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Physics Program

Big bang

Particle physics

Astrophysics
Atmospheric/solar neutrinos

= Neutrino fundamental properties past Supernova Relic Neutrino (SRN)
(mass ordering, mixing) supernovae =» Star formation history

CP-violation in neutrino

-» Matter-antimatter asymmetry Supernova burst neutrinos

=» Explosion mechanism

Proton decay : SUR—.va
=» Grand unification

accelerator

proton decay
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https://drive.google.com/file/d/1xwy6PgxMUHq0K68a7Jlf0iPORVZaG7ct/view?usp=drive_link
https://sites.google.com/view/cosmo2024/home

Neutrino Sources
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https://doi.org/10.1103/RevModPhys.92.045006

Detector Masses and Energy Sensitivities
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https://indico.cern.ch/event/981823/contributions/4328853/

Neutrino Observatories Around the World

High statistics (= large target mass) & high precision is required

20kt liquid scintillator
+26.6 GW reactor
Data taking 2025~

(\ dOTY ORCA

KM3NeT

= 40kt liquid Argon TPC R
+ >2MW v, beam 260kt pure water Ocean water _
Data taking 2028~ + 1.3MW vy beam Data taking 2020~ South pole ice

Data taking 2005~
(phase I) Data taking 2027~ (construction ongoing) (uigra%empﬂanned)

Low energy threshold (~MeV) O(km?®) scale detector
High intensity neutrino source to detect TeV~PeV neutrinos
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https://drive.google.com/file/d/1xwy6PgxMUHq0K68a7Jlf0iPORVZaG7ct/view?usp=drive_link
https://sites.google.com/view/cosmo2024/home

Next Generation Long-Baseline Experiments

Hyper-Kamiokande

188 kton water
Mt. Ikeno-Yaima
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00
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7L water equiv.1 1700 m
2 € ) Neutrino beam . —
‘......’ 295 km
yper-
20—40 kton liquid argon A : ‘
Sanford Underground ! NEUTRINO
Research Facility e




Generations of Kamiokande
Kamiokande Super-Kamiokande Hyper-Kamiokande

£ E £
-G EDp : KT ~
<t
15.6 m
39.3m
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

Kamiokande Super-Kamiokande Hyper-Kamiokande

1983 - 1996 1996 - ongoing 2027 and beyond

e Atmospheric (Atm) and solar | e Proton decay (world-leading limits) Extended search for proton decay
neutrino “anomaly” e Neutrino oscillation (Atm, solar, beam) Precision measurement of

e Supernova 1987A oscillations, including CP violation

Birth of neutrino astrophysics | Co-discovery of neutrino oscillations Neutrino astrophysics
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Far Detector Tunnel Excavation (~2022)

Tunnel excavation is completed!

650m

approach
access tunnel tunnel
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Far Detector Cavern Excavation

Excavation of the barrel section of the tank is ongoing!

[2023/07/13) Cavern for water purification system (~1/2 of 024/08/01%'(3“ (barrel)
Super-K) . . - - -

s
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PMT Production and Quallty Assurance iifa’i\hf'

Factor ~2 more ‘SenSIUVe o ~>11000 PMTs (out of 20000) have been delivered

_‘ e Screening and evaluation at Hamamatsu and Kamioka S
Hyper-K PMT o= | o  Signal check & visual inspection of the glass and sealing
Nk - o Two dark rooms testing 100 PMTs in each "

. Super KPMT

Single-photon efficiency
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Hyper-Kamiokande

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina

1360 m water equiv.

{1700 m

295 km

BSM, Sydney, Dec. 12, 2024 Hyper-Kamiokande - Patrick de Perio



Hyper-K Schedule

Final stage of excavation! Now

l Japanese Fiscal Year starts in April

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027

. Tl |
Excavation e:(r:];\?ati 0 Tank cavern excavation
Tank
construction
Tank Water system
Detector
constructio
PMT, PMT production b
detector
J
Beam ‘
Near detectors |I Near detector (ND280) upgrade New intermediate detector
construction
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Neutrino Interactions

Hyper-K
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https://doi.org/10.1103/RevModPhys.84.1307
https://doi.org/10.1103/RevModPhys.92.045006

Three-FIavour Neutrino Oscillation Paradigm

Hamiltonian
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https://indico.cern.ch/event/1318443/contributions/6142021/

Neutrino Oscillation Formalism (PMNS)
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Experimental Constraints on PMNS
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Neutrino Oscillation LIE Scales
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https://doi.org/10.1142/S0217751X21300088

Neutrino Knowns and Unknowns
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KNOWNS (~10 accuracy)
2 /eVéi=251x103 (1.0%)
2 /eVi=755x10" (2.7%)
sm2913 =0.0220 (2.6%)
sin®0_, = 0.304 (5.4%)
sin®0,, = 0.564 (3-4%)
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UNKNOWNS (>10 hints)

Dirac or Majorana

Mass ordering (1.6-2.76 NO)
Absolute mass (<sub-eV)
Dirac CP phase 5cp (2.96 CPV)
Octant of 0,
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https://agenda.infn.it/event/37867/contributions/233956/
https://indico.cern.ch/event/1318443/contributions/6158724/

CP Violation (S¢e) in Neutrinos

e Potential source of matter-antimatter asymmetry in the universe (leptogenesis)

Statistics only

e Systematic errors will be important\l

------ e--:.-.  |mproved syst. (v /v, xsec. error 2.7%)
> New and upgraded near detectors | . @ T2K 2020 syst. (v /7, xsec. error 4.9%)
&-\ 1 2 B T T T | T T T I T T T | T T T I T T T
e From “discovery” to “measurement” =10
. . . . c
> Physics behind the mixing matrix 2 gb
] B
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HyparKiprelirinasy HK years (2.7x10?' POT/year 1:3 vv)
E True normal ordering (known)
: sin°0,,=0.02180.0007, sin’0,,=0.528, Am2,=2.509x10°eV*/c*
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Neutrino Mass Ordering in Hyper-K

« Combination of beam and atmospheric data = Improves sensitivity to §., and MO
« HK (2027~) determines MO at 5¢ in 6-10 years, depending on the true value of sin? 6,,
« JUNO (2025~) will reach 3a in 5-7 years; DUNE (2031~) will reach 5¢ in 1-3 years

HK 10 years (2.70E22 POT 1:3 viV)
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Neutrino-Nucleus Interactions

e \We cannot see neutrinos directly

e Must infer neutrino properties (energy and type) from the products of an interaction

e Challenges vary across experiments: different target nuclei and detection techniques

Neutrino interaction
e Cross-section
e Kinematics

Detection of charged leptons
e PID and efficiency are relatively well known

Neutrino

Detection of hadrons

e Hadron scattering in detector
Detection of short tracks or weak Cherenkov rings
(performance strongly depends on the detector)

o Relatively large uncertainty in detection efficiency

Neutrino flux
e Hadron production

Nuclear physics:
e Nucleon momentum (Fermi motion)
e  Multi-nucleon correlations
e Hadron scattering in nucleus (FSI)

These depend on the target nucleus

BSM, Sydney, Dec. 12, 2024 Hyper-Kamiokande - Patrick de Perio



Near Detector (ND280) Upgrade

\, s e Measures v beam flux & cross section at

280m downstream of the v source
m Further consideration (ND280++) required
for Hyper-Kamiokande

(Technical Design Report on T2K, arXiv:1901.03750)

Super Fine-Grained
Detector (S!

e

L 2P

e Central part upgraded in 2024
Super-FGD, High-Angle TPCs, ToF

> Improved angular acceptance of lepton tracks,
lower the threshold for hadrons
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https://agenda.infn.it/event/37867/contributions/233954/
https://agenda.infn.it/event/37867/contributions/233954/

AV LI

The Intermediate Water Cherenkov Detector (IWCD) iP

e New detector at ~830 m away from the beam source

Vo) ; 0(¥e)
e Measure ;55/ 555

— ¥ b VPRISM. v Mode. v _Flux

a significant systematic for ‘

the CPV measurement

v 1015

e Oscillated energy
spectrum very different
from unoscillated spectrum

Off-axis Angle (%)

(3]

> Measure neutrino
beam at different energies b
with same detector material

1 2 3 4
Neutrino Energy (GeV)

e nuPRISM concept: Move IWCD vertically — vary OOA —
different neutrino energy spectra — improved neutrino

interaction measurements
BSM, Sydney, Dec. 12, 2024
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The Water Cherenkov Test Experiment (WCTE) |

Prototype of IWCD @ CERN

e Demonstrator for new photosensor,
calibration, and ML event reconstruction
and simulation technologies

e Constrain neutrino experiment modeling

Tagged
Hole A | Hole photon (==
Count eroge’s Counter -
OOOOO n=1.006 Aerogels beam .
TOFO TOF1 (for e veto) (for particle id)
i L ot i
seampoe, "] vAivRsvaNel FXTNE

.............................. ‘FF R

PMTm m PMTD D D

I 0.14 -1.2
GeV/c
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Gamma (y) Identification

e NCy is a significant poorly understood background for CPV
> Need data driven constraints

e efficiency when rejecting 80% of y

Vc/ L Vc/ V3
: l € o—> ResNet (ML)

| e-like : 50

hz g T,

' et 758
3 : 40

/Q 'Y é 3 "f__. ;
N N €

Traditional Likelihood Algorithm

e yand e almost indistinguishable in water

Cheren kOV detectors Selected 1-ring e-like events
“{ [WCD v Beam MC True ve CCOM

True NC y
True NC n®

N
o

=
o

e ML shows promise
with some statistical

events

Electron signal PID efficiency [%]
w
o

NCTc0

separation F 0 0 200 400 600 800 1000
o To be tested in Eoul True momentum
WCTE |

ResNet Classifier Output: P(y)
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https://doi.org/10.3390/psf2023008063

Nucleon Decay

p > e*n®

e Probe of new physics: GUT, SUSY-GUT ’7X’<v

e Minimal SU(5) model is already ruled out, proton{.- 0 "} @
but SUSY GUT models are still viable @\ o

-

p - e*n® (SK, simulation)

SU(5) GUT + CMSSM, high-scale SUSY

T
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https://doi.org/10.1140/epjc/s10052-020-7872-3
https://indico.cern.ch/event/1318443/contributions/6212404/

Nucleon Decay in Hyper-K

« HK advantage: large mass = many protons, and free protons in H,0
» Less degradation of efficiency by Fermi motion and nuclear effects

« World-leading sensitivity in two golden channels (p » e*n®, p - VK)
« JUNO and DUNE also have advantages on detecting K* in p -» vK* channel
e Search of sub-dominant modes helps to test different GUT groups, flavour structure

] p—‘)17K+

—eo— JUNO 20 kton,3¢

0

p—oetnm
- 10%

. ——e— HK 186 ktonHD ,3c I
DUNE 40 kton, staged , 3c
SK+SKGd 27 kton , 3¢

- —e— HK 186 kton HD , 36
DUNE 40 kton, staged ;3¢
SK+SKGd 27 kton , 3¢

o/ [years]

/B [years]

10*

5 3 A i ; ] ; ; : ; [ ;
2020 2030 2040
Year

Year
Hyper-Kamiokande - Patrick de Perio
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Nucleon Decay Analysis Prospects

e Ongoing reconstruction developments on analysis side to improve sensitivities

e New algorithm: Fit p + vy tracks,

assuming same vertex at different times

G. Santucci u+

"“Preliminary

BSM, Sydney, Dec. 12, 2024

v Tagging Efficiency

{

New
algorithm

Previous
algorithm

25

e 9.4% — 13.9% (1.5x)
efficiency gain with
similar background

.., True At (ns)
30 a5 40

New algorithm:
Assume second

primary
vertex for vertex secondary vertex
additional rings < @&
' K p
after the first
Iilvsep
Improved
background g + e
rejection (~75) §& |
=R 2
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07 + -

compared to
previous algorithm
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https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/santucci-gabriel-december-2018.pdf
https://arxiv.org/abs/2208.13188

Solar Neutrinos in Hyper-K

« Recent measurements focus on (non-standard) neutrino oscillation in
matter of sun and earth.

« ~1.50 tension exists between the Am3, in solar (v,) and reactor (v,) data.
= CPT violation? Non-Standard Interaction (NSI) in matter?

« NSI models can also be tested in the P(v, — v,) spectrum “upturn”.
->HK can observe “upturn” at >3 0 in 10 years.

Upturn spectrum
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Supernova Burst Neutrinos

 Neutrinos carry out 99% of the energy from supernova.

* SN1987A at 50 kpc: first and the only detection of supernova burst neutrino
Confirmed that neutrinos bring most of the burst energy only in 10 sec.

BSM, Sydney, Dec. 12, 2024
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https://indico.cern.ch/event/1318443/contributions/6142019/

Supernova Burst Neutrinos

 Neutrinos carry out 99% of the energy from supernova.

* SN1987A at 50 kpc: first and the only detection of supernova burst neutrino
Confirmed that neutrinos bring most of the burst energy only in 10 sec.

* Explosion mechanism is still unclear. Explosion fails in many simulations.
Multi-dimensional effect such as SASI (Standing Accretion Shock Instability) is
required for explosion to happen.

Core Collapse |__¢~-100ms . == Os t~10s t~1h-1day > time

SuperNova Core Collapse Core Bounce Shock stall
~10-100 ms  Shock Wave Shock revival PNS Cooling  Optical burst

Dying star
E NS
e
e core - (= '22:: - =
ve burst v (all) vial)
ve

EM waves
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https://indico.cern.ch/event/1318443/contributions/6142019/

Supernova Burst Neutrinos in Hyper-K

« HK advantage: large statistics, direction reconstruction
— Model discrimination, access to ~1 Mpc (Andromeda galaxy)

* Distinguish explosion models from rate, energy variation in time

« ~70k events expected at ~10 kpc (SN in this galaxy)

-\ Neutronization v+e™
No oscillation

Events/0.22Mt/10msec
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‘N
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; : OscxllatlonNH """"""""""""
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https://indico.cern.ch/event/1318443/contributions/6142019/

Supernova Relic Neutrinos (SRN)

* Neutrinos from past core-collapse supernova
— Flux depends on supernova rate, fraction of black-hole formation etc.

b |

[SN rate] X [SN v emission] X [cosmic expansion]

large uncertainty: effect of dust, failed supernovae forming blackholes, etc.

* Potential to open a new window in neutrino astronomy

ZZ IR

Neutrinos from
past SNe

C B

Big Bang

BSM, Sydney, Dec. 12, 2024
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SK-VI+VII 956.2 days, Observed 90% C.L. (New)

SK-VI+VII 956.2 days, Observed 90% C.L. (New) |
SK-VII 404.0 days, 90% C.L. sensitivity (New) |

Discovery is
expected soon!
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Supernova Relic Neutrinos (SRN) in Hyper-K

* HK aims for precise flux & spectrum measurement.

* Expect to reach >40 in 10 years
* JUNO also has high sensitivity (~50 in 10 years for optimistic scenario)

Expected number of events Black hole formation rate affects the SRN spectrum

5400 —— HK ) Y & SN SRN 4MeV 100%
£ - & /£ 2 \\ — — SRN 4MeV 70% + BH 30%
p SK-Gd = S \ SN 6MeV 100%
$350 — JUNO - s 20 — — SRAN 6MeV 70% + BH 30%
© 300 = 2 \ N\ \
E o —— HK@HI0%) | 1o RN
S | —— SK-Gd (BH 30%) LT - AR
§2°° — — JUNO (BH 30%) 7 10 N
2150;_ - S ,,~4..eve.nts/yeai|: .......
100k ,,/ after neutron taggjng with H,0 .
505 ‘ // ‘ ____—__;_::—‘—'—:" \ N\
= U == ) ) N
= # A R % 5\ 10 % 3 40 45 50
2020 2025 2030 2035 2040 2045 B [MeV]
Year SRN signal window: 16-30 MeV
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Global Competition

Exp. Time
JUNO 2024
(20 kt)

DUNE 2030
(17 kt*4)
HyperK 2027
(260kt) |
ORCA Un-
(7 Mt) known
IceCube 2026
Upgrade

Mass CP
ordering | phases

340
6y

>50
1-3y
3-50
10y
2-40
3y
2-40
7y

50 (50%)
10y
50 (60%)
10y

Precision Meas.

sin2912 (0.5%),
Am3, (0.3%),
Am3, (0.2%), 6 y

Am3, ~0.4%,

Sin2923~1.1% *, 15y

Am3, ~0.6%,
sin%6,5~1.6% *, 10y

Am%, 2% , 3y

Am3, ~1.3%,3y

CCSN burst @

20 koe DSNB
all-flavor v
(IBD, eEs, pEs)| 3% 37
40

ArCC&NC, | 400
eES
eES, IBD 30,6y

rate excess

rate excess

* Upper octant assumption

Geo-v

~400/y

Solar

’Be, pep,
CNO, 2B

8B, hep

8B, hep

Proton Decay
(sensitivity@10 y)

>9.6x10*3 vy (VK™)

>8.7x1033 y (e*n?)

>1.3x103%y (VK*)

>7.8x103%y (e*n?)

>3.2x103* y (VK)

eES: v-electron scattering, pES: v-proton scattering, IBD: inverse beta decay

BSM, Sydney, Dec. 12, 2024
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https://indico.ihep.ac.cn/event/21083/contributions/164744/

Rich Science with Future Experlments | iP

Supernova, SRN
(multi-messenger: GW...)

Proton Decay

Crerentov W

positron

BSM, Sydney, Dec. 12, 2024

Dark Matter . '

Atmospheric
Neutrinos ;- -

Accelerator Neutrinos
~ FarDetector

water equlv.I 1700 m
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Water Cherenkov Detector Principle

Cherenkov light

Neutrino
J #O—»

Charged
particle
In water

BSM, Sydney, Dec. 12, 2024 Hyper-Kamiokande - Patrick de Perio


https://physicsopenlab.org/2016/04/24/diy-cherenkov-detector/
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Hyper-K Long-Baseline Physics
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Solar Neutrinos

« Sun produces ~0-16 MeV v, in the nuclear fusion process.
« Measurement of neutrino flux led to the discovery of neutrino oscillation
« HK advantages: large statistics + directional sensitivity (remove radioactive BG)

Solar neutrino direction at SK

. . . : 12000 UL I 1T | L ' LI l 1T I 5 B I L. I O BT | I LU | B |
Solar neutrino production (pp-chain) ‘S f ]
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Solar Neutrinos in Hyper-K
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https://arxiv.org/pdf/1507.05287.pdf

Supernova Burst in Hyper-K
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Supernova Timing Profile
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Supernova Global Alert

* Optical signals will be observed ~2 minutes to ~2 days after neutrinos
— Supernova alert can be issued

* Pointing (~1-2°) helps multi-messenger observation

* Neutrino emission starts even before the explosion
— pre-supernova alert can also be issued

Fzg)v of telescopes compared with HK pointing
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Extragalactic Supernovae
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https://agenda.infn.it/event/37867/contributions/233922

« Main detection channel: v, +p » et +n

In SK, gadolinium (Gd) was added to pure water in 2020~. 5 p/ ™\ Gd
- Significantly improved SRN efficiency by n-Gd capture signal n-SalPre
Combining pure- & Gd- water data, 2.3 o excess of the SRN . /
signal is observed by spectrum fit of signal and sideband samples. 5 7

SRN signal? (SK-Gd data example)
L B L L Fitting results from spectrum fits
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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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Nucleon Decay
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Canadian Neutrino Telescope
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