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Introduction to h oscillation

2-FLAVOR OSCILLATION IN VACUUM
A Neutral leptonsyeakinteraction & gravitation,
verysmallmass, Dirac oMajorananature ?

A Flavorstatess dinteract

g 0 Y g & > 0 ° ) OE(IQ%OE “O
A Mass states &propagate

A Probabilityof observation varies as L/E (o]

A Amplitude® mixing angleP -
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102 10! 100
L/ E [arbitrary units]

A Frequency YO 0. O=

t Good approxuntil exp. became
senstitiveto subdominanteffects

t No CP violation in 2lavor osc
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Introduction to h oscillation

3-FLAVOR OSCILLATION DIRAC CP VIOLATION
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A PontecorvagMakicNakagawgSakata (PMN$jamework
3 mixingangles, 1 Dirac CP phase, 2 mass square diff
(+ 2MajoranaCP phases nampactingoscillations)
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Introduction to h oscillation
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Introduction to h oscillation

3-FLAVOR OSCILLATION
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Introduction to h oscillation

CP VIOLATION (CPV) IN THE LEPTON SECTOR
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A CPVuandu oscillatedifferentlyin vacuum
Al Ouw) O(Ow)AF | o ¥

A Matter-antimatter asymmetryof the Universe

A CPV only observed in exp. sensitive to subdominant
oscillation governed byd
A Accelerator or atmospherig
A wwill propagate through Earth crust
A Data® must disentangle CPV from MSW effects
A MSWasymmetryt/ w4 oscillationsdependson MO

A CurrentdatafavorCPV and NO
A CP@xcluded@* 2 , I0excluded@1.2
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— Normal ordering
— Inverted ordering
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HyperKamiokande

Wi 1 ¢ Q{ HYWEBKAMIOKANDEXPERIMENT ?
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WI 1 ¢ Q HY@lEEKAI\/IIOKANDEEXPERNENT ?
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A PrOJectstarted in 2020
A Detectors +heam
A 24 countries
A 106 institutes

Ax 650 members
: (still growing)
FAR DETECTOR aV; A Operation will
start in 2028
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Broad & ambitious program
covering many h sources,
proton decay,DM search,X

Acceleratorh,
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HyperKamiokande Far detector

3 gen of largeCherenkowdetectors in Kamioka, 260 kt (FV 188 kt8 x SK)
HKbuilds upon the succes®f SK and T2K 5 20 000 PMT 50cv4800 MPMT e/

A8 1600 mw.e.
50 kt (FV 22.5 kt)

3 kt (FV 0.7 ki) OMM  MH D
Opny t ac H&ﬁ\é7mw.e.
A€\ 2780 mw.e. —

HNQQ

< 3I99m——>

1996 ‘Supel. Kamiokandé >
“£) Discovery ofatmospheric Hyperc Kamiokands X

'~ goscillation Broad program for futurediscoveries 12

1983 [ElEnkl: 1996

\ Detectionof cosmicy
&P (SN1987Asolar)
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HyperKamiokande Far detector: Excavatiomork

JFY202O JFY2021 JFY2022 JFY2023 JFYZ2024 JFY2025 JFY2026 .JFY2027 JFY2028

L ‘ I N
Prepa Tunnel Cavern Tank Detector
ation Const. |I excavatlon Const. Const.
PMT productlon

PMT cases, Electronics etc. .
Operation

Power-upgrade of J-PARC and Neutrino Beam-line
I (N R I

Near Detector Facility, R&D, production IWCD construction
I N N B R I B

Mt NUYUGO
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HyperKamiokande Far detector:Photomultiplicaters C

Average of Hyper-K PMTs
in early 2021
--------- Normal-QE Super-K PMT

INNER DETECTOR

A 20 000 50cm B&PMTsy June 2026
A 1.5ns timeresolution= 0.5xSK
A Photonefficiency(angle, charge) = 2xSK
A Quantumefficiency= 1.5xSK @400nm

A 20% photecoverage

A 16 703deliveredby Oct2025[ ON Tll\/IIO] 10
| A QA bycollaborators visual signal perf., long P
\ term stabilityof darkrate (up to 2y) & signal 300 350 400 450 500 S50

A x 800 multitPMTY1 unit = 19 8cnPMT$
A Buildson WCTExperience
A Additionalcoverage& directionalsensitivity
A Crosscalibrationwith 50cmPMTs

Quantum efficiency [%]
w
o

[}
(=]
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el
600 650 700

Wavelength [nm]

OUTER DETECTOR

A 3600 8cnPMTqoutward oriented)
A Highreflectivity Tyvek90%) on surfaces
A Passivehieldfor low-Ebackgrounds
A Active veto forcosmic (4M* /day)
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HyperKamiokande JPAR®eamand near detectors

J-PARC BEAMLINE e T /'Q:(K

= 1000 :_.(j} M;gnﬂPSupgrmNOV\

— — Detector Calibration Uncertainty —
1 . - T2K i
A 4 Tu beamoperationstable at 830 kW g ol i“*\'-“'jzfgném o : \—nt-racwncrosswonummw-

0.08—

Statistical Uncertainty

o
g T

Uncertainty

A 954 kWachievedn test,aiming1.3 MW for HK ‘g oo | D el o . 1
A Horncurrent250 kA0 320 kA R ‘ m;hjnrr 002 h .
A wufluxincreasedy 10% 20 | sudige _ _

A w Tu wrongsigncontamination 1599 5-10% %o w0 s sw wm s wd mw 0 G 2 4 6 & 00

JFY Hyper-K Years of Operation

NEAR DETECTORS: ND280 & INGRID

A Transferfrom T2K, INGRID eaxis and ND280 2)®ff-axis with 280m baseline
A Measureunoscillatedboeamcomposition

A Statistical * 2-3% @10y HKperation

A Systemati¢ onuflux and crossectionM4%critical for CPV
A ND280 upgradeompletedin 2024 (upgrade to ND280++ in the future)

+ SuperFineGrainedDetector Ecintillatortarget tracker)

+ Highangle Time Projection Chambers (TPC) & TOF planes

A Improvedangularacceptance to 4

A Decreasedadronicenergythreshold

I Syst. dominate CPVimeasurement>4y, longterm goal <2%
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HyperKamiokande Intermediatedetector LA NCTE

X107
'S 30 — Near surf. (4off) -
O, ok = HKdir. (2.5] off)
w 2F = Bottom (1.7Joff) -
&
15
105
A 600t Cherenkowdetector, 850mfrom JPAR®eam s L
X ildi 2 5 i © 05
A x 400mPMTduilding or? / ¢ %essansand experience 0’ [Gey

A Groundbreakingceremonyon 4" of November2025
A Facility building & pit excavation hasarted ON TIM@

A 48m vertical rang® 1.734.0]off-axis = diff energyspectra
A Monochromatidbeam linear combinatiorx FDspectrum
A Constrainbetweenreco.quantitiesand h energy
A Largeroff-axis angle® higherh_ contamination
A Precisemeasuremenpf hg & hy crosssection(limiting CP\&syst *)

i IWCDcomplementsND280, INGRIBP syst.” <3%
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Future analyse ‘ Violation of CBymmetry

T T B Jgyens
CPV pr()be "L 12 TrueNOknown — 7?%22{
\ ! \i - — 2.5years
put 10 — ] year —
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A ' I’ [ crosssection ratio has main for CPV probe 0 73
A Syst’ largelyimpact speed of CPdiscovery | HK 10 years (2 70E22 POT 13 v¥) True Sce
A HKwill have world best CP&&nsitivityif known MO Wb Beam (KnownMO)  Ve/V, xsec 0=2.7%
., 165 """"""" i‘:lm ﬂli“k_“"“a";nh:no) MO) True NO
t 5 discoveryof CPV @10y fanostof { cpvalues, g &'E?‘ﬁi‘%ﬁﬂ?%% """
. . . . o :— .............. 1n W
<3y if maximal CP violatiorn N —
x L
o
A BothCPV and MS\Wésultin’ /’ [oscillationasymmetry T j;
) —
A Atmos.’ sensitive to MQwhen propagatingin Earth(MSW) "5’ o
0

t Atmos. + Beam datanhancesensitivityto CPV I I
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Future analys
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i HKwill observe DSNB flux (4.2@10y) tspectrum °

Astrophysicaheutrinos: Supernova

A 99% of Snergy©® 4, but SN very rare

A Q(100k)4 from Milky Way center (10kpc)

A Q10)4from Andromeda(1Mpc)

A Earlydirectionalinfo for multimessengeastronomy
A SN explosiomechanism MO, oscillationg-u Xsec

HKwill constrainSN models

B _ SN. SNh Universe
— | formation |Xx )
rate spectrum expension

A Faint but constang flux from all pastand presentSN
A Historyof star formation rate =evolutionof Universe

A Constrainton heavyelementsynthesis

~ A Lowenergy©® probeolderstars
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Astrophysicaheutrinos: Solar LA NCE

SolarUpturn Region PRD 109, 092001 (2024)

\ 0.8 [ T I T T 1T | T ! T T T T T T T ! T 1T | H
A P, energydependence £ VACUUM SUN MSW-

A Favoredk H ®m ~ F DOM OSC. DOM OSC A

A Exactbehaviorunknown | 5 os —IL I =

0 i —_— .

steriled, NSI O o5k — E

| B r -
\— 04 — —]

D ~ _

A Day/Nightasymmetryfrom 9 | NMSWD & 03 -
A P.(night) >P.(day) hint by SK but not concluswezo ol STERILE, NSI?

A Precisemeasuremenbf solarmixingparameters 0_15_ — Solar E
Amodp (i S a BdayKalLAND - | — Solar+KamLAND .

0= L . L e L —

10 10

A Test Standard Solar Model (exfrom hep reaction) Energy 1[|\/|eV]

t  HK can observépturn and Day/Nightasymmetryup to 5 @10y
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Future analy<e” Protondecaysearch LA N CE

) _E_'::pb-oe’.-z"» — S ...f.:;..,f;::f.E:::..:,::::,:i:,:.A.,A.:,:ﬂ..,A
. . 3 - ——e— HK 186 kton HD , 30 :
GUTprediction = [ —=— ounedokion, staged, 3o
® o e SK+SKGd 27 kton, 30
107 '
A SK=bestconstraintson 2
almostall decaymodes 5 S .
A Many modes are still v S — -
limited by statistics =
\ : : : . : 10”5‘ :
A no Q* and invariant proton mass mostcompellingevidence Ei_.
A Almostbackground freednly 0.06bg/Mton/yr from atmos ) our
A HKconstrainup to 135 years 7 oK
S 10%E T K et kom0
A no P resultsin degradedsensitivity @ [ —— DUNE40Kion staged, 30

[ —e— SK4SKGd27kton,3g i

A Chargednesonsemitted M Cherenkowthreshold

A JUNO and DUNE habetter sensitivityper kton WL
1 :
A HK verycompetitive due to very large mass of FD B it et s
A Compensategoorer sensitivityfor somemodes

HK:design?’report (2018

. : e DUNEarxv2002.03005
* H KWI” Set WOI'ld-beSt (040) nStralnton prOton decay :::[ i l ‘JUNOLX':MS
2020 2030 2040
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yic CONCLUSION: PERSPECTIVES

C
A HyperKamiokande= 39 generationof large watertCherenkowletector at Kamioka { ~ K r M/an bec/r th
A FDcomplex+ NDcomplex+ IWCD Beamline ’eco,,s On W, e ta//r
A Relyon well-proventechnologies and analyses t"'"io,, ed,,e by
A Construction of FD and IWCD-gaing 75% of 50cm PMT have begalivered "’”thG/Vsday /
A New technologiestiPMT IWCD) and/lachine Learning pipelines idevelopmen\j ’V@J.;?o;
m

I Cavern excavatiomompletedthis July, HKoperationwill start in 2028

A HyperKamiokandevill detectan unprecedentechumber ofy, largestatisticsfor highprecisionstudies
A Verybroad physicsprogramcomplementaryto JUNO and DUNE
A PioneerinddSNB observation aratlvancingieutrino astronomy
A First CPV observation in the lepteactorto explainmatter-antimatter asymmetry
A Constrainingnodels ofleptogenesisSN solarmechanismsGUT andnanymore analyses !

HK = worldleadingexperiment({ . DSNB, protordecay) for the next 20years!
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HYPERK SYSTEMATIC REQUIREMENT

Systematic Source Required Precision For Which Measurement Detector Achievable Precision
CP Violation,
alve)/alvy) 3-5% Bcp precision at sin(8¢p)~0, IWCD 3.5-5%
853 precision at sin(033)~0.5
CP Violation,
o(Ve)/a(0) 3-5% Bcp precision at sin(¢;)~0, IWCD 4-7%
853 precision at sin(B33)~0.5
- CP Violation,
Wrong-sign background 9% io al cl)n_ . ND280 TBD (expect <9%)
normalization Bcp precision at sin(6p)~0
Intrinsic v, 'V, and NC CP Violation, . )
backgrounds 3-4% 8¢p precision at sin(6)-0 IWcD 2.3% (neutrino)
Normalization of non-QE with L. . . i
E,>0.7 GeV 5% 853 precision at sin(633)20.5 IWCD 5% (neutrino)
Normalization of non-QE with all 8cp precision at sin(,)~0 IWCD, 5% (IWCD nedutrino)
energies 2% Am?3, precision ND280* <4% (N280 neutrino)
g 2P <7% (ND280 antineutrino)
Scp precision at sin(&.,)~0
Beam Direction 0.6 mrad (4 MeV “ .. @ INGRID  <0.3 mrad (<2 MeV)
shift) Arn?3, precision
. Bcp precision at sin(&p)~0 IWCD, 2.6 MeV (IWCD on O)
Removal (binding) energy 4 Mev Am?3, precision ND280  ~1MeV (ND280on C)**
High angle measurement 2% CP Violation, IWCD, <4% statistical precision in both
(cos6<0.2) Bcp precision at sin(6p)~0 ND280 detectors
Beam rate monitoring ~1% per day Gen(.eral monitoring of beam INGRID <0..5/6 per day for neutrinos and
quality antineutrinos
. Atmospheric neutrino IWCD, <5% IWCD
Neutron Multiplicity TBD Nucleon decay ND280 <4% ND280
0
W cross section & neutron TBD er® proton decay IWCD 8D

multiplicity

I IWCD is critical to control many
Important systematic in HK

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

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

I HK ptal CP\syst = shouldbe
reduced<3%
24
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HYPERK SENSITIVITY

Physics category Parameters Sensitivity
& precision Jo-200
LBL CPY coverage (3/50) 76%/58%
{1.3MWx10years)
51“2323 error [for 0.5) +0.017
MO determination >3.80
ATM+LEL
{10 years)
Octant determination (3a) |B55-457|>2°
T for e n® {3a) 1x10°2
Proton Decay
{20 years)
T for vK {30) 3x10°%
Day/Night {from 0/from KL) 8g/4a
Sclar
{10 years)
Upturn =30
Burst (10kpc) 5Ak-20k
Supernova
Relic FOv's / 10 years

25
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l nCCE

' e

Many subdetectorsand a lot of
infrastructurefor support(magnet UA1 magnet
chiller, gas system, DAQ, slow
control, electornicooling, X)

TOF ECAL SMRD

arator V

A FDGscintillatortrackeractsastarget

A SFDG: 3Bcintillatortrackeractsastarget (2.1M x 1cr
scintillatingcubes, high recdEfficiencyat highscatteringangles)

A VTPC/HATEPCSsPID

A ECALelectromag calorimeterf and“/‘ separator

A SMRDside’ range detector

A TOFmeasureparticledirection
A UAL magnet: 0.2 T

HAT

Fiducial volume ofvhole target x2 +better angularcoverage 57
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INGRID

A Scintillatorlron detector

1 A Computebeamposition and direction oday-to-daybasis

'. A Need reliable detector tensuredatatakingefficiency(>99% for T2K)
| A For instance, nbeamdatawithout INGRID running

S o 11 L : : : L et
O 0 ANV S S A
% - N | Homn 320kA | 1 " i ; " ‘u :
2 - ' i —+— Hom 250kA , | | : X I : o '
.E. ! Evemt rate. i Hzﬁ M5EA ! i 1 i i 1 o r
L ; | ——+—1 Horn -250kA | ~felete el j========- i 1 ' u .

£ EHuriz intal beam diréction i i E : i -+ INGRID i
Eospp " o . —MUMON] 4
ot ey -- L
-05F : " | i ' : : ) i r
T [Vertical beam direction | ! : : | -+ INGRID 1
E osp crHGal beam dire o | | : -~ MUMON | 3
; | ——". Ay B e %: £

0 L 1 1 e ——y 1 17

N 1 | | I | [ ——) ]

—05F | X : Lo : ; : : o E



https://ilance.cnrs.fr/

The Water Cherenkov Test Experiment (WCTE)

40-ton detector in CERN T9 charged particle test beam

Precisely measure detector response and interactions (CFaw
of same particles produced by neutrinos

Develop & demonstrate technologies for Hyper-K,
IWCD and other future detectors

Fully characterised beam of sub-GeV e, ¢, 7, p, v
with known particle type and momentum i\

R
AN
[.[\% »

Suite of beamline Halbach array

monitor detectors permanent
magnet .-~

Time-of-flight

Hole counters
Tnggers Cherenkov
Tank
10 beaff\—@[
Ge?‘/ - Adjustable height table Slidefrom Nick Prouse 29



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




