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Search for dark matter induced neutrinos 
with the Super-Kamiokande detector



Indirect dark matter detection 
- Search for the products of WIMP annihilation or decay

   → most popular WIMP candidate: the lightest supersymmetric particle (LSP) neutralino χ 

Produced neutrinos  provide very good information about: 
 source position
 generated energy spectra
 flavor composition

Where we are searching:
Diffuse signal from entire Galaxy, 
peaked from Galactic Center

Sun, considered 
as point source 

Earth’s core
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mixtures of the bino and the neutral wino (which are the neutral electroweak gauginos), 
and the neutral higgsinos. As the neutralinos are Majorana fermionsThe lighter charged 
leptons are not of importance, since electrons are stable and muons are stopped before
they have a chance to decay and produce (high-energy) neutrinos. For the bbb channel, 
we need to be especially careful,
since these hadronize and produce B mesons, which, for the case of the Sun, interact 
before they decay.



- 50 000 tons of water (22.5 kton FV ) 
- located in Mozumi mine, 1 km underground
- ID ~11 000 PMTs, OD ~1 800 PMTs
- far detector for T2K experiment

Detector  measures solar,  atmospheric, cosmic, and 
accelerator neutrinos

Super-Kamiokande 

Detected Cherenkov 
light allows to 
reconstruct energy, 
direction, and flavor 
of produced lepton
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Atmospheric neutrinos

 main background for WIMP      
    searches
 ~10 events/day
 data period 1996-2016 
 ~50 000 events in total 

νμνe

Data samples at SK

UPMUPCFC

WIMPs
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 Signal simulation

Energy spectra and angular distribution for each neutrino flavor are calculated for given annihilation 
channel and assumed WIMP mass

Neutrino interactions and oscillations in a fully consistent three-flavor way are included 

DarkSUSY - package for supersymmetric dark matter calculations  P. Gondolo et al., JCAP 07, 008 (2004)

WimpSim -  code calculates the annihilation of WIMPs inside the Earth/Sun and propagates 
products to the detector  M. Blennow et al., arXiv: 0709.3898 (2008)

 Example: muon neutino flux produced in WIMP annihilation in the Earth core 
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Example: signal for 6 GeV WIMPs annihilating into bb quarks, for one of data samples

Each analysis is performed in the coordinate system in which the expected signal 
is peaked and possible to distinguish from the atmospheric neutrino background

Analysis

SK 
DATA

ATM 
MC

WIMP 
SIGNAL

Search for excess of neutrinos from the Milky Way/Earth/Sun as compared to atmospheric 
neutrino background

→ For each tested WIMP mass, find the best configuration of 
ATM MC + WIMP SIGNAL that would match the DATA  

Galactic WIMP search
- diffuse search

Earth WIMP search
- diffuse search

Solar WIMP search
- point-like search

cosθ
GC cosθ

ZENITH
cosθ

SUN
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detector

ν

Expected signal intensity strongly depends on halo model
NFW is considered as a benchmark model in this analysis

χ

χ

Diffuse signal from entire Galaxy,
peaked from Galactic Center

GC visibility with SK:
~71% with UPMU, 100% FC/PC

Search constrains DM self-
annihilation cross section 
<σAV>

H. Yuksel et al., 
Phys.Rev.D76:123506 
(2007)

Galactic WIMP search

Katarzyna Frankiewicz PATRAS, 2018/06/18  7



Galactic WIMP search – data samples

FIT based on 
lepton mom. 
& cosθGC 
distributions

NFW halo model 
is assumed

Fit results are 
consistent with 
zero

90 % upper 
limits on DM 
self-annihilation 
cross section 
<σAV>

cosθ
GC

cosθ
GC

cosθ
GC

DATA
SK1,2,3,4

ATM MC

WIMP signal
before fit

Example for: 5 GeV WIMPs , bb  ann. channel SK preliminary
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FIT based on 
lepton mom. 
& cosθGC 
distributions

NFW halo model 
is assumed

Fit results are 
consistent with 
zero

90 % upper 
limits on DM 
self-annihilation 
cross section 
<σAV>

Galactic WIMP search – fitted number of DM-induced neutrinos
SK preliminary
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Galactic WIMP search – WIMP self-annihilation cross section

FIT based on 
lepton mom. 
& cosθGC 
distributions

NFW halo model 
is assumed

Fit results are 
consistent with 
zero

90% CL upper 
limits on DM 
self-annihilation 
cross section 
<σAV>
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For each considered annihilation channel 100% BR is assumed



Earth WIMP search 

The peaks correspond to resonant
capture on the most abundant elements 16O,
24Mg, 28Si and 56Fe and their isotopes.

WIMPWIMP

ν

WIMP-nucleon SI scattering cross section 
σ

χ
n can be constrained and compared with 

other results from direct DM detection.  

For the Earth, the spin-independent interactions 
dominate in the capturing process.
→ scalar interaction in which WIMPs couple to the nucleus mass

If the mass of DM almost matches mass of one of the 
heavy element in the Earth, the capture rate will increase 
considerably.

ν
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detector

FIT based on lepton mom. & 
cosθZENITH distributions

No excess of ν 's from the 
EARTH as compared to atm 
bkg is observed

90% CL upper limit on total 
integrated muon-neutrino 
flux from WIMP 
annihilations in the Earth 
core  for τ+τ-, bb and W+W- 
channels 

90% CL upper limit on SI 
WIMP-nucleon scattering 
cross section σ

χ
n

Earth WIMP 
search – data

FIT based on 
lepton mom. 
& cosθZENITH 
distributions

Fit results are 
consistent with 
zero

90 % upper 
limits on SI 
WIMP-nucleon 
scattering cross 
section σ

χ
n

Example for: 25 GeV WIMPs , τ+τ- ann. channel 
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Example for: 
100 GeV WIMPs, 
τ+τ-  ann. channel 



detector

FIT based on lepton mom. & 
cosθZENITH distributions

No excess of ν 's from the 
EARTH as compared to atm 
bkg is observed

90% CL upper limit on total 
integrated muon-neutrino 
flux from WIMP 
annihilations in the Earth 
core  for τ+τ-, bb and W+W- 
channels 

90% CL upper limit on SI 
WIMP-nucleon scattering 
cross section σ

χ
n

FIT based on 
lepton mom. 
& cosθZENITH 
distributions

Fit results are 
consistent with 
zero

90 % upper 
limits on SI 
WIMP-nucleon 
scattering cross 
section σ

χ
n

Earth WIMP search 
– fitted number of 
DM-induced neutrinos
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detector

FIT based on lepton mom. & 
cosθZENITH distributions

No excess of ν 's from the 
EARTH as compared to atm 
bkg is observed

90% CL upper limit on total 
integrated muon-neutrino 
flux from WIMP 
annihilations in the Earth 
core  for τ+τ-, bb and W+W- 
channels 

90% CL upper limit on SI 
WIMP-nucleon scattering 
cross section σ

χ
n

Earth WIMP search 
– WIMP-nucleon SI scattering cross-section limit

FIT based on 
lepton mom. 
& cosθZENITH 
distributions

Fit results are 
consistent with 
zero

90 % upper 
limits on SI 
WIMP-nucleon 
scattering cross 
section σ

χ
n

Euro.Phys.J. C77, 82 (2017)

arXiv:1612.0679v2 (2017)

JCAP 0904:010,2009

JCAP 0904:010,2009
arXiv:1612.0679v2 (2017)
Euro.Phys.J. C77, 82 (2017)
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For each considered annihilation channel 100% BR is assumed



detector



Solar WIMP search
DM particles passing through the Sun can 
elastically scatter with a nucleus and lose energy 

WIMP density increases in the core, leading to 
DM annihilation until equilibrium is achieved:
capture rate = annihilation rate

Scattering cross section σ
χ
n can be constrain 

and compare with results from direct DM 
detection 

more: G.Wikström, J.Edsjö
JCAP 04, 009 (2009)

Published analysis: K.Choi et al., Phys. Rev. Lett. 114, 141301 (2015)

Katarzyna Frankiewicz PATRAS, 2018/06/18 15



detector

Solar WIMP search – data samples

FIT based on 
lepton mom. 
& cosθSUN 
distributions

Fit results are 
consistent with 
zero

90 % upper 
limits on SD and 
SI WIMP-nucleon 
scattering cross 
section σ

χ
n

DATA
SK1,2,3,4

ATM MC

WIMP signal
before fit 

Example for:  200 GeV WIMPs , τ+τ- ann. channel 
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detector

Solar WIMP search – WIMP-nucleon SD & SI cross-section limit

Published analysis: K.Choi et al., Phys. Rev. Lett. 114, 141301 (2015)

Spin-dependent interactions Spin-independent interactions

arXiv:1702.07666 arXiv:1702.07666

arXiv:1705.03380

Eur. Phys. J. C (2017) 77: 146 Eur. Phys. J. C (2017) 77: 146

JCAP 0904:010,2009 JCAP 0904:010,2009

arXiv:1608.07648
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https://arxiv.org/abs/1702.07666
https://arxiv.org/abs/1702.07666
https://arxiv.org/abs/1705.03380


(In)direct dark matter detection?

Cone search:  8 cones from 5° to 40° around GC
→ No clusters visible

SK

very forward scattering
electromagnetic shower
no hadrons → no decay e, no neutrons

χA

χA

χB e-

arXiv:1405.7370

Kravtsov

Moore

NFW

B

B

Katarzyna Frankiewicz 18Published results: Phys.Rev.Lett. 120 (2018) no.22, 221301

Limit for mγ’=20 MeV, mB=200MeV



ν

ν

ν

Summary 
 No excess of DM induced neutrinos 
 has been observed at SK so far

 Galactic WIMP search
 - upper limits on <σAV> for wide 
   range of WIMPs masses 
   (1 GeV to 10 TeV) → paper in progress  

 Earth WIMP search 
  - upper limits on SI WIMP-nucleon scatteringcross-section
  - high sensitivity to resonant capture region → paper in progress 

 Solar WIMP search
  - strong constrains for low WIMP masses 
  - results published in 2015 
    (Phys. Rev. Lett. 114, 141301 (2015))

 Boosted dark matter search 
  - alternative DM models can also be tested 

with the SK detector
(Phys.Rev.Lett. 120 (2018) no.22, 221301)

ν

ν

ν
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Search for a large-scale anisotropy 
due to DM-induced ν's from the Milky Way

● analysis is performed in the equatorial coordinate 
system (RA, DEC) in which the expected signal is 
peaked and possible to distinguish from the 
atmospheric neutrino background

● Analysis uses on-source/off-source method to 
estimate the background directly from the data
- method independent of MC simulations and re-
lated systematic uncertainties

● DM simulation is used only to optimize analysis

Expected flux of DM-induced ν's

ON-source OFF-source Δ N=NON−NOFF
GC Δ N ∝⟨σA v ⟩

Analysis idea: ON-OFF source method
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2
1     Asymmetry in observed number of events 

→ Our data is consistent with 
    background only scenario

Katarzyna Frankiewicz PATRAS, 2018/06/18  



22

Dark Matter halo models 
Dark Matter density

Solar System 
position

Local DM density

Expected local DM flux

Expected DM intensity

NFW – benchmark model 
Moore & Kravtsov – extreme cases (to estimate the impact of halo model choice on the results)

NFW Moore Kravtsov

7
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No excess of events 
has been observed !

DarkSUSY: Example for  100 GeV Based on SK 1-4 data:  Nsig →  Δ Φ

DM halo profiles

νν, bb , 
W+W_ ,  
μ+μ-

channels 
considered

FOR WIMP ANNIHILATION:

10

Results interpretation:
Based on constrains on neutrino flux
for assumed 
• WIMP mass
• annhilation channel
• halo model
we can calculate cross section for dark 
matter self-annihilation



2
4 RESULTS: ON-/OFF-source analysis

24

NFW Moore Kravtsov

6

100% BR to a given 
annihilation mode assumed

Regions above lines 
are excluded

 Results: 90% CL upper limits on dark matter self-annihilation cross-section 
+ halo model choice influence 

11



2
5 Galactic WIMP search – WIMP self-annihilation cross section



2
6 Earth WIMP search 

– WIMP-nucleon SI scattering cross-section limit











DM-induced neutrino signal
 differential  energy spectra per DM annihilation for M=300 GeV

(oscillated throughout Galaxy)



DarkSUSY
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Ice Cube + Deep core 
effective area:
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Super-Kamiokande effective area for 10 GeV WIMPs
~ 10-1 m2

IceCube + Deep Core effective area for 10 GeV WIMPs
~ 10-4 m2

Livetime:
IceCube 327 days
SK FC/PC 5325.8, UPMU 5629.2

Comparison for 10 GeV WIMPs, τ+τ-  ann. channel:
10-1 * 5500 /  10-4 * 327 ~ 16000 → 100x better limit

Super-K limit: 1.4 * 10-40

IceCube limit: 2.5 * 10-38

Comparison with SK:
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Boosted dark matter search







Mid Energy

No clusters visible

=Galactic Center

Grey is 40° cone around GC

Grey are 8 cones from 5° to 40° around GC



Results

Evis<1.33GeV 1.33GeV<Evis<20GeV Evis>20GeV

No evidence of excess in any energy region or cone

162 kton yrs
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