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SN1987A Large Magellanic Cloud

~50 kpc, v’s were seen ~2.5 hours before first light
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This was the first Supernova observed
with the naked eye in 383 years!



No chance for Supernova neutrino
detection for the next hundred’s years?

¥
We believe, yes!

Galactic Supernova burst Diffuse Supernova
(a few per century) Neutrino Background
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Supernova neutrinos




Life cycle of a star

Red superglant
. O ‘ =
Sirth of Star @® Main sequence star
O

Planetary
White Dwarf Supernova!!

.
«
»
“

\‘».,} Protostar

Stellar Nebula Interstellar Supernova Black Hole
gas remnant Neutron Star




Core-Collapse Supernovae

begins to collapse

Cooling of
ProtoNQutron Star

Supernova v ’: " : Neutrino trapping
explosion! Shock wave propagation

(PNS : Proto Neutron Star)



Core-Collapse Supernovae

begins to collapse

ORIGINS: SOLAR SYSTEM ELEMENTS .
Generate via Supernovae 1%

He 9.5%
B GuNmO F Ne 16.5%
HEEEEE 'ml 5 3

neutron : i i IS i (0 M Gt g G2 G As Se Br Kr . |
star ____ Fﬂyﬂl Xe Y
il Ve
Supernova BT o ST PR AT T ) trapping

explosion! Ac Th Pa U

Neutrino : speed ~c (PNS : Proto Neutron Star)



quarks

http://higgstan.com

What’s neutrinos

matter (fermions)

i@

up quark

charm quark

t 4
S

top quark

down quark

€ @f,
— K3

electron

strange quark

" @R

muon

bottom quark

O

leptons

Ve

electron neutrino

muon neutrino

=
7 -
u
v'l' /m‘\

tau neutrino

£ &

e 2

e 2

electron muon tau
antineutrino  antineutrino  antineutrino
(7,) (@) (7.)

gauge bosons Properties of neutrinos
3o |° Three flavors
2% |- No electric charge
°" |- Rarely interact with matter
§' Large numbers of neutrinos
r are constantly passing
< through us
g

For example,
60,000,000,000 cm-2 sec!
neutrinos reach Earth from the Sun
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Supernova as ‘Multi-physics’ object

\::?i:’;’)‘;
\ Weak interaction Strong interaction
- neutrino interactions - nuclear equation of state @
- ~99% of energy is . structure of neutron star
N eLAln'l:rin oS emitted by neutrinos - huleosynthesis
o
Supéernova
(neutron star\
Gravitational Gravitatio Electromagnetic
Wave . et ~10%3 erg - Coulomb collision of ,
proton and electron : A
--general relativistic - final remnants are EM wave
/ objects (NS/BH) pulsar, magnetar

F

Cd
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It a nearby supernova happens now..

“REBEFOIZIX— (MeV)
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Order of thousands of neutrino signal is expected in Super-Kamiokande



imulated Supernova

As Seen in Real-Time by Super-K

Movie by: Cully Little

Acknowledgments: this movie made use of the tscan event display (primary author
Tomasz Barsczak), Super-K collaboration software tools and the previous efforts of Steve Farrell and Ben Reed,




Super-Kamiokande




Three generations of
‘Kamiokande”

KAMIOKANDE

(1983-1995)

7
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Hyper-Kamiokande (2027-)

260,000 ton
What can we find?



Three generations of
“Kamiokande”

KAMIOKANDE  Super-Kamiokande Hyper-Kamiokande (2027-)
(1983-1995) (1996-)

260,000 ton

e What can we find?
= SK — SK-Gd

Supur-Kmni?)andc Gd PJT

KamLAND (2002-)
SK-Gd (2020-)
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Super-Kamiokande (SK)

50000 tons of Kamioka mine
‘ Water Cherenkov detector . g o O
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Super-Kamiokande collaboration
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Kamioka Observatory, ICRR, Univ. of Tokyo, Japan INFN Bari, Italy

RCCN, ICRR, Univ. of Tokyo, Japan INFN Napoli, Italy

University Autonoma Madrid, Spain INFN Padova, Italy

BC Institute of Technology, Canada INFN Roma, Italy

Boston University, USA Kavli IPMU, The Univ. of Tokyo, Japan
University of California, Irvine, USA Keio University, Japan

California State University, USA KEK, Japan

Chonnam National University, Korea King's College London, UK

Duke University, USA Kobe University, Japan

Fukuoka Institute of Technology, Japan Kyoto University, Japan

Gifu University, Japan University of Liverpool, UK

GIST, Korea LLR, Ecole polytechnique, France
University of Hawaii, USA Miyagi University of Education, Japan
IBS, Korea ISEE, Nagoya University, Japan
IFIRSE, Vietnam NCBJ, Poland

Imperial College London, UK Okayama University, Japan

ILANCE, France University of Oxford, UK

~230 collaborators from 51 institutes in 11 countries

Rutherford Appleton Laboratory, UK
Seoul National University, Korea
University of Sheffield, UK

Shizuoka University of Welfare, Japan
Sungkyunkwan University, Korea
Stony Brook University, USA

Tohoku University, Japan

Tokai University, Japan

The University of Tokyo, Japan
Tokyo Institute of Technology, Japan
Tokyo University of Science, japan
TRIUMF, Canada

Tsinghua University, China

University of Warsaw, Poland
Warwick University, UK

The University of Winnipeg, Canada
Yokohama National University, Japan

17
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History of the Super-Kamiokande

Tank refurbishment

VARL SK-Gd
2020.7.14

1996 2002 2006 2008 20182019 2022.7.4

SK- SK-I| I SKI

Pure water Gd-loaded Water

‘SK-Gd’ is a broad and general term for the experiment
after the start of the Gd-loading
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Multi-purpose detector

Various neutrino sources
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NEUTRINO ENERGY

Neutrino observation
with wide energy range

(from MeV to TeV)

* Solar (< 20MeV)

e Supernova (< 100MeV)

* Atmospheric
(100MeV~TeV)

« T2K (~600 MeV)

Proton decay search
Dark matter search
etc..

19
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Supernova neutrino detection in SK

50000 tons of
i Water Cherenkov detector

39.3m Neutrino

L]

Targets of neutrinos are oxygen nuclei,
protons and electrons in water

~

Inverse beta decay
4 - +
U, +p—-e"+n)
N «

Q@L """ >0 ...

HO:

— \e:ﬂ
P
\ I/e Cherenkov light J

more than 100 times
larger cross section

(Electron elastic scattering
[ vV+e — U+ e‘)

O.. ® o

~

1%

= [|| Cherenkov light
HQ "0 e-@
H
y /

\_ _J
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" Supernova Neutrino
- Background (DSNB)




Distance scales and physics outcomes
of Supernova Neutrinos

Diffuse Supernova Neutrino Background
Explosion mechanism

Progenitor properties Average emission

Multi-messenger Supernova variety I\/|U"CI-DOIOU|f:1'EI.OnS (BH)
Neutrino physics Guaranteed signal

N,>>1:BURST N, ~1:MINI-BURST N, <<1:DIFFUSE

SN rate ~0.01 /yr SN rate ~0.5 /yr SN rate ~ 108 /yr

Adapted from Beacom (2012)
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Diffuse Supernova Neutrino Background

(DSNB)

10

4 —
=
Now =
N
0.1
o
TR ERRY . =
&y o o
et
Neutrinos from -
past SNe — 10-3
ECEmes» |
yéars ago S
o)
g 104
-
Z,
. : 10-5
g Bng g ey

Neutrinos emitted from

S. Ando, Astrophys. J. 607, 20 (2004)

L

Total

O<z<1
1<z<2
2<z7<3 ’
3<z<4 =
4<z<5

0

10 20 30 40 50
Neutrino Energy [MeV]

60

past supernovae ~O(1018)
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What do DSNB observation tell us?

Supernova rate problem

N T
- . \5\‘\ -
10 L e

N
o™

SNR [10™ yr' Mpe™]

Lietal. (2010bf

" © mean local SFR
(see Figure 2)

Bazn et al. (2009)
Dahlen et al. (2004)

| PHAGVYO

0.1 I 1 1 L I L L l

Cappellaro et al. (1999) |
Botticella et al. (2008) T
Cappellaro et al. (2005)

0 0.2 04 0.6 0.8
Redshift z

S. Horiuchi et al., Astrophys. J. 738, 154 (2011)

1.0

- Observed supernova rate is

about half of expectation from
star formation rate.

- What is the problem?

- More supernovae are too dark
to be observed?

- Effect of “something” which
interrupts observation?

¥

Observation of DSNB can
give critical information
on the supernova rate
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DSNB search before SK-Gd

Results in pure water phase (~2018)

A
| Now
S
Neutrinos from
past SNe
‘&D_-‘) 10 billion
yéars ago
g Bng gl

v, Flux Upper Limit [/cm?*/sec/MeV]

10

10

107!

: e SK-IV 2970 days, Observed 90% C.L. (This work)
B SK-IV 2970 days, Expected 90% C.L. (This work)
B SK-IV 960 days (2015)
o— ——8—  SK-I/II/ll 2853 days (2012)
- ———e—— KamLAND 4529 days (2021)
B LLIL] DSNB Theoretical Predictions
B —— - +
- == v,+p—>e +n
——

— —a— o = -
- ——
¥ ——

Yz
: o e —
- 6/70 —_——
- (/S —_— —
- £ =
- “eo; T

(%
R —

i o, ~
g S —
Co oo b e e e e e ey

10 15 20 25 30

v, Energy [MeV]

Not observed, but the upper limit is approaching the predicted values.



Background event
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What is the limit?

- Observed spectrum in SK-IV (pure water)
—4— SK-IV Data

[___] Atmospheric-v (non-NCQE)
9 . . |:| Atmospheric-v (NCQE)
Li by muon spallation :

Cosmic muons (~2Hz at SK) make
radio isotope after oxygen spallation.
Lithium-9 is decay of B+n, which is

not identified to DSNB signal (et+n) s
Atmospheric neutrinos / o

Events/2-MeV
)

|:| Accidental coincidence

=-imim DSNB (Horiuchi+09 6-MeV, Maximum)

-

NCQE

1

1
1 1 _-II.I_ L Sl AL L | ol L L AL L | Il | [L—_| L | L il Il
30 40 50 60 70

/-@_‘_\7; Reconstructed energy (MeV) g mev
O @ D/ - .o
H ° ° ;'. )
‘ % : : . . |
@7

invisible u

non- NCQE/@. .............. ,\A@ Neutron tagging efficiency was < 20%,

not enough for the discovery of DSNB

no“ E)/'@ . .
¥ r ‘SK-Gd’ project



SK-Gd



28

Original idea (2004)

True DSNB Signal r (~8 MeV totally) J.Beacom and M.Vagins PRL 93 (2004) 171101

Gadolinium .

Inverse beta decay niu Q} Neutron can be detected with
@ delayed gamma-ray signal

n Cherenkov light

e % o O
@ o P | from capture on Gd

HO O e

Time difference of
O(10)~0(100) usec.

Cherenkov light

100% Lo Q1% CAQIVES |

- Largest neutron capture cross section >90% éfﬁciency\‘”:_,«-f"

among all of the elements.

- Emit energetic gamma-rays (~8MeV) _
after neutron capture. 60% - O I |
0.01% Gd gives " |

‘ | ~50% efficiency for\.x |
40% - neutron capture ' y

Neutron tagging efficiency increases 20%
even if it is small amount of Gd

for n capture

80% | 0.03% Gdgives — / -
. ~75% efficiency for

5

Captures on Gd

Gdin
Water

00/0 : . \ L
0.0001% 0.001% 0.01% 0.1% 1%
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Long road to start SK-Gd

How to dissolve Gd into water?

Gd is a metal, not soluble in water — water-soluble compound

Gadolinium hydrochloride (GdCls) — Rusts even stainless steel..
Gadolinium nitrate (Gd(NOs)3) — Bad water transparency..

Gadolinium sulfate (Gd2(SOa)s) looks good!
We could not just put them into SK water

A resistance test in which ‘ALL’ components in SK are immersed
into Gd sulfate solution water

detector

Passed!

SK tank refurbishment (2018)

Photo taken from this
area looking upward —

- Tank leak repair
- Reinforcement of water pipe

- Doubled the flow rate of water circulation 60m3/h — 120m3/h
- Replacement of 136 broken PMTs

- Install PMTs which will be used for Hyper-Kamiokande

Excavation from July 2009

EGADS (2009-)

Evaluating Gadolinium’s Action on Detector Systems

A mini-tank imitating SK was built underground for verification

Cavity maintenance
i, (August 2010)

Completed in August 2013

What about the water leak?

Water leak test : measured the water level

2}

=)

After refurbishment

Water level (mm)
&

-
=)

-15

-201-

Before refurbishment
(data from April 02-09, 2007) 1 J0.2F 1

0.1

Water level (mx
e o
N w

o

Data after refurbishment
B 0.1F 1

01/31 02/01 02/02 02/03 02/04 02/05 02/06 02/07
09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00

‘0.3 . . . . . . L
01/31 02/01 02/02 02/03 02/04 02/05 02/06 02/07
09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00

No significant water leak was seen.

Passed the final exam.!



Water leak in SK tank

About 1ton water leak per day
Water level at SK

4406

4404

ol

4402

£ Y
[ S

4400

Iy F A

“1.17 t/d, 6.35d
.12 vd, 9.06 dy 0.621 t/d. 2.54

-1.11 t/d, 10.0 dy
-1.12 t/d, 7.87 dy

4398 16544 vd, 0.838

4396 -1.27 tid, 7.96 dy

Tank Level [mm]

4394

4392

4390

I I I
2016.03.16 2016.03.31 2016.04.15

Date 1 5

30



in SK tank
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SK tank refurbishment (2018)

Open the tank for the fist time in 12 years

R
_ \3‘:‘“‘%“;’;» 0
ST o
T
. T 5 7% - - TR
Photo taken from this HE ‘."[{‘ it “‘r' A b b AL
area looking upward — > " t\f '}“ itﬁ" s _4'- N
e ! . T e y
- Tank leak repair : /

- Reinforcement of water pipe

- Doubled the flow rate of water circulation 60m3/h — 120m3/h
- Replacement of 136 broken PMTs

- Install PMTs which will be used for Hyper-Kamiokande



33

SK tank refurbishment (2018)

Work with collaborators and volunteer students from around the world




Water level (mm)

34

What about the water leak?

Water leak test : measured the water level

5 : o3y———mMmMmM ™ —m—MmMm
= . - E = c‘
i After refurbishment S I \ ette
of . =0.2 ,merma .
[ Q i due ‘0
i > i “ge
-5f B Q2 0.1 ct dc“a N
i o [ exe
10} . g of .
: ] : Data after refurbishment ]
15} - -0.1F -
N Before refurbishment ] - ]
20k (data from April 02-09, 2007) 1 .0.2f ]
_25 ............................. 0 3 .............................
01/31 02/01 02/02 02/03 02/04 02/05 02/06 02/07 01/31 02/01 02/02 02/03 02/04 02/05 02/06 02/07
09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00

No significant water leak was seen!



Ready to go!
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First Gd loading (2020)

Newly constructed equipments for
dissolving and circulating of Gd sulfate

Weighing hopper

Circle feeder

Dissolving system

0 . 1 % ! UV  AnionXcCation XTOC : Return
0%  ~~="="========= ! water filter
1 W SK
water system ‘
Start loading from July 14, 2020
pump Cation X Anionx UV Temp. control T?‘TPB control
ﬂl miuml:l unit A "= 0.02%
TOC HE HE

supply Membran
pump degasifi O—
SK tank (_OD+ return
TOC HE 1meV UF boftom pumps



First Gd loading (2020)

Actual loading work
y 2 e, o 4 g N
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First Gd loading (2020)

Confirmed that the signal from neutrons increased with the introduction
of Gd using cosmic ray muon data!

l; 8000 C T = T = 14000 E
H B Froo S o 13
Cherenkov ligh S 7000 : : o000 ©
erenkov Ig t b - Spallation neutron Gd(n, y) candidates E —112000 O
\ q:) C ——f—Observed event ! I ] IN
> 6000|— | ====== Startof Gadolinium injection . +'+-|E +4 ++ B )
. 2, C (July 14th, 2020 10:54 AM) e 4+ 4 —1{10000 =<
O — =:m1m:1 End of Gadolinium injection . 7] ~
° 2 5000 . 7] o
_ — (August 17th, 2020 14:54 PM) . _ N
. ] OO M SecC o C ——— Gd,(S0)) 8H,0 : —l8oo0 g
° . £ A I Target of Gd (SO ) 8H,0 : . y o]
delayed signal g : 1 O
I.I>J = : —16000 8
3000 — : .
C . - ©
C - —{a000 <C
2000 — : -
_—v = Lo —2000
r . = Preliminary : .
Cherenkov ligh - | G
. 0
0$/09 08/16 08/
Gd 020 202 2020

Aug.16, 2020 (Run #085171) Aug.23, 2020 (Run #085197)

z(m)

1d. 18, 2020 (Run #085015) E 2428, 2020 (Run #085075) E Aug.02, 2020 (Run #085110)
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First Gd loading (2020)

Comgleted loading on August 17, 2020

Newly constructed equipments for
dissolving and circulating of Gd sulfate

Weighing hopper

Circle feeder

Dissolving system

0.1%
0%
1 W
water system ‘
pump Cation X AnionX uv Temp. control I?'I?:pB. control
(] ﬁ”‘"‘l] unit A 0.02%
1oy L 1 @_
HE
TOC HE l‘

supply Membran
pump degasifi Ol
SK tank OI* return
TOC HE 1iumUV UF botfom pumps
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Second Gd loading (2022)

Dissolve additional 26 tons of Gd sulfate, which is 0.03% Gd concentration

- . ¥
A )

" 1,300 boxes with ~20kg GEISLITate in each HORE

ki . %

Start loading from 1st June, 2022
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Second Gd loading (2022)

Dlssolve addltlonal 26 tons of Gd sulfate, which is O. 03% Gd concentration

New phase (SK VII) has started'
Completed Ioadlng on b5th July, 2022  Our lab. members were very actlve”

sZ]

TLCO0012



First results of DSNB
search in SK-Gd

M. Harada et.al., ApJL. 951:L.27 (2023)



Neutron tagging efficiency

. Pure water phase : ML method to select 2.2MeV gamma-ray (~20%)

o SK-Gd first result (Gd mass concentration 0.011%)
-> Simple rectangular cut to select Gd gamma-rays

22000F =
o %2 / ndf 37.11/42 =
20000 - Prob 0.6853 3
18000 = Scale 2.6776+04 = 1.052e+02 =
1 6000 g Time Constant 115.3 + 0.5 _;
14000 Constant 3351+ 12.47 -
12000 =
10000 Bec =
8000 —
6000 E_ H-capture _E
4000 i— Gd-capture _i
2000 —
ey | ] Ty

OO 100 200 300 400 500

Capture Time [us]

Neutron tagging efficiency ~40%
(Mis-ID rate ~ order of 104 / event)

43
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Search for DSNB in SK-Gd

,_'_'1 02 T | L | L | L | T T 17T | T T 17T | T T 17T | T T T T — —
1 - - ,_'— :I TT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TT |:
-_g - —+— SK-VI observed data (552.2 days) A > - SK-VI Observed (This work) .
';' - [ ] Atmospheric-v (hon-NCQE) s § - SLIIEIET SK-VI Expected (This work) .
=L - .y - B —=—— SK-IV Observed T
GC) L I Atmos;.)herglc'v (NCQE) i ‘TO 102 - ————— SK-1V Expected _
o B Spallation “Li o) S ———— KamLAND Observed 3
qq_) 105 ] Regctor-v o - NU) il [ ] Modern DSNB Predictions .
S - [ ] Accidental coincidence 3 = - e —
O [ | e DSNB (Horiuchi+09 6-MeV, Max.) ] O, 10k = —- T —
€ I - = o :
=) - P N E : ||||||||||||| E
prd | 35 Lo DmmmmI i

- —_ A | ]

1E : () 1E E

C % % E L s .

B bimimimim oD - .
_j_!:! i é e —— — n
Hd """'g i 10_15— """"""""" E

; . L :

1 0_1 :-I- IIl | I | | 11 1 :l | | | | L1 11 | | | L 11 I_' |> B N
10 20 30 40 50 60 70 80 i ]

- I o R e
Signal region v, Energy [MeV]
Significant DNSB signal was not observed in SK-Gd 552.2 days of data.
Upper limit is comparable with the pure water phase data in SK-IV

(2970days) though the live time is 5 times smaller.



Expected sensitivity as a function of FY

o~ = N ) i i -
o n o U o n o

DSNB flux [v/cm?2/s] E, > 17.3 MeV
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Search for DSNB in SK-Gd

DSNB spectral fit sensitivity at SK with Gd

" Prelimina ry 90% sensitivity

Modern DSNB predictions

\ Assume NC systematic
| uncertainty reduced by half

SK-I-1I-11I-1V (15.9 yr livetime)

90% CL Iimit

End FY 2027

0.0
e 2 '19’1"> '19’@ 'v&b '19’9 '19’1'% '1,&0’
SK-VI i SK-VII
> >

Gd loading

Milestones
- Improved S/N ratio by Gd neutron
tagging. (SK-VI : ~50%, SK-VII : ~75%)
- Analyzing SK-VII data is now on going.
- Reduce systematic uncertainties related
to atmospheric neutrinos is critical.
- T2K experiment
- External nuclear experiments



Benefit of neutrino
detection from nearby
Supernovae in SK-Gd
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If a nearby supernova happens..

More accurate in determining the supernova direction by Gd loading

Inverse beta decay Cherenkov Tighty
(y +p - e++nj @/Q

HO"

— \e:ﬂ
P
\_ v, Cherenkov light )

more than 100 times
\/ larger cross section

(Electron elastic scattering ~
( v+e — U+ e‘)

U
O...

H O®O_é© Cherenkov light
H
_ y— Y,

Positron direction does not
correlate with the original
neutrino direction

U_»_______________-—v e

Recoil electron direction
strongly correlate with the
original neutrino direction

If electron elastic scattering is enhanced by “removing” inverse beta decay using
Gd captured signal, the determining Supernova direction will be more precise.
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If a nearby supernova happens..

More accurate in determining the Supernova direction by Gd loading

at center of our galaxy

NV 71— 7T ]
H . Q r 9.8% 156% 155% 135% 11.5% 94% 7.4% 1
(simulation at 10kpc) € st .
S 10f 3
© [ ]
8 5F 3
o +—+1.2% 16.1% 4>
0 —t—t—t —t—t—t ———t ——t—t ——t—t —t—t—t ——t—t
NO Gd 100 E Naked eye Eviyscope  1-2mM  4m  >8m i
=)
S
- 10 | AS-SN =
9 E ZTF ]
(0]
S Pan-STARRS _LSST
-c_“ F m om omommmmm m m m E e e m mmom m ]
©
> Subaru
O 1 | i
[T ]
01 PR SIS S SN NS T B I )
-5 0 5 10 15 20 25 30

Optical magnitude

Accuracy of determining Within the viewing angle of
supernova direction Subaru Telescope LSST
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It a’hearby supernova happens..

Prediction of Supernova explosion?

Pre-SN neutrino detection L.Machado et.al., ApJ. 935 40 (2022)
Time 30 alert to core-collapse
0.03% Gd

o ® 25V,

i ® 15M, (alternative)
= Solid : NMO
T Dash : IMO
=

50 100 150 200 250 300 350 400 450 50

<+ Distance [pc]
Betelgeuse

Si-burning Core collapse Neutrino burst

Fore Betelgeuse, we can get 3 sigma alert 8 to 11 hours
in advance of its core-collapse



'Hyper-Kamiokande
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Hyper-Kamiokande (HK)

Next generation of large neutrino detector

J-PARC XBENESICED xR - °  GHESR . AB ¥ Mt. Ikeno-yama :

£ 1000m :
SK = \

Excavated rock Mt. Nijyugo-yama

disposal site - LB
has &)
650m: .

- /

1
BRI JAEA/KEK JPARCL> 54—

L INMIN=HEIFHhTRE
A—=IN=AIAHVTD
HI10BDENERL2EONKE

W ) HK

Route 41 \!':

Tunnel .
Entrance

"
Wasabo ™

WHE 268b»

HYEB 198
MR Y—
(FERD2MZDIEE)
LY

Funatsu

KAl (B Bridge

BE&E74m X HE60m

Construction is now on going
Operation starts 2027
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Hyper-Kamiokande (HK)

Next generation of large neutrino detector
gDiameter 68m ..

- (190 kton Fiducial volume : ~ 8 x SK
20,000 improved photomultiplier tubes
.| (PMTs) : twice sensitivity than Super-K

[\
I

,O'“e/— o ’+ 3
- "Hyper-K PMTR 2,/ 1o,
- QE = 31% sample _ Line ;

,,,,,,

—
T T

‘," A . S . s |

: A TR A TR '
| " ) Venetian ar 5
< Super-K PMT s
,Af,’, - A+

O

Single Photon Detection
Efficiency (arbitrary)

11111111111111111

0 -90-80-70 -60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90
Injection position (degree)

Construction is now on going
Operation starts 2027
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HK Collaboration

u’l‘l”J = w“
Ll

l
-

~550 members in
102 institutions
from 21 countries

Number of collaborators
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100

——Total -=-Japan —+Oversea

.—/-——'—"’/M.dk’-

2015 2016 2017 2018 2019 2020 2021 2022 2023
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Time line

JFY2020 JFY2021 JFY2022 J FY2023 J FY2024 J FY2025 _Y2026 JFY2027

, Cavern Tank PMT

JFY2028

Preparation Tunnel const.
E excavation Const. installation

PMT production

PMT cases, Electromics etc.

Water system

Power-upgrade of J-PARC and Neutrino Beam-line

Near Detector Facility, R&D, production ND construction

No change of the schedule since 2020 (approval year)
Operation starts 2027
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Cavern excavation

. Approach tunnels: > 2km,
Completed in July 2022

(c) Kamioka
Observatory, ICRR,
The University of Tokyo

\\\\\

Dome sectio Approach tunnels™

Dome excavation procedure: from the inner rings to the outer ones

£
&
i
L

2nd-4th rings

4

‘ [
%
)’;v,‘
. ) i
i




Dome excavation finished!

October 2023
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PMT production and delivery

Delivery to Kamioka

DG

ection
-
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Nearby Supernova burst

Large statistics and event-by-event time/energy information

events/0.22Mega-ton
~ooococooooo

o | 54k~90k events
2]
ig g g l_~3k events
28 JSe Q p
D 38 3 =

9 ;:(\ ”\”\ \V\V\V\T | \’M sz \” \ \HH\!

10

| | 2\ | ] 3 | |
10" 10
distance(kpc)

Precise time variation can be observed
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Nearby Supernova burst

Angular distrib
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K.Nakamura et. al. MNRAS 461, 3296
(2016)
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Nearby Supernova burst

Detection at the early stage

—— Nakazato
- Tamborra
— Totani

Vartanyan
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K. Abe et.al., ApJd. 916:15 (2021)
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DSNB search

Large statistics make a precise observation possible
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. _-Summary
. Let’s go supernova!
' ' Super-Kamiokande 3 .

i Refurbishment work .
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