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Super-Kamiokande

Masayuki Harada

On behalf of Super-Kamiokande Collaboration (mharada@km.icrr.u-tokyo.ac.jp)

ICRR young researchers’ workshop @ICRR, Kashiwa
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Super-Kamiokande

Location

A

1000 m - g
(2700 w.m.e)
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Super-Kamiokande

Detector

Detector: Super-Kamiokande (SK)

50 ktons water-based Cherenkov detector
From 2020, Gd is loaded

50 cm PMT for ID — Event reconstruction

20 cm PMT for OD — Cosmic muon veto

Cherenkov light

. 'Y .
Neutrino 4 T
» - — senepsRc & @
fecepRep

Charged 4

particle

In water

Photosensors

20-inch (50 cm)

50 ktons Water Cherenkov Detector

Cherenkov light

Charged
Particle

41.4 m

39.3 m

< >

http://www-sk.icrr.u-tokyo.ac.jp/sk/detector/introduction.html




Super-Kamiokande

Collaboration 4

Pl S W | .

| Super-K Collaboration meeting@Toyama (2024 May) |

~230 collaborators from 55 institutes in 11 countries




Super-Kamiokande

Physics target 5

Multi-purpose detector: O(1)MeV — O(1) TeV

Supernova

ETErE Beam v (T2K)

! 1,700 m below s2a level

-----------

295 km And other. oo



Super-Kamiokande

Experimental phase

1996 2002 2006 2008 2019 2020 2022

SK-I
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Neutron identification
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Super-Kamiokande

Next stage “SK-Gd” 7

2019 2020 2022
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electron
anti-neutrino

Ve Gadolinium
proton neutron Gd
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~ 13 tOI].S Gd Sulfate <SI< VI) ' Positron signal Neutron signal
+ ~ 26 tons Gd sulfate (SK-VII)

1996 2002 2006 2008




SK-Ga

Enhanced neutron detection 8

120

Two times of loading Gd {  Boo , o
. : g o
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= monitor by neutron from cosmic-muon
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SK-Ga

Enhanced neutron detection 2)

Two times of loading Gd
2020: First time to ~0.01% Gd conc.
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Recent physics highlight

10

My selection of SK recent physics highlight using Gd

Diffuse Supernova Neutrino Background (DSNB)
Reactor neutrinos

Atmospheric neutrinos



DSNB: flux prediction

Major purpose of upgrading SK

Dpsnp(E) J'IRSN(Z) I

I SN rate l

dF(E,z) |

dE

1 ACDM, cosmic expansion

dz

Depends on the star formation history

e.g.) star formation rate,
black hole formation, :--

SN v emaission

Typical SN v spectrum and neutrino physics

e.g.) SN neutrino flux, oscillation,-

11

DSNB v, Flux [/cm*/sec/MeV]
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Ashida+23 (MD14, Togashi, NH)
Nick+23

Horiuchi+21 (Extrapolated, oA\=0.1, NH)
Tabrizi+20 (NS+BH, NH)

Kresse+21 (High, NH)

Horiuchi+18 (§2_5,cm =0.1)

Nakazato+15 (Max, IH)
Nakazato+15 (Min, NH)
Galais+10 (NH)
Horiuchi+09 (6 MeV, Max)
LunardiniO9

Ando+03 (updated at NNNOQ5)

e Hartmann+97

"= Spreading by order of magnituae ,,,,,
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Differential flux upper limits

Spectral-independent analysis

Target: Inverse-beta decay
U,+p—oet+n ®

Highlight: )
956 days of SK-Gd data €
O
Only use Nn =1 events
9.3<Ev< 31.3 MeV /
= No obvious excess e+¢

" SK-VI+VIl 956.2 days, Observed 90% C.L. (New) |

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

Borexino 2771 days Observed 90% C.L. (Astropart. Phys. 2021)

KamLAND 4529 days Observed 90% C.L. (Apd. 2021)

SK IV 2970 days Observed 90% C.L. (PRD. 2021)

SK-IV 2970 days, 90% C.L. sensitivity (PRD. 2021)

Modern DSNB Theoretical Predictions

12

G 10°
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—
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Upper Limit |

Differential flux upper limit

SK preliminary I

Update
stringent sensitivity

by SK-Gd

SK-Gd

v, Energy [MeV]



Tension from zero assumption

Spectral-fitting analysis

Statistical and systematic errors | DSNB model: Horiuchi+09 (6 MeV, max)
. SK Phase N
Highlight: s e
~6000 days of SK-Gd data °| zlliﬁl
Use both Nn =1, #1 events s [ —— SK-IV
separately QL% or ks
17.3 < Ev< 31.3 MeV = C
L9SNCL
~ 2.3 0 excess __8%CL |
from null assumption 0 —— : —

DSNB ﬂux [cm_z. =1
Best fit: ~1.4

Exhibits 2.3 o excess from null DSNB with best value within current prediction

13



Reactor neutrinos

NN AN NN NN NN NN INNIONNONNGE

RN RN N (G
® Super-K \;\;\:\;\;\: o s
O Reactors (off) [t - , cq : o
2 (01 RN (Y , Sensitive to 6., also used sterile neutrino search
® Reactors (on) [P : 13>
I InT T, /’\/\/:/Q/:/’:/\/:/\ v | .

RARNS NN NN N

. VN
RN NN NN

PNANRINN Nl g Nearest reactor from SK ~ 150 km: 5 event/day

N

NN NN

N
/\/\
X
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40°N

NN
CON
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\/

N
N

N
N

&

= ~1/10 from before earthquake

Very low energy (Peak at 4 MeV)

| = No measurement in Water-Cerenkov detector
30°N ¥
' due to large background so far

(except for evidence of SNO+)

20°N Operation activities from 2020 to 2022

120°E 130°E 140°E
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Reactor neutrinos SK
First positive observation of reactor neutrinos in SK

8 10 Target interaction: IBD (same as DSNB)
= 8F T __ i
FoE. | TS =lowered IBD energy threshold to ~ 3 MeV
s i ieaF. e ] .
§ o e = thanks to enhanced neutron signal
w ;ﬁ - . - -
2— [ ]
o [ = Enough low to observe reactor neutrinos
g 120_— B Reactor (oscillated)
g TR B IEERE Reactor (un-oscillated) S SK-VI prelimina [ . J1e0 T
g 100F- Slgnal reg_. B Accidental g“f’f n-;vm ?(47|mv P ry % oas? Expectatio _juoé
52, & B Li° S oo P2 ) E ™ e svce;;xacwddﬁ_ ] =
= » B Atm-v (NCQE) fg | HP1 ® |~ eloctic powse -;Ju'o%
:g 80 .~ Atm-v (non NCQE) g 0.1% y*p,¢pxto 13 oas{_ I ?'m 5
- ——— DSNB (Horiuchi+09) x 100 Q ot g I — (2 | Jo ®
a 60 —o— DATA x: | l § o~ | e | 1 2
. c 005 o b | e - 3 ; §
e | 4 HERN o | o
40BN ¥2/ndf=8.73/9 s O _ ‘§ °%?§*4¢*ﬁ¢5" g %
SK-VI prelimi §-oon | B oo o 3
20 SRR 8 ot § SK-VI preliminary
..... . 1 0.05—
0 . I Ot ey | . L 0 002 004 006 008 01 012 S OR0i0% 2000712 2021104 2021107 202110 2031113 2022008
4 6 8 10 12 14 Expected reactor evenlts [/day]

Erec, prompt [MeV]
First observation reactor neutrinos by SK, correlated reactor activity though small stat.
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) ) UPER
Atmospheric neutrinos SK

Sensitive to MO, Amy,, Ocp, and 055

Energy: ~100 MeV to TeV

Cosimic ray = Enough cause hadronic interaction
| / Gd capture
........... >
. gQ 14
Air nucleus —> I
¢ . O@E @ Gd capture
So—®
Muon Neutrino interaction X Secondary interaction

Electron

. 2 Muon
neutrinos

Neutron signal is good for validate
hadronic interaction and flavor difference

1 Elecrton neutrino

16



) i UPER
Atmospheric neutrinos SK

Interaction validation and event reconstruction by neutron

Interaction validation using neutron Neutrino event reconstruction
. . «q . +
Compare neutron multiplicity Utilize to reconstruct l/
SK44546 atmospherics (FCFV, ~12 years datal HEUtI'IIlO dlI'ECthIl Y_ _____ _F,) ./
Pg::gge‘:a%:t _,:.%3., ..... Default MC and energy Production P\‘ y/
5 15| W PI/FSI differences Capture C"‘@ >® Gd
> = PI/FSI+SI differences
~ 12| Data (stat+ntag syst Least x? , . — .,
@%: + bbb 2 NEUT 5.4.0.1 + INCL Direction: d, < p; + p,, Energy E,=E +K,
e e -
§ Z No model combo explains g 401 —— New method g ot —— New method
O 35 data in all energy range... a (7 o:40.0° 2 o/7:31.3%
iy Q 301 } - Ring direction ® 20 - Ring energy
3 LeS3 neutrons B 0:42.8° v a/7:37.2%
: observed in sub-GeV ool & 15

0:8-_ . ’i “ ** +m+ﬁm “Wm* . L 10 10—’/
107 10° 104 5;’
Neutrino event visible energy [MeV] O RO 2 i e ATNER % R0 N
% 30 60 90 120 150 180 ® 05 1 15 2 25 3
Angle to true v direction [°] Recon. E, /true E,
Enable to do validation neutrino and Neutrino event reconstruction is improved

hadronic interaction by atm. Neutrino events = 10% increase to the mass ordering sensitivity
17



Summary

18

SK-Gd started from 2020, and currently operation continues with 0.03% Gd concentration

Producing physics result using Gd-neutron signal

Some of the highlight (my selection)
DSNB: 2.3 0 rejection of null DSNB hypothesis

Reactor neutrinos:

Lowering IBD search energy threshold

First positive observation by SK— Achieving all oscillation source by SK
Atmospheric neutrinos:

not only oscillation but also interaction validation is enabled

Utilize neutron to reconstruct neutrino events






Neutrinos from Supernova

Source of Diffused Supernova Neutrino

Core-Collapse Supernova (CCSN)

Release ~10°3 erg of gravitational energies as neutrino emission

Neutrino observation from CCSNe provides a lot of physics
g

* * ~kpc: few SN/ century

* * * * * = > 1 v signals
~Mpc: few ~SN/yr

* * * = ~]1 v signals

* Observable Universe: ~ Hz
= < 1v signal

However, nearby CCSNe are very rare

Diffuse Supernova Neutrino Background
(DSNB)

20



DSNB: Detection

How we can detect DSNB 21

Roughly equal flux for all v flavors
Large volume is required to search DSNB due to its low flux and cross-section

Main channels

based on (K. Scholberg, Annu. Rev. Nucl. Part. Sci. 2012. 62:81-103)

10°

Inverse beta decay: v, +p - et +n —— Ve €ES mmmm [BD — v BccC
o —-- Vg €ES  —:- v, pES v 160 CC
Main channel for DSNB detection 10t — ™™ S S . e e e L

Simple topology with one e+ and n
= Coincidence detection reduces
enormous background

Cross section (10722 cm?)

Charged current with nucleus: v, + N

Subdominant channel for higher energy

Neutral current with nucleus: v, + N 10 20 30 40 50 60
Neutrino energy (MeV)

Lower prob., but interact for all flavor



Latest analysis of SK-Gd

Analysis improvement

SK-Gd continued observation and acquired Yo A&’Q\ ........ P
additional 404 days with 0.03w% Gd (SK-VII) J. & w&
= Totally 956 days of SK-Gd data R g o

(CANNOT distinguish each y ray)

| Singie e like

o.8
+

Analysis Improvement (Santos et al., poster 637)

Developed new reduction for NCQE event

using gamma-ray cut variable
= Further reduced ~90% of NCQE

Developed new neutron tagging methods

based on multivriate analysis,

Search neutrons with 500 ps window
= achieving >60% efficiency in SK-VII

0 0.2 04 06 08 T
TagOut [0.01/1bin]




DSNB search in SK-Gd

Signal and background

=
E
D DSNB
/ NCQE L e
valy ! s °
O - . 4 +
Li Spallatlg,n . , Sl gna]. e g C C - . r o
e*
el \/ °
\_ @ @ ) Re actor f (Atm. v, CC interaction )
4;\ \ O n
(Atm. v NC quasi-elastic Rl £ :
(NCQE) interaction

/\ "

= Constraint using

Energy [ MeV |

= Dominant < 20 MeV



Results

SK-Gd energy spectrum

Number of events [bin’|

-
N

—_
o

(o)

—+— SK- VI observed data (552 2 days) i
[ ] Atmospheric-v (non-NCQE)
[ ] Atmospheric-v (NCQE)

I Spallation °Li .
B Reactor-v N
[ ] Accidental coincidence —
----------- DSNB (Horiuchi+09 6-MeV, Max.)

APJ. L. 951 L.27 (2023)

/
-"-'||||'|"i'|'-|||||||||||||=|||||

|;OI
Reconstructed

20 30 an 5N AN 70 an

kinetic energy [MeV]

Number of events [bin™

—
N

-
N

—_
o

oo

\\]\*\\II|III|III|I

—+— SK-VI observed data (552.2 days) -

Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)
Spallation °Li

Reactor-v

[ ] Accidental coincidence

SK-VI(552 d)

DSNB (Horiuchi+09 6-MeV, Max.)

+

New n-tag, NCQE reduction

o] &

Highlight:

Additional 404 days with 0.03% Gd=» Totally 956 days SK-Gd data

Select only Nn =1

New neutron ID and

No signal obvious excess,

background reduction

but indicates (min. p-value=0.04)

Number of events [bin™

—
N

-k
N

—_
o

o8]

Wllllll|l

SK-VII(404 d)

—+—— SK-VIl observed data (404.0 days)
Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)

Spallation °Li
Reactor-v
[ ] Accidental coincidence

DSNB (Horiuchi+09 6-MeV, Max.)

— T T T T T
SK-VI+VIl observed data (956.2 days)
Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)

Spallation °Li

Reactor-v

Accidental coincidence

DSNB (Horiuchi+09 6-MeV, Max.)

SK-VI+VII(956 d)

[ B
[ B
o= | | | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | |

0
) B ) ?//? / // //////%
2r ’ ] 2 —
20 40 60 80 20 40 60 0 , 1
Reconstructed e kinetic energy [MeV] Reconstructed e* kinetic energy [MeV] 80

Reconstructed e" kinetic energy [MeV]
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After refurbishment

(mm)

Water level

Before refurbishment
-20 (data from April 02-09, 2007)

199

-25
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
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