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Newest results from Sup&amiokande

Andrew Santogfor the SupeK collaboration)
AV L The University of Tokyo
Kavli IPMU
20 November 2025
2nd P2| Conference
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A journey through the universe with neutrinos

A Supernova burst
A Other transient

A Atmospheric
A Accelerator
A Reactor

A Geophysical

e T -

A Diffuse Supernova Neutrino Background (DSNBY™ -
A Cosmic neutrino background

A Dark matter search and more!

o



What is so exciting about neutrinos?

A We have somerecision measurementto do
parameterizing flavor evolution and propagation!

A Neutrinos can probebjects that others cannot
(or cannot do well)!

A They are ajatewayto interesting, new physics i oy g
(e.g., CRviolation for neutrinos??) - : ' o g A

AdNormak KA SH&I NOK &Y

bl iy ]

Y N .
; : A dnvertedé KA SINJ NOK &Y
(PontecorveMaki-NakagawaSakata matrix)
1 0 0 cos 013 0 e Osinfs cosflis  sinfl, 0
Upmns =] 0 cos b3 sin 03 0 1 0 —sinflys cosfln 0
0 —sinf; coslss —et%sing;s 0 cos 013 0 0 1
atmospheric Am3; solar Am3;

accelerators

A. D. Santos (Kavli IPMUTokyo) Nov. 2025 P2I




SuperKamiokande: Our international collaboration

-

(me with the Supe:

Control room

;‘.-ooo.?




A storied history for th&Kamiokandaeries

&N, A 1987:Kamiokandeexperimentobserves
\ s supernovawith neutrinos for the first time!

A. D. Santos (Kavli IPMUTokyo) Nov. 2025 P2I 5 ‘

= A 1998: SupeKamiokandeobserves neutrino oscillations
y for the first time with atmospheric neutrinos!
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SuperKamiokande: Our detector
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SuperKamiokande: Our detector
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Upgrading Supdk with gadolinium (S&d)
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Upgrading Supdk with gadolinium (S&d)

Interaction

A More energy per neutron capture
‘0 | A Large neutron capture crosectior

A Faster neutron capture timescale

A At the start of the 2000s, a new project begar
In doping the water with gadolinium (Gd)

GADZOOKS! Antineutrino Spectroscopy with Large Water Cerenkov Detectors

John F. Beacom! and Mark R. Vagins? PRL 93 (2004) 171101

"NASA /Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
“Department of Physics and Astronomy, 4129 Reines Hall, University of California, Irvine, CA 92697
(Dated: 25 September 2003)




Upgrading Supdk with gadolinium (S&d)

[ SK gadoliniurdoading 2020s! ]

~ S—\,0

Interaction

A At the start of the 2000s, a new project begar
In doping the water with gadolinium (Gd)

A In the 2020s, we haveoped the water with
gadolinium (Gdat 0.01% and 0.03% by mass.

NIMA 1027 (2022) 166248

NIMA 1065 (2024) 169480

. A. D. Santos (Kavli IPMUTokyo) Nov. 2025 P2I 14 ‘



Upgrading Supdk with gadolinium (S&d)

Phase Start Finish ID PMTs | Gd-level

SK-T 1996-4 | 2001-6 11,146 | 0% NIMA, 959 (2020) 163549

SK-I1 2002-12 | 2005-11 | 5,182 | 0%

SK-IIT | 2006-7 | 2008-9 11,129 | 0% 8 | ]

SK-IV | 2008-9 | 2018-6 11,129 | 0% a | J

SK-V | 2019-2 | 2020-7 | 11,129 | 0% 0 2 ' D75%

SK-VI | 2020-7 | 2022-6 11,129 | 0.011% g [ r{

SK-VII | 2022-6 | 2024-7 11,129 | 0.033% 2.

SK-VIII | 2024-9 | ... 11,129 | 0.033% :

04 |

A At the start of the 2000s, a new project begar | 0.033% !

in doping the water with gadolinium (Gd) °‘Zf |
A In the 2020s, we haveoped the water with L A e B M

gadolinium (Gdat 0.01% and 0.03% by mass. Percentage of Gd by mass in Water

A At 0.03% Gdoading,D75% of neutron
captures happen on Gd nuclei

o y



Atmospheric neutrinos!

A. D. Santos (Kavli IPMUTokyo) Nov. 2025 P2I 16




Extracting physics from atmospheric neutrino oscillations

SupefK is here!

A. D. Santos (Kavli IPMUTokyo) Nov. 2025 P2I




Extracting physics from atmospheric neutrino oscillations

[ Neutrinos produced by cosmic rays! ] [ Large range in energy and distances!

SuperK is here! E. Richard et al., PR,052001 (2016)
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A. D. Santos (Kavli IPMUTokyo) Nov. 2025 P2I 18 ‘




Extracting physics from atmospheric neutrino oscillations

[ Neutrinos produced by cosmic rays! ] [ Large range in energy and distances! ] [ Rich landscape of flavor oscillations! ]

PRD 109 (7), 072014 (2024)
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Extracting physics from atmospheric neutrino oscillations

(directly above SK in the sky}——rrrm —rr——r—r———gum1  (tOtal flavor change)
08c —lo.s
0.6:— P(Vu —> Ve) _: 08
02 — /I 0.6

D = ]
g 0F — 0.5
e B -
04
—0.3
— 1 0.2
— 0.1
o

—o  (no flavor change)
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Extracting physics from atmospheric neutrino oscillations
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Extracting physics from atmospheric neutrino oscillations
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From atmospheric oscillations to physics results

Atmospheric neutrino oscillation analysis with neutron tagging and an expanded fiducial volume in

06 Ry, — v,) .
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From atmospheric oscillations to physics results
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From atmospheric oscillations to physics results
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From atmospheric oscillations to physics results
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Latest Results: Atmospheric mixing parameters
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Latest Results: GRolation# _ |, mass hierarchy
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