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2016 Breakthrough Prize

e More than 1300 Laureates,

— including 7 leaders

* T. Kajita, Y. Suzuki, A. MacDonald, A. Suzuki, K. Nishikawa, Y.
Wang, K.B. Luk

— from 5 experiments
* Super-K, SNO, KamLAND, K2K/T2K, Daya Bay
— 141 Laureates for Super-Kamiokande from ‘98
(atmospherics) and 2001 (Solar) papers
* (Citation:

For the fundamental discovery of neutrino
oscillations, revealing a new frontier beyond, and
possibly far beyond, the standard model of particle
physics.
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Pre-history of Super-Kamiokande

Super-Kamiokande is a kind of continuation of the
Kamiokande (KM) experiment

1974, George and Glashow, SU(5) GUT

— “It also predicts that the proton decays----but with an
unknown and adjustable rate”

Later papers: Proton decay = 103%+/-2 years

Realized 1000 ton detector could reach ~1032 years
that motivated people to look for proton decay in a
significant way.

1979: Koshiba and his colleagues proposed 1000 tons
water Cherenkov detector (KamiokaNDE)

— KEK report 79-18




Kamiokande

e 1982: KamiokaNDE funded [operation:1983-1996]

— scientific objects in the proposal: proton decay, neutrino
oscillation by atmospheric neutrinos, SN neutrino burst.

— Initially solar neutrino was not strongly mentioned

* Since they did not expect that the
threshold would become low
enough to observe solar neutrinos.

Total: 3000 tons
16m high, 15.6m diameter
Inner: 2140 tons

948 20-in PMTs
Fid. 680 tons for solar v
Photo-coverage: 20%
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Two Proposals in 1984

1983: KM started

— Observed u decay electrons down to 15 MeV
* Realized lowering the threshold to 10 MeV
- solar neutrino measurements possible

1984: ICOBANS84 (Park City, Maryland): 2 talks

-

.

22. 22-kton Water Cherenkov Detector (jack)
Kamiokande Collaboration (M. Koshiba for the collaboration). 1985. 17 pp.

23. Kamioka Nucleon Decay Experiment. (transparencies Only)
M. Koshiba (Tokyo U., ICRR & KEK, Tsukuba & Niigata U.) et al.. 1985.

v

— Latest results of KM = upgrade plan of KM to measure
solar neutrinos (KM-IlI).

— Proposal of 22.5 kton detector called JACK
(Japan America Collaboration at Kamioka)
Later called Super-Kamiokande !!!

=» Asking new collaborators for both!



Kamiokande-I|

* For the upgrade of Kamiokande detector

— Penn Group (Al Mann and his colleagues) joined
KM w/timing electronics

— KM-Il formed

e 1987: KM-II started

~ SN1987A ]
(Kamiokande) |
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Two Early Hints from KM-I|

e 1988: atmospheric R= (Obs./MC)p-like = 59+7% (stat.)

neutrino anomaly LA Iike(b)
— Kamiokande E eslike T 1 K _
Observed fewer u- == [ | T 17 -
like events in - | TT%
10+ T ] - | &

atmospheric v Thidt, | b, Tkl
interactions than B s T
expected Momentum (MeV/c)

— Phys. Lett. in 1988

e 1989: solar
neutrino detection

— Confirmed the solar
neutrino deficits of
the Davis’s

experiment 1 -05 0 05 1
COS(Bsun)

O

T ‘ T T T

| (b) Ee = 10.1 MeV

EVENTS/BIN/450 DAYS




Towards Super-Kamiokande

2017/3/13

1984 ICOBANS4 (JACK)

— No interest from abroad
1986 Proposal (rev in 1987 after the
SN1987A)

— Proton decay main

— + astrophysics (due to 1987A)

— Less emphasis on atm-v (before
anomaly)

1988, Yoji Totsuka moved to ICRR, and
formed a core group to promote SK,
with also a vital participation from KEK,
and started to submit a budget
request for Super-K, very seriously
Remember

— 1988: atmospheric v anomaly,

— 1989: confirmation of solar v prob.

1991: Super-K was approved asa 5
year construction project

Title: Pre¢
cosmic I
Water C

EAKFzLya7RINSBIZES
BT AR DERER &
FH= 22— MY OB BIETE
[SUPERKAMIOKANDE]

bton decay and
neutrino search by huge
herenkov detector

Feb. 1986
Rev. Jul. 1987

$108M (for 15=¥100

Y. Suzuki @Neutel2017 in Venice
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Progress of neutrino oscillation study
during the SK construction period

* Situation of neutrino oscillation had drastically
changed even during the Super-Kamiokande
construction periods between 1991 and 1996

2017, / 3/ 13 Y. Suzuki @Neutel2017 in Venice
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Confusions in atm v in early 90’s

* Other experiments: inconsistent with the KM result
— IMB, Frejus, Nusex
e But IMB confirmed 1992

— Systematic bias (?) between Iron Calorimetry (no deficits) vs
Water Ch.

- settled 1997 by Soudan-II

Kam.(sub-GeV) o e
Kam.(multi-GeV) et 1988
IMB-3(sub-GeV) ettt 1992
IMB-3{multi-GeV) rm-l—i—
Frejus (Fe-calor.) | 700 ton H—-—H
Nusex (Fe-calor.)| 130 ton i
Soudan-2 (Fe-calor.) —— 1997
Super-K(sub-GeV) -
Super-K(multi-GeV) -

o 05 1 15

2017/3 (we)dagal (!'l] E)MC enice
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To establish the atm-v oscillation

* |n order to ‘establish’ the atmospheric neutrino anomaly as
a neutrino oscillation, it is necessary to have an evidence
which does not depend on the ‘flux calculations’

* |ndication was already seen in the zenith angle distribution
by KM in ’921(1)

Mutti-GeV

7 7 7] Kamiokande, PLB, 335 (94)237
| | mm——- v, ve (1.0, 1.8 x 102 eV?)
11 ==-- v.>v.(1.0,1.6x10%eVv?)

=

a
——
|

(u/e)pata/(u/€Mc
5

[ f.féi.}f— # ) !
!.-' e "'L'%”_‘W -1
Fi _l J

R
cos®e
This was thought as a compelling evidence for the v oscillation

- Strategy of Super-K




4 solar v experiments
and 4 solutions

e 4 experiments: Cl, KM
and
— Gallium experiments

(SAGE and GALLEX) in
early ‘90

— All showed deficits of solar
neutrinos

e 4 solutions by oscillation
hypothesis (using a flux
prediction from standar

Prediction from

a solar model m

solar neutrino flux

Obseerved

107

LMA ==--2.

SMA ===

LOW ==&

(small significaBce)

|Ji||n|10-1‘

| I |
~55%
~35%
|
5
ICE> n
H,O

= DN L
solar models) smt | (@) active N
[=V"] Bahcall-Pinsonneault SSM
o { with He and metal diffusion »
10-10 |~ 5 " N :
[ - 1 107+ EEES Combined 95% C.L. N J
[ ——- SAGE & GALLEX o ]
Kamiokande
g — == Homestake
VAC o e B B
I ] | 11107 107 19” 10" 10’
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To resolve the solar neutrino problem
smoking gun evidence

| 37Cl exp.(counts ev. #)

4 different solutions: - ,
— Different characteristics g pp;;e_v "1 PPV [Ghemaiie region
— Large Mixing Angle: 33 e Y
* No energy distortion, day/night flux §§, 110:) ol ok L H?f;"
difference) o:s ngle solution
— Small Mixing Angle: 06 /Night effect)
* Energy distortion :é g:: LMA S
— Vacuum: S 10 Lol ERIEEEEI
* Energy distortion, seasonal variation 2 os ngle solution
e Strategy for SK solar v = S o6 SMA
 Super-K can measure the energy ¢ o2 o
spectrum and time variation very & !? T I
precisely 056 VAC
— Able to determine the solution g: JV \] |
— Flux independent & compelling I B T IR

. 0.1 1 10
EVIdenCE Energy (MeV)

2017/3/13 Y. Suzuki @Neutel2017 in Venice 14



Summary of
the scientific situation before Super-K

First solar v observation
flux 0 5xSSM)

()Ee—93MeV

SN1987a

D
o

EVENTS/BIN/450 DAYS
no o
o o

D

COS(9sun)

Prediction from
a solar mode! w,

§mmmmmmmm

Obseerved
solar neutrino flux

40 T T T T
(a) ()
230-
0000009 [7-smn :
o PR T
= HARR 5
S o) = = 2 10r
|‘¥_J—15.5m;‘1 ‘
Kamiokande |
start First atmospheric v
anomaly paper
2017/3/13

Kam.(sub-GeV)
Kam.(multi-GeV) P
IMB-3(sub-GeV) N
IMB-3(multi-GeV)
Frejus (Fe-calor.) | 700 ton He—tt
Nusex (Fe-calor.) | 130 ton ——
Soudan-2 (Fe-calor) ——k
0 0.5 1 15
(P/e)dau/(“/e)mc

Y. Suzuki @Neutel2017 in Venice
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€058 Super-
Kamiokande
start
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Construction of Super-Kamiokande

e SK construction budget was approved for
JFY1991

1991 December A ground breaking ceremony

2017/3/13



Construction of Super-Kamiokande

1991 1992 1993 1994 1995 1996

Excavation

94.7 underé?ound concert
at the bottom of Super-K

Y. Suzuki @Neutel2017 in Venice




Construction of Super-Kamiokande




Start of the experiment
4

Data

)

Super-Kamiokande started
at 0:00, April-1st 1996




Super-Kamiokande (21 years old !)

50,000 tons (22,500 ton
fid.) Imaging Water
Cherenkov Detector

S

1,000 m underground

* Inner-Detector (ID)
— 11,146 50cm PMTs (40%)

e QOuter-Detector (OD)
— 1,885 20cm PMTs

e ~ 130 collaborators from 36 institutions (10 countries) as of 2017
— Japan, US, Poland, Spain, China, Korea, Canada, UK, France, Italy

2017/3/13 Y. Suzuki @Neutel2017 in Venice 20



Start of the International Collaboration
with US in 1992

H Sobel ajl K. Nishikawa™ *
B. Kr : :
2

\'f " B
|
A K. Nakamura
% | -

‘ LJJ
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Atmospheric neutrinos in SK

e SK: 22.5 kton =2 very high statistics \9<
— ~8 atmospheric v events /day:
* Very quick to reach the conclusions 0 5
— Key issue = zenith angle distribution
[1st paper] Feb.-‘98 (414days-25.5 ktyr)
“Measurement of a small atmospheric v,/v, ratio” S
(sub-GeV) R= 0.61+0.03%+0.05 am (s Gen) -
Kam.(multi-GeV) H——H
[2nd paper'l |\/|8V-‘98 %tzi (a) FC e-like gzooi (b) FC p-like + PC IMB-3(sub-GeV) P
(414days-25.5ktyr) é o ot émi_ IMB-3(multi-GeV) {E——
“Study of the atmospheric £ “= =] % | Freius 700 ton ——t
neutrino flux in the =0 = 1 Nucex 130 ton i
multi-GeV energy range” éwoi (@ Fowiike Zoo| o
(multi-GeV) [414days] “~‘ f Super-K(eab-GeV) —
R=0.66+0.06+0.08 - B Swerkmutoen| e
and | T T 0 0.5 1 1.5
Zenith angle distribution cos® coso (/) 4,/ (/e) e
2017/3/13 LL
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From: totsuka @suketto.icrr.u-tokyo.ac.jp (Yoji Totsuka)

Date: April 25, 1998 at 2:53:15 AM EDT

To: kajita@suketto.icrr.u-tokyo.ac.jp, kearns@budoe.bu.edu,
takita@oskjcc.hep.sci.osaka-u.ac.jp, shige@uhhepj.phys.hawaii.edu

Cc: sk_exe_com@suketto.icrr.u-tokyo.ac.jp
Subject: combined analysis

Hi,
Please make the following combined analyses and
present the results at the collaboration meeting

Data sets; sub-GeV atm-nu, multi-GeV atm-nu,
up-thru-mu, up-stop-m

Hypothesis; nu-mu <--> nu-tau oscillations
Parameters; delta m"2 and sin2(2theta)

Make a simultaneous fit to all the above data sets.

Obtain;
Validity of the hypothesis
Allowed region of the parameters

Overlay fitted curves of a typical set of parameters to all the

distributions (R(momentum, zenith), e(momentum, zenith),
mu(momentum, zenith), thrumu(zenith), stopmu(zenith)
stop/thru(zenith), east-west of atm-mu, etc

| want to know if we can announce that Super-K has discovered
the firm evidence for the non-zero delta mA2

Best regards,
Yoji

An email from spokesperson,
Yoiji Totsuka,

to the four conveners of

the atmospheric neutrino
analysis

dated on 25% of April

~ 2 month before NEUTRINO ‘98
at Takayama, Japan

23



Evidence @NEUTRINO’98 (June-98)

. 33 ktvr (537davs) with all the data samples
g %0 @[ o] 5 fup-p Wk rcL
Sl T Wﬂ? %. [ thru = b
"E 200 N ™™ 200 [ 3.8 - %3 3 o P Kam V?f‘:
& ,lsub-GeV | | sub-GeV | 3. Pl | o€ 1
3"’0 e-like u-like "k s
ol ] 3 ! .
117 USRS ", [ ————— o 07 o 10-210'2— E contain
s | Q@} | PO gyl ] e Stop/thru : containe
. § ==y |10 . i _WT*—* 10° w’F
RS :5 R b . S i
£ oof multiGev | 5o multi-Gevy i T :
< _ e-like . . wlikej ey 4
0-1 0 1 0-1 0 1 ;:’. 08 -o.:osg.“ 02 0 104 o!z oa 0.6 0.8 1
cosO cosO $i in? 20

Beyond The Standard Model: This Time for Real

Frank Wilczek® * F W||CzeCk Summary Talk
2Institute for Advanced Study, y
School of Natural Sciences, Olden Lane, @NEUTRINO 98
Princeton, New Jersey 08540

The value of the neutrino mass reported by the SuperK collaboration fits beautifully into the framework of
gauge theory unification. Here | justify this claim, and review the other main reasons to believe in that framework.
Supersymmetry and SO(10) symmetry are important ingredients; nucleon instability is a dramatic consequence.



e 2004: Oscillatory behavior
 2007: Tau appearance

Super- Kamlokande I- IV
306 kty
1ooo=:-o-—o-—1'-.-.q_.,_.‘___;
——
(2]
-+
-
()
> Sub-GeV e-like
L o 9775 Events
° -1 0 1
| -
© r
O
€ 400} +
=)
Z
200 F 5
Multi-GeV e-like
0 2653 Events
-1 0
2017/3/13

After the discovery

~ 20 years of data accumulatlon

Number of Events

cos zenith

Vu = Vg
Sub-GeV p-like ~*  Upstopu

0 10147 Events 0 1370 Events

-1 0 1 -1 -0.5

1 1000} 1
1000 |

Multi-GeV u-like + PC UpThrough u
0 5485 lEventS 0 5896 ‘Events

-1 0 1 -1 -0.5

saaul PR |
102 3
L/E (km/GeV)

Neural Network

10°* -1

PRI SRR |
-0.5 0

B TR
cosH

. Mass Hlerarchy & Ocp

15

10—

:— SKIH

SK'NH

Atm-v data alone

2015: official

cp

* Also used as a far detector of K2K/T2K

Y. Suzuki @Neutel2017 in Venice
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Super-K Solar v results
Two SK papers in PRL on 18t June 2001 issue (1258 days)

Paper 1: Flux measurement =g coim -
— Solar 8B and hep Neutrino € " + I
Measurements oo bt
Paper 2: Oscillation analysis o TS
— No strong spectrum LI WY
distortion S -
7] Seasonal Variation
* excluded SMA and Vacuum @ osf |
— No seasonal §W !
* exculuded Vacuum 'E'C';nmtyl f the ear : Ll ANV
=» LMA solution remained CEEEEES38858R ¢ 0% o2 10(20)1
« However, the Day/Night effect, the smoking evidence for _0.55 —
LMA, was less than 2 sigma, not sufficient to claim positive % |
evidence i} ¥
+ Akind of strange situation ! UL
« We, SK, found the solution, but needed another evidence R I E’
which was independent from the flux calculation 035 2



Evidence on 18 June, 2001

e 18-June-2001: SNO announced the discovery of
Solar Neutrino Oscillation

using
o)
— SNO: charged current =v, 35%
. o)
— SK: Electron Scattering 2v.+0.15(v +v,) 46.5%

* Found there are non-electron neutrino 3.3
components in the solar neutrinos measured on .90
the earth & _

o f 45

S 2 IS i
oS 2 S
. ) LN © N
Observation v, extraction,” = Vv o)
on the earth Sk-SNO /3 Bos
--------------- ) I=
=3 0.15xV =~ =

2| T T 'E |

g2 o ‘ > RN

U=> f % > Ve |I (_(\; Ve (L

o 0p)
°
v



Discovery of the solar neutrino
oscillation

 The first evidence of the solar neutrino oscillation
was obtained by comparing Super-K
measurement (sensitive to v, + 15% of v ) and
SNO measurement (sen5|t|ve tov,)in 2001
showing the existence of non- eIectron neutrino
components.

e Either of the results alone could not provide the
evidence.

e Super-K results, no distortion, no seasonal, small
day/night suggested the right oscillation
parameters, the Large Mixing Angle solution.



SK Solar neutrino after the discovery

e Oscillation parameters (all solar ex’s)

— Precisely determined
— Stress between KL and solar

* Observed day/night matter effect

(2.6 O)

— Flux independent

— LMA

— Also stress between KL and solar
— Need to increase statistics

* Upturn

— Need to
lower the

energy
threshold

— Achieved 3.5
MeV (K.E.)

2017/3/13

Data/MCunoscillated

05x|1

SK I/II/III/IV LMA Spectrum

0.58

o
(44
(=)

0.54
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0.5
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0.44
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T ‘ T
| 29 127 0304 Am2‘745105eV2
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IHTII Ill
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|H1|HI|IIII L
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Summary of Ups and Downs of Super-K

4 4 611 12 1 7 9 \ 4
96 |97 |98 (99 (00 (0110203 |04(05|06|07|08|09(10|1211 |12 13|14 (15|16 |17
c
SK-I £ [SK-llZarl | gISK-II SK-IV
() g}
3 g o
K2K | 8 |K2K-ll [_8 T2K = T2K
< =9 £
u_dJ ts5
- T
5 _ L= latest:
N % Atm-v
‘14 ZOCP\( & MH
Day/Night | =" §
N Sfl?%ﬁ'EAbﬁD 20 region i 1
g 10- Solar Glob‘all ay/Nigh H 10: 8
3 | p——— ;‘v

0.0 0.1 0.2 03 Os4inze12 acp
‘98 ‘01 ‘04 11 ,15
Discovery of Discovery of es e {&r detecton asjalfaddetectoidiastalfaddetecton
Atmospheric v Solar v Osc. K2K confirmed T2K indicated s di
Oscillation SK vs SNO CC . <A Indicate T2K indicated
atmospheric n osc. finite 0,5 CPV & MH
. Wl forCL bl oo T ’
~ T ! 8 §“ Eriros = 1 s :’:103'3 = SKAtm
% m g H 2 N ?sfv\égc + ode
:/ . IS "\\ * Ko v?,‘! o L gu OSCI"@tory ; 8 [ ;‘CCC 151 e 2&+¥§§ z”'e ’:A\_/d IModel ]
B ; | 2 » No oscillation behavior = ¢ | | e ]
| Kaw. § 10 . R 18 £ 2f - i
10720k Seomtan g 4 ol Oscillation ; s | oL E
SK%(on'hiv\e ¢ )] ¢ g; % 1 » F ;
"‘ r,’ L 04 : L = e : . 5 ZZ N e B e beor S S e /‘\\’\\\@\g I /’/1%
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Future of Super-K

Immediate future of Super-K Ve 5 Mo
e SKGD [identify neutron] e v
— dope 0.1% of Gd in the water @ %MGV
— measure v, interactions AT~20ps
— aim to detect SN relic neutrinos ’ Vertiees within S0em
 Schedule 100%

— Stop water leak in the tank in 2018 ‘

— Gd doping in a few years. ‘g .
Remaining issues % 60'%

— CPV, MH % o

— Proton decay O

— SN burst neutrinos 20%

— Other surprise 0%,

0.0001% 0.001%  0.01% 0.1% 1%
Gd concentration in Water

- May need Hyper-K

2017/3/13 Y. Suzuki @Neutel2017 in Venice 31



Hyper-Kamiokande

- CPV, MH
MH determination in 5 yrs
sind-p=0 exclusion

101

ormal mass hiera
i I si 3=0.1
T g
1 8

° r

6
4_
A:
0

150 -100 50 0 50 100 150
dcp [degree]

* Proton Decay
103%yrs in12yrs (e*n°)

v 10% [ o= HK 560 kton LD, 35
Y :
L] //
« SN neutrino bursts o
100k~150k events for SN at 10kpc

2017/3/13 sensitivity upytscngkT@NeuBzonm Venice 32



One more step: 10 Megaton

* TITAND-D

— proton decay
up to ~103°
years

— SN burst
every year

=> SN
Observatory

2017/3/13

TITAND

Tension Leg Platform (TLP)

Laboratory, Office, Café, Power station,
Water purification sys., Dormitory etc.

Autonomous Underwater
Vehicle (AOV)

85m

L—

A5

N

\
/| 85mx85mx105m=0.76Mt

Distance 446x96m3=0. 554Mt (fiducial)

600 m

1

Inner surface: 44800 m?

9 units = 5.0 Mt (fid.)
Placed at the depth of ~1000m

Ref:1) Y. Suzuki, hep-ex/0110005 (in 2001)
2) Y. Suzuki, in Proc. of Neutrino Oscillation in Venice,

Feb, 2006

Y. Suzuki @Neutel2017 in Venice
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Ring Imaging Water Cherenkov detectors

80's (90’s

00's [10°s |20°s |30°s |40’s

Kamiokande, IMB
(a few thousand tons)

Supernova-v:
SN1987A
Solar v problem
Atm v anomaly
2017/3/13

Super-Kamiokande Hyper-Kamiokande Multi-Megaton
(50, 000 tons) (~1Mton)

SNO (D,0)

(1000 tons)

Mass hierarchy, CPV

Atm v oscillation Supernova Relic v
Solar v oscillation Supernova v
Supernova-v ?? Proton decay

New physics ?

Y. Suzuki @Neutel2017 in Venice 3 4



Summary

* Thanks for the recognition of the results from
Super-K collaboration and we miss

Y. Totsuka, K. Kaneyuki, D. Kielczewska,

K. K. Young, W. Gajewski, M. Goldhaber,
F. Reines




