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Neutrinos are important in understanding of history of structure formation;
furthermore may give insight into matter-antimatter asymmetry
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" The Hyper Kame Experzment .

Phy81CS 1n The Sun in Neutrinos
Hyper-Kamiokande @

Solar neutrinos s«

1500 day

Hyper-
Kamiokande
will address
broad science
guestions with
unprecedented
precision.
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Neutrino Oscillations

Neutrino Oscillations
will be measured based
on accelerator and

atmospheric neutrinos.

21/Mar/2022

Astrophysical Neutrinos
Solar, supernova, and

supernova relic

neutrinos will be explored
for astronomical research.

‘*Up q:
.

- .
‘x( . ST “-o -
- ..' IR A 7 el

."‘ - "-_
.

f+ The Hyper-Kamwkande Expezment

Rare Decays

Rare processes such as
proton decay or neutron
decay processes that
violate baryon number will
be searched.
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Free parameters usually written in terms of three rotation angles
and one complex phase: 0,,, 053, 03, 0-p

Parametrise mixing matrix U as:

Solar

Ue1 Ues ( Ci12  S12

—S12 €12
0

Hyper-Kamiokande will be
able to study the solar,
atmospheric and accelerator
neutrinos.
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Neutrmo Osczllatzons
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Total
Leading
CP conserving

Total
Leading
CP conserving

CP violating
Solar
-——= Matter effect

CP violating
Solar

R -——= Matter effect

Vv, —> Ve oscillation probability

Ao
4 1 L 0 0 1 0 Mz
---- - :

e

O~p Measured comparing neutrinos (yﬂ — v,) and antineutrino (17ﬂ — U,) oscillations.
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Normal Ordering (NO) Inverted Ordering (10)

@ Two possible mass ordering:

" Flavor States
normal and inverted. ] — _
] solar~7x10eV?
— Amlz2 from solar neutrinos atmospheric
= Slgn known ~ex el atmospheric
. ~2x103eV?
— | Am322| from atmospheric *lm x

neutrinos - sign not known T2 3 (o) B

@ Matter interaction needed to :
solve the ambiguity Mass States
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How leaning towers compare
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Nucleon Decay Experiment
Neutrino Detection Experiment
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50k(22.5Kk)ton

20% coverage
with 50cm PMT

40% coverage
with 50cm PMT

Unprecedented scale of underground cavern
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Lon -baseline neutrino experzment a
ina nutshell *'
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~100 m ~100-1000 km

+-—)

Predicted events in the

Near detector Near Detector.
selection,
efficiency

Neutrino flux Neutrino cross
prediction section model

P(vg = vp)

» Predicted events in the 2 —
Far Detector. Neutrino flux | Neutrino cross F:liit?::or
21/Mar/2022 prediction section model efficienc;/
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f* Hyper Kamzokande Expemmet
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- Double-
Water purification
and cireulation senSItIVIty "?5’:1'{-.:‘
PMTs

NGRID ND280 WAGASC! TWCD

@Hyper-K detector with (190 kiloton) than Super-K with

D New (IWCD) and upgraded (@280m) near detectors to control systematic error.

@J-PARC neutrino beam will be upgraded from 0.5 to 1.3MW (x2.5 higher than current T2K beam power)
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@7 years construction from year 2020; 5 years excavation
subsequent 2 years detector construction. Data taking from 2027.

FY2020 FY2021

FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

B g
Cavern Tank :
) installa
excavation Const.

. -e‘

Geo. Tunnel

survey const. I

tlon Hyper-Kamiokande Detector

S S ,
el ol ol o s dsbew |
missl LS\ 3

PMT production

_______

_____-‘ -
Power—upgrade of J-PARC and Neutrino Beam—line
I N Y [

Near Detector Facility, R&D, production ND construction
I D D L]
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'Access tunnel (1873m
completed in February 20

'Approach tunnel starte
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Hyper K Collabamtzon %% G I |

20 countries, 99 institutes, ~500 people as of Jan 2022, and growing
Collaborating Institutes

Number of Collaborators

500 people as of January

Total =) —+Q |
otal -=-Japan IS 2022, and growing

438 454
(20 countries) NRSEAZES

(19)
336 344
17y (18)

310 312

mmmmmmmmmmmmmmm

149 members ’ (15)

52 members

2015 2016 2017 2018 2019 2020 2021
Year
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Hyper K Experzment (Far D

Water system: Two components:

Neutrino interactions 1st stage system ‘
2nd stage system for 155)+ 155 m3/hour Inner Detector (|D)

—Quter Detector (OD)

Photosensors: @ Cross section of
PMT Hyper-Kamiokande detector

Photosensors Cover Half of ID PMTs

Light Collection
Coils...

Electronics:
Digitizer @
Boards :
High Voltage Supply Part of ID Electronic
Network
Waterproof'd box, connectors,
Test Stand | .
cabling...

2x |48 port 1 Gbps Switches
with 4 x 10 Gbps Uplinks)

Water depth 71000

DAQ & Triggering: My N
Data Acquisition and Readout nner etecto%“ |

triggering Event builder e oo

Inner Water Tank

(PMT 20inch) \,

Software Triggers

Calibration: |
Calibration Electron LINAC 0uter-Detect(oerT
o Deployment system _ i som
vartous poart . o Other RI sources, light sources et

vanous positions
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,, Hyper K Detector Constructwn has Started N
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PMTs for the Inner Detector

Number of PMTs 11,129 50cm PMTs 20,000 50cm PMTs (JPN)
(+ additional PDs (Oversea))
Photo-sensitive Coverage ‘ 40 %
[ ey |

Dark Rate /PMT ~4 kHz (Typical) 4 kHz (Average)

@300 PMTs by March, 20,000 PMTs in
total by 2026 according to the
Japanese budget profile.

2020/12 First six PMTs delivered to Kamioka
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Photo-cathode area 2000 cm?

Photon detection ~6 hits/MeV/20k B&L ~1 hits/MeV/5k mPMT
Timing resolution (TTS) 2.7 ns 1.3 ns

Dark rate 4 kHz 200-300 Hz x 19 PMTs

Remarks » Performance confirmed |+ Granularity
* High photon detection * Directionality
efficiency » Better timing resolution

@mPMTs will provide unique and complementary information to 20"PMTs.



f* Outer Detector ( OD) Phatosensmg
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® Photosensing system composed of
- 3”7 PMTs
- Wave-length shifter plate
- High-reflective Tyvek

®Crucial to reject external background.
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f‘ Suzte ()f Near Detect()rs | # 1

and neutrlno mteractlons
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IWCD

INGRID ND280
| Off-axis spanning water On-axis
Cherenkov detector: detector: Off-axis magnetised
intrinsic backgrounds, ' tracker: charge
electron. (anti)neutrino measure beam ’
direction. separation (wrong-

| cross-sections, E vs.
observables, H,O
INPP 2022 target.

sign background),
recoll system

monitor event
rate.
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uper K Beam Osczllatzon Analyszs

@Based on T2K oscillation method.

Neutrino flux
| Vv

Tune models with Fit models to far
near detectors detector data

le21 POT))

Flux [(50 MeV:cm

Oscillation
parameter
sensitivities

v cross section/ E_ (10 *om? / GeV)

Interaction cross-section
21/Mar
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Number of Events

50

v beam 00 0.2 04 0.6 0.8 1 1.2

v Reconstructed Energy (GeV)

1-ring e-like + 0 decay e

150 HK 10 years (2.7E22 POT 1:3 viv)

N
o

Difference from 9., = 0 (events)
|
3 o

-100

v beam'ls 00 0.2 0.4 0.6 0.8 1 1.2

v Reconstructed Energy (GeV)

1-ring e-like + 0 decay e
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v-mode beam

HK 10 years (2.7E22 POT 1:3 v:v)

Number of Events
N
o

o0
o

60
40
20

v beam 00 02 04 0.6

v Reconstructed Energy (GeV)

l-ring e-like + O decay e

150 HK 10 years (2 7E22 POT 1:3 vV)

wn
)

Difference from o, = 0 (events)
|
S o

-100

v beam_ls % 0.2 0.4 0.6 0.8 1 12

v Reconstructed Energy (GeV)

l-ring e-like + 0 decay e

17:1:.3

to HK volume and
exposure

DExpect approx:
—2300 v, events
—1900 7, events

—Assuming sin(o.p) = 0

D Difference between

rates gives o,p

neutrino and antineutrino

D Use Super-K MC, scaled
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s NBEREREY O Percentage of true Jp
values for which

sin(o-p) = 0 can be
excluded, as a function
of HK-years.

@The areas below the
curves show the span
Statistics only of possible values, for

Improved syst. (v./V, xsec. error 2.7%) Varyi Nng SyStematiC error

T2K 2018 syst. (v./V, xsec. error 4.9%)-
O !IJAf“IlIIII|IIII|IIII||||||||||||||||||||_ mOdeIS.

Hyper-K prelimi ‘ 5 4 5 6 7 8 9O 10
yper-K preliminary o —
True normal hierarchy (known) HK Years (2.7E21 POT 1:3 vv)

sin“(0,,) = 0.0218 sin*(0,,) = 0.528 |Am3,| = 2.509E-3
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SinSpp # O Sensitivity |

I A

—

HK 10 years (2.70E22 POT 1:3 viv)

(-
@)

Statistics only

@ Sensitivity to exclude
-------------- Improved syst. (v./V, xsec. error 2.7%) | . .
........................... T2K 2018 syst. (v./V, xsec. error 4.9%) Sln(écp) — O, aS d fu nCt|On Of

true o.p value, for 10 HK-
years.

@Good opportunity to
discover CP violation in
neutrino sector at > 50 (61%

N fraction of o-pvalues w/
Hyper-K preliminary

True normal ordering (known) 1 OyearS data takl ng) ]
sin®(0,,) = 0.0218 sin*(0,,) = 0.528 IAmj3,| = 2.509E-3

@Reduction of systematic error has a large impact to the sensitivity.
& ~ 8o for O-p = — /2 (favoured by T2K).

0 exclusion ( sz)
=

~
-
O

%®,

—

-
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Resolution on 5.p and measurement of sin” 0,, 1

—————— — e e e e s — = =

—
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@How accurately can we measure the value of 6,7

P10 error on 8uis:

@ ~19° for

@ ~7° for true ocp = 0

i 70 for 5CP — O

lo error on 9, (degrees)

Statistics only

Improved syst. (v./V, xsec. error 2.7%)
T2K 2018 syst. (v./v, xsec. error 4.9%)

0 1 2 3 S 6 7 3 9 10

Hyper-K preliminary .
True normal hierarchy (known) HK Years (2.7E21 POT 1:3 viv)

sin”(0,,) = 0.0218 sin*(0,,) = 0.528 |Am3,| = 2.509E-3

21/Mar/2022

true dcp = —7/2 = —90° . d 190 fOr 5CP —_ 7[/2
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' Resolution on 8,p and measurement of sin“ 0,

h — B R e e e S L ee———— e m— e —— _——mm —— e - —— —_— —
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2

— Statistics only

DFor a true value of sin? 6’23, how
Improved syst.
T2K 2018 syst much can we exclude the wrong
octant? (sin” @,; < or > 0.5)

@The wrong octant can be
excluded at 3¢ for true
sin“ 0,, < 0.47 and true

o er-KB'?en 042 044 046 0438 05 052 054 056 058 08 SiIlz 923 > (.55 with the
ue norma hicrarch RSB Improved syst. error model

True normal hierarchy (known)
sin®(8,,) = 0.0218 IAmj3,| = 2.509E-3 3§, = -1.601

Wrong octant exclusion ( Ax
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'Adding Atmospherics |

Zenith

Isotropic flux of ;
COSmic rays \ =

¥Neutrinos penetrating the Earth are affected by the mass effect.

—Normal mass ordering : v/, — 1, is enhanced
. . — — .
v~ —Inverted mass ordering: v/, — U, Is enhanced

’
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et

@Comparison between neutrinos
and antineutrinos oscillations can
be used to determine the hierarchy.
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@Can exclude incorrect mass
ordering at 4 — 60 significance
(depending on value of sin“ 6,5)
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@If mass ordering unknown, @ Sensitivity to exclude sin(d-p) = 0, as a function of true
less sensitive for 5CP value, for 10 HK-years and true normal mass ordering.

some values of op.

Beam (Known MH)

Beam (Unknown MH)
Atmospherics (Unknown MH)
Combined (Known MH)
Combined (Unknown MH)

Increases sensitivity
above 5S¢

0 exclusion ( W)

@The power of the atmospheric
sample improves the sensitivity

to exclude sin(o-p) = 0, as a

function of true op value,

particularly in the unknown
mass ordering case: Hyper-K preliminary

True normal hierarchy, v./V, xsec. error 2.7%

SIN(Op)

sin*(0,,)=0.0218 sin*(0,,)=0.528 IAm3,|l= 2.509 x 10~ eV?/c*
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Solar Neutrinos
® Burning processes, modelling of the Sun
® Property of neutrino

Supernova Neutrinos
® SN explosion mechanism
e SN monitor
® Nucleosynthesis

Supernova Relic Neutrinos
e SN mechanism

. o~
o e R R

e Star formation history .
e Extraordinary SNe

29
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Solar Neutrinos
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—Solar neutrinos are the neutrinos originated from

the nuclear reactions in the Sun.

—Large statistics: 130 v ev./day/tank, L ; >4.5MeV

—Highlights of solar v measurements:
Day/Night (D/N) Asymmetry

- The terrestrial
matter effect can
resultin D/N

asymmetry.
— This can affect
2
Am12
measurement.

21/Mar/2022
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Visible
with

Neutrino Energy [MeV]

Upturn of the spectrum

Upturn is the
variation of the
oscillation
probabillity
between the
vacuum and
MSW
dominated
energy region.

° Borexino (88)
s Super-K 7
= SNO

| Solar Best Am2,

dominated by SK&NO |
Sol.+KamLAND Am?i |

- Upturn not observed yet.

30



Assuming SK best Am2 = 6.1x10‘5 eV2 (2020)

— —

J ' So lar Neutrmos

e ——— —
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—k LT R I N L B I I N I I I T N N

5 ; 3  — Photo-coverage 40%
- - --:Photo-coverage 20%

g .............. ......... *03% Sys err fOI‘ bOth Cases

Sensitivity (sigma)
|

@Large D/N asymmetry is expected to be
observed with > S50 after 10 years of operation

? : . o. " =
E ;_Upfturn Dlscovery Sensitivity
e 'E(Photo-coverage 40%)
- - 1 I L1
2 6 T T ! e T R PR T
% F WP SRR g
- - - " POELL o E
» 5 ¥ i ""' P, '
. i Ee xin Threshold 3.5 MeV
3 @In the upturn analysis, it is

expected that the sensitivity

3 Fexin Threshold 4.5 MeV | exceeds 3(5)o after 10y operation
g BLK: 2019 solar best 8, Am? with the threshold of 3.5(4.5 MeV)
3 RED: 2020 solar best 8, Am?

T S S MNP T TR T T}
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Supernova Neutrinos
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| Betelgeuse |

@Supernova neutrino observation:

—54-90k events for SN at 10 kpc (most
sensitive to V)

—Precise Neutrino Time profile

—Precise spectrum measurement

— Investigation of the SN mechanism (SASI/

Antares
| Galactic

10 10

Rotation/Convection) distance(kpc)

@Models by different groups, using various approximations
-> telling models apart can help understand the explosion
mechanism

21/Mar/2022 32




Hyper—K paper!
@Published by Astrophysical
Journal on April 13, 2021. R A L e S
@arXiv:2101.05269 [astroph.IM]| =+ 0 & o aese
@Hyper-K has the potentialto | =~ 2=

have a large statistics if there is
a supernova burst

@Hyper-K can distinguish
between different explosion
mechanism models.

Event rate In
Hyper-K from
supernova burst
for different
explosion models

H N N W

event rate [a.u.]

200 300 400 500
IRN 2021 Time (ms) 33


https://arxiv.org/abs/2101.05269
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pernova Relic Neutrinos
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—Supernova Relic Neutrino (SRN)

—Diffused neutrinos coming from all
past supernovae.

—Not discovered but promising
extra-galactic v.

—SRN can be observed by HK in
10y with events. Itis >~ 4o for

SRN signal.
Signa \\\\%\\\\}\\

SRN 4MeV 100%

e = SRN 4MeV 70% + BH 30%
SRN 6MeV 100%

- —— SRN 6MeV 70% + BH 30%

S

N

)
s

0
~P
I

Events/MeV/0.187Mt/10y

\

%:'
. \\
5 10

15
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—The number of detected SRN events is
predicted for various neutron-tagging
configurations.

—In the case of 70% efficiency, ~70
events will be observed within 10

operation years. This corresponds to 4o

sensitivity

1sof.Neutran tag efficiency of 70%, .

(40%) is assumed for photo- | I| |
Ill

ntag eff. 70%, mis ID 10%
ntag eff. 50%, mis ID 10%
ntag eff. 40%, mis ID 10%
ntag eff. 30%, mis ID 10%

N of candidates

coverage 40% (20%).

L HTH

10 12 14 16 18 20 22
Year
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pea ST FRR A
——e— HK 186 kton HD , 30

' Proton Decay Searches B
SK+SKGd 27 kton , 30

e —— i —) p—
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@Two major modes predicted by many models

p—-vK'
1035 e JUNO 20 kton , 3o
. w—n— HK 186 kton HD , 30
- DUNE 40 kton, staged , 30
SK+SKGd 27 kton , 3o

21/Mar/2022 35
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' Proton Decay Searches |

@ Hyper-K is able to
pursue also many other
final states with the
highest precision.

(S R A U N I B N B R N N N S S N SN SN NN SN N S N N N N A

21/Mar/2022



Conclusion |

@A groundbreaking experiment is being built in Japan.
@Major progress in the last year in the construction of the experiment.

@It will address major open questions in science! Multipurpose
experiment!

DIt will start to take data in 2027!!

e Underwater components
ready to be installed in the Far
Detector by ~December 2025.

e R&D completion in 2022,
mass production to start in
2022-2023.

Calibration

21/Mar/2022
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Backup Slides

-

@Additional slides for perusal

21/Mar/2022

38



= = — o __ e p— — — _ — - —

50cm PM duction ‘

e — — . e—— —————— — — ——— - — = - — . .

Visual
INnspection

PMT Dark
Rooms

INPP 2022 39



i —

| S — N —— ' — o ?"":‘;W
e Electromcs Canzsters }

INPP 2022



FGDI1

,Sulte ofNear Detect()rs N N N

FGD2

eData taking planned
from 2022.

-Large angle

acceptance.

—-High efficiency for

short tracks.
eUnder investigation

future upgrade during
Hyper-K era.

Current ND280 Upgraded ND280
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Physics target

* v-int. measurement by off-axis scanning

* YV, Cross section (3-5% for a(ve) /o (v,), 0(Ve) /o (V) |
* NC and intrinsic v, BG measurement (3-4%)

* Neutron multiplicity with Gd loading

[.1inear sum to make
Reconstruction

monochromatic CNICIEY

eNew 1kton-scale water Cherenkov detector at ~1km baseline

eDetector can vertically move =& measurement at different off-axis angles
eProgress In site choice and detector development.

eUsing mMPMTs as Far Detector.

INPP 2022
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