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« Direction reconstructionsin IceCube

« Work plan
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Dark matter

 Non-luminous matter which
must be non-baryonic 739% bArK enncy

\23% DARK MATTER
|  3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

 Evidence for dark matter can
be found on all scales:
— Rotation curves of galaxies

— Gravitational lensing | :

— Cosmic Microwave Background !
anisotropies ‘“““‘“TS “ow :

« Probably a thermal relic v 1
(created in the very early ! ;
Universe) T 1

¥=m/T (time =)
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« Weakly Interacting Massive Particles
(‘cold dark matter’)

WIMP miracle: WIMPs have
~ right relic density to be dark matter

* Different models:

— Supersymmetry
— (Universal) extra dimensions
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Detecting WIMPs

indirect detection
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CRESST production at colliders
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. . c DM SM
Direct detection 5
........................................................................................................................................................................ 3
«  WIMP scatters off nucleus oo -
(energy deposit: ~ keV) i
107 T i mmmm CRESST 1o
LG g 52 Chesst 2009
. . S O T ool s 3
- Two types of interaction: AN e o T
— Spin-independent (SD), 10°|: \ L o S it . LR ohien:
WIMP couples to nuclear mass Tt n M1 ) — CoGeNT

— Spin-dependent (SI),
WIMP couples to nucleon spin

« Discrepancy between results
from different experiments

WIMP-nucleon cross section [pb]
=)

10 10 100 1000
WIMP mass [GeV]
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Indirect detection

 Three channels:
— Antimatter
— Gamma rays
— Neutrinos

« Search for signal from
regions with high dark
matter density:

— Galactic dark matter halo

— Galactic center

— Dwarf spheroidal galaxies
— Galaxy clusters

— The Sun

— The Earth

indirect detection

SM

SM
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indirect detection

Indirect detection >

............................................................................................................................................................................... DM SM
 Three channels:
— Antimatter
— Gamma rays _ oM M
— Neutrinos 1021 E—i?mﬁ?ﬂtz_ with J fluct, T R —
— = a-t T - with J fluct. N
g [ TR T e -
. ™ S e Wi uct. - =
« Search for signal from 5 P
regions with high dark A0 e A
. - " i =
matter density: V 1g2t L e -
= & S 3
— Galactic dark matter halo E - -~ e .
: S 107 | " B riete —
— Galactic center _ - eI 3
— Dwarf spheroidal galaxies ;3, 107 g R ' ~
— Galaxy clusters S F | | | :
— The Sun 7 10 107 10°
— The Earth WIMP Mass (GeV)

Fermi-LAT
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Neutrino detection principle

* Neutrinos can interact, result;

— Tracks from charged current v,
interactions

— Cascades from other interactions nucleon
(neutral current, v, v,)

_ _ Hadronic Hadronic
* |na medium, charged particles cascade cascade

will emit Cherenkov radiation

« Record intensity and arrival times
of Cherenkov radiation ->
allows to reconstruct energy and
direction of charged particle
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The IceCube detector

IceCube Lab e |ceCube:
!ﬁesTtg s, each with — 125 m string spacing
50m — gCherenkovt%rms )
P prid ol — 17 m DOM spacing

 DeepCore:

IceCube Array . :

%%sms 2 o — 70 m string spacing
sensors on each string _ .

5160 optical sensors 7 m DOM spacing

1450 m

re
for lower energies

Dee
/m ed

Eiffel Tower
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Detecting dark matter with IceCube

« Benchmark channels are used:
— xx— WW/tt
— xx— bb
— XX —> VDV

» Resulting neutrinos have GeV to TeV energies:
DeepCore is important here!

« Search for an excess of neutrinos from a certain direction -> good
direction reconstructionis very important!

« Can constrain annihilation cross section (like gamma rays) or WIMP-
nucleon interaction cross section (like direct detection experiments)
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Constraining the annihilation cross section

—~1020 ¢ =
‘_En EXX —S5TT Unitarity bound "
™ -
S10%
A -
102
0 B
v -
10_23 ;_ Pamela Data
= IC 59 dwarf stacking
1024 == MAGIC Segue —— IC 59 Virgo cluster (SC)
- — Fermi dwarfs —— IC 22 Galactic Halo
102° = —— IC 40 Galactic Center
10'26 | | IIIIII| | | IIIIII| | EI-:Elllljllgl | | L1 L1l

102 10° 10* 10°
WIMP mass (GeV)
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Neutrino capture and annihilation

« WIMPs lose energy by
scatteringin the Sun with
capturerate I'c

« They annihilate in the Sun with
annihilation rate I'

« Equilibrium (I'c = 2I') is usually
reached for the Sun, not always Detccto
for the Earth

* Probe nucleon-WIMP
Interaction cross section
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Neutralino-proton Sl cross-section (cm?)

Constraining the nucleon-WIMP cross section

a6 0.05 < Q,h? <0.20 MSSM model scan a2 0.05 < Q,h* <0.20 MSSM meodel scan
1076, _ . . — 10 ———————— ————————— —————————
: o, < oum CDMS(2010)+XENON100(2011) *lceCube Preliminary* “E G, < ol CDMS(2010)+XENON100(2011) *lceCube Preliminary*
[ === mhid=adA 1 & L eiaaafyumas H |
o7 e 2 ) s |5 ige o e maen e cous v
u + SYst. Included . CDMS (2010) E H —®— lcel.ube ( J". syst. not include COUPP (2011) E
i ¢ (vr formg <my, =804Gev) ... XENON100 (2011) g B ¢ (7'c formy, <m,, = 80.4GeV) KIMS (2012)
$ 1077, ---@--= SUPER-K LII,lll (2011) (bB) E
aof 3 @ —=— SUPER-K LILII (2011) (WW)___nws-]
107 = 3 Eo®k -
10—40;_ %
f 5
-4 b=
10 <
'y
104 * g
T
o
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0 3
=z
10—44 L _ _
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. 1 -41 __
10 > o ) 10 : .
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Neutralino mass (GeV) Neutralino mass (GeV)

« For Sl scattering, direct detection limits are better
« For SD scattering, IceCube limits are better (Sun consists of protons)
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Direction reconstruction in lceCube/DeepCore

SN ] :
= J = =
= m = 3
[ =9 1 = 7
g 4 £ 3
a 34 =
i 10 =
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0 200 400 0 500 1000 1500

time delay / ns time delay / ns

« Current ‘standard’: SPEFit
* Input: times and locations of ‘pulses’in DOMs

« For certain track hypothesis, determine for each pulse the time delay
(real arrival time — expected arrival time)

« Determine likelihood for each pulse from Pandel function
« Find track hypothesis for which total likelihood is maximal
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Possible improvements
+ SplineMPE:

— determine time delay distributions from Monte Carlo simulations, tabulate them,
fit them with spline functions

 MuUEX:

— Start with input pulses (original sample)

— Create N ‘bootstrap samples’ by sampling with replacement

— Do Pandel fit to each bootstrap sample (bootstrap fits)

— Determine average of bootstrap fits

— Use average of bootstrap fits as seed for a fit on the original sample

8 8@ ® PO
o " 00 O
® ® ®

Criginal Bootstrap Bootstrap Bootstrap
sample sample 1 sample 2 sample 3
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Testing reconstructions for low-energy events

* Using Monte Carlo events with E, between 1 and 190 GeV

« Determine space angle: angle between true and reconstructed
muon track

* Clearly improvementw.r.t. standard fit (SPE2)

80

. . |T—SPE2
] E— .................. ................... ................... ................. —— MuEx4
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Work plan

« Decide on a region to use for this analysis

« Simulate signal and background events

« Determine optimal cuts to remove background events
« See ifthereis an excess

« Work on combining limits from different experiments
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Conclusions
« Current evidence point to a significant fraction of the total matter
density in our Universe being ‘dark’ matter

 WIMPs are an important dark matter candidate for which many
experiments (LHC, direct, indirect) are searching

* Indirect searches with neutrinos can probe the WIMP-nucleon
scattering cross section (Sun, Earth) and the self-annihilation cross
section (Galactic Center, Galactic Halo, galaxy clusters, dwarf
spheroidal galaxies)

« To determine the mass and properties of the dark matter, searching
In different channels is important
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Back-up slides
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Signs of dark matter on all scales

« Rotation curves of galaxies

« Gravitational lensing

« Cosmic Microwave Background
anisotropies

 About 22% of the Universe
consists of Dark Matter
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