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Far Det.

Off-axis beam T2/K

— i 6
Horns
] Off axis:
sin“20,,= 1.0 ; > Off-axis optimises the flux at the maximum of the
sin*20,,=0.1 1 s
A =24 % 10°6V? oscillation. - | |
. > Only one oscillation maximum can be measured at a fixed
— NH, 3, =0 —-1H, 8, =0 distance.
—NH,$ ., =n/2 —-1IH,8,., =m/2

* Y CP * Y CP

> Narrow beam less dependent on beam uncertainties but
more on beam pointing.
> Lower energies achieved.

Hit OA 0.0° - .
4 OA 2.0° . On axis:
R OA2S ] > On-axis optimises the total integrated flux.

T 1 » Spectrum with higher neutrino energy (longer oscillation
- distances)
| > If broad enough, more than one oscillation maximum can

be measured at a fixed distance.
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Far detector: Super-Kamiokande
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T2K results
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T2K 2020 Results

T2K Run 1-10 Preliminary
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V, appearance

15 candidate electron antineutrino events with a background
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CP violation phase
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v./V, Systematic
Uncertainty

Sample r-mode Events|-mode Events

Single Electron| 75 (74.8)
Charged Pion 15 (7.0)

v./V, Systematic

15 (17.2)
N/A

Type of Uncertainty v. (i Gandidate Relative Uncertainty (%)
Super-k Detector Model 1.5
Pion Final State Interaction and Rescattering Model 1.6
Neulrino Production and Interaction Model Constrained by ND280 Data 27
Electron Neutring and Antinautring Interaction Model 3.0
Mucleon Removal Energy in Interaction Model 3.7
Modeling of Neutral Current Interactions with Single - Production 1.5
Modeling of Other Meutral Current Interactions 0.2
Total Systematic Uncertainty 6.0
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CP violation phase T2\

T2K result excludes most of the dcp>0 values @ 99.7% CL

CP phase

O°ﬁ CP symmetric

CP Violation
Plyvg2v.) Pl v,)

>36(99.7%)

_90° 490°

CP Violation

P> 7e) >0~ ve)

Not a discovery, but the first step in the long path towards the measurement of leptonic CP violation
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Next steps and beyond



ND280 upgrade plan for T2K ,.I__Zﬁz\

* Large angle acceptance to constrain neutrino interaction models
* Measurement of short tracks to identify non-QE, NC y etc.

S

Improve S FGD
: uper
reconstruction of ( .p " er) - . o
scintillator target tracker S o9f uons in or =
hadron (short) tracks 93 ~oM cugbes ~&0k ch g o stopping in SuperFGD ___ ———
- 7 Vi [} R N e SR g e
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g N 06— s
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; asbE- - Muonsin __
0af- g -+  TPC only
02 02 _“:t_'__'_"‘_.__,_ —  Present muon
g TOF 01 —_ selection in ND280
: True Proton Momentum (MeV/c) ;‘ | iéel | ‘016‘ | ;(;'41 | ‘(;2‘ g ‘012‘ ‘ ‘0‘4 e t;u‘:'a(;ols‘e]

* Enlarging phase space of CC-Inclusive events will reduce the flux+xsec systematic uncertainties by 30-40%
» ToF detectors precisely determine the track direction and reject the Out-of-Fiducial Volume events (<1%)
* Increase events by 15-20% with detection muons (>90% efficiency, <3% momentum resolution)
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New Horizontal TPCs whit Resistive MM readout

INFN: HATPC Field Cages

— Exploded view of half FIELD CAGE

all around the mold

B
\ Honeycomb (HC) panels
s
> essentially the wall core

A highly segmented scintillator
active target (SuperFGD)

Two new High-Angle
TPCs (HA-TPC)

Prototype at CERN
— T2K lab facility
@ Neutrino
Platform Area




SK Gadolinium

SK Gadolinium project

YV V.V V V VY

enhance neutron detection
improve low-energy ve detection (non-T2K goal)

may provide wrong-sign background constraint in ve

more data samples
Leak repairs to SK tank finished in 2019
Load Gd2(SO4)s3in stages up to 0.2%.

100
=90 : .
S First loading:
£
370
E
= 60
Q50
o
- 40
o
o 30
P
220
(=8
@ 10

Final target

0.0002 0.002 0.02 0.2
Gadolinium sulfate concentration [%6]

SKGd will be ready for T2K beam by January 2021

i

AT%B.Op&:;; Vert.i:ces: within 50cm
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Beam upgrade

T2K-Il Target POT (Protons-On-Target)

— 40 — —/]40
= - S~
Muon Monitor Horn ‘ Beam monitors §1400_13MW MR RF upgrade :35 E :35
Si array 7 = ‘ ' I PR "% 4
+IC array 05'1200 . T~
' - ,~—30 C© —30
§ N MR Power Supply t{pgréde = 2 % ]
. 000 P 42 9
Super-Conducting §1 - des L s
Magnets i 12 4
e 2 C o A - a -
- ‘. ¢ P 600 | 30 CPVfor SF’?’?GQfG-S;an:'E & / =
to Super-K ‘ - 18 I
- 15 3
N 4007 —10 E —J10
L N, . ]
g N 200 —5 —Jos
= 3 N\ ] .
Near detector ; \ 7] g ! | | ! o= ]
\ 0 : : : ' : : 0 —oo
(at 280m from target) DCyVOlum Target “, 2016 2018 2020 2022 2024 2026 2028 2030
N : : \ l 30GeV Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.
""’I::" H MR
/ v Aim 1.3 MW by upgrading the main ring
i accelerator and neutrino beamline.
Gggghr:fﬁzizx Helium cooling 1} v’ Further ~7% increase by horn current 250 kA
proton beam - 320 kA

Upgrade of MR main power supply, RF and collimators
Upgrade of neutrino beamline

New beam monitors

Reinforcing cooling capability (target, horn, ....)

YV V V V

By 2022 from 550kW to >750kW with double repetition rate
— before 2027: 3o CPV sensitivity expected (>10x102! POT) in
case of maximal CPV
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3rd generation underground water Cherenkov detector in Kamioka

Kamiokande
(1983-1996)

* Atmospheric and solar
neutrino “anomaly”
* Supernova 1987A

Birth of neutrino astrophysics

Super-Kamiokande Hyper-Kamiokande

(1996 - ongoing) (start operation in 2027)

* Extended search for proton decay
Precision measurement of neutrino
oscillation including CPV and MO
* Neutrino astrophysics

Discovery of neutrino oscillations Explore new physics

* Proton decay: world best-limit
« Neutrino oscillation (atm/solar/LBL) °
» All mixing angles and Am?s
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The Hyper-Kamiokande project is officially approved

2020 February : First year construction budget approved by Japanese Diet
2020 May: Univ. of Tokyo President and KEK Director General sighned MOU

KEK will upgrade and operate
the J-PARC accelerator to produce
a high-intensity neutrino beam

The University of Tokyo will
construct and operate
the Hyper-Kamiokande detector

Hyper-K is under construction
Operation will begin in 2027
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Hyper-Kamiokande

Near detectors J-PARC upgrade:

Excavated rock # Mt. Nijyugo-yama

disposal site

-----

» Hyper-K detector will be built with 8.4 times larger fiducial
mass (190 kiloton) than Super-K and will be instrumented

with double-sensitivity PMTs.
» J-PARC neutrino beam will be upgraded from 0.5 to 1.3 MW

x8 Natural Neutrino Rate and x20 Accelerator Neutrino Rate
New and upgraded near detectors to control systematic errors

19 countries, 90 institutes, R | L s A

O Bl B L] [ =R B[S +




Photodetectors for Hyper-K

Requirements
Wide dynamic range

High time&charge resolutions, high detection efficiency, ..

~nsec time resolution
low background

Clear photon counting,
High rate tolerance

multi-PMT

About 7,000 PMTs IO.h‘LtoQ
for Outer Veto Detector coverage

New high-QE 20" Box&Line PMT

x2 high pressure bearing for 60
m depth

x2 high detection efficiency
and half time&charge

resolutions
compared to Super-K PMT
(up to ~40m depth)

Multi-PMT

Photodetectors and electronics
arranged inside a pressure resistent
vessel

Increased granularity
enhanced event reconstruction, in
particular for multi-ring events

for 1 tank

188 kt

Fiducial volume:

Baseline option
40,000 20” PMTs
Alternative option:

\ 50% 20" PMTs and mPMTs )

~
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Intermediate water Cherenkov detector (IWCD)

* lkton scale water Cherenkov detector at ~1km baseline
* Detector can vertically move = measurement at different off-axis angles
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v-int. measurement by off-axis scanning

Ve Cross section (3-5% for a(v,) /o (v,), 0(ve) /o (v,) )

NC and intrinsic v, BG measurement (3-4%)

Neutron multiplicity with Gd loading

Linear sum to make

monochromatic energy
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Statistical Error
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Detector R&D for Hyper-Kamiokande

Multi-PMT module:
(ref. KM3NeT)

High resolution Cherenkov ring
1imaging essential for IWCD
Consider to use for part of HK

20-inch MCP PMT:
Test in dark room

IWCD similation

- mPMT in Memphyno Box&Llne PMT in Super-
Electronics at INFN  water tank in France
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Precision measurement of neutrino oscillations

Syst. errors (T2K 2016 + improvements for Hyper-K) 5Cp

Significance to CP violation Fraction of 6Cp to exclude sin 6Cp =0 Precision of 5Cp measurement
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summary

Neutrino oscillations are a powerful laboratory to look for the New Physics hidden behind the neutrino masses
— What is the New Symmetry hidden behind the mass and flavour mixing?
— Search of CP violation in the leptonic sector: related with matter/antimatter asymmetry in the Universe

T2K: First 3o limits on 46% (65%) of the ., values in Normal (Inverted) Ordering
= Atmospheric angle close to maximal.

= Rejected 6, >0 with 99.7% C.L.

= Mild preference for normal hierarchy

Exciting future plans
= ND280 Upgrade
= SK-Gd
= Hyper-Kamiokande
> officially approved in Japan

> under construction; operation in 2027
> International R&D is actively ongoing to improve the physics potential
> New collaborators are welcome to contribute to the detectors and the pioneering physics!



Thank you!



