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Background Image credit: www.arcetri.astro.it/~ciardi
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First Evidence for Dark Matter -

| In 1933 Fitz ZW|cky used the relat%e motlons of .

the gaIaX|es in the Coma Cluster to infer the - |
| : : . clustefr mass- - | -
» ol 0 '.':Q‘u;... ' : .

« He found that the V|5|ble matt.er made up. Iess
. . than 1% of thé mass! |
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Image Credit: NASA, JPL-Caltech, SDSS, Leigh Jenkins, Ann Ho#nscheme er (Goddar ardSpac FIghtCenter)‘etaI.



Rotation Curves

The rotation speed of
stars in spiral galaxies,
and galaxies in clusters, is
related to the mass which

gravitationally binds them

Image credit: John Vickery and Jim Matthes/Adam Block/NOAO/AURA/NSF

— The observed rotation speeds do
S S not agree with predictions based
7 i on the observable matter

i 0 Adding a spherical dark matter
= “halo” (~20 times the mass of the

J ; stars) gives good agreement

ApJ 295305 (1985) |

Radius (kpe)



Weak Gravitational Lensing

MACS J0024.4-1222
Distortions in the

appearance of
background galaxies
can be used to
measure the mass
and mass distribution

of foreground objects

Confirm that galaxies
are much heavier than
their stars

Ob;e_rve galaxy ‘ 47v*. Mass Distribution
collisions ~ (Weak Lensing)

Credit: X-ray(NASA/CXC/Stanford/S.Allen);
Optical/Lensing(NASA/STScl/UC Santa Barbara/M.Bradac)



Cosmic Microwave Background

Temperature fluctuations in the CMB reflect density
fluctuations in the universe at the time of recombination
(380,000 years after the big bang, T~3,000 K)

Image credit: WMAP Science Team, NASA



Cosmic Microwave Background

Angular Scale

6000 — : : ] |
: // I WMAP g
5000 - 1 Acbar £
: t Boomerang -
\ { CBI :

&
X 4000 l* :

= ".
N 3000 F / \ :
Q : / ||' '/f\ [ ]
) s : ‘ _‘ :
+ b -
= 2000 F & 1/ i 9 _:
E o fef | . o+
1000 E "'\. I\ : 1 3
: . B 3 }.\ o ]
- ~ g 'y {\.‘\ 5
- };45
0 Lo sl N R : | | ; : - l
10 100 500 1000 1500

Multipole moment [

"Angular Power Spectrum” gives relative quantities of baryonic
matter, dark matter, etc

Image Credit: WMAP Science Team



Cosmic Microwave Background

Dark Matter is

responsible for about Atoms

Vi of the energy 4.6% Dark
density of the ggoe/rgy
Universe Dark ’

It is about 4-5 times Matter
more abundant than 3y
“ordinary” matter

Good agreements

between the different
measurements

Image credit: NASA/WMAP Science Team



Dark Matter Summary

~23% of the energy —
density of the universe is E%R%IEI%{%IS{Y

“dark matter”
Gravitationally interacting
Neutral
Long lived
Non-baryonic

“*Cold"” (i.e. non-relativistic
at early times)




Dark Matter Summary

~23% of the energy —
density of the universe is E%R%IEI%{%%Y

“dark matter”
Gravitationally interacting
Neutral
Long lived
Non-baryonic
“Cold” (i.e. non-relativistic

at early times) kol ulln

This excludes all Standard Model particles:
strong evidence for physics beyond the Standard Model!



Dark Matter Candidates
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Image credit: HEPAP/AAAC DMSAG Subpanel (2007)



Weakly Interacting Massive

Particles

The weak interaction strength is described
by the Fermi Constant, G¢ = 1.1x107> GeV2
This defines a "weak mass scale”

M,,eq = G Y2 = 100 GeV/c?

Theoretical attempts to explain the weak

coupling strength often introduce new
particles at the weak scale



Thermal Relics

t(ns)
10° 10 102 10° ,
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The “WIMP Miracle”
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Weak mass & coupling give just the right relic density for dark matter!



Searching for WIMPs

Underground

Aboveground At Accelerators

Image credits: NASA, discovermagazine.com, atlas.ch



Local WIMPs

Galaxy embedded in
a WIMP “halo”

Local density = 0.3
GeV/c*/cms3
Independent galactic
orbits

Typical v ;. = 220 km/s

Image credit: J. Kormendy, chandra.as.utexas.edu/~kormendy



“"WIMP Wind"”

Motion of the sun
around the galaxy
induces a “WIMP
wind”

Rotation of the
earth about the
sun produces a
seasonal
modulation in the
velocity of the
wind

June

WIMP Wind

Image credit: www.hep.shef.ca.uk/research/dm/intro.php



WIMP Direct Detection

WIMPs scatter elastically
from nuclei, inducing low B
energy nuclear recoils

<~100 keV 5 107f
Cross section of 10744—1045 2 1w2f—
cm? per nucleon for 2 10°f
“Sta ndal‘d" WIMP = 10-45 | — Xe,m=100GeV |
. . 10° = | —— Ar,m=100GeV
~10-100 Interactions/tonne/yr | imaitiiel
106&_ | o=10*cm?
0 20 40 60 80 100
Energy (keV)

Image credit:777icons.com



Central Challenge: Background

\"

Internal Radioactivity
238, 232Th, etc.
Gamma Rays
external and from
shielding

Cosmic Muons
Radiogenic Neutrons
from spontaneous
fission and (o, n),
externally and in
shielding

Fast Neutrons

from muons in the
shield and beyond




Central Challenge: Background

WIMP signal: <100 ev/T-yr
Dust: ~7000 decays/mg-yr
Air: >300 decays/mL-yr
Fingerprint: ~10 decays/yr



ldeal WIMP Detector

Large mass, long
exposure

Low threshold
Low background

Background
discrimination




WIMP Detection Experiments

lonization

HDMS, GENIUS, IGEX,
CoGeNT, TEXONO

WATrP, ArDM,
Xenon 10 & 100,
ZEPLIN Il &I,
DarkSide,
Panda-X,
LUX

CDMS,
Edelweiss

Scintillation Phonon/Bolometer
KIMS, ANIAS, Tokyo, NAIAD, ROSEBUD, COUPP, Picasso, SIMPLE,
DAMA, DEAP, CLEAN, Zeplin |, CRESST || CRESST |

XMASS
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Leading Experiments
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Technique: Xe,

scintillation + ionization

Exposure: 1471 kg-days

Expect: 1.8+0.6 background events
Observe: 3 events

arXiv:1104.2549v1

lonization yield

lonization yield
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Recoll energy (keV)

Technique: Ge + S,

lonization + bolometric

Exposure: 612 kg-days

Expect: 0.9 + 0.2 background events
Observe: 2 events

Nature 327:1619 (2010)



Leading Experiments

Edelweiss Cresst
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Technique: Ge,

ionization + bolometric
Exposure: 384 kg-days
Expect: <3 background events
Observe: 5 events

Technique: CaWO,,

scintillation + bolometric
Exposure: 333 kg-days

Observe: More events than
expected from neutron

arXiv:1103.4070 bac kg round W. Seidel, Wonder2010



Residualks (epd/kg/keV)

Leading Experiments
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CoGeNT

arXiv:1004.0697v2 4'
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Technique: Nal, scintillation
Exposure: 1.9x10°kg-days
Observe: Annual modulation in
event rate.

Eur. Phys. J. C 56:333-355 (2008)

Technique: Ge, ionization
Exposure: 18.4 kg-days
Observe: Excess events at low
energy

PRL 106:131301, 2011



The Current Status

>
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The Current Status
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The Current Status

In dark matter searches, the trouble starts
when you see something.

All leading dark matter experiments expect
packground and they do

Progress contingent on lowering
vackgrounds

Detecting dark matter requires a better
understanding of the backgrounds




The DarkSide Program

A dark matter program i = «-l'_{;r'
based on 2-phase =

depleted argon time
projection chambers ij‘i
(TPCs) : ]
First physics detector will ’
be “DarkSide-50” :

e



Why Two-Phase Argon?

Liquid argon is a great dark matter target
Good scintillator (~40,000 photons/MeV)
Very transparent to its own scintillation light
Easily purified
Relatively inexpensive technology, could be
scaled to multi-tonne detectors
Limited by 39Ar
Very powerful rejection capability for
electron recoil background



2-Phase Argon TPC

Anode

Gas Layer

Extraction Grid

Field Cage =

Liquid

Cathode

\/;

i Extraction Field
(~3kV/cm)

Drift Field
(~1kV/cm)

Wavelength
shifter

hotodetectors
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2-Phase Argon TPC

Drift Charge

“S:I_”
Scintillation
Light




2-Phase Argon TPC

“S2” Electro-
luminescence
Light

Drift Charge

“S:I_”
Scintillation
Light




“S1” Electron Recolil Discrimination

Electromagnetic Events
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The ratio of light from singlet (~7 ns decay time) and triplet
(1.6 ps decay time) depends on ionization density

>108 discrimination from pulse shape



“S2/S1"” Electron Recolil Discrimination

Electromagnetic Events
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The recombination probability (and hence the ratio of 52:S1
light) also depends on ionization density
102-103 additional discrimination

= >10%°total electron recoil rejection in 2D



Radioactive, B-decay,
T,,=269years
Cosmogenic
4%0Ar(n,2n)3%Ar in the
atmosphere
~1Bg/kgin
atmospheric argon

3X10*° events in 1.0 ton-
year!

Counts/keV/sec

107" =

107° &

39Ar Spectrum

™

0

100 200 300 400 500 600 703' 800 900
Energy/keV



Underground Argon

Underground argon is
shielded from cosmic
rays, so the 39Ar can
decay away
COz2isindustrially
extracted from
underground

Installed and are operating
a small argon extraction
plant

~25 kg argon collected so
far




Depleted Argon Counting

The “Low Background Detector"

Lead Shielding

Copper Shielding
PMT R11065

Liquid Argon Bath




Depleted Argon Counting

Underground Argon Measurement
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Underground argon has at least 5o times less 39Ar than
atmospheric argon — multi-tonne experiments possible!




The DarkSide Program

A dark matter program o :.g':fi;f'
based on 2-phase e B3 Sy
depleted argon time

projection chambers I
(TPCs) :
First physics detector will | ]
be “DarkSide-50"
Tonne-scale experiments <.
possible thanks to P }

depleted argon B =



The DarkSide Background Strateqgy

Have <<1 background
event

Understand backgrounds
well enough to make a
dark matter detection
claim

Powerful active
suppression for each class
of background:

Electron recoils
Radiogenic neutrons
Cosmogenic neutrons
Surface backgrounds




Radiogenic Neutrons

Single scatter neutron
events produce “genuine”
nuclear recoils

Produced internally by
radioactive decays
through (a,n) processes
and spontaneous fission

Produced even in the
cleanest materials

Source Bkg /0.1
ton-yr
394,
Fused Silica 017
PTFE 0.39
Copper 50x10~*
R11065 PMTs 19.4
QUPIDs (1 mBq)| 0.3
Stainless Steel 2.0



High-Efficiency Neutron Veto

Surround DarkSide with
boron-loaded liquid
scintillator

Very clean, very effective
at capturing neutrons

Capture the escaping
neutron and use it to
reject the recoil
background event

>200 rejection possible

arXiv:1010.3609, accepted by NIM A



Cosmogenic Neutrons

Install DarkSide within the
Borexino CTF tank in LNGS,
Italy

Muon flux reduced by 10°
Detect the Cerenkov light
produced by the muons and
other shower particles

Veto the (~simultaneous)

neutron-induced background
event

CTF tank + neutron veto
reduce cosmogenic
backgrounds by >>103




DarkSide-5o Background Estimates

Total Expected Background in 3.7x20% kg-day

-_I')a-tm:t-..r l‘i?t'!::o'lxt.’ Electron Recoil 1 Radiogenic Neutron ¢ ‘osmogenic Neutr -l;-
Backgrounds | Recoil Backgrounds | Recoil Backgrounds
Raw | After Cuts Raw | After Cuts | Raw| After Cuts
304, 3) hri"" <0.016 . | ‘ ‘

Fused Silica 3.3x10° | 20x10-° 0.17 4.3x10-* |0.21 1.3x10-°
PTFE § 800 3.0x10~" 0.39 98x10~* | 2.7 1.6x101
Copper 1,500 28x107% [50x107% 1.3x10°% | 1.5 9.0x10~"

R11065 PMTs | 26x10° | 1.6x10-° 19.4 4.8x107% | 0.34 20x10-°
QUPIDs (1 quﬁ 7.0x10" 1.2x10°° 0.31 T8x107% | 0.34 2.0x107°
Stainless Steel | 5.5x10° | 3.4x107° 2.5 6.3x10° 30 0.0018
Veto Scintillator 70 1.3x10""° 0.030 7.5x10™° 26 0.0016

Veto PMTs 25x10° 1.6x10-4 0.023 5 8% 10-°
1.7x10° 1.1x107% 16.7x107%] 1

Veto tank Tx10~° 19 0.007]
Water 6.100 38x10-% |[6.7x10-% 1.7x10-° 19 0.0071

CTF tank 8,300 51x10°% |13.5x107°] 8.7x10°% [0.068] 26x10°°

LLNGS Rock 920 | 5.7x10°7 0.061 1.5x10~* | 0.3] 0.012
Total | 10.019 (0.017)] 10.055 (0.008)] - | 0.030 (0.030)

DarkSide will be able to convincingly claim to be background free!



DarkSide-5o Physics Reach

WIMP-Necioon Cross Section [em’]
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First data in late 2012.



DarkSide-10 Prototype

Test key technical
concepts for
DarkSide-5o

Two runs, seven
months total,
during 2010-2011
Not much care
taken about
radiopurity, for
speed and flexibility




DarkSide-10 Prototype

Test key technical
concepts for
DarkSide-5o

Two runs, seven
months total,
during 2010-2011
Not much care
taken about
radiopurity, for
speed and flexibility =

.
€



LightYield
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Gas Layer
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Electric Field Creation




Two-Phase Operation!
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DarkSide-10 At LNGS

Deploy DarkSide-10
in water shielding at
LNGS

Careful study of
electron and surface
background rejection

Detector is currently
In transit!




Summary

Strong evidence for dark
matter

WIMPs are well motivated
dark matter candidates
Direct-detection WIMP
searches have just reached |
sensitivity to 1044 cm?
Depleted argon is a
promising dark matter
detection medium
DarkSide well positioned
to contribute to continuing  eebs ol L
program of ever more | WIMP M (GeVR)
sensitive experiments




