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* Introduction: Kamiokande

* Super-Kamiokande

* Discovery of atmospheric neutrino oscillations

e Contribution to the discovery of solar neutrino oscillations

* Some resent results from Super-Kamiokande (non-accelerator
results)

* future

* Summary




Introduction: Kamiokande



Kamioka Nucleon Decay Experiment (Kamiokande)

v In the late 1970’s, Grand Unified Theories were proposed.

v They predicted that protons and neutrons should decay with the lifetime of 1028 to 1032 years.

v’ Several proton decay experiments began in the early 1980’s. One of them was the
Kamiokande experiment.

Kamiokande
%, (1000 ton
= N\ fiducial volume) >, Detector wall

1502000 o¢
%0000 ¢ g¢
12000 0 O

Elec. room

00000 0 O¢ Cherenkov
light

)

. Water system

detectors

Charged particle




Construction of the Kamiokande detector (spring 1983)

, W

' 4. &
f "\’1 :

i £

8

The Kamiokande experiment
started in July 1983.

)



— == CUT (~15MeV)

1 \ B 1 1

KAMIOKANDE
Pulse Height Distribution of

p-evp Decay

1 1 3L 1 1 1

30

Photo- Electrons

120 150 180 210 240 270 300

Didn’t observe proton decays, but...

Pulse height distribution for electrons from the decays
of stopping cosmic ray muons (early autumn 1983)

Neutrinos with the energies of
about 10 MeV could be observed.

o

v Improvement of the
Kamiokande detector to observe
solar neutrinos.
v’ Initial idea of Super-Kamiokande.
(both by M. Koshiba)




Construction of the bottom outer detector

Construction of the side outer detector
(between the steel tank and the rock)




Water and the trigger rate

1000 — T , . l 7171 1T " 7 " T T T T T 3
. | 2, v ¥ U | FRESH WATER (~ 10 TONS) :
Fresh wot £ o\ ]
. ren Qe d L’ \ Mo\ AIR TIGHTENING OF -
'.‘ i ; \g\ ! - ’ BUFFER TANKS =
100~ = = : A W\ ; ! _
1.0 AR Y :
= | o. e ° _1 e ‘ ' \- Koo »ﬂ 2
= . : & cosmic RAY____ T T e s
(8 .
e 10 fo0 . — =
8 ° “ see . 0.1 | L | 1 | 1 | 1 ] ! | ] ] ®
I £ Yy . JUL SEP NOV  JAN MAR MAY JUL  SEP
o 1986 1987
B e % =

_Stop supplying
| fresh water

Radioactivities (mostly Rn at that stage) was the
most serious issue.

| 1 |

ARR MR g ML AR Stable trigger rate after Jan. 1987.




SN1987A (Feb. 23, 1987)

K. Hirata et al., Phys. Rev. Lett. 58 (1987) 1490.

SN1987A (at LMC) T
(0p) § *
+ 80}
: -
— ~ °
E 60 -
o g : et T
o |
S
Q 40 .
Q L L]
E L
S . . t,
= 20f ot x e ; N
L . Lo T A ad®, B ng .o '
L 1
OL L A { 1 1 | i a
=20 0 200 400
TIME(sec)

(The IMB experiment also observed the neutrino signal.)



Atmospheric neutrinos

_ . 4 /\
INCOMING o W TN\

COSMICRAYS | N 4

COSMIC '
RAY

N 2 muon-

L \ Neutrinos 4 gactron-

; . neutrino
ANS ,

/" O |

> / %)avid Fierstek c%ly published in Scientific American, August 1999
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Atmospheric v,, deficit (1988)

Atmospheric neutrinos have been the most serious background for the proton decay searches...
Therefore, these background should be understood in order to find the proton decay signals.

e K. Hirata et al, Phys.Lett.B 205 (1988) 416.
e | €=Typical v, event —
- ##3 In Kamiokande Data| MC prediction
B 4 —==m |e-like (~CCv,) 93 88.5
S} e fedl | p-like (~CCv,) 85 144.0
A R G
~___=% 4l Ppaper conclusion: “We are unable to explain
o T the data as the result of systematic detector
A ¢ - |l effects or uncertainties in the atmospheric
: = neutrino fluxes. Some as-yet-unaccounted-for
1 physics such as neutrino oscillations might
Typical v, event = L explain the data.”

(The IMB experiment also observed the similar results.)

11



Confirmation of solar v, deficit (1989)
Solar neutrino data between Jan. 1987 and May 1988:

e The Kamiokande results on;
(b) Ee =z 10.1 MeV e Supernova neutrinos (1987)

i Standard Solar Model — | B AUSH A dle=Fiddlle

40} deficit (1988)

e Solar neutrino deficit (1989)

were evaluated to be very

important.

b ¥

L L l The construction of the Super-
-1 -0.5 O 0.5 'l Kamiokande experiment was

COS(Osun) approved in 1991 by the
Japanese government.

o)
O

EVENTS/BIN/450 DAYS

K. S. Hirata et al., Phys. Rev. Lett. 63 (1989) 16.




Super-Kamiokande
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Initial idea of Super-Kamiokande

32 Kton Water Cerenkov Detector (JACK)

KEK Report 84-12
September 1984

A proposal for detailed studies of nucleon decays

and for low energy neutrino detection

KAMIOKANDE collaboration
PROCEEDINGS OF
9 M.KOSHIBA

WORKSHOP ON GRAND UNIFIED THEORIES B
AND COSMOLOGY o
(’ = T J ] = ; \
KEK, Tsukuba, Japan e i B i e
December, 7-10, 1983 T ’_ :r T 2] = kS
o wm,mL::.‘ } L\'i { K= 1 |8 L [ \».\\
i ST [ I [ :T 10

RED _PMT i 1 e (DA T (I A
. L FIDUCIAL VOLUME T [ ] ~
R 122000T) T T 1
4 5 é: lﬁll : .
<l BB 1 [ R ISR I ‘
: ~T ! [

Y t-‘ : } T [ l

S SEE T |

o ' I I l

1| SR SR [
Edited by [ e ——
o G e st ) 5 |

: I ' ]
K. ODAKA and A. SUGAMOTO —I U= i, 8

IZ | suPeRKAMIOKANDE i f‘\ T - g |




Beginning of the Super-Kamiokande collaboration between Japan

and USA

@ Institute for
Cosmic Ray
Research, 1992

Y. Suzuki

W. Kropp

/v. .

N

Y. Totsuka

Sobel a

H.

J.Arafune®
J. Ston®  {ICRR dirf'ctjo )
| - o

N




Construct/ng the Super-Kamlokande detector (sprlng 1995)
e b
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g water in Super-Kamiokande
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Discovery of atmospheric neutrino oscillations

20



What will happen if the v, deficit is due to neutrino oscillations

V/Cosmic ray

Not long enyugl;v/’/\
fto ostillate y

=
H
=4

Down-going

o
@

(v, remainv )
g
[ - ]

>
x
S
O
O
@
bk
| O

ol
>

Up-going

-
bo

100 1000 104
L(km) for 1GeV neutrinos

A deficit of upward going v,'s should be observed!
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Appendix: Zenith angle distribution from Kamiokande (1994)

Kamiokande Phys. Lett. B 335, 237 (1994)

_ / Cosmic ray Mutti-GeV
Not long en?ugly’/l \
fto ostillate /

-

N 4

\Long enoughis £
~to oscillate <
rFd ,’,S o “

»

Up

Deficit of upward Down
going v, events?

-~1 O 1

f COS(zenith) ‘

Up-going Down-going

=0.58"1; (2.90)

Number of Events

Conclusion: the data suggested something interesting. But the data
statistics were not large enough. Much larger detector needed.
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Fully automated analysis

*One of the limitation of the Kamiokande’s analysis was the necessity of the event scanning
for all data and Monte Carlo events, due to no satisfactory ring identification software.

: : Hough transformation
Multi Cherenkov ring event : 0
+ maximum likelihood

Q Super Kamiokande | 1489.2 days
) LA AL BLELELELE NLELELELE BLELEL L BN
450
________ single ring <€<—4+——= multiring
AV S

CCQE

E CC Single =
* ccDis
* CC Coherent =
* Ene

-----

111111111

® 1031-1036
® 1036-1041
® 1041-1046

>1046

500 1000 1500 2000

Times (ns)




Event type and neutrino energy

600 |-
w 400
% : anny
) ) T 2000/
1 ring u-like o :
° . unl
Q
- A60
140

120
100
80
60
40

Event

1 ring e-like g

20

-1
10

Upward stopping p
Upward through-going

\

E, (GeV)

All these events are used in the analysis.

e Partially
&8 contained

nlokande
rent 76788639
148




Evidence for neutrino oscillations (Super-Kamiokande @Neutrino ’98)

Zenith angle _dep

endence

Number of Events
-+
o

N
o

N
o
o

2

ey
(4]
o

Number of Events
o
o

[3)]
o

0

(2]
o
T

o
T T 1

(6.20° 7

!

O os® !

Y. Fukuda et al., PRL 81 (1998) 1562

_Summary_
Evidence ](or l/u oscillations
Vo> Ve B).CL
:_\ 1= —F ¢ & & p-&me & § % o
-
\QJ/ -
§ 10 -
W ! Ko
10-210-2% _ contain

Super-Kamiokande concluded that the
observed zenith angle dependent

deficit (and the other supporting data)
gave evidence for neutrino oscillations.

— Il LYV ‘



Neutrino oscillation studies

Various atmospheric neutrino and accelerator based long baseline neutrino
oscillation experiment have been studying neutrino oscillations in detail.

2SASRTNIR N

IceCube
ANTARES




Contribution to the discovery of solar neutrino
oscillations



Results from solar neutrino experiments (before ~2000)

[—
[\

Theory

S & @9
o =

Rgtio to SSM Prediction (BP04)
)

==l

O
S

= 19 - Gallium — Chlorine > SuperK

Iw 10 T T T L II T T T T ) I I

(]

|

g Bahcall et al.

@ 1010 1%

2 L \

H -------- e

= 108 T e

—_ = B> : -— pep

L +10% | | | +£15%

Y - e -

= 108 ) N +20%

T = | |_-%B—-16%

] X

g 10t — 1

= |

2 | =

T 102 P

> /'//l

§ LT | : L 1 Lol ]

= 0.1 0.2 0.5 1 2 5 10 20
Neutrino energy (MeV)

Solar neutrino experiments in the 80’s
and 90’s confirmed the deficit of solar

neutrinos.




Unique signatures of heavy water (D,0) experiments

Herbert Chen, PRL 55, 1534 (1985)
“Direct Approach to Resolve the Solar-neutrino Problem”

A direct approach to resolve the solar-neutrino
problem would be to observe neutrinos by use of both
neutral-current and charged-current reactions. Then,

the total neutrino flux and the electron-neutrino flux Ve "”":h o eloct
would be separately determined to provide °

\
neutrino deuteron \ ®

Charged-Current

independent tests of the neutrino-oscillation ® protons
hypothesis and the standard solar model. A large

. . Neutral-Current
heavy-water Cherenkov detector, sensitive to neutrinos *
from B decay via the neutral-curent reaction & / @
v+d—>v+p+n and the charged-current reaction y o \® neutron
v +d—>e+p+p, is suggested for this purpose. oroton



SNO detector

Gabbro ve
"
-
s Taww
S|MEmitkisiv AR

1000 ton of
heavy water




3 neutron detection methods (for vd = von measurement)

Phase | (D,0) Phase Il (salt) Phase 11l (?He)
Nov. 99 - May 01 July 01 - Sep. 03 Nov. 04-Dec. 06
n captures on 2 tonnes of NaCl 400 m of proportional
’H(n, v)*H n captures on counters
Eff. ~14.4% 35CI(n, y)36Cl SHe(n, p)*H
Eff. ~40% Effc. ~ 30% capture
35Cl+n
2H+n 8.6 MeV
—T 06.25 MeV \
3H X

36C|




Initial evidence for solar neutrino oscillations

SNO PRL 87 (2001) 071301

, (SK PRL. 86 (201) 5651.)
d(v,) (relative to BPBOI)

OSNO: v, +d P p+p+e 0 02 04 06 08 1 12

(only sensitive to v,) 8- o= v, + 0154 o, [0
= 1.75+/- 0.07 +0.12/-0.11 ] 1.4
*106 /cm?/sec ~ 67" 12 2
DI -1 E
5SS SK+SNO ] o
®SK: v+e 2 v+e (mostly = 4] 0, . 08 2
sensitive to v,. but has ~1/7 g '; o jlﬁ =
sensitivity to v, and v,) 2- Bl
=> 2.32 +/- 0.03 +0.08/-0.07 | 02
*¥10% /cm?/sec o+ = N P

3.3 ¢ evidence for
non-zero v, + v_ flux

(assuming v, only)




Evidence for solar neutrino oscillations

‘_./'\
IC/)
Q
Q
=
—_ 5
X
A
l_)
3
=

SNO PRL 89 (2002) 011301
(A plot based on the SNO PRC 72, 055502 (2005)

salt-phase data)

~
Y
~
S .
~

BSO05

----- Dosyy 68% C.L.

~
S e
..
~

— (I)lLlT 68%, 95%, 99% C.L.

S~
~
~
Y
~

~~~~~~~ . Three (or four) different
measurements intersect at

Sy
S e
~

~
~.~
o

3 a point.
T }SSM v Evidence for (v,+v) f
NC L. 68%CL vidence jor (v, V) Jlux

B 620 68% L.

> 50,
-¢f’§§ 68% C.L. (>30)

OO

mey Rl SNO NC
o, (x 10 cm2 SN 530/,CL
SNO CC B SNO ES SK ES

68%CL 68%CL 68%CL




Some recent results from Super-kamiokande (non-
accelerator results)



Detecting tau neutrinos

If the oscillations are between v, and v, one Super-K, PRD 98 (2018) 5, 052006

]
should be able to observe v_’s. [ 18G after fi

Tau after fit
@® Data

300

+i4-

Tau-like 7

O —33 0 0.5 1
Times (ns) C OSO
It is not possible for Super-K to identify v_ events
by an event by event bases. = Statistical analysis
Y Y y T-appearance at 4.6c (consistent with OPERA)

knowing that v_'s are upward-going only.
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Studying neutrino mass ordering

Neutrino mass hierarchy?

P(v,2V,) and P(anti-v,2anti-v,)

. normal inverted
O s I for normal hierarchy
k! 2
: v, .
£ £-02
3 £ Vo3
: £
3 g'J -0.4
| v, — @ s
n o
v T v I g
-~ 0.
SR TT
@ T -0.9
1 1 10 _ R (. 10 SN ()
Ev(GeV) Ev(GeV)

Inv. hierarchy: v €= anti-v




Mass ordering and CP violation measurements @Neutrino 2022

Super-K atmospheric

20

15

L B L
—— SK -V Expanded FV data fit

- = MC expectation

I Inverted
I Normal

Linyan Wan (Super-K collab) neutrino 2022

Ay? (Inverted-Normal) = 5.8
(larger than expected...)
and

Some preferred o, range
(around d.p = -1/2)

(By combining with T2K the result is
more impressive.)




Solar neutrino oscillations: further confirmation of the MSW effect

Borexino, PRL 101, 091302 (2008), PRD 82 (2010) 033006, PRL 108, 051302 (2012),
Nature 512, 383 (2014), PRD 89, 112007 (2014), Nature 562 (2018) 7728, 505-510

MSW prediction
DR — ]
- Borexino -
07| —
ﬂ_e:— 'Be =

= =

Cad -
IIII|IIII|IIII|

B - s
IIII|III|IIII|

02t————— et
1 10
Oscillations (in matter) occur in the Earth Neutrino energy (MeV)
=>» day-night flux difference (night flux probability depends on the neutrino energy.
higher) =» Day-night effect should be =>» Flux upturn should be observed for low-

observed.) energy part of the 8B solar neutrinos.
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Precise solar neutrino measurements: Day-night effect

Y. Koshio, talk at Neutrino 2022
sin“0,,=0.304 sin“6,,=0.025

SK-I SK-[] SK-II[ SK-]V ;\? 1:I T L |tjl I T | L | L | L | T T | L | L [ {
S oI L T > | i KamLAND preferred .
Z = E b %é I :
()] = _ — ol —
R | l = £ . .
e E 3 7 - © expected —
> | 1 = ¢ 3 -
S i ER T —_—
W b [ 1 Z L , ]
c'>c~ = 4 0O i i Fit SK data with error -
() -?f— _f ' - —_ /
b, (Bolar Best fith -
1 1.5 2 25 ] 3.5 =
SK Phase P ]
: | | | | | | | | | | | | | | | | | | | | | | | | | | | _l
Significance of D/N asymmetry: 0 1B e et

3.2 0 for Solar Best fit
310 for Global Best fit The observed day-night asymmetry is slightly larger

than the expected value for the KamLAND Am_,2.



Precise solar neutrino measurements: spectrum

0.62

0.6

0.58

0.56

0.54

Data/MC(unoscillated)

0.5

0.48

0.46

0.44

0.42

0.592 1

SK-I/1II/1II/IV Recoil Electron Spectrum

N L L L L B L BRI BRI
Data (statistically merged)

SK+SNO best fit expectation

KamLAND best fit expectation

Quadratic fit
Exponential fit
Cubic fit

Preliminafy

Y. Koshio, talk at Neutrino 2022

The data (finally) slightly
favor the up-turn!
(More data needed.)




Future
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Super-Kamiokande upgrade (SK-Gd)

Diffuse Supernova Neutrino Background Sianal: anti-v. +p = e* + 1
2lgnhail. anti-v, +p =2 € +n
(DSNB) <

ldea: coincidence of prompt (e*)
and delayed (n) signals to reduce
the non-anti-v, events.

N (Neutron)

T

J. Beacom and M. Vagins, PRL 93 (2004) 171101
42



Neutron capture efficiency

G 100% R - e :
s | —
o 80% A B S i
2 |
s 60% | | :
O j
a0%
: o
200 [t gl gl L :
i >
~
o
0.0001% 0.001% 0.01% 0.1% 1%

M. Vagins, talk at Neutrino 2022

— 132 tons =2 ~90%

(ultimate goal)

40 tons 2 ~75%
(in 2022!)

__ 13.2 tons of Gd,(SO,),*8H,0

In 50 ktons water
- ~50% capture on gadolinium
(since 2020)

Gd In water



DSNB: Predictions and SK-Gd sensitivity cK PRD 104, 122002 (2001)
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SK-Gd will test several predictions

by the end of JFY 2027.



Hyper-K as a natural extension of water Ch. detectors

awa Kamiokande & IMB

o Neutrinos from SN1987A
Atmospheric neutrino deficit
Solar neutrino (Kam)

Super-K
Atmospheric neutrino oscillation

- Solar neutrino oscillation with SNO
P Far detector for K2K and T2K




Hyper-K

About 8 times larger (in the
fiducial mass) than Super-K.
Many important research
topics in neutrino physics and
astrophysics.

The construction started in

2020.
The experiment will start in
~2027!

Hyper-Kamiokande collaboration:
~500 members from 20 countries.




Hyper-K location

Mt. lkeno-yama ’ 1000 m N v’ ~8km south of Super-K.
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CP violation

v"We would like to know if neutrinos are related to the origin of the matter in the
Universe.

v"We would like to observe if neutrino oscillations of neutrinos and those of anti-
neutrinos are different. = We need the next generation long baseline experiments
with much higher performance neutrino detectors.

o\ A g Hyper-
Beail;fand near complex KamIOkande

A, ¢

/A

(Several other possibilities...)




CP violation sensitivity

DUNE
(Nu2022, M. Muether)

- DUNE Sensitivity s 336 kt-MW-years
12— All Systematics - 624 kt-MW-years
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=» Both experiments have very high sensitivities!
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(Hyper-K design report

arXiv: 1805.04163) rm—

10
|

~
T8
o

Kamiokande

- Normal mass hierarchy HK 1tank 10years
= EiI'IEEE13:ﬂ.1
- 5in°0,4=0.5

(150 100 50 0 50 100 150



Hyper-K solar neutrino measurements

Day-night asymmetry sensitivity
(From no Day-Night asymmetry)
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DUNE arXiv:1601.05471

Proton decay sensitivities HK aniv:1805.04163v1

JUNO arXiv:1507.05613
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Key plots for confirming p = e 7 °

(Hyper-K, arXiv:1805.04163v1)
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* Kamiokade observed Supernova neutrinos, atmospheric v, deficit and
confirmed solar v, deficit. These results gave strong motivation for the
construction of Super-Kamiokande.

* In 1998, Super-Kamiokande discovered atmospheric neutrino oscillations.

* Precise solar neutrino studies in Super-K contributed to the discovery of solar
v, oscillations.

* Since then, Super-Kamiokande has been contributing to the studies of
neutrino oscillations.

* It is already more than 25 years since the beginning of the Super-Kamiokande
experiment. Super-K is still improving the detector to observe anti-v_’s from
the Diffuse Supernova Neutrino Background.

* Now, Hyper-K is under construction as the successor of Super-Kamiokande.



