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The region that nucleon decay and neutrino experiments can explore
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Generations of Kamiokande
Kamiokande Super-Kamiokande Hyper-Kamiokande
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1983 - 1996 1996 - ongoing 2027 and beyond
e Atmospheric (Atm) and solar | e Proton decay (world-leading limits) e Extended search for proton decay
neutrino “anomaly” e Neutrino oscillation (Atm, solar, beam) | e Precision measurement of
e Supernova 1987A oscillations, including CP violation
Birth of neutrino astrophysics | Co-discovery of neutrino oscillations e Neutrino astrophysics
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Generations of Kamiokande
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Hyper-K Far Site Overview

1000 m + Mt. Ikeno-yama
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Tunnel Excavation Complete
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Water System Cavity
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Hyper-K Schedule

Finish all preparations within ~2 years from now for detector installation

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 F)(2026 FY2027 FY2028
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PMT production

Power—upgrade of J-PARC and Neutrino Beam-line
| | N R I
Near Detector Facility, R&D, production ND construction
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Building a Neutrino Beam in Japan Fo
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Hyper-Kamiokande: A Next Generation Experiment iP
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e Bigger and more sensitive than ever Intermediate Water

— : o  Fiducial mass 8x Super-K Cherenkov Detector
e o J-PARC beam 2.5x more powerful = WD)
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= — Neutrino rates 20x T2K

iSuper-K J

i
_ ‘,‘ ~ Hyper-K
| 188 kton

e Precise systematic understanding

becomes critical to the % level
o Near detectors and photon detectors
o Calibration and event reconstruction techniques
o  Supporting external data
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Unprecedented Statistical Precision

Event rates for different assumptions of true 5,

e Hyper-K aims to
collect 1000s of v_
and v_appearance

events

o Can measure CP
violation (CPV) with
~3% statistical
uncertainty!

e Controlling
systematics
becomes critical!
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CP Violation Discovery Potential
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e Improved
understanding of
systematic errors is
required for a robust
and timely discovery
of CPV

e Controlling
systematics
becomes critical!

Significance to exclude sind =0
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T2K Oscillation Analysis Framework

Charged current CC multi-nucleon

; - External cross section External hadron production
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e 1—LIue energies

Charged current CC multi-nucleon R 0 MoV < E, <300 Mev

(CC) quasi-elastic

Events

[E—1 1100 MeV < E, <1700 MeV ]

“T2K 2021 syst.”: Phys. Rev. D 103, 112008

% Error for
CPV search

os
P

Hadronic reinteractions

¢ + o (ND constrained)

¢ + o (ND unconstrained)
Large energy reconstruction errors

and event migrations Nucleon removal energy

SK & re-interactions

Currently theoretical G(Ve)’ G(V_e)
NC vy + other
SK detector

[ —

Need to reduce to <3% for Hyper-K
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https://doi.org/10.1103/PhysRevD.103.112008

Future of the Near Detector Suite

{ Neutihabeam

Super Fine-Grained
Detector (S!

e

TN

e ND280 upgrade ready for Nov. 2023 beam =&
o Increase phase space coverage, similar to SK {
o Lower proton energy threshold and
neutron detection capability

e NDZ280++ still needs consideration for HK §
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Future of the Near Detector Suite

e Novel off-axis B .
spanning
Intermediate
Water
Cherenkov
Detector for -~
Hyper_K CCCCCCCCCC
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far detector

observables’ dependence on neutrino energy
o Precise cross-section measurements on water

Super Fine-Grained
Detector (S!

e

e ND280 upgrade ready for Nov. 2023 beam = ..
o Increase phase space coverage, similar to SK {
o Lower proton energy threshold and
neutron detection capability

e NDZ280++ still needs consideration for HK §
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The NuPRISM Concept

Neutrino energy spectrum depends on off-axis
angle (OOA) to the neutrino beam source.

Moving IWCD vertically — varying off-axis angle
— measurements with differing energy spectra.

Linear combinations of measurements at off-axis
angles can mimic a monochromatic beam, or the
far-detector spectrum effectively bypassing
neutrino interaction modeling deficiencies...
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Water Cherenkov Detector Systematics

... Then understanding the detector becomes more important

“T2K 2021 syst.”: Phys. Rev. D 103, 112008

Effective parameterization of

% Error for
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Also, Atm-v non-existent for IWCD! A T
SK detector 1.5

Systematic errors in event selection
and energy scale assigned from

data/MC discrepancies in cosmic ray
and atmospheric v data Need to reduce to <3%
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Water Cherenkov Detector Systematics

... Then understanding the detector becomes more important

Super-K Control Samples for Energy Scale

PTEP 2019. 053F01

“T2K 2021 syst.”: Phys. Rev. D 103, 112008
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Water Cherenkov Detector Systematics
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Constrained Modeling of the Experiment

e A coherent method exists for constraining (degenerate) fundamental physics
parameters of the neutrino flux and interactions with comprehensive measurements

e This still needs to be developed for complex detector parameters

v Flux v Interactions Detector Modeling
Charged current CC multi-nucleon -
q) (CC) quasi-elastic knockout
N E o
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38 @ &
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Design and Build
Measurements
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e Constrain

% using 1% intrinsic v_(v ) in beam

T2K (ND280): Phys. Rev. Lett. 113, 241803 (2014)
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“T2K 2021 syst.”: Phys. Rev. D 103, 112008

¢ + o (ND constrained)
¢ + o (ND unconstrained)
Nucleon removal energy
SK = re-interactions
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NC y + other
SK detector

% Error for
CPV search
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Need to reduce to <3%
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e I y Classification in IWCD

/ _
e Constrain % using 1% intrinsic v_(v ) in beam

e efficiency when rejecting 99.9% of u
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e Can be achieved in IWCD with machine learning (ML)
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Gamma (y) Identification

e Need data driven constraints on y backgrounds

e yand e almost indistinguishable in water
Cherenkov detectors
o Potential discrimination shown for the first time

Selected 1-ring e-like events

e ML shows promise "l IWCDvBeam MC
with at least some
statistical separation

 —
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The Water Cherenkov Test Experiment (WCTE)

e Prototype for IWCD at CERN in 2024

e Well-understood p, e, n*, u*, y particle beam from 140-1200 MeV/c
o Control samples to constrain neutrino experiment modeling:
m Detector response: Cherenkov light emission; n* interactions
m Neutrino flux & interactions: lepton scattering and hadron production s
o Immediate impact to existing experiments (T2K, Super-K)

3.

e Demonstration of these new ML simulation and calibration
techniques for WC, and optimization towards Hyper-K/IWCD

Water Cherenkov
Aerogel Detector
. Threshold
Wire Chambers Shielding

TOF TO

Target

Permanent

e,U,1p
SecO”d‘a‘““"“-
Magnet (0.1 TM) ,yBea;;;b".\.
rectjor
n

~102 mPMT modules
T x19, 3" PMTs each

3-4m
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Summary

The region that nucleon d and neutrino experiments can explore
10'°GeV 10“GeV
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Baryon number Remaining
inflation production Dark Matter
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Synthesis of light elements

1

°
o CP violation, proton decay, multi-messenger astronomy, and mo

e Low level developments required to achieve full potential
o WCTE — IWCD, calibration, and machine learning

e Seeking new collaborators and contributions!
o Components of far detector, IWCD, and ND280++
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Thank you!
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Neutrino Interactions
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Event Topologies

" omey g 3 A rich problem for
= Fe 2s g _ y-cascade .
! f %, % suv) | event reconstruction
18D N £, e Particle identification
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g il et e Kinematics determination
low = ) e Multi-particle separation
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Super-K Calibration Concepts

* Incident angles and hit distribution of the light are different for calibrations

- PMT angular response can create systematic uncertainty
* main systematic uncertainty in SNO even with the spherical detector

West East

Ni source
) laser ball n =
Wi A
J-PARC
beam

Ni source (QE):
- fixed angle on each PMT

Cosmic muons

cosmic p (E scale, stop p check):

- near 47deg for barrel
- less hit on the top cap

North
rth
|| West | East
West ' East ) ,’
[ 5 South ¢ &
South |  # xS o s%
o & Qg_g\
S & &S
RS
} 470 430 43¢ )
I atm.v
J-PARC Michel e J-PARC
beam
470 beam )
} 47{ C
}_747» A 4 >

Decay e and % mass checks:
- uniformly distributed
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Super-K Calibration Concepts

* Particle identification and Ring counting systematics from atm. v and cosmic u
- Data fit and Data-MC comparison of the likelihood distributions
- The J-PARC signal is going west and this check even may not cover the uncertainty
* v is more forward (west direction) than v [this understanding is critical for CP violation]

North Cosmic muons North
B ) rth
West | | East | West | East
o ’ o West ' East
K .
South * © South * ©
* South | ¢ x¥ *
® o°-’° ® * ¢ * S g
& g f ,b@. Q\b 6@ ()
& R
D 470 430 430 [
T h } 43¢
h signal Ve ‘

atm.v

Michel e J-PARC J-PARC

> hesm }»ﬁw beam 1) 43—
470 E 43°

N

At osBRerE v ehechs: cosmic p (E scale, stop p check): J-PARC beam signal:
S f(frml distributea - near 47deg for barrel - hit on west wall at ~40deg
y - less hit on the top cap - difference between v and v
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The fiTQun Reconstruction Algorithm

unhait hat

’1 H Pj (unhit|x) ’H[ hzt\x][fq (q2|x)][ft (t; |X)]
f \ \

Likelihood to  Candidate track Probability of Probab|I|ty of Hit charge Hit time
imi [ no hit at PMT hitat PMT  probability density probability density

maximise hypothesis
e Simultaneous fit of ax e For agiven x, a charge

and time PDF is
produced for every PMT

track parameters

X = (X’ y! Z, t’ p’ 9,(p)
position, time, :
momentum,
direction
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The fiTQun Reconstruction Algorithm

unhit hit
L(x) = ]| Pj(unhit|p;) ] [{1 — Pi(unhit|z)} fo (gl ma) f(til%)
7 7

e In practice, “predicted charge” is first calculated: u = ué" + ©*“

which is used in the likelihood evaluation, where the direct light contribution is:
PMT solid  PMT angular

S angle response
< di
=g, =) [ dslglp, s, cos ORI (R)e(n) |
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Classification Performance on Super-K Atmospheric v ip
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https://doi.org/10.1093/ptep/ptz015

Neutral Pion (1% Identification

o
NCx° background
Ve/p Ve/n
\Z =0
/< ¢
N N

12 parameter fit
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fiTQun hypothesizes two electron

tracks from 1 vertex
o Including new length
parameters, in addition to previous
single track parameters

65% background reduction with

~6% signal loss e O
. . 0 50 100 150 200 250
o Twice more than APFit 0 Mass (MoVic)
> T = 100
g T 1 = IWCD ResNet
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https://indico.cern.ch/event/224351/#8-a-new-method-for-event-recon
https://doi.org/10.1103/PhysRevLett.112.061802
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Multi-ring Reconstruction iP

Hit Charge Distribution M. Wilking
e FiTQun can currently reconstruct up to 6

rings in a staged approach

o FEach step sequentially adds a “track-
like” (1) or “shower-like” (e) ring

e The chain terminates when adding a
ring does not sufficiently improve the fit

e Ring counting & PID are significantly
improved

Sample Fit Sequence
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https://indico.fnal.gov/event/21535/timetable/?view=standard#8-theia-beam

v Multi-ring (Lepton + 11*) Samples

POT = 1.9663x10*', v mode, 2 decay electron sub—sample
F iz}
<]
E - Other = T2K work in Progress
45— o (1.49x10% POT) %
E e 2 2RV, CClx
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e \arious combinations of
o i i T2K work-in-progress v (p+7a) v, (e + )
multi-ring likelihoods can .

be used to explicitly Efficiencyl(#o) 83 to 93 60 to 70

reconstruct final states Purity (%) 30 to 48 50 to 60

e Can further improvements Increase in
o oscillation sample 30 41012

come from ML statistics (%)
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https://indico.kps.or.kr/event/30/contributions/718/
https://t2k.org/docs/thesis/124

Multi-Vertex Event Topologies

e So far have considered only single-vertex events

e Need to consider multi-vertex events too
o Application of ResNet ongoing

p\d
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Inner detector
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Proton Decay

e Design dedicated fiTQun hypotheses based on the signal event topology

e Fit u+ vy tracks, assuming same
vertex but different times

G. Santucci T y Tagging Efficiency

"“Preliminary - .

fiTQun
APFit

1 L
15 20 25

e 9.4% — 13.9% (1.5x)
efficiency gain with
similar background
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1. ., True At (ns)
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e Assume second

vertex for
additional rings
after the first

e Improved
background
rejection (~V3)
with similar
efficiency
(~90%)
compared to
APFit
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https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/santucci-gabriel-december-2018.pdf
https://arxiv.org/abs/2208.13188

e fiTQun vertex position,
momentum, and direction
reconstruction improved

relative to APFit
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https://doi.org/10.1093/ptep/ptz015

Reconstruction Performance with DL in IWCD

e Using same ResNet network as classification

Particle Gun Events

o OQutput reconstructed quantities 50 Eloctron] - Muon
instead of PID variables . Position Resolution _,, | Position Resolution
e Momentum resolution improved, g3 30
but position reconstruction lacking S20 \_ResNet £20
perpendicular to particle direction i;ém/ o .
o Likely since ResNet is not yet using
o g . . 0 0
hlt tlmlng |nf0rmat|on 0 ZT?L?e elect4rg?1 momggtoum [MSS]O 1000 200 Truior?\uon mo?‘noe?ntum [MBe(\)/c]) 1000
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Computing Time Improvement

Growing MC (and data) sample sizes in high precision era

Event reconstruction becoming a computing time limiting factor
o Especially in systematic error studies varying a large number of detector parameters

fiTQun: ~90 seconds per event on CPU (for e, u, 70 hypotheses in IWCD)

o  Multi-ring events >~5 minutes

ResNet: ~6 ms per event on GPU (for classification and e, u regression)

Factor of 10° speed-up
o But actual throughput will depend on how many GPUs you can afford

Assuming the size and cost of the small CPU and GPU clusters at IPMU:
~ 5000x more throughput with the $ spent on GPUs instead
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Low Energy (2.5 - 8 MeV) Applications

e Sparser images —
CNNs tend to perform
less well

o e.g. ResNet below is
susceptible to noise

Super-K Solar v Classification
6
10 —— ResNet, AUC=0.967
1\ BDT, AUC=0.964
105 ‘i X Solar Analysis Cuts
S
= 104
3
T X
-4
- 103
= S
5 X
e
o
<102 \
©
o <
10! \
10°

0.0 0.2 0.4 0.6 0.8 1.0
Signal Efficiency

1/FPR vs Signal Efficiency. All events 2.49 MeV < Exin < 3.49 MeV.

Typical low energy data event with PMT relative times.

Reconstructed Cherenkov cone in white.
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SK-Gd Neutron Tagging
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e Though simpler
input features showing similar
performance
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e Investigating alternative
networks, e.g. DGCNN

using

IWCD Neutron Tagging

/
/.
DGCNN (k25), auc=0.797
BDT ,auc=0.784
GCN, auc=0.667
------ random guess
0.0 0.2 0.4 0.6 0.8 1.0

Neutron mis-ID rate
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https://arxiv.org/abs/1801.07829
https://arxiv.org/abs/1609.02907
https://arxiv.org/abs/1609.02907
https://indico.fnal.gov/event/53004/contributions/244482/
https://arxiv.org/abs/2206.12954
https://indico.kps.or.kr/event/30/contributions/888/
https://arxiv.org/abs/1801.07829
https://arxiv.org/abs/1609.02907

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

e Constraints on beam and atmospheric v flux predictions

o For T2K, 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
o 2022: Phase Il,

Target
full acceptance args
400 mrad H “

Silicon strip
detectors

M

Mégnet Aerogel

arXiv:1912.08841 [hep-ex]

Lead-glass
calorimeter

30000 m

20000 m

Multi-anode

PMT

™~

Multigap [
RPCs
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https://arxiv.org/abs/1912.08841

e First underwater survey of

e Challenging photogrammetry

e Developing new systems for
Hyper-K and IWCD

o Critical for a moving detector

Novel Detector Geometry Calibration

Super-K detector geometry

analysis ongoing
o Demonstrated with a ring of ID
barrel PMTs

« reconstructed PMT
reconstructed camera

Z (cm)

00000

00000

y(C/h)
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Uncertainties in PMT response
IS @ major systematic in
water Cherenkov detectors

Dynode(
~_Direction

Preparing ex-situ facilities for
campaign of pre-calibration

o
measurements
Detection efficienc y(( orrected) Detection efficiency (Corrected)
A T T T T B RAARN RARES |
7 F +1oo MG -
1 ﬁ -
N 4
\__-“‘:"
1 um.x
Xy u::ITmI Xy [m]

PTF setup
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P mp )

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
2013: first direct —¥
indication of v osc.
matter effects

Ongoing searches :
for nucleon decay,
DM, supernovae...

— 90 kt pure water
RO, 11,129 PMTs
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e Updated Super-K
datasets used for
2020 CPV analysis

° v, disappearance 2

o v_appearance g

o  Only one visible >
Cherenkov ring

vV mode
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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, CC1n”
97 o t.?(?i:lgiﬁéfrye o BE POT = 1.00x10%, 2dcye sample
43 - Eo 307' i Other
7i e 1e + other I - L
2 o . e . 25F o in°
; 3 1w + other 5 f 1e + other
St N+t 3 2 e
s o o s W 1w + other
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2 —- All with oscillation E 15; - .
® T2K work in progress . - ﬁ:: CVli)tf?Z(:gialllg?ign
g T2K work in progress
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| T2K work in

T2K work in Progress
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RiCh SCience With Hyper-Kamiokande Design report: arXiv:.1805.04163

Multi-Messenger: 4 DkM tt T IR Atmos_pheric
Supernova, GW, ... ar‘aer B Neutrinos 7+  qo

Proton Decay

Accelerator Neutrinos
- FarDetector

Crerentov W

water equlv.I 1700 m

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

Rich Science with Hyper-Kamiokande — ossoniseornavivimsones fp

Atmospheric '\
Neutrinos 5+ ;o

Multi-Messenger - LTI
[arXiv:2101.05269] Dark Matter
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arXiv:1309.7007 [astro-ph.HE]

Hyper-K Work in Progress
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https://arxiv.org/abs/2101.05269
https://arxiv.org/abs/1805.04163

Neutrino Flux Spectra

Information comes from neutrinos
over ~25 orders of magnitude in energy!
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Grand Unified Neutrino Spectrum at Earth
Edoardo Vitagliano, Irene Tamborra, Georg Raffelt. Oct 25, 2019. 54 pp.

MPP-2019-205

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

AV LI

Neutrino detector masses and sensitive energy ranges ip

Kate Scholberg (Duke), TIPP 2021

104 E Future Ice’ Radio TRl T T oo
10° é_ /\ IceCube _
~ 102 ;_ ....... T Hyper-K
. 3 -/ Super-K <aaiz """JL[J)#BIE large underground
g 10 é,_ g ---------- TEEETT - multipurpose
- tector
2 1k e —————{ KamLAND gelsool
g = — Borexino -
L 1077k €
s F S
O -2
s 107F o LZ == PRPS$PECT
8 103 = g .............. Future|CEVNS
1074 |- <
10°5 é_ COHERENT
10*6:11 11 ll ll ll ll ll ll ll 11 ll ll ll ll L il ll ll ll ll 11 ll ll ll ll ll 11 L

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

Symposium on Frontiers of Underground Physics, Chengdu, Oct. 30 2023 Hyper-Kamiokande - Patrick de Perio


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

Neutrino Oscillation LIE Scales
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Hyper-K Far Detector Concept
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Hyper-K Long-Baseline Physics

? :V T [ L L T L I L T Trrr ‘ LI B I T I:
T 8o
?le_) 70__'.-— ._
© = 5
E 60_— ................ v--___
7] E A A =
o1} wdl G A i e s ]
g
o - =
2 40 =]
g _F )
o 30 =
3 = -
% 20:_ = Statistics only =
> 10 FF . A e Improved syst. (v./V, xsec. error 2.7%)
& B AT s T2K 2018 syst. (v./V, xsec. error 4.9%)]
o nlb T I PRI A BRIl B i
o 30F T T T e
Y - N [ True 8, =0° .
B n T— [ True 8., = -90°
%0 e — o cr ]
o . T—— =
~ .. T =l
E_) -t /=t al
o 20 o ~19° for et =]
g E b true dcp w/2 90 a
5 15 @ ~7° for true dcp = 0
= B
e L
© 10—
- B
5 = Statistics only
- eeesee: Improved syst. (v./V, xsec. error 2.7%) N
[- e T2K 2018 syst. (v./V, xsec. error 4.9%) =
0_....1..‘,1‘...1....“. P T ST i Lo S o 0 ] YT i kY 0 o B R
1 2 3 4 5 6 1 8 9 10
Hyper-K preliminary

T o HK Years (2.7E21 POT 1:3 viv)
rue normal hierarchy (known)
sin’(0,,) = 0.0218 sin*(6,,) = 0.528 |Am3,| = 2.509E-3

? [“ 10 L. Normal mass hierarchy 4
e XL ]
Uoo 3“ Y. H K N
o O ]
'c = 4
= - i
2 6 ]
()
o L TN T T reae . N\ :
® 4 =
&) s )
c [ = SN VR N (IS i
® ! - )
il% 2 W g - N - - n
< /] /-° T2K+NOVA'™~ o y
2 0'..1...(7%0.29)‘.1.“.....|....1,,..|..‘
-150 -100 -50 0 50 100 150
Ocp [degree]
10 e l"" ‘l“,.'. TR S L 00 PR AL I l" | G TR e L 5 ) S e ) S ) e

- Statistics only
----- Improved syst.
--------- T2K 2018 syst.

[ B

1

l

Wrong octant exclusion ( Ay? )

‘Tod
v

v
<

I N SRIN NTUR T SRS NS

AT

Hyper-K preliminary

Tre narmal hisrarchv (knawn)

PPN IR IR IR PR
8.4 042 044 046 048 05 052 054 056 058 0.6

True sin2(923)

Symposium on Frontiers of Underground Physics, Chengdu, Oct. 30 2023

Hyper-Kamiokande - Patrick de Perio



Hyper-K Proton Decay
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Supernova Burst in Hyper-K

Flux (1/cm?/sec/MeV)
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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

& F '(?4.5_
1012 - - S 10°: 8B+hep (BP2004 SSM) £ F
c = =) F
o —"" Bahcall-Serenelli 2005 4 S . .F only 8B ‘@ 4 oo
pp-| +1% s 10 = F
100 | Neutrino Spectrum (+10) o o E 8 r
g [ C
sk "Be-{+10.5% ] E 1o3§ .:l:‘: .83'5;
(S S | S = E £ F
Teep - 1 g 10°E 5 3F
o 80" ] 3 j: » r
' 107 - k| .- = = -
8 S 10g =+ u
S el vpa--T b 3 E = 2.5
5 Eo--" "Be- b F ‘f‘_}_ F
= 105 +10.5%| 1 S 1k [ F
0 2 E 2
104 F 1 r - r
/ & 107k g Es
10° 9 E il Lt [
F (tan6,A m? =(0.38,8.3x 107 L‘ 155
102 =
102 | 4 E 1 -
E. e et o] i o AR AN AN AR IR EFAVIIN EPUVII SR
0% 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20
Neutrino Energy in MeV Energy threshold (MeV) Years
PP 0‘8_||x|||1 LA L L T T T LA L L © 8:
p*+pt—2H + et + Ve | i OB% | p+ e+ pr—2H + v, C § ° Borexino (SB) g S’ E
D — 0.7 e 4 Super-K 4 & 7:
o 10 % [¢ g = SNO a "? =
55,020 2H + p* = 3He + y 3He + p*—*He + e* + v, r 1 ; 6 s
: l 0.6 — - @& PR b
15,08 % . C 1 ¢ E PRt
r E = 1 2 5 BEN L o
3He + *He - "Be +y — & [ 1 @ C I Sl
99,9 % \8 05 = = '_n“' p .
m | I 1_.%F -~ threshold
7Be + e = 7Li + v, J { TBe + p* - B + } N o4l i E - 4.5 M?_\“/—*_‘__.__«__,_‘
- 3 C ] 3F —"
l l v F J Eo //
3He + °He = *He + 2p* 7Li + p* — *He + *He [ 8B — Be* +e* + v, 03~ ] i 2F ° /
[ C — Standard NSI-up 7 b C
N ) 0.2 — 1 1 -o-T 17
’Be* - *He + *He [ | —— Sterile NSI-dw ; ] =
P i I A P BRI Bl S N R T ) SRV SN RPN AP B AVIVE SIS PR AT B I
‘0.1 05 1 2 3 5 7 10 14 0 2 4 6 8 10 12 1 16 18 20
E

Symposium on Frontiers of i . Hyper-Kamiokande - Patrick de Perio


https://arxiv.org/pdf/1507.05287.pdf

e Increase beam power

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

from ~500 kW to 1.3 MW

e Many upgrades to
neutrino beamline

components
o Target, beam monitors, etc. 800
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IWCD & Hyper-K Photosensor Development

e Multi-PMT (mPMT):
19 x 3” diameter
PMTs in a water-
tight vessel with
HV and electronics

e Pulsed and
continuous LEDs for

calibration:
o PMT timing

Continuous LED N ) )
e\ / Stainless steel ring

PVC vesse
Reflector

Stainless backplate—;, Pulsed LED

Acrylic Dome\ — PMT
Optical get— "/
PMT support matri = PMT cup
Scintillator plate £k . PMT base
B N 8
ikkoboand 7&%&—_ Water-tight
+~— feedthrough

Magnetometer Ex

o  Water properties
o Detector geometry

e Sensors for magnetic
field monitoring
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The Need for a New Near Detector

Imperfect extrapolation of T2K 2021 syst.”: Phys. Rev. D 103, 112008

neutrino flux & cross-section % Error for
from near detector to Super-K

CPV search
tnode bearn i T ¢ + o (ND constrained) 2.7
ND280 e e ,
= SK Osc. (x10°) . Goag ™ GC5FP ¢ *+ o (ND unconstrained) 1.2
g | i .§ Nucleon removal energy 3.6
8 —

B i . .
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2 T NC y + other 1.5
S 20 =
Y I 2 SK detector 1.5
& % 0.5 1 1.5 20 &

)‘:* Eu (G(\\] ) \b'/ Tota I

Differing energy spectra between
near and far detectors

Need to reduce to <3% for Hyper-K
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https://doi.org/10.1103/PhysRevD.103.112008

IWCD Measurement of v_ (v)

o(v.)lo(v,)
o(v,)/o(v,)

Constrain using 1% v, (v_c) contamination in beam

=

v background mostly mitigated by water Cherenkov active shielding
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10 years v, CC
v, CC
I NC Other
Bl NC n°
B NC Gamma
B Gamma
B v, Other
Il v.CCOn

2500

N\II[

2000

Number of Events

1500

1000

500

o\l![{[{\[‘\\\l|[{[{‘

T

111l | o |
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
True v Energy (MeV)

(=]

Symposium on Frontiers of Underground Physics, Chengdu, Oct. 30 2023 Hyper-Kamiokande - Patrick de Perio



