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Neutrinos Oscillate Amplitude Frequency
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3 flavour oscillations

* 3 mixing angles
* 2 mass splittings
* + CPviolating phase

Sap = SinB,y, Cup = COS O,
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The Story W|thOUt beamS e Solar neutrinos (SNO
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+ Beam neutrinos Y

* Control your source i .
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* Measure your source

MINOS, K2K

v, disappearance - 6,-. and Am3
H PP 23 23 T2K, NovA

appearance — 03, 0,3 and Am5,
Compare v, and v, appearance = 0¢p




Oscillations measure Amz - how do we know the sign of Am?

Normal Ordering
* v, = V. oscillations
enhanced in matter

* vV, = V. oscillations
suppressed in matter

Inverted Ordering

* v, = V. oscillations
suppressed in matter

* vV, = V, oscillations
enhanced in matter

Matter effects alter the effective Am? and mixing angles in matter compared

to avacuum
- additional potential due to ambient electrons
 Effect largerin denser medium, longer baseline, higher energy



Current Status 1651 comdiftes

NOVA FD
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Why we need Long Baseline Neutrino Experiments

Next Generation of Experiments should:

* Determine the mass ordering
* Through matter effect
* Long baseline (or atmospheric v)

* Determine if neutrinos violate CP
e Compare v. and appearance to probe d.p

* Determine if this model is correct — precise parameter measurements




Overview of the Hyper-Kamiokande project

NEWN /" .
l.'

JPARC neutrino beam
- Provide v, orv, beam
Near Detectors (ND280) - 2.5° Off-axis narrow
Intermediate Water _ 280m downstream energy peak 0.6GeV
Far Detector (FD) Cherenkov Detector - Magnetised tracking Upgrading to 1.3MW
- Water Cherenkov (IWCD) detector beam Opel’atlon in 2028
- 187kton fiducial mass il 870m downstr.eam - v, v, flux
- 1750 m.w.e. overburden - Vertically moving measurement

Water Cherenkov

(including wrong sign)
spans 1.5°-4° off-

- Oscillated v, ,v, and v,, v,

measurement _ - Final state hadrons and
axis angles interaction cross- e
Statistics! - T10tfiducial mass sections
Excellent u: e separation - Ve V? Cross - Since beginning of T2K, Tokai
sections upgraded 2024 !

- Neutral current
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Hyper-Kamiokande Physics

High
- Atmospheric Energy *
neutrinos: Neutrinos 7

Vi Vys Ve, Ve

Supernova bursts: _ . AN
Diffuse Supernova Background Neutr|n0<

IE PARC neutrino beam vu,vﬂ




Hyper-Kamiokande Collaboration




Hyper-K long baseline strategy

* Ata 295km baseline, v, disappearance oscillation
maximum corresponds to 600MeV
* Matter effects are sub-dominant (<10%)

* Quasi-elastic interactions dominate at low energy

* Select 1-ring e-like or u-like samples in Water Cherenkov
* Reconstruct neutrino energy from basic kinematics
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Long Baseline Oscillation Measurements

1%

LY Py
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. v, V, appearance — sensitive to sin “(26,3),
sin “(2613) and Am2, in leading terms

— sensitive to d.p in sub-leading

terms (different signs)

Neutrino mode: appearance Antineutrino mode: appearance
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Plots from HK design report: https://arxiv.org/pdf/1805.04163

survival — sensitive to sin 2(2923) and Am%z e
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1) Need to accumulate of

order 103 v, and v, signal
events at FD to measure CP
violation with few % accuracy

— 3% statistical error

2) Need to control systematic
uncertainties ”



Beam Event Rates

Neutrino Mode Flux at Hyper-K Antineutrino Mode Flux at Hyper-K
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Expect 2.7x10%! Protons on Target (POT) per Calendar year

* 6 cycles of 22 days Beam / year with 87% efficiency at 1.3MW
* 1:3 FHC to RHC ratio
« Comparable numbers of electron-like events at far detector for CP
conservation scenario
 Optimalto break CPV degeneracy with sin® 8,5 and sin? 6,5
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Far Detector Event Selections

Number of events

Number of events

Far detector, v mode, 1-ring p-like + 0 decay e
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[ osc v, CC
[@osc v, CC

0.6 0.8 1 1.2 1.4
Electron reconstructed momentum (GeV/c)

Number of events

Number of events

Far detector, v mode, 1-ring p-like + 0 decay e

1 1.5 2 25 3
Neutrino reconstructed energy (GeV)

Far detector, ¥ mode, 1-ring e-like + 0 decay e

B osc v, CC
@ osc v, CC
CNC
-1Jv,CC
v.CC
v /v, CC

0.6 08 1 12 14
Positron reconstructed momentum (GeV/c)

16



Other Measurement Key Requirements

* Proton Decay

» 187kton FV contains order 10°° nucleons to give sensitivity to nucleon lifetime at the
level of 103° years

 Fiducial volume = statistics
e Reconstruction and ° PID

Positron

* Atmospheric neutrinos —Pgw
* Separation of v, and v,, interactions / / \

* Solar neutrinos gamma
* Low energy threshold (<5MeV), low radioactive backgrounds

17



Intermediate Water Cherenkov Detector

* Additional detector 870m from neutrino
production point, same target medium as 1;"
Far Detector E

* Increased cancellation of systematics

* Measure cross-sections from intrinsic v,, v, Iin
beam

>10k signal events for each in 10 years 4°
O'(Ve)/g(vu)

c(e)/ (Vi)

Detector moves 1.5°-4° off axis

Neutrino energy varies with_position 2.5°

Measurerelationship between neutrino energy
and lepton kinematies

2.5° Off-axis Flux

>4% accuracy.on

10

Beam axis 18



IWCD

* Inner diameter 9m, high 12m

* Construction of the 50m deep
shaft has begun

* Water Cherenkov Test
Experiment (WCTE) performed

Hyper-Kamiokande gf—

—» J-PARC
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mPMTs

 IWCD will be instrumented W|th

~400 mPMT modules
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in a pressure vessel ot
* Improved timing (lower TTS) Ao ';."

e Each consists of 19 8cm PMTs

* Improved granularity

* Better event reconstruction

* Path lengths ~8m vs ~80m in FD
* Considerable event pile-up
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DAQ e

Far Detector Overview

Access, safety,
comfort!

PMT support structure

Outer Detector (OD)
Inner Detector (ID)
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50cm PMTs
mPMTs
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Segesta Acropolis and Amphitheater
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Far Detector Overview
o gy
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Cavern

* Excavation of world’s largest
human-made cavern was
completed in 2025

Y Asaoka et al Prog Theor Exp. Phys 2026, ptagQ1




Infrastructure

e Access tunnels
* Rock disposal

e Side cavern for water
purification systems

* Air-flow, power, water, wifi,

transport, safety, toilets,
cleanliness....

25



Tank

Start of
Water

Piping

Magnetic
compensation
coils

Stainless
Steel
Lining




Support Structure

* Capacity for 40,000 50cm diameter PMTs, each cellis 70x70 cm?

e Structure built and instrumented at base of cavern and raised into place
* Barrel is 93 cells high, 288 cells in circumference.

* Aim to install a 4-cell high ring in 3 days

L

PMT support structure
Quter Detector (OD)

y / 7




50cm PMTs

* 20,000 Hamamatsu
PMTs ;

* Improved
efficiency, timing,
and pressure
tolerance

* R&D on shape,
manufacturing
process

* Box-and-line
dynode design

* Purchase complete

* Quality Assurance
performed



Pressure Tolerance

e Bottom of the detector will be under 70m
of water = 7 bar of pressure

* Stainless steel covers with acrylic faces
desighed to protect 50cm PMTs from
Implosion

* Implosion tests conducted in the
Mediterranean sea.

* Production of the covers is underway

29



MPMTs .
https://doi.org/10.22323/1.402.0056

* Production of 800 mPMTs for installation into the [ — Tomna
far detector underway
* Multiple production sites o

 Some fitted with units with LEDs for calibration 1005

* Help to constrain particle dependent energy scale
errors 0.99

* Improve detector calibration by breaking
correlations

* Extra directionality and granularity helps separate direct
and indirect light

* resolve degeneracies between eg. absorption length
and angular response of PMTs

* Improve event reconstruction close to the detector
wall

* Extend fiducial volume and increase statistics for all R >
physics analyses " Readout electronics

0.985

0.98
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Hyper-K Outer Detector

* The OD is 2m deep in the end-caps and a
1m wide shell in the barrel region.

* Maximise the collection of Cherenkov
light generated by cosmic muons in this
volume

3600 photo-sensing
modules (8cm PMT +
WLS plate)

6 football pitches
worth of Tyvek

‘ &h i %
; > Bl

* Background to all physics
measurements




Underwater Electronics

* Readout electronics encapsulatedina
waterproof vessel
* Up to 10bar pressure

* No access once water filled - 10s years
stable operation

e Underwater cable connections

e Route communication fibers to the
deck after installation

32



Water Systems

* Attenuation lengths > 100m required

* Radon concentration < 1mBg/m?3

* To control radioactive background rate in solar and other low -E
measurements

* Potential to add Gd (for n-detection) in the future

e The FD will hold 250 kilotonnes
of water

 equivalentto 100 Olympic
swimming pools!
* [twill take nearly 6 months to fill




Calibrations

* Low level calibration with:
* Light injection
* B-field mapping
* PMT pre-calibration

UK groups

* High level calibration with sousges &
control samples

* LINAC e Stopping mue
e DT * Michel electr4s
. AmBe « ¥s

S AT N

* Photogrammetry
* Fixed cameras
* Drone option

* Many components tested in the WCTE A NCBJ, Poland

34



Status

* Hyper-K cavern is excavated and the tank is constructed

* Component production and testing Is underway

e 50cm PMTs, PMT covers, mPMTs, OD units, electronics, DAQ,
Calibration systems

* Instrumentation installation in the tank next year
* Water filling and start of operation planned for 2028

35



Backup



The story so far

* Atmospheric neutrinos: v, disappearance dSuper—KI): 0,3 and Am3,

* Solar neutrinos: v, disappearance (SNO, Super-K): 6,, and Am%l Amgolar

 Reactor neutrinos (180km baseline): V. disappearance [KamLAND]:
6., and Am5,

* Reactor neutrinos (short baseline): . disappearance 0,3 and Ams;.
\Daya Bay, Double Chooz, RENO):

* Beam neutrinos: v, disappearance (MINOS, K2K|: 8,3 and Am3;

» Beam neutrinos: v, v, appearance (T2K, NovA): 6,3, 6,5 and Am3,

C13

| U

() '
_(-i(5<:'m' 0 C13 |
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Sap = SinB,y, cup = cOS O,y
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