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O UTLINE
Indirect dark matter searc es

at Super-K
T“j‘;ﬂ - :
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Global F1t analys1s

® Solar WIMP search
Global Fit analysis (2015)

* Earth WIMP search \
Global Fit analysis (2017/18)




(non-scientific) WIMP searches

wimp dark matter

wimp dark matter

wimp dark matter review

wimp dark matter direct-detection searches in noble gases
wimps dark matter wikipedia

wimp dark matter candidates

wimp macho dark matter

$127.98 per 40 servings on ebay

Available in 3 flavors: Blue Raspberry, Fruit
Punch and Grape....

High Velocity
Dual Portal Transper

HYPER-ANABOLIC POST-WORKOUT MUSCLE GROWTH ACCELERATOR

Il Utilizing Oligopeptides for Fast Absarption
Il Fast Impact Insulinotropic Amino Acids
I Peptide Bonded Glutamine
110:1:1 BCAA Complex Triggers Protein Synthesis
10smotic Carb Complex Spikes Insulin and Replenishes Glycogen

40 BluelRaspecd

3.22 s, (1460g) Naturaiyed ATy
Hanond

Dietary Supplement Servings
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(scientific) WIMP searches

SM: Standard Model
particle

Accelerator production

B o e SM

Y

~

Direct
Detection

e
ect Detection

X: Dark Matter particle

Medium-energy Electrons

* == .
/ Leptons
.

Supersymmetric
neutralinos

Low-energy photons Positrons

L4

Quarks

gamma rays

’ Antiprotons
Bosons WVW\/\A/V\/\AfrOtonS

Decay process )




~ Su amiokande

> iversity of Tokyo), Japan
\&
- f ) Q‘(\O
’=.:::'-‘:".'- e' X = de‘p
R He e
= T \
located
undergr
) \‘.#'- 2
= L ;

veto (OD)

regions
runs from 1996

* measures solar, atmospheric,
cosmic & accelerator neutrinos

» T.Kajita = Nobel Prize 2015
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Atmospheric neutrinos: main background
in DM-induced v searches

llIIIIll]llllllllll|ll1|llll|l

atmospheric neutrinos at SK

T T 170 IHI] T LA
FC Sub-GeV
— FC Multi-GeV

B PC Stop
[ZZZ1 PC Through

Super-Kamiokande I-IV v
Frejus v,

IceCube v, unfolding

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

HKKMII v Vv, (w/ osc.)

Monte Carlo

E’® [GeV cm? sec! srl]
| | | | |

I|IIII|II

Il 1
T Pttt

—— Up-u Stop
] Up-u Through
| Up-p Showering 7

Super-Kamiokande I-IV v .

Frejus v,
IceCube/DeepCore 2013 v,
IceCube 2014 v, WIMPS
HKKMII v v, (w/ osc.) 1
IIIIrIIIIIIIIIIlIIllIII]rIlIIIIl

2 3 -+ 5
Logm(Ev/GcV)

!IIIF« | .

%

lIlIllll] IIlllIIIl llIlll_I_l] IIlllII_[] IIIIIIu,l IIlllILI,I L L1l “

ZE
E; -
T E
T E
.lj _F
-

Events / 4600 Davs

l!llillIIIIIIIII||||IIIIII_I|

UPMU

upward through-going

Qe

10°
= — Neutrino Energy (GeV)

interactions

oo ~10 events/day
= data period: 1996-2016
N i ~50 000 events in total

' \’“




Galactic WIMP search

ON-/OFF-source analysis (K.Frankiewicz)



Galactic WIIVIP'séa[ph.

- diffuse signal from entire Galaxy, - TR <
peaked from Galactic Center - - ' ation or decay

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

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

Halo profiles

= = Moore
m— NFW
m Kravisov

80 100 120 140
6 (angular distansce from GC)

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

P.Mijakowski



Galactic WIMP search: ON-/OFF-source

Analysis by K. Frankiewicz expectation for DM-
Search for large-scale anisotropy due to induced neutrinos

DM-induced v's from Milky Way

AN~N?— NZ=AN"oc(o4V)

on-source i — off-source

bkg sig bkg i
No+ N, - Gy | .+ N

off off

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

10



ON-/OFF-source results

Analysis by K. Frankiewicz

Fully Contained (FC) Sub-GeV
e-like 0 decay-e
e-like 1 decay-e

Single-ring m,-like
u-like O decay-e
u-like 1 decay-e

kl/l like 2 decay-e
ulti-ring - ||ke

Fully Contained (FC) Multi-GeV
v-like
v,-like

-like
MultiRing v,-like
MultiRing v.-like
MultiRing p-like
MultiRing Other

Partially Contained (PC)

Stopping

Through-going
Upward-going Muons (UP-u)
Stopping

Through-going Non-showering
Through-going Showering

Based on SK-I-1V data (1996-2016)

; ; , ; : . :
- FC/PC: 53525.8 live-days
— UPMU: 5628.2 live-days

A= ( Now - Norr)/( Nown + Norr)

o

'U-|-|||||1|||||||||l|||-'t




ON-/OFF-source results

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

Kravisov
NFW

10°
M, [GeV/c?]

* Intensity factors for halo profiles differs
orders of magnitude -

« Comparison of these limit with other
experimental results on the next slides

12



Galactic WIMP search

Global Fit analysis (P.Mijakowski)



Global Fit method: DM searches at Super-K

Search for excess of neutrinos form Earth/Sun/Milky Way E
FIT: for each tested WIMP mass & ann. mode, find petector

]
4 HGC' Hsun

configuration of ATM V + DM signal that would match i o Benith
DATA the best using reconstructed angular & momentum W

. . . _ direction d
distributions xx = VI WW b, it = v, i

Galactic WIMP search Earth WIMP search Solar WIMP search Galactic Center, Sun
point-like source o

MultiGeV p-like E MultiGeV p-like

05 0 05 1 -1 05 0 05 1 |
cosO f cosGSUN SK

0
| 1 &Y =
f P ‘ 1 4->ZEN|TH ‘ <> ‘ DATA

——— ATM MC (BKG)
In these coordinate systems signal is easy to WIMP signal

with oscillations
distinguish from atmospheric neutrino background enhanced
for illustration

P.Mijakowski 14



Galactic WIMP search: data

FIT based on
lepton mom.
& c0sO¢
distributions,

5326-5629 live-
days,1996-2016

NFW halo model

assumed

Fit results are
consistent with

null WIMP
contribution

1500[

example: 5GeV WIMPs bb ann. channel

F SubGeV e-like Odcy e

T T T

400—

| SubGeV p-like Odcy e

200—

1000

500]

T T T

[ SubGeV -like 1dcy e ]

C T T T
300—

Up stop 11 3
.
= + -

*C MultiRing e-likev,

100—

50

1000(— —

-+

400

200

o . L F— |
1 05 0 0.5 1

400]

200

Showering 11

-+

C ==
100F ++ -

MultiGeV p-like

tJ

-1 -0.5 0 0.5 1

c0s0gc

a0t MultiRing p-like 3 a0
300F- 1 300
?:—1- + =t e E
200 -+ = 200
ook 1
05 0 05

c0sOgc

cosOgc

proportions of the signal in various samples are reflected

P.Mijakowski

TR N R
cosOgc

— DATA
SK1-4, 1996-2016

— ATM MC

WIMP

before fit
15



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 ]
© 0= - © L u
_s - = .g 0ullllllllllllllllllllllllllllllllllllllllllllllll—l
s 200 3 s C . ]
(=] C ] a r N
il = -200— —
‘5 400F E e C ]
It -600 :_ i _: 3t 400 E K =
g o livetime: FC/PC 5325.8 days, UPMU 5629.1 days 3 g L livetime: FC/PC 5325.8 days, UPMU 5629.1 days i
£ -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
16



Galactic WIMP search: bpwm self-anninilation cross section

90% CL upper limit

10—17 1 LI L) 1 1 Illllll 1 e 1 1 llllll L L
mom= SK bb — - ANTARES, 2007-2015, bb
g =—-—SKWW — = ANTARES, 2007-2015, W'W
10 e SK 1" — - ANTARES, 2007-2015, u*u
e SK VY ' —— - ANTARES, 2007-2015,vv

T e ™ lceCube86, 2012-14, tb Phys.Lett. B769 (2017)
smmas IceCubeBG, 2012-14, WW,

« IceCube86, 2012-14,u"w"
—102 - lceCube86, 2012-14,vv
Eur.Phys.J.C 77: 627 (2017)

o

£102
O,

Fit results are N2
. . >
consistent with o

null WIMP Vio®
contribution

10
90% CL upper -
Iimit On DM Self- 10 llllllllllll.llllll'l.ll'llllll|l||ll|l|lllzlxllplﬁgfgfzglrl‘llfl?lrlltlt:le'ﬂ]illlrllell'if'lsllcllellrl]irli'?llll'llllll'll'.l'll'llllll.'l'llllllll
annlhllatlon Cross 10—26 L 1 anul L ol L1yl L1 nul MR ERTIT
section <o, V> 107 1 107 10° 10*

MX [GeV/c?]

d¢AQ _ <GA ) V> J Rscpszc dN
dE 2 Y4n-MdE

P.Mijakowski
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<
3

G a I aCti c WI M P Annlhllat|o ('::haggglrce vy <ca. Global Fit, v

N-
1070 —— 8N 8FF source,bb ..eu. Global Fit, bb
—s— ON-OFF source, W'W ..a.. GlObal Fit, W"W
— —s— ON-OFF source,p'p™ e Global Fit, i
searches 5 o
e 10
- '2' ...................
comparison 10
b< 0
\Y
10%
Global Fit analysis yields ~1 B T R
i 1 10 10 10° 10*
order of magnitude stronger M, [GeV/c?
constraints than ON-/OFF- 10" g——— e —————rry
source PeRiOHB Tegoe: SK constraints:

I PAMELA, 30

-19 waeess Global Fit, ', 90% C.L.
10 B FERMI+HESS+PAMELA, 30 . 8%

. B AVS-02, 26 ~—o— ON-OFF source, u*u’, 90% C.L.
«;g 102
2,
; Q<t 1078
If positron excess seen by 3
AMS-02 and others is due to s
leptohilic DM annihilation into
wtu- then we can probe the e " E———
. 2
favored phase-space regions Wy Jaeiied]

FIGURE 12.1: Favored regions obtained by interpreting the observed
positron and electron excesses as due to dark matter annihilation in
urpu~. Green region is favored by PAMELA (at 30), red region is
favored by the global fit of FERMI, HESS and PAMELA data (at 30)
(Meade et al., 2010), and blue region is favored by AMS-02 data (at 20)
(Di Mauro et al., 2016). The 90% C.L. limits from SK data are plotted
with solid purple line for "ON-OFF souce" analysis (this thesis), and
with solid line for "Global fit" approach (Mijakowski, 2018). NFW
halo model is assumed in all cases.



Solar WIMP search

Global Fit analysis (k. choi)



Solar WIMP search

* DM particles passing through the Sun can elastically
scatter with nuclei and loose energy

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

- Scattering cross section O,,, can be
constrained and compared with results from

dlreCt DM deteCtlon more: G.Wikstrom, J.Edsj6 JCAP

04, 009 (2009)

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

P.Mijakowski
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Solar WIMP search

example for: 200 GeV WIMPs, T*T" ann. channel

2 2
c ] . .
FIT based on lepton £ 2000 SubGeV angle g o MultiGeV angle
mom. & cosOgy ——— — e e
distributions, 1000} 400~
3903 days of SK data 2001
(1996-2012) M 05 0 0.5 1 05 0 05 1
Coso,,, Coso_,,
£ 6000f Z ]
No excess of v's from & SubGeV energy Fail MudSeVenargy
the SUN as compared i | By
to atm bkg — 2000
10° | : E 10 102
90% CL upper I|m|t on momentum[GeV/c] momentum[GeV/c]
2 400f o
WIMP-nucleon S PC + stopping muon angle | § 6%0-Through-going muon angle
scattering cross section ™ 300- w
I _'—T—j:C*::’::"—“*':*-ﬁ_*_ 400, —+ ——y
Oy, for T, bb and 200F ' —
W*W- channels 100} 200 .
T 05 0 05 -1 “T— 05 0 05
) ) - cosesun : ) : Cosesun
—4— DATA — AatMMC B WIMP

P.Mijakowski SK1-4, 1996-2012 before fit 21



Solar WIMP search: wiMP-nucleon SI & SD cross section limit
90% CL upper limit

-
o
n

-y
o

[pb]
- T IIIIIIII

n SD cross section
Q

proton §
o
o

WIMP-
S

10

10°°

spin dependent interactions

T llllllll

= SK |-V, bb

_ 7 DAMA/LIBRA (2008)
= SKIV, 7" 1 JCAP 0904:010,2009
| == SKHV,WW  —— LUX WS2013+WS2014-16

arXiv:1705.03380
—— PICO-60, 2016-2017
arXiv:1702.07666 _
...... lceCube, 2011-2014, bb
...... lceCube, 2011-2014, t°1
...... IceCube, 2011-2014, W'W

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

LI IIIllll T IIIIIIII

T T lllllll

,,,,,,,,,,
*a

» -t?

| I il I
L L1l | L1 1111l | 11 1111l | L1111l

10 102 10° 10*
M, [GeV/c?]

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

P.Mijakowski

107"

— - -
e 2 =
==} ~ (=2}

WIMP-nucleon Sl cross section[ pb ]

-
<
o

10—10 [ ||||||

spin independent interactions

Dl 0 0l

= SK |-V, bb DAMA/LIBRA (2008)
m— SK |-V, 1" T JCAP 0904:010,2009
— SK -V, W'W — LUX, WS2013+WS2014-16

arXiv:1608.07648
—— PICO-60, 2016-2017
arXiv:1702.07666
IceCube, 2011-2014, bb
lceCube, 2011-2014, t°1
IceCube, 2011-2014, W'W
Eur. Phys. J.C(2017)77:1f1,6

.

10 10°
M, [GeV/c?]

10°

10*

22



Earth WIMP search

Global Fit analysis (K.Frankiewicz)



Earth WIMP search

* Spin-independent interactions dominate in the
capturing process — scalar interaction in which
WIMPs couple to the nucleus mass

 If the mass of DM matches given heavy element, the
capture rate increases considerably

WIMP caputure rate in the Earth

1015 =
10™
The peaks correspond to resonant
102} A [0/ |\ capture on the most abundant elements
~ 1V 160, 24Mg, 28Si and 56Fe and their isotopes
o 10 | '.-' \ 3 ]
w 4 \\
"o 10"  PFet,
— - 28 g \_\ WIMP-nucleon SI scattering cross
10 24 VI e section ¢, \ can be constrained and
10°} [16 &Y compared with results from direct DM
— N detection.
102 A
10° 10° 10° 10*



Earth WIMP search: data fit

example: 25GeV WIMPs t*t- ann. channel

FIT based on

Sub-GeV e-like 0-dcy e
lepton mom. )
& Cosezenith j L

distributions,

400

200

Sub-GeV u-like 0-dcy e

:
A

1000+

500

Sub-GeV u-like 1-dcy e

)

5326-5629 live-

400

200

Up Stopu

dayS, 1 996'201 6 Multi-GeV e-like v,
oot ++
M
Fit results are -

consistent with

400

200

Multi-GeV e-like 7

;
\

50

PC Stop

1000+

500

Non-showering n

null WIMP 2
contribution

8

Multi-Ring e-like v,

90 % upper limits -

on SI WIMP-

Multi-GeV p-like
nucleon
scattering cross =
section O, _, o 6 1
cos zenith

200

0

proportions of the signal in various samples are reflected

P.Mijakowski

Multi-Ring e-like ¥ PC Thru Showering
ﬁ% ) 1
. L 0 0
| Multi-Ring u-like Multi-Ring Unclassified
—- DATA
;ﬂt—rﬁm m;_,uﬁﬂ"hﬁz‘«-t SK1-4,
- 1996-2016
Iy : , L : .~ ATMMC
cos zenith cos zenith
WIMP
before fit

25



Earth WIMP search: fitted number of DM-induced Vs

Analysis by K. Frankiewicz

Fit results are
consistent with
null WIMP
contribution

90 % upper limits
on SI WIMP-
nucleon
scattering cross

section O, _,

P.Mijakowski

fitted # of DM-induced neutrinos (all flavors) fitted # of DM-induced neutrinos (all flavors)

fitted # of DM-induced neutrinos (all flavors)

300

200

100

300

200

100

300

200

100

bb
& BestFit
—— 30% CL sensitivity
...... 99% CL sensitivity

S o
oy
R EEENE RN NN,

u
Yo
llllllllll
“
rx
-

,,,,,,,,,,,,,,

— — - — T
10 M, [Ge\["cz] 1 02 1 03
1 I'T'

& BestFit
—— 90% CL sensitivity

T+T- ...... 99% CL sensitivity

10 M, [Gevic] 1 02 1 03
1 w’w.
—— 90% CL sensitivity
...... 959% CL sensitivity

10 w,Gevic? 107 10°
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Earth WIMP search: fitted number of DM-induced Vs

Analysis by K. Frankiewicz « SK préliminary e B s
S U g 90°/: CL sensitivity
—_— I + 10 (syst.+stat)

* FIT based on
lepton mom.
& cos
distributions, : : _
5326-5629 live- T e
days,1996-2016

200

b b + 2 o (syst+stat)

ERE SRR ENENE NN

fitted # of DM-induced vs (all flavors)

g - 23 ]
: = 0 @ 90% CL observed -
* Fit results are = - +o= 90% CL sensitivity .
_ _ > N T T D + 10 (systestat) N
consistent with e +20 (systasiat) =
null WIMP £ E
contribution 5 : ]

F* -

E 0
H i = M, [GeVic?
* 90 % upper limits : [GeVICT]

on S| WIMP- g . — o —
nucleon = W W*W- | icimsened
. ~ N T T T T 1 90% CL sensitivi -
scattering cross 2 f o s ]
. 8 200 — +2 o (syst+stat) =
section O, _, g F ]
3wl -
ks C N

* L
é’ 10 107 10°

P.Mijakowski M, [GeV/c?]



Earth WIMP search: wimp-nucieon si cross-section limit

Analysis by K. Frankiewicz

c\ll—l
E 10_36 IIIlIII 1 1 1 IIlIlI 1 1 lIlIllI
2, - e SK -1V, bD 7 DAMA/LIBRA (2008)
c 10 e SK IV, 19T ANTARES, 2007-2012, bb
9O — SK -V, W'W — — ANTARES, 2007-2012, 7't
3} 38 : — — ANTARES, 2007-2012, W'W
g nwr e + . lceCube, 2011-2012, "1 /W'W
D10
Fit results are o
consistent with O 10
null WIMP w
- c 10"
contribution o)
Q
O 10—42
90 % upper limits 2
on S| WIMP- o 107
nucleon = | | |
scatterm CrOSS 10_44 L1 1111 1 1 1 L1111 1 1 L1 1111
rering = 10 102 10°
section O, , )
M, [GeV/c”]

best limit among neutrino telescopes!
P.Mijakowski 28



Summary

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

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

® strongest limits < 20-100GeV among vV experiments

Solar WIMP search (2015)
® strongest limits < 20-100GeV among Vv experiments, published PRL.114, 141301 (2015)

Earth WIMP search (2017)

® upper limits on spin-independent WIMP-nucleon cross-section

* high sensitivity to resonant capture region = currently the strongest limits
from v experiments
* PhD of K.Frankiewicz, paper in preparation, target PRL

= m European gg:gzpoenaf;%zn?on funding (D) NAL S CIENCE C ENTRE

Commission for Research & Innovation

SONATA-BIS 2015/18/E/ST2/00758

H2020-MSCA-RISE-2014-GA641540, SKPLUS (SK+) PRELUDIUM 2015/17/N/ST2/04064
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Dark Matter

CMB Supernova

No Big Bang

Clusters

Structure




Dark Matter Candidates

Well motivated:

° NEwAno - ‘hot’ DM

3—=2 SIMP

* WIMP _ f . |
® . Stlll main 5 neutrino v ADM '
neutralino candidate . Twivp
°® graVItInO G [ neutralino
. S =
°* axion a % l =
° aX|nO é = & axion a \ axino & & 7
-2. sterile .
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Jungman, Kamionkowski, Griest, Phys. Rep., 267, 195 (1996)



Signal simulation

Simulate DM signal before
detection - DarkSUSY & WimpSim

P. Gondolo et al., JCAP 07, 008 (2004)
M. Blennow et al., arXiv: 0709.3898 (2008)

EXAMPLE: Galactic WIMP search

differential V. 'V energy spectra per DM annihilation for
M,=100 GeV (oscillated throughout Galaxy)

W'W', bb, *11” after oscillations

-
o
>

°. _IIII|T|'|] IIII|'|T[| III"TT[IIIIm] II[II|T|] IIIII|'|T| T TTTH

—sbvy,  M,=100GeV
— W'wvy,

- I~1+!-1' vap

-
o
w

102

| IIIILI_Il | IIIII_Il] 1 lllmil

E2 * dN/dE [per ann. GeV]
>

N
-
= F
o
-
o
N

dN,/de [cmZann]

dN,/dz [cmZann]

EXAMPLE: Earth WIMP search

muon neutrino flux produced in WIMP

annihilation in the Earth’s core
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dN,/dz [cmZann’"]

Earth WIMP search: signal simulation

Simulate DM signal before detection = DarkSUSY & WimpSim

P. Gondolo et al., JCAP 07, 008 (2004)
M. Blennow et al., arXiv: 0709.3898 (2008)

EXAMPLES

muon neutrino flux produced in WIMP annihilation in the Earth’s core
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* Energy spectra and angular distribution for each neutrino flavor are calculated for given
annihilation channel and assumed WIMP mass
e 3-flavor v oscillations and interactions included
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Galactic WIMP search: p-value’s
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Galactlc W|MP search 3|gnal IIustratlon 5GeV bb- bar
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Galactlc W|MP search S|gnal IIustratlon 1OGeV bb- bar
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Gluallalct'ic WIMPI search:

signal llustration 100G

eV bb-bar
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Galactlc W|MP search 3|gnal IIustratlon 1000GeV bb- bar

2000 3 1s00— ] L = 3 T
E SubGeV e.:,ke 1dcy e 7 - SubGeV e.;,ke Odcy : L SubGeV u-hke Odcy e C SubGeV u-hke 1dcy e 3°°I:— Up stop u
1500 3 r . 400— — 1000 —
_ = = - . . -
- - e b b ¥ = 5
1000) 3 o ] - -+ g L _
3 C 4 200 — 500 —
7] 500— — » _ L _
500 — o ] | ] - -
OE 3 n: ] ] | . 0— L 1 L ] ol ] ] 1 .
-1 -0 8 -0 6 -0 4 -0 2 0 -1 05 0 0.5 1 -1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
T T ] 150; T T T __' T T T ] 100— T T T _] 1o00— T T T _
sooE SubGeV n0-like 1-R 3 - MultiGeV e-like v, ] - MultiGeV e-likeV, 3 L PC Stop - L Non-Showering 1 4
600 I E 1 Ff 1 F i
3 S S | + - . E 5oo:=‘==_,=£-’===b-\‘f
3 50— ] E N 7
3 n: L 1 L _I_: L 1 1 ,_=- o 1 1 [— 0— L L I —F
-1 -0 8 -0 6 -0 4 -0 2 0 -1 05 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
|000'— I I I I _ 150—_ T I T I F I I I =
_ SubGeV -like 2dcy e - MultiRing e-likev, - C Showering 1L ]
- - - ] 200(— -
C N 100-——-b=l='—"|":|:-|—|-d=:E C +_
500— _| —+ N - .
- L ] i m.ﬁ
B ] 50— - B ]
0_ 1 1 1 I ] n: I 1 L _I_: ok L | L _l_“I
-1 -08 06 04 02 0 -1 05 0 0.5 1 -1 0.5 0 0.5 1
= I I I I = B I I I i - I I I =
" SubGeV n’-like M-R L MultiGeV -like i MultiRing 1-like 400  MultiRing Other 3
ool 1w . : : cos 0.
= = B i 300 =
N ] m zooé-—l- N X _E —
000 3 = = M, = 1000.0 GeV/c
B ] . ] 100 5 ’
ok 1 ! ] ] J ol ] ] 1 .__ 0 - ] nE L ] L _lﬁ_
-1 -08 06 -04 02 0 -1 05 0 0.5 1 -1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
cosfgc cosOgc Ccos0gc cosOgc
— DATA — ATMMC+WIMP —— WIMP
SK1-4. 1996-2016 at best fit point before fit 40




- e Y e e e S NS e W RN ,"‘ i ‘

Futu re: ﬁ:(:'erl‘efr:)trc:‘rjf_\l::;gno Atmosphere: jw Supernova 4' Sun u-;?ﬁ
Hyper- ’ .
Kamiokande

N .'
A l l,f

"‘!

* start 2026 (after 7
years construction)

* main goal: neutrino
mass hierarchy and
OCP

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

tal mass 260 kton |

per day) WIMPS jucial 190 kton
cosmic neutrlnos e ,

41



Future:
Hyper-

Kamiokande

start 2026 (after 7

years construction)

main goal: neutrino
mass hierarchy and

OCP

some astro potential:

SN, DSNB (~2evts
per day), WIMPs,
cosmic neutrinos

Galactic WIMP search sensitivity
~3-10x improvement after 20 yrs
of Hyper-Kamiokande running

90% CL UPPER LIMIT

wereaee Syper-K 2016 preliminary bb
Hyper-K sensitivity 20yrs bb
Super-K 2016 preliminary W*W-
Hyper-K sensitivity 20yrs W*W-
Super-K 2016 preliminary p*p-
Hyper-K sensitivity 20yrs pn*u-
Super-K 2016 preliminary vV
Hyper-K sensitivity 20yrs vV
IceCube-79 limit bb
IceCube-79 limit W' W’
IceCube-79 limit p*p-
IceCube-79 limit v¥
arXiv:1309.7007 [astro-ph.HE]
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published in “Hyper-Kamiokande Des%_‘/n Report”, https.//arxiv.org/abs/1805.04163

Sun & Earth WIMP searches: similar
level of improvement is expected
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Prospects at KM3NeT

Strong limits from Antares (0.01km3, 12 strings) = great potential of KM3NeT
(0.1 > ~1kms3, 230 strings)

- = ANTARES, 2007-2015, bb
— = ANTARES, 2007-2015, W'W
— = ANTARES, 2007-2015, '
R0 ANTARES, 2007-2015,vv
lceCube86, 2012-14, bb Phys.Lett. B769 (2017)
lceCube86, 2012-14, WW,
=« lceCube86, 2012-14,u"w"
lceCube86, 2012-14,vv
Eur.Phys.J.C 77:627 (2017) °,

“
.
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expectation for thermal relic scenari
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10 ] 02 10°
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Super-K: 0.45 Mtoneyrs (current limit)
Hyper-K: 3-10x improvement in 20 yrs
ORCA: 3-10x imprv. in ~ 1 yr (wrt. SK)
ARCA-2 blocks: 30-10%x imprv. in ~ 1yr

43



