|-8 %5;
: B The unit of Am221 is 10-5 eV?
5 Solar global * J
-sin2013=0.0219+0.0014
Very Prel|m|nary . |
L ‘ A I B _lq ZG‘ 30

O 1 O 2 0.3 0.4 O 5 246 8 M. Ikeda, Neutrino 2018

. D
sin (612) Ax DOI: 10.5281 /zenodo. 1286857
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Day/Night solar neutrino flux
asymmetry

expected tlme variation as a functlon of cosez

102 1620 MeV

Day+——i——aNight

(O]
(@)

© E

3 0.98r

> ‘
Q
Regenerate ve by ©
> x10 earth matter effect g
c ‘ o)
c 18 ] IO
N_&17 &U

g :Ilg \4 . Electron neutrino EXpeCted |

14 V- Muon/Tau neutrino | (day_n |g ht)/((day+n|g ht)/?)

| 4 080604020 020406081
coso,
PRL112, 091805 (2014)

Day/Night Amplitude is fitted to
-3.3+1.0+£0.5%

Non-zero significance is

290
in SK-1 to IV (4499 days)




Sensitivity in Hyper-Kamiokande
Day/Night flux asymmetry

—b/w zero D/N and Solar of Am221 | Systematic error
10 _b/W,SO]a,randKa,mLAND,, .............. .............. , ...... O 3 %

Sensitivity (sigma)

0.1 %

0.3 %

MSW: solar+KamLAND best fit
sin2012=0.308
o Am?21=7.50x10%eV?

|
, MSW: solar best fit

/ sin2012=0.311 / :
sin2012 Am?221=4.85x105eV

IIIilllilllillliIlliIllilllilllilllilllil
% 2 4 6 8 10 12 14 16 18 20

1¢ Year 28




Preliminary

Yearly solar neutrino flux

5 055 25
'E —4— SK data(Stat. only)
1] [~ ™ —
— - " . * | Systematic error -
£ :
E‘-_ _
(] 0.455 : med 15
% I . - * ' _
§ fSKTS T N oSk L e ]
. ‘I —
: -:? ‘f . . '-‘:f f-- :
[ ¢ a3 . . |
i K- .~ ® 1 ‘e o |
0-35'_ 1 1 [ ] .‘ ° \-. . __,50
o Cove. M s
g S la, -
03F'inlu W N T . WY P TS PR 0
- 2012 2014 2016 2018

MC °B Flux = 5.25x10° /cm%/sec

1996 1998 2000 2002 2004 2006 2008 2010

Date

M. |keda, Neutrino 2018
DOI: 10.5281/zenodo.1286857

8B flux vs sun spot

No correlation with 11 years
solar activity is observed

x24=21.57/21 (dof)
Prob. = 41.4%

Sun spot number : http://www.sidc.be/silso/datafiles
Source: WDC-SILSO, Royal Observatory of Belgium,
Brussels

Solar neutrino rate measurement in SK is fully consistent
with a constant solar neutrino flux emitted by the Sun

16 May, 2019
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http://www.sidc.be/silso/datafiles

Toward the next decade



30 years anniversary of SN1987A
(2017)

Workshop at Koshiba hall in U.of.Tokyo

® Kam-Il (11 evts.)

on February 12-13, 2017 o IMB-3 (8 evts.)

I
o
| | Al ]
s
O

| ) A Baksan (5 evts.)
> 24 events total
=30}
Eg r o)
%20 (o + +
= ¢
10 + ¢
Poves 0 ] ] ] L1 ] L 1 1 1 . 1 1
g o ANy 0 2 4_6 8 10 12
http://www-sk.icrr.u-tokyo.ac.jp/indico/conferenceDisplay.py?confld=2935 Time (sec)

No Supernova neutrino detection since then..
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No chance for Supernova neutrino
detection for next hundred’s years?

4

We believe, yes!

Galactic Supernova burst Diffuse Supernova
(a few per century) Neutrino Background

&R :A] [E] &5 . B GEikme)
- - /
o ok Ay . .
A 3 .
:5‘ \.o- ,o"’ Ao o K ‘ ¥ ;
el - Y
:.'g. ] ~ b ;u 'E‘\

[ ]\ "

Neutrinos from
past SNe

E " -‘?. - ﬂ-mi-...-“..-ﬁ,
W26 BHRE \ |
Mg (74X2)

.10 BR4E Big Bang 1)/%.a8r§)ia||é%n



Supernova burst

expected number of events in Hyper-Kamiokande

5 88 o .
RZ 68 3 =
c 10 B A I B arXiv : 1805.04163
L i | | o
g 10 Expected number of event
2 49k~68k ev (IBD)
N 10 2.1k~2.5k ev (ve ES)
S 10 (6~40 for neutronization)
T 10 80~4100 ev (ve CE)
> 10 650~3900 ev (ve CC)
10 at 10kpc
1 Livermore simulation

- 2 \ 3 Totani, Sato, Dalhed, Wilson, ApJ. 496 (1998) 216
10 1 10 10 10

distance(kpc)
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Super-K Gd

For the first observation of DSNB

(Diffuse Supernova Neutrino Background)

Neutrinos from
past SNe

A
B [ I I I I | I
Now 10°F E
\
- \
R y
2 TE \
!gm .‘; 5 billion ’;} [ |
yearsago = 10°¢ Supern
- -
~
)
m'-)
3
Z
S

10 billion
T & . o yedrs ago
N 10-205 ,5 10! L ,f 1 L 3;*::3::}::{::3:30
Big Bang 1y3ea8r?|a”g|%n Measured E_ [MeV]

How to reduce atmospheric neutrino BG?

16 May, 2019 INFIERI 2019
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Super-K Gd

Inverse beta decay

Dissolve Gadolinium into Super-K
O Gd J.Beacom and M.Vagins,

\ p \‘@ Phys.Rev.Lett.93(2004)17110

& 100% oo O A.J_,./.,_QQ..Q.IYQSA_ ............. o p—
X& 7 s i~
@ % g 80% - Fors0 kténs this means ’/,}"’/ EE
g_ '~100 tons of water soluble |
~ ~8MeV S 0% . erEEERes
Delayed coincidence | ' |
40% o = ..... S
/ Atmospheric v BG \ o | -/
Invisible - | Gdin
OO/O Y
\®U (< Cherenkov thr.) 0.0001% 0.001% 0.01% 01% 1% "2t
EEET
O 0\@? © ~90% of neutrons are tagged
\ / / in 0.2% Gd2(S04)3 (0.1% Gd)
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Super-K tank refurbishment

- Stop water leak (~3ton/day)

- Change bad PMTs

- Install new water pipe for better
water control

- Cleaning

......

gy J 5
Install new water pipe

Seal whole welding lines

16 May, 2019 INFIER] 2070 o 36



Super-K tank refurbishment

- Start on 31st May, 2018, work on barrel part
draining water. After complete draining in the end of

August, working on bottom part.

- Start filling water in the middle of October, 2018.
- After complete filling water on 29th January, 2019,

resume the data taking as SK-V.

20184

6 A June

TH July

8 A Aug.

9 A Sep.

10 A Oct.

11 A Nov. | 12 BDec.

IK it
Water

Level

Drain water and V\rorking

Filling water

16 May, 2019
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Water leakage from SK tank

After filling the tank completely with water, we started the water
leakage measurement from 11:30 on 31st January to 15:52 on
/th February, 2019. (7 days 4 hours 22 minutes in total)

- 5T _

After refurbishment

Water level (mm
a1 o

—h 1
(=)

-y
a1

Before refurbishment
(data from April 02-09, 2007)

-2
01/31 02/01 02/02 02/03 02/04 02/05 02/06 02/07
09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00

N
01 o
L I L

-+ Currently we do not observe any water leakage from the SK tank within
the accuracy of our measurement, which is less than 0.017 tons per day.

- This is less than 1/200th of the leak rate observed before the tank
refurbishment.
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Diffuse Supernova Neutrino Background

expected number of events

(detection efficiency is not considered)

— HK s s
— SK-Gd /

_____________ TR S = -
—— JUNO W

Ol -
o o

)
o

——HK(BH30%) | . ______________ / __________
— — SK-Gd (BH 30%) -/ s

—— JUNO (BH30%) | ~

N D W W S
o
o
N

S

Number of SRN events in FV

[ G e—
o Ol
o O
T
N
NN

T
\

o

_4 | | | | | | | | | | | | . | | | | | | |
2020 2025 2030 2035 2040 2045
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Hyper-Kamiokande



Hyper-Kamiokande

(See also “Hyper-Kamiokande Design Report”, arXiv : 1805.04163 )

Next generation of large water Cherenkov detector
(~2027 -)

ﬁ90kton Fiducial volume :
~10 x Super-K
- 40% photo coverage with
high-efficicency PMTs :

~2 x Super-K

(~40000 for inner detector)
- >MW J-PARC beam :

KS X current power.

16 May, 2019 INFIERI 2019

41



DA
Mt. lkeno-yama =

: 1000 m
. SK™
Maruyama
Excavated rock

disposal site

, A
. i ‘“
Y,
O
A e
‘ _"é* 54 "
Route 41 .’1 4 Tunnel -
4;, ( WA M 3
N il Entrance

Funatsu



Accelerator neutrino



Neutrino beam from J-PARC
T2K experiment :

Mt. Noguchi-
Goro

Mt. Ikerfo-Yama £ 2,924 m
mV

1,360 2 1,700 m below sea level E i
I | L —

Neutrino Beam
295 km

1 I
) Rk
1 1

Same beamline as T2K
30GeV, 485kW in 2018

v

>1.3MW by upgrade

N, prmls el | Reduce rep. cycle with new power supplies
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Search for CP violation

Neutrino __Anti-Neutrino

L=295km, sin22613=0.1

—— 0=0
= 0=1/2xn
........ O=Tt

Ey (GeV) Ey (GeV)
- Hint on maximal CP violation, however, need more statistics, O(1000),
for definite measurement, _ T2 3 Pty

cf. current T2K : 89 veand 7 ve
- Control of systematics is crucial,
- Neutrino beam, interaction and detector.
- Assigned 6-7% in current T2K.

16 May, 2019 INFIERI 2019
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Expected events at HK

|0 years (10yrsx1.3MWx107s), Vv : vbar = 2.5yrs : 7.5yrs

Neutrino mode: appearanc'\/ e ap P earan C e eutrino mode: appearance

Vu disappearance

% 500 L T T T ] = 400i T _\ o E % 8000
= 4007V beam — 1 2 wob. V beam  iie = vV beam NO OS@PH'WE’IOH
% i it ] l% 3001 ] w4 % e A" M0
3 300 — - 2 H50E ] = = : . — I
I T Sk = = E S ol = sin20,3=0.5 ;
5 2001~ r;'j—'hl_l_ ] 5 150E | Ee E o - i
= E :E| = E — _'_“_, S =
= — g - £ 100 —= B E O 20001 —
2 100: Fl_‘ —‘E‘z— 2 Soi J 7 -(ED -
00:‘ - 02 04 06 08 1*%1; % { o408 08 112 Z L i
. K g . . . . g 0 .
Reconstructed Energy E\r/ec (GeV) Ey* (GeV) oo o0 0e e R:ecor;:tru;;:e q 1EGn er;y E:;c
D|ffe|"ence from 6CP_ _— Disappearance V mode
% 150: —— — T T > 150— ‘ — ‘ ‘ % L=y No oscillation
E 100; - 9=90/3=0 — E 10(); —96=90/5=0 ] 8 6000_—V beam sin20,3=0.5 __
& : {.{* : — 5=-90/5=0 ] @ g — §=-90/5=0 a8 i R
° 0 SEEEEERRE 2 S EEER +T+$éaaz.:.:.a; - i
k) r "'}{'ITT ,,i?‘f"‘"" ] = 0: tette ' ,,,"v: 5
2-50? TT{+{+}+ — %_50? {'{.{.{'T‘ = ézooo— —
S 1001 g 2 100 : 2 b e e
E _150: I N T T E E | | | ‘ ‘ ‘ . 00 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0 02 04 06 08 1 12 A0 =0 " 0a 06 08 1 1z Reconstructed Energy E*°
Reconstructed Energy Ezec (GeV) Reconstructed Energy E:‘/ec (GeV) v
for 5=0 Signal Wrong sign | Vu/Vu | beam velve NC ViV [ VUCC | 5epars
(VU—Ve CC) [ appearance | CC | contamination . CCQE | nonQE
t|vbeam| 6,391 | 3175 | 515
V beam 1,643 |5 7/ 159 | 34 ’
V beam 1,183 206 4 317 196 |§|V beam| 8,798 | 4315 | 614
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Status of the project



International organization

Hyper-K meeting@Madrid, March 2018

- International Hyper-Kamiokande
proto-collaboration
-+ 15 countries, 73 institutes,
~300 members, ~75% from
abroad
- 2 host institutes: UTokyo/ICRR
and KEK/IPNS
- UTokyo launched an institute for
HK construction: Next-generation
Neutrino Science Organization
(NNSO)
- External review by Advisory
Committee

16 May, 2019 INFIERI 2019



Research for Neutrinos

One of the hottest field in the particle
physics and astrophysics. There are
still remaining mysteries, and we are
making the best effort to solve them.

Stay tuned!
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Neutrino oscillation -MSW effect-

Even if the mixing angle is small, neutrino oscillation
can be enhanced by traveling through matter,
especially high density like the core of the sun.

Additional potential (V. =+/2G,n,) should be applied
only for ve because of the charged current.
Am’ Am® v
d (v, T . Esm26? v, e—0up—€
zdt(vx)= Am® o (v) . oW .

P : matter density

16 May, 2019 INFIERI 2019
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Preliminary

Survival probabilities

M. lkeda, Neutrino 2018
DOI: 10.5281/zenodo.1286857
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N
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—oscillation dominant | - =
- e Borexino (pp) dominant:
- all solar |
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MSW: solar+KamLAND best fit
sin2612=0.308 -
________ Am?221=7.50x10°eV/?2 =
MSW: solar best fit ffomestake Su pe F-K -
sin2612=0.311 +FSK+SNO +SN O .
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Motivation of the measurement

See the neutrino oscillation MSW effect directly

Spectrum distortion

Day-Night flux asymmetry

0.8 r 7 . 210 10
o’ L pPp Be pep CNO B Hep -
i =10 9
0.7 - T4 8
“Vacuum oscillation Matter oscillation 10
0.6 -dominant dominant. 10 7
? up-turn = 10®  %x10
0.5 B ] o 18
: 210°  E
041 110* ‘g6
: o, S5
i -10 14
0.3 - . 13
’ “10° 12
0.2 Super-K 10 11
<Aar/———— 10
11 9
0.1- P 3
§ 10 ) 7
0—“””\_1 ‘ T N i ‘ L] ’10 g
10 1 10 4
v Enerav in MeV 3
Super-K can search for the spectrum “upturn” f
expected by neutrino oscillation MSW effect
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Regenerate ve by
earth matter effect

Expected

\4 . Electron neutrino ‘ i
V- Muon/Tau neutrino (day_nig ht)/((day+n|g ht)/?)
A%
. 2%
-3%
- -4%
0.1 0.2 0.3 0.4 0.5
sin2(®12)
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expected time variation as a functlon of cosez

1. O2E
1

Day/Night asymmetry

16-20 MeV

1

0.98—
1.02

12.5-13 MeV

0.98—

1H

1.02

10-10.5 MeV

0.98["

Rate/ Rateaverage

1

1.02

0.98

1

0.98f

-1

16 May

Day/Night Asymmetry (%)

PRD94, 052010 (2016)

Day/Night Amplitude is fitted to

o _> -3.3+1.0+0.5%

 758Mev A S
___________ 1W/ -arth &

sin2612=0.311 290

555MeV ~ sin2 6 13=0.025
’V/" in SK-1 to IV (4499 days)
-0.8-0.6-0.4-0.2 0 0.2 04 0.6 8b8861
z PRL112, 091805 (2014)
N — —
i , 17 -l-:
:L [ S oF Solargg
ol Lty 1 [T =
AU :
! | | ' g
20 | | ] <
7 | —— expected | f‘_;
| Am?21=4.84x105 gV/? s |
40 | SiN2012=0.342 ] 8 ’
— KamLAND . . . g
I %2774 6 8 10 12 14 16 18 20 22
° oo 15 Am2, (10°%eV?)
Recoil Electron Kinetic Energy (MeV) NFiciv cuio
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New developed photo-sensor

N
I

—— e 29k
: ©] == — .
' . Sensitivity: s o
,. ’1 Se 28 tivity £ r | Hyper-K PMT
/ 2% - X SK 0O -(% = QE = 31% sample
2, R . S8, bt e =.
| ‘\,\. \ Time resolution: £ 5 1 Lt L a
{ J 1/2 x SK &5 [/ -Super-K PMT 75N
. : © O K A A N
\ g+ Pressure: o5 | AN 5 >
2 x SK P 0 Y50 od0 2o o a B0 o 6 T2 3640 080 o505
- Injection position (degree)
] A — Hyper-K |2 — Hyper-K
~140 new PMTs have been Jb —Super-K |8  — SdperK

installed in SK this summer.
Performance will be checked
with Cherenkov light for years. —# o s samss == o=

. Time [nsec] 1]
Time [nsec] ™ Charge [photoelectron],,

Continuous effort for improvements, e.g. noise reduction,

cover design, light concentrator, etc.
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CP violation sensitivity

sin O cp=0 exclusion

_N(_)rgnal nlass hierarchy HK 1tank 10years
» Exclusion of sin & cp=0 = Sreaos -
T8
e 80 (60) for 0=-90" (x45") o[ E
» 76% (58%) coverage of /N _/ \ -
parameter space for CPV 2| .
discovery w/ >30 (>50) 0" 450100 S0 0 50100 150
Ocp [degree]
* O cp precision measurement . dcelo error
o o N 51.3MW|b - | | If
« 22" for 0 =90 O o 1year = 1075 B5op=90° -
o o ) §) - 6CF’=OO :
» /" for 0=0"or 180 T 40 E
/o 305 =
« Enhanced further by 5 ook E
combination with atmospheric v S, ——T—uo__ . :
LLI E I R R A TSR SN EN SRR SO S HN ST ST SN RN E
© 2 4 6 8 10
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Toward construction start

« MEXT (Ministry of Science in Japan) lists the Hyper-K in its
Roadmap2017 as a priority big project

« UTokyo is making all efforts to get funded with strong
leadership of the president Gonokami.

* Hyper-K is requested to MEXT as a top priority project

« UTokyo launched “Next-Generation Neutrino Science
Organization” to host Hyper-K

» Seed funding has been allocated within MEXT budget request
for JFY2019

e |t usually led to full funding in the following year, as it was
the case for the Super-Kamiokande
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! \
Statement of the president of UTokyo

September 12th, 2018 September 121, 2018
https://www.u-tokyo.ac.jp/focus/ja/articles/z0208 00006.html

Concerning the Start of Hyper—Kamiokande

Seed funding towards the construction of the next-generation water Cherenkov

The Uriiversity.of o tybt“ﬁléngégmt“dwensure

year. Seed fundingsS in the past projec usually lead to funding in the

Con trUthilaNﬁ year_F tHs the y@he Superklokande D‘OJe dag detectOr

The University of Tokyo pledges ure constructvo the HyDer— ami ok
detector commences as scheduled |nré;nwl 20. The EE!ve;3|ty of Tokyo hgs,

ommeneces: as schedulted-tn-A ril*2020.

The neutrino research that lead to Nobel prizes for Special University Professor
Emeritus Koshiba and Distinguished University Professor Kajita has entered a new
era. The international community has demonstrated the need for Hyper—Kamiokande.
The considerable expertise and achievements of the University of Tokyo and Japan,
and unique and invaluable contributions from national and international
col laborators will ensure the project will make significant contributions to the
intellectual progress of the world.

/CQQ@ué;ZZQZ;LMJAQVFN

Makoto Gonokami
President, The University of Tokyo




Nucleon decay



Motivation

Forces Merge at High Energies

0.15:' ! ! | 1 T I T T T I T T | I T ,:
: 5
%’0.10— o -
L {/‘0/7 :
© [ 9 -
-C -
fijo'os_ electromagnetic ~
? — weaK -

000F v v v v v by,

100 104 108 10172 10'®  1072°

Energy in GeV

Only possible to directly prove the grand unification
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p -> et O discovery potential

- Look at an invariant
proton mass

- Possible BG free search
(0.06 BG/Mton year)

- Discovery potential reach
to 1035 years

Number of Events

Pet<100MeV/c 100<ptot<250MeV/c
Sig. Sig.
£(%) Bkg (/Mtyr) £(%) Bkg (/Mtyr)

18.7 0.06 19.4 0.62

16 May, 2019
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p -> VKt dlscovery potential

- K is invisible, so it is identified by

daughter particles;
- Monochromatic muon (236 MeV/c)

for K>u v
K-> +7m0
- Possible BG free search
(0.06 BG/Mton year)
- Discovery potential reach to
> 3 x1034 years

prompt-y & Kt—putv K*+—1r*1m0
Sig. Sig.
£(%) Bkg (/Mtyr) £(%) Bkg (/Mtyr)
12.7 0.9 10.8 0.7
16 May, 2019 INFIERI 2019
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