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Neutrino Oscillation Formalism
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Neutrino Sources

Cjj=COS 6,], and Sjj= sin 8,-j.

~ N - = _ o— = = < N
Lo 1 0 0 C13 0 3136_’5 ci2 S192 0 V4
vu =10 C23 S$923 0 Il 0 —819 c19 O v,
v | LO —sa3 ezl [-s13¢® 0 ez [L O 0 114,

June 8, 2021 The T2K, Super-Kamiokande, and Hyper-Kamiokande Experiments - Patrick de Perio



Neutrino Knowns and Unknowns

June 8, 2021
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T2K CP Violation Constraints
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e 2019 analysis:

o Disfavored Ocp= 0 at 30

: ) o Disfavored IO at 10
THEMIRROR e 2020 analysis slightly looser constraints
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https://www.nature.com/articles/s41586-020-2177-0
https://arxiv.org/abs/2101.03779

Building a Neutrino Beam (in Japan)
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T2K Beam Exposure and History

Total Accumulated POT for Physics

POT Total: 3.64 x 102" (v-mode : 7-mode ~ 6 :5) " yMoge Accumulatod bOT for Phocs
o v-Mode Beam Power
° V-Mode Beam Power
2020 Result ;C’:‘ :(5) guanunZ Run3Run4 ~ RunSRun6 Run7 Run8 Run9 Runl0  Runll] ()()()—%
arxiv:2101.03779 % , J3 500 5
Constraint 5§ . & 2
QO 30E 400 &
Nature 580, 339-344 = 95 & =
E -0 B 300 2
Search for CPV El- .
o~ - . ,
PRL121,171802 3 °E X% . | S
. S 105 3 8o i :
Observation of v_appearance < — - 100
PRL112.061802 3 | I/ | | 1,
. . le 1 1 1 W 1 1 [ 1 1 1 N 1 1 1 ] 1 1 1
Indication of v_ appearance 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

PRL 107, 041801 Year
e 515 kW operation achieved in 2020
e 33% increase of v-mode data since previous analysis

e Collected Run 11 data in 2021 with SK-Gd
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https://arxiv.org/abs/2101.03779
https://www.nature.com/articles/s41586-020-2177-0
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.171802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.041801

Overview: Next Generation Experiment

Hyper-Kamiokande

water equnv.i 1700 m

o

Neutrino beam

v._ B

295 km

e Bigger and more sensitive than ever
o Fiducial mass 8x Super-K
o J-PARC beam 2.5x more powerful
—  Neutrino rates 20x T2K

e Precise systematic understanding becomes
critical to the % level
o New near detectors and photon detectors

o New calibration and event reconstruction techniques
o New supporting external data
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Beam Line Upgrades Towards T2K-Il and Hyper-K

T2K-1l Target POT (Protons-On-Target)

e Increase beam power
from ~500 kW to 1.3 MW

e Many upgrades to
neutrino beamline

components

O

e [ncrease horn current
from 250 — 320 kA

10% more neutrinos and 200
reduced wrong-sign

o

Target, beam monitors, etc.

background

MR RF upgrade
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Proton Beam Monitoring: Optical Transition Radiation

e Crucial proton beam
monitoring and v
beam constraints

e New OTR installation
in spring 2022 for
T2K-Il era and beyond

o Improving calibration
systems

o New simulations
Stress testing new foils

60cm
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(4 cm diameter,
Mirror 4

tolerant camera ™1
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Concrete shielding

Mirror 2
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110cm

Iron shielding

KFDH (5 cm diameter)

to SuperK ==
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Hadron Production for Neutrino Flux Modeling: EMPHATIC

Experiment to Measure the Production of Hadrons At a Testbeam In Chicagoland

Constraints on beam and atmospheric v flux predictions
o ForT2K, SK, HK, NOvA, DUNE

At Fermilab Test Beam Facility

o 2018: Pilot run, paper finished
collaboration review

o 2020: Phase | (limited acceptance
150 mrad) — postponed to fall 2021

o 2022: Phase I,
full acceptance
400 mrad

See poster by
Bruno Ferrazzi

(Reqina)
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https://indico.cern.ch/event/985448/contributions/4295725/
https://indico.cern.ch/event/985448/contributions/4295725/
https://arxiv.org/abs/1912.08841

T2K-ND280 v Cross-Section Measurements

Charged current CC multi-nucleon

] . . (CC) quasi-elastic knockout
e v-nucleus interactions: a theoretical cooR) (2\p2h>/o
challenge that must be met by rich :ws\a P
experimental measurements ﬁ e

e Many recent T2K xsec papers, e.g.:

o CCOxn on C+O (PrD 101. 112004 (2020)) - : _
_ 1) Initial state interaction W
o v /v CCOn (PrRD 101. 112001 (2020))
W - y P
o v /v CC -Firstv, in 43 years! (JHEP 2020, 114 (2020)) = SCTTRITEE > o -~
o  CCAm+p - Nuclear effects (arxiv:2102.03346 [hep-ex])
ND280 off-axis detector e
o Active scintillator +
e See also talk by Mitchell Yu (York): passive water targets VL

o Tracking with time
projection chambers

o Magnetized for charge & 3} Hadron
momentum measurement transport P n T

o Vu/v_u CC coherent = production
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112001
https://link.springer.com/article/10.1007/JHEP10(2020)114
https://arxiv.org/abs/2102.03346
https://indico.cern.ch/event/985448/contributions/4295774/

Future of the Near Detector Suite

Current ND280
High-Angle TPCs &
=

e ND280 upgrade in 2022

o Increase phase space coverage, similar to SK
o Lower proton energy threshold and
neutron detection capability
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https://indico.cern.ch/event/981823/contributions/4295370

Future of the Near Detector Suite

e Canada-led, I*

novel off-axis IWCD = =l i7® ;imihobeam
spanning ' N A @@ZBBp;;_ i
Intermediate 2 ST a5
Water Cherenkov 4
Detector for ==~

Hyper-K e

o Handle on far detector observables’
dependence on neutrino energy

o Precise cross-section measurements on water

o See Mark Hartz's (TRIUMF) talk at TIPP

e ND280 upgrade in 2022

o Increase phase space coverage, similar to SK
o Lower proton energy threshold and
neutron detection capability
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https://indico.cern.ch/event/981823/contributions/4295370

IWCD & Hyper-K Photosensor Development

o Multi-PMT:
19 x 3” diameter
PMTs in a water-
tight vessel with
HV and electronics

e Canadian
contribution
to the IWCD

Stainless steel ring
PVC vesse

Reflector

Stainless backplate-—;.

PMT

Acrylic Dome\ =

Optical get——==

N

PMT support matri Falagp

Scintillator plate PMT base
Water-tight

Mainboard 11
~—feedthrough

Em

o ~250 out of 480 mPMTs
o Aiming for 400 from CFI 2023 for Hyper-K far detector contribution

e See talk by Luan Koerich (Regina)
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https://indico.cern.ch/event/985448/contributions/4295780

Machine Learning Event Reconstruction

e Canada leading the Water Cherenkov Machine Learning (WatChMal) consortium
o Towards a unified platform and knowledge base across many such detectors

e Improved particle classification and regression/reconstruction (in IWCD below)
e Massive processing speed-up enables multitudes of simulations
for detector design and systematics studies

e See talk by Nick Prouse (TRIUMF)
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https://indico.cern.ch/event/985448/contributions/4295792/

Super-Kamiokande - 25 Years of v and Astrophysics

T Te o oo [ o[ [ = o e lel o] [ o [ e [ [ [ [ o]

1998: discovery of atmospheric v flavor transformation

2001: discovery of solar v flavor transformation with SNO

2004 confirmation of atmospheric v oscillation by K2K

2012: first evidence

for T appearance

e 2013: first direct
indication of v osc.
matter effects

e Ongoing searches

for nucleon decay,

DM, supernovae...
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T2K-SK Single-Ring Datasets for CPV Analysis
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e Updated Super-K
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T2K-SK Multi-Ring Datasets for Future Analyses

e Second dominant interaction
channel:
e Expected to improve oscillation

parameter measurements
o E.g.~12% increase in v_signal statistics

e New BDT pushing the limits of traditional
likelihood reconstruction algorithm
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Multi-Ring Reconstruction in the Further Future

e More machine learning: panoptic segmentation
e Towards improving multi-ring & multi-GeV event

classification and reconstruction
o v mass ordering, v_appearance, J_,

(a) image (b) semantic segmentation

Observed charge Labels .
e See talk by Wojtek Fedorko (TRIUMF) First attempt on
. . . n’ decay events
o Machine Learning Applications in in IWCD:
Particle Physics: Present and Future ~80% accuracy
1 U-Net FRRN

e
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https://indico.cern.ch/event/985448/contributions/4305722/

Super-K Gadolinium Upgrade

e Improved neutron detection | coss sctr” § 100% |2 nes s SN
e More physics potentials: ““?\ ’ MoV o I o :
o Search for solar antineutrinos % rf o 1”1& 2 s s B
o Background reduction for proton decay : S 60% 132 tons of 1
o Diffuse supernova neutrino background (DSNB) S i ik ot
o Improved v/v discrimination — d.p» Mass ordering ?: 40% | 9;f%§di,’?ﬁtiﬂﬁ ol 8| 3
z Hcurrent SK status)/ @ 2| 2
e Detector refurbished in 2018 to prepare for 20% | L = =
Gd,(SO,), loading in 2020 §+1 I N B I
e Gd neutron captures observed! 0.0001%|0.001% 0.01% 0.1% 1%

e T2K Run 11 in March brings
first beam events with Gd

b
ittt
gk

counts/day

H

1
400 t

3ooGd Period}v‘ ',2.2 MeV y or 8 MeV y cascade
o Run 12 expected after T, , Pre-Gd ¢
e See also Ryosuke Akutsu’s talk: e RHETAT )
o Study of neutrons associated with T TS S N

neutrino interactions in water with the IWCD

Neutron captures after u spallation

Gd Concentration in Water
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https://indico.cern.ch/event/985448/contributions/4295753/

Novel Detector Geometry Calibration

e First underwater survey of
Super-K detector geometry
e Challenging photogrammetry
analysis ongoing
o Demonstrated with a ring of ID
barrel PMTs

e Developing new systems for
Hyper-K and IWCD

o Critical for a moving detector

Piloting atop SK- Surveying OD

P

« reconstructed PMT
reconstructed camera

# . |otginal. ML . [l
s pth’_o\\ segmented B2

. .
L

Surveylng ID e "
e See talk by Blair Jamieson (Winnipeq) and 00000 P +
poster by Michael Sekatchev (TRIUMF/UBC) Yiem)

00000
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https://indico.cern.ch/event/985448/contributions/4295781/
https://indico.cern.ch/event/985448/contributions/4297756

Precise and Comprehensive PMT Characterization

e Uncertainties in PMT response
IS @ major systematic in
water Cherenkov detectors

e (Re)Building a photosensor test
facility at TRIUMF for Super-K
and Hyper-K/IWCD

Magnetlc fleld and PMT orlentatlon survey throughout Super-K

e See talk by V. Gousy-Leblanc (UVic) and poster by S. Wlanelder (TRIUI\/IF)

Detection e mlny(( orrected)

Detection efficiency (Corrected)

PE +100 MG

PTF setup

008

111111
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https://indico.cern.ch/event/985448/contributions/4295700/
https://indico.cern.ch/event/985448/contributions/4295316/

The Water Cherenkov Test Experiment

e Prototype detector for beam test at CERN in 2023 ctonspeer | .
e mPMT pilot run and test-bed for precision calibration and ML -
e Well-understood p, e, ©*, u* particle beam from 140-1200 MeV/c ™" ?

Tank

o Control samples to constrain neutrino experiment modeling:
m Detector response: Cherenkov light emission; n* re-interactions in water
= Neutrino flux predictions: hadron production (including K not at FTBF)*  Swucue

e See talk by Matej Pavin (TRIUME)

128 mPMT modules

P Pro posal Water Cherenkov Base Plate
Aerogel Detector
o CERN-SPSC-2019-042 : Wire Chambers Threshold o
SPSC-I-254 TOF T / Shieldng (N

recommended \ ..... !n =
to CERN Research  Tareet /‘ —

Board by SPSC Permanent Sec e e,1,T,p
: Magnet (0.1 TM) vy g .
e *EOI submitted % B
(@) .
o CERN-SPSC-2021-021 :

SPSC-EOI-021 3-4m
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https://indico.cern.ch/event/985448/contributions/4295621/
http://cds.cern.ch/record/2712416?ln=en
http://cds.cern.ch/record/2712416?ln=en
http://cds.cern.ch/record/2771386
http://cds.cern.ch/record/2771386

Generations of Kamiokande

Kamiokande

HB o :
S kton -
AN
15.6 m
68 m
1983 - 1996 1996 - today (and beyond) 2027 - (and beyond)
Supernova 1987A Atmospheric v Oscillation é..» proton decay,
h _ fﬁ) _ indirect DM search,
’ \'/ ./ 2002 Physics // .| 2015 Physics more SNS,
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Hyper-K Far Site Overview

Overall plan of the entrance yard Jan 28, 2021, Kajima Corporation.
Mt. lkeno-yama , =

[ j
.SK - Batcher plant. ‘/Tunnel entrance
\ , ,

Access to electricity > L

“ i B S/ 7 Temporary bridge .
S Mt. Nijyugo -yama B = )
’¢ Ll 7 ' . (Temporary bypass road)

- /

Access tunnel \ : : _ pr— . L
(~2km) * N s s . Station for
. | : = *F Kajima.Co.

b 2o I,
~Na

h_—~
Prefectural road
//

Wastewater
e rr— treatment facility
Existing mine
- Circul/ar tunnel Main cavern tunnel (KMS)
— (dome section)

e Entrance yard, tunnel,
» and cavern conceptual
(barrel section) f?rwvtv':fer .
purification deSIgnS

Vertical shaft system
for excavated rock
transportation

3rd Approach tunnel | - Main cavern
4% Approach tunnel :
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Hyper-K Schedule

Finish all preparations within ~4.5 years from now for detector installation

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 F)(2026 FY2027 FY2028
N g _l [

Geo. Tunnel Cavem Tank
const. excavation Const.

PMT production

PMT
installa

Power—upgrade of J-PARC and Neutrino Beam-line
| | N R I
Near Detector Facility, R&D, production ND construction
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Hyper -K Concept Becoming Reality

Overall plan of the entrance yard Jan 28, 2021, Kajima Corporatlon

S T A O W Entrance yard and

P .

Batcher pIant g //Tunnéi entrance \7 - tunnel/cavem
Access to electricity > = < Tk \/ & LA . )
A5 S SRCIEEERS S excavation progressing

(Temporary: ypass %

on schedule

Wastewéter ¢
treatment facg
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May 28, 2021: Groundbreakmg Ceremony

.ap(‘ T AW
\ “"‘ f-." ﬁ' A.-A”’ Wy
'N’“ iy

A{N—b Tb/” i A

Hyper-Kamiokande Groundbreaking Ceremaony
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Rich Science with Hyper Kamlokande Design repat arKi: 180504162

B R Atmospheric
Multi-Messenger: Dark Matter R p

Supernova, GW, ... Neutrinos n+ o

Proton Decay Accelerator Neutrinos

CherenkoV gt

proton

water equlv.I 1700 m

positron
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https://arxiv.org/abs/1805.04163

Rich Science with Hyper-Kamiokande

Multi-Messenger

[arXiv:2101.05269]

p—e*a®

——e— HK 186 kton HD , 3¢
DUNE 40 kton, staged , 30
SK+SKGd 27 kton , 30

June 8, 2021

Design report: arXiv:1805.04163

: Neutrinos
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e Ongoing breadth of rich, world-leading physics: T2K(-Il), SK-Gd, Hyper-K
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Overview of T2K | SK | HK Contributions at CAP Congress

Name Title Date Time (PDT)

Nick Prouse Machine learning technigues for improving water Cherenkov event reconstruction June 7 9:45

Luan Koerich A Multi-Photomultiplier Photosensor Module for INCD/Hyper-K June 9 10:05

Michael Sekatchev Automated Feature Detgction and Camera R&D for Photogrammetry in Super-K and Future June 9 10:45
Water Cherenkov Neutrino Detectors

Skylar Wingfelder Hyper-Kamiokande Photosensor Test Facility Recommissioning and System Upgrades. June 9 10:55

Bruno Ferrazzi Optical reflectors in an ARICH detector for a hadron production experiment June 9 11:19
Super-Kamiokande PMT characterizations using artificial magnetic field and robotic

Vincent Gousy-Leblanc Ho . I Al Hing artiicl dnetict I June 10 8:45
laser-equipped arms

Ryosuke Akutsu Study of neutrons associated with neutrino interactions in water with the IWCD detector June 10 9:55

Mitchell Yu I\/Ieasurinq-the muon (anti-)n.eutrino inducgd charged-current coherent pion production June 10 10:05
cross sections on carbon using the off-axis T2K near detector

Wojtek Fedorko Machine Learning Applications in Particle Physics: Present and Future June 10 12:45

Matej Pavin Water Cherenkov Test Experiment June 10 12:45

Blair Jamieson Photogrammetry in Water Cherenkov Neutrino Detectors June 10 13:15

June 8, 2021
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https://indico.cern.ch/event/985448/contributions/4295792/
https://indico.cern.ch/event/985448/contributions/4295780/
https://indico.cern.ch/event/985448/contributions/4297756/
https://indico.cern.ch/event/985448/contributions/4297756/
https://indico.cern.ch/event/985448/contributions/4295316/
https://indico.cern.ch/event/985448/contributions/4295725/
https://indico.cern.ch/event/985448/contributions/4295700/
https://indico.cern.ch/event/985448/contributions/4295700/
https://indico.cern.ch/event/985448/contributions/4295753/
https://indico.cern.ch/event/985448/contributions/4295774/
https://indico.cern.ch/event/985448/contributions/4295774/
https://indico.cern.ch/event/985448/contributions/4305722/
https://indico.cern.ch/event/985448/contributions/4295621/
https://indico.cern.ch/event/985448/contributions/4295781/




T2K CP Violation Constraints

Antineutrino mode 1Re candidates

18

e 2019 analysis:

"T2K Runl-9¢ Preliminary
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OTR Impact

Examplie Fit to Proton Monitors for x at the Target (s=0 mm)

E 4
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-} SSEM17
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= b 3 s |
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. ‘\

Vertical Bending Magnet
< $ - 4 2 0
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Example Fit to Proton Monitors for y at the Target (s=0 mm)
‘g 4
£
[
2 s
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& 1 ' OTR
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g 1 mm Alignment Uncertainty for SSEMs
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4
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<10’

iIsurements are used to extrapolate the beam position

to reduce uncertainties

’-position uncertainty:

Extrapolation uncertainty

Without OTR | With OTR
Pos. X (mm) 0.5 0.5
Pos. Y (mm) 2.3 0.5
Angle X (mrad) 0.08 0.08
Angle Y (mrad) 0.5 0.3

The T2K, Super-Kamiokande, and Hyper-Kamiokande Experiments - Patrick de Perio




New OTR System for T2K Upgrade

900 4holes /M Stress [Mpa]" 900
e New horn for T2K upgrade era 800 |~ Shdes msuesivgd e 80
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J-PARC and Neutrino Beamline Upgrades

Hor PS urade

* Major upgrade will be planned in FY2021-2022 long shutdown

r‘f "\'; 1—- M 3 . .
: \‘ § °* Budget allocation by MEXT as requested in FY2021
‘ N * Many beamline components already produced or under
production
Y2020 | FY2021 | FY2022 ‘ FY2023 ‘ FY2024 | FY2025 ' FY2026
. 2 Cooling
Hom eic. for high rep. rate Preparation for cooling capability capability
o upgrade
; Remote Randling
New horn2 for P imary-beamline upgrade upgride

NU2 Tank Upgrade Radiation safety improvement

net Additional water 1.3MW-target defe
_disposal tank — 237

lopment

W
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T2K ND280 Upgrade

Replace POD by

o v2.0 _ .
ND28 . S = . Milestones I

+ 2018 = TDR arXiv:1901.03750

+ 2021/22 final modules

new subdetectors

+ 2022 installation

-4 2 High Angle TPCs } 1 SuperFGD - 6 ToF panels }_
90cm

Drift volume

MicroMegas

8 ERAM

Module Frame

B— New read-out concept

Novel detector concept © &= 150 ps time resolution

resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)
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T2K ND280 Upgrade

e Upgraded ND280 covering similar phase G . =]
space coverage as Super-Kamiokande g » . . .

e Significant lower energy threshold A .

e Neutron detection capability o i~ Muonsin __

.~ Current efficiency

Much better constraint on beam and better
cross section measurements!

5 08
true cos 6

g ]
L 1 £
] o | s
= l 3
w i [ T q |
0.8} ]'_ T —— ] 3
| ..
06} H S e,
o4 —— SFGD (All)
* SFGD (noYZ)
0.2} SFGD (noXZ)

= SFGD (noXY)
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True Proton Momentum (MeV/c)

R 8 & 8 § N

Current ND280 threshold: ~500MeV/c
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NuPRISM Off-axis Spanning Concept

5 of | 4.0° Off-axis Flux |
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Multi-PMTs

Improved spatial granularity and timing resolution (1.7 ns FWHM)
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T2K-SK Multi-Ring Datasets for Future Analyses
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Signal efficiency
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v, CC other ¥, CC V49 CC NC B e
Purity
7.45 11.43 0.05 5.49
9.26 2.38 0.088 1.83 '
11.86 0.732 0.011 1.76
T2K work in progress yn— 1" nn
yn-—-Il-pn
v, CC V,CC V4V, CC NC Signal
other purity
0.884 0.482 0.201 2.771

T2K work in progress

0.134 0.007 0.328 0.388
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Super-K Gadolinium Upgrade Physics Potentials

e Supernova burst

and relic v

o Separating IBD from
elastic scattering for

better direction
resolution

o Reduction of invisible

u decay-e bkg

Inverse B decay

q
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Ve p — ety

-
o

-
o
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Neutronization v+e

No oscillation

Oscillation I.H.
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0.02
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e Proton decay

o Removal of atmospheric
v backgrounds
o Towards background-free
measurement
Signal Y Bkg Y
et Al ol

e Neutrino oscillation
o Improved separation of v/v

m Reduction of beam wrong-sign bkg.

m Directionality:
v are forward
Peaked

m Full 2-body
v energy and
direction
reconstruction

g e Minig 9T.d(
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o New probe of sub-GeV oscillogram
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Near Detector Constraint of Systematic Uncertainties

e Neutrino flux and cross section models simultaneously constrained by near
detector fit

e Priors from external hadron production and neutrino interaction data, beam
monitors, and theory

Total syst uncertainty on neutrino mode 1Rp events

W R T S R AL S
Pre-ND : = Pre-ND :
| O O TTT T T2 1.0 70; i,* ]
g = %l g - ﬂl sg L U 7 Post-ND |
v — /7] -,-' =i — = -
w —|F S 0.6 > 4 — = 06 N ]
R — — 3 = .., 15
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Systematic Uncertainties

June 8, 2021

Extrapolation of constraint from
near detector isn’t perfect -
neutrino spectrum is different
because no oscillation

Additional errors from modeling
non-quasi- elastic scattering (pion
production, multi-nucleon knockout
Electron (anti)neutrino cross
section is not constrained at near
detector with 99% muon
(anti)neutrino beam

Neutral current backgrounds can
fake electron (anti)neutrino
candidates

Systematic Error Source Uncertainty on v, /. Candidates (%)
Super-K Detector Model 1.47
Pion Reinteractions 1.58
Near Detector Constrained Parameters 2.31
Nuclear Binding Energy 3.74
a(ve)/o(ve) 3.03
NC 1~ Production 1.49
Other NC Interactions 0.18
Total 5.87

Error Source

Error from near detector
constraint
Modeling of events that aren’t
quasi-elastic scattering

Electron (anti)neutrino cross
section error

Neutral current background error

Total cross section model error

% Error for CP
Violation search

1.7

2.1

3.0

1.0

4.1

Aim to reduce total error to <3% for Hy

The T2K, Super-Kamiokande, and Hyper-Kamiokande Experiments - Patrick de Perio
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Hadron Interaction Measurements in the WCTE Facility

e Pion and kaon elastic and quasi-elastic interactions (< 10 GeV/c) are important source of systematic
uncertainty in the HyperK neutrino flux prediction — no existing data

e Reconfiguring WCTE tertiary beam spectrometer for hadron interaction measurements — similar to
EMPHATIC, but kaon beam < 10 GeV/c not possible at FTBF

e Water tank can be used to identify pions and muons in the secondary beam
Expression of interest: hitp://cds.cern.ch/record/2771386

~70cm

,,,,,,,,,,,,,,,,,,,,,,,,

X SSD modules

Y SSD modules
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http://cds.cern.ch/record/2771386

Constraints on Oi;

T2K's 6, , constraint (vM — v_appearance) consistent with the much stronger constraint

from reactor experiments (v, — v_disappearance)
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Atmospheric Mixing Parameters

e World-leading measurement of e Fit with separate parameters for vu/v_PL
atmospheric parameters shows consistent results
o Slight preference for sin2923 in upper octant o Expected from CPT symmetry
Preliminary
T2K run 1-10

v-mode 1.96 x 10°' POT

%10~ T2K Preliminary %10~ v-mode 1.64 x 10°' POT
_;— T T I T T ] T T | T T T T T I T T ‘ T T I T &;‘ 3‘0 S T l T T l LI B | X | ‘ L | I T 1 T I T T 1 l o | l_
Q i i —— .
& 3 T2K run 1-10 Super-K 2020 = a2 v PErameters + Best fit
% 2 + Best fits ]| ~ T — v, parameters ---68% C.L 3
2 | —=NOvA 2020 IceCube 2017 1 o E . embey i i =
as 28 °E 28 [ Joint v, + v, analysis —90% C.L. ]
g - 1 < E 9
< ] y 27F :
2.6 - E : :
- i g 26 F ]
241 o5 :
22f \ ' ] 24 -
90% C L. 23 F .
Al Normal ordering | - .
“l 1y L | L il L L L | b L I 2 2 il P e TR | i il | B | P . | YN e
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v_ Vs v_ Appearance

e Bi-event plot illustrates origin of data
constraints

e Best-fit ESCP around maximal
CP-violation -rt/2

Antineutrino mode e-like candidates

e \Weak preference for Normal ordering
with Bayes factor 4.2

e \Weak preference for upper octant with
Bayes factor 3.4

Mass ordering

T2K Run1-10 Preliminary
T T I T T T l T T T

|

24— " -
- ., ”
22 - ﬁ:; =
[ .\1. Sl
20— ., ]
18— . : -
L — sin‘()” =045, 0.50, 0.55, 0.60 N
16 — Am?, =2.49x10™ eV? =
F - Aml = -2.46x107 eV? -
L 0 dp=n ]
14 L m O, =+m2 ]
C 0 9,=0 :
12— @ Odpp=-m2 —
: 68% syst err. at best-fit 3]
- v Best-fit -1
10 - =e- Data (68% stat err.) 2020 -
g— 1 | 1 1 | 1 1 1 | 1 1 | 1 1 1 | 7
0 40 60 80 100 120

NO (Am3, > 0)
[0 (Am3, < 0)

Sum

Neutrino mode e-like candidates

Octant
sin®fy3 < 0.5 sin®fyy > 0.5
0.195 0.613
0.034 0.158
0.229 0.771

Sum
0.808

0.192

1.000
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Ocp/ T

1.8
1.6

1.4

1.2

0.8
0.6
04
0.2

NOVA + T2K ©9n9nd gk 4 T2K

joint fits _
atmospheric + accelerator

Comparison of released contours (not joint fit) Comparison of released contours (not joint fit)
T2K Preliminary
SEUREN R T ] e C (ERENERSS RS N EEES XS A N EE N
3 3% af —T2Krun 1-10
. — NOvA ; B K , 7
: ToK i Super-K 2020 -
- 4 [ JsQFKC N e Inverted ordering 1
:7 é —— Normal ordering ?
? + Best fit ’;
-~ 68%C.L =
E —oo%cCL
SUTEITEE. | PRI R RTINSt eeE. (,.‘.1,H|‘.‘|‘AG‘n"l"l”]"[’r'r-m7 |
837035 04 045 05 05 06 065 07 0 02 04 06 08 1 12 14 16 18 2
sin:()n 0(.,,/ 1

* Joint fits between experiments with different
oscillation bas S and ( technologies

— expect increased sensitivity in 5CP, mass ordering, 023 octant
beyond stats increase from resolved degeneracies and syst constraints

e important to understand potentially non-trivial syst. correlations between experiments

Agreements are signed between experiments and joint work ongoing. Stay tuned!
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T2K Toward 3o Evidence of CP Violation

June 8, 2021

=0

A ¥ to exclude sind_.,,

Expected sensitivity (based on older analysis)
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Neutrino Flux Spectra

Information comes from neutrinos
over ~25 orders of magnitude in energy! ;&2;3%251,'fi‘,fﬁ'iﬂ'fﬁ'?ffﬂl‘m3515,33:.'25‘zmg.swp,

e-Print: arXiv:1910.11878 [astro-ph.HE] | PDF
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https://indico.cern.ch/event/981823/contributions/4328853/

Neutrino detector masses and sensitive energy ranges
Kate Scholberg (Duke), TIPP 2021
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Neutrino Oscillation LIE Scales
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Hyper-K Far Detector Concept
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Hyper-K PMT Progress

e Initial delivery of 20,000, 50cm PMTs in Dec. 2020;
expect ~300 PMTs per month
e Inspection and long-term calibrations starting in Kamioka

PMTs for the Inner Detector

Super-K Hyper-K

Number of PMTs 11,129 50cm PMTs 20,000 50cm PMTs (JPN)
(+ additional PDs (Oversea))

HK PMTs were checked according to the pre-calibration manual

to install HK PMTs in 2018 for SK. Photo-sensitive Coverage 40 % 20%
Single photon efficiency /PMT ~12% ~24%
Dark Rate /PMT ~4 kHz (Typical) 4 kHz (Average) =
Timing resolution of 1 photon ~3 nsec ~1.5 nsec DE O
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Hyper-K Expected Event Rates

Aim to collect
~2000 v, and v_e
appearance events

in 10 years

Will measure CPV
with 3% statistical
uncertainty!

o

Controlling
systematics
becomes critical!
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Hyper-K Long-Baseline Physics
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Hyper-K Proton Decay
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Supernova Burst in Hyper-K
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Hyper-K Supernova Relic Neutrinos
SRN can be observed by HK in 10y with ~70+£17 events. It is > 40 for SRN signal.
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Hyper-K Solar Neutrinos
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https://arxiv.org/pdf/1507.05287.pdf

Hyper-K Collaboration Membership

e 19 countries,
93 institutes,
~450 people
as of May 2021,
growing
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