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OUTLINE

Next phase of Super-
Kamiokande: SK-V(Gd)

* Indirect searches for dark
matter induced neutrinos
at Super-Kamiokande:

Earth WIMP search '

Galactic Center
& Halo

Prospects

P.Mijakowski

© Kamioka Observatory, ICRR, The University of Tokyo

Idea for indirect DM searches
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* measures solar, atmospheric,
cosmic & accelerator neutrinos

 Far detector of T2K experiment
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Super-Kamiokande upgrade

® Tank upgrade work - Summer 2018

® 5 people from NCBJ participated in upgrade:
K.Frankiewicz, P.Kalaczynski, K.Kowalik,
P.Mijakowski, G.Zarnecki

® PMT checks & calibration, rust removal, tyvek
installation, surface cleaning - detector will
have to be water sealed, before we loose ~1.5
ton of water/day

® GOAL: SK-Gd phase, ~8 tons of gadolinium
sulfate dissolved in water (0.2% concentration)
increase sensitivity to SN anti-v which is limited n
currently by backgrounds

O neutron capture

P \ on Gd
-
”

® Possibility to discover diffuse SN background
neutrinos by coincidence reaction with n
capture (up to ~5 events/year at Super-K &
~800 evts at Hyper-K)

@ work is done, detector again in operation
since Jan/2019, water leak is at least less
than 7.5kg/day

P.Mijakowski §)
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Earth WIMP search

WIMPs get caputured in core of Earth

If the mass of DM matches given heavy

element, the capture rate increases
considerably

WIMP caputure rate in the Earth
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The peaks correspond to resonant
capture of WIMPs on most abundant
elements 100, 24Mg, 28Si and Fe and
their 1sotopes

WIMP-nucleon spin independent
scattering cross section o, \ can be
constrained and compared with results
from direct DM detection experiments



Earth WIMP search: background & signal

Background: Simulated signal
atmospheric neutrinos (before detection)
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WIMP annihilation in the Earth’s core
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~10 events/day @ SuperK DarkSUSY & WimpSim used to
SK data period: 1996-2016 simulated DM-induced neutrino flux

~ : P. Gondolo et al., JCAP 07, 008 (2004)
50 000 events in total M. Blennow et al., arXiv: 0709.3898 (2008)




Earth WIMP search: results

® Search for DM-induced
neutrinos using a fit method

xx = vv,WW.bb,u"u” —..v

elult

?

DATA = DM +'V ATM

Monte Carlo

® FIT based on lepton
momentum & cos6,.
distributions, 5326-5629 live-
days,1996-2016

® Fit results are consistent with/

null WIMP contribution

® 90 % upper limits on SI WIMP-
nucleon scattering cross
section o, .,

® KF PhD thesis, now paper in
preparation
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EARTH WIMP search, SK limits 2018
(Katarzyna Frankiewicz, PhD thesis)

e SK -1V, bD DAMA/LIBRA (2008)
e SK -1V, T%T — ANTARES, 2007-2012, bb
— SK -V, W'W — — ANTARES, 2007-2012, T'1
. — — ANTARES, 2007-2012, W*'W
lceCube, 2011-2012, T*1/W*W

above lines is
__-excluded

M, [GeV/c?]

The strongest limits among
all neutrino experiments!
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Galactic WIIVIF?'Séarch.

» diffuse signal from entire Galaxy,
peaked from Galactic Center

* GC visibility with SK: A '. -_ e ~ "3 ‘_:'-
~71% with UPMU, 100% FC/PC _p 8 ' .

» search constrains DM self-
annihilation cross section <oV>

Halo profiles

= = Moore
m— NFW
m Kravisov

‘.‘M
“
- T e

80 100 120 140 160 180
6 (angular distansce from GC)

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

P.Mijakowski 11



Galactic WIMP search: results

@ Search for DM-induced
neutrinos using a fit method Galactic WIMP search, SK limits 2018-17

90% CL upper limits

- | |
E === SK bb — = ANTARES, 2007-2015, bb
g SK W'W — = ANTARES, 2007-2015, W'W
g SK L — = ANTARES, 2007-2015, p*yw
) SKvwv s ANTARES, 2007-2015,vv
. Icegugegg gg]g 12 tb Phys.Lett. B769 (2017)
— «==u: IceCube W W
DATA - D M + V ATM IceCube86, 2012-14,u*u"
\ J — IceCube86, 2012-14,vv
Eur.Phys.J.C 77:627 (2017) *,

xx = vv,WW.bb,u"u” —..v

elult

Monte Carlo

® FIT based on lepton
momentum & cos6sc
distributions, 5326-5629 live-
days,1996-2016

® NFW halo model assumed e —————————_—

10 10°
. . . 2
® Fit results are consistent with M, [GeV/cT]

null WIMP contribution

® 90 % upper limits on DM self—/
annihilation cross section

<o,V> 12




Galactic WIMP search prospects

® Prosepects at future neutrino telescopes: Hyper-Kamiokande, KM3NeT

Galactic WIMP search sensitivity
for Hyper-Kamiokande (20 yrs)

90% CL UPPER LIMIT

. seerwetes Syper-K 2016 preliminary bb
S u pe r- K . O . 4 5 M tO ne yrS - Hyper-K sensitivity 20yrs bb
. Super-K 2016 preliminary W*W"
(Cu rre nt I Im It) . Hyper-K sensitivity 20yrs W*W-
Super-K 2016 preliminary p*u-
Hyper-K sensitivity 20yrs pn*u
Super-K 2016 preliminary vV

H ype r- K 3_ 1 OX | m p roveme nt R Hyper-K sensitivity 20yrs vV

IceCube-79 limit bb

in 20 yrs no IceCube-79 limit W*W~

IceCube-79 limit p*p-
IceCube-79 limit v¥
arXiv:1309.7007 [astro-ph.HE]

Sun & Earth WIMP searches:
similar level of improvement is
expected at Hyper-
Kamiokande

10 102 10°
M, [GeV/c?]

More on KM3NeT ARCA & ORCA - next talk by Rafat Wojaczynski

More on Hyper-Kamiokande - talk today by Joanna Zalipska 13



Galactic WIMP search prospects

® Prosepects at future neutrino telescopes: Hyper-Kamiokande, KM3NeT

What KM3NeT sensitivity will be?
It will move down ANTARES limits

Super-K: 0.45 Mtoneyrs

= L] L
. . E ==e== SK bb — = ANTARES, 2007-2015, bb
(current limit) o SK W'W — - ANTARES, 2007-2015, WW
—a— SK 0 — - ANTARES, 2007-2015, p*y
SKvv _ ANTARES, 2007-2015,vv
H K 3 1 O . t «==s: |ceCube86, 2012-14, bb Phys.Lett. B769 (2017)
-K* - lceCube86, 2012-14, W'W,
yper ) X Improvemen ===ss [ceCube86, 2012-14,p* w0 5
I IceCube86, 2012-14,vv
N 20 yrS - Eur.Phys.J.C 77:627 (2017) °,

ORCA: 3-10x imprv.in ~1 yr
(wrt. SK)

ARCA (2 blocks): 30-102x
imprv. in ~ 1yr

expectation for thermal relic scenari
LRLIRLIRL IR NIRRT IR TR IR IR NIRRT IR IR RN IR IR IR IR RIRRL IRl IR R IRL IR RIR IRl IR IRl NI])

10 107 10°
M, [GeV/c]

More on KM3NeT ARCA & ORCA - next talk by Rafat Wojaczynski

More on Hyper-Kamiokande - talk today by Joanna Zalipska ”



SUMMARY

* Super-Kamiokande has undergone an upgrade = dissolve Gd

®* DM induced neutrinos has not been observed at Super-Kamiokande so far

® Polish group is responsible for the analyses:

Earth WIMP search (2018)

® upper limits on spin-independent WIMP-nucleon cross-section
* high sensitivity to resonant capture region = currently the strongest limits from v experiments

® PRL targeted paper in revision

Galactic WIMP search (2017-18)
® upper limits on <0, V> for wide range of WIMPs masses (1 GeV to 10 TeV)

® strongest limits < 20-100GeV among Vv experiments

® PRD paper in revision

T i European Union funding
Commission for Research & Innovation

European Horol 21420 ONAL SCIENCE CENTRE
D

H2020-MSCA-RISE-2014-GA64 1540, SKPLUS (SK+) SONATA-BIS 2015/18/E/ST2/00758
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Supernova W Sun

Future: e
Hyper- 4
Kamiokande

a
;

* start 2026 (after 7
years construction)

* main goal: neutrino
mass hierarchy and
OCP

®* some astro potential:
SN, DSNB (~2evts

per day), WIMPs,
cosmic neutrlnos

P.Mijakowski 17



Atmospheric neutrinos: main background
in DM-induced v searches

Illlllllilllllll||||III|IIIIIIII
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atmospheric neutrinos at SK

_
FC Sub-GeV

—— FC Multi-GeV

I PC Stop

[ZZZ1 PC Through

|IIIF

Super-Kamiokande I-1V v,
Frjus v, Monte Carlo
IceCube v, unfolding

IceCube v, forward folding
AMANDA-TI v, unfolding
AMANDA-TI v, forward folding
ANTARES v,

HKKMI1 v 47 (w/osc.)

E2® [GeV cm™ sec! sr1]

1
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esmnnns
—— Up-p Stop

7] Up-p Through
| | Up-p Showering 1

Super-Kamiokande I-1V v,
—  Frejusv,

e ey, ¢ WIMPs
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upward through-going u

10 ,’ 102 10°
Neutrino Energy (GeV)

Qe

interactions

s ~10 events/day
data period: 1996-2016
~50 000 events in total




Super-K data samples

Fully-contained

) 'V energy
reconstruction

» v direction info

» el identification
possible

P.Mijakowski

Partially-contained

» partial E, info
(lepton leaves
detector)

» v direction info

Upward-going muons

UPMU

upward through-going u

interactions
In rock below
detector

A A upward stopping u
I I

I

A ' Vu

M

» no E, info

» excellent v direction info

» downward-going
muons are neglected

(mainly cosmic ray W)
19



Galactic WIMP search: ON-/OFF-source

expectation for DM-
induced neutrinos

Different approach: search for large-scale

anisotropy due to DM-induced Vv's from Milky
Way

ntrie

AN~NZ-N8=ANYa(o,v)

off-source

bkg sig
- N+ Nog

80 p—

* Analysis uses ON-/OFF-source concept to estimate background directly
from data
* Independent on MC simulations and related systematic uncertainties

P.Mijakowski 20



ON- & OFF-source results

N -N

ON OFF

A=
o SK 1-4, 1996-2016

UpThruShower mu
UpThruNonShower _mu
UpStop_mu

PCThru

PCStop

MultiRingOther
MultiRing _mulike
MultiRing_elike_nuebar
MultiRing_elike _nue
MultiGeV_mulike
MultiGeV _elike_nuebar
MultiGeV _elike_nue
SubGeV piOlike
SubGeV_mulike 2dcy
SubGeV _mulike 1dcy
SubGeV_mulike _0dcy
SubGeV_SingleRing_piOlike
SubGeV elike _1dcy
SubGeV elike Odcy

'Illlllf[[ll]]f]I]T]ll]l][ll[llll1]]][1[]1

P.Mijakowski



Galactic WIMP search: data

FIT based on

lepton mom example: 5GeV WIMPs bb ann. channel

&. CO.SGG.C 'm;_ SubGeV e-like Odlcye ‘; " SubGeV ywlike Odcy e ] " SubGeV y-like 1dcy e 1 oot " Upstopy E

distributions, : N R T S NG P
. C ] - -+ MR C ] F —+

5326-5629 live- «f 8 1 1 o E

days’1996-2016 91:4)#0.51 ‘31:4).50451 ‘fﬁ 1E 95 0 05 51

150— — r ] 100— 1000(— -

[ MultiGeVe-likev, 7 , F MultiGeVe-likevV, I - PC Stop ] I Non-Showering 1
NFW halo model 3 1 1 [+ 1t ]
assumed ?%d:;:t T
Flt results are 1 -0|5 6 0.5 1 1 -0‘5 6 0I5 1
3 3 " MultiRing edikev, | 'F MultRingedikes, | [  PCThrough 1 [  Showeringu
consistent with | | e 1 '
null WIMP o ] 14-f|=:‘:‘H—f'—_F zwf_':"""""‘x_.‘—_'-p-'_-....:: o iU
contribution S R S S
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
ﬂldultiGeIV 1.1-Iik; ] 4005— IlldultiRir;g j.l-ll'kle —E 400 MlultiRinlg Othelr —E cOoS BGC
M awé—t—r bty —é 300 —é
o 5 " T T e —— DATA
C i = R SK1-4, 1996-2016
-1 -0.5 0 0.5 1 1 -0.5 0 0.5 1 -1 0.5 0 0.5 1
c0s0gc c0sOgc cosOgc ATM MC
WIMP
proportions of the signal in various samples are reflected before fit

P.Mijakowski



Galactic WIMP search: fitted number of DM-induced V’s

points on the plots are not independent

ANNIHILATION, NFW PROFILE ANNIHILATION, NFW PROFILE
?1400 EIIII Trorrrm Trorrrm Trorrrm L IIIIIII I_ ? _‘lll Ty rrorrrmm Ty L IIIIIII T 7
L4 - E © 1000 - —
&1200F bb E 2" TET ]
= 1000 - ® best fit = = 800f ®  bestfit =
- E e 99% C.L. sensitivity 3 Y o e 99% C.L. sensitivity ]
.g S00E == 90% C.L. sensitivity E _g 600 — ",. = 90% C.L. sensitivity -]
£ 600f = = C ]
= 3 400 — —
2 a00F 3 e T E .
k = = ° - ]
8 200F E 8 2000 O eiicennrraans E
3 o = 3 bttt Rl 2 2 2 veee ]
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_s - = .g 0ullllllllllllllllllllllllllllllllllllllllllllllll—l
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‘5 400F E e C ]
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£ -800 il Ll Ll Ll Lol 1= £ T TR | L1l Ll Lol Ll
. = =
Fit results are 1 10 102 10° 10° 1 10 102 10° 10°
i ) M, [GeV/c?] M, [GeV/c?]
ConSISte nt Wlth ANNIHILATION, NFW PROFILE ANNIHILATION, NFW PROFILE

nu” WIMP 'g 500:....| AL e e e ’g soo:””l A s e e
. . E E W+W' 3 é E Vv 3
contribution S 400 e besthit 3 S wof o besthit E
o e 99% C.L. sensitivity 3 v F - 99% C.L. sensitivity 3
g 300 - — 90% C.L. sensitivity = e 300 o 90% C.L. sensitivity =
s = 4 ‘= - 3
3 W £ g w0f .
c E LT 3 c E P 3
3 100 Th— ] B 100 =
o o m 4] o 7
= 0 o 3 3 0 C @ 3
;r - E é E P ¢ e o 4 4 L
8 -100F ..__-.l-—‘-""‘ 3 2 00F el E
‘s E "’_.....“. E % E E
3+ 200 — #* 200 —
g - livetime: FC/PC 5325.8 days, UPMU 5629.1 days - g - livetime: FC/PC 5325.8 days, UPMU 5629.1 days .
.,-35_ 300 v el v vl vl vl g 300l 0 v vvnd vl vl vl S

1 10 10? 10° 10* 1 10 107 10° 10*

M, [GeV/c?] M, [GeV/c?]

~150 systematic uncertainty terms included in the fit ~ p-values in backup
23



Galactic WIMP search: bpwm self-anninilation cross section

90% CL upper limit

10_17 1 LI ® L 1 1 IIIIIII 1 rrrrrn 1 LILILBLILLLI| L L
mms SK bb — - ANTARES, 2007-2015, bb
g .= SKWW — - ANTARES, 2007-2015, W'W
10 o= SK — - ANTARES, 2007-2015, p*
o SKVV s —— - ANTARES, 2007-2015,vv

10_19 ;---- lceCube86, 2012-14, b * Phys.Lett. B769 (2017)
smmns IceCube86 2012- 14 W W

+ lceCube86, 2012-14,u*y" °

—1072 . IlceCube6, 201214 vV,
- = Eur.Phys.J.C 77:627 (2017) ",
wn : 0
?Q -21
10
s F
Fit re_sults ar_e /\10-225_
consistent with e F
null WIMP 102k
contribution F
107"
90% CL upper F
. 10° . i i
limit on DM self- E- expectation for thermal relic scenario
annlhllatlon Cross 10—26 L1 vl L 1l L 1 anul L 1 ol L1 Liii
. _ 3 4
section <o.V> 107 1 10 10° 10 10
A M, [GeV/c]

d¢AQ _ <GA ) V> J Rscpszc dN
dE 2 Y4n-MdE
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Galactic WIMP search: signal llustration 10GeV bb-bar
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Galactic WIMP search: signal llustration 100GeV bb-bar
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Galactic WIMP search: signal llustration 1000GeV bb-bar
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