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Super— = erimeﬂt 1000m underground = 2600 m.w.e

v . Photo sensors :

» | Inner detector: 11129 20inch PMTs
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SK-Gd project

Dissolving Gd to enhance detection capability of neutrons from v interactions
. _ Phys.Rev.Lett. 93 (2004) 171101
Physics targets:

(1) Discovery of Supernova relic neutrino (or DSNB)

(2) Galactic supernovae (pointing accuracy, and pre-SN v )
(3) Reduction of BG for proton decay, solar v, or reactor v
(4)

4) Neutrino/anti-neutrino discrimination
o Final goal
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History of Super-Kamiokande SIC:

1996 2002 2006 2008 2018 2019 2020 202
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« 1996 Start observation Tank refurbishment
« 1998 Discovery of the neutrino oscillation by atmospheric neutrino observation

« 2001 Discovery of the solar neutrino oscillation (together with SNO result)

« 2011 Discovery of electron neutrino appearance (T2K)

« 2015 Nobel prize

« 2016 Breakthrough prize

« 2020 Constraint on neutrino CP phase (T2K)



~irst Gd loading in 2020

- 12884 kg of Gd,(S0O,); * 8H,0, (=0.011% of Gd) was dissolved into SK water

14000

_Finish loading on 8/17/2020

13 ton of Gd,(SO,), - 8H,0 | o - | ]

Added Gdy(SO4)3-8H,0 amount [kq]

7/16 - . - W e | 08/20

Start loading on 7/14/2020



Second Gd loading in 2022

Very stable loading ot 27304 Gd powder has been achieved]
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Beginning of the dissolving work
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Added Gd;(SO 4)3:8H>0 amount [kq]
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Second Gd loading in 2022

Very stable loading of 27304 Gd powder has been achieved!

Added Gd;(SO 4)3:8H>0 amount [kq]

30000

| H|gh sen3|t|V|ty observat'on nas just started g
with 0.03% Gd concentration.
The first result is from

@ | only Gd 0.01% period : 2020-2022
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Target
Achievements
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Ditfuse supernova neutrino background
(DSNB)

. . . S.Ando, Astrophys.J. 607, 20(2004
Discovery of DSNB is the first goal >-Ando. Astrophys.J. 607, 20(2904)
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Spectrum also depends on:

- Supernova rate

- History of massive star formation
- Mean neutrino energy at explosion

Theoretical flux prediction : 0.1~2 /cm2/s (17.3MeV threshold)
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Background reduction using neutron

Signal
a4 )

Only one neutron
IBD

v
\_ d

Selection using neutron:

Require only one neutron
after prompt positron event
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Without neutron
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Neutron search in SK-Gd

pure-water: ML method to select 2.2 MeV gamma-ray (~ 20%)
This analysis: Simple rectangular cut to select Gd gamma-rays

The neutron tag performance is confirmed by AmBe source calibration.
Delayed Event Selections
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gnal efficiency

- Spallation cut reduces signal efficiency at low-energy side
- Atm. Neutrino reduction well conserve signal efficiency

. 2-3 times higher efficiency thanks to neutron tagging!!

100

(=] (=]
(=] o

=
o

|

Signal efficiency[%]

20

100

| pure water —_—

- N

: l_=

= —— = Spallation cut

> et selection

1
I —

Cherenkov angle cut
Num. of neutron =1 '

Final signal efficiency ~10-3 d %

10 15 20 25

Reconstructed kinetic energy [MeV]

30

Q0
o

gnal efficiency[%]

Si
n
o

| mromegd emeaes Spallation cut

== > et selection

.
1
1
1
1
1
II|III|II

-y Cherenkov angle cut -
= Num. of neutron =1

0.01w% Gd-loaded water |

_— L

Final signal efficiency ~ 30%

8 10 12 14 16 18 20 22 24 26 28
Reconstructed kinetic energy [MeV]

M. Harada et al,, ApJL. 951, L27 (2023)
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Search Result (

-nergy Spectrum)
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Search Result (Energy Spectrum)

-l'T_' 1 2 I | I I | | | | | | | | I I | | | | | I | | | | | I | | | | | | I | | |
._% B + SK-VI observed data (552.2 days) |
';' 10—;? Atmospheric-v (nonNn-NCQE) ]
= __E,f;,f; | | Atmospheric-v (NCQE) i
D -7 I Spallation L -
L g7 BN Reactor-v =
S — Accidental coincidence —
E ﬁ# ----------- DSNB (Horiuchi+09 6-MeV, Max.) 7
% © Bin by bin comparison between data and expectation
=

E.. (MeV) Observed Expected p-value
7.5-9.5 5 7773 +£2.54 0.798
9.5-11.5 5 414 £1.23 0.398
11.5-15.5 3 2.13+0.59 0.359
15.5-23.5 2 0.98 + 0.35 0.258
23.5-29.5 1 0.98 + 0.41 0.597

No significant excess

UbU||bLIUbLuu I—IIVIbJ LiIviN~ Vv |
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NCQE background

Main BG uncertainty comes from NCQE uncertainty

NC quasi-elastic (NCQE) T2K cross-section 44%
L Atmospheric neutrino flux 15%
................. 160 n_.» Flux difference 7%

""""" A Reductions 2%

@ Neutron tagging efficiency 9%

/ Neutron multiplicity 30%

Spectral shape 37%

Yy Total 68%

This uncertainty is included in the limit calculation
(We need reduce this uncertainty in future)



Flux upper limit
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- xpected sensitivity in 10ye rs
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Galactic supernova burst detection

_ Pure water phase
« Neutrinos can escape from a

supernova earlier than photons. o o ot Pl | 2
. . . = Laiget dhas 30
« Neutrinos arrive few min ~ hours = et
Q Mol Eaad o
before photons =
. . c 2
 Observation of the neutrino burst S
can inform telescopes. aQ CENDEREeT " D
o : : Inb.Beta.Deca _
gK (t;)an deJlt]CGCt the dlreCtIOI’l Of (v_p N e+n)y Right ascension (deg.) Scattering
N itse ¢ : te~o v +e”
y I8 Wi (0.03%) " e
 Improvements in SK-Gd S S s
: . r- . e R AN
« Significance of SN is enhanced - %k LA

it we observe many IBD events.

« Automatic alert
« the pointing accuracy has been et
improved. el e Bl 8

Right ascension (deg.) g

Declinatior



Sensitivity to Galactic supernova burst

Automatic alert sensitivity —— prehmm%'\l pointing accuracy
¥ [ NK1 model w/o v osc. WI|SOE1 model wio 0V0SC.| A 30
~ 100 ﬁ - i _ﬁ: .................... e dﬁ -
B T T R A I R A @ NKimodelwio v osc.
3 [ Alarm probability S 95— WL fitterwio IBD tagging [Ge-conc 0.00%]
g 80— = Can make automatic alarm .\ @ g ~—— MLfitte w! 1BD tagging [Gd-conc 0.01%]
o [ Iifweobserve significant g @ [ WLitlerw/ 18D tagging [Gd-conc 0.03%]
Q@ [ number of n-tagged IBD events. | 0 20_
: >
e B S s S I A e o
8 [ Automatic alarm: O
< st . g
- GCN notice will be disttibuted o |
0 automatically [ e I \ |
_ ~ few min after the observation. | v 10— A R
- Resister : SK_SN GCN Notlce . Current SK-VII
20— o |
- Previously, it took ~1hour 5
- after expert checks , |
0_\I\II\I|IIII|IIII|IIII|IIIIIIIII-l.JIIIlIIIIiIIII||||| L

3 = ! -
0 10 20 30 40 60 70 80 90 100
L?/ic Distance to SN (kpc) % 5 10 15 2

We want to shorten the latency below 1min in future

% 0
Distance to SN (kP'S
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Sensitivity to very close supernova burst

Pre-SN neutrino detection 15M@o, 150pc (~ Betelgeuse)

24 hours 12 hours
— 30 T 5 30 T : ’L:d”.ly'ha‘tl
o 02 | | ,’! g" =
El}w 50 Tfe E g 20 1 20 1
‘5 107" |- ] g
k= 0% E 2 107 1071
2 — — |2
o 166F . 2 0 0 =
£ 5 1 g 2 4 6
E ]{]44 N r " , | , , 'i , A | | Q>J 2 tou
Z, -16.7m _105 / Os Is \25 3s 8 30 T 30 T ® Odrzywolek
. Asakura et ¢ —] @® Fatton
Time s — "o
g 207 20 1
Qo
Fe/Si =
Si é 10 + 10 T
’ v - &-
. . ol L
Si core Si shell Core SN burst 0 0 5 ; :
burning burning collapse Es. [MeV]

Not only KamLAND but also SK-Gd can detect pre-SN neutrinos now!
Thanks to neutron tag by Gd and a intelligent trigger system (2~3 MeV threshold) ,

- Collaboration with KamLAND can give higher sensitivity 20



Assuming current background rate =

15 M stars at 150 pc =

False Alarm Rate QOdrzywolek with normal ordering 3
= = = = (Qdrzywolek with inverted ordering K r r ] I_A N D —]

Patton with normal ordering a -

= = = = Patton with inverted ordering —

j

<t/ecentury | —imim e e e g '—E
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Assuming current background rate 0

—i
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SK-Gd&KamlLA

\

o m 10—
e Assuming current background rate i
g 4o O
”é False 15 M stars at 150 pc ,'?_g ° ,
? Alarm QOdrzywolek with normal ordering ,' E 8 G)
= = = = Qdrzywolek with inverted ordering 1 47
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¢« KamLAND can resolve a signal early because of

low background rate.

« Super-K’s large size help increasing significance.

« Combined: Taking advantages from KL &SK



Assuming current background rate

- SK-Gd&KamLAND
U, KamLAND ) Combined SGHS.J[.VIJ[}/

— Patton with normal orderin

False Alarm Rate

Assuming stars with 15 solar mass at 150 pc, °
we can claim a significant pre-SN signal with false alarm < 1/century, 0

* 9 hours before core-collapse, for all models with NMO §

2 hours before core-collapse, for all models with IMO =

C.f Galactic CCSN frequency ~3.2 per century Q0

[S.M. Adams et al. Astrophys. J. 778 (2013)] @

i ur]

The system is launched and open to public!
https://www.lowbg.org/presnalarm/

ST T I LI LN 1. « Combined: Taking advantages from KL &SK



Hyper-Kamiokande

258 kt tank, providing 188 kt fiducial vol.
* Including J-PARC neutrino beamline at Ibaraki, Japan.

« |t will be constructed 600 m under the Nijyugo-yama
mountain at Kamioka, Gifu, Japan (1600 m.w.e.).
« The operation will start in 2027.

The detailed detector design is now being settled.
* Inner detector (ID)
« 40,000 of 20" PMT
« 40% photocathode coverage (PC40%)
or
« 20,000 of 20" PMT & thousands of multi-PMT
modules
« 20% and more photocathode coverage
 Quter detector (OD)
« 3”7 PMT and wavelength shifting plates

23




Hyper-K Observation larget

' S u pe rn Ova neutrlnos . The Sun in Neutrinos

Solar neutrinos ...

1500 days

 J-PARC neutrino beam
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Overview of the HK Cavern Excavation
A
-

[ E—— =

P .\ shuE | R R

2000 150 1000

2" approach tunnel Completed
15t approach tunnel In progress

Vertical shaft

4" approach tunnel

Main cavern

Access tunnel
1.87km

Excavation of all tunnels completed.
Excavation of the water system cavity was completed in May 2023.

Excavation of the dome section of the main cavern has been completed in Oct. 2023.
13



2023.10.03 Complei of the Dome Se‘ction

sy B RS mE RoRgRas i Ga ) @ IYEEE
i B EARALLR SN

Huge underground space excavated: Diameter = 69m, Height = 21m
The dome section supporting 600m ground pressure is a key to the cavern stability.

https://www-sk.icrr.u-tokyo.ac.jp/news/detail/1299/




We will go beyond the discovery and aim to

DSNB with HK

DSNB can be observed by HK in 10y

e ~40+13 events and 3o for PC20%.

measurement of DSNB:

Test of star formation rate
Energy spectrum of supernova burst

neutrinos
Temperature inside the SN

Extraordinary SN

BH formation, dim supernova.

Events/MeV/0.187Mt/10y

N of candidates

N
al

SRN 4MeV 100%
—— —— SRN 4MeV 70% + BH 30%
SRN 6MeV 100%
20 —— —— SRN 6MeV 70% + BH 30%
/// 2% nYaynyde 4
AL . S
15 % Z
95 7
o 7
10 7
5
2501 ; ; ; ntag eff. 70%, mis ID 10%
ntag eff. 50%, mis ID 10%
NU mber Of ntag eff. 40%, mis ID 10%
DSNB events ntag eff. 30%, mis ID 10%
150 E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Neutron tag efficiency oft
70% (40%) is assumed for
photo-coverage 40%




Summary
e First result from SK-Gd

 Only ~1lyear observation with 0.01% Gd concentration

gave comparable limit of 20 year of pure water observation
« Now SK-Gd has been running with 0.03% with 0.03% Gd concentration.
« 30 discovery of DSNB is achievable after 10 years of observation

« Supernova burst at SK-Gd
« Detection of Galactic SN will be announce automatically with the direction
(few degree precision) ~1min after the observation
e Nearby SN (< few 100 pc) can be detected and announced before the core
collapse by observing pre-SN neutrinos.
« We have developed an alert system with KamLAND for pre-SN neutrinos.

 The system has been running since May 2023.

 Hyper-K
« Cavern excavation is ongoing without delay, expecting the observation
starting in 2027.
« HK can obtain more information on SN through DSNB observations.



Select prompt events by BGO scintillation
and accompanying Gd-capture signal

350

Prompt event B e
; Selection criteria gj .
. Time diff. of events . wop T DAT}!\ o
: o E 400
- Small OD PMT hits ¢ __fitting

. Total charge of event Z:

300

Otlznmmumlm12m14m1mn1mnmm

Total Charge [p.e.]

t=1189+31us

— 250~ B =17.4 /bin
Delayed signal s00F-
) ) ) ) E i f{r) =A(1 _ e(—ﬂ’dﬁ ,us}l)e—r!r+B
- Selection using reconstructed information 150 —
Reconstructed energy Distance from prompt event 100 - =
FromrT I""I""I''"I""I""I""I""I""E IIII"'I"'I"'I"'I"'I"'I"'I"'_: E E
oozs|- —; ;::l _E | 5@:— _:
C ] [l H-caprue ] D o e e e T
o0z E I Gd-capture _E , 0
: ] 3 0 100 200 300 400 500
ootsf- ] 3 '| Capture time [us]

4 5 B 7 a 9 10 qD 200 400 oS0 EBDO 1000 1200 1400 1500 1B0O 2000
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Selection uncertainty

Content Systematic uncertainty
Prompt event selection  0.47% 0.47%
Timing goodness gyix 0.94%
Direction goodness gq;;  0.03%
1.06%
Reconstructed energy 0.23%

Vertex resolution 0.44%

Gd concentration 0.17%

Gd(n,v)Gd model 1.70% 1 83%
Neutron excitation state 0.39% '
Neutron energy spectrum 0.53%

Position dependence 0.47% 0.47%
Total 2.22%

30



S5G unceratinty

E\ec bin [MeV 749-949 949-1149 11.49-1549 15.49-23.49 23.49-29.49
non-NCQE background 032 + 0.12 027 £0.10 041 £0.15 071 £026 094 =+ 0.34
NCQE background 181 £090 130064 106053 026+ 0.13 0.03 = 0.02
Li background 392+ 216 173095 028 +£0.15 0.00 £ 0.00 0.00 =% 0.00
Reactor background 0.25 £ 0.25 0.01 =£0.01 0.00=x000 0.00 =000 0.00=0.00
Accidental background 1.43 +0.07 083 £0.04 038 £0.02 0.01 £ 0.00 0.00 = 0.00
Total 773+ 235 414+ 115 213+057 098 +£029 0.98 £+ 0.34
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cluding Betelgeuse.

~b00pc : about 20 candidate stars in

itivity up to

-
AdU31211J3 U01IRIR(

SK-Gd has sens

Pre-NS detection efficiency vs. distance

going with KamLAND ¢

Combining with KamLAND alert system is on



