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® Motivation
® Dark Matter Search with Neutrinos
® Current Results and Sensitivities

® (alactic Halo

® Earth WIMPs

® Solar WIMPs

® Conclusions
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“Evidence” “Indirect Targets”

Strong Evidence for
for y.v

CMB Universe Dark Matter

Structufe " Local Group ;Xl:lc:_'c
formation :

Structure formations
- Cosmological
simulations

Gravitational lensing
Rotation curves

Cosmic microwave
background

Dark Matter already gravitationally “observed”, but ...
What is it ?

What are it’s properties ?

4
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' Motivation

® Neutrino detectors are extremely _
e A% competitive for probing VWIMP Nucleon
\ scattering cross section i g
M M e Neutrino signals can be used to set a
AW J'SM conservative limit on the total dark |
. \SM matter self-annihilation cross section
® Neutrino signals have been able to test
“claims” from other indirect channels or " fu— 2
direct detection il
0o ona

MAGIC Seguet

Pamela Data

® Positron fraction (PAMELA, AMS-02,
Fermi,...)

e DAMA/Libra

—— IC 59 dwarf stacking
—— |C 59 Virgo cluster
—— IC 22 Galactic Halo
—— IC 40 Galactic Center

® Complementary to direct detection,
different dependence on astrophysical

uncertainties ; :
0 150 300 450 600
v[kms']
_A[kwe ]
Open Hyper-Kamiokande 0 120 e\sf-m 20 €00
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Darlk Matter Searches with Neutrinos
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® Colliders

® |ndirect Searches

® Annihilation of Dark Matter in
Galactic Halo, ...

amma-rays, electrons,

\\\ w*.Zx".b,..= e v,y,p,D p "
: 'neUtl"ln 0,"'1 anti- -matter, ...
J:Cz’\W'Z‘U'b,...ze*vpr

® Annihilation signals from WIMPs
captured in the Sun (or Earth)

Electron Recod
(gammas)

® Direct Searches

® WIMP scattering of nucleons
— Nuclear recoils

® Production C|/ ‘\\ Y
I

Production
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~ Darl Mnlhllatlon Signals

® |dentify overdense reglons of dark

%
matter ) Q o
=>self-annihilation can occur at %&/Q\ '.00 S
. . @OQQQ'& o%% & 0{
significant rates N Q\\Q RY qu
. . Y‘QQ N4 SRS dz;\ %
® Pick prominent Dark Matter target X, O Q &
TQT D

® Understand / predict backgrounds X\\ /W+ 717 b . . =e v Y,D D

® Exploit features in the signal to better
distinguish against backgrounds !
107

MW Halo + Atm.

008/7)/.
@

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)

10°¢
20 50 100 200
E[GeV ]
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Matter Nion

Milky Way Halo

o)

Coma,
HE U =

Diameter 74m

bl Ddeo Fld Earth WIMPs
be‘,e ;Sgeo Field -

Sl

9
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Current Results and Sensitivity Estimates
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Galactic Halo / Galactic Centre




',',l:’.;E)_(;t‘lfa;-'galactic Milky Way Halo [ Galactic Center

Large DM content,
hearby source, O(10)
larger flux than extra-
galactic

small halo model
dependence, boost
factors

Very dense DM
accumulation, nearby
source

ho astrophysical
backgrounds

Diffuse flux, spectral

Anisotropy Extended Source Point source
feature

very strong
dependence on DM
density profile

signal weak compared relatively independent
to Galactic signal from DM halo profile

cored profiles
favored, less flux

Clusters of - - :
Galaxies .-

‘Coma Cluster. b

large DM content, high
boost factors from
sub structure

Extended source

understanding of
boost factors
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IceCube Collaboration arXiv:1606.00209v1

Measure Flux

line of sight (los) integral

'—
"
-

Particle Physics

AT 2m2“2f dE

-------

dN B;

EZdN/JE (GeV)

"
107 K

-
=

10

10’ 10’ 10°
Neutrino Energy E\'.. (GeV)

Dark Matter Distribution

10% R R
. DM profiles _

10 L : -
s = '
— =
1 - 3
1 : :

10-7;:' — Einasto —— Kravtsov2 E ~
[ Isothermal Moore '

107 — Burkert — NFW ‘:

A Kravtsovl f:l

A

Ir/KpC
Models motivated by increase in

positron fraction can be tested

lceCube: GC above horizon
e ANTARES: ~60% of time below

NalysSes

horizon
e Super-K extending to 1GeV in
my
10-195 T T lll-i-lll :l T lllllll a" T T lllllll T T LI
- - &
- XX —>T ' T ’?%,
0%} k7
- NFW %,
: T
102
102
102 L
10°%
-7 |~ Ic59 dSphs —— ANTARES 2007-2012
2% - == |C22 Halo — — Fermi dSphs 95% C.L. ||
107k P —— 1C79 Halo «1= MAGICSegl95%CL.
S -#= [C79GC ~ wem VERITAS Segl 95% C.L. ]
= — ale =@ |C86 Halo Casc. —+— Fermi+MAGIC 95% C.L. ]
10'26 1 Ll 1 Ll 1 Ll 1 L
10* 102 103 10* 10
m, [GeV]
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IceCube Collaboration arXiv:1606.00209v1

Measure Flux

line of sight (los) integral

"
.'
-

Particle Physics

-------

1 g.asz
AT 2m2\ dE By

107

Al i b aissl .1
10’ 10’ 10°
Neutrino Energy E\'.. (GeV)

107!

Dark Matter Distribution

10%F T ) e
r L]
. DM profiles —
10°F . -
I ' I
- — . m
i g,
3 S
L ~
. . -{:
" : ] ' e
102H — Einasto —— Kravtsov2| . -~
[ Isothermal Moore
103 — Burkert — NFW
| — Kravtsovl p
10~£ PN | PN | i Y 1 Al
10° 10° 10° 10° 10°
r/Kpc

Models motivated by increase in

positron fraction can be tested

horizon
e Super-K extending to 1GeV in
my
10.19 L} ' LI | Al | v ] e
: +t .l :
T - %y
10 g NF\\' "0, 4
: ‘-.',"0 :
10-21
1074 4
Fermi & HESS. 7. ]
102
ANTARES 2016
102 L {*Preliminary*
- Super-K 2015 (wv)
(*Preliminary®
.25 H V) | K59 dSphs  —#— ICB6 Mala Casc,
1077 " |—— K22Hale  —— ANTARES 2007-2012 |3
" Natural scal/ : z;: g?o —— Fermi+MAGIC 95% C.L.|3
e
10} 10° 10° 10 10
m, GeV]|

Analyses

lceCube: GC above horizon
e ANTARES: ~60% of time below
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\\'elo(‘ity distribution
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_velocity distribution

N v 1Interactions
" \"A." " -',

“
Sty ' v oscillations
TRy Y 2 W
‘ N 3“’:;“ Jr“it‘.: W l/ﬂ“
o Y

PR, Ay .. }
.‘ ~ SN \ y /

' ‘4. . ,’/
e
/
g /

\“ e = _- /\
Iﬁcapture >

Fa.nn /"L
Detector
Freese ‘86

Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86
Gaisser, Steigman & lilav ‘86 Gaisser, Steigman & lilav ‘86

0 allll

)

Oscatt
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lceCube Solar VWIMP Limits

PRL 110, 131302 (2013)

® [ceCube 79-strings configuration (partially completed sof JDservea even S
DeepCore) o winter high energy —]
e .
® 3|8 days (May 2010 - May 201 1) ol _
. . |
® Search for an excess of events from the direction of the af -
winter low energy
Sun 2 .
= S s S o ouweRRTRTRTU AU ISR
® use track events for better pointing Wl ! I _
® Separate summer and winter analysis T summer low energy | |
10 .
® use outer detector to veto down-going muons for i — T T s St S
summer analysis ‘
0= 0992 0994 099 0998
cos( \P)

Spin-dependen‘r sca‘r‘rering

pm mdependen’r sca’r’rermg

l 1 l -%
\ :| MSSM incl. XENON (2012)A'ILAS+CMS (2012) 1 |:1 Mssmmxsnou (2012)ATLAS+CMS (2012)
35— [ ] DAMA no channeling (2008) . [_—] DAMA no channeling (2008)
' - - - COUPP (2012) = . — - CDMS (2010) —
.  asese Simple (2011) L = = = CDMS 2ksV reanalyzed (2011)
Y o — - PICASSO (2012) P IS N —mgmmz |
-36 _‘_. ' _.\‘ ~— ) o SUPER-K (2011) (bB) - — L N (2012)
—_ v : ~—— SUPER-K (2011) (W'W) _- . :
T ONY N - e E e R N —
2 A7\ N — =
a SN a —
& o ' & 2 —_
9 & B "; ................ ) 'o- PRTL
g | N i /--—’“,\—
\
-39 — — -44— ."-‘ ",w"' - —
R — ..\"-. u,..u-‘“’y”:..‘—‘ ]
- m&mg:im a s | losCube 201268 - |
ol IceCube 2012 (W'W)* | - | —e— lceCube 2012 (W'W)*
¢ (' fmmxdn,,-eo.AGeVIc’) ,.' g ¢ (vt for m <m,, = 80.4GeV/c") ‘
1 I 1 1 1 "’ 1 I 1 1 1 \f\ I 1 1 1 1 _46 L "1 1 1 1 I 1 1 1 1 I 1 1 1 1
1 2 3 4 1 2 3 4
Iog10(mx/Gch'2) Iog10(mz/Gch"")
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Improved Solar WIMP Bounds

Spm dependent sca’r’rer'mg JexCube Collaboration 2016 Spm dependen’r scattering_ _IceCube Collaboration 2016
ce ajorgtion 2002

10-n ) Ll Ll Ll ""' Ll Ll '1"" Ll Ll Ll LA A ) A 10 33
’-' Y111 K bb 1111 lcqcuba“ - \ o 41i7—
— - -— —a KWwWiw- -— = leeCube W W~ g99 W™W
10 — Krtee —— JocCubertr™
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Dark matter-proton cross-section ogpy (em?)
[
<
b

10° 10° 101
Dark matter mass m, (GeV)

—
S
=
—
[—
|
['=N
[V

[e—
<

Dark matter-proton cross-section ogp, (cm?

10_42' i i i
10 102 103 104

(5] @@ nulike.hepforge.org. @ Q search ﬁ|E Q 3 » = Dark matter mass mx (GeV)
nulike is hosted by Hepforge, IPPP Durham —

2 i ——  38s<logl0(E( )/GeV) <40 |
1 1 = C ——  36slogl0(E(u )/GeV) <3.8 _|
® L| kellhOOd o) 0.2 i S 34s |gg10(E(,u )/G:V):S.S
. 8 —_— 3.2 < log10(E(y )/GeV) < 3.4
Hom . 3.0 s log10(E(u )/GeV) <3.2
* riome InCIUdeS' o 2.leog10(E(p)/G:V)<3.0
« Download o 0.15 - 2.6 log10(E(u )/GeV) <2.8 |
— 2.4 < log10(E(u )/GeV) < 2.6
« Source Code ® ener an d — 22s |gg10(E(p )/G:V) :2.4
» Report issue g)’ ——  20sloglO(E( )/GeV) <22 A
Mailing list d . . I 0.1 |- _ 18 :og10§:$ ;;gex;<2.0 .
. . — 1.6 < log10 eV)<1.8
nulike Irectiona C ——  1.4slogl0(E(u )/GeV) < 1.6
» Contact . . i
: . information 0.05 [ .
neutrino telescope likelihood tools i
Nulike is software for including full event-level information in likelihood ol )/ L TTSS=— ————
calculations for neutrino telescope searches for dark matter annihilation. 50 60
N
chan,c
Open Hyper-Kamiokande ¢
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http://arxiv.org/pdf/1601.00653.pdf

Spin-dependent scattering

Spin-independent scattering

—35, : | , = —39 — I I -
Emm bb DAMA mEmm bb
DAMA — T — T
—36 — —40+ .l
CoGeNT Q.
PICO-2L (2016) el iR lceCube (2016) _.*°
—37 PICO-60 (2015) —a1L Ttemmenniilts.  SuperK(2015)  *PRELIMINARYS:® _|
l-.\":-. "0
. - N S
S 38 E a2 \ -
& T2
2 A
s} ©
S —39- S —43- SuperCDMS-LT B
Lo —
o (o]
o o
—40- —44- XENON100 (2012) B
lceCube (2016)
—41+ *PRELIMINARY* _| —45 LUX (2013) .
—a)l | | | _ | | |
42— 2 3 s T 2 3 a
log10( WIMP mass / GeV ) log10( WIMP mass / GeV )
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DIN=-ACSpPENdEhnlt
update from IceCubeColl., PoS(I R 201 5)1099 , ) i
107 ——— . — e Hard
; \‘ — PICO-2L 2016 &S,

' PICO-60 2015 S Se

@
P
\ &

Neutrino bounds
extremely
competitive with
Dark Matter
direct detection
&

Can test models

o beyond the reach
— w’w; of LHC

, IceCube 3 yrs full
41| Super-K 2015 v
10 " = = Antares 2013

102 | 1o2 o ”103 | 104

*pMSSM model scans No evidence for dark matter

e Hard / Soft defined by fraction
of hard and soft final states

Soft

Open Hyper-Kamiokande g
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10", ¢

" o

B wiIime

Sivertsson & Eds, 2012

Earth VWIMPs

® Dark Matter could be captured in the Earth and produce a
vertically up-going excess neutrino flux

® |ceCube:Two statistically independent analyses
® | ow energy & High energy
® |C86-l (327 days of livetime during 2011/12)

e Gauss (free space)
“Best” from LE 2004

Shape analysis

10 [\ Unbound
- : / \‘ Bound (with hole)
lL"; W) ‘ Ig::: (with hole) f(!pl L) — “} f (y'/) + (1 . ll} )f (![/)
v 10%: ,r\ == Total (with hole) red. SD /' T n S n bg
P , : ===== Total (with hole) red. S| ‘obs ‘obs
E“ 'f. » V. >
‘: 10"/ Oy = 107" cm’
o 4 Nobs
c ]
o 107 - L = I I f(q/z“L)
~ O I
3 107, N
§ lr L(1)

107 s R(p) = L(f1)

10" A . T \ .

10 100 1000 10° . .
WIMP mass. M (GeV) it is the best fit of u to the observation
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Earth VWWIMPs

® Combine High-energy and low-energy analysis, based on the

best sensitivit 4.5 10%ears .
Y C , Earth typically not
—1/2 . crep s
'y = P tanh? (— , T=(CCyQ) / In equilibrium
T
-+ 1C86—1I sensitivity for xx W+ W~ or 7+ 1~ PhD thesis: J.Kunnen (VUB Oct.2015)
10"’ - . + xxr— + - — IC86-1Earth : \x =W W™ or7 7
pvSlocaininsiamtaivibabiiy 107 1 _ ANTARES (5 years) Earth : xx »W* W~ or 7+ -
+-+ AMANDA upper limit for yx =W "W~ or7" 7 ) ye XX
10% 1 10-33: — JC86—I-IISun : yx =W W™ orr" 1
' — LUX 2013
10%° 10| —  SuperCDMS-LT
10* 10‘0:. Earth—limit cakeulated
Factor 10 improvement | assuming (o,v) = 3 x10 Mem®s ")
~ 102 over AMANDA & 10
T - g |
LT 1012 _______ éz 10‘425
10" 10
10" 207
10|
10° |
IceCube Preliminary a8
10 1 2 3 4
108 L L Ly \ 10 10 10 10
10 10 10 10 m, (GeV)

m, (GeV)
No evidence for dark matter
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AEGh 4\%-?5

54 events (|5 track-like, 39 showers) observed o Mesons including charm quarks in

Expectation from conventional atm. the atmosphere decay immediately

d : ~21.6 to produce neutrinos, known as
muons and neutrinos ) prompt neutrinos which are not

! observed yet.
102 I ...... 3 Background Atmospheric Muon Flux I
|5 eaeroma vnccramtien - T e ERS, or Enberg et al. Phys. Rev. D 78,
: ~) Background Uncertainties . )
| = Atmospheric Neutrinos (90% CL Charm Limit) 043005 (2008) is used as a baseline
(g - Bkg.+Signal Best-Fit Astrophysical (best-fit slope f""“) prompt m OC| el
© i , - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E~#)
0 10" | T i | e Significance are based on the exact
N~ : IceCube Preliminary . . .
. _ neutrino flux model, not including
b the uncertainty of the model.
O s i s C
8 10° T etz 10T e Atmospheric Bkg : CR Muon
w : ] ( 12.65.1), Conv. Neutrino
: (9.0°%022),
= 107 | N B || ® Overé0TeV <E<2000TeV,the
| spectrum best fit with E2>8
777 —| e E? spectrum predicts too may
102 103 10% neutrinos above ~2 PeV. So, a cutoff
Deposited EM-Equivalent Energy in Detector (TeV) or steeper spectrum needed.
ICRC 2015 proceedings . . .
IceCube Collaboration, Science 342, 1242856 (2013), ~7 sigma rejection of
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014) atmospheric-only hypothesis
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Heavy Dark Matter Decay

Bound on lifetime ~1028s
derived with lceCube data

Rott, Kohri, Park PHYS. REV. D 92, 023529 (2015)

Heavy Decaying Dark Matter
(example y—Vh)

20
Focus on most detectable feature 107
- Decay y — vx

(neutrino line) | J_,_|J_|_u,
. . 10 ¢ 1
Backgrounds steeply falling with ; :

energy, highest energy events

.
‘‘‘‘‘‘‘‘‘
llllll
QQQQQ
lllll
“ay

Lifetime / Br(y — vx) T [s]

. S 27 [t ]
provide best sensitivity T v,
Continuum and spacial e This analysis _:
distribution could help identify a § Fori LAT Ap] (2012} o §

onal | Esmaili et al. (2012) v ;
>l8na 7> |/ PAMELA Data JCAP QO13) -
. 3 4 5 6 7
Bounds from Fermi-LAT and 10 10 N&llgm 10 10
PAMELA derived from search for Heavy DM bounds with neutrinos, see also
bb annihilation Channel (dominant Murase and Beacom JCAP 1210 (2012) 043

Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034

decay channel of Higgs).
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Heavy Dark Matter Decay

Bound on lifetime ~102%8s

(example y—Vh) derived with lceCube data
PRD 92, 123515 (2015)

® Heavy Decaying Dark Matter

4

® Focus on most detectable feature !©°

1>

(neutrino line) . f"*“ v DM — v+y ;

® Backgrounds steeply falling with 1z
energy, highest energy events osp iz
provide best sensitivity 2 Iz
10> ¢ {2

® Continuum and spacial

. = This Work
distribution could help identify a  jox! s [ccCube
isnal 2 I HES.S.
signal v g -
® Bounds from Fermi-LAT and 0* 10° 10t I?G " 06 107 108
. mMpm €
PAMELA derlved from search fOI" Heavy DM bounds with neutrinos, see also
bb annihilation channel (dominant Murase and Beacom JCAP 1210 (2012) 043

Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034

decay channel of Higgs).
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1 hrough-going muon tracks

Up-going Track-like neutrino event
Edep= 2.6 £0.3 PeV

® Direction: 11.48° dec/ 110.34° RA
® Angular resolution <I°
® Deposited energy: 2.6+0.3 PeV
® Lower bound on the neutrino energy

® Neutrino energy significantly higher

SEREAS BB L iid #
BRI TH . 21
" . . » ‘9 .l:: .
" . : ' ' ", :‘.:b: 'y :
e @ T Se o HEENEERE P N
: A \ " 1 . .:: o.; :-. .
Cln i 30 ol RIS HILIS CRRE o
: e s8silesiens 3 : e DAl THREIR &
RS S e $ o NSRRI
B2 SRR B ' FE RS BF
SEEEUE L A I > 3
:  é s
Early )
Time

The event above was detected in IceCube on
June 11, 2014. Image: IceCube Collaboration.

Dust layer with
large absorption

-~ . - and scattering

v
-

Events per bin

unfolded data assuming unbroken best-fit power law

Assuming best-fit power law:

+++ Unfolding Bl Conv. atmospheric v, +v,
Bl Astrophysical v, +,
R W |
103 :_....l,,,,,j ........... ........... ......... |ceCubePre|iminary
: : z z S
................ é...........g............:r..é..l....."..........; 0.8
: : | |
100 T —l—kT-.-.ll ........ TRRPRNE fooonnnnens
1 | 2
1000 b reeens 1 0.6 X
| V)
10 L — JURT R =
! 045
1072F SRR e TP e =
s} _ _ Deutrino energy pdf | ;
107 ==+ (highest-energy event) [~ e 1o.2
10‘4'_.........5 ........... ........... ........... '_.. .......... o
10‘5.....i....i....;—.—.".?'....l.... 00
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

log,o(median neutrino energy / GeV)

5.6 sigma detection of
astrophysical neutrinos
with through-going
muons analysis
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Beyond Standard Model Physics at the PeV scale

w
n

IC cascades : ' .
. AC tracks (6yr). /S oy X N
IC HESE (4yr) : ;

- lC com bjned ..... ‘

o
(=)
'

N
5]

ot
o
T

i~
5]

-y
(=)
T

&, [107"" GeV ' em s sr!]

>190 TeV' _ IceCube preliminary |

2.2 24 26 28 3.0

‘nwtro

Events per 1347 Days

[ Background Atmospheric Muon Flux
== Bkg. Atmospheric Neutrinos (x/K)
~) Background Uncertainties

' .71 |e®e Data

=== Atmospheric Neutrinos (30% CL Charm Limit)
—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope )
- « Bkg.+Signal Best-Fit Astrophysical (fixed slope E~?)

IceCube Preliminary

102 10°

Deposited EM-Equivalent Energy in Detector (TeV)

Intense interest in high-energy neutrino region

Observations defy any simple explanation
from a single generic source class

Multiple sources classes ?
Hints of new physics ?

e PeV Scale Right Handed Neutrino Dark
Matter

e Super Heavy Dark Matter

e Neutrino Portal Dark Matter

¢ Right-handed neutrino mixing via Higgs
portal

® Heavy right-handed neutrino dark matter

¢ |_eptophilic Dark Matter

e PeV Scale Supersymmetric Neutrino
Sector Dark Matter

e Dark matter with two- and many-body
decays

e Shadow dark matter

e Boosted Dark Matter
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lceCube Gen 2

2016 ‘ 2017 ‘ 2018 ‘ 2019 ‘ 2020 ‘ 2021 ‘ 2022 ‘ 2023 ’ 2024 ‘ 2025 ’ 2026 ‘ ’ 2032 Dark Sector 5 5 C|ean Air Sector
I  PINGU 3000 ----- e mee e o R HRRRRELR i
' ' ' Example
[ R&D Design Phase g!eometr)ﬁ with
2000 i-120-strings---
| 300m spacing
Today E 5
© 1000 5 ocoened
Q ' '
Q : :
- :
14 . . ?«3 :
— 200m - 0 g 0T T
12f=cccccaiccccnaaciaaa Remmes] = - Leccaleccccnecnnaeanansnan — 1
— 240m 3 J
: | — 300m - o
s MO ieeim - —  edge-weighted|--- -4 eemann... 3 o
x = , = —1000 ]
o
£ c
= Qo
= '§ : : : :
ki 8 —2000 : : - - R S
g : : : :
o
a
| 230000 e
--------------------- Downwind Sector : . Quiet Sector
- | | | | |
0 —2000 -—1000 0 1000 2000
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http://arxiv.org/abs/arXiv:1412.5106

PINGU - Precision lceCube Next

Generation Upgrade »

® PINGU upgrade plan

® |nstrument a volume of about N
S5MT with 20-26 strings o .F’RELIMINARY
® Rely on well established drilling T et Z100r
o et " ~J .
technology and photo sensors T S A e
e ~7w N
. . . A - / »
® Create platform for calibration -« of ot t 0 \\
. e ; .
program and test technologies for - ! - : AL o
i - : 3 i -501- o *
future detectors i L : \: e w )
® Physics Goals: - : T,
. oL || <150} .
® Precision measurements of :

. . o Oust Layar 1oy v byovv s b v by s by g by a ol
neutrino oscillations (mass L 0 0 s 0 T0 2w
hierarchy, ...)

-0 Compared to 40 string geometry
® Test low mass dark matter [ 1. One less drilling/deployment season
models I 2. Fewer holes drilled (saves fuel)
H H B 3. Fewer holes and one less season

Absorion Lengh means we can refurbish drill rather than
PINGU LOI to be updated this summer build & new one.
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Spin-dependent Cross Section (cm?)

PINGU Dark Matter Sensitivity

WIMP Limit on SD Cross-Section

10~37 i
— 1C86 11 Year Hard Channel + -« PINGU 1 Year Soft Channel
-- 1C86 11 Year Soft Channel — SuperK TauTaubar, 3903 days
— 1C86 15 Year Hard Channel -- SuperK bbbar, 3903 days
-- 1C86 15 Year Soft Channel =— SuperK W+W-, 3903 days v
«—= PINGU 5 Year Hard Channel — SuperK 2025 TauTaubar *
1038 + -« PINGU 5 Year Soft Channel - - SuperK 2025 bbbar * _
»—= PINGU 1 Year Hard Channel @~ *— SuperK 2025 W+W- * /
o —bb o
. I O 4 7
109 | e~ ‘;-f:'/ T \\:::\- _:-_’,//'
'\f__,_,.—-a
—>T T W'W"
? 7,
1040}
* Scaled by lifetime
10-41 ) )
10° 10° 10° 10*

Dark Matter Mass (GeV)
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Indirect Detection of Dark Matter

ORCA Schedule
e Phase 1:

e 7 strings (funded)

e operational by
2017/2018

¢ Phase 2:

e 115 strings
(funding request
ongoing)

e operation by 2020

Relic WIMPs gravitationally trapped via elastic
collisions
Sun, Earth, Galactic Center)

Spin Independent

= 1E = 102 g .
a = Q = /(/w ~—
= E & - 3/\/
© © 109 |- \ ' eT:O
B E |ORCAT' T || == ———— 3 T~ r@//
10 &= - m/
- 0t N | W '
102 = 107
— 1065—
10 o
- ANTARES W*W ANTARES T* T E
- 10° -
1074 = . =
— ORCAT'T v SNt b? mmmmmm————- o
— S HealCiihe w 10 =
- | ] Lol ] Lol 1 L1111 ’10_ | 1l 1l s
105 1 [ A 10
1 10 10° 10° 10* 1 10 10° 10° 10*
My [GeV] Myme [GeV]

ORCA 3 years - tracks+showers
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Solar WIMPs Hyper-K

Spin-dependent scaﬁermg

Spun mdependen’r sca’r’rermg

9 0 | sreilceCube,bb T WW 18 102 L E
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8 10 bt N 8 10 E 1 T T R e E
w i w = .
8 1 i 9) -4 |
o 1 © 10 Euri{Rml e T T e SUiper-Kasmiokande E
Q 10 © I z
(ORI N . e PR R N _
UC) 1 0-2 s 10 SO i == o = S e—— .
o - 3
% -3 { © . ~ _
1S -
= 5100
o 10 ' ;
; 5 % 10'7 :_ ...............................................
g 10 . —HK10yrssenS|t|V|ty, e --"bb =W W ; ; [ SItIVIty, ™ 1: ""bF R
107 .| | i bands showingiastrophysical uncertainties : i s [ | i b ingiastrophysical uncertainties | |
10 | | | | | |
WIMP maSS[GeV/Cl WIMP mass[GeV/c]
FC UP U PC B FC l-ring e-like
B FC |l-ring m-like
— —— —J
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Sensitivity based on Koun et al. (Super-K Coll.) (2014) 0 e ute Dok U5
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Direct Detection Neutrino Floor

Neutrino Floor following

(Ruppin et al 2014) {100
- Si :
- Ge g
‘%.' Xe ' g
= 10| 3
g 1073 g
— Q
:
g 107% £
- z
S 10 =
= =
z A
7 10| .
10 10 100 1000 TN
WIMP Mass [GeV/c”]

Open Hyper-Kamiokande ’S
Meeting July 10 - 11, 2016 37 \ Carsten Rott



Neutrinos from stoppe lecay in the Sun

e,
S s
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Low-Energy Neutrinos from the Sun

g:qq,gg,cc ss,;bb t, W*W-, ZZ, T+ T, u U, vv e*elYY

“few neutrinos

Se-- amememmmmema=a -‘.,._._._._._._._._._._._._._._._._._._._._._._._._._._._. B L AR

t i some “high energy” neutrlnos in decays
=> basis of present day searches

dominant decay into hadrons 1T+

Charged pions and kaons
decay at rest producing
mono-energetic neutrinos

™ — ptv, E= 29.8MeV
K+ = Vll u"‘ Ey,=235.5MeV 1T° Lifetime too short to interact

P’+ — €+I/el7“ ' ® Interaction length short compared to losses
® Produces secondary particles in collision with
protons
0
® Dominant energy loss term is Tt production
Open Hyper-Kamiokande 39 6 Carsten Rott
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Neutrlno signals - Example VV-Boson

W' — eV Wp). TV ~33%
—> ~67%

Let’s have a closer look at this:

e"Ve | high energy v + em shower
SRAVAY | high energy v + muon

T V+ | high energy v + tau decay
qdq hadronic shower

hT Neutrinos from pion

decay at rest
~ 20-50MeV

decay of annihilatio

final states

MeV
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. Neutrino yield

Neutrino yield N,

L 10 100 1000

Open Hyper-Kamiokande 6
Meeting July 10 - 11, 2016 41 \ Carsten Rott



WIMP Sensitivity Super-K/Hyper-

C. Rott, J. Siegal-Gaskins, J.F.Beacom Physical
Review D 88, 055005 (2013) (arXiv1208.0827)

10° —
THIS WORK === SUPER-K (2012) = = = =
102 PICASSO (2012) —————  ICECUBE (2012) «:reveeene
KIMS (2012) e bb O
SIMPLE (2012) —————— WW~, 11" X
NE 101 L
)
0 | Super-K 4yrs
:9 e mimima Hyper-K 4yrs
Il B + Gadoliniurr
107 F
oo
Q|
(9) ﬂ;{ 10—2 FREEEEEELEA R best e
©
107°F
107 : _
1 10 100
m, [GeV]

Previous searches relied
on high energy neutrinos
directly from the decays of
annihilation products

Model the full
shower in the Sun

hadronic

WIMP sensitivity continues
to improve for low masses

Minimal dependence on
annihilation channels

New key detection
channel to compliment
other searches

Super-K data can already
be used to test DAMA/

Libra
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Pion and Kaon yields

it r-value - fraction of center-of-mass Kt r-value fraction of center-of-mass
energy which goes into mt* energy which goes into K*
1
o g, E w . E®
- E S DS E: % e
107 s Z EBE 107 g g 8aE
o Ny : :-9’8' o 555-958'
g B I NS g o = NTS
N N
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3 3 .
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3 ................... g ,,,,,,
s | s S N,
1072 T 1072
| — XX —SS == xx—uudd [ x( >SS === Y — Uudd
XX > CC — xx—>bb i Y( —>CC — ¥ —>bb
. )O(.__'tt wees ¥x —> hh | . )o(—:;tt weee ¥ — hh
| 1 1§11|nl 1 | |||1|l:|é | AN | 1 |§|1|1|”| """"""""" FRASALITY PO R N B O | f | §| [ |
1 10 102 10° 1 10 102 10°
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For low dark matter masses difference between flux from
stopped pion and kaon decay at rest can be used to disentangle
annihilation final states
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Sensitivity

C.Rott, S.In, J. Kumar, D.Yaylali JCAP11 (2015)039
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Conclus

® |ndirect Searches for Dark Matter with Neutrinos provide
some unique discovery potential

® Hyper-K will be most competitive for dark matter (in
particular SD WIMP-nucleon scattering) captured in the Sun

for masses (4-25GeV)

® Beat “direct detection neutrino’” floor

® |lines from stopped meson decay enhance signals and give
sensitivity to branching fractions

® Earth WIMPs (for SI WIMP-nucleon scattering) of interest due
to different dependence on dark matter velocity distributions

® Expect best sensitivity for dark matter annihilation in the Milky
Way halo for low WIMP masses
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Importance of Neutrinos

® Galactic halo, Galactic center, Dwarf spheriodals, Cluster of
Galaxies, ...

® Gamma-rays extremely competitive for low WIMP masses,
but any detection would likely require an independent
confirmation of neutrino signals

® high masses(>|TeV) - large neutrino telescopes are most
competitive

® Dark Matter in the Sun
® Discovery channel for neutrinos

® Due to significant neutrino absorption at high energies,

Solar WIMP signals are detected in the energy range below
100GeV

® Dark Matter in the Earth

® Capture mechanism highly favors low-mass (<60GeV)
WIMPs

® Very large uncertainties for any flux prediction as
annihilation and capture rate are not expected to be in
equilibrium
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