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Introduction to ⱨoscillation

2-FLAVOR OSCILLATION IN VACUUM

Å Neutral leptons, weakinteraction & gravitation, 
very smallmass, Dirac or Majorananature ?

Å Flavorstates ἃȿ’ interact

Å Mass states ἃȿ’ propagate

Å Probabilityof observation varies as L/E

Å Amplitude O mixing angle Ᵽ░▒

Å Frequency O Ў□ □░ □▒
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ᵼNo CP violation in 2-flavor osc.

ᵼGood approx. until exp. became
senstitiveto subdominanteffects

https://ilance.cnrs.fr/
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Introduction to ⱨoscillation

Å PontecorvoςMakiςNakagawaςSakata (PMNS) framework:
3 mixingangles, 1 Dirac CP phase, 2 mass square diff 
(+ 2 MajoranaCP phases not impactingoscillations)
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Introduction to ⱨoscillation

Å PontecorvoςMakiςNakagawaςSakata (PMNS) framework:
3 mixingangles, 1 Dirac CP phase, 2 mass square diff 
(+ 2 MajoranaCP phases not impactingoscillations)

Å Vacuum oscillation O Ўά

Å Sun matter effect (MSW) O ά ά

Å Earthmatter effect (MSW) O ά ȩά
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Introduction to ⱨoscillation

Å CPV: ʉand ʉoscillatedifferentlyin vacuum

Åὖʉᴼʉ ὖʉᴼʉ ƛŦ♯╒╟ ▫►Ⱬ

Å Matter-antimatterasymmetryof the Universe

Å CPV only observed in exp. sensitive to subdominant 

oscillation governed by Ўά

Å Accelerator or atmospheric ʉ

Åʉwill propagate through Earth crust

Å Data O must disentangle CPV from MSW effects

Å MSW asymmetryʉ/ ʉoscillations dependson MO

Å Currentdata favorCPV and NO

Å CPC excluded@ 2ͯ ,̀ IO excluded@1.2̀

CP VIOLATION (CPV) IN THE LEPTON SECTOR 

T2K Data Best Fit (arXiv2025)

Sensitivityto reject the CP-conservinghypothesis

ᵼ Is CP maximallyviolated(♯╒╟ ϳⱫ ) ?

https://ilance.cnrs.fr/
https://arxiv.org/abs/2506.05889v2
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Hyper-Kamiokande

WI!¢Ω{ ¢I9 HYPER-KAMIOKANDEEXPERIMENT ?

https://ilance.cnrs.fr/
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Hyper-Kamiokande

ÅProject started in 2020
ÅDetectors + beam
Å24 countries
Å106 institutes
Åͯ 650 members

(still growing)
ÅOperation will

start in 2028

WI!¢Ω{ ¢I9 HYPER-KAMIOKANDEEXPERIMENT ?

https://ilance.cnrs.fr/


TOYAMA
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Hyper-Kamiokande

FAR DETECTOR

280m850m

Supernova ⱨ

Accelerator ⱨ

Broad & ambitious program
covering many ⱨ sources,
proton decay,DM search,Χ

IWCD NDs

TOKYO

https://ilance.cnrs.fr/
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Hyper-Kamiokande Far detector

Detectionof cosmicʉ
(SN1987A, solar)

1983 Kamiokande 1996 Χ

Discovery of atmospheric
ʉoscillation

1996 Super - Kamiokande

мм мнф ta¢ нлΩΩ

50 kt (FV 22.5 kt)

2780 m w.e.

39 m

4
2
 m

фпу ta¢ нлΩΩ

3 kt (FV 0.7 kt)

2780 m w.e.

3 gen. of large Cherenkovdetectors in Kamioka, 
HK builds upon the successof SK and T2K

Χ2028 Hyper ςKamiokande

Broad program for future discoveries

7
3

 m

69 m

20 000 PMT 50cm + ͯ800 mPMT

260 kt (FV 188 kt ͯ8 x SK)

1600 m w.e.

21 m

https://ilance.cnrs.fr/
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Hyper-Kamiokande Far detector: Excavation work

JULY 2025: MAIN CAVERN COMPLETED

https://ilance.cnrs.fr/
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Hyper-Kamiokande Far detector: Photomultiplicaters

INNER DETECTOR

OUTER DETECTOR
Å 3600 8cm PMTs(outward oriented)
Å High reflectivityTyvek(90%) on surfaces
Å Passive shieldfor low-Ebackgrounds
Å Active veto for cosmic‘(4M ‘/day)

Å 20 000 50cm B&L PMTsby June 2026
Å 1.5ns time resolution= 0.5xSK
Å Photon efficiency(angle, charge) = 2xSK
Å Quantum efficiency= 1.5xSK @400nm
Å 20% photo-coverage
Å 16 703 deliveredby Oct2025

Å QA by collaborators: visual, signal perf., long       
term stabilityof darkrate (up to 2y) & signal

Å 8ͯ00 multi-PMTs(1 unit = 19 8cm PMTs)
Å Buildson WCTE experience
Å Additionalcoverage& directionalsensitivity
Å Cross-calibration with 50cm PMTs

50cm PMT

OD PMT

Electronics

mPMT

ON TIME 

https://ilance.cnrs.fr/
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Hyper-Kamiokande J-PARC beamand neardetectors

J-PARC BEAMLINE

NEAR DETECTORS: ND280 & INGRID

Å Transfer from T2K, INGRID on-axis and ND280 2.5Јoff-axis with 280m baseline
Å Measureunoscillatedbeamcomposition
Å Statistical ̀ 2ͯ-3% @10y HK operation
Å Systematic̀ on ʉflux and cross-section Ṃ4% critical for CPV

Å ND280 upgrade completedin 2024 (upgrade to ND280++ in the future)
+ Super-FineGrainedDetector (scintillatortarget tracker)
+ High-angle Time Projection Chambers (TPC) & TOF planes
Å Improvedangularacceptance to 4“
Å Decreasedhadronicenergythreshold

ÅʉȾʉ beamoperationstable at 830 kW

Å 954 kW achievedin test, aiming1.3 MW for HK
Å Horn current250 kA O 320 kA 
Åʉflux increasedby 10%
ÅʉȾʉwrong-signcontamination 15% O 5-10%

ᵼSyst. ̀ dominateCPV measurement>4y, long-term goal <2% 

https://ilance.cnrs.fr/
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Hyper-Kamiokande Intermediatedetector

Å 600t Cherenkovdetector, 850m from J-PARC beam

Å 4ͯ00 mPMTsbuilding on ²/¢9Ωǎlessonsand experience

Å Ground-breakingceremonyon 4th of November2025
Å Facility building & pit excavation has started!

Å 48m vertical range O 1.7Ј-4.0Јoff-axis = diff. ’energyspectra

Å Monochromaticbeam, linearcombination ͯ FD spectrum

Å Constrainbetweenreco. quantitiesand ⱨenergy

Å Largeroff-axis angles O higher ⱨ▄contamination 

Å Precisemeasurementof ⱨ▄& ⱨ▄cross-section (limiting CPV syst. ̀ ) 

ON TIME 

INTERMEDIATE WATER

CHERENKOV DETECTOR

ᵼ IWCD complementsND280, INGRID O syst. ̀ <3%

1
0
m

9m

mPMT

4
8

 m

Near surf. (4Јoff)
HK dir. (2.5Јoff)
Bottom (1.7Јoff)

https://ilance.cnrs.fr/
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TrueNO known

’/ Ӷ’ xsec̀ =2.7%

CPV probe
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Future analyses Violation of CP symmetry

Å BothCPV and MSW result in ’/ Ӷ’oscillation asymmetry

Å Atmos. ’sensitive to MO whenpropagatingin Earth(MSW)

ᵼAtmos. + Beam data enhancesensitivity to CPV

ᵼ5 d̀iscoveryof CPV @10y for mostof CɻPvalues,
<3y if maximal CP violation!

Å’/ Ӷ’cross-section ratio has main ̀ for CPV probe

Å Syst. ̀ largelyimpact speed of CPV discovery

Å HK will have world best CPV sensitivityif knownMO

10 years
7.5 years

5 years
2.5 years

1 year

https://ilance.cnrs.fr/
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Future analyses Astrophysicalneutrinos: Supernova

ᵼHK will constrainSN models

Å 99% of SN energyᴼʉ, but SN very rare

Å O(100k)ʉfrom Milky Waycenter (10 kpc)

Å O(10)ʉfrom Andromeda(1Mpc)

Å Earlydirectionalinfo for multi-messengerastronomy

Å SN explosion mechanism, MO, oscillation, ʉ-ʉXsec

ᵼHK will observe DSNB flux (4.2̀@10y) + spectrum

Å Faint but constant ʉflux from all pastand presentSN

Å Historyof star formation rate = evolutionof Universe

Å Constrainton heavyelementsynthesis

Å Low energyᴼprobe olderstars

SN
formation 

rate

SN ⱨ
spectrum

Universe
expensionɮ = x x

ApJ916 15 (2021)

HK design report (2018)

https://ilance.cnrs.fr/
https://iopscience.iop.org/article/10.3847/1538-4357/abf7c4
https://arxiv.org/pdf/1805.04163
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Future analyses Astrophysicalneutrinos: Solar

Å Day/Night asymmetryfrom9ŀǊǘƘΩǎMSW
Å Pee(night) > Pee(day) hint by SK but not conclusive

Å Precisemeasurementof solarmixingparameters
ÅмΦрˋ ǘŜƴǎƛƻƴ ƻƴ Ўά Solar, KamLAND

Å Test Standard Solar Model (e.g. ʉfrom hep reaction)

VACUUM
DOM OSC.

SUN MSW
DOM OSC.

Energy ’[MeV]

ὖ
ὖ
ʉ
ᴼ
ʉ

STERILE ⱨ, NSI ?

PRD 109, 092001 (2024)

ᵼHK can observe Upturn and Day/Night asymmetryup to 5̀ @10y

ÅPee energydependence
ÅFavoredϪнΦмˋ
ÅExact behaviorunknown
ᴼsterile ʉ, NSI

Solar Upturn Region

https://ilance.cnrs.fr/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092001


Future analyses Proton decaysearch

Å ὴO Ὡ“ and invariant proton mass = mostcompellingevidence
ÅAlmostbackground free (only 0.06 bg/Mton/yr from atmos. ’)
ÅHK constrainup to 1035 years

Å ὴO Ӷ’ὑ resultsin degradedsensitivity
ÅChargedmesonsemittedṂ Cherenkovthreshold
Å JUNO and DUNE have better sensitivityper kton

ÅHK very competitivedue to very large mass of FD
ÅCompensatepoorer sensitivityfor somemodes

ᵼHK will set world-best constrainton proton decay

ÅSK= bestconstraintson
almostall decaymodes

ÅMany modes are still
limited by statistics

GUT prediction

HK: design report (2018)
DUNE: arXiv2002.03005
JUNO: arXiv1508.07166
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https://ilance.cnrs.fr/
https://arxiv.org/pdf/1805.04163
https://arxiv.org/abs/2002.03005
https://arxiv.org/abs/1508.07166


CONCLUSION& PERSPECTIVES
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HK = world-leadingexperiment( CɻP, DSNB, proton decay) for the next 20 years!

Å Hyper-Kamiokande= 3rd generationof large water Cherenkovdetector at Kamioka
Å FD complex+ ND complex+ IWCD + Beamline
Å Relyon well-proventechnologies and analyses
Å Construction of FD and IWCD on-going, 75% of 50cm PMT have been delivered
Å New technologies (mPMT, IWCD) and Machine Learning pipelines in development

Å Hyper-Kamiokandewill detectan unprecedentednumber of ʉ, large statisticsfor high precisionstudies
Å Very broadphysicsprogramcomplementaryto JUNO and DUNE
Å PioneeringDSNB observation and advancingneutrino astronomy
Å First CPV observation in the lepton sectorto explainmatter-antimatterasymmetry
Å Constrainingmodels of leptogenesis, SN, solarmechanisms, GUT and manymore analyses !

ᵼCavern excavation completedthis July, HK operationwill start in 2028

https://ilance.cnrs.fr/
https://www.cnrs.fr/en
https://www.u-tokyo.ac.jp/en/
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BACKUP

*Complementary approaches in IWCD and ND280.
IWCD relies on flux model in linear combination 
method, but minimizes Xsecmodel dependence. 
ND280 fits transverse variables to constrain Xsecmodel. 

*Energy scale in detectors must be calibrated to 0.5% 
to achieve this level

ᵼIWCD is critical to control many 
important systematic ̀ in HK 

HYPER-K SYSTEMATIC REQUIREMENT

ᵼHK total CPV syst. ̀ shouldbe
reduced<3%

https://ilance.cnrs.fr/
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BACKUP

HYPER-K SENSITIVITY

https://ilance.cnrs.fr/
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BACKUP

PHOTOSENSORS

ÅSK PMT = Hamamatsu R3600, Venetianblind

ÅHK PMT = Hamamatsu R12860, Box-and-line

Å Highercollection efficiency

Å More uniform gain

Å More uniform electron drift path

ÅBetter timing and charge res.

https://ilance.cnrs.fr/
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BACKUP

Å FDG: scintillatortracker actsas target

Å SFDG: 3D scintillatortracker actsas target (2.1M x 1cm3

scintillatingcubes, high reco. Efficiencyat high scatteringangles)

Å VTPC/HAT: TPCs, PID

Å ECAL: electromag. calorimeter, ‎and “/‘separator

Å SMRD: side‘range detector

Å TOF: measureparticledirection

Å UA1 magnet: 0.2 T

Fiducial volume of whole target x2 + better angularcoverage

ND280 HARDWARE
Many subdetectorsand a lot of
infrastructurefor support(magnet
chiller, gas system, DAQ, slow
control,electornicooling,Χ)

https://ilance.cnrs.fr/
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BACKUP

INGRID
Å Scintillator-Irondetector
Å Computebeamposition and direction on day-to-daybasis
Å Need reliable detector to ensuredata takingefficiency(>99% for T2K)
Å For instance, no beamdata without INGRID running

https://ilance.cnrs.fr/
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BACKUP

Slide from Nick Prouse

https://ilance.cnrs.fr/
https://indico.in2p3.fr/event/35724/contributions/161060/attachments/95637/146560/NProuse_HyperK_VietnamFlavour.pdf



