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Neutrinos in the Standard Model... and beyond

Super-Kamiokande (1998) + SNO (2001) :
oscillations ⇒ neutrinos have (different) massνe
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31 solar ∆m2

21

3 mixing angles, 2 squared mass differences, 1 CP violation phase
open questions: mass hierarchy? θ23 > 45◦ or < 45◦? value of δCP? unitarity?
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Neutrino oscillation in a nutshell

L/E (arbitrary units)
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2-flavour approximation:

Pνα→νβ(L,E) = sin2 2θ sin2
(∆m2L

4E

)

3 flavours : much longer to write...
but the same basic principle

δCP ̸= 0 ⇒ P(να → νβ) ̸= P(ν̄α → ν̄β)

Matter-antimatter asymmetry?

Th. A. Mueller (LLR) Super-Kamiokande Experiment March 28, 2023 3 / 29



What is the mass hierarchy?

two possibilities for the neutrino mass spectrum
[m

as
s]2

NORMAL INVERTED

νe

νµ

ντ

ν3 ν2

ν1

ν2

ν1 ν3

∆m2
31 > 0 ∆m2

31 < 0

NB: we know that the mass state containing most νe is the lighter of the two “solar mass” states
∆m2

21 ≡ m2
2 − m2

1 > 0 and θ12 < 45◦ thanks to the observation of the matter effect in the Sun

Th. A. Mueller (LLR) Super-Kamiokande Experiment March 28, 2023 4 / 29



The Super-Kamiokande experiment

50 kton water Cherenkov detector
(currently doped with Gd)

Located in Kamioka, Japan, under Mt.
Ikenoyama : 1 km rock overburden
(2.7 km water equivalent)

Optically divided into an inner detector
(ID) with a fiducial volume of 22.5 kton
and an outer detector (OD),
instrumented with

- ID : ∼ 11000 inward facing large
20"-PMTs, 40% photo-coverage

- OD : 1885 8"-PMTs primarily used
as veto

Running for more than 25 years
and still has a lot to teach !

42 m

39.3 m
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The SK collaboration
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NCBJ, Poland
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The Super-Kamiokande Collaboration

~230 collaborators from 51 institutes in 11 countries 
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Detector phases

SK experiment has collected data during 7 phases

Phase Period Event
SK-I 1996.4 to 2001.7 Start of the experiment
SK-II 2002.10 to 2005.10 20% photo-coverage after accident
SK-III 2006.7 to 2008.8 Full photo-coverage (40%) restored
SK-IV 2008.9 to 2018.5 Upgraded electronics
SK-V 2019.1 to 2020.8 Detector upgraded for Gd-loading
SK-VI 2020.8 to 2022.6 0.01% Gd-doping
SK-VII since 2022.6 0.03% Gd-doping

Highly versatile multi-purpose experiment in the MeV - TeV range : solar &
atmospheric neutrinos, supernovae neutrinos [see G. Pronost talk], diffuse supernova
neutrino background (DSNB), neutrino astrophysics, proton-decay, dark matter,
beam neutrino (T2K) [see T. Kikawa & C. Jesús-Valls talks]

In this talk, status and perspectives for the physics analysis of solar and atmospheric
neutrino oscillations and the search for the DSNB
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Latest published physics results (since 2021)

Solar neutrinos
Search for solar electron anti-neutrinos due to spin-flavor precession in the Sun with Super-Kamiokande-IV
K. Abe et al., Astropart.Phys. 139 (2022) 102702

Supernovae neutrinos
Searching for Supernova Bursts in Super-Kamiokande IV
M. Mori et al., Astrophys.J. 938 (2022) 1, 35
Pre-supernova Alert System for Super-Kamiokande
L. N. Machado et al., Astrophys.J. 935 (2022) 1, 40

DNSB
Diffuse Supernova neutrino background search at Super-Kamiokande
K. Abe et al., Phys.Rev.D 104 (2021) 12, 122002

Neutrino astrophysics
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., Astrophys.J. 918 (2021) 2, 78
Search for tens of MeV neutrinos associated with gamma-ray bursts in Super-Kamiokande
A. Orii et al., PTEP 2021 (2021) 10, 103F01

Proton-decay and other baryon number violating processes
Search for proton decay via p → µK0 in 0.37 megaton-years exposure of Super-Kamiokande
R. Matsumoto et al., Phys.Rev.D 106 (2022) 7, 072003
Neutron-antineutron oscillation search using a 0.37 megaton-years exposure of Super-Kamiokande
K. Abe et al., Phys.Rev.D 103 (2021) 1, 012008

Dark matter
Search for Cosmic-Ray Boosted Sub-GeV Dark Matter Using Recoil Protons at Super-Kamiokande
K. Abe et al., Phys.Rev.Lett. 130 (2023) 3, 031802
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Solar neutrinos

Sun is powered by 2 groups of thermonuclear reaction the pp chain and CNO cycle

Solar ν oscillations are affected by matter effects in the Sun / Earth

Measured by
SK at ±2% level

Standard Solar Model (SSM) Neutrino oscillations (LMA-MSW)

4p + 2e− → 4He + 2νe + Q Matter effects in the Sun
Matter effects in the Earth
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Solar neutrinos detection at SK

Solar neutrinos detected through ES:

ν + e− → ν + e−

Advantages of SK:
- Large volume
- Realtime measurements
- Precise energy determination
- Precise determination of direction

Physics program:
- Oscillation parameter determination
- Day/Night (matter effects in Earth)

+ seasonal flux variation
- Precise 8B measurement

(metallicity of the Sun)
- Investigate exotic scenarios
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Day-Night asymmetry
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Energy spectrum
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Slightly favors up-turn, though need more data
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Oscillation analysis
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Exploration of the upturn region

SK and SNO found high matter effect in the Sun ⇔ Pee upturn shifted to low
energies
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[Phys.Rev.D 94, 052010 (2016)]
[arXiv:1507.0587]

Matter
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Expected
Solar+KamLAND
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Solar global

SK is trying to measure the “upturn” → light sterile neutrino? Non Standard
Interaction (NSI) in the Sun?
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Atmospheric neutrinos

Neutrinos produced by the interaction
of primary cosmic rays (mostly protons)
with Earth’s atmosphere

Wide range of energies from about 100
MeV to 100 GeV

Produced at O(10 km) above the
surface and coming from all directions
⇒ wide range of baselines from 10 to
104 km

Flavor content :
ϕνµ + ϕν̄µ

ϕνe + ϕν̄e
≃ 2 below 1 GeV

ϕνµ + ϕν̄µ

ϕνe + ϕν̄e
> 2 above 1 GeV
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Atmospheric neutrinos flux

Detailed simulations are required to
compute the neutrino flux taking into
account cosmic ray flux, complex
hadron interactions, geomagnetic field,
solar activity, etc...

On top of that, oscillations !
- complicated matter effect of

neutrinos travelling through Earth
- appearance of the third kind of

neutrinos ντ

1998, observation of a deficit of
atmospheric upward-going vs.
downward going νµ ⇒ discovery of
neutrino oscillations
(model-independent) 2015 Nobel prize
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Atmospheric neutrinos and mass-hierarchy determination

Mass-hierarchy can be accessed through matter effects, the longer the baseline, the
higher the effects

P(νµ → νe) P(ν̄µ → ν̄e)

Normal Hierarchy

Resonance

Phys. Rev. D97, 072001 (2018)

Mass-hierarchy determined with upward-going multi-GeV νe sample:
- Normal hierarchy : enhancement of P(νµ → νe)
- Inverted hierarchy : enhancement of P(ν̄µ → ν̄e)

Sensitivity enhanced if ν/ν̄ separation
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Event topological classification

Depending on the topology and ID and OD activities
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Upward

through-going µ

OD OD OD OD
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Further classification

SK excellent PID allows for a clear favour separation

Super-Kamiokande IV
Run 61964 Sub 32 Event 6230981
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Events are further categorized according to energies, number of rings, number of
decay-electrons, π0 likelihood (+ neutron tagging in SK-IV only) ⇒ 20 samples in
the end
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SK atmospheric neutrinos results
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Results shown here are with θ13 constrained by reactor experiments, for unconstrained results see back-up slides

Data favors first octant for θ23

Data favors NH at ∼ 2σ

δCP best fit agrees with that of T2K

Some constraining power over θ13

consistent with LBL results

PMNS official, SK collaboration, Dec. 2022
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ντ appearance at Super-Kamiokande

Results taken from Phys.Rev.D 98
(2018) 5, 052006

τ leptons produced in CC ντ

interactions decay quickly to
secondary particles ⇒ not possible
to directly detect τ in SK

Leptonic τ decay look quite similar
to atmospheric CC νe or νµ

Hadronic decays are dominant and
produce one or more pions ⇒
allows separation of CC ντ signal
from CC νµ, CC νe and NC
background

Results excludes no-tau appearance
at 4.6σ
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Supernovae physics

Core-collapse supernovae are among the most
cataclysmic phenomena in the Universe and
essential elements of the dynamics of the cosmos

Underlying mechanism still poorly understood
and requires knowledge of the core of the
collapsing star

1058 neutrinos emitted in a burst (99% of
gravitational energy) ⇒ information about this
core

So far, only SN1987a in LMC has been detected
by neutrino experiments

If burst in the galatic center ⇒ ∼ 8000
neutrinos in SK ... but only few times per
century in our galaxy [see G. Pronost talk]

⇒ quest for the Diffuse Supernova Neutrino Background (DSNB)
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The Diffuse Supernova Neutrino Background

Composed by neutrinos of all past SN
of all flavors whose energies have been
redshifted when propagating to the
Earth ⇒ information not only on the
SN neutrino emission process but also
star formation and Universe expansion
history

Normalisation mostly determined by SN
rate, related to cosmic star formation
rate

Shape depends on many parameters :
fraction of BH-forming SN, effective
neutrino energies (core temperature),
and sub-dominantly on the expansion of
the Universe (red-shift) and neutrino
mass-hierarchy
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DSNB detection at Super-Kamiokande

Detection channel in SK : inverse
β-decay (IBD) ν̄e + p → e+ + n

Searched at O(10) MeV, bounded by
reactor + spallation background at
lower energy and atmospheric neutrinos
at higher energies

In order to disentangle signal from
backgrounds, neutron detection in
coincidence with the positron is
mandatory ⇒ BDT developped

Neutron doesn’t produce Cherenkov
light but its capture on H (timescale of
200 µs) produce a 2.2 MeV gamma.
Neutron detection efficiency of 25% in
SK-IV (improved electronics)

assuming 100% n detection efficiency

Prompt signal 12-80 MeV

Weak delayed signal
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Latest results with SK-IV data [Phys.Rev.D 104 (2021) 12, 122002]
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World best sensitivity to DSNB
comparable to the predictions of various models
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The SK-Gd upgrade

Motivations

Improve neutron detection at SK

SK-IV: neutron tagging possible but
inefficient

Dissolve Gd sulfate in water to enhance
neutron signal : very high neutron capture
cross-section + 8 MeV photon cascade

Upgrade process

2002: first proof of concept

2009: small scale prototype detector
started (EGADS)

2018: SK detector refurbishment (SK-V)

2020: SK detector w/ 0.01% Gd (SK-VI)

2022: SK detector w/ 0.03% Gd (SK-VII,
currently running)

SK detector w/ 0.1% Gd?
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Gd in Super-Kamiokande - Status and perspectives

13.2 tons of
Gd2(SO4)38H2O
in 50 ktons water
∼ 50% capture on Gd
August 2020

40 tons
∼ 75%
CURRENT SK STATUS

132 tons
∼ 90%
ultimate goal

GADZOOKS! Proposal Gd thermal neutron
cross section : 49.7 kb

(σH = 0.33 b)
8 MeV γ cascade

PoS ICHEP2020 (2021) 164
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Perspectives for physics analysis with Gd

Many analyses highly affected by limited ability to distinguish between neutrinos and
antineutrinos (though already excellent sensitivity) ⇒ Gd has lifted this limitation!

For solar neutrinos: Better efficiency of cosmogenic neutron tagging = better spallation cut

For atmospheric neutrinos

Limited effect for multi-GeV samples (to be studied), limited effect on the MH
determination in the sub-GeV sample
Enhancement of δCP determination in the sub-GeV sample
Atmospheric parameters determination (+δCP) will benefit from joint T2K-SK fit

For DSNB neutrinos

Very promising perspectives for the DSNB search ⇒ increased statistics
8 MeV γ cascade (compared to 2.2 MeV for H) will help lowering the threshold down
to 12 MeV where 9Li decays will start to dominate (17.3 MeV currently) by removing
almost all spallation background (accidentals)
Locating muon-induced showers using neutrons will become especially powerfull
After eliminating spallation, NCQE interactions dominate ⇒ new dedicated techniques
under study
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Conclusions

Super-Kamiokande is running for more than 25 years and still has a lot to teach

World leading results on atmospheric (6511 live days SK-I to SK-V) and solar
neutrino oscillation as well as DSNB (5805 live days SK-I to SK-IV)

The new phase (SK-Gd) has started in 2020, clear neutron signals have been
observed in SK-VI and SK-VII

We are entering an era of extraordinary research with the new phase of
Super-Kamiokande detector (and very soon with Hyper-Kamiokande)... Stay tuned!
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The pp chain of stellar thermonuclear reactions

8Be∗ → 2 4He

7Li + p → 2 4He 8B → 8Be∗ + e+ + νe

7Be + e− → 7Li + νe
7Be + p → 8B + γ

3He + 4He → 7Be + γ

3He + 3He → 4He + 2p 3He + p → 4He + e+ + νe

2H + p → 3He + γ

p + p → 2H + e+ + νe p + e− + p → 2H + νe(pp) (pep)

ppI (hep)

(7Be)

(8B)
ppII

ppIII

99.6% 0.4%

85%

15%

2 × 10−5%

99.87% 0.13%
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The CNO cycle of stellar thermonuclear reactions

12C + p → 13N + γ 13N → 13C + e+ + νe

13C + p → 14N + γ

14N + p → 15O + γ15O → 15N + e+ + νe

15N + p → 12C + 4He

15N + p → 16O + γ

17F → 17O + e+ + νe

17O + p → 14N + 4He

16O + p → 17F + γ

(13N)

(17F)

(15O)

99.9%

0.1%

CN
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SK atmospheric neutrinos results - θ13 unconstrained
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Most sensitive sub-samples

Sensitive to MH, discrimination
by number of decay-e

Sensitive to MH, discrimination
w/ 4 variables MVA : transverse
mom., mom. fraction of most
energetic ring, number of rings,
number of decay-e

Sensitive to δCP (signal)
would benefit from ν/ν̄
separation

Sensitive to δCP
flux normalization

δCP

MH

Phys. Rev. D97, 072001 (2018)
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