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A journey through the universe with neutrinos
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²Ƙȅ ŀǊŜ ǿŜ ǎƻ ŜȄŎƛǘŜŘ ŀōƻǳǘ ƴŜǳǘǊƛƴƻǎΚ
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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)

ÅάbƻǊƳŀƭέ ƘƛŜǊŀǊŎƘȅΥ ά ά □

ÅάLƴǾŜǊǘŜŘέ ƘƛŜǊŀǊŎƘȅΥ □ ά ά
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! ǎǘƻǊƛŜŘ ƘƛǎǘƻǊȅ ŦƻǊ ǘƘŜ YŀƳƛƻƪŀƴŘŜ ǎŜǊƛŜǎ

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ 4

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

ÅмфутΥ YŀƳƛƻƪŀƴŘŜ ŜȄǇŜǊƛƳŜƴǘ ƻōǎŜǊǾŜǎ 
ǎǳǇŜǊƴƻǾŀ ǿƛǘƘ ƴŜǳǘǊƛƴƻǎ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜΗ
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ÅRunning since 1996 (denoted by phases I-VII).

ÅAround 11 000 PMTs in inner detector with an outer 
detector muon veto.

ÅGadolinium-doped water since 2020 for easier neutron 
capture identification!

{ǳǇŜǊπYŀƳƛƻƪŀƴŘŜΥ ! ōŜŘŀȊȊƭŜŘ ǿŀǘŜǊ ǘŀƴƪ ŦƻǊ ƴŜǳǘǊƛƴƻǎ
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όƳŜ ǿƛǘƘ ǘƘŜ {ǳǇŜǊπY ŎƻƭƭŀōƻǊŀǘƛƻƴ ƛƴ нлноΗύ

Photomultiplier tubes! Extracting physics!

Super-Kamiokande: Hundreds of scientists across the world



All our physics with Cherenkov radiation

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ у

!ƭƭ ǿŜ ƪƴƻǿ ǇŜǊ ta¢Υ 

Å²ƘŜǊŜ ƛǎ ƛǘΚ

ÅIƻǿ ƳǳŎƘ ƭƛƎƘǘ ŘƛŘ ƛǘ ǎŜŜΚ

Å²ƘŜƴ ŘƛŘ ƛǘ ǎŜŜ ǘƘŜ ƭƛƎƘǘΚ
ό[ŜǘΩǎ ǎŜŜ ƻǳǊ ƭŀǘŜǎǘ ǊŜǎǳƭǘǎΗύ



ÅAtmospheric neutrinos
Å Atmospheric neutrino oscillation analysis with neutron tagging and an expanded fiducial volume in Super-Kamiokande I-V 

 T. Wester et al., arXiv:2311.05105 (2023)

ÅSolar neutrinos
Å Solar neutrino measurements using the full data period of Super-Kamiokande-IV

 K. Abe et al., arXiv:2312.12907 (2023)

Å Search for Periodic Time Variations of the Solar║ Neutrino Flux Between 1996 and 2018 in Super-Kamiokande 

 K. Abe et al., arXiv:2311.01159 (2023)

ÅSupernova neutrinos
Å Performance of SK-DŘΩǎ ¦ǇƎǊŀŘŜŘ wŜŀƭ-time Supernova Monitoring System

 Y. Kashiwagi et al., arXiv:2403.06760 (2024)

Å Searching for Supernova Bursts in Super-Kamiokande IV

 M. Mori et al., ApJ. 938 (2022) 1, 23

ÅDiffuse Supernova Neutrino Background
Å Search for Astrophysical Electron Antineutrinos in Super-Kamiokande with 0.01% Gadolinium-loaded Water

 M. Harada et al., ApJL 951 (2023) 2, L27

Å Diffuse Supernova Neutrino Background Search at Super-Kamiokande

 K. Abe et al., PRD 104 (2021) 12, 122002

Some of the latest Super-Kamiokande results (pg. 1/2)
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Some of the latest Super-Kamiokande results (pg. 2/2)

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ мл

ÅNeutrino astrophysics
Å Search for neutrinos in coincidence with gravitational wave events from the LIGO-Virgo O3a Observing Run with the Super-Kamiokande detector

 K. Abe et al., ApJ 918 (2021) 2, 78

Å Search for tens of MeV neutrinos associated with gamma-ray bursts in Super-Kamiokande

 A. Orii et al., PTEP 2021 (2021) 10, 103F01

ÅProton decay and other baryon number violating processes
Å Search for proton decay via ▬ᴼⱧ╚  in 0.37 megaton-years exposure of Super-Kamiokande

 R. Matsumoto et al., PRD 106 (2022) 7, 072003

Å Neutron-antineutron oscillation search using a 0.37 megaton-years exposure of Super-Kamiokande

 K. Abe et al., PRD 103 (2021) 1, 012008

ÅDark matter search
Å Search for Cosmic-Ray Boosted Sub-GeV Dark Matter Using Recoil Protons at Super-Kamiokande

 K. Abe et al., PRL 130 (2023) 3, 031802

ÅGadolinium loading of tank
Å Second gadolinium loading to Super-Kamiokande 

 K. Abe et al., arXiv:2403.07796 (2024)



Atmospheric neutrinos!
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ⱨ
!ǘƳƻǎǇƘŜǊƛŎ ƴŜǳǘǊƛƴƻ ƻǎŎƛƭƭŀǘƛƻƴ ŀƴŀƭȅǎƛǎ ǿƛǘƘ ƴŜǳǘǊƻƴ ǘŀƎƎƛƴƎ ŀƴŘ ŀƴ ŜȄǇŀƴŘŜŘ ŦƛŘǳŎƛŀƭ ǾƻƭǳƳŜ ƛƴ {ǳǇŜǊπYŀƳƛƻƪŀƴŘŜ Lπ± 

 ¢Φ ²ŜǎǘŜǊ Ŝǘ ŀƭΦΣ ŀǊ·ƛǾΥноммΦлрмлр όнлноύ



Extracting physics from atmospheric neutrino oscillations
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.ÅÕÔÒÉÎÏÓ ÐÒÏÄÕÃÅÄ ÂÙ ÃÏÓÍÉÃ ÒÁÙÓȦ

(atmosphere)

ό9ŀǊǘƘύ

{ǳǇŜǊπY ƛǎ ƘŜǊŜΗ



Extracting physics from atmospheric neutrino oscillations
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.ÅÕÔÒÉÎÏÓ ÐÒÏÄÕÃÅÄ ÂÙ ÃÏÓÍÉÃ ÒÁÙÓȦ

(atmosphere)

ό9ŀǊǘƘύ

,ÁÒÇÅ ÒÁÎÇÅ ÉÎ ÅÎÅÒÇÙ ÁÎÄ ÄÉÓÔÁÎÃÅÓȦ

E. Richard et al., PRD 94, 052001 (2016) 



Extracting physics from atmospheric neutrino oscillations
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arXiv:2311.05105v1 (2023)

.ÅÕÔÒÉÎÏÓ ÐÒÏÄÕÃÅÄ ÂÙ ÃÏÓÍÉÃ ÒÁÙÓȦ,ÁÒÇÅ ÒÁÎÇÅ ÉÎ ÅÎÅÒÇÙ ÁÎÄ ÄÉÓÔÁÎÃÅÓȦRich landscape of flavor oscillations!

(atmosphere)

(Earth)

Ᵽ◑



9ȄǘǊŀŎǘƛƴƎ ǇƘȅǎƛŎǎ ŦǊƻƳ ŀǘƳƻǎǇƘŜǊƛŎ ƴŜǳǘǊƛƴƻ ƻǎŎƛƭƭŀǘƛƻƴǎ

A. Santos (LLR/École Polytechnique) - March 2024 - Moriond мр

arXiv:2311.05105v1 (2023)

(directly above SK in the sky)

(directly below SK in the ground)

(total flavor change)

όƴƻ ŦƭŀǾƻǊ ŎƘŀƴƎŜύ

(vacuum oscillations)

όa{² ǊŜǎƻƴŀƴŎŜύ
όǎǳōπDŜ±ύ

(multi-GeV)

1 2



Extracting physics from atmospheric neutrino oscillations

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ мс

ŀǊ·ƛǾΥноммΦлрмлрǾм όнлноύ

CP-violation (ⱨ-vs-ⱨ)

ÅFor ‏ πȟ“, neutrino and anti-
neutrino ╟Ⱨ▄ will differ .

ÅThese demonstrative plots set the 
CP-violating phase at ‏ “Ⱦς.

1

(vacuum oscillations)

ό’ ƳƻǊŜ ŦƭŀǾƻǊ ŎƘŀƴƎŜύ( Ӷ’ less flavor change)



9ȄǘǊŀŎǘƛƴƎ ǇƘȅǎƛŎǎ ŦǊƻƳ ŀǘƳƻǎǇƘŜǊƛŎ ƴŜǳǘǊƛƴƻ ƻǎŎƛƭƭŀǘƛƻƴǎ

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ 17

ὲ 
ɝά ÃÏÓς—

ςςὋὉ

Mass hierarchy (high-energy resonance)

Å¢ƘŜ a{² ǊŜǎƻƴŀƴǘ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ 
ὲ ŘŜǇŜƴŘǎ ƻƴ ƴŜǳǘǊƛƴƻ ƳƛȄƛƴƎΣ 
Ƴŀǎǎ ƘƛŜǊŀǊŎƘȅΣ ŀƴŘ ŜƴŜǊƎȅΦ

(Mikheyev-Smirnov-Wolfenstein 
resonance)

ς

ÅάbƻǊƳŀƭέ ƘƛŜǊŀǊŎƘȅΥ ά ά □

ÅάLƴǾŜǊǘŜŘέ ƘƛŜǊŀǊŎƘȅΥ □ ά ά

(MSW resonance)

(’ see resonance) ( Ӷ’ see no resonance)

arXiv:2311.05105v1 (2023)

.ÏÒÍÁÌ ÈÉÅÒÁÒÃÈÙ



Extracting physics from atmospheric neutrino oscillations

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ 18

ὲ 
ɝά ÃÏÓς—

ςςὋὉ

Mass hierarchy (high-energy resonance)

ÅThe MSW resonant electron density 
ὲ depends on neutrino mixing, 
mass hierarchy, and energy.

ÅIf neutrinos see a resonance, anti-
neutrinos will not (and vice-versa).

όaƛƪƘŜȅŜǾπ{ƳƛǊƴƻǾπ²ƻƭŦŜƴǎǘŜƛƴ 
ǊŜǎƻƴŀƴŎŜύ

2

ÅάbƻǊƳŀƭέ ƘƛŜǊŀǊŎƘȅΥ ά ά □

ÅάLƴǾŜǊǘŜŘέ ƘƛŜǊŀǊŎƘȅΥ □ ά ά

όa{² ǊŜǎƻƴŀƴŎŜύ

(’ see resonance) ( Ӷ’ see no resonance)

arXiv:2311.05105v1 (2023)

Normal hierarchy
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ὲ 
ɝά ÃÏÓς—

ςςὋὉ

Mass hierarchy (high-energy resonance)

ÅThe MSW resonant electron density 
ὲ depends on neutrino mixing, 
mass hierarchy, and energy.

ÅIf neutrinos see a resonance, anti-
neutrinos will not (and vice-versa).

ÅNormal-vs-inverted mass hierarchy 
changes the sign of ɝά .

(Mikheyev-Smirnov-Wolfenstein 
resonance)

ς

ÅάNormalέ ƘƛŜǊŀǊŎƘȅΥ ά ά □

ÅάInvertedέ ƘƛŜǊŀǊŎƘȅΥ □ ά ά

όa{² ǊŜǎƻƴŀƴŎŜύ

ό’ ǎŜŜ ƴƻ ǊŜǎƻƴŀƴŎŜύ( Ӷ’ see resonance)

arXiv:2311.05105v1 (2023)

Inverted hierarchy



From atmospheric oscillations to physics results

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ 20ŀǊ·ƛǾΥноммΦлрмлрǾм όнлноύ

Oscillations! Physics!

Need some ⱧȾ▄ and ⱨȾⱨ separation!



From atmospheric oscillations to physics results

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ 21ŀǊ·ƛǾΥноммΦлрмлрǾм όнлноύ

ÅCǳƭƭȅπŎƻƴǘŀƛƴŜŘ όŜȄǇŀƴŘŜŘ ŦƛŘǳŎƛŀƭ ǾƻƭǳƳŜύ

ÅὩπƭƛƪŜ Ǿǎ ‘πƭƛƪŜ όŜǾŜƴǘ ǘƻǇƻƭƻƎȅύ

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

Ὡ-like ‘πƭƛƪŜ



From atmospheric oscillations to physics results

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ ннarXiv:2311.05105v1 (2023)

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

‎

5ŜƭŀȅŜŘ ǎƛƎƴŀƭ

†Ḑςππ ‘ǎ

ὲ

Interaction vertex



From atmospheric oscillations to physics results
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ÅCǳƭƭȅπŎƻƴǘŀƛƴŜŘ όŜȄǇŀƴŘŜŘ ŦƛŘǳŎƛŀƭ ǾƻƭǳƳŜύ

ÅὩπƭƛƪŜ Ǿǎ ‘πƭƛƪŜ όŜǾŜƴǘ ǘƻǇƻƭƻƎȅύ

ÅbŜǿ ƴŜǳǘǊƻƴ ǘŀƎƎƛƴƎ ό’ Ǿǎ Ӷ’ ƛƴǘŜǊŀŎǘƛƻƴǎύ

ÅbŜǿ .5¢ ŦƻǊ ŜƴƘŀƴŎŜŘ ’ ǎŀƳǇƭŜǎ ŦǊƻƳ Ӷ’

-ÁÉÎ ÓÁÍÐÌÅ ÓÅÌÅÃÔÉÏÎ ÓÔÅÐÓ

’Ӷ’



Latest Results: Atmospheric mixing parameters □ ȟ , Ᵽ
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arXiv:2311.05105v1 (2023)

Å.ŜǎǘπŦƛǘ ƛƴ ǘƘŜ ŦƛǊǎǘ ƻŎǘŀƴǘ όƛΦŜΦΣ ἻἱἶⱣ Ȣύ ŦƻǊ — Φ

Å/ƻƳǇŜǘƛǘƛǾŜ ƳŜŀǎǳǊŜƳŜƴǘǎ όŜǎǇŜŎƛŀƭƭȅ — ύ ǿƛǘƘ ƻǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘǎΦ



[ŀǘŜǎǘ wŜǎǳƭǘǎΥ /tπǾƛƻƭŀǘƛƻƴ ♯╒╟Σ Ƴŀǎǎ ƘƛŜǊŀǊŎƘȅ

A. Santos (LLR/École Polytechnique) - March 2024 - Moriond 25

arXiv:2311.05105v1 (2023)

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

ÅPreferring ‏ “Ⱦς is maximal CP violation!

ÅCŀǾƻǊ ƴƻǊƳŀƭ ƘƛŜǊŀǊŎƘȅ ŀǘ ŀǊƻǳƴŘ ς„ όὅὒ πȢπχχύΦ 

Å{ŜŜ ¢нYҌ{Y Ƨƻƛƴǘ Ŧƛǘ ǊŜǎǳƭǘǎ ǇǊŜǎŜƴǘŜŘ ōȅ tƘƛƭƭƛǇ [ƛǘŎƘŦƛŜƭŘΗ

Åὅὒ



{ƻƭŀǊ ƴŜǳǘǊƛƴƻǎΗ
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ⱨ
{ƻƭŀǊ ƴŜǳǘǊƛƴƻ ƳŜŀǎǳǊŜƳŜƴǘǎ ǳǎƛƴƎ ǘƘŜ Ŧǳƭƭ Řŀǘŀ ǇŜǊƛƻŘ ƻŦ {ǳǇŜǊπYŀƳƛƻƪŀƴŘŜπL±

 YΦ !ōŜ Ŝǘ ŀƭΦΣ ŀǊ·ƛǾΥномнΦмнфлт όнлноύ



The Sun as seen by neutrinos

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ нт

A picture in neutrinos!



The Sun as seen by neutrinos
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arXiv:2312.12907v1 (2023)

! ǇƛŎǘǳǊŜ ƛƴ ƴŜǳǘǊƛƴƻǎΗ

{ƻƭŀǊ ’Υ φυȟττσ ÓÔÁÔȢ ωςυÓÙÓȢ

’ Ὡ ᴼ’ Ὡ



arXiv:2312.12907v1 (2023)

Newest Results: Solar oscillation parameters

!Φ {ŀƴǘƻǎ ό[[wκ;ŎƻƭŜ tƻƭȅǘŜŎƘƴƛǉǳŜύ πaŀǊŎƘ нлнп πaƻǊƛƻƴŘ 29

{ƻƭŀǊҌYŀƳ[!b5

{ƻƭŀǊ Ŧƛǘ

KamLAND

ÅHave 1.5Ɑ tension between solar fit and 
KamLAND fit for ɝά .

(dashed: SK+SNO)

1„

н„
3„
п„
р„



Newest Results: Day/night asymmetry in solar neutrinos
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arXiv:2312.12907v1 (2023)

Å!ǎ ƴŜǳǘǊƛƴƻǎ Ǉŀǎǎ ǘƘǊƻǳƎƘ ǘƘŜ 9ŀǊǘƘ ŀǘ ƴƛƎƘǘΣ ƳŀǘǘŜǊ ŜŦŦŜŎǘǎ ŜƴƘŀƴŎŜ ⱨ▄Η

Å²Ŝ ǎŜŜ ǘƘƛǎ ŘŀȅκƴƛƎƘǘ ŀǎȅƳƳŜǘǊȅ ŀǘ ƳƻǊŜ ǘƘŀƴ оⱭΗ

{ǳƴ ƳŀǘǘŜǊ ŜŦŦŜŎǘ

Earth



bŜǿŜǎǘ wŜǎǳƭǘǎΥ {ƻƭŀǊ άǳǇǘǳǊƴέ ƛƴ ╟▄▄ as function of ⱨ energy
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ŀǊ·ƛǾΥномнΦмнфлтǾм όнлноύ

ǎƻƭŀǊ άǳǇǘǳǊƴέ

ÅDƻƛƴƎ ŦǊƻƳ ƘƛƎƘ ǘƻ ƭƻǿ ŜƴŜǊƎƛŜǎΣ ǘƘŜ ǎƻƭŀǊ ’ ƘŀǾŜ ŀ ƘƛƎƘŜǊ ǎǳǊǾƛǾŀƭ 
ǇǊƻōŀōƛƭƛǘȅΣ ǘƘŜ ǎƻπŎŀƭƭŜŘ άǳǇǘǳǊƴΦέ

ÅhǳǊ ŎǳǊǊŜƴǘ Ŧƛǘ ŘƛǎŦŀǾƻǊǎ Ŧƭŀǘ ŘƛǎǘǊƛōǳǘƛƻƴ ŀǘ мΦн„ όнΦм„ύ ǿƛǘƘ {Y ό{YҌ{bhύΦ


