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A journey through the universe with neutrinos
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ÅAtmospheric ’

ÅAccelerator ’

ÅReactor ’

ÅGeophysical ’

ÅSolar ’

ÅSupernova burst ’

ÅOther transient ’

ÅDiffuse Supernova Neutrino Background (DSNB)

ÅCosmic neutrino background

ÅDark matter search and more! ⱨ



What is so exciting about neutrinos?
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ÅWe have some precision measurements to do 
parameterizing flavor evolution and propagation!

ÅNeutrinos can probe objects that others cannot 
(or cannot do well)!

ÅThey are a gateway to interesting, new physics 
(e.g., CP-violation for neutrinos??)
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(Pontecorvo-Maki-Nakagawa-Sakata matrix)

ÅάNormalέ ƘƛŜǊŀǊŎƘȅΥ ά ά □

ÅάInvertedέ ƘƛŜǊŀǊŎƘȅΥ □ ά ά
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(me with the Super-K collaboration in 2023!)

Super-Kamiokande: Our international collaboration

11 Countries

Ḑ50 Institutes

Ḑ230 Collaborators



A storied history for the Kamiokande series
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Å1998: Super-Kamiokande observes neutrino oscillations 
for the first time with atmospheric neutrinos!

Å1987: Kamiokande experiment observes 
supernova with neutrinos for the first time!
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40m

human
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ÅAround 11,000 PMTs (photomultiplier tubes) in inner 
detector with an outer detector veto and 50 kton volume.

ÅOverburden of 1,000 m (2,700 m.w.e.) to reduce cosmic ray 
muon flux by factor of Ḑρπ.

ÅRunning since 1996 (denoted by phases I-VIII).

Super-Kamiokande: Our detector
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How to catch a neutrino in Super-YΧ ǿƛǘƘ /ƘŜǊŜƴƪƻǾ ǊŀŘƛŀǘƛƻƴΗ

interaction vertex

ᴆὺ ὧȾὲ

Cherenkov radiation

charged particle
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How to catch a neutrino in Super-YΧ ǿƛǘƘ /ƘŜǊŜƴƪƻǾ ǊŀŘƛŀǘƛƻƴΗ

interaction vertex

ÃÏÓ— ὧȾὺὲ

index of refractionǇŀǊǘƛŎƭŜΩǎ ǎǇŜŜŘspeed of light

Cherenkov angle —



Upgrading Super-K with gadolinium (SK-Gd)
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†Ḑςππ‘s

interaction

*neutrons can provide crucial information!



Upgrading Super-K with gadolinium (SK-Gd)
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ÅAt the start of the 2000s, a new project began 

in doping the water with gadolinium (Gd).

ÅMore energy per neutron capture

ÅLarge neutron capture cross-section

ÅFaster neutron capture timescale

†Ḻςππ‘s

’

interaction

PRL 93 (2004) 171101



Upgrading Super-K with gadolinium (SK-Gd)
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ÅAt the start of the 2000s, a new project began 

in doping the water with gadolinium (Gd).

ÅIn the 2020s, we have doped the water with 
gadolinium (Gd) at 0.01% and 0.03% by mass.

SK gadolinium-loading 2020s!
†Ḻςππ‘s

ὋὨ
’

interaction

NIMA 1027 (2022) 166248

NIMA 1065 (2024) 169480



Upgrading Super-K with gadolinium (SK-Gd)
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ÅAt the start of the 2000s, a new project began 

in doping the water with gadolinium (Gd).

ÅIn the 2020s, we have doped the water with 
gadolinium (Gd) at 0.01% and 0.03% by mass.

ÅAt 0.03% Gd-loading, Ḑ75% of neutron 
captures happen on Gd nuclei.

NIMA, 959 (2020) 163549

0.033%

Ḑ75%

†Ḻςππ‘s

ὋὨ



Atmospheric neutrinos!
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ⱨ



Extracting physics from atmospheric neutrino oscillations
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Neutrinos produced by cosmic rays!

(atmosphere)

(Earth)

Super-K is here!



Extracting physics from atmospheric neutrino oscillations
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Neutrinos produced by cosmic rays!

(atmosphere)

(Earth)

Large range in energy and distances!

E. Richard et al., PRD 94, 052001 (2016) 
Super-K is here!

Neutrinos traverse the Earth!



Extracting physics from atmospheric neutrino oscillations

A. D. Santos (Kavli IPMU - UTokyo) - Nov. 2025 - P2I 19

PRD 109 (7), 072014 (2024)

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

(atmosphere)

(Earth)

Ᵽ◑



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

(directly above SK in the sky)

(directly below SK in the ground)

(total flavor change)

(no flavor change)

1 2



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

(directly above SK in the sky)

(directly below SK in the ground)

(total flavor change)

(no flavor change)

(vacuum oscillations)

(MSW resonance)
(sub-GeV)

(multi-GeV)

1 2CP phase sensitivity

mass hierarchy sensitivity



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

ⱨ versus ⱨ

ⱨ mass hierarchy



From atmospheric oscillations to physics results
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Oscillations! Physics!

Need some ⱧȾ▄ and ⱨȾⱨ separation!



From atmospheric oscillations to physics results
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ÅFully-contained (expanded fiducial volume)

ÅὩ-like vs ‘-like (event topology)

Main sample selection steps
(Ὡ-like event) (‘-like event)

Ὡ-like ‘-like



From atmospheric oscillations to physics results
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ÅFully-contained (expanded fiducial volume)

ÅὩ-like vs ‘-like (event topology)

ÅNew neutron tagging (’ vs Ӷ’ interactions)

Main sample selection steps

Ӷ’ ὴO ὰ ὲ ὢ

ὴ

‎

Delayed signal

†Ḑςππ ‘s

ὲ

Interaction vertex



From atmospheric oscillations to physics results

A. D. Santos (Kavli IPMU - UTokyo) - Nov. 2025 - P2I 26PRD 109 (7), 072014 (2024)

ÅFully-contained (expanded fiducial volume)

ÅὩ-like vs ‘-like (event topology)

ÅNew neutron tagging (’ vs Ӷ’ interactions)

ÅNew BDT for enhanced ’ samples from Ӷ’

Main sample selection steps

’Ӷ’



Latest Results: Atmospheric mixing parameters □ ȟ , Ᵽ
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PRD 109 (7), 072014 (2024)

ÅBest-fit in the first octant (i.e., ἻἱἶⱣ Ȣ) for — .

ÅCompetitive measurements (especially — ) with other experiments.



Latest Results: CP-violation ♯╒╟, mass hierarchy
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PRD 109 (7), 072014 (2024)

ÅBest-fit ♯╒╟ in agreement with T2K results.

ÅPreferring ‏ “Ⱦς is maximal CP violation!

ÅFavor normal hierarchy at around ς„ (ὅὒ πȢπχχ). 

ÅSee T2K+SK joint fit results for even more studies!

Åὅὒ



Solar neutrinos!
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