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It all started in Zurich, 1930
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Wolfgang Pauli

Pauli’s letter postulating the existence of neutrinos

ETHZ Professor at the time

“Dear radioactive ladies and gentlemen, …”

Explaining beta decay
Image: higgstan.com

http://higgstan.com


Neutrinos — neutral and tiny
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There are 3 types (“flavors”) of neutrinos

Cousins of electrons, but electrically neutral

Only interact with “weak interaction” of elementary particles  
— can path through the earth easily 
     mean free path ~100 light years 
     for neutrinos from Sun

Mass is ≲1 millionth of electrons (the 2nd lightest)  
— believed to be massless until 1998

Image: higgstan.com

http://higgstan.com


In Japan, 1998
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The first firm evidence for neutrino oscillations,  
which shows that neutrinos have mass
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Super-Kamiokande detector

hosted by UTokyoAtmospheric neutrinos

2015



Neutrino oscillations
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時間 (飛行距離 )

割
合

Time (or flight length) →

Fr
ac

tio
n 
→

Neutrinos change their flavors during flight

The probability of flavor change is (case of 2 types for simplicity)

sin2 (2θ) sin2 (Δm2 ×
L
E )

θ: “mixing angle” between flavors

Δm2: mass-squared difference, m22-m12

L: flight distance

E: energy of neutrino

Properties of neutrinos can be studied by measuring neutrino oscillations



ND280 Upgrade

Replacing P0D
with a set of new
high performance
detectors

New test beam for
HATPC in 2022

2 million cubes,
⇡60000 fibers for
SFGD installed,
attaching electr.

ND280 upgrade essentially enhances the detector acceptance to
access new regions of phase space when constraining ⌫ and ⌫̄
interactions for ⌫ oscillation analysis and XSecs

24 / 26

Experiments with artificial neutrino beam
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Sending a neutrino beam from J-PARC accelerator to Kamioka, 295km away

Better precision with controlled neutrino source (known L and E)

Reduction of uncertainties by measuring neutrinos before oscillation with near detectors

Select neutrino or anti-neutrino by changing setting (polarity of electromagnets)

Tokai-to-Kamioka

T2K experiment in Japan

Hyper-Kamiokande
(under construction, 2027-)

Near Detector

Upgrade (2023)

Tokyo



Matter-antimatter asymmetry in neutrinos
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CP (Charge conjugation + Parity): fundamental symmetry between particles and anti-particles

CP violation: One of necessary conditions to explain the baryon asymmetry in Universe (Sakharov)


Known in quarks (Kobayashi-Maskawa), not yet observed in leptons 

Introduced by a complex phase δCP (CP violation if sinδCP≠0) 


Can be studied by a comparison of νμ → νe appearance probabilities between neutrinos and anti-neutrinos

=

?
Anti-neutrino oscillation

Neutrino oscillation
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Data Fit  and Jarlskog (Both Ordering)δCP
•  and Jarlskog invariant credible intervals marginalized over both mass ordering. 

•CP conserving values are excluded around .
δCP

2σ

 and  posterior distributions with reactor constraint marginalized over both mass orderingδCP JCP

SK+T2K preliminary, Analysis 1 SK+T2K preliminary, Analysis 1

CP violation search: latest results
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CP conservation (δCP=0,π) outside of 90% CL region
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Motivation of the Joint Analysis
•The additional benefit of the joint fit  

•The event rate of  depends on the value of νe/ν̄e δCP

Number of T2K beam  events with different sets of oscillation parameter valuesνe/ν̄e

CP conservation 
δCP = 0,π CP violation 

δCP = − π/2

CP violation 
δCP = π/2

from Eur.Phys.J.C 83 (2023) 9, 782

T2K data

Reconstructed momentum [MeV]

0

20

40 Data

Best fit

0 200 400 600 800 1000 1200
Reconstructed momentum [MeV]

0

1

2

3Data

Best fit

10, 2022 preliminary−T2K Run 1

0

30

60

90

120

150

180

A
ng

le
 [d

eg
]

01020

Reconstructed momentum [MeV]

0
5

10 Data

Best fit

0 200 400 600 800 1000 1200
Reconstructed momentum [MeV]

0

0.2

0.4

0.6Data

Best fit

10, 2022 preliminary−T2K Run 1

0

30

60

90

120

150

180

A
ng

le
 [d

eg
]

0510

neutrino

anti-

neutrino

Electron-neutrino candidates

observed at Super-Kamiokande Neutrino beam flux estimation


Near detector measurements

Neutrino interaction models

6 samples from far detector  
(Super-Kamiokade)

T2K data favors large CP violation

Neutrino mode e-like candidates
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First hint of CP violation in the lepton sector 
→ Further study with more data and less uncertainties

T2K + Super-K atmospheric neutrinos

T2K data

NEW!!



ND280 Upgrade

Replacing P0D
with a set of new
high performance
detectors

New test beam for
HATPC in 2022

2 million cubes,
⇡60000 fibers for
SFGD installed,
attaching electr.

ND280 upgrade essentially enhances the detector acceptance to
access new regions of phase space when constraining ⌫ and ⌫̄
interactions for ⌫ oscillation analysis and XSecs
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Near Detector Upgrade for more capability
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Near Detector Upgrade

(CERN NP-07)

D.Sgalaberna(ETHZ):

proposal of SuperFGD 

group co-convener

Reconstruction and analysis of ND data
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Neutrino Event Selection (MC Study)
• Based on the final state particles reconstructed in the detector, it is not possible to identify the true interaction 

mode, instead we use topology to separate different neutrino samples, e.g. CC .0π
• Preliminary selection on  CC  sample has been developed. 


A good CC  purity (~ 94%) is achieved.


• Ongoing developments on  CC  and other neutrino samples (e.g.  CC ).


• Neutrino events simulated with NEUT.

νμ 0πNp

0π
ν̄μ 0πNn νμ 1π

Selected proton 
down to ~ 300 MeV/c

Selected pion down 
to < 100 MeV/c

Selected muon
Selected 

vertex

Time delayed track

Tag pion without track 
being reconstructed

Work in progress

 CC  sampleνμ 0πNp

 CC  sampleνμ 1π

Work in 
progress

+ Development towards Near Detectors for Hyper-Kamiokande

SuperFGD commissioning at J-PARC

Central part: Super Fine-Grained Detector (SuperFGD) 
consisting of 2,000,000 plastic scintillator cubes

Photon detection with MPPC® 

(Hamamatsu Photonics)


~56,000 channels



SuperFGD detector installed in the basket
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October 12, 2023

Bottom-HATPC

SuperFGD
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T2K ND280 Upgrade Status

Xingyu Zhao, on behalf of T2K Collaboration 
NNN23, Naples, Italy 

2023-10-13
1 A. Eguchi      SK+T2K joint analysis        NNN23 @ Procida      Wednesday, 11th October, 2023 1

Combined neutrino oscillation analysis 
between Super-Kamiokande and T2K

Aoi Eguchi (University of Tokyo) 
on behalf of Super-Kamiokande Collaboration and T2K Collaboration

Ph.D students just gave talks at an international conference last week

X.Zhao (ETHZ) A.Eguchi (U.Tokyo)



Next generation: Hyper-Kamiokande
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Proton decay

Supernova neutrinos

Solar neutrinos

J-PARC neutrino beam

𝜈 𝑒

,𝜈𝜇, �̄�𝜇 𝜈𝑒, �̄�𝑒

𝜈𝜇 ,  �̄�𝜇

𝜈𝑒 , �̄�𝑒  

𝜈?

Atmospheric
neutrinos

71m

68m

260kton total water mass

190kton fiducial mass

(Super-K: 22.5kton)



Status of construction
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Completion of the dome section (69m dia., 21m height) Oct.3, 2023

Delivery and test of 50cm diameter 

photomultiplier tubes (PMTs)


produced by Hamamatsu Photonics

>6,000 PMTs already delivered

(ICRR, University of Tokyo)



Underwater electronics for Hyper-K
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Underwater Vessel Report 
 
 
0D1 
06/09/2023 
 
A.Gendotti on behalf of FD4 Group 
 
 
 
 
 

 
 
 
 

FEE

x 24 PMTs

DigitizerHV PS

System
processor

Clock
manager

Power
converter

Sync. clock

Master
clock

PMT data etc.

Readout
system

Power
supply (PS)

Water-tight composite cable

Distributor & Concentrator

Watertight 
 vessel / feedthrough

Buffer

4 I INTRODUCTION

40,000 20-inch PMT
assumed in HK Design Report

20,000 + ? 20-inch PMT
HQE Box & Line and/or MCP PMT

? mPMT
(19 x 3-inch PMT)

+ +

FIG. 1. Conceptual drawing of photosensor configuration in Hyper-Kamiokande.

I. INTRODUCTION34

In the Design Report, physics performances with 40,000 of 20 inch PMT are described. This35

corresponds 40% photo-cathode coverage on the inner surface of the inner detector. This value is36

the same as that of the Super-Kamiokande detector (40% photo-cathode coverage with ⇠11,00037

of 20 inch PMTs), while as the photon detection e�ciency of the new HK PMT is a factor two38

better than that of SK PMT, twice more hits or number of photo-electrons (p.e.) are expected in39

Hyper-Kamiokande for the charged particles with the same energies.40

In addition to the new 20 inch PMT from Hamamatsu, use of two di↵erent types of photosensors41

are currently considered in Hyper-Kamiokande. One is 20 inch PMTs (called MCP PMT in this42

document) by North Night Vision Technology (NNVT) in China, and the other is Multi-PMT43

modules, which diameter is 20 inch in total but the module consists of 19 of 3 inch PMTs.44

This document describe the prospects of physics capabilities with di↵erent configurations of45

the photosensors, either with single type of photosensors or combination of two or three types of46

photosensors (quoted as ”hybrid option”) as shown in Fig 1. Configuration with 20,000 of 20 inch47

PMTs is considered as the minimal setup, and referred to as the benchmark in comparisons.48

Design, production, test of 
watertight vessels and power 
supplies (LV/HV)

Management of integration and 
test at CERN

Key contributions by ETHZ:

Overall coordination: Y.Hayato (ICRR, U.Tokyo)



Summary

15

Starting in 1930 (Pauli), neutrinos have been guiding us to better 
understanding of elementary particles and our universe

First evidence for neutrino oscillations (1998) by Super-Kamiokande, 
hosted by UTokyo, opened a new road for fundamental research

Now we have the first sign of CP violation in neutrino oscillations

Further progress expected by upgraded T2K and Hyper-Kamiokande

ETHZ-UTokyo collaboration has been playing leading roles in this field,  
we will continue the journey together!
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