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Evidence for Dark Matter

- Many gravitational evidence for dark matter

relationa velocity
(km/s)

All consistent with ~25%
dark matter.

But... what is it?
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What is Dark Matter? by i g
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Dark Matter Distribution

Large scale dark matter distribution
Millenium Simulation
§ http://www.mpa-garching.mpg.de/galform/virgo/millennium/

Planck all-sky image of the distribution of
dark matter via distortions on CMB by

Artist’s impression of the Milky Way galaxy. The blue halo of
material surrounding the galaxy indicates the expected distribution
of dark matter. (ESO/Calgcada)
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Regions Dense in Dark Matter

" Extra-galactic Milkyway Halo __Galact-‘,i;_"_c._Center' Dwarf : Clusters of - -:

Spheriodals’ Ml Galaxies
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small halo model
dependence, boost
factors

Very dense DM
accumulation, nearby
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boost factors from
sub structure

no astrophysical
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Detecting WIMPs

annihilation

r

“Indirect Detection”

Look for decay products from
self-annihilation of dark matter
collected in massive objects.
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Detecting WIMPs

annihilation

r

“Indirect Detection”

Look for decay products from
self-annihilation of dark matter
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Current Detectors:
Annihilation signals

Gamma rays
v/ y

Cherenkov telescopes & satellites
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Annihilation Signals

|dentify dense regions of matter "

I . A

= self-annihilation can occur at significant rates e \
& & 5
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Regions Dense in Dark Matter

" Extra-galactic Milkyway Halo _;‘G'alac,t-;i;_?c._Center' Dwarf " Clusters of - -:
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Galactic Halo

® Galactic Center (GC) is on the southern
hemisphere for IceCube

® large backgrounds from down-going muons

® For the northern hemisphere IceCube searches
for anisotropy using the high-purity up-going
neutrino sample

® Assume annihilation into vv, bb, LlL, TT, WW
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Milkyway Halo

22-strings Halo Analysis
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Galactic Center

Use IceCube external strings as a veto:
« 3 complete layers around DeepCore (~ 375m)
« Full sky sensitivity: access to southern hemisphere

\‘\ oxira DC event selection bb »-# |C event selection bb
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Testing Pamela’s Positron Excess
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Dwarf
Spheriodals”
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Dwarf Spheroidal Galaxies
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PRL 110, 131302 (2013)
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Origin of the PeV Events?

see e.g. B. Feldstein et al arXiv:1303.7320v1
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IceCube, Phys.Rev.Lett. 111 (2013) 021103) arXiv:1304.5356 Neutrino Energy (GeV)
® VWhat do the two IceCube events tell us ? and the additional 26 events !
GZK a few events at ~ 100 TeV - | PeV implies many more .
. . : Impossible
neutrinos events at higher energies
Convent|0|.1al Very low flux pred‘lctlons. Flavor ratio favors strongly Implausible
atm. neutrinos | favors muon neutrinos
Coincidence in down-going events. Possible only if )
Prompt proton composition; upward statistical fluctuation Unlikely Many papers based on the 2
" — r ) e . ) IceCube Events: e.g.
Astrophysical ost natural. Events are isotropic. Cannot be continuum 5,0 cp e R.Laha et al. Phys. Rev. D
spectrum. power law with break at ~ 2 PeV ? 88. 043009
Dark Matter |2 events overlap in energy Intriguing 16




Looking Forward: PINGU

® High density instrumentation:

® baseline geometry: 40 strings x 60 DOMs
® Threshold ~ |GeV

® Test low mass WIMP region -- capable to
comfortably test DAMA/Libra
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Detecting WIMPs

- . & . . N\ .
annihilation k- ..o %] production
o . ) Ty (Colliders )
Indirect Detection Create dark matter. Look
Look for decay products from for the missing energy
self-annihilation of dark matter o foer X
collected in massi bjects. q q B A B
q J P - P
) . G
XS o:9,0:D. ... scattering Ax°  \eb
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Let dark matter recoil off
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Local Dark Matter Density / Velocity
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“best sensitivity” with direct
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Local dark matter density
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Direct Detection Search Strategies

1. Count individual nuclear recoils

2. Look for annual modulation

Galactic Center

3. Diurnal directional modulation

Earth

(Modified from: NASA/CXC/M.Weiss)
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Direct Detection Experiments
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WIMP-nucleon cross section [cm?]

Direct Detection, Current and Future
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Hints and Claims for Direct Detection of DM

The present crux (interesting times)
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—_
=
]

DAMA/LIBRA

=
= =
= g
o] s
g 10745
5 Q
@ I
2 2
ozl
S s
5 107° S halo, Q=0
= 8 i -
o) 6 s CoGeNT
Q pot
3 6 B
7 l0° ¥ s :
| a9 r P \
a. r i+ \CDMS.G
2 E - /-E _\\'\ Qgﬂr 2 \
= - - = r =i 3\ &Vields) N
3 —4” \ k e _‘7 B | .. z\ N ]
10-4 ) e | 10 : 9 “_ N EDEL\VEISS
S 6 78910 15 20 30 40 50 10" . Y T
5 10 15 20 25
" 2
WIMP Mass [GeV/c| mX(GeV/c )
Juan Collar,
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Challenges: Astrophysics, Particle Physics, & Instrumental Effects
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Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

Dark Matter Signal or Background?

arXiv:1308.5109
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Does DAMA see Dark Matter?

Inconsistent Picture for WIMPs
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Challenges: Astrophysics, Particle Physics, & Instrumental Effects

Solution: Repeat the same experiment with same detector

medium, but with better handle on background(s)
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Testing DAMA’s Dark Matter Claim

Definitive (50) detection or exclusion with
« 500 kg-yr Nal(Tl) (DAMA x 2 yrs)
- same or lower threshold (< 2 keVee)
- background < (DAMA x 5)

I

39 - —Ny=1

10785 Ny,=2

E —No =5
— 10
E -
o C
» N
b -

102 —Threshold = 2.0 keVee
I T T I | 1 1 1 1 L1 1
10 10°
m, [GeV/c

500 kg-year Nal detector sensitivity
(2 - 4 keV) with bgd of 1, 2, and 5 cnts/keV/kg/day.

Reina Maruyama

arXiv:1106.1156

DM-Icel17 NAIAD-scale DAMA-scale

Years 17.0 kg 44.5 kg 250 kg
1 : ) 0.72 1.71
x8 DAMA 3 1.25 2.96
'background 5 1.61 3.82
7 . 1.91 4.52
1 0.63 1.02 2.42
x4 DAMA 3 1.09 1.77 4.18
background 5 1.41 2.28 5.40
7 1.67 2.70 6.39
1 0.85 1.37 3.26
Double DAMA 3 1.47 2.38 5.64
background 5 1.90 3.07 7.29
7 2.25 3.64 8.62
1 1.20 1.94 4.61
DAMA 3 2.08 3.37 7.98
background 5 2.69 4.35 10.31
7 3.18 5.14 12.19
1 3.80 6.15 14.57
1/10 DAMA 3 6.58 10.65 25.24
background 5 8.50 13.75 32.59
7 10.06 16.27 38.56
Additional Information by lowering the
threshold below 2 keV.
26
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Phased Program for DM-Ice

* low-background Nal(Tl) target
* moveable detector array
- access to both Northern & Southern Hemispheres

A Phased Experimental Program
DM-|C17 . DM-Ice 250 North DM-Ice 250 South

g
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0 20 sommeo—yomo Modulation Search in Northern
v Hemisphere
ortable 250 kg Nal(Tl) detector,
Test Detector at South Pole 1Ei)rst deploym er?t in t(r-mre)N orthern Modulation Search at the South Pole
;7 kg of Nal(Tl) at 2450m depth at Hemisphere if modulation seen in North &
outh Pole

ice drilling becomes available



DM-Ice17 - Deployment, Operation, Data Taking

Built in summer 2010
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o/ E

DM-Ice17 - Deployment, Operation, Data Taking

10"

Test Detector Operation & Data

uses NalAD crystals i

Light Collection and Energy Resolution
DM-Ice17: 4-6 pe/keV
1 T T T T T
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DM-Ice17 - A Proof of Concept
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DM-Ice17 demonstrated feasibility of dark matter search at South Pole
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DM-Ice / IceCube Coincident Event
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~10% of muons seen in Det-1 in DM-Icel7 trigger in muon channel in lceCube



New Low-Background Nal(Tl) Crystals

Development of Nal(Tl) detectors with Alpha Spectra, Inc (ASI) in CO, USA
Three groups work with Alpha Spectra: DM-Ice, ANAIS, KIMS.
Communication and sharing of R&D results

- 2 x 18 kg crystals from Alpha Spectra are at Fermilab MINOS near hall for testing.

- If these crystals confirm specifications, total of 250 kg can be grown and encapsulated as
detectors at ASl in less than 12 months.

Backgrounds are within acceptable levels for an experiment with 2 counts/day/keV/kg.
Sufficient to test the DAMA signal at > 50 with 3 years of data.
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DM-Ice250 Simulations

Close-Packed Detector Array
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Summary

The fields of direct and indirect dark matter searches are
highly active and rapidly evolving.

* The race is on!
- Solar WIMP paper is still the most cited physics paper in IceCube.
 Neutrino deteetors:leads in spin-dependent dark.matter searches

« Neutrinos point back to sources and have fewer background sources.
Complementary to searches with gamma and charged particles.

« lceCube & DM-Ice have established the South Pole as a viable
“underground” laboratory.

- DM-Ice will directly test DAMA’s claim for lab-based observation for dark
matter.
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