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This Talk Following Talks

® Motivati
otivation ® Search for Dark Matter

® Neutrino Signals from Dark Matter Annihilation in the Galactic
® The IceCube Neutrino Telescope gentke)r with IceCube (Martin
iSSo

® Qverview of latest results . o
® Searching for annihilating dark

® Dark Matt.er Self-annihilation matter in nearby galaxies and
Cross section galaxy clusters with IceCube
® WIMP Nucleon scattering cross (Meike deWith)
section ® A search for Dark Matter in

® Future Prospects the centre of the Earth with
the lceCube neutrino detector

® Conclusions (Jan Kunnen)
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Role of Neutrino

® C(Colliders

® Indirect Searches

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

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

(gammas) .

® Direct Searches

. Nuclear Recod
(neutrons, WIMPs) .

e WIMP scattering of nucleons
— Nuclear recoils

Annihilation

® Production g / :

Production

dNIM

UOI1D03S SSO.UD
uone|IYIuUe-§[3S

wn

3 &=
m;I_I-Z
m(D_U
U’—"
25 Z
28 &

(D
> o

)

sTeors Astroparticle Physics 2014 - Joint TeVPA/IDM, 5
SN B Amsterdam June 23-28, 2014

@)
oV ]
]
(7]
(o
o
>
o)
(o]
a



—

ation SISk
S .

Dark Matter Annihi

|dentify overdense regions of matter

<
’
=self-annihilation can occur at @ : QQ
«\Q& R ’b's} %
significant rates 0 o \(& O &
\\&(bé’& Q\ Q(I @Q
Pick prominent Dark Matter target OIN YS\{Ob @4’\ S

Understand / predict backgrounds 5(\ /W+ ZQ+ ) ) N
S 2,1 b,.=e vy,pD,.

Exploit features in the signal to better
distinguish against backgrounds :

)’szz’/\W‘,Z’T‘,E,“.i €$9U9y9]_79D9"°

non-relativistic

107

MW Halo + Atm.

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)

107
20 50 100 200
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SCOPE

Strings Dataset

[ 2005-2006

9 2006-2007

o o 22 2007-2008
Gigaton Neutrino Detector at 10 2008 200
59 2009-2010

the Geographic South Pole nre 102011
78 +8 2011 - ...

IceCube Lab
5160 Digital optical modules e
. . . 50m[— - ——-°_,.°'.’.—":-° ........ 2 IceTop Cherenkov detector tanks
distributed over 86 strings \ = - : o5 2p1calsensorsportark

Completed in December 2010, | iceCube Array |
start Of data tak|ng Wlth fu” . I 86 strings including 8 DeepCore strings
detector May 201 | |

60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wusom
I i
construction phase has been | Decpore |
analyze d i [ ms) J;?cil-s;;‘?:scg\sg optimized for lower energies
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in
the neutrino interaction with
the ice S
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CC Muon Neutrino

South p+A — 11* (K*) + other hadrons ...

Pole

| TP ptvp—etveVuvy

lceCube Depth:
|.5-2.5 km 7

time

‘Neutral qurrent
/Electron Neutrino

tmospheric muons ~ 10'!/year
Atmospheric neutrinos ~ 10°/year
’ Astrophysical neutrinos ~ >10/year

6 Y :
Earth is used as muon filter | ‘VQ-Y, |

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes
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Dark Matter Self-annihilations




',,E‘_thaéfgalactic Dwarf Clusters of - - :

Spheroidal Ml Galaxies

Milky Way Halo@Galactic Center

; >

R
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Coma Cluster *

“HDF - Hubble Deep Field 4 -

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

small halo model
dependence, boost
factors

Very dense DM
accumulation, nearby
source sub structure

large DM content, high

no astrophysical
Prys! boost factors from

backgrounds

Diffuse flux, spectral

feature Anisotropy Extended Source Point source Extended source

very strong
dependence on DM
density profile

see talk by
Martin Bissok

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

cored profiles understanding of
favored, less flux boost factors

~ seetalk by
 Meike de With
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Dark Matter Annihilation

Measure Flux Partlcle Phy5|cs

....... D

O'AU> (TAV) Bf

47’(‘ 2.*771?(~ de )

E2dN/dE (GeV)

10! 10%
Neutrino Energy EVlLl (GeV)

Dark Matter Distribution

X

line of sight (los) integral
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lceCube Anisotropies in the Gale

° Galactic Center (GC) on the southern hemisphere 22-strings Halo Analysis

/
(
f

° large backgrounds from down-going muons
] Search for anisotropy on Northern hemisphere g TS g a0 8 S
o high-purity neutrino sample (up-going muon
events)
* Assume annihilation into Vv, bb, UL, TT, WW BT VN S S S A A
10-17 § I I I I I I I II I I I I I eI T T —_——e 00000 B0 qage eI UGy E s S T
= IceCube 79 Strings 3 % e TwI T TR NG ;
- ea e 03 TR ™ gt
- Uy, —_— W e Galactlc Center
— (b/) o—o0 + o —0
-19 (y BoH
10 = 60 — U . . .
= Yy A /9-strings multipole analysis ICRC 2013
1020 L . Q’b' 316 days (2010 - 2011) experimental skymap — ERFREERENTRE S X)
T I N 3 multipole expansion of
E 10 =\ (Q = V arrival direction
€ - NS R ]
/31022; \\~,‘ ,; = o- - .. -0 .-
— S N\ v .. —’—n 3
\bj - é*---. e 3
10231 oA LT h
— \ 1C22 bb ] IceCube
1024 L IC22 w* W~ _ Preliminary
= o-o I1C22 p™p~ |3
s w=x 1C22 v ]
1077 natural scale -.-. Fermi bb E
ims Ferm| u+ u_ H Equatorial
10726 L1l [ I B A W s T T TITTl
10° 10° 10° 10° — )
R. Abbasi et al., Phys. Rev. D 84 (2011) 022004, M 1N GeV events/pix

M. Ackermann et al., Astrophys. J. 761 (2012) 91.
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~ Search
i wodl Ol

see talk by % \* m —y
Martin Bissok L Ll | PGWE@

log,o(J(1)) for NFW

Use IceCube external strings as a veto:
- 3 complete layers around DeepCore (~ 375m)

* Full sky sensitivity: access to southern hemisphere :
up-going

down-going

sCatteng

. oxira +—= DC event selection bb »-# |C event selection bb
s ValO CHy . = . - -
f 11t e—e DC event selection W' W =-a |C event selection W' W
3= . e—e DC event selection ' u =-a |C event selection u* u
B ‘\ o—e DC event selection viv m-a |C event selection v
\\ L T T ¥ T ] T T L] T T L Y] T T T T TV TrTT
€3 Desp 18 "
r
2 i IceCube Preliminary
[m| |-
E
250 m -20 i
107°F

sensitivity to reach down to WIMP

Separate Low energy and High energy optimizations:
masses of 30GeV

GC is above the horizon 10
— Fiducial volume in central strings

— refined muon veto from surrounding layers
Use scrambled data for background estimation 10

natural scale

rT""l‘ l'"ﬂ" T l""‘-‘ T 71""1 T l'""‘
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e—e |C22 Halo R.Abbasiectal., Phys. o—e |C79 GC LE sensitivity %
e—e |C40 GC  Rev-D 84011022004, -4 |C79 GC HE sensitivity | £
--= 1C59 Dwarf galaxy stacking, | ppys Rev. Dss »—e Fermi S 4
+—= |C59 Virgo cluster (subhalos) (2013) 12, 122001 P ol | & P +ti $430
18 N ] ] ] 1 ' UL 1 || | I ] LI I | | 1 ] 1 LI 10.1 :6 o OO = T * . ! —_
- : - Egses ' Bt g g st ssminata . *en 1 % o AMS d
10 IceCube Preliminary [ %% 1) J SawEA ]
— + - B °og°° | | ap AMS-01 -
XX T T . W  Chpmicess -
i :?g;’RICEQC
-20 : . Ll L & L £ & ey
10 3 1 10 10°

positron, electron energy [GeV]

(et + e))

<o,v>[cm’s™!]
-
oI
N
N

« Tang o ol (1984)
Kobayosh! (1999) l
Bers (2001) s
AE/E— 10.:
-24 5 .
10 ....................................................................................................................... ;m X o
((\\ (\S‘)‘(\ - I
) N i
= natural scale € ““‘gamma- ray e
- - ~ = sl
'26- llllli A 1 1 111111 1 1 1 11111: = “;\ii
10 1 2 3 ¥ ~
10 10 10 1 e
- — — - conventional diffusive model
m Y [GeV] *DM interpretation by Meade et al.,
" Nucl. Phys. B, 831 (2010) 178. ‘
10 100 1000

E (GeV)

lceCube can probe models motivated by the observed lepton anomalies
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Dark Matter Decay - High Mass Dark Matter
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NO EVERES
IceCube Collaboration
arXiv:1405.5303v1

® 37/ events observed (2010-2013)

® ) years analysis found 28 events Science 342,
1242856 (2013)

R Y . : :
“t_’lduciaIVQIu.né

Jemes 0 @ energy spectrum >60TeV harder than background
fducial vaélumé N

® atmospheric origin rejected at 5.70

- lbméters : 3 E«-2450 m

Side
Southern Sky (downgoing) Northern Sky (upgoing)
— . —————— > ] 2 : :
102 L = ::;ki?;::p:::z?:;:;r:(o';g”x }d_) 0 [ ! 3 Background Atmospheric Muon Flux
' ™ [ @ Bkg. Atmospheric Neutrinos (x/K)
[ Background Stat. and Syst. Uncertainties 8 i Background Stat. and Syst, Uncertainties
- Atmospheric Neutrinos (90% CL Charm Limit) A I — Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg, Best-Fit Astrophysical E-* Spectrum |; w i i | = Signal+Bkg, Best-Fit Astrophysical £ Spectrum |]
esees Data 1 ge) i |eee Data
v 7 § i . 8 10*} S R
> 10 - Z; 7 N, —— lceGube-preliminary-- 5 i . lceCube preliminary ]
(| [ - | ] o _ E ; ]
r ’ Q - - :
@ ' g 1T |
m | I_ L é - -,
8 0 / ; 0 i 7/ ‘l L T
.......................................................... _ et e T -7/57 ; .
g 10 7 : 2 1071 27 2 ' 5
: S | | i
z 2 | 77 =
8 | 2 7
—
-1 4 2 /
10 7, Q -1
% o 10 /
/ 2 7
//
77 e
2O e . . . . .
Deposutea EM—EquuvaIent Energy in Detector (TeV) sin(Declination)
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® |ceCube’s high-energy cascade events

( \A 1/? Y W - -~ -

triggered interest in high-mass dark

10-12 T T T T T
matter models - l

\ Line signal
P |

lceCube Bound on

[ ) [ ) 27

stent | lifetime ~104/s
neutrino Interactions at about

|PeV

1028

Could this be dark matter ? e ey

® Two events intriguingly
close in energy

-y
® consistent with electron

Evidence:
- ~2PeV Dark Matter Particle mass
- Flux can be related to the lifetime tpwm

™y = 1.9N, X 10%% g
® Models

—
o
N
(o}
l
|

Lifetime 1 [s]

—
o
N
iSS
|
|

® Singlet fermion in an extra dimension

® Hidden Sector Gauge Boson A N BN
o . _ 10° 10* 10°
® Gravitino Dark Matter with R-Parity m, [GeV]
Violation

within 65° - within 25°%

prep.)]
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Solar WIMPs

0) scatt
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velocity distribution

v 1nteractions

' v oscillations

Vi

0&111’1
Ogscatt F
capture
Fann
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & lilav ‘86 Gaisser, Steigman & lilav '86



_Solar WIMP. Captuke

Standard assumption

DM isotropic with Maxwellian
velocity distribution

... consequence of a density profile
p(r) « r2of collisionless particles

flu) = \/;:l’oims (exp(_g’('l;:—;(a)g) _ exp<_3(u2;|’—2'v@)2))‘

v ' ‘Tms Tms
3 =
_ Relative velocity to the Sun Galactic frame (assume vsun=220km/s)
mmmmunne 5 /10GeV —~ i — wuuss 5 /10GeV

8 cnnne 50 / 100GV 8 s wnnnn 50 /100GeV

g muuns 200 / 500GeV Y) e wnnne - 200 /500GeV

o 1 _‘-__________—“_-_-‘-_-__-1000 /10000GeV o 1 1000/ 10000GeV

Q 1 Q ) \\

p S - . -1 S
3 10 = 10

o % " ‘ o F AR _\

m FORARIRI DA AR A NI I N sl v a b v v a s b v v bl m ' T T T AT T
(&) 100 200 300 400 500 600 700 800 (&) 100 200 300 400 500 600

u[km/s] v[km/s]

— —

— : T T 5 / 1OGev —

L [ ee== 50/ 100GEV 7))

~ m——unee 200/ 500GeV ~

Q 1 k= —1000/10000GeV L 1

@© » —— (1] —

— i - - »

210 2 10 T NN

Q. : Q. ;

© T bl e bl | | i | | © Ly i 1 1 J\-. L

o LAl 1 Ll L) .- LA L i I LA LI o | - | I T — | T — LAl L. L LIS | LI

100 200 300 400 500 600 700 800 100 200 300 400 500 600
Choi, Rott, Itow arXiv:1312.0273 u [km/S] V[km/S]
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Impact of velocity distEibution

® Explore the change in capture rate using different velocity = Choi.Rott, ltow JCAP 1405 (2014) 049
distributions obtained from dark matter simulations

os f(v) in Galactic frame at solar circle

S SMH ~1.5 .
= 045 Vogelsberger et al. - 1 4 — ng et al.
g Ling et al. @I Vogelsberger et al.
' Mao et al. "(;,‘ 1.3 t al
0.35 5./ 8 1.2 Q et &
0.3 o 1.1
0.25 " 9 1
M
0.2 -og_ 0.9 S———
0.15 8 0.8
. _ 0.7
0.05 8?
APEFE IR IR BEPEPEP PR, ¥ VI I ' 2 3 4
100 200 300 400 500 600 700 1 10 10 10 10
vikmv/e] WIMP mass(GeV)

® A comparison of captures rates for different WIMP velocity
distributions show that overall changes in the capture rate are
smaller than 20%

: 8 Astroparticle Physics 2014 - Joint TeVPA/IDM, J @
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PRL 110, 131302 (2013)
Observed events
° :;eCuge 7‘;-strlngs configuration (partially completed :Z winter high energy |
eepCore) O e 1
P 40
® 318 days (May 2010 - May 201 1) 20¢ :
-
. . 8k ) |
° Search for an excess of events from the direction of the Sun p o Minter low energy
c
. . ()]
® use track events for better pointing 2 0 e e e e SN SO S B
2r .
R
®  Separate summer and winter analysis S * :
summer low energy
10
®  use outer detector to veto down-going muons for 0 TR U N e OO SR WO -
. 5}
summer analysis
0 =3se 0992 0994 0.996 0.998 cos (\p)’
Spin-dependent scatterin Spin-independent scatterin
-38
L | 1] 1 T T T T T T T T T T l I 1 1 l l l 1 1 l 1 l Ll I I l
35 H | ! [ MSSM incl. XENON I(2‘012)ATMS+CMS (2012) I 1 MSSM incl. XENON (2012) ATLAS + CMS (2012)
- — DAMA no channeling (2008) - - [7] DAMA no channeling (2008)
\ [E coupt?o (2012) " & ped ml \ S — - CDMS (2010) ]
* -~ Simple (2011) ey NI K " - - COMS 2k reanalyzed (2011)
h — - PICASSO (2012 —
-36 — ‘\\ ‘ R SIUPEH-K :20:1))@ //'/_ -40— | =«o= XENON100 (2012) -
— ‘;. . —— SUPER-K (2011) (W*W) A . .
ot \ ". ‘\ .‘ /// » ’7,*/" ‘\t A= v VT N e T .
O a7\ - s T 2
a \?\ *\ e e / a —
btn . ﬁ..:_--—— e .'_‘,e:.__ //f,.' ocn 42— —_—
S S - ] -
g teamameme Sl g’ 43— \\h—-—”_// /“'_ L \".‘ 1
39— — 44— . e - |-
--®-- |caCube 2012 (bB) ISP Sy
. - - @ lceCube 2012 (bB) |
P lceCube 2012 (W'W) ‘; — | 5T e 1osCube 2012 (W'W)®
¢ (z° for m <m,, - 80.4GeV/c?) J .‘_\ . (t’t‘forn\fdr\,, = 80.4GeV/c?) ‘
1 l 1 1 10 1 I 1 1 1 ~ l L 1 L 1 _46 1 1 1 1 1 I 1 1 1 1 l 1 1 1 1
1 2 3 4 1 2 3 S
log10 (m /GeV c?) log10 (m / GeV c?)
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Capture rate in the Earth, C (s™)

|
p—
e C1

h VV.IMES

pLe

Dark Matter Captured in the Earth -- Look for vertical up-going
events from self-annihilating dark matter in the Earth’s Core

Sivertsson & Edsjo, 2012
107 e & EO 201
- ——— Gauss (free space)
Y . U LISl "Best" from LE 2004
1ot A | Unbound -
E . Bound (with hole) ]
F ~———  Total

—--—--— Total (with hole) T
—— Total (with hole) red. SD |

1015 :_
F V) ¥ X | e——— Total (with hole) red. SI

101/ o5 = 107 cm?® 4
1013;

1012;

N

1011; Analysis optii‘pized for high-
- energy and low-energy samp

1010— 1 [ B A | 1 [ N A L Lt P
10 100 1000 10

WIMP mass, M (GeV)

...........................................................................................................................

10*

lceCube Sensitivity (lyr)

~—  Low Energy analysis : x\x =W "W~ or7" 7
==+  High Energy analysis : yx =W "W~ or7" 7

= AMANDA : \x—=W" W~ or7 7

lceCube Preliminary

102 10° 10*

m, (GeV)
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Future Prospects
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: aselndé-(edimetss..
® High density instrumentation: sof-Ba @hn"{’ei‘j_f’m@“'} D i
] . . | - ""f I-O'.-O" A
® baseline geometry: 40 strings with 60 ! B e
DOMs each) Sofls ,i,ﬁ
i ¢ ¢ o
® Threshold ~ 1GeV el pigh s il
I E
® Test low mass WIMP region -- capable to e S I )
comfortably test DAMA/Libra o e
m
Spm dependent scattering Spin-independent scatterin
T SuperKsort(2011) 0 103 [ DamAMwBRA(zOO9)  — wxeowm
!\ — superkhad(201) {4 Y F 7] ——  CoGeNT (2010) =-m |ceCube-79 soft (2013)
1077 | TeleCweTosot 2013 ] b NI O1D) | PG Tyr SendtRy o)
E  Blue shadell aress indicate - Lﬁ:%‘ﬁ’i;ig:;ifigli’om : 1078 -~ CDMS-I(2013) — PINGU 1yr sensitivity (hard)
: fvenz‘hsrrtrl}‘tl)l:leepoﬂv‘):?flglryagztl;;r:sa?elghnuqu:; — PINGU 1y senskivity (hard-)._: Blue shdrded areas indicate

IR sensitivifies possibly obtainable

s S ~ :
P TEIHIGTAT Y E 1040 b lh
&

Oy, 8D [em®

107 ‘\\\\\

10° .
- — I —
107 10° 10° 107 107 10°
m, [GeV] m, [GeV]
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Impact ical uncertalnEIES

M. Danninger & C. Rott “Solar WIMPs Unraveled” — Invited interactive tool to study impact of
Review for Physics of the Dark Universe (submitted :
for Physics of ( ) astrophysical parameters
-35 ~ 3 | | |
= v XENON100 (2013)
, \
direct-detection B
-36 [ ; b
-~ ... COUPP (2012)
signal-regions | | e e
=37 IceCube-soft |
Gﬁ _3g |- IceCube-hard _
IceCube g
time (y):| 10.00 S
= sl |
PINGU — =
o
time (y):| 10.00 o
SuperK 40 ]
time (y):| 10.00
. Baksan 41 —
time (y):| |0.00
ANTARES | | | |
i : -42
time (y):| |0.00 ] 5 3 4
log10( WIMP mass / GeV )
local Sun velocity (km s'): R 990.00
local DM density (p,): 0.30
Dark-disk fraction (p,,/p,): 0.00
Halo models: 0.00
SMH I Ling et al. I Aquarius et al. |  Mao et al. Reset
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ity 5

Stri <|ngWIMP sighatures prowdeﬂlgh‘dlscovery
otentlal for indirect searches

‘ odels motivated by positron excess and gamma-ray
o] Ervatlons can and have been tested*Wwith

1 eu rmos B s T el ﬁ

" | W’ lceCube prowdes world best limit on SDWIMP-
Proton scattering cross section

e PINGU wilPBe able to extend IceCube sensitivityjto
evaporaﬂon@eglon

. \, ’ A -
® - ,




| hanks !
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~ Sionals

South p +A — 11t (K*) + other hadrons ...

ole
| TP UtV —etVeVuVy
|

lceCube Depth:
|.5-2.5 km
Downgoing
Muons

i North Pole

|
Up-going eventy can be used to obtain

“clean” neutrino sample
Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

northern sky

(filtered through |

southern sky
(directly above

Earth) detector)
10 ®
107
10° Muon Bkg
10°
10

103 Neutrino Bkg

10~
Solar WIMP neutrinos
10 i
1 | TeV astrophysical neutrinos

1

- PeV astrophysical neutrinos

'''''

-lA -0.8 -0.6 -().;1 02 0 02 04 06 08 1

cos(0)

signal flux as illustration
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lceCube Dwarf Spheriodal / Galaxy  @lUSEEES

. . . Source declination | distance | mass logyoJ _factor source
Dwarf spherlodE}I galaxies, kel | [M.] GoVlem—S]
clusters of galaxies, and Segue 1 +16°04°'55" | 23 158x107 | 19.6£053
large galaxies represent Ursa Major II +63°07°48 | 30 1.09x107 | 19.6 + 0.40 2413'0§ek le
Il defined £ Coma Berenices | +23°55°09” | 44 0.72x107 | 19.0 + 0.37 QOJJSI" 10>
well defined sources o Draco +57°54°55™ | 80 1.87x107 | 18.8 +0.13 .
Dark Matter ¥31 +i1:18:(1)§:: 77§00 g.gxigii 133 ok ..
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