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S.Mine’s slides     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▸ Water Cherenkov detector

▸ 50 ktons water (22.5 ktons fiducial volume)

▸ ID viewed by 11,000 20” photo-multiplier 
tubes (PMTs) 

▸ ~2 m OD viewed by 8” PMTs (muon veto)

▸ Operating since 1996,  
with 10 countries, 40 institutions, ~180 
members

https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/detector/
visit there and click the buttons to find more information!

https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/detector/
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Y.Takeuchi’s slides
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v-electron scattering

Detecting neutrinos in the SK

Charged current quasi-elastic 
scattering (CCQE)



       

             

Insensitive to charge sign and (most of the) nucleons

e/mu separation via Cherenkov ring "fuzziness"

Seiya Sakai @neutrino2022
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Detecting dark matter in the SK

  

  

Indirect search for dark matter from the Galactic 
Center and halo with the Super-Kamiokande detector 
(2020)

Search for Neutrinos from Annihilation of Captured 
Low-Mass Dark Matter Particles in the Sun by Super-
Kamiokande (2015)

Search for Neutrinos from Dark Matter Annihilation in 
the Earth’s Core with the 2 Super-Kamiokande 
Detector (coming soon)

Search for Boosted Dark Matter Interacting With 
Electrons in Super-Kamiokande (2018)

Search for Cosmic-ray Boosted Sub-GeV Dark Matter 
using Recoil Protons at Super-Kamiokande (2022)

darkmatter darkmatter



Outline

▸ Indirect Searches for dark matter 
 
- Sun (2015) 
- Galactic Center & Halo (2020) 
- Earth (to be soon) 
 
- low energy (future)

▸ Direct searches for dark matter 
 
- motivation 
- DM-electron elastic scattering (2018)   
- DM-proton elastic scattering (2022) 
 
- low energy DM-Oxygen scattering (future)

≺ reminder that SK-Gd makes the searches more promising!

≺ reminder that SK-Gd makes the searches more promising!
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SK astrophysical neutrino search (>100MeV)

Q: How to find astrophysical neutrinos where atm v dominates your signal? 
A: We rely on our understanding of atm v, and adopt the atm v oscillation 
analysis framework.
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DM-induced v simulated using DarkSUSY
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SK-I - IV data taken from 1996 to 2016 

(5325.8 live-days)

Super-Kamiokande collaboration, Phys.Rev.D 102 (2020) no.7, 072002

90% upper limits on annihilation cross section
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Super-Kamiokande collaboration, Phys. Rev. Lett. 114, 141301 (2015) 

𝝌

𝝌

S
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SK prel
im

inary
K.Frankiewicz thesis (paper under preparation)

SK-I - IV data taken from 1996 to 2016

90% upper limits on SI scattering cross section

https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/2018/Frankiewicz_PhD_final.pdf



dark matter not found so far...

▸ A few anomalies (i.e. DAMA modulation) but no consistent signal


▸ Dark matter may not be WIMP? Then what do we do? 
- persistently prove the WIMP parameter spaces (not yet closed) 
- look in every corner that’s not been searches for 
- do a better thing if you have an idea



▸ Sub-GeV DM is less searched as  
- “WIMP miracle” >2 GeV 
- direct detection experiments lose sensitivity

▸ However,  
Sub-GeV DM can also be a minimal 
thermal relic candidate & 
comes from wider modelings

▸ Current efforts in direct detection to detect sub-GeV signal (CRESST, 
DAMIC, SENSEI, CDMS, …)


▸ How can SK contribute? 
- Indirect detection of sub-GeV DM - very doable 
- Direct detection of sub-GeV DM - also doable!

Go to Sub-GeV
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Super-Kamiokande collaboration, Phys.Rev.D 102 (2020) 7, 072002

why below 1 GeV not explored?
1) no interest in sub-GeV dark matter so far 

2) not using <100MeV v data so far → signal acceptance for sub-GeV dark matter 
was bad

Super-Kamiokande Galactic Dark Matter Search



rather natural to expect that the connection to DM will 
be via singlets of the SM gauge group

• Neutrino portal:

Slide by Silvia Pascoli, INDEES2021

“A tantalizing possibility of a strong 
connection between these two sectors”

“NR (right-handed neutrino) connects to the 
evidence of neutrino masses”

 

Search for Dark matter in Dark Sector via 𝛎



vector mediator

“Can successfully produce thermal relic”

scalar mediator

Dark Matter Search through Neutrino Portal

FermiLAT

light DM already ruled out by EM particle annihilation channels 
but neutrinos

in case of 
neutrino portal, 
neutrino probes 
could dominate 
sensitivity to the 
dark sector

Hoof et al.(1812.06986)

Slatyer (1506.03811)

Blennow et al. (1903.00006)
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Detecting dark matter in the SK

  

  

darkmatter darkmatter

Indirect search for dark matter from the Galactic 
Center and halo with the Super-Kamiokande detector 
(2020)

Search for Neutrinos from Annihilation of Captured 
Low-Mass Dark Matter Particles in the Sun by Super-
Kamiokande (2015)

Search for Neutrinos from Dark Matter Annihilation in 
the Earth’s Core with the 2 Super-Kamiokande 
Detector (coming soon)

Search for Boosted Dark Matter Interacting With 
Electrons in Super-Kamiokande (2018)

Search for Cosmic-ray Boosted Sub-GeV Dark Matter 
using Recoil Protons at Super-Kamiokande (2022)

Search for low-energy neutrinos from Dark Matter 
Annihilation in the Galactic Center and halo (on-going 
analysis)
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Sub-GeV signal in SK-Gd

Inverse Beta Decay (IBD) :1.8 MeV energy threshold
Coincidence search: spatial & timing correlation between prompt & 
delayed events

2.2 MeV is very low for SK 
(typically ~7 hits in the entire tank) 

but not impossible to catch as coincident signal
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Seungho Han @neutrino2022

SK Gd doping

Gd loading of SK can tag neutrons more effectively 
due to higher energy deposited (8.5 MeV gamma 
cascade instead of 2.2 MeV from H)

improve DSNB (Diffuse Supernova 
Neutrino Background) search with 

IBD channel selection 
(+ atmospheric v oscillation study)



Sub-GeV Galactic Dark Matter Search

where SK can do the best

arxiv:2005.01950 
N.Bell, Dolan, Robles

also Palomares-Ruiz et 
al. (0710.5420), Del 

Campo et al. 
(1711.05283), Klop et 

al. (1809.00671), 
Blennow et al. 
(1903.00006), 
Arguelles et al. 
(1912.09486)

▸ using 20-yr SK low-energy data (<100MeV), 
SK sensitivity is expected to be fairly close to the thermal relic cross-section 
& can demonstrate HK sensitivity



Boosted Dark Matter

If dark matter signal is expected above O(1)MeV 
→ direct detection of “boosted dark matter” 

in the Super-Kamiokande

▸ sees high tail of the boosted dark matter 
spectrum,  
smaller signal acceptance of neutrino detector 
can be overcome by size - 
complementary observations

• Boost mechanism: 
beam/reactor-produced dark photon 

decaying to dark matter
• dark matter annihilation to dark particle
• cosmic-ray boosted dark matter
• astrophysical source-boosted dark matter 

atmospheric-shower produced dark 
matter 

…

Typical velocity of dark matter 
~ O(10-3) c


→ typical signal <100 keV


(SK E threshold ~3.5MeV)

by COSINE 
1T

by SK 
22.5kT

boosted spectrum by DM-electron scattering

Leave Neutral-current 𝛎 
like signal in the SK

𝝌
p

𝝌
e

Cappiello et al., arxiv:1906.11283



▸ Very forward elastic scattering - good angular pointing even at low energy

▸ e-like single ring, no hadrons -> no decay e, no neutron tagging

▸ background = atm v elastic scattering, atm v CCQE, IBD, …

▸ cut & count analysis for various cone-half angle to cover wide range of potential signal

▸ background modeled by off-source data (except high-energy where not enough statistics)

𝝌
e

DM-e scattering in the SK

FCFV selection (dashed-dotted blue) 
1-ring (for Evis <100GeV, dashed green) 
e-like (dotted red) 
0 decay electrons and 0 tagged neutrons 
(solid cyan) 

▸ Only SK-IV data used 
(previous data has no 
neutron trigger)



27 C. Kachulis for the Super-Kamiokande,  
Phys.Rev.Lett. 120 (2018) no.22, 221301

2628.1 days of SK-IV data
▸ The analysis was done in a model-

independent way for any electron-scattering 
signal coming from the GC & the Sun


▸ One example constraint for dark photon 
interaction given for boosted dark matter B 
produced by annihilation in the GC (for 
mB=200 MeV, m𝛾’=20 MeV, g’=0.5)
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Detecting dark matter in the SK

  

  

darkmatter darkmatter

Indirect search for dark matter from the Galactic 
Center and halo with the Super-Kamiokande detector 
(2020)

Search for Neutrinos from Annihilation of Captured 
Low-Mass Dark Matter Particles in the Sun by Super-
Kamiokande (2015)

Search for Neutrinos from Dark Matter Annihilation in 
the Earth’s Core with the 2 Super-Kamiokande 
Detector (coming soon)

Search for Boosted Dark Matter Interacting With 
Electrons in Super-Kamiokande (2018)

Search for Cosmic-ray Boosted Sub-GeV Dark Matter 
using Recoil Protons at Super-Kamiokande (2022)

Search for low-energy neutrinos from Dark Matter 
Annihilation in the Galactic Center and halo (on-going 
analysis)

Search for boosted dark matter using low-energy 
electrons in Super-Kamiokande (on-going analysis)



29Nadège Iovine @SK collaboration meeting
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Proton identification
Not a primary interest in the neutrino 

analyses 

𝝌
p/n

but in case of unknown neutral particle… 

? ?

n/pn/p
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Phys.Rev.D 79 (2009) 112010, axriv:0901.1645

Proton identification
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▸ Proton recoil Cherenkov threshold ~ 1.07 GeV narrows down the signal region & 
reconstruction of proton track is challenging

▸ Pattern fitting based reconstruction, 

▸ a multi-variate analysis (MVA) to select protons over low energy muons

▸ Feasible for proton momentum 1.2 GeV < p < 2.3 GeV. Above, protons tent to make extra 
rings

DM-p (free proton) Elastic scattering

DM-p (free proton) DIS

▸ Sensitive to higher dark matter mass / boosting parameters 

▸ E > 1.33 GeV, n_ring > 1

▸ Better angular resolution

▸ BG: CC DIS from atm v



33 Linyan Wan @neutrino2022

2-component model

▸ Best upper limit on boosted dark matter coupling with hadron

▸ Probing relic mass above direct detection experiment mass region
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Detecting dark matter in the SK

  

  

darkmatter darkmatter

Indirect search for dark matter from the Galactic 
Center and halo with the Super-Kamiokande detector 
(2020)

Search for Neutrinos from Annihilation of Captured 
Low-Mass Dark Matter Particles in the Sun by Super-
Kamiokande (2015)

Search for Neutrinos from Dark Matter Annihilation in 
the Earth’s Core with the 2 Super-Kamiokande 
Detector (coming soon)

Search for Boosted Dark Matter Interacting With 
Electrons in Super-Kamiokande (2018)

Search for Cosmic-ray Boosted Sub-GeV Dark Matter 
using Recoil Protons at Super-Kamiokande (2022)

Search for low-energy neutrinos from Dark Matter 
Annihilation in the Galactic Center and halo (on-going 
analysis)

Search for boosted dark matter using low-energy 
electrons in Super-Kamiokande (on-going analysis)

Search for de-excitation gammas and neutrons 
produced in DM-O interactions (on-going analysis)
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𝛎 energy: ~GeV 

𝛄 energy: ~O(10) MeV

𝜒
from de-excitation

from neutron capture

DM-O scattering in SK - neutron + de-excitation gamma

Neutral Current Quasi-Elastic (NCQE) interaction by 
atmospheric neutrinos 
can mimic IBD signal: 

dominant background for DSNB search

v-O collision emitting n or p
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Seungho Han @neutrino2022 Linyan Wan @neutrino2022
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Excellent performance of CNN 
using directly the topology of 
the hit patterns recorded by 

the PMTs 

Cherenkov angular cut works well
to distinguish atm NCQE vs DSNB IBD events

atm v (top) and IBD v (bottom) MC  
in [7.5, 29.5] MeV 

event hit maps prepared for classification by the CNN.  
Upper panel: a DSNB event (22 MeV) with a single ring 
Lower panel: a NCQE event (total energy of 19 MeV) with 
several weak rings

D. Maksimović et al., 2104.13426Super-Kamiokande collaboration, 
Phys.Rev.D 104 (2021) 12, 122002



38

Super-Kamiokande 6

Run Time   : Tue Dec 13 22:57:51 2022

Event #      : 5

Particle    : 22, 22, 2212, 

Energy [MeV] : 6, 6, 800, 

pC to PE    : 2.465000

Total Hits  : 1223

Charge Mode

Right Direction of Holizontal Axis H

Upward Direction of Vertical Axis V

 Top    : H(-y), V(+x)•

), V(+z)q Wall   : H(+•

 Bottom : H(-y), V(-x)•
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Super-Kamiokande 6

Run Time   : Tue Dec 13 22:42:02 2022

Event #      : 5

Particle    : 2212, 

Energy [MeV] : 800, 

pC to PE    : 2.465000

Total Hits  : 947

Charge Mode

Right Direction of Holizontal Axis H

Upward Direction of Vertical Axis V

 Top    : H(-y), V(+x)•

), V(+z)q Wall   : H(+•

 Bottom : H(-y), V(-x)•
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X-O scattering in SK - proton + de-excitation gamma



39 Barn Bodur @neutrino2022





Conclusion 41

Thank you for listening!

▸ SK has shown competitive sensitivity to WIMP-like dark matter, setting limits on DM 
annihilation cross-section to neutrinos, SD/SI scattering cross section with nucleon, 
especially well at O(GeV) energy

▸ SK also has great potential for sub-GeV dark matter searches in both direct & indirect 
ways - complementarity between neutrino and dark matter experiments keeps go on

▸ First search for boosted dark matter from the Galactic Center and the Sun scattering off 
electron & free proton are done using the SK high energy sample, and more to come in 
the low-energy data

▸ After 25 years since the beginning, SK has renovated once again to stay at the forefront of 
ν physics: SK-Gd - which is also exciting news for new-physics searches

▸ 27-years of high-quality data waiting for your new ideas!



Back Up
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・LE (low energy) data: >3.5 MeV (used for solar & supernova 
neutrino analyses)


・HE data: >100 MeV (used for atmospheric & beam neutrino 
analysis, proton decay, DM & other BSM searches)
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electro
n

✔



45

▸ half of them through the Earth
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47Image by R.Akutsu

Finding neutron in pure-water data…
2.2 MeV too low for SK… 

(typically ~7 hits in the entire tank)

starts from data looking like this…

Noise hit reduction → Hit cluster search 
→ Vertex reconstruction → Feature 
variable calculation → Signal-background 
classification by MVA or BDT
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Neutron tagging in the pure water

Final performance: 0.2% - 3% background 
acceptance & 18% - 30% signal efficiency

Noise hit reduction → Hit cluster search 
→ Vertex reconstruction → Feature 
variable calculation → Signal-background 
classification by MVA or BDT

Further improvement on neutron tagging 
on going - CNN, even lower trigger 
(WIT), … 
to overcome E threshold & vertex 
separation
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▸ Cosmic rays can hit abundant dark matter and 
accelerate towards the Earth

50

Cappiello et al., arxiv:1906.11283,  
also Cappiello et al. 1810.07705, Bringmann et al. 
1810.10543, Ema et al. 1811.00520, Dent et al. 
1907.03782, Guo et al. 2004.03161, 2008.12137, Ge et 
al. 2005.09480, Cao et al. 2006.12767, Xia et al. 
2009.00353, Jho et al. 2006.13910, 2101.11262, …  

Cosmic-ray boosted dark matter search
▸ For X-p scattering, Minimal thermal relic 

scenario can be tested for new mass region 
(below 4 GeV) 

new target  
below 4 GeV
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▸ insight: sometimes it’s easier to find “friend” of dark matter than dark 
matter itself (Agashe et al., arxiv:1405.7370)

thermal relic (secluded) friend (detectable)

for mB=200 MeV, mᵧ’=20 MeV, g’=0.5 

Boosted DM Search in SK

one example interaction - via 
dark photon

If scattering signal of B is expected above SK E threshold 
→ direct detection of “boosted dark matter”



52 Barn Bodur @neutrino2022

electron + gamma in atm v CCQE interaction

what was the energy of v…?


