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The Super-Kamiokande Experiment

The Super-Kamiokande (SK) Neutrino Detector is a 50 kton water Cherenkov located in the Kamioka mine in Japan,
overburden with 1000 m of rock. In operation since April 1996.

Overburden ~1 km rock:
cosmic ray muons reduced to 1/100,000
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Inner detector: currently has
around 11,000 20-inch
PhotoMultipliers Tubes (PMTs).

22.5 kton Outer detector: water layer ~2m
thick, with ~1,885 8-inch PMTs,

fiducial G777 P Y
volume / _ R B o facing the outside of the
NS N detector.
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The Super-Kamiokande Collaboration

The Super-Kamiokande Collaboration consists of approximately 240 members from 54 institutions.




History of Super-Kamiokande
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SK-11, 2002-2005 SK-IIlI, 20 08 SK-1V, 2008-2018 SK-V, 2019-2020
11,129 1D PMTs 11,129 ID PMTs 11,129 1D PMTs
(refurbished for Gd and

5,182 ID PMTs
(with 19% coverage (again, 40% coverage) (upgraded electronics)
with Hyper-K PMTs)

+ FPR)

SK-1I, 1996-2001
11,146 ID PMTs
(with 40% coverage)




Super-Kamiokande with Gadolinium (SK-Gd)

Improve Super-Kamiokande’s sensitivity electron anti-neutrinos by adding water-soluble

Neutron Captures on Gd vs. Concentration

T T Thermal
gadolinium (Gd) salt to the water in the detector. 3 100% [ 132tns>-90% _ | neutron
pt I (ultimate goal) / capture
. o - cross
5 b | _40.tons = ~75% : section
A% no/ Y \\:Y AT ~200 ps S 80% (n2022) | (barns)
Isotope | neutron capture cross section e\ p _ 7 \ H Q- : || Gd =49700
Q- 2.2 MeV O 60% | 13.2 tons of
157Gd 255,000 barns - Gdy(SO,);"8H,0 $=053
[ in 50 ktons water —
155 o - ~50% capture 3 ol N =u.
Gd 61,000 barns i G 'Y\‘ 40% i 4 a4 | e
H 0.3 barn (current SK status) g 2 g 0 =0.0002
% 20% | St-3t-2 :
~8 MeV oo L—"4 . El Fl.H .. svi,:gr
AT0.03% G4 ~60 s 0.0001% 0.001% 0.01% 0.1% 1%
:¢¢;¢5‘¢: :;¢¢;¢¢¢: I FYP VYY) =¢¢&b‘¢¢£ SK-VI: 2020 0.01% Gd
: SK-V : $ : SK-V : : goze% Nuclear Inst. and Methods in Physics Research, A 1027 (2022) 166248
: water : : water : 3%( )3 20:
TR -+ ‘!”ﬂ"?f SK-VII june/july - 40 tons Gd2(504)3 * 8H,0
SK-Viil: 2022 0.03% Gd

Nuclear Inst. and Methods in Physics Research, A 1065 (2024) 169480

Beacom, Vagins PRL.93, (2004) 171101




Super-Kamiokande — Physics Goals

—~10% e Astrophysics
Ewm I _ q Solar neutrinos (~15 events/day)
E F Cosmological v - . .
w10 | .l Supernova burst neutrinos (~10,000 events galactic SN)
b q0n =gy Diffuse Supernova Neutrino Background (few events/year, relic of all
I'E Supernova burst (1987A)
Se past stars)
R i- . L

ém‘* \_— eactorantiy Pre-supernova neutrinos (hours early warning signal)

1 Background from old supernovae

10+ | ) * Neutrino Oscillations

0% | Terrestrial anti-v N Atmospheric neutrinos (flux from ~100 MeV to >10 TeV)

102} (WRSRNEETY 5 0h, Accelerator, T2K (controlled beam, precision 6;3, 8¢ studies)

107r ‘v from AGN :

10} * Rare Searches

102} ach ABhiK. (2015) Cosmogenic Nucleon Decay (lifetime sensitivity >103* years)

- Jasn, K.
L T N Exotic/astrophysical neutrinos (test for dark matter, GW/GRB/AGN
109 16 1 103 108 10° 10" 10" 108 inci i
peV.  meV eV keV MeV GeV TeV PeV EeV coincide NCE, new phySICS)

Neutrino energy

Super-Kamiokande

 Near Detectors.

Super-Kamiokande is unique in covering neutrinos from MeV solar oy

energies to TeV cosmic rays, while probing rare processes like nucleon Q Neutrino Beam
: 295 km

decay.

I 1,700 m below sea level

T2K long-baseline program



Atmospheric Neutrinos

Cosmic rays (mainly protons) interact with nuclei in the atmosphere, producing particle hadronic showers (e.g., pions, kaons). These decay
into neutrinos, called atmospheric neutrinos.

Normal e 1 S —

0.9 0.8 0.9
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* Super-K observes ~8 events/day E & 04F 07
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N — This Work Oscillation probablllt|es fgr atmospheric neutrm?s as a function of the
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E, (GeV) . . * v, appearance: §.p, 8,3 octant, mass ordering
Phys.Rev.D83:123001,2011




Atmospheric Neutrinos

Cosmic rays (mainly protons) interact with nuclei in the atmosphere, producing particle hadronic showers (e.g., pions, kaons). These decay
into neutrinos, called atmospheric neutrinos.

Normal e 1 S —
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Atmospheric Neutrinos in Super-Kamiokande (1)

Most recent analysis: Phys. Rev. D 109, 072014 (2024): 300—?:2)/:/ S + B
* 6,511 days of atmospheric neutrino data (SK-I to SK-V, start until July 2020) ) mf_méjgg T E
* Expanded fiducial volume: cut 100 cm from detector walls (before 200 cm) -> 20% increase in statistics. 5 F | E
* Search for neutron captures to improve v /v separation using Boosted Decision Tree, improved charged 1005_ 3

current/neutral current separation. _ 3

50

ot et b L ]
-1 -08 -06-04-02 0 02 04 06 08 1
vV, BDT Score

29 analysis samples: Sub-divided by event topology: (FC/PC,UP-u), energy range, e/p—like, and number of rings, number of neutron candidates.
Multi-GeV e-like samples are divided into v-like and v-like samples to improve sensitivity for mass hierarchy.

I N = L UL UL IS IR IR I~

16— 16 -— 16—+ ) . L Normal ordering, 90% C.L. .
14 SKHV expanded FV E R A b Best-fit, normal ordering: 3,L «:__ m{gs;gggosnozo _:
12 e omeciaton e ] 12F S BT Ocp~ — /2 F - T2K 2023 E
b MC expectation [Normal 7 " 2 o ) 3.0 % —-— lceCube 2023 .

- ] 10:_ W ! _: 10:_ I S|n2623~0.45 g 28: 4_ Super_K ]

[ " ] ™~ _ (0] 8 —

8:_99% ., E & 8t Am232 ~2.4 %10 3 eV?2 5 C :

6- ‘:; g 5 6} :; 26 ]

F95% % S E 3 TG € C ]

4500, 14 Mass ordering: g _.F b

2689 E 2r Ax? (NO - 10) ~ -5.7 C ;

ok T R oL ok J

2 25 3 22: b

2 -3 C ]

|Am32k31| (10 eVZ) 2-0 :I 11 I 1111 l L1 1l I 1111 I 1111 l 1111 I L1l I 11 I:

035 04 045 05 055 06 065
Reject inverted ordering at the 92.3% CL Sin‘6,



Atmospheric Neutrinos in Super-Kamiokande (2)

Phys.Rev.D 112 (2025) 1, 012004: Measurement of total neutron production following atmospheric neutrino interactions in SK (including SK-

VI).
Compare neutrino generator/interaction models to data (from atmospheric neutrino). TSRS
» Better-tuned neutron modeling - stronger v/v separation - improved mass ordering & 8 sensitivity | =+ SN0 10 estimation #*
e 4,270 days total; includes 564 days at 0.01% Gd. ?0‘- aEiad M
* New neural network-based selection, validated with Am/Be source. ? _,ﬁﬁ)‘j
 Compute average neutron-capture multiplicity per event vs visible energy (30 MeV-10 GeV). % ,ﬁ@tﬁﬁ

=

o +H$fﬁ +++++
Models used: NEUT 5.4/5.6; GENIE (hA, hN, BERT, INCL) x hadron transport (GCALOR/Geant4 Bertini/INCL) ™7 tﬁ* : |

Model discrimination: Predictions vary by up to ~50%; S 149 b |
o rog-rht 1ﬁr;1};;;&;;&;;;@;;m;m#ﬂﬂ#hﬁ
& 0.5
.1I62 . 103 I ”1.[I)“
--- Full MC (SK-VI) = hN + BERT 4 Visible energy [MeV]
> 771 v event generator variability 2 — hN +BERT_PC T . .
S104 - Total variabity S 1014 - AN +INCLPC Mean (n,y) multiplicity vs visible energy
£ 1 + Data(statsyst) T N et e Best agreement:
E 1 E 1 * = : . :
= = ] -TNCL+INCLPC # GENIE-INCL + G4 BERT-PC are preferred -> baseline for future modelling
8 g
= =

‘ of neutron production.

Reduces uncertainty in total neutron production from atmospheric
neutrinos in approximately 10%.
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o = =
(6} o (4]

1 1 |

Ratio to data
o 4 -

Visible energy [MeV] Visible energy [MeV]
Early SK-Gd validates n-tagging; full atmospheric-v fits with Gd are in preparation.

SK + T2K joint fit -> Results from the T2K Experiment talk (S. King)



Nucleon Decay Searches (1)

Grand Unified Theories (GUTs): most predict protons to decay into lighter particles (baryon-number-violating proton decay). Nucleon decay is

direct probe for GUTs.

Phys.Rev.D 102 (2020) 11, 112011: Improvement in analysis: enlarge fiducial volume 22.5 kton to

27.2 kton -> exposure 450 kton-years. Reanalyzed past data (SK-1 to SK-1V)

Lifetime limit

Positron

70
i
Proton \

gamma

v

Small O:PMT hit

gamma

A
&>~

Phys. Rev. D 110 (2024), 112011: Search for proton decay into e*=p* and a

p-u'n (2y) p-e'n (3r°)

p-p'n (3m°)

'ggco Conventional Region
- Pt § ann (90% CL,450 kton-years)
; d Proton
Q
=
: , + 0
s Addtional Region p—oe'm n meson, 373 kton-years exposure.
—e*'n (2
% g B‘oundPro(on 2.4 x 1034 yr 1000 3 p e 'J( Y)
©
8 Lifetime limit o
600
S0 A0 500 0" 500400500 16500500~ #0 506 500 0007200 (90% CL1450 kton-yea rs) a0}
Total Mass [MeV/c?] N
1000 Conventional Region + Iy 3
o p—>ern 3
z B - 34 £
g p 1.4 x 1034 yr £ w
g ggg Additional Region + 0 . 1.6 x 1034 yr + g 20: :
= 700 ound Proton ﬁ - E
E %E : p “ 71- p ﬂ r] 800
o E S 33
2 2§8 k o 7.3 x 103 yr
100 5
255300500500 1050 S50 5505001000 500 400 600 800 1000 1200 400
Total Mass [MeV/c?] 200

No significant event excess above the atmospheric neutrino backgrounds.

[ F e

T I L
200 400 600 800 1000

Ly . L .
200 400 600 800 1000 200 400 600 800 1000
Total invariant mass [MeVic?]

L L L L
200 400 600 800 1000 1200



Nucleon Decay Searches (2)

Wl = Many searches for other decay modes.

poe'n’ [

pou'n® [ I | Analysis advances:

""‘;": ,,,,,,,,,,,,,,,,,,,,,,,,,, T ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,, ] * Enlarged fiducial volume - more exposure

:_):Z """"""""""""" e e R N * Refined analysis techniques (spectrum fit, multivariate

powe [ e techniques, etc).

pove T I T . * Improved atmospheric v background modeling.

P> VK o B

o B

poe'vw I 44— N

popv s - p - u*K% 370 kton-years, Phys.Rev.D 106 (2022) 7, 072003.

::’; rrrrrrrrrrrrrrrrrrrrrrrrrr e rrrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrr - Lifetime limit: 3.6 x 1033 year sat 90% C.L.

I e T R n = VK° (new SK result), 401 kton-years, e-Print: 2506.14406.

I e S TR S—— — - Strongest limits to date: 7.8 x 1032 years at 90% C.L.

e s . e _

oK —— Systematic searches yield limits in the 10*?~10%* year range.

I Red: > 365kt-yrs

ot e | Green: 350kt yrs

RPN S— e | Blue: 173kt-yrs Super-Kamiokande sets the world’s strongest

A I constraints on nucleon decay.
10" 10% 10 10* 10%

1/B (vears)



Solar Neutrinos (1)

. . . . 10‘5= T T T T T T T8
Neutrinos produced in the sun through fusion processes. SK: 8B and hep neutrinos. o E
3 PP 3

Measurements of 8B neutrinos with high statistics recorded by SK with direction and energy information. "g—" ) SuperK. 1
pp chain CNO cycle 10'° i. Be _i

pp-1 pep-v — 3 | 3

. . . |p+p42H+e*+w I Ip+e’+p—)zH+rc| |‘20+p~>‘3N+y| — “095_ ’_--—I._b pep -5

Study of neutrino oscillations et — T SR A e 3
+p > He +y - +ev+ S E-" _.--" ] ' 3

° e Amz 85% 2x105% . € 107fz" | [ I ¥
12 21  ———— hep-1 180 4 p — MN 4+ L E - l"\l SR — 8Re" " E
Day/nlg t asymmetry pp-l 15% | “N+p—50+y H‘7O+pﬁ“‘N+“He| . 10 E_T7F | | : ’f"/ _i

. . 3He + *He — "Be + f 3 E | ! 1 E

* Solar upturn: MSW oscillations between 1-5 MeV B e oo ] Frovores o /T/E/ : !
{ 3 N E

=7Be+e-—>7u+v§‘| :79‘3*9*55*7 ‘l |15N+pﬁ“He+‘2C| | %0 +p - TF+y | 10° ] : : i ’E/ hep .

. . . . TLi+p—2He |88 |°B—>°®Be"+e*+, p . 2 1 ! .

Other topics such as flux modulation and anti-neutrino search. ] g (o or ] e N sl o\

pp-lil 0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0
Neutrino Energy in MeV

Phys. Rev. D 109 (2024), 092001: full SK-IV (October 2008 to May 2018) data.

§ - S‘K N '(2970d ')34'9 19‘49 MIV | 1 Analysis improvements (lower threshold, reduction in spallation background using neutron
- - ays) 3.49-19. e , ) . .
§1ooooj —+— Observed data 3 clustering events, improved energy reconstruction). o 050 : ‘ e, T
gooo BeSt-flt + (_g 0-48;_ Ez':zzlrl:::n‘::vﬂux —-2_5‘;
[ e Background il 9 047 1%
B | . ' ' 2 o046f I -
6000~ £ 3.49-19.49] MeV electron kinetic energy region (SK-IV): Q o045 k <
Fi Py a £
B P +390 0.44F ““%"'12.3 E
2000 [ g 654437335 (stat.) £ 925(syst.) events % oua. 3
g mi ey s SN gt gttt e d 0.42F s ._‘g
r g 041 F 1 @
2000— — q) = 2.314 i 0.014 i 0-040 X 106 Cm_zs_l E; P R R R RPN "Ea
B ] B 0.40 ] > 3 421
P S N AN PN ARV AP ARV BN IR S SK Phase
1 08-06-04-02 0 020406 08 1 Comparison of 8B solar neutrino flux
Sun

Solar angle distribution among different SK phases.



Solar Neutrinos (2)

Recoil electron spectrum Ve survival probability Day/night asymmetry: e
. 9 o H 4
i;o.ez;—'!s'm;r”"""”“”'""”" = CEO'EE””'" T T ] (I)g:;y—q)g;ght E E i Solar+ E
E 06F |— solartkam - 7 -~ — - o 0 :E =
3 o(:; 3 E 07’E g AD/N 1 ((Dday + (I)mght) s E - E KamLAND 3
5 b ERTS T = 2P B g _1;_,\_\ | xpected Ap ]
: O E ] = E P C : 2
§0.54:— SK I tO |V 3 05~ = ;" - M:: ]
S 052 Including = o4 - | MM SK+SNO E g . %\-\\‘ & =
05 syst. errors = - t%i,g“‘;;l?:ae ] 8 - P SK1to IV .
= 03— | 4 pp: Borexino = 3k w
3 = 3 "Be: BBO'EXi,nU E - 'E ]
i 02— pep: borexino — - : : -
E = | %= *B: Borexino E 4 Mw
] 01— | — Solar = N .
3 = | — Solar+KamLAND ] C i 1
Ta— o= Ll e ] _5'..\...I.\:.EI...I.\.I.\.I...I.\.\...\...T
E;‘" in MeV 10 ! \'Energ1yolnMeV 2 4 6 8 10 12 14 16 12"12 (2100_5 Vg)z

y e

Recoil electron spectra and
combination of the MSW predictions.

SK+SNO fitted solar v, survival probability
Aoy (all SK, fit) = -0.0286 + 0.0085 (stat.) + 0.0032 (syst.)

Solar upturn favoured by 2.1c for SK+SNO. 3.20 direct evidence of earth matter effects!
. . . . . . 2.49 MeV < Exin < 2.99 MeV 2.99 MeV < Ekin < 3.49 MeV
Checking solar angle distributions < 4 MeV using the Wideband T T
Inte”ige nt Trigger (WIT) data. 1150 == Background Shape 170 = Background Shape

=== Signal MC + Background Shape 1700 === Signal MC + Background Shape

1100

[ —

e Signal not observable in E;, < 2.99 MeV.
* Hint of solar peak in 2.99 MeV < E,;, < 3.49 MeV. ->2.660.

1050

[T

1000 1500
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950
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More details in the contributed talk “Enhancing Low-Energy Neutrino
Sensitivity in Super-Kamiokande with the Wide-band Intelligent Trigger”. 7 s ~os a0z o oz ar 05 o5 ~+ " 08 05 =04 0z o 0z 04 05 08




Solar Neutrinos (3)

NX N 8
< 5 8
[ . 4
5 ] 2
o (6,031 Yoot AmE=(7.5481%) 10°6V* | Sin?(O)20.02- 8100007 N A —~0.2r% T .
D [Sron-osoeioois am@ion 00 o ] & e 0010488 :
upo [Sin%(©,,)=0.30740.012  Am?,=(7.50'312) 10°eV? = Sin%(0,)=0.3002 0.03031% ]
=g k= : _
c15] Z —
N f Pqpd ]
E | i : ]
<0l | L ]
01 0.1fKamLAND! | -
] combined ¥ N P ]
d .24 . 30 08 PN 40 6\ 24, ., 39
0.1 0.2 0.3 0.4 05 2468 0 0.1 0.2 0.3 04 0524 6 8
sin?(0, ) Ax? sin“(642) Ax?
12 .
20, = 0.324+0.027 Best-fit from all solar data:
Solar oscillation parameters, for St-U12 126 —0-0255 , n20.. = 0.032+0-021
combined 5805 days of SK data: Am3; = (6.10%582) X 107> eV Sin~by13 = 0.022
2 +0.013
Sin 912 - 0 306_0 013 S .
: : : olar + KamLAND:
All solar experiments: Amgl (6. 10+8 gi) % 10-5

sin?6153 = 0.03018:913
sin%0,, = 0.30713:312

Solar + KamLAND:
olar T ham Am2, = (7.50%919) x 1075 eV?

Analysis of additional SK data in on-going.



Reactor Neutrinos

The efficient neutron identification provided by gadolinium allows the search for signals from o
nuclear power reactors (electron anti-neutrinos from fission products). oo Reactor SK-VI

. . « . > 0.0150 (DL S ru, 7“

* Primarily a result of the activity of Japanese nuclear power Reactor SK-VII BV
reactors (small contribution from Korean reactors); 4 ey «
e Constrain neutrino oscillation parameters, complementary to i
solar sector. et

* Expected ~ 5 events/day in SK. e e

P /day o -. g R S

Expected reactor events in SK (model Huber/Muller) ; M"”“ Jm
. . . . . AN . i 2
Two analyses are currently being carried out using two different low energy triggers (SLE and WIT). Reactors from Wakasa-Bay: Mihama 3 (146 km),

Ohi 3,4 (179km), Takahama 1, 2 3, 4 (191 km

. hi 3, 4 (179km), Takah (191 km)

ON/OFF anaIyS|s A S e
gsm WIT £ ;zti;:au?%:)[;z:;"?Unusci\la(ed Reactor MC) el _ _
§ 77777777777777 I Dredction (Off data + Reactor MC) e 2::;;;&(; § 0.25:— —&— Expectation *;‘50 :EE
“| WIT SK-VI preliminary T s esdaens sttt | b o poswvatescaa|  SLE w0 3
3 I I | 5 s g o2 Weighted 120 @
§ ) ? 00 { { £ ° C electric power 1 %
Bl == | e ke W T g o
%’200 . . - 200 3 ; L ; ( ;E b 8 0.1_— - ; 5
T SKiVI preliminary o e L 2
%mu | | H i U : | | i : ‘ | B | : § 0.0Si _240 E
% ‘-""'I-'""i ' 2F§2t‘1 2’33& 2‘;p2r1 2'35‘2“1 21321 2{;]2Il ;)uzgl 2%?’1 200C2t1 2":)02\':'[ 2[:)9251 2}3;2 2F§2t)2 I2’:;zr2 2%‘];2 I2':;zy2 ‘21322 E - | ‘20 -UE;
B I s - £ op ——o =
© 0 memmewmmsewen 7 More details in the contributed talk ”Enhancing Low-Energy Neutrino g ook SK-VI preliminary T
C | 1

Energy spectrum Sensitivity in Supe r-Kamiokande with the Wide-band Intelligent Trigger”. 2020008 2020/12 2021104 2021107 2021110 2021112 2022104



Diffuse Supernova Neutrino Background (1)

The Diffuse Supernova Neutrino Background (DSNB) is a steady redshifted flux of neutrinos from

all past core-collapse supernovae in the history of the Universe.
Now
T T T T dFV(E, Z) dt
o5t Tulinien 4o | Poswg(E) % | Ren(2) — | dz
= * Eaz SRR
% i ] i 5 billion
s L i e z years
- i 1 S— 10! s Neutrinos from
E, —1.5 Dy, ] - _ 0<z<1 ] past SNe
2@ ,“‘ é i 4 SINGG - Ha :V' 100 e — faiI:d SNe :v- 100 — ; é ; ég _ M 10 b”
: -20 ,rﬁ T _‘_ * SUNGG - FUV J e == sum E :Zéiég Q)— 1Hion
A B Hanish et al. (2006) B o4 - sum ]
5 A‘ VanA stune.ev. el. (2016) '% 10-! > 10-1 -
g -25¢ 0. bf i s z -~ :
R et 310 30
-3.0 N .., . . . % Driveretal(2018) % % i \\f Blg Bang 13.8
0.0 0.5 1.0 15 2.0 T A L e T
) z _ E [MeV] E [MeV]
Redshift-dependent star formation rate Supernova neutrino emission spectrum
DSNB model
Priya and Lunardini (2017)
Detecting it would provide unique insight into stellar evolution and the cosmic supernova L Honahiseal Q09
. . . 100 g Barranco et al. (2017)
rate, but the signal is extremely faint. T S vt el ol (12) o Gy
Super-K has the world’s leading sensitivity. Detection through IBD, main backgrounds: 5"
e Reactor neutrinos -
* Spallation-induced (mainly °Li)
 Atmospheric neutrinos (both CC, NC) 1 . | . l |




Diffuse Supernova Neutrino Background (2)

DSNB search in SK-Gd 1= 4 ¢ Main channel IBD:
) = +
956 days of SK-Gd data! 2 DSNB Ve tp = e +n
v e ~7.5-30 MeV signal window
) ~1L.,0<'< e Constraints to > 30 MeV side-band
p
(9 - : R : : h
i Spallation Slgna]_ reglon CC -e (T< 80 MeV)\
Ber — ) -
9|_| < v\ SN
Reactor Gtm v, CC interaction
\ _J
- N NEUTRINO 2024: Review of Diffuse SN \O/
?ﬁ‘é‘d‘éﬁﬁ&‘:’c‘ﬂoﬂasuc Neutrino Background, M. Harada
vV /n“ e?x
Ll a-—_‘ /
160 \ﬂ
Vi [Ux - v >
\ J 8 30 K. Abe et al, Phys. Rev. D 104, 122002 (2021):
Energy [MeV] 2970.1 days of SK-1V data
Many analysis improvements: +
* New reduction for atmospheric NCQE interactions event using gamma-ray cut variable M. Harada et al, Phys. Rev. Lett. 951, 127 (2023):
(further 90% reduction) 552 days (SK-VI, 0.01% Gd)
* Dedicated machine learning techniques implemented for neutron tagging. +

Recent studies:
Performed both energy-binned analysis and unbinned energy spectrum fitting. 404 days (SK-VII, 0.03% Gd)




Diffuse Supernova Neutrino Background (3)
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No significant excess observed (min. p-value=0.04).
Sensitivity reaches model prediction region for E, > 14 MeV.

SK starting to probe into the predicted DSNB signal region!
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Diffuse Supernova Neutrino Background (4)

Spectrum fitting analysis to extract detection significance:

Statistical and systematic errors || DSNB model: Horiuchi+09 (6 MeV, max)

10

* Total of 6779 days of SK (5823 days pure-water + 956 days with Gd). [ ____ SKillase / 99.7% C.L.
SK-II
SK-III
* Analysis threshold: E,> 17.3 MeV (to avoid spallation background). ——
—— SK-VII
Combined
» Define main/side-band regions based on Cherenkov angle L
4 |
e Suppress uncertainty of background prediction by fitting IBD-like ~
and non IBD-like events. | 95% C.L.
* Profile likelihood ratio.
Best-fit rate: / Sl
2.9 events - year! il S v

4

6
DSNB flux [em~2.s71]

8 10

Best-fit flux: Spectral fitting for a DSNB theoretical model (Horiuchi+09), showing all
1.4 cm?s?! individual SK phases considered and their combination

2.30 rejection of a background-only hypothesis (very preliminary).



Gravitational Wave Coincidence Searches

Compact binary mergers are prime candidates for neutrino—gravitational wave coincidence searches:

neutron star

* Neutron Star-Black Hole (NSBH) mergers: P ‘mvimmna,
may produce both high-energy and thermal neutrinos, depending on remnant and ejecta. " waves _

* Binary Neutron Star (BNS) mergers: / neutron star
emit low-energy neutrinos (MeV) within milliseconds of the GW signal.

* Black Hole-Black Hole (BBH) mergers: merge\
. .. . . . . . 9ravitationg,
no neutrino emission expected, but some models allow for high-energy neutrino production if matter is o

present (e.g. accretion disk). % pad

tidal disruption

Models expect that BNS and NSBH mergers emit thermal MeV neutrinos within < 1 s of merger, with peak \
luminosity > 10°3 erg/s, in the 5 to 30 MeV range. /0_ .

waves

accretion disk

N—

gravitatiom
waves

~

black hole

Searches in SK for coincidences with the first period of GW-04 run (O4a) from May to October 2023.
No significant excess is observed.

Upper limits (90% confidence level) were obtained for both low and high energy samples:
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Summary

Super-Kamiokande is a neutrino observatory running since 1996, with a broad physics program in neutrino astrophysics, neutrino oscillations
and rare searches. In 2020, the experiment started the SK-Gd phase, in which gadolinium was added to the water in the detector to increase
its sensitivity to electron antineutrinos.

Atmospheric neutrinos: Reactor Neutrinos:
* Combined SK-I to V data with expanded fiducial volume (27.2 * First searches of reactor neutrino signal in SK, using two low
kton) and improved selections energy triggers;
* Preference for normal mass ordering, rejecting inverted ordering * Expected event rates consistent with data
at the 92.3% CL,; * On/off reactor analysis shows excellent agreement.
* Analysis in agreement with T2K on mass ordering & &p
(previous talk). Diffuse Supernova Neutrino Background:
* Neutron production modeling validated with early SK-Gd data. e There is no significant DSNB signal, but SK starting to probe into
the predicted DSNB signal region.
Search for Nucleon Decay: * 2.30 tension from non-DSNB hypothesis
* Systematically searches for many different decay modes to
probe Grand Unified Theories; Coincidence with gravitational waves:
* Imposing very strict lifetime limits. * GW-04as search of neutrino counterparts. No significant excess
observed.
Solar Neutrinos: *  Flux limits set ~103-10* GeV cm™,

*  Full SK-IV (October 2008 to May 2018) data analyzed;
* Solar upturn favoured by 2.1c for SK+SNO;
* 3.20 direct evidence of earth matter effects.
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