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Evolution of the Universe

The region that nucleon dec p p
10'°GeV 10°GeV 1MeV 1keV
SN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES -
Baryon number Remaining
production Dark Matter
Mixing of neutrino

The Grand Sl
: mass / the origin of
e Theoiy CP violation .

o , @ ©

I o
‘b L cl : w Theendof’ @
? H the Universe?)

Inflation

14
Supersymmetry

assunnnnnsun?®
el

Synthesis of

Energy emission heavy elements H (V]
fro pel H

from fixed stars

L EE LT TN

1 § Cannunnnn
it E i @
The birth of human beings

X .

_ : 8
380,000 1 billion Age of 13.8 billion >
years years  the Universe years 10 years

Synthesis of light elements

100 sec

H. Maruyama

Cherenkov light

Positron
Proton

Proton Decay — GUTs Matter - Antimatter Asymmetry
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Neutrino Oscillation Formalism

Flavor iy, i
Eigenstate \ 1/”>": 2 : { o, \]/1> Eigenstate
i Vi, V2,1

Superposition

(Unitary transf.)

1-
Vi Vg /B Interact as
°

- weak/flavour state
W

Propagate as mass states with relative phases

Produced as
weak/flavour state
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Neutrino Oscillation Formalism

Mixing matrix
(oscillation)
parameters

P(v, = vp)

Oscillation probability

FI \e] ik
genstate ‘1/” ‘_ E : i\ IV

Sul. rposition
(Unihny mn».;‘.)

V://Z/zﬂﬁ v mass®
\ / differences

\Including CP violating 5, terms

=4 Re (UrU,U, Uz

) sin?

i

Am;IL|

4 E

v energy
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Neutrino Knowns and Unknowns

August 17, 2021

[ 1 0 0 1 C13

=[0 co3 823 0

0 —s23 c23] | —s13€®
KNOWNS (~10 accuracy)
Am? / eV?=2.48x103 (1.3%)
om? /eV?=7.34x103 (2.2%)
sin®_, = 0.0225 (3.0%)
sin®_, = 0.303 (4.4%)
sin%),, = 0.545 (~5%)

sise | [ c12 s12 0]
0 —812 Ci2 0
Ci3 1L 0 0 ]._

Cjj = COS G,j, and s,-j=sin 9,-/-.

UNKNOWNS (>10 hints)
Dirac or Majorana
Mass ordering
Absolute mass
Dirac CP phase ¢
cp
Octant of 0,

(>36 NO)
(<sub-eV)
(1.66 CPV)
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Building a Neutrino Beam (in Japan)

r
4

o ® .. ' \
Measure oscillated e | 295 km
v beam = &
F
apan Proton Accelerator Resea omplex & Ne 0 Bes

Characterize v beam & e | Hadron | (J-PARC MR
constrain uncertainties e - oroduction
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Water Cherenkov Detector Principles

Cherenkov light

Neutrino
>J—>
v Charged
w particle
INn water [
n CCQE signal P
Photosensors -
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https://physicsopenlab.org/2016/04/24/diy-cherenkov-detector/

Generations of Kamiokande
Kamiokande Super-Kamiokande Hyper-Kamiokande

~40k PMTs
~11k PMTs
~1k PMTs
= 0.7 £
© E)
\n
15.6 m
39.3m
68 m
1983 - 1996 1996 - today (and beyond) 2027 - (and beyond)

é..» proton decay,
indirect DM search,
more SNs, ...

Atmospheric, Solar, and

Supernova 1987A accelerator (T2K) v Oscillation
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Talk Overview: Next Generation Experiment

Hyper-Kamiokande

water equnv.i 1700 m

Q

Neutrino beam

295 km

V.. .

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 from auxiliary experiments

August 17, 2021 Hyper-Kamiokande: Precision Neutrino Experiment Techniques - Patrick de Perio



Intermediate Water Cherenkov Detector (IWCD)

Novel off-axis spanning near

detector for Hyper-K
e Controlled variation of v energy
spectrum via 2-body n decay

kinematics
o  Provides handle on far detector
observables’ dependence on v energy

e Precise neutrino-nucleus interaction

CErCE

New photosensor (MPMT) development

cross-section measurements on

water
o  Confronting theoretical modeling

Stainless steel ring

PVC vessel\-

Stainless backplate——;‘

T Reflector

Acrylic Dome—___ & . PMT, 3"
Optical gel 7
PMT support matri . 75 PMT cup
Scintillator plate (‘ 4 il PMT base
Mainboard 301 Water-tight

& “— feedthrough
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Machine Learning Event Reconstruction

vents

F
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3500F

TRIUMF and Scientific Computing group leading the
Water Cherenkov Machine Learning (WatChMal) consortium

(@]

Towards a unified platform and knowledge base across many such detectors

Improved particle classification and regression/reconstruction
Massive processing speed-up enables multitudes of

simulations for detector design and systematics studies

O

~1 event/minute — ~100000 events/minute

Electron energy <1 GeV reconstruction
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Multi-Ring Reconstruction in the Future

e Panoptic segmentation: separating
and identifying overlapping rings

® TOWBI"dS |mpr0V|ng mU|t|-|"Ing & (a) imag ' (b) semantic segmentation
multi-GeV event classification and Observed charge Labels
t ti First attempt on
reconstruction 1 decay events
o v mass ordering, v_appearance, J_, in IWCD:

~80% accuracy

U-Net FRRN

o

Zenith Angle

e
2]

0.5

Cosine

=
AlllIqeqoId 8oueIRaddy

w

-0.5

L 1) 10 10% )
'E"ergy [GeV]

|
“Sub-GeV” ‘Multi-GeV
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Water Cherenkov Detector Systematics

Higher detail of information
from ML and precision
measurement of CP
violation requires <1% level
understanding of detector
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First underwater survey of
Super-K detector geometry

e Challenging
photogrammetry analysis
ongoing

o Demonstrated with a ring of
barrel PMTs

e Developing new systems for
Hyper-K and IWCD

-Surveying Inner Detector, *

Novel Detector Geometry Calibration

Surveying Outer
Piloting atop Super=K Detector

a

ML

« reconstructed PMT

segmented [B&7

y(C/h)

reconstructed camera

-15

00000

00
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Precise and Comprehensive PMT Characterization

Magnetic field and PMT orientation survey throughout Super-K
: R i e - a8 Barrel PMT Picture

e Uncertainties in PMT response

IS @ major systematic in = N' & -
water Cherenkov detectors ST EESE L 5 (/ A\
e (Re)Building a photosensor test O RS
e x s : - D Direction
Facility (PTF) at TRIUMF for B g }\ 2
Super-K and Hyper-K/IWCD | -
~ Motor gantries wlith encoders ‘ Super_K PMT
Accelerometers & Detection efficiency (Corrected) ‘Dc|ccl‘iun efficiency (Corrected)
1\ Pl O e PE +100 mG Jr -100 mG
| 2 }} . IHQ = “-~€I i ' r . | :
A-[ ) He!‘rTholtz Coils i
"» 3 ‘9 \
b [—
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The Water Cherenkov Test Experiment (WCTE)

Calibration System |

e Prototype detector for beam test at CERN in 2023 gl
e mPMT pilot run and test-bed for precision calibration and ML Tank L z

o  Opportunity to improve systems prior to IWCD and Hyper-K — >

e Well-understood p, e, n*, u* particle beam from 140-1200 MeV/c
o Control samples to constrain neutrino experiment modeling,

e.g. Detector response: Cherenkov light emission; n* re-interactions in water

o Immediate impact to existing experiments (T2K, Super-K) Baze Plats

mPMT Array /
Structure

128 mPMT modules [

Water Cherenkov
Aerogel Detector
. Threshold
Wire Chambers Shielding

TOF TO \ /

Permanent Secof’o,
Magnet (0.1 TM) a’ygéé;;;-b.‘___._
rectjor
)

e,1,Tp

3-4m
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Summary

e Broad physics with many v
sources and proton decay in
Super-K and Hyper-K

e New developments towards

realizing maximal sensitivity
o Photosensors (MPMTSs)
o Detector calibration

m Photogrammetry L £y P
m Photosensor characterlzatlon ot BAES i
o Machine learning Y nk e ‘ &5 pogs SRS T -
event reconstructlon -+ a) "\%&\\\\“' & Canaan piREER A lembershiD
s P \ﬁ, ? a8 '.""" . AL TRIUMF “ UNIVERSITY OF m Un|vers|ty
' XA \"6'\, 'I' o re N[ w TORONTO o)
e Nearterm auxnlary prOJects _\-‘:-»-;,5 s Y H
ety : S e s YORK ‘ | THE UNIVERSITY OF
to enhance all of the above: . ot P ! y WINNIPEG
o eg WOTE@CERN. .. T TR A T ICYEN “Reaiha
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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

August 17, 2021

Design report: arXiv:1805.04163

: Neutrinos

' & 90% CL UPPER LIMIT -
*+ Super-K 2016 preliminary bB

Hyper-K sensitivity 20yrs bb
Super-K 2016 preliminary W*W
Hyper-K sensitivity 20yrs W'W- & True NO
Super-K 2016 preliminary u*x 3 °
Hyper-K sensitivity 20yrs *y
Super-K 2016 preliminary vV s
Hyper-K sensitivity 20yrs v¥' .’
IceCube-79 limit bB,
IceCube-79 limit W*W
IceCube-79 limit ju*p
IceCube-79 limit vv
arXiv:1309.7007 [astro-ph.HE]
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https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/2101.05269

Neutrino Sources

August 17, 2021
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T2K CP Violation Constraints

';;I&

e 2019 analysis:

o Disfavored Ocp™ 0 at 30

; . o Disfavored IO at 1o
THEMIRROR e 2020 analysis slightly looser constraints
CRACKD
arXiv:2101.03779 T2K Run 1-10 Preliminary
Nature 580 (2020) 7803 T2K Run 1-9 W R U
/743 [T T T T T T ] q 25._ =
-3 0.034 4 —— T2K + Reactors 1 r Normal ordering ]
& 0032 T2K Only = N a
R=! - Reactor ] - Inverted ordering -
@ 003 — 20_— —
B ] B P@# wcL -
0.028 T - - SN 90% CL 7
0026 |- = 5 — 0 .
0.024 |- = - :
0.022 = 10~ -
0.02 :_I Il ] il l Il l_: : :
NOl'H?“‘*l""w“‘l T }|_ r .
_— £ 2020 3
10 C b
| PR | P L L | 4
-3 - -1 0 1 2 3 0—| e | RNy Loy o o oy o by
5 -3 -2 -1 0 1 2 3
Cp 5

CP
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https://www.nature.com/articles/s41586-020-2177-0
https://arxiv.org/abs/2101.03779

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

Fiber taper
{4 cm diameter,

Mirror 4

Radaation
tolerant camera I~

He vessel id

Concrete shielding

Mirror 2

10com

Quartz window

Mirror 3

110cm

Iron shielding

Foil (5 cmdiameter)
K
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Hadron Production for Neutrino Flux Modeling: EMPHATIC

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

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

e At Fermilab Test Beam Facility
o 2018: Pilot run, paper finished
collaboration review
o 2020: Phase | (limited acceptance

150 mrad) — postponed to fall 2021 Lead-glass _
o 2022: Phase I, calorimeter i ol A
Target
full acceptance il
400 mrad H “ sl
Silicon strip
detectors \
Magnet  Aerogel i s
J 9 Multi-anode M;Elcgap
arXiv:1912.08841 [hep-ex] PMT s
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https://arxiv.org/abs/1912.08841

The IWCD detector

Off-axis spanning detector

v energy spectrum depends on angle off-axis

to the neutrino beam

Far detector @ 2.5° for peak at ~600 MeV

Moving IWCD varies angle, allowing
measurements at different energies

Linear combinations allows mimicking mono-
chromatic beam or far-detector spectrum

Linear Combination, 0.9 GeV Mean

T T

2
.-

Statistical Error
I —— NEUTQE
b —— NEUT Non-QE

Events/50 MeV

5
2

2000

—— 1Ring u Event Spectrum  _|
[ Absolute Flux Error 4
Shape Flux Error

Arb. Norm.

9
x10
| o e S 8 N
[ —— Linear Combination
[ —— 1.7° Off-axis Flux
15 ~
r —— Gaussian: Mean=0.9, RMS=0.11 GeV -
10
5
0

Arb. Norm. \

Arb. Norm.

Arb. Norm.

ME— -
30E 4.0° Off-axis Flux -

AR A

E, (GeV)

2.5° Off-axis Flux

4
35
E, (GeV)
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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

\V‘:

+
v CC1ln »
H = TZOwakinE é i T2K work in Progress
91— POT = 1.00x10%!, 1dcye sample 35k % 2 IJ’R“\"' <I\ 1‘ ' % Qv | T2K work in (1.00x10* POT)
F {771 Other il & POT = 1.00x10%', 2dcye sample (. F 3 other et 2Ry OCI*
o el E = [ 3 progress
F e - o . 1 S04
F e n° 30 .7 Other g [mmw 5
s : 1e + other B EM‘ = 1*—5::‘ t _-é
a4 e . 250 ol n° A =
5t I 1+ other g F 1e + other [ te
< sf o+ £ 5 e [ e
s F o /1{1” " s M 1u + other 1
2 F —— All no oscillation g + L
4 2 I B+t 20
E% ——- All with oscillation £ 151 1“ [ T2K work 0
N g - -
3 TIK e o —— All no oscillation 1
E I'2K work in progress F 1N pr
g Lk 10 —— Al with oscillation pal. A0 EROEGRESS
2 -
T2K work in progress
[ N 0 [ E—— [
5 o 1 2 3 4 5 6 7 8 9 10 -0.4 -0.2 0 0.2 0 0.5 | 1.5 2
EJ (GeV) EI (GeV) BDT response Rec. v energy [GeV]
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Systematic Uncertainties

e 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
August 17, 2021

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 for CP

Error Source . :
Violation search

Error from near detector 17
constraint '

Modeling of events that aren’t 51
quasi-elastic scattering '

Electron (anti)neutrino cross 3.0
section error '

Neutral current background error 1.0

Total cross section model error 4.1

Aim to reduce total error to <3% for Hy

Hyper-Kamiokande: Precision Neutrino Experiment Techniques - Patrick de Perio
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Impact of Systematic Detector Uncertainties

e Energy scale control samples in Super-K show ; ﬁoive-like eventrate at HK __
residual 2% MC/data discrepancy g b ™ — =00
o Assigned as systematic error in v oscillation analysis S | + _Z=;z:
2 150 g =
: o N 1
e Degeneracy observed with CP violation 5 100f e =2
g - =r_——';=! =
parameter, SCP Z sof s e
o Need to understand detector to the <1% level O "0 "od e T '1‘_21
Reconstructed Energy E™ (GeV)
PTEP 2019, 053F01 v Mode o-like
L L | PR
- Stop-u (multi-GeV) 1025 12 it 8p
X 1}. ......................... Stop_u(sub_Ge\/) ......................... : 75*“7‘1* ________ 1.0
§ - T o
s g 1008
2 2 0w
-
Qﬁ 0.985

August 17, 2021

. Momentum [MeV]

)4 ¢ 8 1 1.2

Reconstructed Energy E ™ (GeV)
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https://arxiv.org/abs/1901.03230

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

- —ll 11 ll ll ll ll ll 11 ll 11 ll ll ll ll | il ll ll ll ll ll ll 11 ll ll ll 11 1

10° 102 10 10* 107 10 10" 10" 10" 102
Energy (eV)

104 E Future Ice' Radlo TRl T T oo
10° é— /\ IceCube :
~ 102 ;_ ....... P Hyper-K
< = 7 Super-K sz """JB#B‘E large underground
g 10 é._ g ---------- TEEEY] | multipurpose
@ 3 s g KamLAND detectors
g E — Borexino -
o 107k =
o = g
O -2
210 E o LZ = PRDS$PECT
8 10*3 - g -------------- Future CEvNS
o R
10°5 é_ COHERENT
10°°

August 17, 2021 Hyper-Kamiokande: Precision Neutrino Experiment Techniques - Patrick de Perio


https://indico.cern.ch/event/981823/contributions/4328853/

Neutrino Oscillation LIE Scales
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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!

Number of events/50 MeV

Difference of events/50 MeV

300V mode (ve candidates)
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Hyper-K Long-Baseline Physics
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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.

August 17, 2021
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Hyper-K Solar Neutrinos
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https://arxiv.org/pdf/1507.05287.pdf

Hyper-K Collaboration Membership

19 countries,
93 institutes,
~450 people

as of May 2021,
growing
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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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CNN architecture

Full cylinder of mPMTs is unwrapped onto flat image
e One pixel per multi-PMT
e Charge (& time) of 19 PMTs per mPMT
e No special treatment at barrel / end-cap boundary
o Alternative projections from cylinder to grid have also been explored

Network based on ResNet-18 CNN architecture[arXiv:1512.03385]
1. Convolution over mPMTs '

3. Fully connected
neural network

image height

1x1 pixel convolution over
the mPMT channels

N. Prouse, TRIUMF

+ + 7-[“
features P Ped) P

40



PointNet architecture

PointNet is designed to work on ‘point clouds’ rather ‘
than images =
e Each hit PMT is a ‘point’ with time, charge & EJ
position, not fixed to grid o
o CNN learns translation-invariant functions on €
Image \g\(\
o PointNet learns symmetric functions on point g@é
clouds v / \6‘{0 features
m  Symmetric: ordering of points cannot affect image 3x3 CNN convolution
outcome depth
e Convolution-like operations act on each point’s w
charge, time and position
_ _ _ [t]alx]ylz} A ]
e Information flows between points by learning =1
global transformations applied to all points tiaxyz. (ot
e Can apply to any detector geometry ol xylzf

=~ =

features

PointNet MLP (1x1 convolution

on point cloud)
N. Prouse, TRIUMF 41



e- Signal Efficiency

Classification results
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Events

Position, direction, energy
reconstruction

Similar ResNet architecture as used for classification

e Output reconstructed quantities instead of classification variables

e Use Huber loss to minimise true-reconstructed residuals

e ResNet is outperforming fiTQun at energy and direction reconstruction

75
iy
=
o

>
84|

3500

fiTQun
3000

ResNet
2500

2000

1500

1000

500

IIII|IIII|IIII|IIII|IIII|IIII|III]II_I

IIII|IIII|IIII||III|IIII|IIII|I[II|I

L
-

0 TR [ il ' A M R S ST I S|

L 11 | |
-05 -04 03 -02 01 O 01 02 03 04 05

(pred - true)/true energy
N. Prouse, TRIUMF

3500

3000

2500

2000

1500}

1000

500

fiTQun

ResNet

IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

A N - I Ll
20 25 30 35 40

o
N

Angle to true direction [deg]
43



Position, direction, energy

reconstruction e ResNetis
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