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Neutrinos Physics

Since the first on-paper appearance as a desperate remedy proposed by W. Pauli for resolving the beta decay
issue in 1930, neutrino is still surprising physicists and is a main stream to explore the physics beyond the
Standard Model (SM). The Nobel prize in 2015 and the Breakthrough prize in 2016 are the valuable words for
the vital role of neutrino in the modern physics. After seven decades, the picture of neutrino physics is fairly
shaped. However some mysteries are still hidden at some corners. 

Brief history of neutrino physics, taken from S. Cao’s slide at "3 neutrinos and beyond" 2019 

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. 

What do we know about neutrino?

Neutrinos are one of the elementary particles which make up the Universe. They are almost similar to the more
familiar electron with one crucial exception: neutrinos do not carry electri charge. That means they are not
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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） 

• Dark Matter 
• Accelerating Universe (Dark Energy) 
• Inflation 

➡ Unknown the new energy scale!
6
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Explore New Physics



History of neutrinos in Japan
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νoscillation

νastronomy

•Supernova ν 
•Solar ν

CP

•Atmospheric ν 
•Solar ν

•6quarks
•Atmospheric ν 
•Accelerator ν



Kamioka  
3rd generation water Cherenkov detectors

Kamiokande

Birth of neutrino 
astrophysics

Super-Kamiokande

Discovery of neutrino 
oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and solar 
neutrino “anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation (atm/solar/

LBL)
➢ All mixing angles and 

∆ 𝑚2𝑠

• Extended search for proton 
decay

• Precision measurement of 
neutrino oscillation including 
CPV and MO

• Neutrino astrophysics



Neutrino Beams
Gigantic detectors with the world-most intense neutrino beam
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TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

Super-K

Hyper-K • 500 kW (today) 
• ~1MW (2023) 
• 1.3 MW (2026)

•   22.5 kton (Super-K, ~2027) 
• 190    kton (Hyper-K, 2027~)
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Super-Kamiokande
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δ～-π/2 ? δ=60°

Atmospheric  
Accelerator

Accelerator 
Reactor 
Atmospheric

Solar 
Reactor

• Unknown in Neutrino oscillations 
• Mass Hierarchy： m1 < m3   or  m1 < m3 
• CP violation： δCP

Neutrino Oscillations

xc Solar, Reactor

Atmospheric, Accelerator
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Super-Kamiokande
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https://youtu.be/KJj2PusnkaQ

https://youtu.be/KJj2PusnkaQ
https://youtu.be/KJj2PusnkaQ
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Super5Kamiokande$detector�
Upper$dome$of$Super5K�

LINAC$for$
calibra=on�

Pure$water$
target$
for$ν$and$$
p$decay$

Electronics$hut$

Control$room�

Water$and$air$
purifica=on$system$

1,000 m under the Ikenoyama-Mt. 
50 kton of pure water 
22.5 kton of fiducial mass 
~11,100 inner detector (ID) PMTs (20’’) 
1,885 outer detector (OD) PMTs (8’’) 
direction/particle ID based on pattern 

39.3m�

41.4m�
ID�

OD�

Japan�

ν
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The Super-Kamiokande Collaboration
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INFN Roma, Italy 
Kavli IPMU, The Univ. of Tokyo, Japan 
Keio University, Japan 
KEK, Japan 
King's College London, UK 
Kobe University, Japan 
Kyoto University, Japan 
University of Liverpool, UK 
LLR, Ecole polytechnique, France 
Miyagi University of Education, Japan 
ISEE, Nagoya University, Japan 
NCBJ, Poland 
Okayama University, Japan 
University of Oxford, UK 
Queen Mary University of London, UK 
Rutherford Appleton Laboratory, UK 
Seoul National University, Korea

Kamioka Observatory, ICRR, Univ. of Tokyo, Japan 
RCCN, ICRR, Univ. of Tokyo, Japan 
University Autonoma Madrid, Spain 
BC Institute of Technology, Canada 
Boston University, USA 
University of California, Irvine, USA 
California State University, USA 
Chonnam National University, Korea 
Duke University, USA 
Fukuoka Institute of Technology, Japan 
Gifu University, Japan 
GIST, Korea 
University of Hawaii, USA 
Imperial College London, UK 
INFN Bari, Italy 
INFN Napoli, Italy 
INFN Padova, Italy

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

~190 collaborators from 49 institutes in 10 countries 



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

I prepare ultrapure water 
in big tank.

When electrons 
and muons 
are traveling in water, 
Cherenkov radiations 
are generated.

I can find 20-30 neutrinos 
in a day by using 
50,000 tons of water 
and 10,000 
light sensors.

Uh-huh....

This is 
too big of 
a problem to 
understand...

I find them by 
using light sensors 
on the walls 
of my tank.

Neutrinos collide 
electrons and
nuclei in water 
molecules,
so electron 
or muon escapes.

It's my 
special 
talent!

water molecule

neutrino

electron or muon

Cherenkov
radiations
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Eyes of Super-Kamiokande
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Discovery of solar 
Q oscillation

Discovery of Q�
oscillation by 
K2K 

Discovery of Qe 
appearance by T2K

Discovery of 
atmospheric Q
oscillation

SK
Start

K2K 
start

T2K
StartDiscovery of 

oscillatory 
signature 
(atm.Q)

Discovery of QW
appearance 
(atm.Q)

Discovery of 
day/night effect

History of Discoveries at Super-K

SK-Gd
Hope more 
discoveries

by M. Nakahata@WIN2019
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MYON-
NEUTRINO

KOSMISK
STRÅLNING

ATMOSFÄR

SUPER-
KAMIOKANDE

Ljusdetektorer 
som ser Tjerenkov-
strålning.

1 000 m

Myonneutrino 
direkt från 
atmosfären.

Myonneutrino 
som passerat
genom jorden.

TJERENKOV-
STRÅLNING

SKYDDANDE 
BERG

40 m

SUPER-
KAMIOKANDE

NEUTRINER FRÅN 
KOSMISK STRÅLNING

KAMIOKA, JAPAN

Myonneutriner 
ger signaler
i vattentanken.

Illustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences
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Discovery of Neutrino Oscillation (1998)

VOLUME 81, NUMBER 8 PHY S I CA L REV I EW LE T T ER S 24 AUGUST 1998

FIG. 2. The 68%, 90%, and 99% confidence intervals are
shown for sin2 2u and Dm2 for nm $ nt two-neutrino oscil-
lations based on 33.0 kton yr of Super-Kamiokande data. The
90% confidence interval obtained by the Kamiokande experi-
ment is also shown.

case overlapped at 1 3 1023 , Dm2 , 4 3 1023 eV2

for sin2 2u ≠ 1.
As a cross-check of the above analyses, we have re-

constructed the best estimate of the ratio LyEn for each
event. The neutrino energy is estimated by applying a
correction to the final state lepton momentum. Typi-

cally, final state leptons with p , 100 MeVyc carry 65%
of the incoming neutrino energy increasing to ,85% at
p ≠ 1 GeVyc. The neutrino flight distance L is esti-
mated following Ref. [18] using the estimated neutrino
energy and the reconstructed lepton direction and flavor.
Figure 4 shows the ratio of FC data to Monte Carlo for
e-like and m-like events with p . 400 MeV as a func-
tion of LyEn , compared to the expectation for nm $ nt

oscillations with our best-fit parameters. The e-like data
show no significant variation in LyEn , while the m-like
events show a significant deficit at large LyEn . At large
LyEn , the nm have presumably undergone numerous os-
cillations and have averaged out to roughly half the
initial rate.
The asymmetry A of the e-like events in the present data

is consistent with expectations without neutrino oscilla-
tions and two-flavor ne $ nm oscillations are not favored.
This is in agreement with recent results from the CHOOZ
experiment [22]. The LSND experiment has reported the
appearance of ne in a beam of nm produced by stopped
pions [23]. The LSND results do not contradict the
present results if they are observing small mixing angles.
With the best-fit parameters for nm $ nt oscillations, we
expect a total of only 15–20 events from nt charged-
current interactions in the data sample. Using the current
sample, oscillations between nm and nt are indistinguish-
able from oscillations between nm and a noninteracting
sterile neutrino.
Figure 2 shows the Super-Kamiokande results overlaid

with the allowed region obtained by the Kamiokande

FIG. 3. Zenith angle distributions of m-like and e-like events for sub-GeV and multi-GeV data sets. Upward-going particles
have cosQ , 0 and downward-going particles have cosQ . 0. Sub-GeV data are shown separately for p , 400 MeVyc and
p . 400 MeVyc. Multi-GeV e-like distributions are shown for p , 2.5 and p . 2.5 GeVyc and the multi-GeV m-like are shown
separately for FC and PC events. The hatched region shows the Monte Carlo expectation for no oscillations normalized to the data
live time with statistical errors. The bold line is the best-fit expectation for nm $ nt oscillations with the overall flux normalization
fitted as a free parameter.

1566
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Preliminary

Latest oscillation measurements (2020)
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Super-Kamiokande Gadolinium Project (SK-Gd)
• Dissolving Gd to Super-Kamiokande to significantly enhance 

detection capability of neutrons from ν interactions


• 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


• Reducing proton decay background


• Neutrino/anti-neutrino discrimination (Long-baseline and 
atmospheric neutrinos)


• Reactor neutrino measurements


• As the first step, loading 0.02% of Gd2(SO4)3 in 2020

4

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

Initial loading 
(this year)

~50% n-capture on Gd

SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi

5

cross section 
48.89kb

8MeV

2.2MeV   J

2020.6.3 ugap2020 

Hiroyuki Sekiya                                                               TAUP2017      Sudbury                                                  July 26 2017

The Gadolinium project 
y To identify Qe p events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 Js in total 8 MeV

Ń Well above most of BG from RIs  and the SK trigger threshold

y 90% of Gd capture efficiency at 0.1% loading
y Gd2(SO4)3 was selected to dissolveЍ0.2% loading

Ń In Super-K, it corresponds to 100 tons of loading 

7

Beacom and Vagins PRL93,171101 (2004)
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by Y. Nakajima@Neutrino2020
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Tokai Kamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

•High sensitivity search for θ13

•Precision measurement of θ23, Δm2
23

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2
Thursday, August 25, 2011



Accelerator Neutrino Experiments

Proton 
Beam

π, π, π, π, Κ

Intense BeamGigantic detector
High resolution

ΦνSK(Eν）

Oscillation

ν, ν, ν, ν

ΦνND(Eν）

Credit: Super-K collaboration

TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

Credit: J-PARC
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The T2K Collaboration (2020)

~500 members, 69 Institutes, 12 countries

Asia 117

Japan 114

Vietnam 3

Americas 96

Canada 26

USA 70

Europe 262

France 40

Germany 5

Italy 24

Poland 27

Russia 19

Spain 14

Switzerland 34

UK 99

Japan
24%

Vietnam
1%

Canada
5%

USA
15%

UK
21%

Poland
6%

Spain
3%

Russia
4%

Switzerland
7%

France
8%

Germany
1%

Italy
5%

JAN 2020
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1200
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OA2.5!˚�

• 30 GeV ~2×1014 protons extracted every 2.5 sec. Secondary 
π+(and K+) focused by three electromagnetic horns
• νμ from mainly π+→μ++νμ　

•νe in the beam come from K and μ decays

• Off-axis (2.5 ˚) νµ beam  
•Intense,	low	energy	narrow-band		
•Peak	Eν	tuned	for	oscilla:on	max.	( ~0.6	GeV)	
•Reduce	BG	from	high	energy	tail	
•Small	νe	frac:on	(~1%)

Creating an (offaxis) neutrino beam 

K Mahn, Les Rencontres de Physique de la 

Vallée d'Aoste 

30 GeV protons hit a target (carbon) producing secondary mesons (π, K) which 

decay to a terOary νµ beam 

  Collected 1.43 x 1020 POT  (2% of T2K goal)    

T2K uses a novel off‐axis beam technique: 

  Off the primary neutrino beam direcOon, 
neutrino energy spectrum is narrower, 
thanks to pion decay kinemaOcs 

  Peak can be set to ~oscillaOon maximum 

  Reduces backgrounds from higher energy 
neutrino interacOons 

2012/02/27  6 

T2K ν beam

Secondary Beamline Upgrade Plans
Secondary beamline consists of:

• Target
• Horns
• Decay volume
• Muon monitors

Target + remote handling system
23 / 31

T2K 2016 νμ disappearance



• νμ disappearance 
• sin22θ23, |Δm232| 

• νe appearance 
• sin2θ23, sin22θ13, 
δCP, Δm231 

• CP violation by #νe 
• ~±20% in maximum
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ND280
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• INGRID @ on-axis (0 degree) 
• ν beam monitor [rate, direction, and 

stability] 

• ND280 @ 2.5 degree off-axis 
✦ Normalization of Neutrino Flux 
✦ Measurement of neutrino cross sections. 

•Dipole magnet w/ 0.2T 
• P0D: π0 Detector 

• FGD+TPC: Target + Particle tracking 
• EM calorimeter 
• Side-Muon-Range Detector

Near Detector @ 280m from the target



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 νe with >95% NC-1π0 rejection 

Inner tank (32 kton) :11,129 20inch PMT 
Outer tank:1,885  8inch PMT 

• Dead-time-less DAQ 
• GPS timing information is recorded  
     real-time at every accelerator spill 

T2K recorded events: All interactions 
    within a ±500µsec window centered  
    on the the neutrino arrival time.

31

39.3m

41
.4

m

Nature | www.nature.com | 3

Neutrinos are detected by observing the particles they produce when 
they interact. At neutrino energies of 0.6 GeV the dominant interac-
tion process is charged-current quasi-elastic (CCQE) scattering via the 
exchange of a W boson with a single neutron or proton bound in the 
target nucleus. In this process the neutrino (antineutrino) turns into 
a charged lepton (antilepton) of the same flavour. We are thereby able 
to identify the incoming neutrino’s flavour.

Our near detector facility consists of two detectors both located 
280 m downstream of the beam production target21. The INGRID detec-
tor23, located on the beam axis, monitors the direction and stability of 
the neutrino beam. The ND280 detector24–28 is located at the same angle 
away from the beam axis as SK, and characterizes the rate of neutrino 
interactions from the beam before oscillations have occurred, thereby 
reducing systematic errors. ND280 is magnetized so that charged lep-
tons and antileptons bend in opposite directions as they traverse the 
detector. This effect is used to measure the fraction of events in each 
beam mode that are from neutrino and antineutrino interactions. In 
this analysis, we select samples enriched in CCQE events and also sev-
eral control samples enriched in interactions from other processes, 
allowing their rates to be measured separately. Here we use ND280 data 
that include a neutrino beam exposure of 5.8 × 1020 (3.9 × 1020) protons 
hitting the T2K neutrino production target in neutrino (antineutrino) 
mode. The explanation for the smaller dataset in ND280 and its impact 
on the analysis method is described in the Methods.

SK is a 50-kt water detector instrumented with photo-multiplier tube 
light sensors29. In SK, Cherenkov light is produced as charged particles 
above a momentum threshold travel through the water. This light is 
emitted in ring patterns that are detected by the light sensors. Owing 
to their lower mass, electrons scatter much more frequently (both 
elastically and inelastically) than muons, so their Cherenkov rings are 
blurred. We use this blurring to identify the charged lepton’s flavour, 
as illustrated in Fig. 2. More information on the event reconstruction 
technique for SK data and the systematic uncertainty on SK modelling 
can be found in the Methods Section. SK is not magnetized, so there-
fore relies on ND280’s measurement of the neutrino and antineutrino 
composition of the beam in each mode.

We form five independent samples of SK events. For both neutrino- 
and antineutrino-beam mode there is a sample of events that contain 
a single muon-like ring (denoted 1µ), and a sample of events that con-
tain only a single electron-like ring (denoted 1e0de). These single-lepton 
samples are dominated by CCQE interactions. In neutrino-mode there 
is a sample containing an electron-like ring as well as the signature of 
an additional delayed electron from the decay of a charged pion and 
subsequent muon (denoted 1e1de). We do not use this sample in 
antineutrino-mode because charged pions from antineutrino interac-
tions are mostly absorbed by a nucleus before they decay. Identifying 
both muon and electron neutrino interactions in both the neutrino- and 
antineutrino-mode beams allows us to measure the probabilities for 
four oscillation channels: νµ → νµ and ν ν¯ → ¯µ µ, νµ → νe and ν ν¯ → ¯µ e.

We define a model of the expected number of neutrino events as a 
function of kinematic variables measured in our detectors with degrees 
of freedom for each of the oscillation parameters and for each source 
of systematic uncertainty. Systematic uncertainties arise in the mod-
elling of neutrino-nucleus interactions in the detector, the modelling 
of the neutrino production, and the modelling of the detector’s 
response to neutrino interaction products. Where possible, we con-
strain the model using external data. For example, the solar oscillation 
parameters, m∆ 21

2  and sin2θ12, whose values T2K is not sensitive to, are 
constrained using world average data2. While we are sensitive to sin2θ13, 
we use the combination of measurements from the Daya Bay, RENO 
and Double Chooz reactor experiments to constrain this parameter2, 
as they make a much more precise measurement than using T2K data 
alone (see Fig. 4a). We measure the oscillation parameters by doing a 
marginal likelihood fit of this model to our near and far detector data. 
We perform several analyses using both Bayesian and frequentist 

statistical paradigms. Exclusive measurements of neutrino or anti-
neutrino candidates in the near detector, one of which is shown in 
Fig. 3, strongly constrain the neutrino production and interaction 
models, reducing the uncertainty on the predicted number of events 
in the four single-lepton SK samples from 13–17% to 4–9%, depending 
on the sample. The 1e1de sample’s uncertainty is reduced from 22%  
to 19%.

A neutrino’s oscillation probability depends on its energy, as shown 
in equations (2) and (3). While the energy distribution of our neutrino 
beam is well understood, we cannot directly measure the energy of 
each incoming neutrino. Instead the neutrino’s energy must be inferred 
from the momentum and direction of the charged lepton that results 
from the interaction. This inference relies on the correct modelling 
of the nuclear physics of neutrino-nucleus interactions. Modelling 
the strong nuclear force in multi-body problems at these energies is 
not computationally tractable, so approximate theories are used30–33. 
The potential biases introduced by approximations in these theories 
constitute the largest sources of systematic uncertainties in this meas-
urement. For scale, the largest individual source contributes 7.1% of 
the overall 8.8% systematic uncertainty on the single electron-like ring 
ν-mode sample. Furthermore, as well as CCQE interactions, there are 
non-negligible contributions from interactions where additional  
particles were present in the final state but were not detected by our  
detectors. To check for bias from incorrect modelling of 
neutrino-nucleus interactions, we performed fits to simulated data 
sets generated assuming a range of different models of neutrino inter-
actions31,32. We compared the measurements of the oscillation param-
eters obtained from these fits with the measurement from a fit to 
simulated data generated assuming our default model. We observed 
no large biases in the obtained δCP best-fit values or changes in the 
interval sizes from any model tested. Biases are seen on m∆ 32

2 , and 
these have been incorporated in the analysis through an additional 
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Fig. 2 | Particle identification in the SK detector. Distribution of the particle 
identification (PID) parameter used to classify Cherenkov rings as electron-like 
and muon-like. Events to the left of the blue line are classified as electron-like 
and those to the right as muon-like. The filled histograms show the expected 
number of single ring events after neutrino oscillations, with the first and last 
bins of the distribution containing events with discriminator values below 
and above the displayed range, respectively. The vertical error bars on the data 
points represent the standard deviations due to statistical uncertainty. The PID 
algorithm uses properties of the light distribution such as the blurriness of the 
Cherenkov ring to classify events. The insets show examples of an electron-like 
(left) and muon-like (right) Cherenkov ring.



Data (proton beams) taken to date
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POT: Protons on Target



SK νμ  (and anti-νμ) event samples

Reconstructed neutrino energy [GeV]
0

2

4

6

8

10

12

14

E
ve

nt
s 

in
 b

in

µRHC 1R

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Reconstructed Neutrino Energy [GeV]
0

0.5
1

1.5
2

2.5
3

R
at

io
 to

 u
no

sc
.Reconstructed neutrino energy [GeV]

0

5

10

15

20

25

E
ve

nt
s 

in
 b

in

µFHC 1R

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Reconstructed Neutrino Energy [GeV]
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

R
at

io
 to

 u
no

sc
.

• Two samples with μ-like rings (one in ν-mode, 
one in -mode)ν̄
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ν-mode	μ-ring -mode	μ-ringν̄

318	
events

137	
events
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SK νe  (and anti-νe) event samples
• Three samples with e-like rings 
• Two with e-ring only in ν-mode and -mode targeting CC0𝜋 events 

• One with Michel electron from 𝜋 decay targeting CC1𝜋 events

ν̄
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ν-mode	e-ring -mode	e-ringν̄ ν-mode	e-ring	w/	e	from	pion	decay

94	events 16	events 14	events
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Measurements in ND280
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Oscillation Measurements in SK
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1D δCP
• 35% of values excluded at 3σ marginalized across hierarchies 

• CP conserving values (0,𝜋) excluded at 90% but 𝜋 not quite at 2σ
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θ23 and Δm322
• Data shows preference for normal hierarchy and 
upper octant 
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Posterior	probability
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Hyper-Kamiokande 
(now under construction, and operation in 2027)
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Hyper-Kamiokande Proto-Collaboration

As of June 2020

18 countries, 82 institutes, ~390 people
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Physics in  
Hyper-Kamiokande

Proton decay

Supernova 
neutrinos

Solar neutrinos

J-PARC neutrino beam

𝜈 𝑒

,𝜈𝜇, 𝜈̄𝜇 𝜈𝑒, 𝜈̄𝑒

𝜈𝜇 ,  𝜈̄𝜇

𝜈𝑒 , 𝜈̄𝑒  

𝜈?

Atmospheric
neutrinos

42



Neutrino astrophysics    -Supernova -

 at 10kpc~70k ν′ 𝑠
Modulation induced by SASI
statistical fluctuation in HK

SN direction
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Proton decay search
• One possible approach to reach GUT energy scale
• Extend proton decay search by one order of magnitude beyond the current limits

GUT

𝑝 → 𝑒+ + 𝜋0

1035 yr

3 × 1034 yr
𝑝 → 𝜈̄ + 𝐾+

After 10 years of HK 
if 𝜏 = 1.7 × 1034 years ⋯

Free proton

Bound proton



Detector R&D for Hyper-Kamiokande
Outer detector:
PMT + WLS plate  (UK)

3-inch water proof PMT PMT cover 
in Spain

ID mockup at ICRR

Sync and 
clock system
test bench at 

TokyoTech

Underwater 
electronics:

Case design and 
feedthrough



Hyper-Kamiokande schedule
46Schedule of Hyper-Kamiokande

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Access/
Cavern 
design

Cavern
excavation

Tank
const.

PMT production

PMT cases, mirrors, electronics etc.

PMT
installa

tion

Water system
Filling 
water

Operation

Upgrade of J-PARC accelerator and neutrino beamline

Near detector facility, R&D, production ND construction

Geo. 
survey

Power line to 
entrance yard

Entrance 
yard
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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 Vietnam 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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Exploration of Particle Physics and Cosmology with Neutrinos
Unification and Development of the Neutrino Science Frontier

Exploration of Particle Physics and Cosmology with Neutrinos
Unification and Development of the Neutrino Science Frontier
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ハイパーカミオカンデ

50

 73m(高さ)×70m（直径） 
 総質量：237 kton 
 有効質量：197 kton 
　(~8× Super-K) 
 光電面領域：40% 
 40,000 50cm ID PMTs 
 15,000 7.5cm OD PMTs

�4HYPER-KAMIOKANDE PROTO-COLLABORATION

International community corresponds to ~75% of the total.



多彩な物理
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加速器
(1.3MW×10years)

δ 精度 7°-22°

CPの破れ (3/5σ) 76%/58%

sin2θ23 精度 (for 0.5) ±0.017

大気(+加速器)

(10 years)

質量階層性 >3.8σ
八分円決定(3σ) |θ23-45°|>2°

陽子崩壊
(20 years)

e+π0 (3σ) 1×1035

νK̅ (3σ) 3×1034

太陽
(10 years)

昼夜効果 (from 0/from KL) 8σ/4σ
アップターン >3σ

超新星
バースト (10kpc) 54k-90k

背景 70ν’s / 10 years


